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Resumo 

 

A procura de novas fontes de amido para uso industrial tem aumentado 

significativamente. Com o presente trabalho pretende-se estudar as propriedades físico-

químicas, morfológicas, estruturais e funcionais dos amidos de castanha, bolota e 

glande. A conservação dos frutos é um passo importante, pensando numa futura 

utilização à escala industrial. Neste sentido, estudou-se a secagem dos frutos, sendo a 

temperatura de 60 ºC a mais adequada. Tendo como objectivo o isolamento dos amidos 

das fontes mencionadas, foram estudados diferentes métodos de isolamento. O método 

alcalino a baixa deformação foi o melhor método para isolar os amidos, apresentando 

elevados rendimentos ( 79.9%) e pureza ( 96.3%). Para todos os amidos, os grânulos 

são redondos e ovais, com uma dimensão média de 6-13 m. Os amidos apresentaram 

um teor elevado de amilose, amido resistente e cristalinidade, com padrão tipo-C. Os 

amidos formaram pastas com elevada consistência, atingindo o fenómeno de transição 

facilmente. As pastas não apresentaram “breakdown”, formando géis fortes e 

“verdadeidos”. De um modo geral, os amidos isolados pelo método enzimático 

apresentaram propriedades funcionais menos interessantes, sendo a estrutura dos 

amidos a mais afectada. Os resultados encontrados podem creditar os amidos de 

castanhas, bolotas e glandes como novas formas de amido para usos especiais. 

 

Palavras Chave: castanhas, bolotas, amido, propriedades físico-químicas, estrutura, 

propriedades funcionais. 
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Abstract 

 

The search for new sources of starch to be used in industrial products is increasingly 

demanded. Thus, the present work aimed to study the physicochemical, morphological, 

structural and functional properties of chestnut and acorn starches. Envisaging future 

industrial scale utilisation, preservation of the fruits is an important step. In this scope, 

drying of the fruits was studied, and best encountered temperature was 60 ºC. Aiming to 

isolate starch from the proposed sources, different methods were studied. Low shear 

alkali method was the best encountered isolation method for chestnut and acorn 

starches, leading to high starch yields ( 79.9%) and purity levels ( 96.3%). Isolated 

starches granules were found to be round and oval in shape, with a mean granule size 

ranging 9 – 13 m in all starches. Starches presented high amylose, resistant starch 

content, and crystallinity with a C-type pattern. Starches formed pastes with higher 

consistencies, achieving the transition phenomena easily. Pastes did not present 

breakdown, forming strong and “true” gels. Generally, starches isolated by enzymatic 

method presented less interesting functional properties, since this isolation procedure 

affected more the raw structure of starches. The encountered results may credit chestnut 

and acorn starches as a source for new forms of starch for special purposes. 

 

Keywords: chestnuts, acorns, starch, physicochemical properties, structure, functional 

properties. 
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1. General introduction 

 

Starch is one of the most important functional food biopolymers. It contributes 

to 50-70% of the energy in the human diet, providing a direct source of glucose, which 

is an essential substrate in brain and red blood cells for generating metabolic energy 

(Copeland et al., 2009). Starch is also important as a functional ingredient both in food 

and non food industries. As a natural component, it contributes to the characteristic 

properties of food products. Functional properties play important roles in the behaviour 

of food or its ingredients during preparation, processing and storage, affecting the 

sensory characteristics of foods. Kaur and Singh (2007) defined functionality as any 

property of a food ingredient, except its nutritional value, that has a great impact on its 

utilisation. Those properties such as solubility, viscosity, water binding ability, 

emulsification, foaming and gelation are of general interest (Hermansson, 1979). Over 

the past few years, starch-based materials have received considerable interest, due to 

their fast biodegradability, renewability and low cost (Russo et al., 2007). 

 

The unique characteristics of many starchy food products are the results of 

inherent properties or behaviours of native granules, but of changes they undergo when 

they are heated with water. Gelatinisation, retrogradation, and pasting, which underly 

starch functionality, are the three most important phenomena in starch applications. 

When the temperature of a suspension of starch granules, in excess of water, increases 

up to the temperature of gelatinisation, the starch will lose its birefringence and 

crystallinity, with concurrent swelling. This change is irreversible and called 

“gelatinisation”. Gelatinisation is the process of granule swelling followed by disruption 

of granule structure in which the loss of crystalline order can be observed in the 

disappearance of the X-ray diffraction. The temperature at which starch begins to 

undergo these changes is the gelatinisation temperature (Thomas and Atwell, 1999). 

Before granule disruption some materials, mainly amylose, start to leach out from the 

granule. The leached material increases in molecular weight and more branched 

material leaches out with increasing temperature (Prentice et al., 1992). The 

morphological changes of the starch granules during swelling depend on the origin of 

the starch. For some starches, such as potato and corn, the granules swell in all 

directions, whereas for wheat, barley and rye starch granules the swelling is restricted to 

one dimension, resulting in a complicated folding of the granules (Bowler et al., 1980). 
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The granule swelling ability is usually quantified by swelling power at the 

corresponding temperature (Konik et al., 2001). As heating continues, and more and 

more granules become swollen, the viscosity of the medium increases. The paste 

viscosity reaches a maximum when the largest percentage of swollen, intact granules is 

present, and this is known as the peak viscosity (Thomas and Atwell, 1999). At this 

point, the starch is considered to be fully pasted. Atwell et al. (1988) defined pasting as 

the phenomena following gelatinisation in the dissolution of starch, involving granular 

swelling, exudation of molecular components from the granule, and eventually, total 

disruption of the granules. Pasting is not exactly separate from gelatinisation, but rather 

an overlapping occurrence, perhaps a continuation of gelatinisation (Thomas and 

Atwell, 1999). The pasting behaviour of starches is very important for starch 

characterisation and its applications. Useful information such as pasting temperature, 

peak viscosity, breakdown and setback values can be obtained from the profiles 

determined with Brabender amylograph (Figure 1) or Rapid Visco Analyser (RVA). 

The pasting profile could be very useful in order to indicate the possible starch 

application. Solubilised starch polymers and the remaining insoluble granular fragments 

have a tendency to reassociate after heating, and pastes may become cloudy. Initially 

the amylose forms double helical chain segments followed by helix-helix aggregation 

(Biliaderis, 1992). This phenomenon is termed “retrogradation”. The long-term 

retrogradation is represented by the slow recrystallisation of the outer branches of 

amylopectin (Daniel and Weaver, 2000). Generally, the rate and the retrogradation 

extend increase with an increased amount of amylose (Liu, 2005). Retrogradation 

results in the formation of crystalline aggregates and a gelled texture. As the 

retrogradation process occurs, the starch paste becomes increasingly opaque and forms a 

cuttable gel (Thomas and Atwell, 1999). With time, the gel has the tendency to release 

water. This release of water is referred to as syneresis. 
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Figure 1 – Brabender amylogram of potato starch (4%, w/ v) (Chen, 2003). 

 

 

Starch is composed essentially of homopolymer of -D-glucopyranosyl units 

and small amounts of noncarbohydrate components, particularly lipids, proteins, 

nonstarch polysaccharides and phosphorus (Liu, 2005). Depending on the source, 

amylose molecular weight ranges from approximately 3 x 10
4
 to greater than 10

6
 g/mol 

(Whistler  and  BeMiller, 1997). Less  than  0.5% of the  glucoses  in  amylose are  in  

-16 linkages, resulting in a low degree of branching, and a structure with 3-11 

chains of approximately 200-700 glucose residues per molecule. Due to the low degree 

of branching, dissolved amylose has a tendency to form insoluble semi-crystalline 

aggregates, depending on the placement of the branches in the structure (Copeland et 

al., 2009). Amylopectin is the largest molecule in nature, which could reach 10
6
 to 10

9
 

g/mol (Liu, 2005). Most starches contain 60-90% amylopectin. However, high-amylose 

starches, with less than 30% amylopectin, and waxy starches with essentially 100% 

amylopectin are well known. About 5% of amylopectin glucoses are present in -16 

linkages, giving it a highly branched, tree-like structure and a complex molecular 

architecture that can vary substantially between different starches with regard to 

placement and length of the branches. The branches of amylopectin from double helices 

are arranged in crystalline domains, and amylose largely makes up the amorphous 

regions which are randomly distributed between the amylopectin clusters (Zobel, 1988). 

The amylopectin branches may be classified according to their pattern of substitution: 

A-chains are defined as unsubstituted, B-chains are substituted by other chains, and 
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there is a single C-chain that carries the reducing sugar (Copeland et al., 2009). Figure 2 

shows the structure of the starch granule and the involvement of amylopectin. 

 

Granule

-16 linkage

-14 linkage

www.biodeg.net/biomaterial_clip_image002_0000.gif 

1 – Crystalline lamella
2 – Amorphous lamella

 

Figure 2– Schematic representation of the different structural levels of the starch 

granule and the involvement of amylose and amylopectin (Buléon et al., 1998; 

www.biodeg.net/biomaterial). 

 

 

Starch granule stability depends on the arrangement of atoms in the 

polysaccharide structure, according to the distribution of the intra- and intermolecular 

forces. The structure of amylose and amylopectin, and the form and crystallinity of 

starch granules, have been extensively studied using many complementary approaches, 

like small-angle scattering techniques that measure differences in electron density 

distribution, and diffraction techniques indicative of crystallinity of the material 

(Copeland et al., 2009). Imaging techniques such as light microscopy, scanning and 

transmission electron microscopy, scanning probe techniques such as Atomic Force 

Microscopy (AFM), spectroscopic methods such as nuclear magnetic resonance and 

Fourier transformed infra-red spectroscopy are other approaches used to obtain 

structural information on starch granules and molecules. These analytical methods 

http://www.biodeg.net/biomaterial
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provide explicit information on the molecular constituents and their organization in 

starch granules. 

 

Starch can be extracted using different processes, depending on the plant source 

and end use of the starch. The extraction must be accomplished without significant 

modification to the starch granules and in sufficient amounts, in order to be 

economically viable. Different extraction procedures affect the chemical composition 

and physical properties of starch. These changes in starch properties, and even in starch 

granule structure, resulting from the extraction procedure, are a reflection of the 

nonrigid organisation of starch granules (Shing et al., 1997). 

 

In spite of the increase knowledge on starch composition, structure and 

functionality, due to a high level of analytical sophistication, many questions are still 

with no answer (Srichuwong et al., 2005; Tang et al., 2006; Tester et al., 2004). Thus, 

to understand the functionality of starches, some insight is needed with regard to the 

composition, morphology and structure properties of the starch molecules and starch 

granules. 

 

Recently, efforts have been made to find native starches with suitable 

characteristics for the food industry (syneresis, turbidity, freeze/thaw stability), without 

requiring chemical or genetic modifications. Thus, the search for new renewable starch 

resources is essential in order to find alternatives to chemically modified starches. 

Besides, as different starches are generally cheap raw materials presenting interesting 

and diverse physical and chemical properties, they find many uses in food/ non food 

proposes. In particular, non-conventional sources and underexploited renewable of 

starchy material have been studied, and may be used as interesting alternative to 

traditional starchy raw materials. In this sense, knowledge about the properties of 

different native starches is of great importance to select the most adequate starch for a 

specific application. In order to find the most proper use as an additive for the food 

industry or even for biotechnological and energetic proposes, the effects of isolated 

methods on starches must be well characterised considering the physicochemical, 

functional and structural aspects. 
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European chestnut trees are spread all over the world to produce wood and 

chestnuts fruits assuming considerable economical value. Castanea sativa Mill. is one 

of the most common natural resources of Portugal and its` fruits have been used in 

human nutrition since ancient times. In Europe, chestnut fruits represent about 12% of 

the world’s chestnut fruits production, with Portugal as the second highest producer in 

Europe. During 2005–2006 season (the most up to date available data) the average 

domestic production of fruits was reported to be 22.17 metric tons, representing 3% of 

world production (GPP, 2007). 

A deeper knowledge of fruit composition may offer new opportunities for the 

chestnut market. The fruits are carbohydrates rich and low in fat content, and these facts 

make it interesting to be included in human diets. Starch is the main constituent of 

chestnut fruit ranging from 38% to 80% (Borges et al., 2008; Correia et al, 2009 a); 

Miguelez et al., 2004). Furthermore, there is increasing evidence showing that the 

consumption of chestnuts has become more important in human nutrition due to the 

health benefits provided by the presence of bioactive components (Blomhoff et al., 

2006), including lectin, cysteine proteinase inhibitor and quercetin (Wang and Ng, 

2003). It also comprises of considerable levels of vitamins, fibres, essential fatty acids 

and minerals (Borges et al., 2008). The fruits are mainly consumed fresh, but a surplus 

is often lost. In this scope, it is desirable to find potential applications of this rich starch 

material source. Silva et al. (1993) studied the possibility of chestnut flours application 

for production of extruded products and found that chestnut starch granules are not 

disrupted and kept integrity when subjected to the extrusion process, meaning that this 

starch is quite resistant to this high temperature and shear processing technologies. 

 

Quercus suber Lam. and Quercus rotundifolia Lam. forests are particularly 

abundant in Spain and Portugal, but they can also be found in Greece, Italy and France 

(Grove and Rackham, 2001). These forests are characterised by the dispersion of 

individual trees and groups of trees known respectively as “dehesas” and “montados” 

(Pinto-Correia, 1993). These open wooded landscapes can also be found in Greece, Italy 

and France (Grove and Rackham, 2001). In Portugal, the total forest area is 38% of the 

used soil area, being 13% and 23% of that total area occupied respectively by Q. 

rotundifolia and Q. suber, (GPP, 2007). “Montados” are predominant in the Centre and 

South of Portugal, producing about 400–700 kg/ha/year of fruits (Oliver, 1993). Most of 
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the fruit production goes to the feeding of animals, mainly Iberic pigs. These fruits are 

also consumed in other European countries, as mention by Rakic et al. (2006), where 

different kinds of commercially available processed acorn products, including breads 

cakes, soups, snacks, noodles and jelly, which are comprised principally of acorn flours 

are available (Kim and Yoo, 2009). The use of acorn flour for human nutrition is also 

traditional in the Iberian Peninsula. Ribeiro (1992) stated that primitive Lusitanian food 

(III-I b.C. centuries) was based on porridge oats, dark bread and acorn flour. Even 

nowadays, in Portugal, there are some uses of acorn flours in traditional recipes. 

However, a major utilisation of under exploited resources should be a major trend in 

order to improve the sustainability of the agri-food chain. Acorn fruits are naturally high 

in fat, starch and tannin content (Correia et al., 2009 b); Ferreira-Dias et al., 2003; 

Nakabayashi, 1972). Extraction of the oil from Q. rotundifolia and Q. suber acorns was 

carried out in some oil extraction plants in Portugal, due to the very similar fatty acid 

composition of this oil to olive oil, and to its nutraceutical properties (Ferrão and 

Ferrão, 1988; Ferreira Dias et al., 2003). Considering the high tannin content of acorn 

fruits, it is possible to say that they can provide some functional compounds to improve 

health. Moreover, other kinds of uses may be considered. Larotonda (2007) study the 

application of Q. suber starch to produce biodegradable films and coatings, concluding 

that this starch is a promising material with good properties. However, in order to find 

new potential applications of these materials further study is required. 

 

In the present scope, the materials used in this work to produce starch were 

chestnut (Castanea sativa Mill) varieties Longal and Martainha fruits, which are the 

most typical varieties in Soutos da Lapa PDO (Protected Designation of Origin), in the 

Viseu region, Portugal. Acorns from Quercus rotundifolia Lam. and Quercus suber 

Lam. were collected in “montados” located in Idanha-a-Nova, Portugal. Figure 2 shows 

the chestnut and acorn fruits in fresh stage. 
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A B

C D

 

Figure 3– Fresh fruits of chestnuts, Martainha (A), and Longal (B), and acorns, Q. 

rotundifolia (C) and Q. suber (D). 

 

 

2. Objectives of the work 

 

The main objective of this study is to obtain a deeper knowledge on physicochemical, 

morphological, structural and functional properties of chestnut and acorn starches to 

future applications on industry. This will involve the characterization of raw material 

and study the better drying conditions to starch extraction, development of improved 

isolation methods to produce starch, and characterisation of isolated starches. 

 

The main detailed goals are: 

- to contribute to knowledge, leading to develop processes that may add value to 

underexploited non conventional starchy sources, chestnuts and acorns; 
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- to develop improved technologies to produce starch from underexplored or 

surplus renewable raw materials present in Portugal, mainly the selection and 

improvement of starch isolation methods from these starch sources; 

- to characterize chestnut and acorns starches in order to find possible 

applications on food and non food industries. 

 

 

The work is divided in several chapters that are briefly described below. 

 

Chapter 2, “Drying of chestnut and acorn fruits and flours characterisation”. Describes 

the studies about the effect of drying temperatures on the physicochemical, 

morphological and starch-related functional properties of chestnuts and acorn fruits and 

flours. 

 

Chapter 3, “Selection and optimisation of starch isolation methods”. Different 

procedures used for the extraction of starch using four different methods were tested. 

Based on the yield, purity and functional properties results, the most interesting 

procedures were selected and optimised in order to define the most suited isolation 

conditions. 

 

Chapter 4, “Characterisation of chestnut and acorn starches”. The chestnut and acorn 

starches isolated by optimised methodologies were studied considering the 

physicochemical, morphological, structural and functional properties in order to 

enhance possible applications on industry. 

 

Finally, in Chapter 5, “Conclusions”. Major results of the whole chapters are identified 

and some perspectives for future work proposed. 
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Chapter II 

 

Drying of chestnut and acorn fruits and flour characterisation 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter the effect of drying temperatures on 

physicochemical, morphology and starch-related 

functional properties of chestnut and acorn fruits and 

flours is evaluated. The drying fruit kinetics was 

established. The colour parameters, the composition and 

morphology of fruits flours were determined and observed. 

Properties, such as resistant starch, swelling power, and 

gelatinisation profiles were evaluated. With these studies it 

was possible to define the most suitable drying conditions 

for fruits. 
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Abstract 

 

The effect of drying conditions on morphological and chemical properties of two 

Portuguese Castanea sativa varieties (Longal and Martainha) was evaluated. All 

chestnut drying curves were found to be different according to drying temperatures (40 

ºC, 50 ºC, 60 ºC and 70 ºC). Those conditions also affected both chemical composition 

of flours and morphological properties of starch. Colour parameters of the flours (L*, 

c*, h
o
) generally decreased with increasing drying temperature, total colour difference 

(TCD*) also significantly changed for samples dried at different tested conditions. The 

drying temperature seems to affect starch morphology, with Longal starch granules 

always somewhat smaller. The results showed that the higher the drying temperature, 

the higher the reducing sugars content and the lower the starch content. In what 

concerns differences among the studied varieties, it can be stated that Longal presents 

whiter flours, higher reducing sugars content, lower starch and sucrose contents. In 

opposition, Martainha flours presented lower percentage of amylose and damaged 

starch. From the results it can be concluded that the marked effects that drying 

temperature exerted on the characteristics and properties of chestnut flours are different 

in both varieties studied. 

 

Keywords: Chestnut (Castanea sativa Mill.), drying, morphology, chemical properties. 
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1. Introduction 

 

The chestnut (Castanea sativa Mill.) is a traditional nut from European Mediterranean 

countries and one of the most popular across the world. The European production of 

chestnut fruit represents about 12% of the world production, being Portugal the second 

producer. The average for domestic production of fruits was reported to be 22.17 metric 

ton 2005–2006 season, representing 3% of world production (GPP, 2007). The high 

consumption values of the fresh fruit, probably linked to the high nutritional and 

organoleptic value, and also to the increasing interest of the consumers towards organic 

products (Bellini et al., 2005). Not only is the consumption of the fruit popular in 

Portugal but also the use of chestnut flours. Some ancient documents refer that in the 

Middle Ages chestnut was used as the main ingredient in bread production (two parts of 

chestnut flour and one part of wheat) and as a kind of porridge (Lage, 2003). 

Despite the drying appearance, chestnuts are perishable presenting a limited shelf-life. 

This is mainly due to the high metabolic activity of the nuts and the epicarp 

characteristics that are porous and not lignified (Sacchetti et al., 2005). Drying is one of 

the traditional preservation and storage techniques. As it is generally known, dried 

products are stabilized as the water activity decreases. Most of the references about 

chestnut drying focus mainly on the drying process itself and only few on the effect of 

the drying temperature on the fruit’s composition and properties. Although more 

focused on the drying process itself, the work of Fernandes et al. (2005) also presented 

some evidence of the effect of the process on the chemical properties. But more relevant 

in this scope is work of Attanasio et al. (2004) focused on a specific Italian variety 

which dried at two different temperatures (40 ºC and 60 ºC). Both studies clearly 

showed modifications in chestnut properties, mainly in starch fraction. However, little 

information about morphological and chemical modification after drying on chestnuts 

flours is available in the literature. 

The present study aims to bring a contribution to a deeper understanding of the effects 

of drying temperature on some morphological, physical and chemical properties of 

selected native Portuguese chestnut varieties. 
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2. Material and methods 

 

2.1. Samples 

 

Chestnut fruits were collected from ‘‘Soutos da Lapa” region, one of the three PDO 

(protected designation of origin) regions found in Portugal for chestnuts. In this region 

the most representative chestnut varieties were identified to be Martainha and Longal. 

Mature chestnuts were harvested and three sets of 1 kg each were randomly collected 

for each variety. Samples were stored at 4 ºC until experiment. 

 

2.2. Drying process 

 

The drying process was conducted in two steps. First, chestnuts were pre-dehydrated at 

40 ºC for 24 h in a FD 115 Binder ventilated drying chamber, with a air flow of 300 

m3/h. Afterwards, fruits were peeled, the nuts chopped into little pieces, in order to 

make the milling operations easier, and dried in the same equipment at 40 ºC, 50 ºC, 60 

ºC and 70 ºC, till a final aw value of about 0.2. Chestnut pieces were then milled in a SK 

100 Cross Beater Retsch hammer mill to pass a 1 mm sieve. 

To establish the drying curves the water activity variations were monitored at 25 ºC 

using a BTsrl Selecta Unitronic hygrometer. The water activity was measured every two 

hours in samples of 4–5 g, taken from the drying chamber. 

 

2.3. Morphology analysis 

 

The fresh chestnut fruits and the dried chestnut flours were observed directly by a 

scanning electron microscope (SEM) and light microscopy. The dimensions (length and 

width) of two hundred starch granules in flours were measured by SEM. 

Samples were analysed by taking images from an environmental scanning electron 

microscope (ESEM) model Quanta 400 (FEI Company, USA), at 10 KV and 4 mbar. 

Fresh chestnuts and the dried chestnut flours were sprayed onto a double-sided tape on a 

microscope stub. 

A light microscope model HBO50 Oxiplan 2 (Zeiss) with a colour video camera CCD-

Iris Contax Aria was used. The samples were coloured by a iodine solution (0.2 g of 

iodine and 2 g potassium iodide for 100 ml H2O) diluted with water at a ratio of 1/10. 
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2.4. Colour evaluation 

 

The colour of fresh chestnuts and flours was assessed by the CIELAB (1986) using a 

Chroma Meter CR-300 Minolta (Osaka, Japan) colorimeter. From L* a* b*, the chroma 

(c*) and hue angle (h
o
) were determined. A white tile (L* = 97.46, a* = -0.02, b* = 

1.72) was used as reference. Total colour difference (TCD*) (McGuire, 1992; Silva and 

Silva, 1999) as defined by eq. 1 was also calculated: 

 

TCD* =      2

0

2

0

2

0 ****** bbaaLL  ,   (1) 

 

At least twenty measures were performed for each sample. 

 

2.5. Chemical analysis 

 

Raw material composition was evaluated for: moisture, protein (% N x 5.23), fat, fibre, 

ash and reducing sugars contents (AOAC, 2000). All reagents used were analytical 

grade. 

Moisture content was determined by gravimetric method at 100–105 ºC, till constant 

weight. Nitrogen free extract (NFE) was calculated by difference:  

 

% NFE (dwb) = 100 - (% Protein + % Fat + % Ash + % Fibre). (2) 

 

Total starch and amylose content were determined by polarimetric method as proposed 

by Garcia and Wolf (1972), as suggested by Knutson (2000), and colorimetric method 

proposed by Juliano (1971), as used by Yadav and Jindal (2007). 

Total reducing sugars were determined by the Munson–Walker method (AOAC, 2000) 

and some individual sugars by HPLC, equipped with a 6000A pump, RI 400 detector 

and Sugar-pack column (Waters Corporation, USA) at 90 ºC, using EDTA-Ca 50 ppm 

aqueous solution at 0.5 ml/min, as proposed by Medlicott and Thompson (1984). The 

external standard method was used to identify and quantify sugars. All reagents were 

HPLC grade. As the used column does not clearly separate sucrose and maltose, 

presenting similar retention times, sucrose and maltose are always considered as a 

whole (sucrose + maltose). 
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Damaged starch was determined following the method proposed by AACC (2000), 

being reducing sugars determined by the Hizukuri et al. (1981) method. 

All reported values are expressed on a dry weight basis (dwb) and represent the average 

value of the analysis of at least three different replicates. 

 

2.6. Statistical analysis 

 

The data reported in this work are average of at least three different determinations. A 

Statistic versus 6 and Excel 2003 software was used for statistic analysis. Colour 

and chemical results were subjected to a variance analysis and the significance of 

differences between means was determined with Fisher LSD test at a 5% level. 

 

3. Results and discussion 

 

3.1. Drying process 

 

The evolution of water activity (aw) during drying process as well as the time needed to 

reach an aw of 0.2 are shown in Fig. 1. Drying patterns are quite similar for both studied 

cultivars at tested drying conditions. The second order polynomial of the form: 

y = a + bx + cx
2
 (3) 

was used to adjust curves, and the results of the fittings are presented in Table 1. 

 

These results are in accordance to those found by Koyuncu et al. (2004). The authors 

also showed that temperature is the most important drying parameter affecting the total 

drying time and the consumed energy, where time and the heat energy decrease with 

increasing temperatures. Besides, drying in the range 50–60 ºC was found to be least 

energy consuming. 

Moisture losses during drying processes are shown in Table 2. Increasing temperature 

increase the amount of water released from the product. The total moisture loss is not 

significantly differing for both varieties. It is worth to remark that the percentage of 

moisture loss is always somewhat smaller in the Martainha variety than that observed in 

Longal. 
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Fig. 1. Evolution of water activity during the drying process (L – Longal and M – 

Martainha). 

 

Table 1. Second order polynomial adjusted equations for drying process 

 

Variety Drying Temperature a b c R
2 

Longal 40ºC 1.0005 -0.006 -0.0001 0.989 

 50ºC 0.9993 -0.009 -0.0003 0.986 

 60ºC 0.9799 -0.007 -0.0008 0-990 

 70ºC 0.9827 -0.0026 -0.0006 0.989 

Martainha 40ºC 0,9752 -0,003 -0,0001 0.982 

 50ºC 1.0037 -0.009 -0.0003 0.983 

 60ºC 0.9799 -0.007 -0.0008 0.990 

 70ºC 0.9595 -0.004 -0.0012 0.999 
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3.2. Morphological characteristics of starch granules 

 

The SEM of the chestnut flours for both studied varieties are shown in Figs. 2 and 3. 

Starch is considered as the main compounds of chestnut flours (about 47–48% in fresh 

fruit), it is also expected to be responsible for the chestnut flour characteristics. Starch 

granules seem to be surrounded by some amount of other materials, like fibres and 

proteins, giving a ‘‘raising dust” appearance (mainly on dried chestnut flours) that may 

also contribute to those characteristics. Drying flours of both varieties presented similar 

morphology for all drying temperatures, except the Martainha dried at 70 ºC. Starch 

granules were always found to be round or oval shaped, and the surface smooth in fresh 

fruit granules. On the other hand, the starch granules from dried material exhibited some 

fractures. This effect was also observed by Grant (1998) on wheat granules, and the 

fractures become more evident at higher drying temperatures. Starch granules of flours 

produced from dried fruits show a kind of vesicles that come from inside starch 

granules, probably due to starch modifications. 

 

 

Table 2. Influence of drying temperature on the moisture content of chestnuts 

 

Variety Moistures 

content 

(g/100g) 

Moisture loss 
(*)

 (%) 

 Fresh Chestnuts Dried at 

40ºC 

Dried at 

50ºC 

Dried at 

60ºC 

Dried at 

70ºC 

Longal 48.2±0.02
a 

84.2 86.3 86.9 88.8 

Martainha 47.9±0.05
a 

81.6 82.9 83.5 86.6 

 

(*) 
variation = (Moisture(initial) – Moisture(final))/Moisture(initial)* 100% 

a
 Means ± standard error of mean. 
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Fig. 2. Images of Longal chestnut flours: (A) fresh fruit flour, (B) and (C) dried fruit 

flours at 40 ºC and 70 ºC, respectively. Lowercases: 1 – SEM, 2 – light microscopy. 

Fractures are signed by an indication arrow. 
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Fig. 3. Images of the Martainha chestnut flours: (A) fresh fruit flour, (B) and (C) dried 

fruit flours at 40 ºC and 70 ºC, respectively. Lowercases: 1 – SEM, 2 – light 

microscopy. Fractures are signed by an indication arrow. 

 

Drying at 70 ºC leads to starch granules becoming more shapeless, flattened and rough, 

mainly in Longal variety. This behaviour was also observed by Attanasio et al. (2004). 

It was seen that, temperature significantly influences the morphology of starch granules 

and so it is likely that other properties will also be affected. 

Both dimensions, length and width, of starch granules presented high variability. The 

majority of the starch granules are small, with a predominated length between 4 and 8 

m and width between 4 and 6 m (Fig. 4 and Table 3), only 2–6% smaller than 2 m 
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and about 2% larger than 18 m. In general, starch granules from Longal are smaller 

than those of Martainha. The results observed for the other drying temperatures were 

similar to the ones presented for the temperature of 50 ºC. By analysing the dimensions, 

it is possible to state that increasing drying temperature did not significantly affect the 

length and the width of starch granules. 
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Fig. 4. Length and width distributions for Longal and Martainha flours dried at 50 ºC. 

 

Table 3. Analysis of starch granules dimensions of fresh fruits. 

 

 Length (m) Width (m) 

 Meanσ Maximum Minimum Meanσ Maximum Minimum 

Longal 6.73.34 19.9 1.4 5.52,48 13.0 1.4 

Martainha 7.23,58 23.3 2.0 5.82,75 15.8 2.0 

 

 

3.3. Colour evaluation 

 

The colour of chestnut flours showed to be different depending on drying conditions. 

The appearance of chestnuts Martainha and Longal after drying can be seen in Fig. 5. 

Fresh fruits presented similar results in the colour parameters (Table 4). However, these 

parameters change with drying temperature. 
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LONGAL
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Figura 5

 

Fig. 5. Aspect of chestnut fruits after drying. 

 

 

Table 4. Colour parameters of dried chestnuts flour. 

 

Cultivar Drying Temperature 

(ºC) 

L* c* hº TCD* 

Longal None 86.1±0.52
a 

22.4±0.70
a 

98.4±0.32
a 

- 

 40ºC 91.8±0.18
b 

12.4±0.09
b
 95.2±0.16

d 
9,1±0.12

b 

 50ºC 93.7±0.07
b 

10.2±0.09
cd 

95.3±0,07
d 

11.7±0.09
a 

 60ºC 91.8±0.07
b 

9.9±0.09
d 

92.8±0.07
b 

11.5±0.09
a 

 70ºC 83.5±0.23
a 

12.2±0.35
c 

84.4±0.20
c 

10.0±0.08
c 

Martainha None 85.9±0.21
c 

23.4±0.50
c 

98.7±0.10
d 

- 

 40ºC 90.4±0.09
d 

13.2±0.14
b 

92.8±0.06
c 

11.7±0.16
a 

 50ºC 89.7±0.09
a 

12.0±0.11
a 

91.1±0.06
a 

12.6±0.12
b 

 60ºC 89.4±0.12
a 

12.0±0.12
a 

91.1±0.07
a 

12.6±0.13
b 

 70ºC 84.0±0.18
b 

11.9±0.13
b 

86.7±0.08
b 

11.7±0.08
a 

Results are the means ± standard error of mean. 

For each colour parameter values followed by the same uppercase letter are not significantly different at 

p<0.05, Fisher LSD test. 
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Fresh fruits flours presented a darker colour compared to the dried fruits flours, 

therefore presenting higher L* values. For drying temperatures of 40 ºC, 50 ºC and 60 

ºC, the differences in lightness are not so evident, mainly in Longal variety. As the 

colour of fresh fruits flours was measured immediately after milling, the darker colour 

may be attributed to phenolic oxidations. As drying temperatures increase, the flours 

become darker probably due to a larger extension of caramelization and Maillard 

reaction. These reactions could also be responsible, for some extent the presence of a 

red/ purple dominant colour at 70 ºC. All the chestnut flours from both cultivars 

presented a yellow predominant colour (hº values about 90º). It was also observed that 

the vivid colour (c*) decreased with the increasing drying temperature, probably due to 

the loss of water during the drying process, turning the flours more dull. The 

encountered colour difference might be classified according to Drlange (1994) as great 

(TCD* between 6.0 and 12.0) to very great (TCD* > 12.0). The results showed that 

either for the variety Martainha or the Longal, the chestnut flours dried at 50 ºC and 60 

ºC presented similar values, being these higher than those obtained for 40 ºC or 70 ºC. 

 

3.4. Chemical analysis 

 

3.4.1. Proximate components of raw materials and dried flours 

 

The results of fresh chestnut fruits proximate analysis are presented in Table 5. Flours 

dried at different conditions had no significant differences (p 0.05). As expected, 

drying temperature did not affect total amounts of protein, fat, fibre and ash. Similar 

results were found for both varieties at study. Pereira-Lorenzo et al. (2006), Míguelez et 

al. (2004) and Borges et al. (2008) obtained similar results for the chemical composition 

of different chestnut varieties, including Martainha and Longal. From data presented in 

Table 5, it is also possible to state that the main difference among studied varieties is 

found in fat and protein content. 

 

Table 5. Proximate analysis of fresh chestnuts (g/100 g)
a 

Variety Moisture Protein Fat Ash Fibre NFE 

Longal 48.2±0.02
 

5.0±0.07 2.6±0.04 1.9±0.01 3.2±0.02 87.3±0.04 

Martainha 47.9±0.05
 

4.3±0.04 3.0±0.04 2.1±0.03 3.5±0.04 87.1±0.04 

a
 Results are the means ± standard error of mean, expressed in dry weight basis. 
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3.4.2. Reducing sugars, starch and amylose contents 

 

Results on the effect of drying conditions on carbohydrates content are shown in Table 

6. It may be observed that reducing sugars content increased in both cultivars with 

drying temperature. Longal flour presented higher reducing sugars content. This effect 

may be explained, as already stated, by a lower degree of starch damage observed in 

Martainha (Figs. 2, 3 and 7)  

 

Table 6 – Reducing sugars, total starch, amylose and amylopectin contents of chestnuts 

drying flours
ab 

 

Variety Drying Temperature (ºC) Reducing sugars (g/100g) Starch (%) 

Longal None 1.76±0.01
c 

46.8±1.0
a 

 40ºC 4.59±0.02
b 

42.2±1.8
b 

 50ºC 4.68±0.02
d
 34.7±2.3d 

 60ºC 4.74±0.04
d 

32.3±0.9
e 

 70ºC 5.18±0,01
a 

36.2±2.5
c 

Martainha None 1.61±0.01
e 

48.6±0.6
a 

 40ºC 3.42±0,04
d 

44.1±1.8
a 

 50ºC 3.52±0,03
c 

33.4±2.4
b 

 60ºC 3.60±0.02
b 

31.7±0.6
b 

 70ºC 3.87±0.01
a 

35.3±2.6
b 

a
 Percentage on dry weight basis 

b
 Results are the means ± standard error of mean. 

For each determined parameter values followed by the same uppercase letter 

are not significantly different at p<0.05, Fisher LSD test. 

 

 

Concerning starch content (Table 6), the Martainha variety presents higher values than 

Longal, considering the fresh fruit and flour dried at 40 ºC. These results are similar to 

those obtained by Pereira-Lorenzo et al. (2006) for Spanish varieties. The results show 

that when the drying temperature increases the starch content decreases. This is more 

evident for drying temperatures at 50 ºC and 60 ºC, corresponding to the enzymatic 

optimum temperatures. These results are in accordance to Attanasio et al. (2004) 

researches. 
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Fresh chestnuts amylose content was found to be 33.1% and 32.4%, in Longal and 

Martainha varieties, respectively. As it can be seen in Fig. 6, Martainha variety presents 

lower amylose contents. The amylose content increased with drying temperature, being 

the effect more evident in the Longal variety. 
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Fig. 6. Effect of drying temperatures on the amylose content (percentage on dry weight 

basis). Each data value is the average of three determinations ± SD. 

 

The observed increase of amylose content may be due to the combined action of 

enzymes during the chestnut drying process. This effect may also explain the reducing 

sugar increase. Enzymes that show amylolitic properties are, mainly, α-amylase, β-

amylase, glucoamylase and pullulanase (Atwell et al., 1980; Madi et al., 1987). Those 

enzymes hydrolyze both amylose and amylopectin, but the extent of amylopectin 

hydrolysis is different because of the α,1-6 branching (Delatte et al., 2006). The 

majority of amylolitic enzymes, mainly α-amylase, β-amylase and glucoamylase, are 

active at the tested drying temperatures, with an optimum temperature between 55 ºC 

and 60 ºC (Matherwson, 1998), promoting therefore, the increase on reducing sugar 

content, i.e. glucose (Table 5). 

In chestnuts, the enzyme activities have been mainly attributed to -amylase, so a major 

trend in producing maltose units should be detected (Nomura et al., 1995). Furthermore, 

some authors mentioned by Zhang and Oates (1999) stated that starch susceptibility to 

enzyme attack which influenced by several factors, such as amylose and amylopectin 
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content, crystalline structure (believed to be the most important), particle size and the 

presence of enzyme inhibitors. The enzymes action may be eventually related to a 

different starch organization. As known, glucose polymers are the major components of 

starch, being amylose mainly linear and amylopectin highly branched. However, the 

exact location of amylose inside the granule and the extent and nature of its interaction 

with amylopectin is still unclear (Li et al., 2004), and so the effect of those in functional 

properties are also not yet clarified. However, as referred by the same author, the way of 

action of amylases is still incomplete and, therefore, it becomes difficult to consider the 

variety of α-amylase sources and the complex structure of starch granules. When fruits 

were dried at 70 ºC an increase in amylose content was identified, probably due to 

enzymes inactivation, when compared to the other drying temperatures. 

 

3.4.3. Sugar content 

 

The values obtained in the present study for fresh fruits were higher than those obtained 

by other authors (Míguelez et al., 2004) for Spanish varieties. This could be related to 

several factors, like specific varieties, growth and storage conditions and the period after 

harvesting (Nomura et al., 1995). 

The influence of drying temperature on individual sugar content is shown in Table 7. 

Significant differences (p  0.05) between analysed materials were found. Considering 

the effect of drying temperatures on flours, Longal presents more significant 

differences. The effect of the drying temperature is different in the Longal and 

Martainha disaccharides content, as Martainha shows a higher increase in disaccharides. 

Generally, sucrose + maltose increased with drying temperature probably due to thermal 

and enzymatic degradation, as previously mentioned, and it is more visible in Longal 

variety. This variety seems to be more affected by drying process. It is observed that 

sucrose + maltose content Martainha presents higher values than Longal. Concerning 

the monosaccharides content, this increases with drying temperature, showing a similar 

behaviour for both varieties. 

 

3.4.4. Damaged starch 

 

Damage starch is the fraction of starch that is mechanically disrupted during processing 

(Thomas and Atwell, 1999). The word ‘‘damaged” can be interpreted in a general sense 
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to imply any change in granular structure or, more specifically, to describe particular 

changes in structure that are manifested as important technological advantages (Evers 

and Stevens, 1985) and not necessarily as a detrimental effect. Observing Fig. 7, it is 

possible to conclude that Martainha presented lower percentage of damaged starch. The 

effect of drying temperature on damaged starch is more visible in Longal flours. 

Considering the drying process temperatures applied to chestnut fruits, flours from fresh 

fruits and the ones obtained with drying temperatures of 60 ºC showed a lower level of 

damaged starch. 

 

Table 7 – Values of simple sugars in chestnuts (g/100 g dry solids). 

Variety Drying temperature (ºC) Sucrose + Maltose Glucose Fructose 

Longal None 

40 

50 

60 

70 

27.540.00
e 

31.540.55
c 

34.720.15
b 

35.920.07
a 

30.310.22
d 

0.730.01
e 

1.840.01
c 

1.730.00
d 

1.990,03
b 

2.180.04
a 

1.000.02
e 

2.700.01
d 

2.880.01
b 

2.790.01
c 

2.970.03
a 

Martainha None 

40 

50 

60 

70 

30.860.10
a 

42.680.76
b 

44.570.31
b 

37.770.66
c 

36.310.20
c 

0.540.00
a 

1.380.01
c 

1.590.02
b 

1.410.01
c 

1.560.03
b 

1.020.01
b 

2.110.01
cd 

2.030.00
d 

1.830.13
a 

2.260.02
c 

Results are the means of three determinations ± standard error of mean 

For each sugar parameter values followed by the same uppercase letter are not 

significantly different at p<0.05, Fisher LSD test. 

 

Starch damage affects physicochemical properties, such as water absorption. This in 

turn influences the functionality of damaged starch in food applications and, 

subsequently, the quality of the final product. Extensive starch damage causes 

disruption in the molecular structure of the starch (Niba, 2006). Therefore, 

modifications to the starch granule results in an increased swelling ability and a higher 

susceptibility to enzymatic hydrolysis (Stark and Lynn, 1992). 
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Fig. 7. Percentage of damage starch of Longal (L) and Martainha (M) chestnut flours. 

Each data value is the average ± SD. 

 

Belitz et al. (2004) stated that when starch granules are damaged by grinding or by 

applying of pressure at various water contents, the amorphous portion is increased, 

resulting in improved dispersibility and swell ability in cold water, a decrease in 

gelatinization temperature and an increase in enzymatic vulnerability. 

 

4. Conclusions 

 

The aim of the present study was to evaluate the effect of drying temperature on 

morphology and chemical properties of two Portuguese chestnut varieties. Based on the 

results obtained, it was possible to conclude that drying temperature affecting flour 

properties. In fact, all of the studied properties were significantly affected by drying 

temperature in both varieties. However, Martainha and Longal showed to be differently 

affected by drying conditions. It is possible to state that Longal presented bigger starch 

granules, whiter flours, higher reducing sugar content and lower starch and sucrose 

contents. Martainha flours showed less starch damage. Therefore, if the highest 

temperature does not affect quality parameters, the fastest process is the best one. 

Chestnut flour dried at 60 ºC seems to be the one that dried faster and with a lower 

content of damaged starch. 

Considering the importance of these effects, more work must be done in order to study 

the influence of the drying temperature on the functional properties of the flours, and 

their relation to those morphological and chemical changes. 
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Summary 

 

Drying curves at different temperatures were established for Quercus suber and 

Quercus rotundifolia fruits. Flours produced by milling fruits dried at different 

conditions were evaluated for colour, starch granules morphology, amylose and sugars 

content. The drying temperature was positively related to the reducing sugar content and 

negatively to starch content. The amilose content generally increased with drying 

temperature and the effect was more evident for the Q. rotundifolia. Results showed that 

flour colour parameters generally decreased with increased drying temperature. 

However, the drying temperature does not seem to affect starch morphology. It can also 

be stated that Q. suber produced darker flours, higher amylose and reducing sugar 

content, and bigger starch granules. Q. rotundifolia showed a lower level of damaged 

starch and higher fat and disaccharides content. According to the results, it was possible 

to conclude that drying temperature exerted marked effects on the properties of acorn 

flours in both studied species. 

 

 

Keywords: Acorn (Quercus suber and Quercus rotundifolia), chemical properties, 

drying, morphology. 
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1. Introduction 

 

In Europe sclerophyllous forests are characterised by a dominance of evergreen broad-

leaved trees such as Quercus suber Lam. and Quercus rotundifolia Lam. Although 

particularly abundant in Spain and Portugal, these forests are characterised by the 

dispersion of individual trees and groups of trees known respectively as dehesas and 

montados (Pinto-Correia, 1993). These open wooded landscapes can also be found in 

Greece, Italy and France (Grove & Rackham, 2001). In Portugal, the total forest area is 

38% of the used soil area, being 13% and 23% of that total area occupied respectively 

by Q. rotundifolia and Q. suber (GPP, 2007). Montados are predominant in the Centre 

and South of Portugal, producing about 400–700 kg/ha/year of fruits (Oliver, 1993). 

Most of the fruit production goes to animal feeding, mainly to the pig. However, the use 

of acorn flour for human nutrition is also traditional in the Iberian Peninsula. Ribeiro 

(1992) referred that primitive Lusitanian people (III-I b.C. centuries) feeding was based 

on oats porridge, dark bread and acorn flour. Nowadays, in Portugal, there are some 

uses of acorn flours in traditional recipes. These fruits are also consumed in other 

European countries, as referred by Rakic et al. (2006). However, the valorisation of 

under exploited resources is now a major trend in order to improve sustainability of 

agri-food chain. In order to find new potentialities of these materials further studies are 

needed. The first step should be to improve fruit preservation along the year, by the 

establishment of convenient drying conditions. 

The aim of the present study was the optimisation of drying process conditions and a 

further understanding of the effect of drying temperature on some morphological and 

physical-chemical properties of Q. suber and Q. rotundifolia fruit flours. 

 

2. Materials and methods 

 

2.1. Samples 

 

Acorns from Q. suber Lam. and Q. rotundifolia Lam. Were collected in ‘montados’ 

located in Idanha-a-Nova (Centre East of Portugal). Mature acorns were harvested and 

three sets of 1 kg each were randomly collected for each species. Samples were stored at 

4 ºC until testing. 
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2.2. Drying experiments 

 

Fresh fruits were subjected to hand peeling (removing the tegument and pericarp) and 

the nuts chopped into little pieces, to facilitate the milling operations. Acorn pieces were 

then milled in a SK 100 Cross Beater Retsch hammer mill to pass a 1 mm sieve. 

The drying process was conducted in two steps. First, acorns were pre-dehydrated at 

40ºC for 24 h in a FD 115 Binder ventilated drying chamber, with an air flow of 300 m
-3

 

hour
-1

. Afterwards, fruits were hand peeled, the nuts chopped into little pieces and dried 

in the referred equipment at 40, 50, 60 and 70 ºC, until a final aw value of about 0.2. The 

dried fruit pieces were subject to the same milling process as the fresh fruits. 

To establish the drying curves the water activity variations were monitored at 25 ºC, 

using a BTsrl Selecta Unitronic hygrometer. The water activity was measured every 2 h 

in samples of 4–5 g, taken from the drying chamber. 

 

2.3. Chemical analysis 

 

Samples were evaluated for: moisture, protein (% N * 6.25), fat, fibre, ash and reducing 

sugars content (AOAC, 2000). All reagents used were from analytical grade. 

Moisture content was determined by gravimetric method at 100–105 ºC, until constant 

weight. 

Nitrogen Free Extract (NFE) was calculated by difference (Nap et al., 1991): 

 

% NFE (dwb) = 100 - (% Protein + % Fat + % Ash + % Fibre)       (1) 

 

Total starch content was determined by polarimetric method as proposed by Garcia & 

Wolf (1972), as suggested by Knutson (2000). The colorimetric method proposed by 

Juliano (1971) and referred by Yadav & Jindal (2007), was used to determine amylose 

content. Amylose content was expressed on starch basis. 

Total reducing sugars were determined by the Munson–Walker method (AOAC, 2000) 

and some individual sugars by HPLC, equipped with a 6000 A pump, RI 400 detector 

and Sugar-pack column (Waters Corporation, Milford, MA, USA) at 90 ºC, using 

EDTA-Ca 50 ppm aqueous solution at 0.5 ml min
-1

, as proposed by Medlicott & 

Thompson (1984). The external standard method was used to identify and quantify 

sugars. All reagents were HPLC grade. Since the column used does not clearly separate 
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sucrose from maltose, which present similar retention times, sucrose and maltose are 

always considered as a whole (sucrose+maltose). 

Damaged starch was determined following the method proposed by AACC (2000), 

being reducing sugars determined by the Hizukuri et al. (1981) method. 

All reported values are expressed on a dry weight basis (dwb) and represent the average 

value of the analysis of at least three different replicates. 

 

2.4. Scanning electron microscopy 

 

The milled fresh acorns and the dried flours were observed directly by scanning electron 

microscope (SEM). The dimensions (length and width) of 200 starch granules in flours 

were measured by SEM. 

For SEM, fresh acorns and the dried fruit flours were placed onto double-sided tape on 

a microscope stub. Samples were analysed by taking images on an environmental 

scanning electron microscope (ESEM) model Quanta 400 (FEI Company, USA), at 10 

KV and 4 m bar. 

 

2.5. Colour evaluation 

 

Colour of milled fresh acorn and flours was assessed by CIELAB (1986) system using a 

Chroma Meter CR-300 Minolta (Osaka, Japan) colorimeter. From L* a* b*, chroma 

(c*) and hue angle (h
o
) were determined. Colour lightness (value), L* (100: white to 0: 

black), measures how light/dark is the colour of the object; chroma or saturation, c* (0–

60), measures how dull/ vivid is the object colour; hue angle, hº (0º–360º), express the 

characteristic/dominant colour (0º red/ purple; 90º yellow; 180º bluish/green). A white 

tile (L* = 97.46; a* = –0.02; b* = 1.72) was used as reference. Total colour difference 

(TCD*) (McGuire, 1992; Silva & Silva, 1999) as defined by Eq. 2 was also calculated: 

 

TCD* =      2

0

2

0

2

0 ****** bbaaLL     (2) 

 

Twenty five individual measurements were performed for each sample. 
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2.6. Statistical analysis 

 

The data reported in all the tables and figures are averages of at least three different 

determinations. A Statistic


 vs. 6 and Excel


2003 software was used for statistic 

analysis. Colour and chemical results were subjected to a variance analysis and the 

significance of differences between means was determined with the Fisher LSD test at a 

5% level. 

 

3. Results and discussion 

 

3.1. Drying process 

 

The drying curves expressed by the evolution of water activity (aw) until having reached 

a final value of 0.2 are shown in Fig. 1. The second order polynomial of the form: 

 

y = a + bx + cx
2
 (3) 

was used to adjust curves, and the results of the fittings are presented in Table 1. 
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Figure 1 - Evolution of water activity during the fruits drying, showing the 2ndorder polynomial fitting for each drying 

process (QR – Quercus rotundifolia; QS – Quercus suber; 40,50, 60 and 70 ºC stand for temperature).

 

Figure 1. Evolution of water activity during the fruits drying, showing the 2
nd

 order 

polynomial fitting for each drying process (QR, Quercus rotundifolia; QS, Quercus 

suber, 40, 50, 60, 70 ºC stand for temperature). 
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Table 1. Second order polynomial fitting for the drying processes. 

Variety Drying Temperature a b c R
2 

Drying rate
a
 

Quercus 

rotundifolia 

40ºC 0.9388 -0.0079 -0.00001 0.991 -0.00002 

50ºC 0.9413 -0.0088 -0.00030 0.987 -0.00060 

60ºC 0.9258 -0.0215 -0.00020 0.981 -0.00040 

70ºC 0.9136 -0.0285 -0.00001 0.988 -0.00002 

Quercus  

suber 

40ºC 0.9982 -0.0066 -0.00005 0.993 -0.00010 

50ºC 0.9964 -0.0091 -0.00030 0.982 -0.00060 

60ºC 1.0093 -0.0156 -0.00030 0.977 -0.00060 

70ºC 0.9565 -0.0357 -0.00008 0.986 -0.00016 

a
 Drying rate is the constant rate (cr) of the equation obtained by derivation of the second order 

polynomial equations (y = k + cr.x). 

 

Drying patterns were found to be similar for both studied species at tested drying 

conditions. However, Q. rotundifolia fruits generally presented a lower drying rate. As 

expected free water evaporation rate was lesser when the drying temperature was lower. 

Total moisture loss results for the drying processes are shown in Table 2. The total 

moisture losses are not much different for both species at the tested drying 

temperatures. Studies based on other fruits, like chestnuts, made by Koyuncu et al. 

(2004) showed that temperature was the most important drying parameter affecting the 

total drying time and, therefore, the consumed energy, the time and the heat energy 

which decrease with increasing temperatures. Being so, the fastest process is the best, 

provided that the higher temperature does not affect the quality parameters. 

 

Table 2. Influence of drying on the moisture content of chestnuts. 

 

Specie Moistures 

content 

(g/100g) 

Moisture loss 
(1)

 (%) 

 Fresh fruits Dried at 

40ºC 

Dried at 

50ºC 

Dried at 

60ºC 

Dried at 

70ºC 

QS 42.00.03
a 78.8 84.0 79.3 86.4 

QR 37.60,01
a 79.8 82.2 80.1 85.1 

(1) 
variation = (Moisture(initial) – Moisture(final))/Moisture(initial)* 100% 

a
 Means ± standard error of mean. 
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3.2. Chemical analysis 

 

3.2.1. Proximate components of raw materials and dried flours 

 

The results of fresh acorn fruits proximate analysis are presented in Table 3. In what 

concerns flours dried at different conditions, no significant differences were found (P  

0.05), showing, as expected, that drying temperature did not affect the total amounts of 

protein, fat, fibre and ash. Q. rotundifolia results are similar to those found by Ferreira 

(2000). 

 

Table 3. Proximate analysis of fresh acorns (g/100g)
a
. 

 Moisture Protein Fat Ash Fibre NFE
 

QS 42.00.03
 

4.20,15 5.20.08 1.70.02 2.70.03 86.20.09 

QR 37.60.01
 

4.80,04 11.10.06 1.90.03 3.00.11 79.20.06 

a
 Results are the means ± standard error of mean, expressed in dry solids.  

 

Comparing the study species, Q. rotundifolia presented higher values of fat content. 

This result is corroborated by Ferreira-Dias et al. (2003). These authors studied the fat 

content and fatty acid profile of three Quercus species (Q. rotundifolia, Q. suber and Q. 

pyrenaica) and they concluded that Q. rotundifolia presented the highest average oil 

content followed by Q. suber. Due to these characteristics, the extraction of the oil from 

Q. rotundifolia acorns was carried out in some oil extraction plants in Portugal until the 

early 70s, due to the very similar fatty acid composition to olive oil (Ferrão & Ferrão, 

1988). 

 

3.2.2. Reducing sugars, starch and amylose contents 

 

Results on the effect of drying conditions on carbohydrates content are shown in Table 

4. It may be observed that reducing sugars content increased in both species with drying 

temperature and that Q. suber flours presented higher reducing sugars content, when 

compared to Q. rotundifolia. This effect may be explained by a lower degree of starch 

damage observed in Q. rotundifolia flours (Fig. 2). Both species presented similar starch 

contents and the drying temperature seems to exert a marked effect on it compared to 
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the milled fresh fruit. This effect was also observed in chestnuts fruits by Attanasio et 

al. (2004). 

Fresh acorns amylose content was found to be 41.7% and 48.9% for Q. rotundifolia and 

Q. suber (Fig. 3). For Q. rotundifolia the value determined was much higher than that 

found by Ferreira (2000), 24.6%. Encountered differences may be justified by 

differences in the botanical source, the climatic conditions and soil type during growth 

(Singh et al., 2003). As it can be seen in Fig. 3, the amylose contents are, in all cases, 

higher for Q. suber when compared to Q. rotundifolia. As to the effect of drying 

temperature, the amylose content generally increased with drying temperature and the 

effect  was more  evident  for the  Q. rotundifolia.  The  observed  increase  on  amylose  

 

 

Table 4. Reducing sugars and total starch contents of acorn drying flours
ab

. 

 Drying Temperature 

(ºC) 

Reducing sugars 

(g/100g) 

Starch 

(%) 

QS None 5.4±0.01
e 

49.0±1.82
a 

 40ºC 13.9±0.02
d 

36.3±0.95
b 

 50ºC 13.3±0.03
c 

33.7±1.41
c 

 60ºC 14.3±0.02
b 

31.4±0.50
c 

 70ºC 15.3±0.01
a 

33.3±0.30
c 

QR None 6.6±0.03
e 

48.0±2.54
a 

 40ºC 7.5±0,01
d 

35.7±2.49
b 

 50ºC 7.9±0,02
c 

33.5±1.17
b
 

 60ºC 8.8±0.03
b 

31.6±0.36
b 

 70ºC 9.3±0.03
a 

34.2±1.49
b 

a
 Percentage on dry weight basis 

b
 Results are the means ± standard error of mean. 

For each determined parameter values followed by the same 

uppercase letter are not significantly different at p<0.05, Fisher LSD 

test. 
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Figure 2. Percentage of damage starch of Q. suber and Q. rotundifolia acorn flours. 

Each data point is the average ± SD. 

 

 

content for drying temperatures until 60 º, inclusively, may be due to the combined 

action of enzymes during the acorn drying processes. Besides, this effect may also 

explain the reducing sugar increase. Amylolitic enzymes are, mainly, α-amylase, β-

amylase, glucoamylase and pullulanase (Atwell et al., 1980; Madi et al., 1987). These 

enzymes hydrolyse both amylose and amylopectin, but the extent of hydrolysis of the 

amylopectin is different because of the α,1-6 branching (Delatte et al., 2006). The 

majority of amylolitic enzymes, mainly α-amylase, β-amylase and glucoamylase, are 

active at the tested drying temperatures, as their optimum temperature situates between 

55 ºC and 60 ºC (Mathewson, 1998), therefore, promoting the increase on amylose (as 

seem previously in Fig. 3) and reducing sugar content (as expressed in Table 4 and also 

in Table 5 for glucose). As referred by Li et al. (2004), since the way of action of 

amylases is not yet completely known, it becomes complicated to consider the variety 

of α-amylase sources and the changes in the complex structure of starch granules. When 

fruits were dried at 70 ºC the amylose content presented lower values probably due to 

enzymes inactivation. 
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Figure 3. Effect of drying temperatures on the starch amylose content (starch dry weight 

basis). Each data value is the average ± SD. 

 

 

3.2.3. Sugar content 

 

The sugar content of both species and the influence of drying temperature on individual 

sugar content are shown in Table 5. For both species the effect of the drying 

temperature on the disaccharides and monosaccharides content was quite different. 

Milled fresh fruit flours and flours from fruits dried at 40 ºC presented similar values for 

both species. 

Disaccharides decrease with the increase of the drying temperature, being the 

differences more evident for higher drying temperatures. This decreasing affect could be 

due to thermal and enzymatic degradation, as previously mentioned, obviously leading 

to an increase in the monosaccharides content. Q.suber presented a lower content of 

disaccharides and a higher content of monosaccharides. Flour obtained from Q. suber 

fresh fruits presented lower content of monosaccharides, significantly different from the 

dried flours, and for fruit flours dried at 40/50 ºC and 60/70 ºC the results are 

respectively similar for glucose and frutose. In what concerns glucose content, Q. 

rotundifolia flours presented distinct results, but fructose values are quite similar. From 

these results, it could be stated that the drying temperature exercised a marked effect on 
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sugar content and the two species responses are quite different, suggesting different 

flour characteristics. 

 

Table 5. Values of simple sugars in acorns (g/100 g dry solids). 

 Drying temperature (ºC) Sucrose + Maltose Glucose Fructose 

QS Fresh 

40 

50 

60 

70 

20.10.13
d 

19, 80.05
d 

19.00.09
a 

15,70,03
c 

16.30.07
b 

2.00.04
a 

6.00.03
c 

6.00.01
c 

6.30,01
b 

6.30.01
b 

4.30.02
a 

9.00.01
c 

9.00.02
c 

9.50.02
b 

9.50.01
b 

QR Fresh 

40 

50 

60 

70 

30.20.38
c 

29.90.49
c 

29.20.17
ac

 

26.70.31
ab 

24.40.16
b 

0.80.01
e 

2.00.01
cd 

2.00.02
cd 

2.10.01
bd 

2.20.02
ab 

6.60.02
a 

6.90.02
b 

6.90.01
b 

6.80.24
ab 

7.10.01
b 

Results are the means of three determinations ± standard error of mean 

For each sugar parameter values followed by the same uppercase letter are not significantly different at 

p<0.05, Fisher LSD test. 

  

 

3.2.4. Damaged starch 

 

Damaged starch is the fraction of starch that is mechanically disrupted during 

processing (Thomas & Atwell, 1999). The word ‘damaged’ can be interpreted in a 

general sense to imply any change in granular structure or, more specifically, to 

describe particular changes in structure that are manifested as important technological 

advantages (Evers & Stevens, 1985) and not necessarily as a detrimental effect. As 

previously stated, by observing Fig. 2, it is possible to conclude that Q. suber presented 

higher percentage of damaged starch for all acorn flours. Considering the drying process 

temperatures applied to acorn fruits, flours from fruits dried at 50 ºC and 60 ºC 

presented slightly lower levels of damaged starch, when compared with those at 40 ºC 

and 70 ºC. 
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Starch damage affects physicochemical properties, such as water absorption. This in 

turn influences the functionality of damaged starch in food applications, and 

subsequently, the quality of the final product. Extensive starch damage causes 

disruption in the molecular structure of the starch (Niba, 2006). Modifications to the 

starch granule, therefore, result in increased swelling ability and a higher susceptibility 

to enzymatic hydrolysis (Stark & Lynn, 1992). Belitz et al. (2004) referred that when 

starch granules are damaged by grinding or by application of pressure at various water 

contents, the amorphous portion is increased, resulting in improved dispersibility and 

swellability in cold water, a decrease in gelatinisation temperature and an increase in 

enzymatic vulnerability. 

 

3.3. Morphological characteristics of starch granules 

 

The SEM of the acorn flours for both studied species is shown in Fig. 4. Starch is the 

main compound of acorn flours (as corroborated by the chemical analysis). Starch 

granules seem to be surrounded by little pieces of other materials, like fibres and 

proteins, giving the appearance of ‘raising dust’ (basically on fresh acorn flours). Starch 

granules of both species presented similar morphology after drying at the tested 

temperatures. Starch granules were always found to be round or oval in shape. 

However, in the fresh fruits the surface was not so clearly defined, because it was more 

evident the inclusion of the granules in a matrix. Starch granules from dried material 

exhibited some fractures. This effect was also observed by Grant (1998) for wheat 

granules and the fractures were more evident for higher drying temperatures. 

Both dimensions, length and width, measured on starch granules presented a high 

variability: some smaller than 2 m and others larger than 18 m (Fig. 5). In the case of 

Q. suber, the dimensions showed a normal distribution, different from Q. rotundifolia. 

For Q. suber the predominant length and width are between 6 and 8 m and Q. 

rotundifolia starch granules are between 2 and 4 m wide and 6–8 m long. Q. 

rotundifolia starch granules seem to be smaller and less regular than the ones of Q. 

suber. This is further confirmed by the mean values presented in Table 6. From further 

studies carried out, it was also observed that the drying temperature did not significantly 

(P > 0.05) influence the dimensions of the starch granules in both species. 
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Figure 4 – SEM and light microscopy of the fresh (A) and dried acorn flours at 40º (B).  

Fractures are signed by an indication arrow.

 

Figure 4. SEM and light microscopy of the fresh (a) and dried acorn flours at 40 ºC (b). 

Fractures are signed by an indication arrow. 
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Figure 5. Length and width distributions for Q. suber (QS) and Q. rotundifolia (QR) 

flours dried at 40 ºC. 
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Table 6. Analysis of starch granules dimensions of fresh fruits. 

 

 Length (m) Width (m) 

 Meanσ Maximum Minimum Meanσ Maximum Minimum 

QS 7.73.60 19.4 1.2 5.92.57 15.6 1.2 

QR 6.03.31 19.8 1.2 4.82.63 18.1 1.1 

 

 

3.4. Colour evaluation 

 

Colour of acorn flours showed to be different depending on drying conditions. The 

appearance of Q. suber and Q. rotundifolia fruits after drying can be seen in Fig. 6. It 

could be observed that Q. suber fruits are darker comparing with the Q. rotundifolia. 

Colour parameters of flours produced after drying and fresh fruits are significantly 

different (Table 7). Dried fruit flours results are quite different comparing to fresh fruit 

flours. All the acorn flours presented a yellow predominant colour (h
o
 values near 90º). 

Fresh fruit flours presented a darker colour comparing to the dried fruits flours. The 

darker colour may be attributed to the oxidation of phenolic compouds, even though the 

colour of milled fruits flours was measured immediately after milling. As expected, the 

whitest (L*) samples are those produced by drying at lower temperatures, like 40 ºC and 

50 ºC, for both species. As drying temperatures increase, the flours became darker, most 

probably due to a larger extension of caramelisation. On the other hand, the intensity 

and vivid colour (c*) decreased with the drying temperature. Comparing the drying 

temperatures, for both species, the c* was lower in flours obtained at 40 ºC and 50 ºC, 

increasing in those obtained at 60 ºC and 70 ºC. The encountered colour difference 

might be classified as according to Drlange (1994) as very great (TCD* >12.0) for all 

flours. In what concerns the species, flours from 40 ºC and 50 ºC presented equal values 

for colour parameters for both species. Q. suber flours obtained from drying 

temperatures of 60 ºC and 70 ºC are quite similar. Q. suber flours are darker and more 

vivid, then Q. rotundifolia flours, with a higher colour difference, probably due to a 

higher content of reducing sugars. 
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40ºC 50ºC 60ºC 70ºC
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B

Figure 6 – Aspect of acorn fruits after drying, A - Q. suber; B 

- Q. rotundifolia.

 

Figure 6. Aspect of acorn fruits after drying, (a) Q. suber, (b) Q. rotundifolia. 

 

Table 7. Fresh fruits and dried acorn flours colour parameters. 

 

Specie Drying Temperature (ºC) L* c* hº TCD* 

QS None 84.90.25
a 

31.40.21
a
 92.30.30

a __ 

 40ºC 73.50,25
b 

18.50.16
c
 84.40.17

b 
15.10.07

b 

 50ºC 75.20.12
b 

19.00.06
c 

83.30.06
b 

16.20.08
b 

 60ºC 68.20.15
c 

21.00.10
b 

82.10.11
c 

20.20.14
a 

 70ºC 67.30.18
c 

21.80.07
b 

82.20.11
c 

20.60.17
a 

QR None 88.40.41
a 

28.30.80
c 

95.80.26
a __ 

 40ºC 79.80.12
d 

17.00.07
c 

86.40.07
d 

14.60.07
c 

 50ºC 80.30.15
d 

16.90.13
c 

86.10.08
d 

14.50.07
c 

 60ºC 75.40.16
b 

17.80.17
bc 

83.80.07
b 

17.40.09
b 

 70ºC 72.40.24
c 

18.70.16
b 

82.60.13
c 

19.40.25
a 

Results are the means ± standard error of mean. 

For each colour parameter values followed by the same uppercase letter are not significantly different at 

p<0.05, Fisher LSD test. 

 

4. Conclusion 

 

The aim of the present study was to evaluate the effect of drying temperature on 

morphology and physicochemical properties of Q. suber and Q. rotundifolia acorn 

species. Based on results, it could be concluded that drying temperature was a relevant 
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parameter to the physicochemical properties of flours, but not so important to the starch 

morphology. In fact, the physicochemical properties were significantly affected by 

drying temperatures in both species. However, Q. suber and Q. rotundifolia showed to 

be differently affected by drying conditions. It can be said that Q. suber presented 

bigger starch granules, darker flours, high reducing sugar and amylose contents. Starch 

was less damaged and presented higher disaccharides contents in Q. rotundifolia. Based 

on the results, for both species flour dried at 60 ºC, it seems to be the one where the 

drying process was faster than the drying at 40 ºC and 50 ºC and with a lower content of 

damaged starch. Considering these effects, more work must be done in order to study 

the influence of the drying temperature on the functional properties of the flours, and its 

relation to those morphological and chemical changes. 
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Abstract 

 

The use of starchy flours in food systems greatly depends on starch related 

functional properties. The effect of drying temperatures on starch-related functional 

properties of flours obtained from fruits of the two most common Portuguese Castanea 

sativa varieties (Martainha and Longal) were evaluated. Flours were analysed for 

amylose and resistant starch contents, swelling ability, gelatinisation properties and 

thermal characteristics. Results showed that the assessed properties in both varieties 

were significantly affected by drying temperatures. Amylograms of fruits dried at 60 ºC 

displayed higher consistency (1370 B.U. and 2260 B.U. respectively for Longal and 

Martainha) when compared to the other temperatures tested (40 ºC, 50 ºC and 70 ºC). 

Decreases in transition temperatures and in enthalpy evaluated by thermal analysis were 

observed with increasing drying temperatures, suggesting modifications in starch 

structure during drying. The principal component and cluster analysis showed that fresh 

fruit flours presented different characteristics from those obtained from fruits dried at 

different temperatures. 

 

Keywords: Chestnut flours; Starch; Drying; Functional properties; Thermal analysis. 

 

 

1. Introduction 

 

The use of flours from different plant or animal sources in food systems depends 

greatly on the physicochemical and functional properties of such food materials. Studies 

have been carried out by many researchers on different types of flour originating from a 
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variety of plant products, such as legumes, other seeds, tubers and fruit pulps (Aziah 

and Komathi, 2009). According to Dendy and Dobraszczyk (2001), these sources can be 

regarded as alternative raw material for flour production or as an ingredient to food 

products.  

Chestnuts (Castanea sativa Mill.), either fresh or processed, are traditionally 

used in European Mediterranean countries, as well as in Portugal. However in order to 

expand their use, efficient preservation techniques such as drying are needed. Milled 

chestnut products produced from dry kernels find several uses in food systems. In fact a 

wide variety of products produced from chestnut flour are reported in different regions 

of Europe, which are dependent of the functionality of this product. The fact that dry 

chestnuts, are not only nutrient rich, but also gluten free, offers significant opportunity 

for exploiting chestnut flour use in different food systems. An increase of six-fold in the 

number of new gluten-free products introduced in the US market during the last years 

was observed (Clemens and Dubost, 2008). In spite of the impact of the functional 

properties on sensory quality and in consumer acceptability, limited information is 

available concerning the properties of chestnut flour. 

Functional properties play important roles in the behaviour of food or its 

ingredients during preparation, processing and storage, affecting the sensory 

characteristics of foods. Kaur and Singh (2007) defined functionality as any property of 

a food ingredient, except its nutritional value, that has a great impact on its utilisation. 

Those properties such as solubility, viscosity, water binding ability, emulsification, 

foaming and gelation are of general interest (Hermansson, 1979). The functionality of 

flours is closely related to the main chemical components, which are determined by 

their genetic architecture and fruits post harvest conditions. Functional properties, such 

as forming, emulsification, nitrogen solubility, oil and water absorption are closely 

related to protein (Kinsella, 1979), while viscosity and swelling characteristics are 

starch-related (Bressani, 1985). However, Prinyawiwatkul, et al. (1997) emphasised that 

the gelling properties of heterogeneous systems, such as flour, are controlled both by 

physicochemical characteristics of proteins and starch components. 

Starch-based materials have received considerable interest over the past few 

years, due to their fast biodegradability, renewability and low cost (Russo et al., 2007). 

Food producers pay particular attention to the major structural changes that occur as a 

result of heating during processing and lead to a change in the functional behaviour of 
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starch. In fact, the majority of starch applications involve the pasting of starch granules. 

Thus, proper understanding of the starch phase transitions or gelatinisation is extremely 

important in food processing (Roos, 1995). As previously reported by (Correia et al., 

2009), starch is the main component of chestnut flours (46.8% for Longal and 48.6% for 

Martainha), followed by sugars (29.3% for Longal and 32.4 for Martainha) and proteins 

(5.0% and 4.3% for Longal and Martainha, respectively). In that study it was observed 

that fruit drying temperature affected the physicochemical properties of the fruit flours. 

However functional properties were not assessed and other studies are not known.  

A well-established method for characterisation of paste apparent viscosity in 

starch and starch-containing systems is the Brabender viscoamylograph test in which 

apparent viscosity is plotted versus time during a standard cycle of heating and cooling 

with continuous stirring. Besides, differential scanning calorimetry (DSC) is an useful 

tool to further understand the order-disorder transitions in starch, giving a quantitative 

measurement of gelatinisation (Stevens and Elton, 1971; Sandhu et al., 2007). 

Gelatinisation, the process by which the internal structure of the starch granule 

disintegrates, releasing polysaccharides into the surrounding medium, is accompanied 

by a variety of changes. When starch granules are heated in excess water beyond a 

critical temperature, the granules absorb a large amount of water and swell to many 

times their original size, justifying the study of swelling ability. Over a critical 

temperature range, the starch granules undergo an irreversible process, which is marked 

by crystalline melting, loss of birefringence and starch solubilization (Singh et al., 

2005). 

Resistant starch (RS) is a fraction of starch appearing to have a unique 

combination of physicochemical and functional properties. It can be used as a functional 

food ingredient for producing different food products improving their nutritional value 

by increasing the fibre like fraction. The major commercial source of RS is high-

amylose starch, which found a widespread application as a dietary fibre owing to its 

resistance to digestion in the human small intestine (McCleary et al., 2006). Resistance 

is probably related to the crystalline order or packing of the glucan chains of amylose 

and amylopectin (Liu, 2005). Various combinations of temperature, moisture and time 

may be employed to enhance RS levels (Thompson, 2000). Depending on the severity 

of the processing, the extend of starch gelatinisation and retrogradation, which takes 
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place during processing, is an important factor in the formation of undigested starch 

(Mangala et al., 1999). 

The present study aims to characterise starch-related functional properties of 

flours produced from chestnut fruits dried at different drying temperatures (40ºC, 50ºC, 

60ºC and 70ºC) having in mind an effective utilization of these flours in various food 

products. 

 

2. Materials and methods 

 

2.1. Samples 

 

Fruits of the two most common chestnuts of Soutos da Lapa, a Protected 

Designation of Origin region of Portugal, Martainha and Longal were collected. The 

chestnuts were harvested at a fully mature stage. Three sets of 1 kg each were randomly 

collected for each variety. Samples were stored at 4 ºC until experiment. 

Fresh fruits, 49% in moisture, were subjected to hand peeling to remove the 

tegument and pericarp. The nuts were chopped into little pieces, to further ease the 

milling operation. Pieces were then milled in a SK 100 Cross Beater Retsch hammer 

mill to pass a 1mm sieve. In fruits intended to be further dried, the drying process was 

conducted in two steps. First, chestnuts were pre-dehydrated at 40 ºC for 24 hours in a 

FD 115 Binder ventilated drying chamber, with an air flow of 300m
3
/hour, until reach a 

moisture content of 30-35%. Second, fruits were hand peeled, the nuts chopped into 

little pieces and dried in the same equipment at 40, 50, 60 and 70 ºC, until final moisture 

content of 9 2% (aw value of about 0.2). The dried fruit pieces were subject to the same 

milling process as the fresh fruits. 

 

2.2. Analytical methods 

 

Moisture content was determined by gravimetric method at 100-105 ºC, untill 

constant weight was achieved. The colorimetric method proposed by Juliano (1971), 

was used to determine amylose content, being amylose content expressed on the basis 

of starch content. Resistant starch (RS) content was determined following the method 

proposed by Mun and Shin (2006). All reagents used were of analytical grade. Results 

are expressed on a dry weight basis (dwb). 
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The swelling index of individual flours was determined using a method used by 

Mwangwela et al. (2007). Swelling index was calculated as the ratio of the weight of 

the final residue to the initial sample weight. 

The gelatinisation of chestnut flours was monitored in a Brabender 

viscoamylograph (Duisburg, Germany) in a 7% starch concentration suspension, heated 

from 30 ºC to 95 ºC, held at 95 ºC for 15 min and then cooled till 50 ºC. Breakdown 

(BD), a measure of consistency breakdown extension, was calculated by Equation 1 

(Srichuwong et al., 2005): 

BD = (peak consistency –hot paste consistency at 95 ºC)/peak consistencyx100       (1) 

The evaluation of starch granules modification during the gelatinisation process 

was evaluated by Scanning Electron Microscopy (SEM). Samples were taken at 

different heating stages (beginning of the peak, at maximum and at the end) and sprayed 

onto double-sided tape on a microscope stub. Samples were analysed by taking images 

on an environmental scanning electron microscope (ESEM) model Quanta 400 (FEI 

Company, USA), at 10 KV and 4 mbar. 

Thermal characteristics were evaluated by DSC on a Shimadzu calorimeter 

(model TA-50WSI, Japan). The instrument was calibrated using indium and purified, 

deionized distilled water as standards. The samples (10 mg) were weighed directly to 

DSC aluminium pans. Samples were added with water or allowed to equilibrate over a 

salt saturated solution to a final moisture content of 15% (aw of 0.640.035). The 

samples were submitted to heating over a range of temperatures from 25 ºC to 180 ºC at 

a heating rate of 10 ºC/min, rate flow 30 ml/min and nitrogen as carried gas. Onset 

temperature (To), peak temperature (Tp), end set temperature (Te) and gelatinisation 

enthalpy ΔH (J/g of dry starch) were determined. As the endotherms are essentially 

symmetrical, the total gelatinisation temperature range (Tr) and peak heigh index (PHI) 

can be established by Equation 2 and Equation 3 (Kruegeret al., 1987): 

Tr = 2(Tp – To)                     (2) 

  PHI = ΔH/(Tp - To)                 (3) 

 

2.3. Statistical methods 

 

All the data contain the averages of at least three different determinations. 

Results were analysed using the SPSS
®
 for Windows version 18.0 and Statistic vs 6 
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software, whereby the data obtained was subjected to a one-way analysis of variance 

(ANOVA) test. The separation of means or significant difference comparisons of all 

parameters were tested by Tukey’s HSD test. Pearson correlation coefficients (r) for the 

relationships between properties were also calculated. Principal component analysis 

(PCA) and cluster analysis of flours properties were carried out to provide a ready mean 

of visualizing the differences and similarities among different chestnut varieties and 

drying temperatures. The level of the significance used for all the statistical tests was 

95%. 

 

3. Results and discussion 

 

The effects of drying temperatures (DT) on starch-related functional properties 

are shown in Table 1. The drying temperatures positively affected amylose content (r = 

0.78, p<0.05) and paste consistencies of the flours (at peak, at 95ºC and after holding at 

95ºC and at final). In contrast, drying temperature is negatively correlated with 

gelatinisation and transition temperatures, enthalpy and PHI. As shown in Table 2, in 

what concerns amylose content in both varieties, the effect of drying temperature is 

similar, dried samples presenting always higher amylose content values. The observed 

increase of amylose content with drying temperatures may be due to the combined 

increased action of enzymes during the chestnut drying process on starch. Enzymes that 

show amylolitic properties are, mainly, -amylase, -amylase, glucoamylase and 

pullulanase, which are active at the tested drying temperatures, with an optimum 

temperature between 55ºC and 60º (Mathewson, 1998). This optimum may explain the 

highest amylose content values obtained with flours produced from fruits dried at 60ºC. 

In our study RS is strictly correlated to amylose content (r = 0.672, Table 2). Liu 

(2005) mentioned that the major commercial source of resistant starch is higher amylose 

starch. The author of this study also stated that resistant starch can be increased by 

heating. High values of RS in both chestnut varieties were found (Table 2). ANOVA 

applied on results showed that Longal variety seems to be more sensitive to heat drying 

temperatures than Martainha, since RS content is affected by temperatures higher than 

50ºC in opposition to what happens with Martainha, only affected by drying 

temperature above 60ºC. Nevertheless, the RS value also increased with temperature, 

and again the highest values are shown for flours of fruits dried at 60ºC. 



 

 

Table 1 – Pearson correlation coefficients for functional properties of chestnut flours as affected by drying temperatures. 

 DT AM RS SI GT PC PT C95ºC CAH FC BD To Tp Te H Tr 

AM  0.783
**

                

RS  0.400  0.672
*
               

SI -0.509 -0.175 -0.449              

GT -0.653
*
 -0.857

**
 -0.498 -0.121             

PC  0.661
*
  0.588  0.159 -0.035 -0.595            

PT -0.325 -0.368 -0.055  0.322  0.252 -0.813
**

           

C95ºC  0.682
*
  0.667

*
  0.214 -0.187 -0.571  0.950

**
 -0.821

**
          

CAH  0.712
*
  0.563  0.171 -0.345 -0.427  0.939

**
 -0.828

**
  0.971

**
         

FC  0.766
**

  0.728
*
  0.279 -0.282 -0.576  0.915

**
 -0.757

*
  0.981

**
  0.968

**
        

BD  0.115  0.289 -0.008  0.236 -0.274  0.817
**

 -0.795
*
  0.654  0.638  0.589       

To -0.377 -0.343  0.346 -0.409  0.526 -0.785
*
  0.498 -0.660

*
 -0.587 -0.600 -0.516      

Tp -0.597 -0.524  0.105 -0.311  0.649
*
 -0.600  0.130 -0.568 -0.515 -0.579 -0.307  0.762

*
     

Te -0.784
**

 -0.730
*
 -0.280 -0.066  0.870

**
 -0.594  0.133 -0.587 -0.526 -0.615 -0.230  0.614  0.890

**
    

H -0.675
*
 -0.797

**
 -0.704

*
  0.367  0.632

*
 -0.720

*
  0.517 -0.655

*
 -0.627 -0.686

*
 -0.549  0.100  0.316  0.568   

Tr  0.322  0.230 -0.427  0.075 -0.170 -0.010  0.005  0.170  0.143  0.224 -0.253 -0.448 -0.427 -0.263  0.324  

PHI -0.793
**

 -0.878
**

 -0.653
*
  0.395  0.692

*
 -0.737

*
  0.520 -0.715

*
 -0.687

*
 -0.762

*
 -0.490  0.189  0.419  0.655

*
  0.979

**
  0.130 

DT: Drying temperature; AM: Amylose; DS: Damaged starch; RS: Resistant starch; SI: Swelling index; GT: Gelatinization temperature; PC: Peak 

temperature; C95ºC: Consistency at 95ºC; CAH: Consistency after holding at 95ºC; FC: Final consistency; BD: Breakdown; HPCI: Hot paste capacity index; 

To: Onset temperature; Tp:Peak temperature; Te: Ending temperature: H: Gelatinization enthalpy; Tr: Total gelatinization temperature range; PHI: Peak 

height index. 

*P< 0.05, **P<0.01 
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Table 2 – Effect of different drying temperatures on starch, amylose, damaged starch 

and swelling index of chestnut flours
a 

Variety Drying 

Temperature (ºC) 

Amylose Resistant 

starch 

Swelling 

Index
 

Longal None 33.40.6g 36.00.2bf 8.80.1f 

 40 48.00.3f 38.10.3ef 8.70.3f 

 50 66.80.4b 42.00.5e 9.20.3e 

 60 77.80.8a 46.80.5a 10.40.4c 

 70 53.10.6e 39.70.3ef 6.80.1b 

Martainha None 32.40.8g 28.90.2d 9.30.3e 

 40 46.70.7f 30.00.2cd 10.00.2d 

 50 57.61.0d 30.30.2cd 10.10.6d 

 60 62.51.0c 36.50.6ef 10.60.2c 

 70 55.31.6e 35.10.5cf 8.10.4a 

Values are mean  standard error of mean 
a
 Means sharing the same letters in columns are not significantly different from  

each other (Tukey’s HSD test, p 0.05) 

 

Swelling index is important for certain products characteristics, such as the 

moisture content of the product, starch retrogradation, and the subsequent product 

staling. The results showed that this parameter is not significantly correlated with DT 

(Table 1). In spite of this, generally, it was observed that swelling indexes are always 

higher (Table 2) when compared with other starchy flours like cowpea (7.24%, 

Mwangwela et al., 2007) and wheat (5%, Zaidul et al., 2008). Higher swelling ability 

values are shown by flours dried at 60 ºC for both Longal and Martainha. This 

parameter is indicative of the swelling of starch granule during gelatinisation, as well as 

water retention due to protein gelation (Mwangwela et al., 2007). Pomeranz (1985) also 

noted that the major chemical compositions responsible for enhancing the swelling of 

flours are protein and carbohydrates, since both constituents contain hydrophilic parts 

such as polar or charged side chains. Moreover, chestnut flour is a matrix resulting from 

the combination of different nutrients, and the effect of drying temperatures on the 

chemical composition of these flours was studied in a previous piece of work (Correia 
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et al., 2009). It was noticed that protein, lipid, ash and fibre contents did not change for 

chestnut flours obtained from fruits dried at different temperatures. 

Gelatinisation is an order-disorder phase transition that involves the diffusion of 

water into the starch granules, hydration and swelling, uptake of heat, loss of 

birefringence and crystallinity, and amylose leaching (Biliaderis et al., 1980). The 

changes that occur after starch gelatinisation are called pasting (Hoseney, 1986). 

However, the pasting pattern of starch in a heterogeneous system, such as in flour, may 

be quite different from that obtained in a single-component system, like in extracted 

starch (Henshaw et al., 1996). 

As mention above, chestnut flours contain other substances such as protein, 

lipid, sugars and minerals, which that may interact with starch at different degrees. 

Along with amylose content, some noncarbohydrate constituents such as lipid and 

protein may change pasting characteristics (Mangala et al., 1999). Protein and starch are 

known to interact due to the attraction of their opposite charges and during 

gelatinisation forming complexes (Pomeranz, 1985). Protein fractions may also 

influence the hydration rate of starch granules by competing with them for the binding 

of water (Whistler & Daniel, 1985). Eliasson and Krog, (1985) stated that lipids retard 

firming and retrogradation of starch by changing the water activity of the system or by 

inhibiting amylopectin crystallization. Therefore, paste characteristics of chestnut flours 

would be affected by these interactions and by other factors such as the amylose and 

damage starch contents. 

As observed, drying temperature significantly affected the gelatinisation 

temperature and paste consistencies. The gelatinisation and pasting parameters as 

evaluated by viscoamylograph (Table 3) and DSC (Table 4) allowed the conclusion that 

all the samples presented a pattern characteristic of starches with high amylose content 

(Hung, et al., 2006). 



 

 

Table 3 – Pasting properties of 7% chestnut flour slurries 
a
. 

 

Variety Drying  

Temperature (ºC) 

GT 

(ºC) 

PC 

(BU) 

PT 

(ºC) 

FC 

(BU) 

BD 

(%) 

Longal None 650.6b 61014.5e 81.00.6b  56020.3ef 23.83.0de 

 40 610.3de 42011.6f 90.01.0a 54023.3e 9.40.1c 

 50 610.0cde 88011.6c 76.01.2ce 88014.5a 20.41.7be 

 60 600.6e 137017.3d 76.30.9ce 143017.6c 24.62.5de 

 70 640.3ab * * 112012.0d * 

Martainha None 651.0b 66012.0e 83.00.6b 63015.3f 25.82.2de 

 40 630.6abc 44014.5f 89.00.9a 6408.8f 8.31.8c 

 50 620.3cde 120020.3b 73.50.7d 110023.0d 32.40.5d 

 60 600.0de 226023.1a 70.30.7de 152017.6b 44.10.3a 

 70 621.0acd 132023.1d 73.70.7de 145024.0bc 13.32.1bc 

Values are mean  standard error of mean 

Means sharing the same letters in columns are not significantly different from each other (Tukey’s HSD test, p 0.05) 

Consistency is reported as BU (Brabender units).  

GT, gelatinization temperature; PC, Peak consistency; PT, peak temperature; FC, final consistency; BD, breakdown. 

* No maximum peak 

 



 

 

Table 4 – Thermal (DSC) properties of dried chestnut flours. 

Variety Drying 

Temperature (ºC) 

To (ºC) Tp (ºC) Te (ºC) - H (J/g) PHI (J/g ºC) 

Longal None 83.83.1b 124.02.8a
 

160.42.9a
 

24.80.3a 0.610.01cd 

 40 62.50.7bcd 103.91.0c
 

136.71.0c
 

22.50.3f 0.550.01d 

 50 60.81.3bcd 103.52.7c
 

139.93.1bc
 

17.30.3c 0.410.02a 

 60 59.41.6bcd 102.21.7c
 

138.02.1bc
 

15.30.3de 0.360.01ab 

 70 64.70.7bc 106.20.3c
 

143.00.0bc
 

16.30.4cd 0.380.03ab 

Martainha None 60.60.5bcd
 

103.21.3c
 

150.34.1ab
 

27.60.1b 0.640.03c 

 40 56.21.4acd
 

100.42.0b
 

142.12.2bc 22.90.2f 0.530.01d 

 50 54.31.5ad
 

99.33.0bc
 

138.93.9bc
 

14.60.1f 0.320.02b 

 60 49.51.6a
 

90.52.1bc
 

130.12.7c
 

23.30.3e 0.570.01cd 

 70 54.31.7ad
 

100.02.3bc 139.21.8bc
 

28.00.9f 0.610.03cd 

To - Onset temperature; Tp - peak temperature; Te - end set temperature; H – Gelatinization enthalpy; PHI - Peak Height Index 

(eq. 3). 
For each determined parameter values followed by the same uppercase letter are not significantly different at p<0.05, Tukey’s HSD 

test. 
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As already stated, gelatinisation temperature is negatively correlated to DT. This 

parameter is considered as an index of crystallite perfection (Shi and Seib, 1992). A 

decrease of gelatinisation temperature (GT) was always observed, which is also 

negatively correlated to amylose content (r = -0.857, p<0.01) it is apparent that higher 

drying temperatures induce a loss of crystallinity. This effect is also confirmed by a 

positive relationship between H and GT, and a negative correlation among DT and 

H, meaning a higher degree of degradation in the starch granules structure. A decrease 

of enthalpy was observed with increasing drying temperature in both varieties with a 

correlation coefficient of -0.675 (Table 1). When comparing enthalpy results of both 

varieties, it is fairly apparent that Martainha starch needs a higher level of energy to 

perform a transition (Table 4). Gelatinisation enthalpy reflected both crystalline order 

and the level of amylopectin double-helical order (Cooke and Gidley 1992). When the 

temperature is higher than a certain limit (40 ºC), a reduction of H was observed 

possibly due to the partial fusion of the granules`less thermostable crystallites (Roos, 

1995). As starch granules are more resistant to gelatinisation, more energy is required to 

melt their structure (Biliaderis et al., 1986). High H of flours suggests that the double 

helices that unravel and melt during gelatinisation are strongly associated with their 

native starch granules (Kaur and Singh, 2007). Changes in gelatinisation characteristics, 

such as gelatinisation ranges, peak temperatures and enthalpy, may also indicate 

changes in the internal structure of the starch granules (Krueger et al., 1987), as those 

induced by a high degree of starch damage (Stevens and Elton, 1971). Moreover, 

Whistler and Daniel (1985) reported that the water uptake by starch granules is more 

difficult in compact structures. In fact, these conclusions seem to match the results 

observed in this study and they could also explain the results obtained for fresh chestnut 

and chestnut flour from fruits dried at 40ºC.  

Concerning peak consistency it can be stated that the values generally increase 

with drying temperatures (r = 0.661). However, an apparent discrepancy occurs when 

fruits are dried at 40ºC. It must be considered that in order to reach an aw value of 0.2 it 

was necessary to dry the chestnut fruits for 72 hours, almost twice the time needed to 

dry to the same aw value at 50 ºC. Drying for such a long period may induce higher 

enzyme activity effects, translated by a higher degree of damage to starch components. 

As mentioned by Liu (2005), the peak temperature and viscosity indicate the water 
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binding capacity of the starch, and only intact swollen granules can give paste viscosity. 

In this case, a consistent increase in apparent viscosity was found, presenting a pattern 

similar to a crosslinked starch (Thomas and Atwell 1999). It was also observed by the 

results of Table 1 that peak consistency was negatively correlated with peak temperature 

(r = 0.813, p<0.01) which provides an indication of the minimum temperature required 

to cook the flour (Sandhu et al., 2007). A high peak temperature indicates the presence 

of starch that is highly resistant to swelling. According to Thomas and Atwell (1999), 

the paste viscosity is highest when a majority of swollen, intact granules are presented 

in the cooking medium. These conclusions corroborated our results. It should be 

remarked that a quite different pasting pattern found for Longal dried at 70 ºC. Lower 

paste viscosities for Longal flours, might be because of high protein content (Correia et 

al., 2009), acting as stabiliser preventing water from getting access into the granules, 

which resulted in decreased starch granule swelling. Table 1 also showed, as expected, a 

high correlation between peak consistency and the consistency at 95ºC and consistency 

after holding, final consistency and BD (with correlation coefficients of 0.950, 0.939, 

0.915 and 0.817, respectively).  

Breakdown (BD), a measure of the ability of the swollen granules in the starch 

paste to resist thinning by prolonged heating and mechanical shear (Knight, 1969), 

reflects the successive degree of granular swelling and friction between swollen 

granules (Srichuwong et al., 2005) giving an indication of paste stability (Liu, 2005). 

The positive correlation with PC found in the present study was also found by the Fu et 

al. (2008) and Ragaee and Aal (2006) studies. This tendency is explained by the degree 

of swelling of the starch granules during heating. The higher the swelling index of 

starch granules the easier it is to reach maximum viscosity, and so granules are likely to 

be easily broken down, due to weaker intermolecular forces. Therefore, starch granules 

were easily broken down by the rotary shear, and greater amounts of amylose leached 

out. The ability of starches to withstand heating at high temperatures and shear stress 

rates is an important factor in many processes (Fu et al., 2008). Flours from both fruits 

dried at 60 ºC presented the highest BD values, 24.6% and 44.1%, respectively for 

Longal and Martainha (Table 3). 

During cooling, reassociation between starch molecules, especially amylose, will 

result in the formation of a gel structure and, therefore, an increase in viscosity before 
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reaching the final consistency. A positive correlation was found between DT and final 

consistency (r = 0.766, p< 0.01). At the end of pasting process, the consistency of 

chestnut pastes was higher for the pastes obtained from chestnut flours produced after 

drying at 60 ºC, presenting about three times the consistency value of flours obtained 

from fruits dried at 40 and 50 ºC (Table 3). Again, this fact is probably related to a high 

value of amylose content (r = 0.728; p<0.05) and the aggregation of the amylose 

molecules resulting in the formation of a strong gel on cooling (Liu, 2005) to produce a 

paste that will set into a firm and cuttable gel (Thomas and Atwell 1999). Greater final 

consistency and breakdown indicate a high level of retrogradation potential and great 

viscosity upon cooling.  

Gel morphology, gelatinisation and pasting were observed by SEM. It was noted 

that the effect of drying temperature was more evident at the beginning of gelatinisation 

for all samples and so only these images are shown in Figure 1. At this stage major 

differences were found between the flours from fresh fruits and those dried at different 

temperatures, increasing with DT. When comparing SEM images of both varieties at the 

same gelatinisation state, it seems apparent that Longal melts faster than Martainha. 

Thermal analysis results showed that the drying temperature inversely affected 

transition temperatures and, as expected, a positive correlation between those 

temperatures was found. In general, the To, Tp and Te of the gelatinisation were high 

(Table 4). This may be due to the interference of protein and fibre, the presence of these 

components in the flour significantly increasing the competition for water in the system, 

thus decreasing the amount of water available to the starch (Wang and Kim, 1998). 

High transition temperatures indicated that more energy is required to start starch 

gelatinisation (Sandhu et al., 2007). Zhang and Oates (1999) reported that To, Tp and Te 

temperatures seem to be related with the amylose/amylopectin content of flours. 

Accordingly, transition temperatures were correlated with amylose content (Table 1), 

the higher correlation being found for Te and amylose content (r = -0.730).  

Results showed that total gelatinisation temperature range, Tr, values were 

always high, between 80.52.9 ºC and 89.94.0 ºC, the differences among varieties and 

drying temperatures were not significantly different (p0.05). The high range, Tr, 

suggests the presence of crystallites of varying stability within the crystalline domains 

of the granule (Singh et al., 2004). 
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Peak high index (PHI) provides a numerical value that is descriptive of the 

relative shape of the endotherm. A tall narrow endotherm has a high PHI than does a 

short one, even if the energy involved in the transition is the same (Krueger et al., 

1987). In our study all of the endotherms were symmetric. However, for the same 

drying temperatures, Longal variety always presented lower PHI values, which can be 

related to a lower structured starch matrix (Table 4).  

PCA was used to visualise the variation in functional, thermal and pasting 

properties among the flours produced from chestnut fruits varieties dried at different 

temperatures. This statistical tool allows the reduction of variables from a large number 

to a small amount of principal components (PCs) that describe the greatest variance in 

the analysed data. All the studied properties results were subject to PCA and the 

analysis are presented in Table 5 and Figure 2. Results showed that the space of 15 

dimensions was reduced to a plane defined by two principal components, PC1 and PC2. 

Together, the first two PCs represent 71.9% of the total variability (Table 5). The PCA 

plots provide an overview of the differences and similarities between the flours of 

chestnut and the interrelationships between the measured properties. The factor loading 

showed that the majority of tested variables were related to the PC1. The amylose 

content and paste consistencies were positive and significantly correlated to the first 

component and transition and pasting temperatures were negatively correlated to this 

component. The RS content and SI were positively and significantly related to the PC2.  
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Figure 1 – SEM photomicrograph of samples collected at the beginning of 

gelatinization for Longal (L) and Martainha (M) fresh fruits flours and 

dried fruits flours during the amylographic tests (drying temperatures of 

flours: 40 - 40ºC; 50 – 50ºC; , 60 – 60ºC; and 70 –70ºC).
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Figure 1 – SEM photomicrograph of samples collected at the beginning of 

gelatinization for Longal (L) and Martainha (M) fresh fruits flours and dried fruits 

flours during the amylographic tests (drying temperatures of flours: 40 - 40ºC; 50 – 

50ºC; , 60 – 60ºC; and 70 –70ºC). 
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Table 5 – PCA component loadings (unrotated). 

 

 
Component 

1 2 3 

C95ºC 0.943 0.074 0.282 

FC 0.938 -0.051 0.235 

PC 0.929 0.274 0.192 

CAH 0.877 0.020 0.386 

Amylose 0.819 -0.405 -0.270 

GT -0.783 0.141 0.502 

Te -0.775 0.043 0.560 

H -0.755 0.521 -0.041 

PT -0.696 -0.168 -0.639 

Tp -0.694 -0.312 0.518 

To -0.684 -0.646 0.155 

BD 0.578 0.548 0.160 

RS 0.315 -0.780 -0.059 

SI -0.079 0.751 -0.474 

PHI -0.360 0.592 0.211 

Explained variation  7.859 2.908 1.959 

Proportion of total variance  0.524 0.194 0.131 

RS: Resistant starch; SI: Swelling index; GT: Gelatinization 

temperature; FC: Final consistency; PC: Peak consistency; PT: Peak 

temperature; C95ºC: Consistency at 95ºC; CAH: Consistency after 

holding at 95ºC; FC: Final consistency; BD: Breakdown; To: Onset 

temperature; Tp: Peak temperature; Te: endset temperature; H: 

Gelatinization enthalpy; Tr: Total gelatinization temperature range; 

PHI: Peak height index. 
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C

Figure 2 – Principal component analysis: loading plot of PC1 and PC2 describing the variation 

among the different flour properties (A) and overall variation among flours (B). 

Cluster analysis for flours considering the three components, the Ward method  and squared Euclidean

distance as measure interval (C).
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Figure 2 – Principal component analysis: loading plot of PC1 and PC2 describing the 

variation among the different flour properties (A) and overall variation among flours 

(B). Cluster analysis for flours considering the three components, the Ward method and 

squared Euclideandistance as measure interval (C). 
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The loading plot of the two PCs provided information about correlations 

between measured properties (Figure 2A) and flours samples (Figure 2 B). Cluster 

analysis was used to better define the groups. The results showed two distinct groups: 

one including the amylose and resistant starch contents, paste consistency and BD; other 

include pasting and thermal transition temperatures, H and SI. The differences among 

the properties of the flours are quite evident. From PCA and cluster analysis it was 

possible to group the chestnut flours in three groups (Figure 2B). One group represented 

fresh fruit flours and Martainha dried fruit at 40ºC flour, another one contained Longal 

dried fruit flours and the other represented Martainha flours from fruits dried at 50ºC, 

60ºC and 70ºC. Considering this result it is possible to conclude that Martainha started 

to be affected by drying temperature upon 50ºC, being Longal affected by all the drying 

temperatures used. The drying temperature that promotes a greater distance between 

dried fruit flours groups was 60ºC, with a large positive score in the PC1. Moreover, if 

we consider three principal components instead of two, it is possible to explain with 

these three PCs 84.8% of the total variance of the original data. The dendrograms of 

flours taking into account the PC1, PC2 and PC3 showed that at a linkage distance of 

5.3, there were four subsets (Figure 2C). For both varieties there were two distinct 

groups, the fresh flours and flours from fruits dried at 40ºC. When the drying 

temperature was higher than 40ºC the varieties of flours were quite different. These 

revealed that temperature exerts a marked effect on the composition of fruits, and 

consequently in the respective functionality of those flours. 

 

4. Conclusions 

 

The aim of the present study was to access the effect of drying temperature on 

functional properties of two Portuguese chestnuts varieties. Based on the results 

obtained, it is possible to conclude that drying temperature is a relevant parameter on 

starch-related chestnut functional properties. In fact the assessed properties were 

significantly affected by drying temperatures in both varieties. Starch suspensions from 

fruits dried at 60ºC showed higher consistency, which could be explained by the higher 

values of amylose and RS content. In general, a decrease in transition temperatures and 

a decrease in enthalpy was observed during the increasing of drying temperatures, lower 

transition temperature values are related with fresh fruit flours and flours from fruits 
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dried at 40ºC, suggesting modifications in starch structure during the drying treatment. 

This is corroborated by the results obtained on swelling ability and apparent viscosity. 

The results of drying treatment were found to be different in Martainha and Longal 

mainly for flours produced from fruits dried upper 40ºC. The last one exhibited a lower 

swelling index and paste consistency, which can be explained by a lower level of 

organisation of starch granules in opposition to Martainha. 

On the basis of the results produced, it is apparent that chestnut flour from fruits 

dried at 60ºC seems to be the one presenting the best functional properties as a food 

ingredient, mainly because of the higher paste consistency observed, with the capacity 

for forming a strong, stable cutlet gel and higher RS content. 
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Effect of drying temperatures on starch–related functional and 

thermal properties of acorn flours 

 

P.R. Correia; M. L. Beirão-da-Costa 

 

ABSTRACT: The application of starchy flours from different origins in food systems 

depends greatly on information about the chemical and functional properties of such 

food materials. Acorns are important forestry resources in the Central and Southern 

regions of Portugal. To preserve these fruits and to optimise their use, techniques like 

drying are needed. The effects of different drying temperatures on starch-related 

functional properties of acorn flours obtained from dried fruits of Q. rotundifolia (QR) 

and Q. suber (QS) were evaluated. Flours were characterised for amylose and resistant 

starch (RS) contents, swelling ability, and gelatinisation properties. Drying temperature 

mainly affected amylose content and viscoamylographic properties. Amylograms of 

flours from fruits dried at 60ºC displayed higher consistency (2102 B.U. and 1560 B.U., 

respectively for QR and QS. The transition temperatures and enthalpy were less affected 

by drying temperature, suggesting few modifications in starch structure during drying. 

QR flours presented different functional properties to those obtained from QS acorn 

flours. The effect of drying temperatures was more evident in QR. 

 

Keywords: Acorn flours; starch; drying; functional properties; thermal analysis. 

 

Introduction 

 

Different plant sources (such as legumes, other seeds, tubers and fruit pulps) can 

be regarded as an alternative raw material to flour production or as an ingredient to food 

products (Dendy and Dobraszczyk, 2001). The use of flours from different sources in 

food systems depends greatly on the physicochemical and functional properties of such 

food materials. In spite of the impact of the functional properties on sensory quality and 

in consumer acceptability, limited information is available concerning the properties of 

acorn flour. 
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Acorn fruits from Quercus suber and Quercus rotundifolia are important 

forestry resources in the Central and Southern regions of Portugal. Traditionally, these 

fruits are mainly used for the feeding of Iberic pigs. In times of scarcity, the flours 

produced from these fruits were also used in bread production (Ribeiro 1992), and from 

these times some traditional recipes still remain. Other European Mediterranean 

countries are also consumers of these fruits, as stated by Rakic and others (2006). 

Functional properties play important roles in the behaviour of food or its 

ingredients during preparation, processing and storage, affecting the sensory 

characteristics of foods. Kaur and Singh (2007) defined functionality as any property of 

a food ingredient, except its nutritional value, that has a great impact on its utilisation. 

Those properties such as solubility, viscosity, water binding ability, emulsification, 

foaming and gelation are of general interest (Hermansson 1979). The functionality of 

flours is closely related to the main chemical components which are determined by their 

genetic architecture, and fruits` post harvest conditions. Functional properties, such as 

forming, emulsification, nitrogen solubility, oil and water absorption are closely related 

to protein (Kinsella 1979), while viscosity and swelling characteristics are starch-related 

(Bressani 1985). However, Prinyawiwatkul and others (1997) emphasised that the 

gelling properties of heterogeneous systems, such as flour, are controlled both by 

physicochemical characteristics of proteins and starch components. 

Starch-based materials have received considerable interest in recent years due to 

their biodegradability, renewability and low cost (Russo and others 2007). Food 

producers pay particular attention to the major structural changes that occur as a result 

of heating during processing and lead to a change in the functional behaviour of starch. 

In fact, the majority of starch applications involve the pasting of starch granules. Thus, 

proper understanding of the starch phase transitions or gelatinisation is extremely 

important in food processing. As previously reported by (Correia and others 2009), for 

Quercus rotundifolia and Quercus suber, the same samples used in this present study, 

starch is the main component of acorn flours (49% for QR and 48% for QS), followed 

by sugars (26.4% for QR and 36.6 for QS), and fat (11.1% and 5.2% for QR and QS). It 

was also observed that fruit drying temperature affected the physicochemical properties 

of the fruit flours. However, functional properties were not assessed and we have no 

knowledge of any other studies. 
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Some well- established methods were used to determined important parameters, 

such us Brabender viscoamylograph test and the DSC analysis, in order to provide a 

deeper characterisation of acorn flours functional and thermal properties. Also, amylose 

content, resistant starch (RS) content and swelling index were determined for further 

understand what change with drying fruit process, and in what way they contribute to 

starch paste characteristics. 

The present study aims to characterise starch-related functional properties of 

flours produced from acorn fruits dried at different drying temperatures, with a view to 

utilising these flours in various food products. 

 

Materials and methods 

 

Samples 

Quercus suber Lam. (QS) and Quercus rotundifolia Lam. (QR) acorns were 

collected in “montados”, located in Idanha-a-Nova (Centre East of Portugal). The 

acorns were harvested at full maturity. Three sets of 1 kg were randomly collected for 

each species. Samples were stored at 4ºC until experiments commenced. Fresh fruits 

(49% in moisture) were subjected to hand peeling to remove the tegument and pericarp. 

The nuts were chopped into little pieces, to further ease milling process. Pieces were 

then milled in a SK 100 Cross Beater Retsch hammer mill to pass through a 1mm sieve. 

For fruits intended to be dried further, the drying process was conducted at different 

temperatures (40ºC, 50ºC, 60ºC and 70ºC) until a final aw of 0.2 was reached, as 

described by Correia and others (2009). Then acorn fruits were milled in the same way 

as fresh fruits. 

 

Chemical analysis 

Moisture content was determined by gravimetric method at 100-105ºC, until a 

constant weight was reached.  

The colorimetric method proposed by Juliano (1971), was used to determine 

amylose content, being amylose content expressed on starch basis. One hundred 

milligrams of each sample was weighed into a 50 ml Erlenmeyer flask and 1 ml of 95% 

ethanol and 9 ml of 1 N NaOH added. The mixture was heated for 10 min in a boiling 

water bath to gelatinise the starch, cooled, and transferred, with several water washings, 



Correia et al. 

Journal of Food Science 76 (2011) E196-E202  

_____________________________________________________________________________________ 

 

______________________________________________________________________ 

 

 

84 

into a 100 ml volumetric flask. The volume was brought up with water and then mixed 

well. Five millilitres of starch solution was pipetted into a 100 ml volumetric flask and 1 

ml of 1 N acetic acid and 2 ml of iodine solution (0.2 g iodine and 2.0 g potassium 

iodine in 100 ml of aqueous solution) added. The solution is made up to volume with 

distilled water, shaken, and allowed to stand for 20 min. Absorbance of the solution at 

620 nm was measured with a Lambda 25 UV/VIS spectrophotometer (PerkinElmer, 

Massachusetts, USA). Amylose content was determined by reference to a potato 

amylose (Sigma Chemical Co.) standard curve. 

Resistant starch (RS) content was determined following the method proposed by 

Mun and others (2006). Sample (1.0 g, db) was placed in a 50 ml screw cap centrifuge 

tube with a magnetic stirring bar and suspended in 20 ml sodium acetate buffer (pH 

5.2). The sample tube was heated in a boiling water bath for 1 h with continuous stirring 

and immediately cooled to 40ºC. Enzyme solution (2 ml) was added and the mixture 

was incubated for 16 h at 37ºC in a water bath with stirring. After incubation, the 

reaction mixture was transferred to a 250 ml beaker with 117 ml of 95% ethanol, and 

allowed to stand for over 1 h at room temperature to precipitate the residue. The 

precipitate was collected in a tared sintered glass crucible (porosity No. 2). The 

insoluble residue was dried at 105ºC in an oven to determine the RS level. Enzymatic 

solution was prepared by the following method: 1.0 g of pancreatin (Porcine pancreas, 

Sigma Chemical Co.) and 12 ml of deionized water were placed in a centrifuge tube 

with magnetic stirring and mixed well. After centrifugation (1350 g, 10 min), 10 ml of 

supernatant was mixed with 0.2 ml of pullulanase (Promozyme, Sigma Chemical Co.) 

and 1.8 ml of deionized water. RS level (%) was calculated as the ratio of the weight of 

insoluble residue to the initial sample weight. 

All reagents used were of analytical grade. Results are expressed at a dry weight 

(db). 

 

Swelling index 

The swelling index of individual flours was determined with a method used by 

Mwangwela and others (2007). Samples of flours were dispersed in deionised water 

(1:20, w/ v) and stirred for 1 min, followed by heating in a water bath at 90ºC for 30 

min with intermittent mixing. The heated samples were cooled for 30 s under running 

water and for 10 minutes in an ice bath to accelerate gel formation. The tubes containing 
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the gels were centrifuged (4500xg, 20ºC) for 10 min. After this, samples rested for 5 

min at 24ºC. The supernatant was decanted and the residue weighed. Swelling index 

was calculated as the ratio of the weight of the final residue to the initial sample weight. 

 

Pasting properties 

The gelatinisation of acorn flours was monitored in a Brabender (Duisburg, 

Germany) viscoamylograph at 7% starch concentration, heating from 30 ºC to 95 ºC, 

holding at 95 ºC for 15 min and then cooling until 50 ºC. It should be noted that, for 

starch concentration lower than 7% the paste consistency is too low and for higher 

concentration the paste consistency is extremely high giving viscoamylographic profiles 

with high variability.  

Breakdown (BD), a measure of consistency breakdown extension, was 

calculated by Equation 1 (Srichuwong and others 2005): 

BD = (peak consistency –hot paste consistency at 95 ºC)/peak consistencyx100       (1) 

 

Scanning electron microscopy 

The evaluation of starch granule modifications during the gelatinisation process 

was evaluated by Scanning Electron Microscopy (SEM). Samples were taken at 

different heating stages (beginning of the peak, at maximum and at the end) and sprayed 

onto double-sided tape on a microscope stub. Samples were analysed by taking images 

on an environmental scanning electron microscope (ESEM) model Quanta 400 (FEI 

Company, USA), at 10 KV and 4 mbar. 

 

Thermal properties 

Thermal properties were evaluated by DSC on a Shimadzu calorimeter (model 

TA-50WSI, Japan). The instrument was calibrated using indium and purified, deionised 

distilled water as standards. The samples (10 mg) were weighed directly in DSC 

aluminium pans. Samples were added with water or allowed to equilibrate over a salt 

saturated solution to a final moisture content of 15% (aw of 0.640.035). The samples 

were submitted to heating over a range of temperatures from 25ºC to 180ºC at a heating 

rate of 10 ºC/min, rate flow 30 ml/min and nitrogen as carried gas. Onset temperature 

(To), peak temperature (Tp), end set temperature (Te) and gelatinisation enthalpy ΔH (J/g 

of dry starch) were determined. As the endotherms are essentially symmetrical, the total 
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gelatinisation temperature range (Tr), related with the heterogeneity of the starch 

granules crystallites, and peak height index (PHI), describe the relative shape of the 

endotherm, can be established by Equation 2 and Equation 3 (Krueger and others 1987): 

Tr = 2(Tp – To)                     (2) 

  PHI = ΔH/(Tp - To)                 (3) 

 

Statistical analysis 

All the data are averages of at least three different determinations. Results were 

analysed using the SPSS
®
 for Windows version 18.0 and Statistic vs 6 software, 

whereby the data obtained were subjected to one-way analysis of variance (ANOVA) 

test. The separation of means or significant difference comparisons of all parameters 

were tested by Tukey’s HSD test. Pearson correlation coefficients (r) for the 

relationships between properties were also calculated. Principal component analysis 

(PCA) and cluster analysis of the flours` properties were carried out to provide a ready 

mean of visualizing the differences and similarities among different samples. The level 

of significance used for all the statistical tests was 95%.  

 

 

Results and discussion 

 

Amylose, RS and swelling index 

The effects of drying temperatures (DT) on starch-related functional properties are 

shown in Table 1. The drying temperatures positively affected amylose content (r = 

0.673, p<0.05), swelling index (r = 0.746, p<0.05), and paste consistencies of the flours 

(at peak – r = 0.773, at 95ºC – r = 0.769 and at final – r = 0.868, p<0.01). Furthermore, 

gelatinisation temperature and temperature at maximum consistency are strictly 

correlated to DT. DSC does not seem to be an effective methodology to detect the effect 

of DT on functional properties, since no significant relationship was found. As shown in 

Table 2, the effect of drying temperature on amylose content is similar in both varieties, 

dried samples always presenting higher amylose content values. The observed increase 

of amylose content with drying temperatures may be due to the combined increased 

action of enzymes during the acorns` drying process in starch. Enzymes that show 
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amylolitic properties are, mainly, -amylase, -amylase, glucoamylase and pullulanase, 

which are active at the tested drying temperatures, with an optimum temperature lying 

between 55ºC and 60º (Mathewson 1998). This optimum may explain the highest 

amylose content values obtained with flours produced from fruits dried at 60ºC. Results 

showed that RS is closely correlated to amylose content (r = 0.794, p<0.01, Table 1). 

Liu (2005) mentioned that the major commercial source of resistant starch is that of 

high amylose starches; this compound being increased by heating processes. From the 

results show on Table 2 it is possible to observe that acorn flours presented high levels 

of RS, increasing with the drying temperature up to 60ºC. ANOVA showed that the RS 

content is only significantly different for flours of fruits dried at 60ºC.  

Swelling index is important for certain products` characteristics, such as the 

moisture content of the product, starch retrogradation, and the subsequent of staling 

product (Siddiq and others, 2010). The results showed that this parameter is 

significantly correlated with DT (Table 1). It was observed that swelling indexes are 

always quite high (Table 2) when compared with other starchy flours like cowpea 

(7.24%, Mwangwela and others 2007) and wheat (5%, Zaidul and others 2008). Higher 

swelling ability values are shown by flours dried upon 50 ºC for QR and 40ºC for QS 

and the highest value observed for samples dried at 60ºC. This parameter is indicative 

of starch granule swelling during gelatinisation, as well as water retention due to protein 

gelation (Mwangwela and others 2007). Pomeranz (1985) mention that the major 

chemical compositions which enhance the swelling of flours are protein and 

carbohydrates, since both constituents contain hydrophilic parts such as polar or 

charged side chains. Acorn flour, a matrix resulting from both the combination of 

different nutrients and the effect of drying temperatures on the chemical composition of 

these flours, was studied in a previous work (Correia and others 2009). Moreover, it was 

noticed that protein, lipid, ash and fibre contents did not change for acorn flours 

obtained from fruits dried at different temperatures. 

 



 

 

 

Table 1 – Pearson correlation between chemical, functional and thermal properties of acorn flours
a
. 

 DT AM RS SI GT PC PT C95ºC CAH FC BD To Tp Te H Tr 

AM 0.673
*
                

RS 0.400 0.794
**

               

SI 0.746
*
 0.867

**
 0.620              

GT -0.681
*
 -0.815

**
 -0.802

**
 -0.820

**
             

PC 0.773
**

 0.680
* 

0.159 0.650
*
 -0.362            

PT -0.660
*
 -0.159 -0.094 -0.426 0.397 -0.576           

C95ºC 0.769
**

 0.691
*
 0.177 0.648

*
 -0.340 0.995

**
 -0.521          

CAH 0.732
*
 0.694

*
 0.203 0.565 -0.272 0.940

**
 -0.330 0.965

**
         

FC 0.868
**

 0.786
**

 0.583 0.804
**

 -0.689
*
 0.868

**
 -0.694

* 
0.872

**
 0.830

**
        

BD 0.478 0.429 0.087 0.497 -0.523 0.525 -0.692
 

0.449 0.265 0.435       

To -0.061 0.238 0.545 0.109 -0.465 -0.267 -0.254 -0.304 -0.364 0.064 0.220      

Tp -0.058 0.140 0.234 0.304 -0.142 -0.083 0.000 -0.052 -0.016 0.045 -0.348 0.243     

Te -0.114 0.244 0.096 0.332 -0.217 0.005 -0.059 -0.016 -0.062 -0.030 0.241 0.395 0.710
*
    

H 0.368 0.195 -0.110 0.327 0.166 0.653
* 

-0.162 0.650
*
 0.643

*
 0.380 -0.168 -0.403 0.434 0.179   

Tr -0.017 -0.008 -0.101 0.228 0.141 0.082 0.150 0.134 0.204 0.007 -0.465 -0.365 0.815
**

 0.445 0.659
*
  

PHI 0.280 0.071 -0.173 -0.101 0.137 0.384 -0.193 0.368 0.334 0.248 0.367 -0.114 -0.755
*
 -0.526 0.058 -0.655

*
 

AM: Amylose; DT: Drying temperature; AM: Amylose; RS: Resistant starch; SI: Swelling index; GT: Gelatinization temperature; PC: Peak consistency; PT: Peak 

temperature; C95ºC: Consistency at 95ºC; CAH: Consistency after holding at 95ºC; FC: Final consistency; BD: Breakdown; To: Onset temperature; Tp:Peak temperature; Te: 

Ending temperature: H: Gelatinization enthalpy; Tr: Total gelatinization temperature range; PHI: Peak height index. *P< 0.05, **P<0.01 
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Table 2 – Effect of different drying temperatures on starch content, amylose content 

and swelling index of acorn flours
a
. 

Sample Drying 

Temperature (ºC) 

Amylose Resistant 

starch 

Swelling 

Index
 

QR None 41.70.26e 35.50.24d 9.10.08b 

 40 62.70.35b 37.80.75cd 9.30.17b 

 50 67.90.15h 37.50.87cd 10.20.08c 

 60 84.10.49fg 39.90.43bc 10.90.10a 

 70 56.50.32c 36.01.10d 10.30.09c 

QS None 48.90.46d 38.80.37bcd 9.00.06b 

 40 71.50.58a 38.80.64bcd  10.70.02ac 

 50 82.50.38g 41.60.49ab  10.40.02ac 

 60 86.10.12f 43.90.58a 11.20.27a  

 70 66.80.64h 40.80.92abc 10.10.13c 

Values are express as mean  standard error 
a
 Means sharing the same letters in a column are not significantly different from each 

other (Tukey’s HSD test, p 0.05) 

 

 

Pasting and thermal properties 

Gelatinisation is an order-disorder phase transition that involves diffusion of 

water into the starch granules, hydration and swelling, uptake of heat, loss of 

birefringence and crystallinity, and amylose leaching (Biliaderis and others 1980). 

However, the pasting pattern of a starch, in a heterogeneous system such as in flour, 

may be quite different from that obtained in a single-component system, like extracted 

starch (Henshaw and others 1996). 

Acorn flours contain, as mentioned above, other substances such as protein, 

lipid, sugars and minerals, which that may interact with starch at different degrees. 

Along with amylose content, some noncarbohydrate constituents such as lipid and 

protein may change pasting characteristics (Mangala and others 1999). Protein and 

starch are known to interact during gelatinisation due to the attraction of their opposite 

charges, forming complexes (Pomeranz 1985). Protein fractions may also influence the 

hydration rate of starch granules by binding water in competition with starch (Whistler 
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and Daniel, 1985). Eliasson and Krog (1985) stated that the presence of lipids retard 

firming and retrogradation of starch by changing the water activity of the system, or by 

inhibiting amylopectin crystallisation. Therefore, paste characteristics of acorn flours 

would be affected by these interactions and by other factors, such as the amylose and 

damaged starch contents. 

As mentioned above, drying temperature significantly affected the gelatinisation 

temperature and paste consistencies. The pasting parameter values (Table 3) allowed the 

conclusion that all of the samples presented a stable apparent viscosity profile over 

time, similar to a viscoamylograph profile of crosslinked starch suspensions (Thomas 

and Atwell, 1999). This behaviour is more evident in fresh fruit flours and QS flour 

obtained from dried fruits at 70ºC, where a peak consistency is absent. 

As already stated, gelatinisation temperature (GT) is negatively correlated to 

DT, and it is considered as an index of crystallite perfection (Shi and Seib, 1992). The 

effect of drying temperatures on the GT was not found to be significant (Table 3), 

meaning that drying temperatures did not induce a loss of crystallinity. With regard to 

PC (peak consistency) it can be stated that the values generally increase with DT (r = 

0.773, p<0.01), probably due to a major preservation of the starch granules. This is 

corroborated by Thomas and Atwell (1999) who stated that the paste viscosity is highest 

when a majority of swollen, intact granules are presented in the paste. In contrast, the 

temperature at the maximum consistency was negatively correlated with DT (r = -

0.660). A high peak temperature indicates the presence of starch that is highly resistant 

to swelling. In our results no significant differences were observed considering the 

drying temperatures of 40ºC, 50ºC and 60ºC. Table 1 also showed, as expected, a high 

correlation between peak consistency and the consistency at 95ºC, consistency after 

holding the temperature at 95ºC, final consistency and swelling index (with correlation 

coefficients of 0.955, 0.940, 0.868 and 0.650, respectively).  

Breakdown (BD) is a measure of the ability of the swollen granules in the starch 

paste to resist thinning during prolonged heating and mechanical shear, giving an 

indication of paste stability (Fu and others 2008; Liu, 2005). In the present study 

breakdown was almost inexistent, showing stability in paste apparent viscosity. Flours 

from both fruits dried at 60 ºC presented the lower BD values, 2.4% and 7.3%, 

respectively for QR and QS (Table 3). The BD is more evident in QS flours. 



 

 

 

Table 3 – Pasting properties of 7% acorn flour slurries 
a
. 

Sample Drying  

Temperature (ºC) 

GT 

(ºC) 

PC 

(BU) 

PT 

(ºC) 

C95ºC 

(BU) 

CAH 

(BU) 

FC 

(BU) 

BD 

(%) 

QR None 70.00.58c * * 50529.0b 57017.6c 95029.0c * 

 40 67.51.32c 112034.6e 87.72.60ab 104724.0e 106034.5c 167340.6e 6.50.10c 

 50 65.31.20bc 192326.0c 86.51.14ab 178646.7c 165534.8e 243535.0f 7.21.23bc 

 60 65.71.20bc 210231.8b 88.01.70b 205329.1a 206537.6a 266735.3d 2.40.26a 

 70 65.30.33bc 209052.0bc 79.71.76a 187240.6c 155335.0ef 247238.1df 10.20.6b0 

QS None 69.00.56c * * 69017.3f 76220.3h 128752.1b * 

 40 62.31.20ab 92023.3a 88.31.59b 84326.0f 74826.0h 150652.0e 8.40.55bc 

 50 60.30.88a 154025.0d 85.72.46ab 139428.5d 137743.5g 240031.8f 9.60.57bc 

 60 59.01.15a 156035.0d 82.51.44ab 144726.0d 121529.0fg 293049.3a 7.30.38bc 

 70 62.30.67ab * * 110758.1e 124462.5b 227049.0f * 

Values are express as mean  standard error 
a
 Means sharing the same letters in columns are not significantly different from each other (Tukey’s HSD test, p 0.05) 

Consistency is reported as BU (Brabender units).  

GT, gelatinization temperature; PC, Peak consistency; PT, peak temperature; FC, C95ºC, consistency at 95ºC; CAH, consistency after 

holding at 95ºC; FC, final consistency; BD, breakdown. 

* No maximum peak 
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A positive correlation was found between DT and final consistency (r = 0.868, 

p< 0.01). At the end of the pasting process, the consistency of acorn pastes from acorn 

flours produced after drying at 60 ºC was about twice that of pastes produced from 

fruits dried at 40 ºC (Table 3). Again, this fact is probably related to a higher value of 

amylose content (r=0.786; p<0.01) and the reassociation between starch molecules, 

especially amylose, resulted in the formation of a strong gel on cooling to produce a 

paste that will set into a firm and cuttable gel. 

Gel morphology during gelatinisation and pasting was observed by SEM. The 

effect of drying temperature was more evident at the beginning and at the peak of 

gelatinisation as shown by the representative images in Figures 1 and 2. The images of 

the other samples are not shown because they were very similar to the images already 

presented. When comparing SEM images of both species at the same gelatinisation state 

it seems that QS flours melt faster than those of QR (Figures 1 and 2). The QR starch 

granules seemed to be more organised and resistant to heating temperature. QS flour 

pastes presented a uniform aspect, showing a complete starch granule gelatinisation 

(Figure 2). 

In spite of the fact that the DSC results did not correlate to DT, some effects 

were observed. In general, the To, Tp and Te of the gelatinisation were always higher 

(Table 4) than those found by amylographic method. It should be kept in mind that 

thermal analysis detected transition phenomena, and so the interference of other 

compounds than starch such as protein and fibre could have significantly increased the 

competition for water, decreasing the amount of water available to the starch (Wang and 

Kim, 1998). 

 High transition temperatures were observed (Table 4), indicating that more 

energy is required to start starch gelatinisation (Sandhu and others 2007). The To was 

not significantly different for fresh and dried acorn flours. Furthermore, results showed 

that at ending temperature, Te, values were always high, between 139.91.7ºC and 

159.63.3ºC, the differences among species and drying temperatures being not 

significantly different (p0.05). Also for QS flours, the effect of drying temperature did 

not influence the Tp values and also the Tr and  PHI values. The high range, Tr, for both 

acorns suggests the presence of crystallites of varying stability within the crystalline 



Correia et al. 

Journal of Food Science (accepted for publication; JFS-210-0690)  
_____________________________________________________________________________________ 

 

______________________________________________________________________ 

 

 

93 

domains of the granule (Singh and others 2004). For QR, the Tp values for fresh fruit 

flour and flour from fruit dried at 60ºC are quite similar. This behaviour was also 

observed for the enthalpy and Tr, suggesting that for this drying temperature the starch 

granules were less affected.  

In our study all the endotherms were symmetrical, and the relative shape of the 

endotherm was determined, by the peak high index (PHI). For the same drying 

temperatures, QS always presented lower PHI values, which can be related to a lower 

structured starch matrix (Table 4). In spite of this, results revealed high H values for 

flours, even for QS flours, which suggest that the double helices that unravel and melt 

during gelatinisation are strongly associated with their native starch granules (Kaur and 

Singh, 2007), and consequently more energy is required to melt their structure. The H 

values were quite similar for acorn fresh fruit flours and acorn flours of dried fruits at 

60ª C and 70ºC. When comparing enthalpy results of both acorns, it is quite apparent 

that for the same drying temperature, generally, QR starch granules need a higher level 

of energy to perform a transition (Table 4).  
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Figure 1 – SEM photomicrographs of Q. suber (QS) and Q. 

rotundifolia (QR) samples collected at the beginning of 

gelatinization (F – Fresh; Drying temperatures: 50ºC and 70ºC).

 

Figure 1 - SEM photomicrographs of Q. suber (QS) and Q. rotundifolia (QR) 

samples collected at the beginning of gelatinization (F – Fresh; Drying temperatures: 

50ºC and 70ºC).  
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Figure 2 – SEM photomicrograph of peak gelatinization for Q. 

suber (QS) and Q. rotundifolia (QR) dried flours, at 40ºC and 

70ºC, during the amylographic tests (F – Fresh).

 

Figure 2 – SEM photomicrograph of peak gelatinization for Q. suber (QS) and Q. 

rotundifolia (QR) dried flours, at 40ºC and 70ºC, during the amylographic tests (F – 

Fresh). 



 

 

 

 

Table 4 – Thermal (DSC) properties of dried acorn flours. 

Sample Drying 

Temperature (ºC) 

To  

(ºC) 

Tp  

(ºC) 

- H  

(J/g) 

Tr  

(ºC) 

PHI  

(J/g ºC) 

QR None 64.71.91abc 119.81.08c  17.70.54c 110.26.19bc  0.320.02c 

 40 64.42.17abc 90.11.25b 16.40.24bcd  51.42.26a 0.640.06a 

 50 54.40.96c 93.71.88ab 15,70.34bde  78.74.83d 0.520.03ab 

 60 55.72.82c 117.63.28cd 25.70.31a 123.83.78b 0.400.01bc 

 70 59.52.51bc 103.92.51ae 20.30.66a 88.91.94d 0.460.01bc 

QS None 60.83.13abc 102.03.41abe 14.40.16e 82.34.37d 0.350.02bc 

 40 60.32.40bc 106.63.01de 14.10.13e  92.53.63cd 0.320.02c 

 50 71.22.83ab 109.03.89cde 14.90.18be 75.62.43d 0.370.01bc 

 60 72.42.84a 112.72.16cde 17.00.24cd  80.67.45d 0.420.04bc 

 70 61.10.85abc 108.41.22cde 16.90.32cd 94.73.63cd 0.360.01bc 

To - Onset temperature; Tp - Peak temperature; H – Gelatinization enthalpy; Tr - Total gelatinization temperature range; PHI - Peak 

Height Index (eq. 3). 
For each determined parameter values followed by the same uppercase letter are not significantly different at p<0.05, Tukey’s HSD test. 
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PCA was used to visualise the variation in functional, thermal and pasting 

properties among the flours produced from acorn fruits dried at different temperatures. 

This statistical tool allows the reduction of a large number of variables to a few 

principal components (PCs) that describe the greatest variance in the analysed data. All 

the studied properties results were subjected to PCA and the results are presented in 

Table 5 and Figure 3. Results showed that the space of 16 dimensions was reduced to a 

plane defined by three principal components, PC1, PC2 and PC3. Together, the PCs 

explain 80.8% (PC1–42.3%; PC2–20.3%; PC3–18.2%) of the total variability (Table 5). 

The loading factors showed that amylose and viscoamylographic properties were related 

to the PC1 and thermal properties were related to PC2 and PC3. Figure 3A shows a 

three dimensional projection of the evaluated properties and the flours of the three 

principal components (PC1, PC2 and PC3). The QR flours seem to be more related with 

the consistency properties in opposition of QS flours, as these are more related with 

thermal properties. From the analysis it is possible to conclude that QR flour obtained 

from fruits dried at 60ºC presented quite different properties. Dendrograms produced by 

Cluster analysis showed that at the same Euclidean distance (20) two subsets were 

found (Figure 3B). One include dried QR samples (A) and the other includes the dried 

QS samples and both QS and QR fresh flours (B). In subset A, QR dried at 60ºC is 

clearly different from the other dried samples. In subset B apart from fresh samples, the 

dried QS flours are clustered in the same group. 

 

 

Conclusion 

The aim of the present study was to assess the effect of drying temperature on 

functional properties of QS and QR acorns. Based on the results, it is possible to 

conclude that drying temperature affected starch-related functional properties, mainly 

the amylose content and the viscoamylographic properties. Drying fruits affected less 

QS flours starch-related functional properties than where it was applied to QR. 

However, improvement on functional properties was observed by drying QR fruits, 

mainly because of the higher paste consistencies and paste stability, leading to a 

resultant stable strong cutlet gel. This is more evident for flour from that fruits dried at 

60ºC, suggesting that this flour is the flour that presents the best functional properties as 

a food ingredient. 
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Table 5 – PCA component loadings (unrotated). 

 

 
1 2 3 

Amylose 0.895 -0.131 0.021 

RS 0.831 0.208 -0.277 

SI 0.522 0.341 -0.559 

GT 0.877 0.325 -0.129 

PC -0.715 -0.237 0.596 

PT 0.896 -0.212 0.329 

C95ºC -0.586 0.154 0.120 

CAH 0.891 -0.183 0.379 

FC 0.829 -0.139 0.460 

BD 0.969 -0.039 -0.009 

To 0.567 -0.324 -0.391 

Tp 0.037 0.280 -0.810 

Te 0.065 0.955 0.166 

H 0.115 0.734 -0.107 

Tr 0.422 0.243 0.773 

PHI 0.042 0.748 0.644 

Explained variation  7.183 3.454 3.101 

Proportion of total variance  0.423 0.203 0.182 

RS: Resistant starch; SI: Swelling index; GT: Gelatinization 

temperature; PC: Peak consistency; PT: Peak temperature; C95ºC: 

Consistency at 95ºC; CAH: Consistency after holding at 95ºC; FC: 

Final consistency; BD: Breakdown; To: Onset temperature; Tp: Peak 

temperature; Te: end set temperature; H: Gelatinization enthalpy; 

Tr: Total gelatinization temperature range; PHI: Peak height index. 
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Figure 3 – Principal component analysis (A): loading plot PC1, PC2 

and PC3 for variables and samples. Cluster analysis (B) for flours 

considering the fourth components, the Ward method  and squared 

Euclidean distance as measure interval. QR: Q. rotundifolia; QS: Q. 

suber; numbers after these mentions are the temperature of drying 

process: 40 ºC, 50 ºC, 60 ºC and 70 ºC. RS: Resistant starch; SI: 

Swelling index; GT: Gelatinization temperature; PC: Peak 

consistency; PT: Peak temperature; C95ºC: Consistency at 95ºC; 

CAH: Consistency after holding at 95ºC; FC: Final consistency; BD: 

Breakdown; To: Onset temperature; Tp: Peak temperature; Te: end 

set temperature; H: Gelatinization enthalpy; Tr: Total gelatinization 

temperature range; PHI: Peak height index.
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Figure 3 – Principal component analysis (A): loading plot PC1, PC2 and PC3 for 

variables and samples. Cluster analysis (B) for flours considering the fourth 

components, the Ward method and squared Euclidean distance as measure interval. QR: 

Q. rotundifolia; QS: Q. suber; numbers after these mentions are the temperature of 

drying process: 40 ºC, 50 ºC, 60 ºC and 70 ºC. RS: Resistant starch; SI: Swelling index; 

GT: Gelatinization temperature; PC: Peak consistency; PT: Peak temperature; C95ºC: 

Consistency at 95ºC; CAH: Consistency after holding at 95ºC; FC: Final consistency; 

BD: Breakdown; To: Onset temperature; Tp: Peak temperature; Te: end set temperature; 

H: Gelatinization enthalpy; Tr: Total gelatinization temperature range; PHI: Peak 

height index. 
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Chapter II. Conclusions 

 

In this chapter the drying of chestnut and acorn fruit and flour characterisation were 

studied. From the obtained results it is possible to establish the follow main 

conclusions: 

 

 Drying temperature affected the physicochemical and morphological properties 

of both Martainha and Longal chestnut flours in a similar way.  

 However, Q. suber and Q. rotundifolia showed to be differently affected by 

drying conditions.  

 Drying conditions did not affect the morphology of chestnut and acorn starches, 

but affect other parameters like colour characteristics, starch, amylose, sugar, 

and damaged starch contents. 

 Drying temperature is also a relevant parameter on starch-related chestnuts and 

acorns flours functional properties, presenting significant differences between 

them.  

o Longal, in opposition to Martainha flours, exhibited lower swelling index 

and paste consistency, which can be explained by a lower level of 

organisation of starch granules. 

o  Fruits drying affected QS flour starch-related functional properties less 

than those of QR. However, improvement on functional properties was 

observed by drying QR fruits, mainly because of the higher paste 

consistencies and paste stability. 

 Flours obtained by dried fruits at 60 ºC seem to be the one where the drying 

process was faster and with a lower content of damaged starch. Thus, the most 

suitable temperature for fruit drying was 60 ºC, in order to be used for starch 

isolation and for future studies. 

 At this temperature the time need to reach an aw of 0.2 was about 32 hours for 

chestnuts and 35 hours for acorn fruits. A second order polynomial model of the 

form: 

y = a + bx + cx
2
 

was fitted to the results (where y is the aw and x the time in hours), for both 

chestnut and acorn fruits, with r
2
 between 0.97 and 0.99. 



 

 

 



 

 

 

 

 

Chapter III 

 

Selection and optimisation of starch isolation methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the folowing chapter, the effects of the isolation methods 

on starch purity, morphology and gelatinisation properties are 

evaluated. Starch from chestnut and acorn flour was isolated 

by four methods, applying different isolation procedures. 

With this study it was possible to select two isolation 

methods on the basis of the best results. The selected 

methods applied low shear and alkaline or enzymatic 

treatments. These two methods were optimised in order to 

improve the yield and the purity of starches. The chemical 

composition of isolated starches was also evaluated At the 

end of these studies the best conditions for starch isolation 

from chestnut and acorn flours were defined. 
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Chestnut and acorn starch properties affected by isolation methods 
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Starches from chestnut (Castanea sativa Mill.) and acorns (Quercus suber Lam. and Q. 

rotundifolia Lam.) were isolated from dried fruits using four different methods. These 

involved a physicochemical and/or an enzymatic treatment followed by centrifugation 

and sieving: (1) low shear at alkaline pH- LSA, (2) high shear in water- HSW, (3) 

enzymatic treatment at low shear- LSE, (4) low shear at alkaline pH and using 

successively three sieves- LSA3S. Raw yield, purity, colour parameters, morphology, 

protein, fat, ash, reducing sugars and amylose contents, damaged starch content and 

viscoamylographic profiles were studied in isolated starches, presenting different 

properties through different methods. In general, chestnut starch seems to be poorly 

resistant to extraction methodologies as shown by the damaged starch content and 

viscoamylographic properties encountered during this study. Moreover, acorn starches 

exhibited crosslinked amylographic patterns. For all the tested raw materials, the 

LSA3S isolation method always presented higher yield and purity of starches. 

Gelatinisation temperature and peak consistency were also higher than those shown by 

starches produced by the other methods, a less damaged structure was also evident. In 

conclusion, it seems that this method is the most suitable to produce starch for food 

ingredient usage. 

 

Keywords: Acorn; Chestnut; Morphology; Physicochemical properties; Starch isolation 

methods. 
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1 Introduction 

 

Castanea sativa, Quercus rotundifolia and Quercus suber are important natural 

resources of Portugal. In spite of chestnut and acorn flour usage in human nutrition 

dating back to ancient times, acorns, unlike chestnuts, are still underexploited as a 

resource, being only used on a small scale in the feeding of Iberic Pigs. These under 

used resources should be better exploited, in order to get a better profit from them. 

Starch is the main component of both chestnuts and acorns (about 47%) 1, 2, 

providing a potential alternative to traditional starchy raw materials. Studies on new 

natural sources are essential in order to find alternatives to chemically modified 

starches. Besides, as starches are a cheap raw material presenting interesting and 

different physical and chemical properties, they have many uses in food/non-food 

applications. However, properties of starches are not only dependent from starch 

sources but also from starch history itself 3, as is the case of the practised extraction 

procedures. As referred to literature on this subject, starch isolation methods should be 

selected on the basis of raw material characteristics and the predicted final utilisation. 

Many recent studies report starch isolation from cereal grains, tubers, rhizomes, roots, 

non cereal seeds, fruits and others 3-14. In regard to extraction methodologies applied 

to chestnut and acorns the references are quite scarce. Only one recent study was found 

related to chestnuts 15, and another to oak acorns 16. Generally, starch extraction 

methods almost always include three successive phases: an anatomic fragmentation, cell 

breakage and separation/purification processes 17. Sometimes, in early stages of 

separation/purification processes, chemical or enzymatic treatments may be applied to 

speed up the starch isolation from the other compounds, such as protein, fat, sugars and 

fibre. The methods proposed by Demiate et al. 15 and Stevenson et al. 16 include a 

treatment with 0.15N NaOH solution and 0.3% (w/v) sodium metabisulfite solution, 

respectively for chestnuts and oak acorns flours, followed by sieving and centrifugation. 

It should be noted that the majority of the published studies do not consider the effects 

of different isolation processes on the same starchy materials, and so the final results of 

the processes were not evaluated. The aim of the present study is to evaluate the effect 

of isolation methods on the properties of chestnut and acorn starches. 
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2 Materials and Methods 

 

2.1 Materials 

 

Chestnut (Castanea sativa, CS) var. Longal fruits were collected from Soutos da Lapa a 

PDO. Acorns from Quercus rotundifolia (QR) and Quercus suber (QS) were collected 

in “montados” located in Idanha-a-Nova. Three sets of 1 kg of chestnuts and acorns 

fruits were each randomly harvested at maturity stage. Samples were stored in dark 

conditions at 4ºC until experiments began. Before milling, fruits were prepared as 

follows: (1) pre-dehydration at 40ºC/24 hours in a FD 115 Binder ventilated drying 

chamber (with an air flow of 300m
3
/hour), (2) peeling and chopping into little pieces, 

(3) drying in the same equipment at 60ºC, to a final aw value of 0.20.05. Dried fruit 

fragments were then milled in a SK 100 Cross Beater Retsch hammer mill to pass a 

1mm sieve. Table 1 shows the flours` composition. 

 

2.2 Starch extraction methods 

 

Methods used in starch extraction were selected on the basis of simplicity, efficiency, 

time consumption and use of low hazard chemicals. The selected methods were based 

on those proposed by Lim et al. 18 and Perez et al. 19. In all cases, centrifugation 

was performed in a Universal 16 centrifuge (Hettich Zentrifugen Company, Germany) 

and isolated starches dried in the previously referred to drying chamber, for two days at 

40ºC. 

(1) - Low Shear at Alkaline pH method (LSA) 

Individual flours (100 g) were mixed with 500 ml of 0.01 M NaOH, stirred for 20 

minutes at 25ºC, and centrifuged at 1,400 x g during of 20 minutes. The supernatant was 

discarded, the sediment slurred with water (500 ml), and the mixture filtered through a 

53 m sieve. The filtrate was neutralized with 1 M hydrochloric acid, and the mixture 

centrifuged. The supernatant was discarded, as well as the tailings layered on top of the 

starch (mucilaginous layer), which were carefully removed by scraping. The starch was 

washed with water (3 x 200 ml), centrifuged and dried 18. 
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 (2) - High Shear in Water method (HSW) 

Individual flours (120 g) were soaked in 360 ml of water during 6 hours at 20ºC, to 

weaken starch and protein linkages. The resulting suspension was placed in an ice bath, 

and subjected to high shear (2000 rpm) during of 1 minute, in a Ultra-Turrax T25 tissue 

homogenizer (Jankel and Kunkel, IKA Labortechnik, Germany). The sheared slurry, 

cooled at a final temperature of 4-10ºC was then centrifuged, and the supernatant and 

tailings discarded. The starch sediment was suspended in water, the mixture filtered 

through a 53 m sieve, and the filtrate centrifuged (1,400 x g during 20 minutes). The 

supernatant and tailings were discarded, and the starch was dried 18. 

(3) – Low shear enzymatic method (LSE) 

Protease (600 units of Aspergillus oryzae protease, Sigma Chemical Co.) was added to 

120 g of the individual flours. Water was added (360 ml), the slurry adjusted to pH 7.5 

(with 0.1 M NaOH or 0.1 M HCl) and allowed to incubate at 37ºC for 6 hours. The 

slurry was then centrifuged (1,400 x g during 12 minutes) and the supernatant and 

tailings fractions discarded as described. The starch fraction was suspended, washed 

with water (200 ml) and filtered through a 53 m sieve. The filtrate was then 

centrifuged at 1,400 x g during 20 minutes. The supernatant and tailings were discarded 

and the starch was dried 18. 

(4) - Low shear alkaline pH and using successively three sieves (LSA3S)  

Flours (120 g) were soaked in 2 volumes of 0.0625 M NaOH at 5ºC for 24 hours. 

Suspensions were homogenized and screened through a 180 m sieve. The procedure 

was then repeated twice. The precipitate was screened successively in 75 and 53 m 

sieves. The mixture was centrifuged at 1,400 x g during 20 minutes and the 

mucilaginous layer scraped away. The precipitate was suspended in water, the last step 

repeated several times as necessary. Isolated starch was dried as described 19. 

 

2.3 Physical analysis 

 

The starch extract recovered or starch extract yield in each treatment was expressed as: 

g starch extract (dry basis)/100 g flour. Colour of isolated starches was assessed by 

CIELAB 20 system using a Chroma Meter CR-300 Minolta (Osaka, Japan) 
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colorimeter. A white tile (L* = 97.46; a* = -0.02; b* = 1.72) was used as reference. 

Total Colour Difference (TCD*) as defined by eq.1 was calculated:  

 

TCD* =      2

0

2

0

2

0 ****** bbaaLL  ,   (1)  

 

and classified according to Drlange 21. For this evaluation, thirty individual readings 

were performed for each sample. 

Scanning electron micrographs (SEM) were taken by an ISI-D 130 scanning electron 

microscope (International Scientific Instrument). Starch samples were applied on an 

aluminium stub using double-sided adhesive tape and the starch coated with gold-

palladium (80:20). An accelerating voltage of 10 kV was used during 

microphotography. 

Starch pasting properties were analysed on starch suspensions at 7% starch by using a 

Brabender (Duisburg, Germany) viscoamylograph, heated from 30ºC to 95ºC, held at 

95ºC for 15 minutes and then cooled till 50ºC. Percentage of breakdown (BD), a 

measure of viscosity breakdown extension, was calculated by eq. 2 22: 

BD = (Peak viscosity –Final paste viscosity at 95ºC)/Peak viscosityx100     (2) 

Setback (SB) was calculated by eq. 3 23: 

SB = Cooled at 50ºC – peak viscosity               (3) 

 

2.4 Chemical analysis 

 

The starch purity was evaluated by determining the starch content in the extract by the 

Ewers polarimetric method 24. Starch isolated by each method was analysed for: 

moisture, protein, fat, ash and reducing sugar contents 25. Amylose content and 

damaged starch were evaluated respectively by a colorimetric method 26, 27 and a 

modification of the method proposed by AACC 23. In this case, reducing sugars in 

damaged starch were evaluated by the Hizukuri et al. 28 method. The amylose content 

was reported on a pure starch basis. All reported values are expressed on a dry weight 

basis (dwb) and all reagents used were of analytical grade. 
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2.5 Statistical analysis 

 

The data reported in all the tables and figures are averages of at least three different 

determinations. A Statistic vs 6 and Excel2003 software were used for statistical 

analysis. 

 

 

3 Results and Discussion 

 

3.1 Physicochemical and morphological properties 

 

In the physicochemical characteristics of the chestnut starches isolated are shown in 

Figure 1. Major differences among produced extraction yields are quite apparent (Figure 

1 (a)). LSA3S (26.4%) was the method leading to higher yield, followed by LSE 

method. Keeping in mind that chestnut starch content in original flour is about 32.3% 

(Table 1), and the extraction raw yield for LSA3S was 26.4% (based on the dry weight 

of flour), the extraction efficiency was about 81.7%. As the purity of the extracted 

starch is 95.8%, a yield of 78.3% of pure starch was achieved. Concerning the other 

extraction methods, HSW method presented the lowest yield (22.1%) and purity 

(86.3%). The different efficiency in purifying the starch shown by those two methods is 

related to higher protein and fat content, respectively 2.2% and 0.9% of starch produced 

by HSW method. In fact, LSA3S removes the fatty upper layer that separates and 

appears on the supernatant after the first and second centrifugation. Furthermore, the 

alkaline treatment seems to be quite effective in reducing starch fat content. In regard to 

protein content, the highest efficiency in purifying the extracts was achieved by LSA3S 

method, probably due to effective protein solubilisation, precipitation and dispersion. 

This could be due to the use of a high concentrate alkaline solution, and so enabling the 

extraction of pure starch from flours 29, 30, which is separated by centrifugation 

(Figure 1 (b)). The ash content ranged from 0.7 for LSA, and HSW, to 0.3% for LSA3S 

methods. These results follow the same trend to that previously stated for protein and 

fat. 



 

 

 

Table 1. Chestnut and acorns flours composition [1, 2]. 

 

Sample
b) 

Moisture 

(g/100 g) 

Protein 

(g/100 g) 

Fat 

(g/100 g) 

Ash 

(g/100 g) 

Fibre 

(g/100 g) 

NFE
c)

 

(g/100 g) 

Starch 

(g/100 g) 

Reducing sugars 

(g/100 g) 

CS 7.70.02 5.50.12 2.20.04 1.70.07 2.70.10 87.90.08 32.30.90 4.70.04 

QR 7.70.07 4.60.20 11.10.04 1.90.13 2.90.06 79.50.11 31.60.36 8.80.03 

QS 11.70.03 4.10.04 5.40.07 1.70.01 2.70.02 86.10.04 31.40.50 14.30.02 

a) Results are the mean ± standard error of mean. 

b) CS – C. sativa, QR – Q. rotundifolia, QS – Q. suber 

c)
 
%NFE (dwb) = 100 – (%Protein + %Fat + %Ash + %Fibre) 
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Figure 1. Properties of isolated CS starches: (a) Purity and extract yield, (b) protein and fat, (c) amylose and damaged starch, and (d) L* and 

TCD*. 
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The starch isolated from chestnut flour always presented high values of damaged starch 

(Figure 1 (c)), suggesting that chestnut starch is not resistant to chemical, enzymatic or 

physical treatments. The most damaged starch was produced by HSW method. A higher 

degree of damaged starch was always obtained when compared to damaged starch 

content in the original flours (33.2%) 1, ranging from 52.3% for LSA3S to 72.6% for 

HSM methods. Also, the amylose content of isolated starches seems to be affected by 

the isolation methods (Figure 1 (c)). The isolated starches always showed a decrease in 

amylose content when compared to that found in the original flour (77.8%) 1, 2. This 

may be due to the lixiviation/degradation of amylose during the extraction process. 

Again, the LSA3S method produced the best results. Colour parameters of isolated 

starches are in accordance to purity and composition of the different samples. In fact, 

the purest starch, the one produced by LSA3S method, showed the lowest TCD* value, 

3.2, which could be classified as very distinctive 21. 

For the extraction patterns of Q. rotundifolia and Q. suber starches major trends are 

similar to those found for chestnuts (Figures 2 and 3). However, acorn starches 

presented higher fat content than chestnut, and this could be directly related to fat values 

in the original raw materials 2. It should be remarked that independently of the 

method, acorn starches always produced darker products in colour, lower amylose 

values and higher damaged starch content than chestnuts.  

For all the tested samples, the reducing sugars and fibre contents evaluated by the 

methods used, were not present in quantifiable amounts in the isolated starches. 

From what has been stated above about the effect of starch isolation method on starch 

physicochemical properties, it may be concluded that the methods leading to a higher 

yield were the LSE and LSA3S. The less efficient method was always HSW, probably 

due to a greater effect of disruption on some compounds that are not further separated. 

SEM images of the isolated starches are shown in Figure 4. For C. sativa, Q. 

rotundifolia and Q. suber starches the LSE and LSA3S seem to be the methods that 

better preserve starch integrity and purity. 
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Figure 2. Properties of isolated QR starches: (a) Purity and extract yield, (b) protein and fat, (c) amylose and damaged starch, and (d) L* and 

TCD*. 
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Figure 3. Properties of isolated QS starches: (a) Purity and extract yield, (b) protein and fat, (c) amylose and damaged starch, and (d) L* and 

TCD*. 
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Figure 4. SEM of isolated CS, QR and QS starches prepared by the different methods. 
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3.2 Pasting properties 

 

Pasting properties of the starches are illustrated in Figure 5 and Table 2. From Figure 5 

it is possible to see that chestnut and acorn starches presented different patterns. The 

encountered amylographic parameter differences may be explained by changes in the 

internal structure of the starch granules 31, by the degree of damaged starch 32, by 

amylose and amylopectin content 33 and by the degree of molecular association via 

hydrogen bonding 34. Chestnut starch, obtained by LSA3S method, presented the 

highest peak consistency (1510 B.U.), because of the majority of granules should be 

intact and fully swollen in the cooking medium 35. The maximum apparent viscosity 

of starch paste depends also on the amylose content 22, which was also corroborated 

by our results. Acorn starches exhibited quite different profiles when compared to the 

chestnut starch. All the acorn starches demonstrated a stable apparent viscosity profile 

over time, similar to a viscoamylograph profile of a crosslinked starch 35. Considering 

the isolation methods, amylographic patterns of acorn starches showed small differences 

among themselves in terms of shape and values, in opposition to what was observed in 

chestnut starches. This stability of amylographic profiles, observed also by Daiuto et al. 

36 for yam, is related with good stability of starches. The HSW method for chestnut 

starches presented higher percentage of BD (39.0%) and SB (-320 B.U.). Breakdown is 

a measure of the ability of the swollen granules in the starch paste to resist thinning by 

prolonged heating and mechanical shear 37, reflecting the successive degree of 

granular swelling and friction between swollen granules 22. The consistency at this 

stage gives an indication of paste stability 17. As a rule, starches that are capable of 

swelling to a high degree are more affected by BD in cooking and stirring 30. The 

increase in granule swelling could be due to an increase of the amorphous portion 

because of starch damage 37. Thomas & Atwell 35 stated that a limited viscosity 

breakdown was observed during heating, when the amylose content was higher. This 

conclusion could somewhat explain the amylographic results for chestnut starch isolated 

by HSW method, showing that with this method the paste stability is lower. It is 

possible to conclude that chestnut isolated starch seems to be affected mainly by 

physical forces, as the starch that showed lower consistency values is the starch that was 

subjected to a higher shear (HSW method). 
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Figure 5. Amylograms of isolated starches: (a) CS, (b) QR and (c) QS. 



 

 

 

Table 2. Amylograph gelatinization parameters of chestnut and acorn isolated starches. 

Sample
a) 

Isolation method 

Onset 

temperature  

(ºC) 

Peak consistency
b)

  

(B.U.) 

(P) 

Peak temperature
2 

(ºC) 

Consistency 95ºC Final 

consistency  

(B. U.)(FC)  

BD
 

(%) 

(eq. 2)
c)
 

SB
 

(B.U.) 

(eq. 3)
d)

 Initial Final (H) 

CS LSA 65 1220 94 1220 920 1120 24.6 -100 

 HSW 66 1180 94 1180 720 860 39.0 -320 

 LSE 66 1390 92 1390 1000 1380 28.1 -10 

 LSA3S 67 1510 93 1490 1040 1380 31.1 -130 

QR LSA 66 * * 660 720 1420 nd nd 

 HSW 69 * * 710 720 1060 nd nd 

 LSE 72 * * 800 840 1360 nd nd 

 LSA3S 71 * * 820 820 1120 nd nd 

QS LSA 78 * * 760 900 1760 nd nd 

 HSW 78 * * 780 860 1320 nd nd 

 LSE 84 * * 820 880 1680 nd nd 

 LSA3S 87 * * 780 880 1480 nd nd 

a) CS – C. sativa, QR – Q. rotundifolia, QS – Q. suber 

b) * indicates that a maximum peak was not encountered 

c) BD% = (P-H)/Px100 

d) SB = FC-P 
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Generally, acorn starches presented higher gelatinisation temperatures (onset 

temperatures) when compared to chestnut starches. Similarly to what happens to 

chestnut starch, the method inducing less damage on acorn starch seems to be the 

LSA3S. As can be seen in Table 2, all the gelatinisation parameters for Q. suber 

starches presented higher values than those obtained for Q. rotundifolia. Huang et al. 

38 stated that gelatinisation temperature is considered as a parameter of crystallite 

perfection. Furthermore, the higher proportion of longer chains in amylopectin, 

contributes to higher gelatinisation temperatures, because these chains form long double 

helixes that require higher temperatures to dissociate 39, and higher setback 

consistency 22. Considering our results it is possible to conclude that in general, 

starches isolated by LSA3S method showed high peak and gelatinisation temperature 

suggesting higher crystalline degree and a less damaged structure, which was 

corroborated by damaged starch determinations. It also seems that amylose content 

seems to be less responsible for the gelatinisation characteristics than the molecular 

structure of starch granules itself 38. 

 

 

4 Conclusions 

 

From the above results it is possible to conclude that the isolation procedures clearly 

affected the properties of the starches, both in physicochemical composition and 

functional characteristics. Chestnut starches exhibited a quite different profile when 

compared to acorns. It is probable that chestnut starches are less structured than those of 

acorns, mainly Q. suber starches. In fact Q. suber starches presented viscoamylographic 

patterns similar to crosslinked starches obtained by chemical modification. 

The results obtained enabled us to recommend the LSA3S method for isolation of 

chestnut and acorn starches for human use, since it produced starches with high purity 

and yield, and those starches were less affected in their chemical, physical and 

rheological properties. Furthermore, this method does not use expensive, flammable and 

otherwise toxic and hazardous chemicals, factors to be considered when producing 

starch to be used in human nutrition. 
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Abstract 

 

Two different procedures were used to isolate chestnut (Castanea sativa Mill.) and 

acorn (Quercus suber) starch. Starch was extracted from the flour of these dried fruits 

by: (i) low shear at alkaline pH and successively using three sieves (A3S) at different 

centrifugation conditions (velocity and time) and (ii) enzymatic treatment at low shear 

(ENZ) at a different amount/ digestion time of protease. In both cases a Central 

Composite Rotatable Design (CCRD) was used as an experimental design. Results were 

treated through the Response Surface Methodology (RSM). Based on maximum yield 

values and the degree of purity, the best modified conditions encountered were applied 

in a new trial and mass balance was established for both isolation procedures. The best 

centrifugation conditions encountered for the A3S isolation method were 800xg during 

15 minutes, and for the ENZ method 900 units of protease despite the incubation time, 

for the same centrifugation terms. The yields reached with those experimental 

conditions for the A3S and ENZ methods were 83.9% and 79.9% for chestnut and 

88.5% and 86.9% for acorn, respectively. Isolated starches shown to be higher in purity, 

presented values of 98.3% and 96.3% for chestnut and 98.1% and 97.6% for acorn, 

respectively for the A3S and ENZ methods.  

 

Keywords: chestnut; acorn; starch; isolation method; yield; composition. 
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1. Introduction 

 

Starch is a relatively cheap raw material with physical and chemical properties 

that have multiple uses in many food and non-food applications. Castanea sativa Mill. 

var Longal and Quercus suber are rich starch materials, with a starch content of 

32.30.9% and 31.40.5%, respectively when fruits were dried at 60ºC (Correia et al, 

2009 a), Correia et al, 2009 b)). 

Starch can be extracted using different processes, depending on the plant source 

and end use of the starch. Besides, the yield in isolated starch in order to be 

economically viable must be accomplished without significant modification to the 

starch granules. Extraction procedures affect both the chemical composition and 

physical properties of starch. These changes in starch properties, and even in starch 

granule structure, resulting from the extraction procedure, are a reflection of the 

nonrigid organization of starch granules (Sing et al., 1997). In a previous study, four 

different methods for chestnut and acorn starch isolation (Correia and Beirão-da-Costa, 

2010) were tested, based on the simplicity, efficiency, time consumption and use of low 

hazardous chemicals. Those methods are based on low/ high shear at alkaline pH and 

enzymatic treatment at low shear, followed by centrifugation and sieving. Three of them 

could be classified as physicochemical methods. In these methods a first step included a 

treatment with water or alkaline solution at a low or high shear. The alkaline treatment 

at a low shear showed the best results. Another tested method with good 

physicochemical and functional properties, but not as good as the alkaline method, was 

an enzymatic method at a low shear. So, these two methods (later designated as original 

methods) were found the most promising, producing high yields, pure starch and high 

consistency of starch pastes, along with a less damaged structure of the starch granules. 

The centrifugation conditions used in these methods were 1400xg during 20 minutes. 

For the ENZ method, a 600 unit of protease and the digestion time was of 6 hours 

(Correia and Beirão-da-Costa, 2010). 

In order to optimize these isolation conditions, a Central Composite Rotatable 

Design (CCRD) of the experiment was used. For example, this optimisation step was 

carried out using the Response Surface Methodology (RSM). This technique is a 

collection of mathematical and statistical techniques, that are useful for modelling and 

analysis in applications where a response of interest is influenced by several variables, 
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and the objective is to optimize this response (Montgomery, 1996). It is a powerful 

technique for testing multiple process variables because fewer experimental trials are 

used, when compared with the study of one variable at a time. Interactions between 

variables can also be identified and quantified (Kristo, 2003). This is probably the most 

widely used and successful optimization technique based on designed experiments (Bas 

and Boyachy, 2007). 

The present study reports the optimization of two mentioned isolation methods, 

alkaline and enzymatic methods, in order to enhance a higher yield and purity of 

chestnut and acorn starches, resulting on economic profits. Consequently with the 

improving conditions we expect to find less consuming time of extraction procedures 

and less damaged starches for a potential use on food and non food industry. 

 

2. Materials and methods 

 

2.1. Materials 

 

Chestnut (Castanea sativa) var. Longal fruits were collected from Soutos da 

Lapa a Protected Designation of Origin region, Portugal. Acorns from Quercus suber 

were collected in Idanha-a-Nova region, Portugal. Three sets of 1 kg each of chestnuts 

and acorns fruits were randomly harvested at the maturity stage. Samples were stored in 

dark conditions at 4ºC until experiments began. Before milling, fruits were prepared as 

follow: (1) pre-dehydration at 40ºC/24 hours in a FD 115 Binder ventilated drying 

chamber (with an air flow of 300m
3
/hour), (2) peeling and chopping into little pieces, 

(3) drying in the same equipment at 60ºC (before starch granules achieved the 

gelatinization temperature, and the best encountered drying temperature (Correia et al, 

2009 a), Correia et al, 2009 b)), for a final aw value of 0.20.05. Dried fruit fragments 

were then milled in a SK 100 Cross Beater Retsch hammer mill to pass a 1mm sieve. 

 

2.2. Starch extraction methods 

 

Starch was isolated from chestnut and acorn flours following two methods: 

(1) - Low shear alkaline pH and using successively three sieves (A3S)  

Flours (120 g) were soaked in 2 volumes of 0.25% NaOH at 5ºC for 24 hours. 

After this, suspensions were homogenized by magnetic stirring and screened through a 
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180 m sieve. The procedure was then repeated twice. The precipitate was screened 

successively in 75 m and 53 m sieves. The mixture was centrifuged according to the 

experimental design and the mucilaginous layer was scraped off. The precipitate was 

suspended in water and the last step repeated twice. Isolated starch was dried as 

described. 

(2) – Low shear enzymatic method (ENZ) 

Protease from Aspergillus oryzae was purchased from the Sigma Chemical Co. 

One unit of protease was defined as the amount of enzyme that liberated 1.0 mol of 

tyrosine per minute from casein at pH 7.5 at 37ºC. 

Protease was added, according to the experimental design, to 120 g of individual 

flours. Water was added (360 ml), the slurry adjusted to pH 7.5 (with 0.1 M NaOH or 

0.1 M HCl) and allowed incubation at 37ºC for a period of time defined by the 

experimental design. The slurry was then centrifuged at the best selected conditions 

found for the previous method (A3S). The starch fraction was suspended with water 

(200 ml) and filtered through a 53 m sieve. The filtrate was centrifuged according to 

the experimental design. The supernatant and tailings were discarded and the starch 

dried. 

Centrifugation was performed solely in a Universal 16 centrifuge (Hettich 

Zentrifugen Company, Germany) and isolated starches dried for two days at 40ºC in a 

FD 115 Binder ventilated drying chamber (with an air flow of 300m
3
/hour). The filter 

operations were carried out using a AS 200 Retsch basic sieve shaker. 

In both methods the same centrifugation conditions were used as it is the main purpose 

to compare the enzyme quantity by itself.  

 

2.3. Evaluation methods 

 

The starch extraction yield in each experiment was expressed as: g starchy 

isolated fraction (dry basis)/100 g flour and analysed for: moisture, protein (% N * 

6.25), fat, fibre and ash (AOAC, 2000). The starch in starch isolate fractions was 

determined by the Ewers polarimetric method (ISO/DIS 10520, 1994), and it is 

considered as the starch purity. Damaged starch content was evaluated by the method 

proposed by AACC (2000) with some modifications. In this case, reducing sugars were 

evaluated by the Hizukuri et al. (1981) method. A mass balance for both isolation 
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procedures was established. In this case, beside the determination of the starch purity, 

the total starch content in the flours was determined by the polarimetric method, as 

proposed by (Garcia and Wolf, 1972). All reagents were of analytical grade. All 

reported values are expressed on a dry weight basis and are the average values of the 

analysis of at least three different replicates. 

 

2.4. Experimental Design 

 

A Central Composite Rotatable Design (CCRD) of the experiments was 

performed with k = 2 for: A3S - centrifuge velocity/ time and ENZ - protease 

amount/digestion time as independent variables. Central composite experiments 

consisted of three sets of experimental points (Meilgaard et al. 1999): (1) a traditional 

factorial design with 2
k
 points, k being the number of xi variables (factors) with coded 

levels +1 and -1 for each; (2) a star for 2
k
 points, coded as + and - on the axis of the 

system at a distance of 2
k/4

 from the origin, that accounts for non-linearity; (3) central 

points, which are replicated to provide an estimate of the lack of fit of the linear 

statistical model obtained as well as the pure error of the experiments (Montgomery, 

1996). The main advantage of this methodology is to diminish the number of 

experimental trials needed to evaluate multiple parameters and their interactions (Lee, 

2000). 

No previous reports were found between the responses and independent 

variables and so the established ranges were: centrifuge velocity (CF) 108xg – 2220xg, 

centrifugation time (Ct) 10-30 min, and protease quantity (EU) 200–1000 units and 

digestion time (Dt) 2-12 hours.  

Table 1 shows the coded and uncoded experimental design. The dependent 

variables studied included starch yield and purity. 

Moreover, selection of experimental conditions for centrifuge force was based 

on a possible reduction of damaged starch, since the original method applied a high 

force value, 1400xg. 

 

 



 

 

 

Table 1 – Coded and actual variables for the experimental design for the optimisation of isolation starch of chestnut and acorn flours for A3S and 

ENZ methods. 

 

Run 

number 

by order 

 

Coded 

Method A3S Method ENZ 

Actual Actual 

CF/ 

Enzyme 

amount 

Time CF 

(g) 

Time 

(min) 

Enzyme 

amount 

(units) 

Time 

(hour) 

1 -1 -1 108 10 200 2 

2 1 -1 2220 10 1000 2 

3 -1 1 108 30 200 12 

4 1 1 2220 30 1000 12 

5 -1.41421 0 54 20 141.4 7 

6 1.41421 0 1105 20 707.1 7 

7 0 -1.41421 824 7 600 1.4 

8 0 1.41421 824 21 600 8.5 

9 0 0 824 20 600 7 

10 0 0 824 20 600 7 
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2.5. Statistics 

 

Data was fit to second-order polynomial equations (2) for each dependent Y 

variable, through a stepwise multiple regration analysis using Statistic® vs 6 software. 

y = b0 + b1x1 + b2x2 + b3x1x2 + b4x1
2
 + b5x2

2
    (2) 

where bn are regression equation coefficients and xn the independent variables 

(Kahyaoglu and Kaya, 2006). 

Based on the predicted model equations surface plots were generated. 

The analysis of the variance was performed to determine the lack of fit and the 

significance of the effects of each of the two independent factors. 

 

3. Results and discussion 

 

3.1. Starch isolation process  

 

The results of the analysis of variance obtained by the two starch isolation 

methods for chestnut and acorn flours from dependent variables fit to Eq. (2) are 

summarized in Tables 2 and 3. Only parameters adjusted (p0.05) by the model are 

shown. 

 

3.1.1. A3S method 

 

Considering the regression equation coefficients as response parameters of 

starch isolated from the A3S method chestnut and acorn, the only equations adjusted 

from RSM were Eq. (3) and Eq. (7), with r
2
 of 0.87 and 0.94 for chestnut and acorn, 

respectively (Table 4). Those equations were related with the yield of starch isolation. 

Purity, in spite of the model, showed a significant fitting (p 0.05), RSM regression 

equations did not adjust, suggesting that higher order interaction and/or other variables 

not considered in the experimental design may have contributed to a better explanation 

of the data. 

 

 

 

 

 

 



 

 

Table 2 – ANOVA of yield and purity of chestnut starch isolated with A3S and ENZ methods  

 Factor 

 CF
a
(L) CF (Q) Ct

b
 (L) Ct (Q) CF x Ct Lack of Fit Pure error Total SS 

A3S Yield SS 240.7249 61.8242 2.1058 14.7356 10.5801 91.1470 3.6180 584.2960 

  df 1 1 1 1 1 3 1 9 

  MS 240.7249 61.8242 2.1058 14.7356 10.5801 30.3823 3.6180  

  F 66.53444 17.08771 0.58202 3.71830 2.92425 8.39743   

  p 0.077660 0.151103 0.547092 0.304567 0.336869 0.247192   

 Purity SS 0.04887 5.74419 1.66810 13.03573 1.90944 10.77419 17.64180 54.70096 

  df 1 1 1 1 1 3 1 9 

  MS 0.04887 5.74419 1.66810 13.03573 1.90944 3.59140 17.64180  

  F 0.002770 0.325601 0.094554 0.738911 0.108234 0.200578   

  p 0.966524 0.669892 0.810084 0.547974 0.797659 0.888299   

 Factor 

 EU
c
 (L) EU (Q) Dt

d
 (L) Dt (Q) EU x Dt Lack of fit Pure error Total SS 

ENZ Yield SS 0.05651 8.34740 4.24291 0.28078 5.52250 21.81378 0.12500 51.71600 

  df 1 1 1 1 1 3 1 9 

  MS 0.056512 8.347405 4.242909 0.280779 5.522500 7.271259 0.125000  

  F 0.45210 66.77924 33.94328 2.24623 44.18000 58.17008   

  p 0.623154 0.077519 0.108216 0.374581 0.095065 0.096017   

 Purity SS 172.001 106.377 284.214 448.418 169.000 525.980 2.645 1433.185 

  df 1 1 1 1 1 3 1 9 

  MS 172.0008 106.377 284.214 448.418 169.000 525.980 2.645  

  F 65.0287 40.2180 107.4532 169.5341 63.8941 66.2861   

  p 0.078545 0.099565 0.061225 0.048798 0.079232 0.089988   

   
a
CF: Centrifugation force; 

b
Ct: Centrifugation time; 

c
EU: Enzyme units; 

d
Dt: Digestion time 



 

 

Table 3 – ANOVA of yield and purity of acorn starches isolated with A3S and ENZ methods. 

 Factor 

 CF
a
 (L) CF (Q) Ct

b
 (L) Ct (Q) CF x C t Lack of Fit Pure error Total SS 

A3S Yield SS 24.1320 92.8437 243.8640 57.6312 95.3555 39.9937 0.7080 396.1433 

  df 1 1 1 1 1 3 1 9 

  MS 24.1320 92.8437 243.8640 57.6312 95.3555 13.3312 0.7080  

  F 34.0824 131.1259 344.4164 81.3942 134.6735 18.8281   

  p 0.107999 0.055454 0.034270 0.070277 0.054723 0.167445   

 Purity SS 1.71855 3.8773 5.76231 8.30579 2.33941 11.26010 1.12500 25.4670 

  df 1 1 1 1 1 3 1 9 

  MS 1.71855 3.8773 5.76231 8.30579 2.33941 3.75337 1.12500  

  F 1.527599 3.446473 5.122054 7.382922 2.079473 3.336325   

  p 0.433065 0.314549 0.264871 0.224503 0.385999 0.377848   

 Factor 

 EU
c
 (L) EU (Q) Dt

d
 (L) Dt (Q) EU x Dt Lack of fit Pure error Total SS 

ENZ Yield SS 7.47996 2.57941 0.00006 0.02331 0.04000 3.35721 0.98000 36.0250 

  df 1 1 1 1 1 3 1 9 

  MS 7.47996 2.57941 0.00006 0.02331 0.04000 3.35721 0.98000  

  F 7.632608 2.632052 0.000065 0.023784 0.040816 1.141909   

  p 0.221093 0.351657 0.994871 0.902588 0.873092 0.581592   

   
a
CF: Centrifugation force; 

b
Ct: Centrifugation time; 

c
EU: Enzyme units; 

d
Dt: Digestion time 
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When chestnut flour was subject to the A3S isolation method, the yield was 

mainly dependent on the centrifugation force at 92% level (Table 2). This aspect could 

be seen in Figure 1, where it is possible to notice that when the centrifugation force 

increases, the yield of the starch extraction increases as well. Centrifuging force higher 

than 400xg increased the yield of starch isolation up to 60% and the extraction time did 

not influence this parameter. 

Regarding acorn starch extraction using the same isolation procedure, not only 

does the centrifugation force have an effect, but also time was found to significantly 

affect the yield of starch extract. For acorn flours, the yield of starch isolation decreased 

when the centrifugation force was higher than 1500xg (Figure 1). 

Higher velocities of centrifugation gave higher starch extract yield in chestnut 

and acorn flour, but for acorns there is an additional aspect that must be considered. The 

acorn flour presented a starch content of 31.4%. This means that in ideal extraction 

conditions the starch extraction yield must be close to this value. From Figure 1 it is 

possible to see that the optimum centrifugation conditions for acorns will occur near of 

700xg and a duration of 15 minutes, because for different isolation centrifuge conditions 

not only will starch be present on the extract but also other compounds. Furthermore, it 

is very important to guarantee that the centrifuge conditions do not increase the damage 

of starch granules. Considering these aspects for the tested centrifugation conditions, 

applied to the A3S method, a centrifugation force of 800xg rpm during 15 minutes 

should be used in future applications on chestnut and acorn flours. 

 

3.1.2. ENZ method 

 

In this method, as previously mentioned, applied centrifugation conditions were 

considered as a compromise solution for the A3S method, i.e., 800xg and 15 minutes. 

Considering the regression equation coefficients for response parameters of 

starch isolated from the ENZ method in chestnut and acorn starch samples, the only 

equation adjusted from RSM was the one respecting the extract yield for acorn with r
2
 

of 0.88 (Eq. 9, Table 4). This equation was related to the yield of isolated starch. For 

purity of acorn and purity and yield of chestnut starches, the regression equations did 

not adjust suggesting that higher order interaction and/or other variables not considered 

in the experimental design may contribute to a better explanation of the data. 
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Figure 1 – Extraction yield response surfaces for 

A3S and ENZ isolation methods for chestnut (A) 

and acorn (B).
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2 factors, 1 Blocks, 10 Runs; MS Pure Error=,70805

DV: Extract Yield (%)

 45 

 40 

 35 

 30 

 25 

 20 

 

 



 

 

 

 

Table 4 – Regression equation coefficients for response parameters of chestnut and acorn starches isolated with A3S and ENZ methods. 

 
Specie Method Dependent variable Equation R

2 
Radj Eq. number 

Chestnut A3S Yield 11.057953+0. 017895CF-0.000005CF
2
+0.730742Ct-0.023808Ct

2
+0.000153CF*Ct 0.87 0.84 (3) 

  Purity 99.324613+0.001188CF-0.000002CF
2
-0.842352Ct+0.023436Ct

2
+0.000065CF*Ct 0.48 0.00 (4) 

 ENZ Yield 21.199437-0.009002EU+0.000013EU
2
-0.139228Dt+0.015444Dt

2
-0.000588EU*Dt 0.63 0.17 (5) 

  Purity 80.599507+0.044203EU-0.000046EU
2
-9.947510Dt+0.617171Dt

2
+

 
0.003250EU*Dt 0.58 0.05 (6) 

Acorn A3S Yield 56.161719+0.005254CF-0.000007CF
2
-2.729673Ct+0.049276Ct

2
+0.000460CF*Ct 0.94 0.91 (7) 

  Purity 99.324612-0.001188CF+0.000002CF
2
-0.842352Ct-0.023435Ct

2
-0.000065CF*Dt 0.52 0.00 (8) 

 ENZ Yield 19.609380-0.002758EU+0.000007EU
2
-0.068455Dt+0.004450Dt

2
+0.000050EU*Dt 0.88 0.85 (9) 
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Only the enzyme quantity had a significant effect on the yield in isolated acorn 

starch (Figure 1). The starch extract yield increases with increasing amounts of protease 

(more than 900 units), despite the incubation time. However, considering the cost of the 

enzyme, we suggest that the conditions that should be used in the isolation of chestnut 

and acorn starches should be at least 900 units of protease despite the incubation time. 

In spite of the lack of adjustment in the case of chestnut starch extracts, the general 

trend was similar to that found for acorns.  

 

3.2. Isolated starch composition 

 

In order to establish mass balances for the starch isolation methods, new trials 

were conducted using the previously defined isolation conditions for the A3S and ENZ 

methods. The results of mass balances are shown in Figures 2 and 3. The step that 

caused the major mass loss in starch, in both methods, was the filtering operation, with 

values of 42% for chestnut and 40% for acorn. This could be due to the dimensions of 

the flour particles (milled to pass through a 1mm sieve), higher than the mesh of the 

sieve used in the isolation process, resulting in a large quantity of retained material with 

a relatively high content of starch. In spite of both chestnuts and acorns presenting 

similar behaviour, it should be noted that the amount of starch retained by this fraction 

is lower than that of chestnut. This may be explained through a weaker matrix in the 

acorn starch structure. Considering the initial starch content in the flours, and the 

quantity of starch extraction materials, the reached extraction yields for the A3S and 

ENZ methods were 83.9% and 79.9% for chestnut and 88.5% and 86.9% for acorn, 

respectively. Again it is apparent that starch isolation is easier applied to acorns. For 

both methods and in both species, the purity of isolated starches was high, presenting in 

the A3S and ENZ methods 98.3% and 96.3% for chestnut and 98.1% and 97.6% for 

acorn, respectively. Bearing in mind the higher extraction yield and purity, it seems that 

the A3S should be selected as the most promising method for starch isolation for both 

chestnuts and acorns. Comparing the modifications applied to the original methods 

(A3S and ENZ) 4, the yield increased respectively, 6.3% and 11.6% for chestnut and 

8.4% and 19.1% for acorn. Also, for the A3S and ENZ methods, the purity increase 

using modified conditions of the isolation was 2.5% and 3.7% for chestnut and 3.1% 

and 5.7% for acorn, respectively. Considering the A3S isolation method, when we 
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compared the present results to those obtained previously 4, it was possible to reduce 

the extraction time (of about 30 minutes) and energy costs (lower centrifugation speed). 

The same way, the incubation time for the ENZ method might also be reduced. 

However, in this case, the amount of enzyme to be used should be higher. Moreover, the 

starch integrity was less damaged with the optimized isolation conditions, since 

damaged starch values significantly decrease about 40.7% to 42.4% for chestnut and 

35.3-40.9% for acorn starches, when compared to the damaged starch content of starch 

isolated by original methods. 

 

4. Conclusions 

 

In face of the previously reported results, it might be concluded that the 

modification applied to the methods improved starch isolation yield, purity, and reduced 

the extraction time and damaged starch content, when compared to the original methods 

used in a previous study as previously mentioned. However, the A3S method performed 

at 800xg during 15 minutes seems to be the one conducting to best results, with 83.9% 

and 88.5% for yield and 98.3% and 98.1%, respectively for chestnut and acorn isolated 

starches. This method should be upscale in order to evaluate its viability at an industrial 

level. Furthermore, deeper studies will be useful to determine the starch extraction 

characteristic in order to understand the influence of the isolation method on structural 

and functional properties. 
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Figure 2 – Isolation of chestnut starch mass balance for LSA3S and LSE methods. 
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Figure 3 – Isolation of acorn starch mass balance for LSA3S and LSE methods. 
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Chapter III. Conclusions 

 

The selection and optimization isolation methods used for starch extraction from 

chestnut and acorn flours obtained from fruits dried at 60 ºC, were assessed. The results 

allowed concluding that: 

 

 The isolation methods clearly affected starches properties, both in 

physicochemical composition and functional characteristics. The results 

obtained enabled to recommend the low shear treatment with alkaline treatment 

and successively using three sieves for the isolation of chestnut and acorn 

starches, since it produced higher yields, starches with high purity, and which 

were less affected in its chemical, physical and rheological properties.  

 The second method that produces interesting physicochemical and functional 

properties results is the enzymatic method at a low shear. This method was also 

considered to proceed to further studies. 

 Both selected methods produced high yields, pure starch and high consistency of 

starch pastes, along with a less damaged structure of the starch granules.  

 It was possible to optimise isolation conditions for those two methods. The best 

conditions to isolate starch were centrifugation at 800 x g during 15 minutes, 

and for enzymatic method the use of 900 units of Protease from Aspergillus 

oryzae. These conditions were used in the subsequent chapter. 

 



 

 

 

 



 

 

 

 

 

 

Chapter IV 

 

Characterisation of chestnut and acorn starches 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On this chapter the morphological, structural and 

functional properties of isolated chestnut and acorn 

starches were evaluated. Starch size distribution, 

microscopy observation was also performed. Structural 

characterization was done by FTIR, X-ray diffraction, and 

solid-state NMR. Functional properties related to swelling, 

solubility, viscoamylographic, thermal and rheological 

properties were studied. With this characterisation it was 

possible to suggest some industrial uses of chestnut and 

acorn starches. 
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Abstract 

 

The structure and morphology of starch from fruits of two chestnut (Castanea sativa 

Mill.) varieties, Martainha and Longal, isolated by alkaline (A3S) and enzymatic (ENZ) 

methods were assessed. Chestnut starch granules were found to be round and oval in 

shape, consisting of medium/ small granules, with a mean granule size ranging between 

9 to 13m. Isolated chestnut starch appeared to the naked eye as a white powder, with 

high values of L*, and the Longal variety produce starches duller than Martainha. No 

differences between samples were observed by FTIR analysis. The X-ray patterns of 

isolated starches are of C-type (more specifically of Cb type) with a relative crystallinity 

between 31.5% and 39.8%. The 
13

C CP/MAS NMR spectra are similar for both varieties 

but different for the used isolation methods. The amorphous phase in the starch granules 

isolated by A3S methods was lower than that of the starch extracted by the ENZ 

method, making the B-type allomorph in the C-type starch granules more evident than 

in the A-type. Those differences in the structure of isolated starches are shown by a 

lower degree of damage, and a higher level of crystallinity of starches isolated by the 

A3S method, which means that its original structure is less affected or partially 

destroyed. This study would be helpful to better understand the relationships among 

structure and functional properties for an eventual industrial application of chestnut 

starches. 
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1. Introduction 

 

For centuries sweet chestnuts (Castanea sativa Mill.) represented one of the most 

important food resources of the European rural areas (Adua, 1999). Chestnut is one of 

the most ancient edible fruits in Portugal and, in the past, widely used in some way of 

potato and most of the tubers (Ferreira-Cardoso et al., 1999). In some areas, the term 

“bread tree” has been used for chestnut trees, where the fruit has been one of the 

fundamental staple foods used in human nutrition. A better knowledge of fruit 

composition may offer new opportunities for the chestnut market. The fruits are 

carbohydrates rich and low in fat content that makes it interesting to use in human diets. 

Starch is the main constituent of chestnut fruit ranging from 38% to 80% (Miguelez, 

Bernárdez, & Queijeiro; 2004, Borges, Gonçalves et al., 2008; Correia, Leitão, & 

Beirão-da-Costa, 2009). There is increasing evidence showing that the consumption of 

chestnuts has become more important in human nutrition due to the health benefits 

provided by the presence of bioactive components (Blomhoff, Carlsen, Andersen, & 

Jacobs, 2006), including lectin, cysteine proteinase inhibitor and quercetin (Wang & 

Ng, 2003). It also comprises of considerable levels of vitamins, fibres, essential fatty 

acids and minerals (Borges, Carvalho, Correia, & Silva, 2008).  

Polysaccharides in general, especially starch, play an important role in the growth and 

development of living organisms (Yang & Jiang, 2009). Furthermore, starch is an 

important material both in food and non food industries. Approximately 60 million 

tonnes are extracted annually worldwide from various types of cereal, tuber and root 

crops (www.zuckerforschung.at), of which roughly 60% is used in foods (i.e., bakery 

products, sauces, soups, sugar syrups, ice cream, snack foods, meat products, baby food, 

drinks, fat substitutes) and 40% in pharmaceuticals and non-edible purposes (Burrell, 

2003). 

The diversity of starch granules in size and shape with different botanical origins is 

quite well known. Starch granules range in size (from 1 to 100m diameter) and shape 

(polygonal, spherical, lenticular), occurring individually or as clusters, and can vary 

greatly with regard to content, structure and organization of the amylose and 
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amylopectin molecules, the branching architecture of amylopectin, and the degree of 

crystallinity (Lindeboom, Chang, & Tyler, 2004). This diversity in the form of starch 

granules and their molecular constituents influences the starch’s functionality. 

Starch granule stability depends on the arrangement of atoms in the polysaccharide 

structure, according to the distribution of the intra- and intermolecular forces. The 

structure of amylose and amylopectin, and the form and crystallinity of starch granules, 

have been extensively studied using many complementary approaches, like small-angle 

scattering techniques that measure differences in electron density distribution, and 

diffraction techniques indicative of crystallinity of the material (Copeland Blazek, 

Salman, & Tang, 2009). Imaging techniques such as light microscopy, scanning and 

transmission electron microscopy, scanning probe techniques such as atomic force 

microscopy (AFM), spectroscopic methods such as nuclear magnetic resonance and 

Fourier transformed infra-red spectroscopy are other approaches used to obtain 

structural information on starch granules and molecules. These analytical methods 

provide explicit information on the molecular constituents and their organization in 

starch granules. 

The main objectives of this research are to obtain useful morphological and structural 

information about chestnut starch in order to understand the molecular behaviour and 

evaluate the effect of the starch isolation methods on the starch properties, and therefore 

produce useful information for possible industrial applications. 

 

2. Materials and Methods 

 

2.1. Materials 

 

Chestnut (Castanea sativa) var. Longal and Martainha fruits were collected from Soutos 

da Lapa, a Protected Designation of Origin region of Portugal. Three sets of 1 kg of 

each chestnut fruits were randomly harvested at a mature stage, stored, dried and then 

milled as previously reported by Correia, Leitão, & Beirão-da-Costa (2009). 
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2.2. Starch extraction methods 

 

Starch was isolated from the chestnut flours following two methods (Correia and 

Beirão-da-Costa, wd): 

(1) - Alkaline pH using successively three sieves (A3S)  

The flours (120 g) were soaked in 2 volumes of 0.25% NaOH at 5ºC for 24 hours. 

Suspensions were homogenized and screened through a 180 m sieve. The procedure 

was then repeated twice. The precipitate was screened successively in 75 and 53 m 

sieves. The mixture was centrifuged in a Universal 16 centrifuge (Hettich Zentrifugen 

Company, Germany) at 800xg/ 15 minutes, the mucilaginous layer scraped away and 

the precipitate was then suspended in water. This last step was repeated twice. Isolated 

starches dried for two days at 40ºC in a FD 115 Binder ventilated drying chamber (with 

an air flow of 300m
3
/hour). 

The purity of isolated starches was 98.3% and 98.0% for Martainha and Longal 

respectively. 

(2) – Enzymatic method (ENZ) 

Protease from Aspergillus oryzae was purchased from Sigma Chemical Co. One unit of 

protease was defined as the amount of enzyme that liberated 1.0 mol of tyrosine per 

minute from casein at pH 7.5 at 37ºC. The protease was added (900 units) to 120 g 

individual flours. Water was added (360 ml) and the slurry was adjusted to pH 7.5 (with 

0.1 M NaOH or 0.1 M HCl). It was incubated at 37ºC for a period of 2 hours. The slurry 

was then centrifuged in the same conditions as previously mentioned. The starch 

fraction was suspended, washed with water (200 ml) and filtered through a 53 m sieve. 

The filtrate was centrifuged. The supernatant and tailings were discarded and the starch 

dried as reported above. 

The purity of isolated starches was 96.3% and 95.9% for Martainha and Longal 

respectively. 

 

2.3. Scanning electron microscopy 

 

Scanning electron micrographs (SEM) of isolated starches were obtained with an ISI-D 

130 scanning electron microscope (International Scientific Instrument). Starch samples 
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were applied on an aluminium stub using a double-sided adhesive tape and the starch 

was coated with gold-palladium (80:20). An accelerating voltage of 10 kV was used.  

 

2.4. Particle size and distribution analysis 

 

The sizes of starch granules were determined by a laser particle size analyser 

Mastersizer X (Malvern Instruments Ltd, Malvern, United Kingdom). A polydisperse 

mode of analysis and a 300 mm lens were used. Starch powder was dispersed in 

isopropyl alcohol in the equipment circulation unit to obtain an obscuration of 15-20%. 

Before measuring, the sample was circulated in the equipment with mechanical shear 

and an ultrasound for 5 minutes to disperse the starch clots. Measurements were taken 

in intervals of 2 minutes. Size distributions were determined at three replications of 

duplicate samples (n = 6). The results were expressed in terms of volume (%) occupied 

by the starch granules, and the classes defined based on the Lindeboom, Chang, & 

Tyler, (2004) classification: large (>25 m), medium (10-25 m), small (5-10 m) and 

very small (< 5 m). 

 

2.5. Colour evaluation 

 

The colour difference was analysed using a Chroma Meter CR-300 Minolta (Osaka, 

Japan) colorimeter and the classification by the CIELAB (1986) system. From L* a* b*, 

the chroma (c*) and hue angle (h
o
) were determined. Colour lightness (value), L* (100: 

white to 0: black), measures how light/dark the colour of the object is; chroma or 

saturation, c* (0–60), measures how dull/ vivid the object colour is; hue angle, hº (0 – 

360º), expresses the characteristic/dominant colour (0 - red/ purple; 90 - yellow; 180 - 

bluish/green). The colour difference (E) was determined by comparison to a while 

standard tile (L* = 97.46; a* = –0.02; b* = 1.72) and using the equation (1). 

E = L*)
2
 + (a*)

2
 + (b*)

2


1/2
     (Eq. 1) 

For reference, a commercial maize (Maizena, Copam, Portugal) starch was used. 

Twenty five individual measurements were performed for each sample. 
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2.6. Fourier-transform infrared (FTIR) spectroscopy 

 

The FTIR spectra of starches separated from the Longal and Martainha chestnuts were 

obtained on a Mattson 7000 spectrophotometer. A finely ground sample was deeply 

mixed with dried potassium bromide powder (KBr) (1:100 in weight) and pressed in a 

die at 10,000 psi to yield a disc. The calibration was carried out using KBr as blank and 

the spectra recorded with a resolution of 4.0 cm
-1

 and 64 scans registered in the 

medium-infrared area, which extends from 4000 to 400 cm
-1

. 

 

2.7. X-ray diffraction 

 

The analysis of the crystalline structure of the starches was carried out in a Philips 

diffractometer (X'Pert MPD, Almelo, Netherlands), using CuK radiation ( = 0.154 

nm) generated at 40kV and 20 mA, at a moisture content between 8 and 10%. The 

sample was scanned through the 2 (diffraction angle) from 3 to 50º at a speed of 

8º/minute. The degree of relative crystallinity was determined following the method 

previously reported by Huang, Schols, et al. (2007) using the follow equation (Eq. 2): 

Crystallinity (%) = Ic/(Ia + Ic) x 100   (Eq 2) 

Where Ia = amorphous area on the X-ray diffractogram, Ic = crystallized area on the 

diffractogram.  

 

2.8. Solid-state NMR 

 

The Longal and Martinha starches were characterized by 
13

C NMR using cross 

polarization and magic angle spinning (CP/MAS). The spectra were obtained from a 

Bruker 500 spectrometer (Bruker, Germany). The spectra were obtained with static 

magnetic field of the 11.7 T. Before NMR measurements samples were kept at 100% 

relative humidity for 48h. The sample was placed in a 4 mm zirconium rotor sealed with 

Kel-FTM caps and placed in rotation at 9 kHz. The acquisition parameters used were as 

follows: proton pulse of 4 μs, contact time of 2 ms, delay of 4 s and 7000 scans. 
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2.9. Statistical analysis 

 

The obtained results were subject to a one-way analysis of variance (ANOVA) 

test using the Statistic vs 6 software. The separation of means or significant difference 

comparison of all parameters was tested by the Tukey’s HSD test. The level of 

significance used for all the statistical tests was 95%.  

 

 

3. Results and discussion 

 

3.1. Morphology of chestnut starch 

 

SEM images and granule size distribution of chestnut starch produced by the two 

isolation methods are shown in Figure 1. Granules are shown to be round and oval in 

shape, exhibiting some fractures. These fractures are more evident in the ENZ method 

for both varieties, suggesting that this method is a more damaging one. Considering the 

variety, there were no significant differences detected among starch particle size 

distributions. The smaller-sized starch granules were about 80% of the total volume 

(maximum size of 18 m) of particles and the mean granule size ranged between 9 to 

13m. Chestnut starch consists of medium/ small granules. Moreover, Wilson, Bechtel, 

Todd, & Seib (2006) classified starch granules into three size ranges: A-type granules 

(> 15 m), B-type granules (5-15 m), and C-type granules (< 5 m). Based on this 

classification, chestnut starch granules should be classified predominantly as B- type 

granules, but some of them are much larger and higher than 62.5 m in diameter. For 

both varieties, the isolation method seems to affect the starch granule sizes since the 

starch isolated by the ENZ method did not show granules larger than 60 m. Thus, it 

can be stated that the alkaline extraction method induces the presence of a larger range 

of starch granules than the enzymatic method, or rather, that during the extraction with 

protease, more granules are lost/ destroyed and removed over to the aqueous phase by 

non-starch polysaccharides (Daiuto, Cereda, Sarmento, & Vilpoux, 2005). 

Isolated chestnut starch appeared to the naked eye as a white powder. Both isolated 

chestnut starches presented high values of L*, those produced by A3S method showed 

the whitest starches (Table 1).  Starches  from  both  varieties  presented  a  predominant  
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Figure 1 – SEM (x 1500) and granule size distribution of chestnut starch: L – Longal; M 

– Martainha; A3S - Alkaline pH and using successively three sieves method; ENZ - 

Enzymatic method.  

 

 

yellow colour (hº values near 90º). The Longal variety produced starches duller than 

Martainha, this aspect was probably related to the colour characteristics of the flour, 

since this trend was also observed for the Longal and Martainha flours (Correia, Leitão, 

& Beirão-da-Costa, 2009). However, the most appropriate colour measurement seems to 

be the E calculation as it clearly puts into evidence major differences between the 

samples. According to Drlange (1994), chestnut starches presented values that are 

classified as distinct (1.5 - 3.0) to very distinct (3.0-6.0). Those results were also 

compared to those shown by a commercial maize starch sample. For the same 

conditions, this starch reference was also classified as very distinct (E value 5.90.12), 

a value higher than those found for chestnut starches. Based on these results, chestnut 

starch may be adequate for the same kind of products where maize starch is used. The 

isolation method seems to affect the colour parameters. The ENZ method presented 
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higher values of the total colour difference parameter and L* (darker) parameter. These 

results could be related to the degree of purity of the isolated starches, since the A3S 

method presented higher purity, when compared with the ENZ method, as mention 

previously. 

 

Table 1 - Colour parameters of chestnut starches. 

Variety Isolation method L* c* hº E 

Longal A3S 96.10,37
a 

3.10.12
b
 91.90.70

c 
1.90,13

b 

ENZ 93.50.19
c 

3.70.11
a 

83.00.62
b 

4.10.14
c 

Martainha A3S 94.10.23
c 

4.30.18
c 

91.80.37
c 

3.10.24
a 

ENZ 93.70.21
b 

4.20.15
c 

87.30,48
a 

4.20.15
c 

Values are mean  standard error of mean 

Means sharing the same letters in columns are not significantly different from each other 

(Tukey’s HSD test, p 0.05). 

 

 

3.2. Fourier transform infrared (FTIR) spectroscopy 

 

The interactions between starch molecules were assessed qualitatively by FTIR. Figure 

2 shows a comparison between the FTIR spectra obtained for the starch granules 

isolated by A3S and ENZ methods for both varieties. No differences can be observed in 

those spectra. The characteristic peaks of occurring starch molecule interactions are 

described in Table 2. As an example, the spectrum of the sample Martainha starch 

isolated by the ENZ method is reported. An absorption peak at 3417 cm
-1

 and 2935 cm
-1

 

should be attributed to the complex vibration stretches associated with free, inter- and 

intra-molecular hydroxyl groups and –CH stretches associated with the ring methine 

hydrogen atoms, respectively. The absorptions at about 1653 cm
-1

 and 1378 cm
-1

 may 

be attributed to H2O bending vibration (Zhang, Zhang et al., 2007; Luo, Huang, Fu, 

Zhang, & Yu, 2009). Three characteristic peaks appeared between 935 and 1160 cm
-1

. 

These peaks were attributed to C–O bond stretching. The peaks at 1085 and 1031 cm
-1

 

were characteristic of the anhydro-glucose ring C–O stretch (Fang et al., 2002; Wu et 
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al., 2009) and at 886 cm
-1

 were associated with the C–H of residual carbons of -

galactose (Freile-Pelegrín, Madera-Santana et al., 2007). The results are similar to those 

obtained for nature potato starch from Luo, Huang, Fu, Zhang, & Yu (2009) and Wu, 

Geng, Chang, Yu, & Ma (2009). 

400900140019002400290034003900

Wavenumber (cm
-1

)

M A3S

M ENZ

L A3S

L ENZ

3417

2935

1653

1427

1378

1160

1085 1031

935

862

 
 

Figure 2 – The FTIR spectra of chestnut starch: L - Longal; M - Martainha; A3S –

Alkaline pH and using successively three sieves method; ENZ – Enzymatic method. 
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Table 2 - The wavenumbers and the corresponding groups of starch in the FTIR 

spectrum of Martainha starch isolated by ENZ method. 

Wavenumbers 

(cm
-1

) 
Bonds Groups in starch by FTIR spectrum 

3417 Str. OH Inter- and intra-molecular 

2935 Str CH Of the anhydroglucose ring 

1653, 1378 H2O In the starch and strictly bonded 

1160, 1085 Str Co of COH 
OH group of starch takes part in the 

hydrogen bond formation 

1031, 935 Str CO of COC Group in the anhydroglucose ring 

862 C-H Residual carbons of -galactose 

 

 

 

3.3. X-ray diffraction 

 

Starch is a semi-crystalline material and this structure can be identified through 

characteristic X-ray diffraction patterns. Four major types of X-ray patterns of native 

starches, designated as A, B, C, and V, have been identified (Zobel, 1988). The A-type 

is characteristic of most starches of cereal origin; the B-type of potato, root starches and 

amylomaize starches; the C-type of smooth pea and various bean starches (Liu, 2005). 

The V-type appearing after starch gelatinization, in contrast with the double helical 

nature of the A and B crystal structures, has been described to arise from single amylose 

helices, and some of them are complex with endogenous granular lipids or related 

compounds (Liu, 2005; Morrison, 1993).  

The X-ray diffraction patterns of starches from chestnuts are presented in Figure 3. This 

figure also shows the corresponding X-ray diffraction parameters and crystallinity level 

calculated from the ratio of diffraction peak area and total diffraction area. 
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Figure 3 – X-ray diffraction patterns of chestnut starch: 

L – Longal;  M – Martainha; A3S - Alkaline 

pH and using successively three  sieves method; 

LSE - Enzymatic method; DC – Crystallinity Degree (%). 

Data with the same superscript letter are 

not significantly different (p < 0.05).

CD = 34.81.6%b

CD = 31.50.9%a

CD = 36.01.1%b

CD = 34.50.6%b

17.0
21.8

14.6

16.8

19.5

22.0 23.6

17.0

19.4

21.9

14.9

17.0

19.6

22.2 23.9

19.8

23.2

23.1

15.2

5.6

5.4

 

Figure 3 – X-ray diffraction patterns of chestnut starch: L – Longal; M – Martainha; 

A3S - Alkaline pH and using successively three sieves method; LSE - Enzymatic 

method; DC – Crystallinity degree (%). Data with the same superscript letter isnot 

significantly different (p < 0.05). 
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Chestnut starch exhibits a C-type X-ray pattern, a mixture of “A” and “B” unit cells, the 

polymorphs were present in varying proportions (Gernat, Radosta, Damaschun, & 

Schierbaum, 1990). The “B” X-ray pattern was characterised by peaks at diffraction 

angles around 5.6º, 15º, 17º, 20º and doublet peak at 22-24º, like some legumes starches 

and potato starches (Jayakody, Lan et al., 2007; Singh, Nakaura, Inouchi, & Nishinari, 

2008). On the other hand, pure A-type starches such as wheat and maize do not show 

the 2  peak at 5.6º and exhibit a shoulder at 2  = 18º, a unique peak around 2  =23º 

instead of the doublet 2  = 22-24º, and an increase in the relative intensity of the band 

at 2  = 15º (Jayakody, Lan et al., 2007). The double helical structures are essentially 

the same, both in the A- and B-type crystalline forms, but the packing of the helices in 

the A-type crystalline structure is more compact than in B-type crystallites, which have 

a more open structure with a hydrated core (Imberty, Buléon, Tran, & Perez, 1991). 

These 2  values were also encountered for other C-type X-ray pattern in legume 

starches, such us black beans, lentil and pinto beans and smooth peas (Zhou, Hoover, 

Liu, 2004). Hizukuri, Fujii, & Nikuni (1960) classified the C-type spectrum into Ca, Cb, 

and Cc based on their resemblance to A and B-type or between the two types, 

respectively. Basis on this, the X-ray spectra of chestnut starches could be classified as 

Cb types because the peaks related with this type of starch are more intense (Figure 3). 

The presence of a peak at 2  near 20º indicates the occurrence of crystalline amylose-

lipid complexes (Yang, Jiang, Prasad, Gu, & Jiang, 2010). Furthermore, the presence of 

this peak has been observed in high amylose maize (V and VII) starches and low 

amylopectin maize starches (Shi, Capitani, Trzasko, & Jeffcoat, 1998). This pattern is 

also a characteristic of Longal and Martainha starches (Figure 3). 

The relative crystallinity of chestnut starch presented values between 31.5% and 36.0%. 

the Longal variety presented the lowest values and seems to be dependent of the 

isolation method, since the degree of crystallinity varied significantly. The ENZ method 

conducted a decrease in starch crystallinity, meaning that its original structure could be 

changed or partially destroyed. In general, the differences in relative crystallinity 

between starches have been attributed to: (1) crystal size, (2) amount of crystalline 

regions (influenced by amylopectin content and chain length), (3) orientation of the 

double helices within the crystalline domains, (4) extent of interaction between double 

helices (Hoover & Ratnayake, 2002). 
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3.4. Solid-state NMR 

 
13

C CPMAS NMR is very helpful to understand structural differences between samples 

that have similar nature (Billiaderis & Zawistowski, 1990). The starch granule structure 

consists of two types of helices from amylopectin side chains: (1) helices that are 

packed in regular arrays form crystallinity, which can be measured by both X-ray 

diffraction and 
13

C CP/MAS solid state NMR, and (2) helices that are not packed in 

regular form cannot be detected by X-ray diffraction but can still be detected by 
13

C 

CP/MAS solid state NMR (Cooke & Gidley, 1992). It is therefore not surprising that 

estimates of order proportion by NMR spectroscopy are considerably higher than those 

obtained from X-ray diffraction. 

13
C CP/MAS C1 resonance contains information both on the crystalline nature as well 

as the non-crystalline (but rigid) chains. The multiplicity of the C1 resonance 

corresponds to the packing type of the starch granules in the region (99 – 104 ppm) 

intensity. For A-type starch, maltotriose is the repeat unit and the twofold axis generates 

the double helix leading to three different environments for C1 , therefore the C1 peak 

in A-type starch spectra is a triplet (~102, 101 and 100 ppm) (Atichokudomchai, 

Varavinit, & Chinachoti, 2004). For B-type starch, maltose is the repeat unit and the 

threefold screw axis generates the double helix providing two different environments 

for C1, thus the C1 peak in B-type starch spectra is a doublet (~101 and 100 ppm) 

(Gidley & Bociek, 1985; Veregin, Fyfe, Marchessault, & Taylor, 1986). Signal at 81-84 

ppm is attributed to C4 and the overlapping signal around 71–75 ppm is associated with 

C2, C3 and C5. The 
13

C CP/MAS NMR Longal and Martainha chestnuts are presented 

in Figure 4. 
13

C chemical shift values for all resolved signals are given in Table 3. From 

the results, it may be assessed that Longal and Martainha starch structures are similar. 

However, the isolation methods clearly affected both varieties. Since C-type starches 

have both A-and B-type crystallites, it can be suggested that the resonances in the 

spectrum mainly depend on the relative proportions of A- or B-allomorph in the sample 

(Bogracheva, Wang, & Hedley, 2001). These assignments of the resonances are based 

on the literature reported chemical shifts (Bogracheva, Wang, & Hedley, 2001; Gidley 

& Bociek, 1985; Veregin, Fyfe, Marchessault, & Taylor, 1986). 
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Figure 4 - 13C CP/MAS NMR spectra of chestnut starch: L - Longal; M -

Martainha; A3S – Alkaline pH and using successively three sieves method; 

LSE – Enzymatic method.

 

Figure 4 - 
13

C CP/MAS NMR spectra of chestnut starches. L – Longal; M – Martainha; 

A3S – Alkaline pH and using successively three sieves method; LSE – Enzymatic 

method. 

 

Signals at 99–104 and 58–65 are attributed to C1 and C6 in hexapyranoses, 

respectively. As described above, the C1 resonances for A3S method, in both chestnut 

varieties, indicates that B-type allomorph is actually predominant in the chestnut starch 

isolated by this method whereas a typical A-type characteristic can be found in the ENZ 

method. The two broad shoulders at ~ 103 and ~ 82 ppm resonances could arise from 

the amorphous domains for C1 and C4 (Wang, Yu, Zhu, Yu, & Jin, 2009). Such 

assignment was based on the fact that these broad resonances are absent in the A- and 

B-type crystal spectra, but present dominantly in that from amorphous samples 

(Veregin, Fyfe, Marchessault, & Taylor, 1986). The overlapping signal around 72 and 
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74 ppm is associated with C2, C3 and C5 and the resonance at 61.4 ppm is assigned to 

C6. Apart from the peaks above, the weak peak that appears at 94.5 ppm could be 

attributed to high-energy, twisted conformations remote from those characteristic of 

single helices (102–103 ppm) and double helices (99–101 ppm) (Wang, Yu, Zhu, Yu, & 

Jin, 2009). 

 

Table 3 - 
13

C CP/MAS NMR chemical shifts of Longal and Martainha. 

Starch sample* 
Chemical shifts (ppm) 

C1 C4 C2, 3, 5 C6 

LA3S 
103.3 

100.9 
81.8 

72.0 

74.9 
61.4 

LENZ 

102.6 

100.2 

99.8 

80.7 
71.8 

74.8 
61.4 

MA3S 
103.2 

100.9 
81.5 

72.1 

75.2 
61.4 

MENZ 

102.8 

100.8 

99.5 

81.9 
71.8 

74.6 
61.4 

* L - Longal; M - Martainha; A3S –Alkaline pH and using successively three sieves method; 

ENZ – Enzymatic method. 

 

On the whole, three remarkable differences are observed in the 
13

C CP/MAS NMR 

patterns for chestnut starch isolated by the A3S and ENZ methods. Firstly, the intensity 

of C-1 and C-4 amorphous resonances seems to be smaller in the ENZ method than in 

the A3S method (Figure 4). In general, amorphous compounds give broad resonances as 

the distribution of local molecular environment give rise to a broad distribution of 

chemical shifts for each carbon. Ordered materials show narrower resonances due to 

more regularity of the environment (Gidley & Bociek, 1985; Veregin, Fyfe, 

Marchessault, & Taylor, 1986), reflecting the stricter polymer configurations in the 

ordered parts of the starch (Paris, Bizot, Mery, Buzare, & Buléon, 1999). The decrease 
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of the resonances is due to the decrease in the amount of amorphous phases in the starch 

granules, which leads to more crystalline material in the compounds obtained by the 

A3S method. This conclusion matches with the obtained in X-ray diffraction results. 

The second difference is that the characteristic resonances (doublet) for B-type 

crystallites in the compounds prepared by the A3S method gives place to a triplet for A-

type crystallites in the compounds prepared by the ENZ (Figure 4). This is due to the 

symmetry of the double helices that differs in A and B structures, since the repeated unit 

is a maltotriose in the A form and in the B form is maltose the repeat unit (Imberty, 

Buléon, Tran, & Perez, 1991). The last notable discrepancy is the resonance changes for 

C-2, C-3 and C-5, the overlapping strong signal around 72–75 ppm associated with C-2, 

C-3 and C-5 splits into two well-resolved signals (two shoulder peaks) at ~ 72 ppm and 

~ 75 ppm in the compounds prepared by the ENZ. 

The three differences above in the 
13

C CP/MAS NMR patterns between these methods 

leads to an important piece of information on the structure of the compounds obtained 

by the A3S method opposed to the ENZ method: the amorphous phase in the starch 

granules decrease and the B-type allomorph in the C-type starch granules is more 

evident than the A-type. Thus, the isolation conditions seem to affect the structure of 

starch. 

Previously, for X-ray diffraction results, it was noticed that the ENZ method conducted 

a decrease in starch crystallinity, meaning that its original structure could be changed or 

partially destroyed. This is in accordance with the encountered differences on 

polymorphic forms of starch crystalline structures of starch isolated by A3S and ENZ 

methods. The structure of isolated chestnut starches could be related with the chain 

length of amylopectin remains after starch isolation. The A-type starch crystallites are 

formed from shorter chain (A-chains with dp of 6-12) and the B-type starch crystallites 

from longer chain (Jane Wong, & McPherson, 1997; Liu, 2005). Thus, it seems that the 

amylopectin present on A3S starch is formed by a higher level of long chains, possible 

to a higher lixiviation of short chains and/ or a higher preservation of crystalline 

structure during starch isolation. Furthermore, the A-type starch crystallites are believed 

to be formed in warmer conditions with denser crystalline packing, whereas B-type 

starch crystallites are formed in wet and cold conditions with less dense crystalline 

packing (Liu, 2005). This requirements for formation of A and B-type starch crystallites 

are in accordance with our starch isolation conditions, on A3S method flour was soaked 
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at 5 ºC and on ENZ method flour was incubated at 37 ºC. In spite of these, some authors 

mentioned that starch granular structure in general is not fully understood, and there is 

even less understanding about the granular structure of C-type starches (Wang, Yu, Zhu, 

Yu, & Jin, 2009). 

 

4. Conclusion 

 

In general, starch isolated from the two studied varieties, Longal and Martainha, seems 

to have similar morphology and structure. Chestnut starch granules were found to be 

round and oval in shape, consisting of medium/ small granules classified predominantly 

as B- type granules. Chestnut starches could be classified as a Cb types, with a high 

relative crystallinity value, more than 30% and they presented similar interactions 

between starch molecules. However, starch properties are significantly affected by 

isolation methods. Starch isolated by A3S method presented high range of granule sizes, 

more than 60 m. In spite of the interactions between molecules in starch granule being 

similar for both extraction methods, the structure of the granules was significantly 

different. The presence of crystalline amylose-lipid complexes were found, being more 

intense in starches isolated by ENZ method, which is probably due to the higher content 

of lipids in those starches. Generally, no significant differences were observed 

considering the crystallinity degree of starch granules determined by XRD, but some 

differences were observed in the 
13

C CP/MAS NMR patterns for chestnut starch 

isolated by the A3S and ENZ methods. The intensity of C-1 and C-4 amorphous 

domains resonances was smaller in ENZ method than in the A3S method. The C1 

resonances indicate that B-type allomorph is predominant in the chestnut starch isolated 

by A3S method whereas a typical A-type characteristic can be found in the ENZ 

method, and that starch isolated by the last method presented less compact crystalline 

structure of the double helices. 

Since isolation methods induce structural differences between the isolated chestnut 

starches, it is possible to determine that the functional properties will be also different, 

leading to different industrial applications. 
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Abstract 

Structure and morphology of starch from fruits of two acorns species, Quercus 

rotundifolia Lam. (QR) and Quercus suber Lam. (QS), isolated by alkaline (A3S) and 

enzymatic (ENZ) methods were studied. Acorn starches granules were found to be 

round and oval in shape, consisting of medium/ small granules, with a mean granule 

size ranging between 9 to 13m. Isolated acorn starches appeared to the naked eye as a 

light greyish-brown colour powder, with high values of L* for starches isolated by ENZ 

method, and QR starches were duller than QS. No differences were observed for all the 

samples in FTIR spectra results. The X-ray patterns of isolated starches are a C-type 

pattern, with a relative crystallinity between 43.1% and 46.6%. The 
13

C CP/MAS NMR 

spectra are similar for both acorn species but different for the used isolation methods. 

However, acorn starches presented a predominant A-type allomorph packing type, and 

the A3S starches showed a higher degree of crystalline material. Those differences in 

the structure of isolated starches would be helpful to better understand the relationships 

among structure and functional properties for a possible potential industrial application 

of chestnut starches. 

 

Keywords: acorn starch, morphology, X-ray, RMN, FTIR 
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1. Introduction 

 

Quercus suber Lam. and Quercus rotundifolia Lam. forests are particularly abundant in 

Spain and Portugal, but they can also be found in Greece, Italy and France (Grove & 

Rackham, 2001). Most of the fruit production goes to animal feeding, mainly Iberic pig. 

These fruits are also consumed in other European countries, as referred by Rakic et al. 

(2006), and there are many different kinds of commercially available processed acorn 

products, including breads cakes, soups, snacks, noodles and jelly, which are comprised 

principally of acorn flours (Kim & Yoo, 2009). The use of acorn flour for human 

nutrition is also traditional in the Iberian Peninsula. Ribeiro (1992) referred that 

primitive Lusitanian people (III-I b.C. centuries) feeding was based on oats porridge, 

dark bread and acorn flour. Nowadays, in Portugal, there are some uses of acorn flours 

in traditional recipes. However, the valorisation of under exploited resources is now a 

major trend in order to improve sustainability of agri-food chain. Starch is the main 

component of QR and QS acorns, 48% and 49% respectively, providing a potential 

alternative to traditional starchy raw materials. Starch is an important material both in 

food and non food industries. In order to enhance starches uses it is important to find 

new potentialities of these materials and so further studies are needed. 

Starches are semi-crystalline polymers of amylose and amylopectin. The starch 

polymers are packed in granules containing crystalline and amorphous regions, which 

have been shown by several methodologies, including electron microscopy. Starch 

granules can vary greatly with regard to fractions relationships, structure and 

organization of the amylose and amylopectin molecules, branching architecture of 

amylopectin, and degree of crystallinity (Lindeboom, Chang, & Tyler, 2004). 

Generally, it is accepted that amylopectin structure is constituted by short branches, 

forming double helices, which in a great extent are organized into crystallites (Manners, 

1989). It is also believed that amylose forms part of the amorphous regions. The 

structure of amylose and amylopectin, and the form and crystallinity of starch granules, 

have been extensively studied using many complementary approaches. One of them is 

small-angle scattering techniques that measure differences in electron density 

distribution, and diffraction techniques indicative of crystallinity of the material 

(Copeland, Blazek, Salman, & Tang,, 2009). Moreover, regarding the crystallites, it has 

been shown by X-ray diffraction (XRD) that they can assume in native starch granules 
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two main types, A- and B-types, differing in their single cell unit parameters and in the 

amount of structural water (Imberty, Buléon, Tran, & Perez, 1991). Spectroscopic 

methods such as nuclear magnetic resonance and Fourier transformed infra-red 

spectroscopy are other approaches used to obtain structural information on starch. These 

tools provide explicit information on the molecular constituents and their organization 

in starch granules. 

The main objective of the present work is to contribute to a deeper knowledge about 

acorn starch structures, and so to better understand the related functional properties. 

This information would be very useful to a proper industrial application of these non 

conventional and underexploited starch sources. 

 

2. Materials and Methods 

 

2.1. Materials 

 

Acorns from Quercus rotundifolia (QR) and Quercus suber (QS) were collected in 

“montados” located in Idanha-a-Nova. Three sets of 1 kg of each acorn fruits were 

randomly harvested at maturity stage, stored, dried and milled as previously reported by 

Correia, Leitão & Beirão-da-Costa (2009). 

 

2.2. Starch extraction methods 

 

Starch was isolated from acorn flours following two methods: 

(1) - Alkaline pH using successively three sieves (A3S)  

Flours (120 g) were soaked in 2 volumes of 0.25% NaOH at 5ºC for 24 hours. 

Suspensions were homogenized and screened through a 180 m sieve. The procedure 

was than repeated twice. The precipitate was screened successively in a 75 and 53 m 

sieves. The mixture was centrifuged in a Universal 16 centrifuge (Hettich Zentrifugen 

Company, Germany) at 800xg/ 15 minutes, the mucilaginous layer scraped away and 

the precipitate was than suspended in water. The last step was repeated twice. Isolated 

starches dried for two days at 40ºC in a FD 115 Binder ventilated drying chamber (with 

an air flow of 300m
3
/hour). 

The purity of isolated starches was 98.1% and 98.0% for Q. suber and Q. rotundifolia 

respectively. 
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(2) – Enzymatic method (ENZ) 

Protease from Aspergillus oryzae was purchased from Sigma Chemical Co. One unit of 

protease was defined as the amount of enzyme that liberated 1.0 mol of tyrosine per 

minute from casein at pH 7.5 at 37ºC. Protease was added (900 units) to 120 g 

individual flours. Water was added (360 ml), the slurry adjusted to pH 7.5 (with 0.1 M 

NaOH or 0.1 M HCl) and allowed to incubate at 37ºC for a period of 2 hours. The slurry 

was then centrifuged at the same conditions mention previously. The starch fraction was 

suspended, washed with water (200 ml) and filtered through a 53 m sieve. The filtrate 

was centrifuged. The supernatant and tailings were discarded and starch dried as 

reported above. 

The purity of isolated starches was 97.6% and 97.8% for Q. suber and Q. rotundifolia 

respectively. 

 

2.3. Scanning electron microscopy 

 

Scanning electron micrographs (SEM) of isolated starches were obtained with an ISI-D 

130 scanning electron microscope (International Scientific Instrument). Starch samples 

were applied on an aluminium stub using double-sided adhesive tape and the starch 

coated with gold-palladium (80:20). An accelerating voltage of 10 kV was used.  

 

2.4. Particle size and distribution analysis 

 

The sizes of starch granules were determined by a laser particle size analyser 

Mastersizer X (Malvern Instruments Ltd, Malvern, United Kingdom). A polydisperse 

mode of analysis and a 300 mm lens were used. Starch powder was dispersed in 

isopropyl alcohol in the equipment circulation unit to attain an obscuration of 15-20%. 

Before measuring, the sample was circulated in the equipment with mechanical shear 

and ultrasound for 5 minute to disperse the starch clots. Measurements were taken at 2 

minutes intervals. Size distributions was determined at three replications of duplicate 

samples (n = 6). Results were expressed in terms of volume (%) occupied by starch 

granules, and the classes defined based on Lindeboom, Chang, & Tyler (2004) 

classification: large (>25 m), medium (10-25 m), small (5-10 m) and very small (< 

5 m). 
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2.5. Colour evaluation 

 

Colour difference was analysed using a Chroma Meter CR-300 Minolta (Osaka, Japan) 

colorimeter and the classification by CIELAB (1986) system. From L* a* b*, chroma 

(c*) and hue angle (h
o
) were determined. Colour lightness (value), L* (100: white to 0: 

black), 

measures how light/dark is the colour of the object; chroma or saturation, c* (0–60), 

measures how dull/ vivid is the object colour; hue angle, hº (0 – 360º), express the 

characteristic/dominant colour (0 - red/ purple; 90 - yellow; 180 - bluish/green). Colour 

difference (E) was determined by  comparison to  a while standard tile (L* = 97.46;  

a* = –0.02; b* = 1.72) and using the equation (1): 

E = L*)
2
 + (a*)

2
 + (b*)

2


1/2
     (Eq. 1) 

As reference a commercial maize (Maizena, Copan, Portugal) starch was used. 

Twenty five individual measurements were performed for each sample. 

 

2.6. Fourier transform infrared (FTIR) spectroscopy 

 

The FTIR spectra of starches separated from the Q. rotundifolia and Q. suber were 

obtained on a Mattson 7000 spectrophotometer. A finely ground sample was deeply 

mixed with dried potassium bromide powder (KBr) (1:100 in weight) and pressed in a 

die at 10,000 psi to yield a disc. The calibration was carried out using KBr as blank and 

the spectra recorded with a resolution of 4.0 cm
-1

 and 64 scans registered in the 

medium-infrared area, which extends from 4000 to 400 cm
-1

. 

 

2.7. X-ray diffraction 

 

The analysis of the crystalline structure of the starches was carried out in a Philips 

diffractometer (X'Pert MPD, Almelo, Netherlands), using CuK radiation ( = 0.154 

nm) generated at 40kV and 20 mA, at a moisture content between 8 and 10%. The 

sample was scanned through the 2 (diffraction angle) from 3 to 50º at a speed of 

8º/minute. The degree of relative crystallinity was determined following the method 

previously reported by Huang et al. (2007) using the follow equation (Eq. 2): 

Crystallinity (%) = Ic/(Ia + Ic) x 100   (Eq 2) 
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Where Ia = amorphous area on the X-ray diffractogram, Ic = crystallized area on the 

diffractogram.  

 

2.8. Solid-state NMR 

 

The Q. rotundifolia and Q. suber starches were characterized by 
13

C NMR using cross 

polarization and magic angle spinning (CP/MAS). The spectra were obtained from a 

Bruker 500 spectrometer (Bruker, Germany). The spectra were obtained with static 

magnetic field of the 11.7 T. Before NMR measurements samples were kept at 100% 

relative humidity for 48h. The sample was placed in a zirconium rotor sealed of 4 mm 

with Kel-FTM caps and placed in rotation at 9 kHz. The acquisition parameters used 

were as follows: proton pulse of 4 μs, contact time of 2 ms, delay of 4 s and 7000 scans.  

 

2.9. Statistical analysis 

 

Experimental data was subjected to a one-way analysis of variance (ANOVA) 

test using the Statistic vs 6 software. The separation of means or significant difference 

comparison of all parameters was tested by Tukey’s HSD test. The level of significance 

used for all the statistical tests was 95%.  

 

3. Results and discussion 

 

3.1. Morphology of acorn starches 

 

Isolated acorn starches appeared to the naked eye as a powder having a light greyish-

brown colour. Starches isolated by ENZ method presented higher values of L*, meaning 

that they were whitest (Table 1). Starches presented a yellow predominant colour (hº 

values near 90º). QR produce starches duller than QS and the A3S methods presented 

the higher values. Furthermore, some of these aspects are probably related to colour 

characteristics of the origin flours, since this tendency was also observed for QR and QS 

flours (Correia, Leitão, & Beirão-da-Costa, 2009). The E calculation clearly puts in 

evidence major differences between samples. According to Drlange (1994) acorns 

starches presented values that are classified as great (between 6.0 and 12.0) to very great 

colour difference (more than 12). Based on these results, acorn starches showed not to 

be recommended for use in products requiring light uniform colour, but they could find 
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applications in baked goods (e. g. cookies, donuts) that are not affected by starch colour. 

The isolation method seems to affect the colour parameters. Starches produced by A3S 

method presented higher values of total colour difference parameter and lower L* 

values, probably due to the lower efficiency to extract and eliminate some compounds 

formed during the drying process of the respective fruits, such us those resulting from 

Maillard reaction. 

 

Table 1 - Colour parameters of acorn starches. 

Variety Isolation method L* c* hº E 

QR A3S 85.80.30c 14.00.22b 93.10.22a 16.90.25b 

ENZ 90.70.30a 9.40.18d 92.30.21b 10.20.24d 

QS A3S 83.20.24d 15.00.18a 93.00.18a 19.50.11a 

ENZ 87.80.19b 13.30.14c 92.20.13b 15.10.16c 

Values are mean  standard error of mean 

Means sharing the same letters in columns are not significantly different from each other 

(Tukey’s HSD test, p 0.05). 

 

SEM images and granule size distribution of acorn starches produced by the two 

isolation methods are shown in Figure 1. Granules showed to be round and oval in 

shape, exhibiting some fractures. By images analysis is not possible to establish 

differences on the isolation method effects. Acorn starches consist of medium/ small 

granules, with starch granules size lower than 18 m, representing about 80% of the 

total volume of particles, with about 25% of volume granules lower than 5 m. The 

mean granule size ranged between 9 to 13m. These were also found for other acorn 

starches (Cho & Kim, 2000; Stevenson, Jane, & Inglett, 2006). Wilson et al. (2006) 

used a different size scale were starch granules are classified in three size ranges: A-

type granules (> 15 m), B-type granules (5-15 m), and C-type granules (< 5 m). 

Based on this classification acorn starch granules should be classified predominantly as 

B- type granules. However, QS starch showed a higher range of sizes, with some 

granules larger than 60.0 m in diameter. Soni, Sharma, Dun, & Gharia, (1993) also 
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observed for acorn starch granules from Q. leucotrichophora large in diameter. ENZ 

method seems that had removed/ destroyed larger granules when compared to granule 

size distribution showed by A3S method. This effect was also reported by other authors 

in their researches (Daiuto, Cereda, , Sarmento, & Vilpoux, 2005). From the results it 

evident that granule diameter of acorn starch varies greatly depending on species and 

starch isolation methods. 

0

5

10

15

20

25

30

35

0
.0

 -
 5

.0

5
.0

 -
 9

.0

9
.0

 -
 1

3

1
3

 -
 1

8

1
8

 -
 2

4

2
4

 -
 3

0

3
0

 -
 4

5

4
5

 -
 6

0

6
0

 -
 8

5

8
5

 -
 1

0
0

>
 1

0
0

Particle size ()

V
o

lu
m

e
 (

%
)

0

10
20

30
40

50

60
70

80
90

100

In
te

g
ra

te
 v

o
lu

m
e

 (
%

)

0

5

10

15

20

25

30

35

0
.0

 -
 5

.0

5
.0

 -
 9

.0

9
.0

 -
 1

3

1
3

 -
 1

8

1
8

 -
 2

4

2
4

 -
 3

0

3
0

 -
 4

5

4
5

 -
 6

0

6
0

 -
 8

5

8
5

 -
 1

0
0

>
 1

0
0

Particle size ()

V
o

lu
m

e
 (

%
)

0

10

20
30

40

50

60

70
80

90

100

In
te

g
ra

te
 v

o
lu

m
e

 (
%

)

0

5

10

15

20

25

30

35

0
.0

 -
 5

.0

5
.0

 -
 9

.0

9
.0

 -
 1

3

1
3

 -
 1

8

1
8

 -
 2

4

2
4

 -
 3

0

3
0

 -
 4

5

4
5

 -
 6

0

6
0

 -
 8

5

8
5

 -
 1

0
0

>
 1

0
0

Particle size ()

V
o

lu
m

e
 (

%
)

0

10
20

30

40
50

60

70

80
90

100

In
te

g
ra

te
 v

o
lu

m
e

 (
%

)

0

5

10

15

20

25

30

35

0
.0

 -
 5

.0

5
.0

 -
 9

.0

9
.0

 -
 1

3

1
3

 -
 1

8

1
8

 -
 2

4

2
4

 -
 3

0

3
0

 -
 4

5

4
5

 -
 6

0

6
0

 -
 8

5

8
5

 -
 1

0
0

>
 1

0
0

Particle size ()

V
o

lu
m

e
 (

%
)

0

10

20
30

40

50

60

70
80

90

100

In
te

g
ra

te
 v

o
lu

m
e

 (
%

)
Particle size (m)

V
o

lu
m

e
 (

%
)

In
te

g
ra

te
v
o

lu
m

e
 (

%
)

QR

A3S

QS

A3S

QR

ENZ

QS

ENZ

Figure 1 – SEM (x 1500) and granule size distribution of acorn starch: QR – Q. 

rotundifolia; QS – Q. suber; A3S - Alkaline pH and using successively three sieves 

method; ENZ - Enzymatic method.  

 

 

3.2. Fourier transform infrared (FTIR) spectroscopy 

 

FTIR analysis is a powerful tool to analyze, in a qualitative way, the interactions 

between  starch  molecules.  Figure 2  shows  a  comparison  between  the  FTIR  

spectra obtained  for  the  acorns  starch  granules  isolated  by  A3S and ENZ  methods. 



Correia et al. 

Carbohydrate Polymers (submitted; CARBPOL-D-10-01559) 

_____________________________________________________________________________ 

 

______________________________________________________________________ 

 

179 

400900140019002400290034003900

u (cm-1)

QSENZ

QRA3S

QRENZ

QSA3S

3436

2935

1648

1423

1376

1160
1085

1033

933

862

 

Figure 2 – The FTIR spectra of acorn starch: QR – Q. rotundifolia; QS – Q. suber; A3S 

- Alkaline pH and using successively three sieves method; ENZ - Enzymatic method. 

 

 

No differences can be observed in those spectra. The characteristic peaks of starch 

molecules interactions are described in Table 2, and as an example, the spectra of the 

sample Q. suber isolated by the ENZ shown in Figure 2. Absorption peak at 3436 cm
-1

 

and 2935 cm
-1

 should be attributed to the complex vibration stretches associated with 

free, inter- and intra-molecular hydroxyl groups and –CH stretches associated with the 

ring methine hydrogen atoms, respectively. The absorptions at about 1648 cm
-1

 and 
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1376 cm
-1

 may be attributed to H2O bending vibration (Zhang et al., 2007; Luo, Huang, 

Fu, Zhang, & Yu, 2009). Three characteristic peaks appeared between 933 and 1160 

cm
-1

, and they were attributed to C–O bond stretching. The peaks at 1085 and 1033 cm
-1

 

are characteristic of the anhydro-glucose ring C–O stretch (Fang, Fowler, & 

Tomkinson, 2002; Wu, Geng, Chang, Yu, & Ma, 2009) and at 862 cm
-1

 associated with 

the C–H of residual carbons of -galactose (Freile-Pelegrín et al., 2007). The results are 

similar to those obtained for native potato starch from Luo and Wu (Luo, Huang, Fu, 

Zhang, & Yu, 2009; Wu, Geng, Chang, Yu, & Ma, 2009). 

 

Table 2 - The wavenumbers and the corresponding groups of starch in the FTIR 

spectrum of QS ENZ. 

Wavenumbers 

(cm
-1

) 
Bonds Groups in starch by FTIR spectrum 

3436 Str. OH Inter- and intra-molecular 

2935 Str CH Of the anhydroglucose ring 

1648, 1376 H2O In the starch and strictly bonded 

1160, 1085 Str Co of COH 
OH group of starch takes part in the 

hydrogen bond formation 

1033, 933 Str CO of COC Group in the anhydroglucose ring 

862 C-H Residual carbons of -galactose 

 

 

3.3. X-ray diffraction 

 

The X-ray diffraction patterns of starches from acorns are presented in Figure 3, 

showing also the corresponding X-ray diffraction parameters and crystallinity degree 

calculated from the ratio of diffraction peak area and total diffraction area. 

Acorn starch exhibits a X-ray pattern where the polymorphs were present in varying 

proportions, whit a strongest diffractions peaks at 2 of about 17º and 23º, and a few 

small peaks at around 15º, 20º and 26º. This patterns may be classified as a C-type X-

ray pattern (a mixture of “A” and “B” unit cells), but more clearly related to B-type. The 
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“B” X-ray pattern is characterized by peaks at diffraction angles around 5.6º, 15º, 17º, 

20º and 23º, like some legumes starches and potato starches (Jayakody et al., 2007; 

Singh, Nakaura, Inouchi, & Nishinari, 2008). On the other hand, pure A-type starches 

such as wheat and maize do not show the 2 peak at 5.6º and exhibit a shoulder at 2 = 

18º, a unique peak around 2 =23º instead of the doublet 2 = 22-24º, an increase in the 

relative intensity of the band at 2 = 15º (Jayakody et al., 2007), and at 27º (Yu, 2008). 

A- and B-types starches presented the same double helical conformation but different 

packing arrangement, being the A-type denser and with less intra-crystalline water 

content (Wang, Yu, Zhu, Yu, & Jin, 2009). Furthermore, the same authors mention that 

C-type starches presented X-ray diagrams more complexes and they are a combination 

of A- and B-type constituents, which the amount of each of these depending on the 

sample origin. Hizukuri, Fujii, & Nikuni (1960) classified the C-type spectrum into Ca, 

Cb, and Cc based on their resemblance to A and B-type or between the two types, 

respectively. On this basis, the X-ray spectra of acorn starches could be classified as a 

Cb types because the peaks related with this type of starch are more intense, as 

mentioned previously. The presence of a peak at 2 near 20º indicates the occurrence of 

crystalline amylose-lipid complexes (Yang, Jiang, Prasad, Gu, & Jiang, 2010). The 

complex amylose-lipids are more evident on starches isolated by A3S method, which 

means that this method is less affective in destroying these complexes. Furthermore, the 

type of X-ray diffraction patterns of acorn starches seems to be dependent of acorn 

species because Steverson, Jane, & Inglett (2006) observed a A-type pattern for pin oak 

acorn starches and Kim & Lee (1976) reported acorn starch has B-type.  

Concerning crystallinity, no significant differences are presented between acorn 

starches, showing high percentage of this parameter, when compared for example to pin 

oak acorn starch (Stevenson, Jane, & Inglett, 2006). QR starches showed higher 

crystallinity values, and the A3S method produced also starches with higher degree of 

crystallinity, which could mean that its original structure is less disturbed.  
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Figure 3 – X-ray diffraction patterns of acorn starches: QR – Q. rotundifolia; 

QS – Q. suber; A3S - Alkaline pH and using successively three  sieves 

method; LSE - Enzymatic method; DC – Crystallinity degree (%). Data

with the same superscript letter are not significantly different  (p < 0.05).
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Figure 3 – X-ray diffraction patterns of acorn starches: QR – Q. rotundifolia; QS – Q. 

suber; A3S – Alkaline pH and using successively three sieves method; LSE – 

Enzymatic method; CD – Crystallinity degree (%). Data with the dame superscript letter 

are not significantly different (p< 0.05). 



Correia et al. 

Carbohydrate Polymers (submitted; CARBPOL-D-10-01559) 

_____________________________________________________________________________ 

 

______________________________________________________________________ 

 

183 

3.4. Solid-state NMR 

 

Molecular order in starch granule is composed by two types of helices from 

amylopectin side chains: (1) helices that are packed in regular arrays form crystallinity, 

which can be measured by both X-ray diffraction and 
13

C CP/MAS solid state NMR, 

and (2) helices that are not packed in regular form or packed in the short-range distance 

and cannot be detected by X-ray diffraction but can still be detected by 
13

C CP/MAS 

solid state NMR (Cooke & Gidley, 1992). It is therefore not surprisingly that estimates 

of order proportion by NMR spectroscopy are considerably higher than those of 

obtained from X-ray diffraction. 

Figure 4 summarises the 
13

C CP/MAS NMR spectra of starch Q. rotundifolia and Q. 

suber. 
13

C chemical shift values for all resolved signals are given in Table 3. 

Assignments of resonances are consistent with literature data (Gidley & Bociek, 1985; 

Veregin, Fyfe, Marchessault, & Taylor, 1986; Atichokudomchai, Varavinit, & 

Chinachoti, 2004; Bogracheva, Wang, & Hedley, 2001; Wang, Yu, Zhu, Yu, & Jin, 

2009). Signal of C1 resonance contains information both on the crystalline nature as 

well as the non-crystalline (but rigid) chains. The multiplicity of the C1 resonance 

corresponds to the packing type of the starch granules in the region (99 – 104 ppm) 

intensity. For A-type starch, maltotriose is the repeat unit and the twofold axis generates 

the double helix leading to three different environments for C1 , thus the C1 peak in A-

type starch spectra is a triplet (~102, 101 and 100 ppm). For B-type starch, maltose is 

the repeat unit and the threefold screw axis generates the double helix providing two 

different environments for C1, thus the C1 peak in B-type starch spectra is a doublet 

(~101 and 100 ppm) (Gidley & Bociek, 1985; Veregin, Fyfe, Marchessault, & Taylor, 

1986). Signal at 81-84 ppm is attributed to C4. The peaks in the C2, C3 and C5 region 

(70–79 ppm) were sharpened and the signal near 76 ppm (B-type double helices from 

residues of free amylose) was pronounced for the non-waxy starches 

(Atichokudomchai, Varavinit, & Chinachoti, 2004). From results it may be assessed that 

Q. rotundifolia and Q. suber starch structures are similar. However, the isolation 

methods clearly affected both varieties. Since C-type starches have both A-and B-type 

crystallites, it can be suggested that the resonances in the spectrum mainly depend on 

the relative proportions of A- or B-allomorph in the sample (Bogracheva, Wang & 

Hedley,  2001).   Signals   at  99–104   and   58–65   are   attributed   to   C1  and  C6  in 
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Figure 4 – 13C CP/MAS NMR spectra of acorn starch: QR – Q. rotundifolia; QS – Q. 

suber; A3S - Alkaline pH and using successively three sieves method; ENZ - Enzymatic 

method. 

 

hexapyranoses, respectively. As described above, the C1 resonances for ENZ method, 

in both acorns, indicates that B-type allomorph is actually predominant in the acorn 

starch isolated by this method whereas a typical A-type characteristic can be found in 

the A3S method. The two broad shoulders that appear at ~ 103 and ~ 82 ppm 

resonances could arise from the amorphous domains for C1 and C4 (Wang et al., 2009). 

The overlapping signal around 72 and 74 ppm is associated with C2, C3 and C5 and the 
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resonance around 61.4 ppm is assigned to C6. Except the above peaks, the weak peak 

appears at 94.5 ppm could be attributed to high-energy, twisted conformations remote 

from those characteristic of single helices (102–103 ppm) and double helices (99–101 

ppm) (Wang, Yu, Zhu, Yu, & Jin, 2009). 

Table 3 - 
13

C CP/MAS NMR chemical shifts of Q. rotundifolia and Q. suber. 

Starch sample* 
Chemical shifts (ppm) 

C1 C4 C2, 3, 5 C6 

QRA3S 

102.8 

101.0 

99.4 

82.0 
71.8 

74.4 
61.4 

QRENZ 

103.1 

101.0 

99.4 

81.3 
72.0 

75.1 
61.4 

QSA3S 

103.2 

101.3 

99.5 

81.7 
71.9 

74.8 
61.7 

QSENZ 

102.8 

101.2 

100.1 

82.0 
71.9 

74.6 
61.4 

* QR - Q. rotundifolia; QS – Q. suber; A3S –Alkaline pH and using successively three sieves 

method; ENZ – Enzymatic method. 

 

 

On the whole, one remarkable difference was observed in the 
13

C CP/MAS NMR 

patterns for acorn starch isolated by the A3S and ENZ methods. Firstly, the intensity of 

C-1 and C-4 amorphous resonances seems to be smaller in A3S method than in the ENZ 

method. In general, amorphous compounds give broad resonances as the distribution of 

local molecular environment give rise to a broad distribution of chemical shifts for each 

carbon. Ordered materials show narrower resonances due to more regularity of the 

environment (Gidley & Bociek, 1985; Veregin, Fyfe, Marchessault, & Taylor, 1986), 

reflecting the stricter polymer configurations in the ordered parts of the starch (Paris, 

Bizot, Mery, Buzare, & Buléon, 1999). The decrease of the resonances is due to the 
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decrease in the amount of amorphous phases in the starch granules, which leads to 

obtain more crystalline material in the compounds obtained by the A3S method. These 

results are in accordance to the X-ray diffraction crystallinity results. In split of this, the 

RMN spectra present a different crystallite types. A triplet characteristic resonance for 

A-type crystallites was observed for all the starch (Figure 4, Table 3).  

 

 

4. Conclusion 

 

In general, starch isolated from the two studied acorns, seems to have similar 

morphology. Acorn starch granules were found to be round and oval in shape, 

consisting of medium/ small granules classified predominantly as B- type granules. 

Acorn starches could be classified as a Cb types, with a high relative crystallinity value, 

more than 43.1% and they presented the similar interactions between starch molecules. 

However, starches structural properties are significantly affected by isolation methods. 

Starch isolated by A3S method presented high range of granule sizes, more than 60 m. 

In spite of the interactions between molecules in starch granule were similar for both 

extraction methods the structure of the granules were significantly different. Generally, 

no significant differences were observed considering the crystallinity degree of starch 

granules determined by XRD, but some differences were observed in the 
13

C CP/MAS 

NMR patterns for acorn starch isolated by the A3S and ENZ methods. The intensity of 

C-1 and C-4 amorphous resonances was smaller in ENZ method than in the A3S 

method. The C1 resonances indicate that A-type allomorph is predominant in the acorn 

starches, and starch isolated by A3S method presented more compact crystalline 

structure of the double helices. 

These non conventional and underexploited starch acorn sources presenting some 

structural differences, and even higher considering the isolation method. So, it is 

possible to preview that the functional properties will be also different, leading to an 

useful information, which would be very important to find proper industrial 

applications. 
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Abstract 

 

The molecular weight distribution of starch from fruits of two chestnut (Castanea sativa 

Mill.) varieties, Martainha and Longal, and two acorn species, Quercus suber (QS) and 

Quercus rotundifolia (QR) isolated by alkaline (A3S) and enzymatic (ENZ) methods 

were assessed. Different average molecular weight (Mw) profiles were found depending 

on starch isolation methods and chestnut varieties. The ENZ method affected both 

chestnut varieties in the same way. The A3S induced a higher amount of average 

molecular weigh (Mw) fractions. Higher levels of lower molecular weight fractions were 

found for Longal (2.07x10
6
 g/mol and 1.37x10

4
 g/mol respectively for amylopectin and 

amylose). QR presented higher content of average molecular weigh of amylose 

(7.50x10
4
 and 5.12x10

4
, respectively for ENZ and A3S methods) and amylopectin 

(2.17x10
6
-2.01x10

6
 g/mol , respectively for ENZ and A3S methods) when compared 

with QS starches. For acorn starches, the A3S extraction method led to higher levels of 

lower molecular weight fractions, mainly in QR starch. 

 

Keywords: Chestnut, acorn; starch, isolation methods, HPSEC 

 

1. Introduction 

 

Starch, a biodegradably agricultural biopolymer, is increasingly being demanded for use 

in industrial products. This has therefore led to the search for new sources of this plant 

product. Chestnut and acorn starches are naturally starchy materials (Correia et al. 2009 

a), b)). They are important forestry resources in Portugal, in Europe and in some other 
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continents. These facts lead us to believe that their starches could become an important 

ingredient for food and non-food applications. Thus, the utilization of these resources 

should become a major trend in order to get a better profit from them. 

The diversity of the physical and consequently the functional behaviour of starches is 

related to their specific structures. Starch is composed essentially of homopolymer of -

D-glucopyranosyl units and small amounts of noncarbohydrate components, particularly 

lipids, proteins, nonstarch polysaccharides and phosphorus (Liu, 2005). Depending on 

the source, amylose molecular weight ranges from approximately 3 x 10
4
 to greater than 

10
6
 g/mol (Whistler and BeMiller, 1997). Less than 0.5% of the glucose in amylose are 

conected of 16 linkages, resulting in a low degree of branching, and a structure 

with 3-11 chains of approximately 200-700 glucose residues per molecule. Due to the 

low degree of branching, dissolved amylose has a tendency to form insoluble semi-

crystalline aggregates, depending on the placement of the branches in the structure 

(Copeland et al., 2009). Amylopectin is the largest molecule in nature, which could 

reach 10
6
 to 10

9
 g/mol (Liu, 2005). Most starches contain 60-90% amylopectin. 

However, high-amylose starches, with less than 30% amylopectin, and waxy starches 

with essentially 100% amylopectin are already well known. About 5% of amylopectin 

glucoses are present in 16 linkages, giving it a highly branched, tree-like structure 

and a complex molecular architecture that can vary substantially between different 

starches with regard to placement and length of the branches.  

The molecular weight of starch is often influenced by amylose and amylopectin 

separation methods and especially by the technique used to determine polymer 

molecular weight (Mua and Jackson, 1998; Othman et al., 2010). For the analysis of the 

molecular structure, disruption of the granules`arrangements followed by complete 

dissolution of the starch chains in a proper medium is an essential prerequisite (You et 

al., 2002). Starch dissolution solvents, such as dimethyl sulfoxide (DMSO), are 

commonly used (Bradbury and Bello, 1993; Lu et al., 2005), and additional heating, 

mechanical stirring or pressurisation to break the intramolecular bonds between starch 

chains (Radosta and Vorwerg, 1997) are needed for complete starch dissolution during 

structural analysis with high-performance size-exclusion chromatography (HPSEC), 

which has been used to elucidate the profiles of starch components, giving information 

about their molecular weight distribution. Light scattering properties of natural 

macromolecules have been used in the molecular characterisation.  
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Gel permeation chromatography (GPC) or size-exclusion chromatography (SEC), has 

become the technique often used for determining molecular weight profiles of starch 

(Ebermann and Schwarz, 1975). By SEC, the polymer chains are separated according to 

differences in hydrodynamic volume by the column packing material. The separation is 

achieved by partitioning the polymer chains between the mobile phase, flowing through 

the column and the static liquid phase that is present inside the packing material, 

making the larger molecules eluted before the smaller ones (Wang and Wood, 2006).  

High-performance size-exclusion chromatography (HPSEC) has been used to elucidate 

the profiles of starch components. Starch is mostly constituted by amylose, with an 

average molecular weight (Mw) in the range of 3 x 10
4
 to greater than 10

6
 g/mol 

(Whistler and BeMiller, 1997), and amylopectin could achieve 10
6
 to 10

9
 g/mol (Liu, 

2005), depending on the source, the fractionation of starch and the method used to 

determine the molecular weigh. Also, Wang and Wood (2006) reported that the 

distribution of molecular weight varies, depending on the synthetic pathway and 

environments, as well as the extraction conditions used to isolate the polysaccharides.  

As the molecular weight distribution of starch components are important in determining 

the functionality of starches, it is essential to establish these properties in chestnut and 

acorn starches, since only few research has been conducted to investigate them 

(Stevenson et al., 2006; Tester et al., 2004). 

The main objective of the present study was to determine the molecular weight 

distribution of the components of chestnuts and acorn starches using HPSEC. 

 

2. Materials and Methods 

 

2.1. Materials 

 

Chestnut (Castanea sativa) var. Longal and Martainha fruits were collected from Soutos 

da Lapa, a Protected Designation of Origin region of Portugal. Acorns from Quercus 

rotundifolia (QR) and Quercus suber (QS) were collected in “montados” located in 

Idanha-a-Nova. Three sets of 1 kg of chestnut and acorn fruits were each randomly 

harvested at their maturity stage, stored, dried and milled as previously reported by 

Correia et al. (2009 a), b). 
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2.2. Starch extraction methods 

 

Starch was isolated from the chestnut flours following two methods proposed by 

Correia and Beirão-da-Costa (wd) and previously described. 

 

2.3. Molecular weight distribution 

 

For the determination of the starch components molecular weight distribution, starch 

samples were prepared according to the method proposed by Lu et al. (2005). The 

starch (0.75 mg dry water bases) was mixed with 15 ml of 90% dimethyl sulfoxide 

(DMSO) solution in a boiling water bath for 1 hour with constant stirring, and then 

continuously stirred for 24 hours at room temperature. The starch was precipitated from 

an aliquot of DMSO solution (2.1 ml) with excess absolute ethyl alcohol and 

centrifuged at 4000g during 10 minutes. The precipitated starch pellet was solubilised in 

deionised water (15 ml, 95ºC) and stirred with a magnetic stirrer in a boiling water bath 

for 30 minutes. Starch solutions were then filtered through a 0.45m syringe filter and 

the filtrate injected (100l) into a high-performance size-exclusion chromatography 

(HPSEC) system. The system consisted of a WellChrom Maxi-star K-1000 pump 

(Knauer, Berlin, Germany), and an evaporative light scattering detector PL-EMD 960 

(PolymerLaboratories, Shropshire, UK). A PL aquagel OH Mixed 8m column was 

used kept at 25ºC. The mobile phase was deionised water at a flow rate of 0.5ml/minute. 

The HPSEC system was calibrated using dextran standards (Sigma-Aldrich, St. Louis, 

MO) at Mw: 2.0 x 10
6
 g/mol (blue dextran), 8.09 x 10

4
 g/mol, 4.86 x 10

4
 g/mol, 2.38 x 

10
4
 g/mol, 1.16 x 10

4
 g/mol, respectively. A linear relationship (r

2
 = 0.996) between the 

log Mw and the retention time was obtained. Due to the limited molecular weight range 

of narrow standard calibrants available for use in water, in aqueous GPC it is common 

to extrapolate calibration curves to the exclusion limit of the column 

(http://www.varianinc.com). The column-maker also stated the same linear calibration 

allowing the higher molecular weight resolving regions of the columns to be used 

without introducing errors into the analysis.  
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3. Results and discussion 

 

HPSEC results from both chestnuts and acorn starches showed a high range of 

molecular weight. These patterns mean that the used HPSEC analysis conditions were 

not the most suitable to further characterise the Mw distribution for those starches. 

However, some approaches were possible. 

From Figure 1 it is possible to observe the results produced for chestnut starches. At 

tested conditions, a range of molecules`sizes was observed instead of two well defined 

peaks related to amylose and amylopectin. Furthermore, the presence of a third peak 

related with low Mw is also observed. This effect seems to be related to the isolation 

method. The ENZ method similarly affected both varieties, presenting a quite similar 

Mw profile. However, the A3S extraction method differently affected the Mw profile of 

the tested chestnut varieties. In fact, the A3S method seems to produce a higher level of 

lower molecular weight fractions when applied to Longal. The opposite was observed 

when this method was applied to Martainha flours. These results may indicate that 

starch from the Longal variety is more susceptible to chemical hydrolysis. Furthermore, 

the larger molecules of the Longal starch granules isolated by the ENZ method are 

lower than the ones present in A3S. Martainha starch extracted by the A3S method 

presented a low amount of low molecular weight, and the larger Mw values were higher 

than the ones of Longal. Moreover, the third peak did not appear on Martainha starch 

isolated by the A3S method. Due to these results it is possible to infer that starches 

isolated by A3S presented a higher amount of higher Mw values and this method leads 

to a lower amount of starch molecules breakage.  

In acorn starches HPSEC (Figure 2) profiles again show two peaks related with amylose 

and amylopectin, in spite of a great range of molecules size distribution. The presence 

of a third peak related with low Mw molecules is also observed in QS starches. As 

mention previously, this could probably be due to a lower resistance of this starch to 

flour production and also to the isolation process operations, inducing a certain degree 

of damaged starch, about 40% in acorn starches (Correia and Beirão-da-Costa, 2010). In 

fact, these results are in accordance to the statements previously reported in the 

discussion of granule size distribution. Acorn starch presented low Mw values for 

amylopectin, when compared to other similar starch sources. Stevenson et al. (2006) 

found a weight-average molar mass of 3.9x 10
8
 g/mol for amylopectin for pin oak acorn 

starches. 



 

___________________________________________________________________________ 

 

______________________________________________________________________ 

 

196 

Figure 1 – HPSEC profiles and chestnut starches average molecular 

Weight, Mw (L – Longal; M – Martainha; A3S  - Alkaline pH and using 

successively three sieves method; ENZ – Enzymatic method).
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Figure 1 – HPSEC profiles and chestnut average molecular weight, Mw (g/mol). L – 

Longal; M – Martainha; A3S – Alkaline isolation method; ENZ – Enzymatic isolation 

method. 

 

 

Differences could be attributed to different starch preparation and other equipment used 

for measuring the distribution average weight of oak starch components, high-

perfomance size-exclusion chromatography equipped with multi-angle laser-light 

scattering and refractive index detectors. QR presented a higher content of average 

molecular weigh of amylose and amylopectin when compared with QS starches, for the 

same isolation methods. In fact, QR starches showed different profiles for the two 

isolation methods, exhibiting a higher peak intensity for amylopectin molecules, with a 

Mw of 5,12 x 10
4
 g/mol. In opposition, the isolation method produced a similar patter 

for QS starch, meaning that the isolation method affected the starch granule molecules 

in the same way. However, the A3S extraction method presented a higher level of lower 

molecular weight fractions. Moreover, the third peak did not appear on QR starch 
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isolated by the two methods. Due to these results it is possible to deduce that starches 

isolated by A3S presented higher amount of higher Mw values and this method induces 

to a lower breakage level of starch molecules.  
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Figure 2 – HPSEC profiles and acorn starches average molecular 

weight, Mw (g/mol). QR – Quercus rotundifolia; QS – Quercus suber; 

A3S  - Alkaline pH and  using successively three sieves method; 

ENZ – Enzymatic method. P1- Amylopectin Mw;  P2 – Amylose Mw; 

P3 – Low Mw molecules
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Figure 2 – HPSEC profiles and chestnut average molecular weight, Mw (g/mol). L – 

Longal; M – Martainha; A3S – Alkaline isolation method; ENZ – Enzymatic isolation 

method. 

 

 

In spite of the encountered differences, and since the chromatograms presented low 

separation and definition of the peaks related with starch components, and to be sure of 

the results, it is essential that these molecular weight determinations will be repeated by 

testing different experimental conditions and using different evaluation techniques. 
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Furthermore, several authors reported that molecular weight of the starch components 

could differ widely because of amylose and amylopectin separation methods, and 

especially the technique used to determine these characteristic (Mua and Jackson, 1998; 

Othman et al., 2010). Furthermore, You and Lim (2000) mentioned that the Mw reported 

from HPSEC and light scattering (LS) analysis are inconsistent among researchers, and 

this could be due to the sensitivity of the LS analysis, but differences in sample 

preparation and analytical conditions could have been major contributors. Thus, some 

aspects must be considered in future works, such as optimisation of starch 

solubilisation, storage temperature and time prior to injection, elution velocity, column 

temperature, column pore and at least two columns. In addition to this, another 

alternative technique could be used to measure the molecular weight average, such as 

coupling the HPSEC equipment with multi-angle laser light scattering (MALLS) could 

bring the possibility of discovering new information about these polymers. This 

technique is currently the best available technique for the absolute determination of 

polysaccharide molecular weights and their distribution (Al-Assaf et al., 2005). 

Unfortunately this technique is not available in Portugal yet. 

 

4. Conclusion 

 

Starches presented different Mw for chestnut varieties, acorn species and isolation 

methods. Generally, molecules size distribution chromatograms showed two peaks 

related with amylose and amylopectin, and a third peak is also observed in Longal, QS 

starches, and Martainha isolated by ENZ method, probably due to lower molecular 

weigh polymers produced during the flour and isolation process operations. The 

Martainha variety showed higher amylopectin average molecular size values, presenting 

higher values for the A3S isolation method, 3.14 x 10
6
. For amylose molecules, starch 

isolated from the Longal variety presented the highest Mw values and also for the A3S 

isolation method.  

QR presented a higher content of average molecular weight of amylose and amylopectin 

when compared with QS starches, for the same isolation methods. Consider the 

isolation method, ENZ method produced higher amount of higher Mw values, meaning a 

lower breakdown of starch molecules. 

Since the applied methodology for the determination of molecular weight did not 

produce results with absolute resolution and precision further studies are needed in this 
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field in order to find the most suitable methods and conditions for this analysis in 

chestnut and acorn starches. 

In spite of this, it is possible to conclude that the isolation methods induced molecular 

weight differences between the isolated chestnut and acorn starches. Thus, it is possible 

to state that their functional properties could be also different, leading to different 

industrial applications. 
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Abstract 

 

The functionality of starch from chestnut (Castanea sativa Mill.) fruits isolated 

by alkaline and enzymatic methods were assessed. The studied properties included: 

solubility, swelling power, pasting properties, syneresis, turbidity, and thermal and 

rheological behaviours. In addition amylose and resistant starch content were also 

evaluated. Results showed that the starch isolation method induced changes in most of 

those properties. Extracted starches (with high contents of amylose and resistant starch) 

showed low and similar swelling and solubility values for all of the samples. 

Gelatinisation temperatures were also similar (61.5 ºC to 63.0 ºC), but the enzymatic 

method conducted to lower consistencies at 95 ºC and at after holding at this 

temperature. High values of setback were found, being clearly affected by the isolation 

method. This parameter presented lower values for starches isolated by alkaline method 

(160% and 235%, respectively for Martainha and Longal). Starches did not present a 

peak consistency during pasting. Turbidity and syneresis values were low at room 

temperature. Syneresis increased when pastes were stored at low temperatures. This 

effect was more evident for the material isolated by enzymatic method. All of the 

isolation starches presented low enthalpy values (3.0-3.5 J/g), but the activation energy 



Correia et al. 

Food Hydrocolloids (submitted; FOODHYD-S-10-00541) 

___________________________________________________________________________ 

 

______________________________________________________________________ 

 

204 

was higher for Martainha starches and for starches isolated by A3S method. Pastes 

showed viscoelastic behaviour, with a predominance of elastic property, forming strong 

gels after cooling. Longal variety seems to be less resistant to the effect of isolation 

method. In general starches isolated by the alkaline method present the best functional 

properties as a food ingredient. 

 

Keywords: chestnut; isolation method; starch; functional properties; thermal properties; 

rheological properties. 

 

1. Introduction 

 

European chestnut trees are spread all over the world to produce wood and 

chestnut fruits amounting to a considerable economical value. Castanea sativa Mill. is 

one of the most common natural resources of Portugal and its fruits have been used in 

human nutrition since ancient times. In Europe, chestnut fruits represent about 12% of 

the world’s chestnut fruits production, with Portugal as the second highest producer in 

Europe. During 2005–2006 season the average domestic production of fruits was 

reported to be 22.17 metric tons, representing 3% of the chestnut fruits world 

production (GPP, 2007). Longal and Martainha chestnut varieties are the most common 

of Soutos da Lapa PDO (Protected Designation of Origin), in the Viseu region of 

Portugal. The fruits are mainly consumed in fresh, but a surplus is often lost. Thus, it is 

desirable to find potential applications of this rich starch material source. 

Starch contributes to 50-70% of the energy in the human diet, providing a direct 

source of glucose, which is an essential substrate in brain and red blood cells for 

generating metabolic energy (Copeland, Blazek, Salman, & Tang, 2009). Starch is also 

important as a functional ingredient both in food and non food industries. In food, it is 

often used to provide various textural properties. Most of these properties arise after 

cooking the native starch granules in an excess of water. Starch functional properties are 

generally evaluated by thermal and rheological analysis methods performed in the 

pastes and produced gels, but the knowledge of the relationship of those properties with 

structure and composition is also of fundamental importance. 

Recently, efforts have been made to find native starches with suitable 

characteristics for the food industry (syneresis, turbidity, freeze/thaw stability), not 
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requiring chemical or genetic modifications. In this sense, knowledge about the 

properties of different native starches is of great importance, in order to select the most 

adequate starch for a specific application. In order to find the most proper use as an 

additive in food industry or for biotechnological purposes (an energetic component of 

fermentation media), the effects of isolated methods on starches must be well 

characterised.  

In available literature, just one study from Demiate, Oetterer, & Wosiacki (2001) 

was found considering chestnut (Castanea sativa Mill.) starch properties. These authors 

studied a non identified variety for chemical composition, morphological appearance of 

starch granules, some functional properties and paste enzymatic susceptibility. Authors 

concluded that chestnut pastes had an intermediate behaviour when compared to that of 

cassava and corn starch pastes. 

Isolation methods influence different extension starch characteristics, as 

previously reported by Correia & Beirão-da-Costa (2010). The best results considering 

the yield, purity and pasting properties were obtained for two methods: i) applying low 

shear and an alkaline treatment and ii) using low shear and a protease digestion step. 

Furthermore, these methods were optimised for Longal starch isolation parameters 

(Correia & Beirão-da-Costa, wd). These methods lead to extraction yields of 83.9% and 

79.9% and a purity level of 98.3% and 96.3%, for Longal variety, respectively. 

Since chestnuts are good sources of starch, with starch contents of fresh fruits 

being 46.8% and 48.6% respectively for Longal and Martainha varieties (Correia, 

Leitão, & Beirão-da-Costa, 2009), these fruits present a large potential for commercial 

use. The objectives of the present study were to further evaluate the effect of those 

starch isolation methods on functional, thermal and viscoelastic properties of cooked 

pastes of starches, in order to maximise profits from the surplus production of chestnut 

fruits. 

 

2. Materials and methods 

 

2.1. Materials 

 

Three sets of 1 kg of chestnut fruits (Castanea sativa Mill. var. Longal and 

Martainha) were each collected from Soutos da Lapa a PDO, in the Viseu region of 
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Portugal. Fruits were randomly harvested at their maturity stage, stored, dried and 

milled as previously reported by Correia, Leitão, & Beirão-da-Costa (2009). 

 

2.2. Starch extraction methods 

 

Starch was isolated from the chestnut flours using two methods (Correia & 

Beirão-da-Costa, wd): 

(1) - Alkaline pH using successively three sieves (A3S)  

The flours (120 g) were soaked in 2 volumes of 0.25% NaOH at 5 ºC for 24 

hours. Suspensions were homogenised and screened through a 180 m sieve. The 

procedure was repeated twice. The precipitate was screened successively in 75 and 53 

m sieves. The mixture was centrifuged in a Universal 16 centrifuge (Hettich 

Zentrifugen Company, Germany) at 800g/ 15 minutes, the mucilaginous layer was 

scraped away and the precipitate was then suspended in water. This last step was 

repeated twice. Isolated starches were dried for two days at 40 ºC in a FD 115 Binder 

ventilated drying chamber (with an air flow of 300m
3
/ hour). 

(2) – Enzymatic method (ENZ) 

Protease from Aspergillus oryzae was purchased from Sigma Chemical Co. One 

unit of protease was defined as the amount of enzyme that liberated 1.0 mol of 

tyrosine per minute from casein at pH 7.5 at 37 ºC. The protease was added (900 units) 

to 120 g individual flours. Water was added (360 ml) and the slurry adjusted to pH 7.5 

(with 0.1 M NaOH or 0.1 M HCl). The mixture was incubated at 37ºC for a period of 2 

hours and the slurry was then centrifuged in the same conditions as previously 

mentioned. The starch fraction was suspended, washed with water (200 ml) and filtered 

through a 53 m sieve. The filtrate was centrifuged, supernatant and tailings were 

discarded and the starch was dried as reported above. 

 

2.3. Amylose and resistant starch content 

 

Amylose content was evaluated by a colorimetric method (Juliano, 1971). 

Resistant starch (RS) content was determined by the method proposed by Mun & Shin 

(2006). RS content is a measure of indigestible starch and so an important parameter 

from a nutritional perspective. 
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All reported values are expressed on a dry weight basis (dwb) and all reagents 

used were of analytical grade. 

 

2.4. Swelling power and solubility 

 

The swelling power (SP) and solubility (S) were measured according to Lan, 

Hihua, Yun, Bijun, & Zhida (2008). A starch suspension in water (2%, w/v) was 

incubated in a water bath for 30 min at different temperatures ranging from 50 to 90ºC. 

Suspensions were centrifuged at 980xg during 15 min in a Universal 16 centrifuge 

(Hettich Zentrifugen Company, Germany), the supernatant was removed and the 

sediment weighed. Aliquots of supernatant were dried in a oven at 105ºC till constant 

weight. The SP (g/g on dry weight basis) and S (%) were calculated by Equations 1 and 

2 as follows: 

SP = (Sw x 100)/Starchdwb x (100% - % DS)    (1) 

S = DS/ (Starchdwb x 100%)       (2) 

where Sw is the sediment weight, Starchdwb is the dry water basis starch weight, and DS 

is the total mass of dried supernatant 

 

2.5. Turbidity 

 

The turbidity of suspensions of the starch samples was measured as described by 

Lan, Hihua, Yun, Bijun, & Zhida (2008). Starch suspensions, prepared as described in 

2.4., were heated in a boiling water bath for 1h with constant stirring, and cooled for 1h 

at 30ºC. Turbidity was determined by measuring the absorbance at 620nm with a 

CADAS 100 UV spectrophotometer (Dr Lange, Basingstoke, UK) against distilled 

water blank. 

 

2.6. Syneresis: stability to freezing and refrigeration 

 

The gels stability was evaluated by syneresis degree at room temperature, 

freezing and refrigeration conditions as proposed by Rondán-Sanabria & Flávio Finardi-

Filho (2009). A starch suspension of 6% solids was heated up to 95ºC for 15 minutes, 

cooled to 50ºC and gels kept at this temperature for 15 minutes. Aliquots of 50 ml were 

placed in centrifuge tubes and those conditioned at three temperatures: -10 ºC, 4 ºC and 
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room temperature for 5 days. Every 24 h, the samples were centrifuged at 8000g for 10 

minutes. Syneresis was measured as % amount of water released after centrifugation. 

 

2.7. Viscoamylographic properties 

 

The gelatinisation process was monitored in a Brabender (Duisburg, Germany) 

viscoamylograph at 10% starch concentration, heated from 30 ºC to 95 ºC, held at 95 ºC 

for 15 min and then cooled until 50 ºC. Breakdown (BD), a measure of consistency 

breakdown extension, was calculated by Equation 3, and setback (SB) was determined 

by Equation 4, both in Brabender units (BU): 

BD = peak consistency (BU) – minimum consistency (BU)        (3) 

  SB = consistency at 50 ºC (BU) – minimum consistency (BU)    (4) 

 

2.8. Thermal analysis 

 

Thermal characteristics were tested by Differential Scanning Calorimetry (DSC) 

on a Shimadzu calorimeter (model TA-50WSI, Japan). The instrument was calibrated 

using indium and deionised distilled water as standards. The samples (7.5 mg) were 

weighed directly in DSC aluminium pans. Water was added to the starch samples to a 

ratio of 1:2, and then heated from 25ºC to 100ºC at 5 ºC/min, at 30 ml/min with a flow 

rate, using nitrogen as carrier gas. Onset temperature (To), peak temperature (Tp), end 

set temperature (Te) and gelatinisation enthalpy ΔH (J/g of dry starch) were determined. 

As the endotherms are essentially symmetrical, the total gelatinisation temperature 

range (Tr) and peak height index (PHI) can be established by Equation 4 and Equation 5 

(Krueger, Knutson, Inglett, & Walker, 1987): 

Tr = 2(Tp – To)                     (4) 

  PHI = ΔH/(Tp - To)                 (5) 

The transition kinetics were studied by DSC, using the heat evolution method of 

Borchardt and Daniels as reported by Danielenko et al. (1985). The method assumes 

that the reaction follows the relationship (Equation 6). 

dα/dt = k (1 - α)
n
,                      (6) 

where dα/dt is the reaction rate; k is the rate constant (s
-1

); n is the reaction order. The 

reaction rate dα/dt is obtained by dividing the peak height at a temperature T by the total 
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area. The method also assumes that the dependence of the reaction rate follows the 

Arrhenius expression (Equation 7): 

  v = -v0e
Ea/RT

,                              (7) 

where v is dα/dt; v0 is the constant rate; Ea is the activation energy (Jmol
-1

); R is the gas 

constant; and T is the absolute temperature. 

 

2. 9. Dynamic rheometry 

 

The gelation process was monitored in–situ in a controlled stress rheometer (RS-

75, Haake, Germany) coupled to a circulating water bath (DC 10, Haake, Germany), 

through dynamic small amplitude oscillatory shear measurements (SAOS). SAOS 

measurements allow the continuous assessment of dynamic moduli during temperature, 

time and frequency sweep testing of starch suspensions/ gels. Rheological evaluation 

was performed according to Singh, Nakaura, Inouchi, & Nishinari (2008), using a 

serrated parallel plate of 35 mm diameter with a gap size of 1 mm. The storage modulus 

(G´), loss modulus (G´´), and loss factor (tan δ) of starch suspensions of 10% (w/w) 

were determinated. G´ is a measure of the energy stored in the material and recovered 

from it per cycle, while G´´ is a measure of the energy dissipated or lost per cycle of 

sinusoidal deformation. The maximum temperature for G´ was designated as TG´max. 

The loss tangent (tan δ) is the ratio of G´´ to G´. Breakdown in G´ is the difference 

between peak G´ and minimum G´ at 90ºC holding time (Singh, Nakaura, Inouchi, & 

Nishinari, 2008). Starch suspensions were stirred for 5 hours with a magnetic stirrer at 

room temperature, then loaded onto the rheometer measuring device and covered with 

paraffin oil to minimise evaporation losses. The samples were heated from 50 ºC to 90 

ºC at a rate of 1.25 ºC/min (ω=6.28 rad/s) and held at 90ºC for 15 min. To study the 

effect of storage, samples were then cooled at a rate of 0.5ºC/min (ω=6.28 rad/s) until a 

temperature of 10 ºC was reached. Subsequently, time sweep tests were conducted at 10 

ºC during 2h (ω=6.28 rad/s) followed by frequency sweep tests (ω=0.01-111.7 rad/s). 

All tests were conducted at a 2 Pa constant shear stress value inside the linear 

viscoelastic regime. Only the variations that did not exceed 5% between triplicate runs 

were considered. 
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2.10. Statistical analysis 

 

All of the data represents averages of at least three different determinations. 

Results were analysed using the SPSS® for Windows version 17.0 and Statistic vs 6 

software. The data was subjected to one-way analysis of variance (ANOVA) test. The 

separation of means or significant differences comparisons of all parameters were tested 

by Tukey’s HSD test. Pearson correlation coefficients (r) for the relationships between 

properties were also calculated. The level of significance used for all of the statistical 

tests was 95%.  

 

3. Results and discussion 

 

3.1. Amylose and RS content 

 

Amylose content (Figure 1) does not seem to be affected by the method of 

isolation used. In both chestnut varieties its amount is high and ranges from 51.4% to 

56.9%. A similarly high amylose content was reported for the same pulsed starches 

(Hoover, Hughes, Chung, & Liu, 2010), but for chestnuts Demiate, Oetterer, & 

Wosiacki (2001) reported lower amylose value (21.5%). This could be related with 

some factors, such as the production site, maturity stages, and even evaluation 

methodologies.  
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Figure 2 – Amylose and RS contents of chestnut starches. 

RS: resistant starch; QR: Q. rotundifolia; QS: Q. suber; 

A3S: alkalime isolation method; ENZ: enzymatic isolation

Method.

 

Figure 1 - Amylose and RS contents of chestnut starches. RS: resistant starch; L: Longal 

chestnut variety; M: Martainha chestnut variety; A3S: alkaline starch isolation method; 

ENZ: enzymatic isolation method. 
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The RS content is an important parameter to be considered mainly from a 

nutritional point of view as the starch in this form is less easily digested and this may 

impart health benefits (Hendrich, 2010). Both chestnuts presented a high content of RS, 

however Martainha starches presented significantly higher values (49.5% and 46.4%, 

for A3S and ENZ methods respectively), meaning that these starches are resistant to the 

enzymatic digestion process. According to Liu (2005) classification of RS these 

starches are type II. These values are much higher than the RS content of potato (0.6-

0.9%) and legume seed starches (12-20%) (Liu, 2005), and similar to some commercial 

available RS type II (42-60%) (Champ, 2004). These RS high values may express the 

strong interactions between amylose-amylose and/ or amylose-amylopectin chains 

within native starch granules, forming crystallites that could hinder the accessibility of 

glycosidic oxigens to hydrolytic enzymes, as stated by Naguleswaran, Vasathan, 

Hoover, & Liu (2010). Our results also showed a positive correlation between amylose 

and resistant starch content  (r = 0.799, p< 0.05), in agreement to what is generally 

accepted when describing commercial sources of resistant starch as those of high 

amylose content (Liu, 2005). 

 

3.2. Swelling power and solubility 

 

The swelling power (SP) and the solubility of chestnut starches, assessed at 

different temperatures, presenting similar patterns (Figure 2), increased gradually from 

60 ºC to 90 ºC, for both varieties and isolation methods. However, Longal starch 

extracted by ENZ method showed some singularities for temperatures above 75ºC. This 

behaviour may be explained by a higher susceptibility of this variety to the enzymatic 

treatment. In fact, the crystalline molecular structure of starch that is broken during 

heating and the water molecules bonded to the free hydroxyl groups of amylose and 

amylopectin by hydrogen bonds could cause an increment in the absorption capacity 

and solubility (Singh, Singh, Kaur, Sodhi, & Gill, 2003). The SP results obtained from 

chestnuts were low if compared to cassava (119.0 %), potato (36.5-40.5%), some maize 

varieties (20.9%), and Chinese water chestnut starches (24.8%) (Lan, Hihua, Yun, 

Bijun, & Zhida, 2008; Rondán-Sanabria & Finardi-Filho, 2009; Singh, McCarthy, & 
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Singh, 2006), what may be advantageous as this property is different from other 

sources. 

The low SP and solubility encountered values for chestnut starches isolated by 

the two methods could be influenced by some factors, mainly the cross-linking level, as 

it is well known that swelling power decreases with the increasing degree of cross-

linking (Mirmoghtadaie, Kadivar, & Shahedi, 2009), and also by crystallinity degree 

(Lan, Hihua, Yun, Bijun, & Zhida, 2008). In fact, the Longal variety is the one which 

presented the lower values of crystallinity as measured by X-ray diffraction, for both 

isolation methods (Correia, Valente, & Beirão-da-Costa, wd). 
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Figure 2– Swelling power and solubility of chestnut starches. L: Longal chestnut 

variety; M: Martainha chestnut variety; A3S: alkaline starch isolation method; ENZ: 

enzymatic isolation method. 
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3.3. Pasting properties, turbidity and syneresis 

 

Pasting properties and turbidity of chestnut starches are presented in Table 1. 

The gelatinisation temperatures (GT) of chestnut starches were not affected by isolation 

method, values ranging from 61.5 ºC to 63.0 ºC. GT values from the studied varieties 

are lower then those from some commercial starches (Liu, 2005), pulsed starches 

(Hoover, Hughes, Chung, & Liu, 2010), and even other chestnut varieties (69.5 ºC) 

(Demiate, Oetterer, & Wosiacki, 2001). The results of pasting temperature are in 

accordance to the encountered swelling power behaviours for these starches. Generally, 

high gelatinisation temperatures indicate a high resistance to swelling.  

Considering consistency change upon heating, as it is known, its values 

increased with increasing temperature. The studied chestnut starches did not present a 

peak consistency. The absence of peak viscosity is also reported by Demiate, Oetterer, 

& Wosiacki (2001) for chestnut starch pastes, and for some pulsed starches, such as the 

kidney bean and mung bean (Hoover, Hughes, Chung, & Liu, 2010). These pasting 

parameter values allowed the conclusion that chestnut starch presented a high stable 

apparent viscosity profile over time, and a high resistance to mechanical stirring under 

hot conditions, similar to a viscoamylograph profile of crosslinked starch suspensions 

(Thomas & Atwell, 1999; Lan, Hihua, Yun, Bijun, & Zhida, 2008). This pattern is an 

important one from a technological point of view, as e.g. Morita et al. (2003) stated that 

high-amylose wheat starches with low peak viscosity and breakdown are favourable for 

pasta noodles with improvement of the texture quality of noodles. 

Consistency at 95 ºC was affected by the starch isolation methods, and for both 

varieties the A3S method showed the highest values (Table 1). Consistencies of the 

pastes, both at 95 ºC and after holding at this temperature for 15 minutes, are negatively 

correlated to amylose content (r = -0.753, p< 0.01 and r = -0.642, p< 0.05, respectively). 

These results led us to deduce that ENZ method exerted a higher effect on starch 

molecules. Cold paste consistency, as expected, increased upon cooling, due to the 

aggregation of the amylose molecules. This characteristic is estimated by the final 

consistency (FC). In our study, similar values were found for both varieties and 

methods.  
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SB viscosity is a measure of the degree of re-association during cooling among 

the starch molecules involving amylose (Charles, 2004), that has leached from swollen 

starch granules, and generally used as a measure of the gelling ability or retrogradation 

tendency of starch (Singh, Bawa, Singh, & Saxena, 2009). The SB was clearly affected 

by the isolation method, presenting lower values for A3S method. This could be 

attributed, as mentioned by Naguleswaran, Vasathan, Hoover, & Liu (2010), to a 

reduced amylose leaching, and a low proportion of long amylopectin chains. 

Furthermore, chestnut starches presented paste properties similar to cross-linked 

starches, and for these types of starches a limited amylose leaching degree, granular 

swelling and SB degree has been shown (Hoover, Hughes, Chung, & Liu, 2010). A 

positive correlation between the amylose content and SB, r = 0.667 (p< 0.05) was 

identified. 

 

 

Table 1 - Pasting properties and turbidity of chestnut starches. 

Pasting 

property 

Longal Martainha 

A3S ENZ A3S ENZ 

GT (ºC) 61.50.73 a 63.00.72 a 62.00.29 a 63.00.70 a 

C95º C (BU) 162316.0 c 132030.6 a 155319.1 c 110052.9 b 

CAH (BU) 144729.1 a 129040.5 b 154023.1 a 116535.3 b 

FC (BU) 168040.6 a 179726.0 a 170026.0 a 180037.7 a 

SB (BU) 2358.8 c 50016.0 b 16014.5 c 62517.6 a 

TB (%T620) 1.930.018 b 2.180.023 a 1.920.020 b 2.190.032 a 

Values are expressed as mean  standard error of mean. 

Means sharing the same letters in line are not significantly different from each other 

(Tukey’s HSD test, p 0.05). 

Consistency is reported as BU (Brabender units).  

GT, gelatinisation temperature; C95ºC, consistency at 95ºC; CAH, consistency after 

holding at 95ºC; FC, final consistency; SB, setback; TB: turbidity. A3S: alkaline starch 

isolation method; ENZ: enzymatic isolation method. 
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In summary, chestnut starches isolated by A3S method presented low paste 

development temperature, high consistencies, and stability, interesting features for 

products that require high viscosity at lower processing temperature (Lan, Hihua, Yun, 

Bijun, & Zhida, 2008). 

Turbidity (%) of chestnut starch pastes ranged from 1.92 to 2.19% (Table 1). 

Starch isolated by both methods showed low turbidity values. This could be justified, as 

reported by Kaur, Singh, & Singh (2006), by the presence of a high degree of cross-

linked starch, which kept the starch structures almost intact, mainly with A3S method 

isolated starches. 

Starch gels are metastable non-equilibrium systems and therefore undergo 

structural changes during storage (Ferrero, Martin, & Zaritzky, 1994). Syneresis 

characterises the starch stability during storage and is also an index of starch 

retrogradation degree at low temperature (Wang et al., 2010). The paste retrogradation 

is indirectly influenced by the structural arrangement of the starch chains within the 

amorphous and crystalline regions of the non-gelatinised granule, acting in the granule 

breakdown during gelatinisation and also in the interactions occurring within the starch 

chains during the gel storage (Perera & Hoover, 1999). This phenomena is undesired for 

the use of starch in both food and non-food industries. As shown in Figure 3 at room 

temperature the pastes are quite stable, meaning that they can form an elastic gel with 

water binding capacity. In contrast, the refrigerated and frozen starch gels are more 

unstable, the released amount of water increasing with the decrease in storage 

temperature and the increase in the period of storage. Longal starch and enzymatic 

isolation method always produced greater syneresis values.  
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Figure 3 - Syneresis of chestnut starch pastes after storage at ambient, refrigeration and 

freezing temperatures. L: Longal; M: Martainha; A3S: alkaline isolation method; ENZ: 

enzymatic isolation method. 

 

 

3.4. Thermal properties 

 

Chestnut starches showed only one endothermic peak (Figure 4). To values 

encountered for both varieties were significantly higher when starches were isolated by 

A3S method (Table 2). Those To values are in the same range of temperatures found in 

literature, for different products, such as: corn (62.4 and 66.3 ºC) (Betancur-Ancona, 

Chel-Guerrero, Camelo-Matos, & Davila-Ortiz, 2001), potato (60 and 69 ºC) 
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(Osundahunsi, Fagbemi, Kesselman, & Simón, 2003), and cassava (61.5 ºC) (Rondán-

Sanabria & Finardi-Filho, 2009). More evident differences were found when looking at 

Ea, (Table 2) which means that Martainha starch isolated by A3S method is more heat 

stable (Eliasson & Hegg, 1980). However, once gelatinisation started the energy needed 

to accomplish the process is similar for all isolated starches, as H values are similar.  
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Figure 4 – Endothermic transitions of chestnut starches. L: Longal chestnut variety; M: 

Martainha chestnut variety; A3S: alkaline starch isolation method; ENZ: enzymatic 

isolation method. 

 

 

The enthalpic values are relatively lower in comparison to other starches and are 

similar to high-amylose starches (Jane et al., 1999), like wrinkled pea starch and other 

pulsed starches (Hoover, Hughes, Chung, & Liu, 2010). Also, it is known that H 

indicates the required energy for disruption hydrogen bonds within the crystalline 

zones. As a high degree of crystallinity was found for chestnut starch, in our case this 

may be seen as an indicator of a higher level of weak bonds among crystalline zones. 

Furthermore, Chung Lee, & Lim (2003) also stated that a strong carbohydrate/ water 

interaction and a better organised microstructure lead to a higher H value. In spite of 

this, significant differences in activation energy were also found.  



 

 

Table 2 – Thermal properties of chestnuts starches isolated by A3S and ENZ methods. 

Starch Sample 
Isolation 

method 

To 

(ºC) 

Tp 

(ºC) 

Tc 

(ºC) 

H 

(J/g) 

Ea 

(Jmol
-1

) 

Tr 

(ºC) 

PHI 

(J/g ºC)) 

Longal 

A3S 62.60.09 b 66.60.05 c 74.00.24 a 3.50.13 a 134884.6 c 14.80.45 bc 0.950.024 a 

ENZ 58.50.11 c 63.60.06 b 71.80.20 a 3.30.12 a 904119.2 d 16.40.52 ab 0.830.018 c 

Martainha 

A3S 64.40.13 a 68.20.11 a 76.50.40 a 3.00.06 a 269065.5 a 13.30.44 c 0.850.009 c 

ENZ 58.40.07 c 64.60.08 c 73.40.04 a 3.40.03 a 189762.1 b 17.70.16 a 0.790.019 b 

To: onset temperature; Tp: peak temperature; Tc: conclusion temperature; H: gelatinization enthalpy; Ea: activation energy; Tr: gelatinization  

temperature range; PHI: peak height index; A3S: Alkaline isolation method; ENZ: Enzymatic isolation method. 

Results are the means of three determinations ± standard error of mean. 

The same letter in the same column is not significantly different (p<0.05). 
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The isolation method seems to influence the Tr parameter on Martainha. The 

high gelatinisation temperature ranges and a large gap between onset and endset 

temperatures suggest the presence of crystallites of varying stability within the 

crystalline domains of the granule (Singh, Kaur, Sandhu, & Guraya, 2004). Starches 

with higher To, Tp, H, PHI and narrow Tr may have a higher degree of molecular order 

(Kawaljit, Narpinder, & Maninder, 2004). The isolation method that seems to better 

preserve the molecular order is the A3S method. These conclusions are in accordance 

with the structural characterisation of the same starches (Correia, Valente, Beirão-da-

Costa, wd). 

 

3.5. Rheological properties 

 

The rheological properties of starch gels isolated from different chestnuts flours 

are illustrated in Figures 5 and 6 and Table 3. Starch gels have been defined as 

composites consisting of swollen granules filling an interpenetrating polymer network 

(Liu & Lelievre, 1992), and the major polymer in this network is amylose (Browsey, 

Ellis, Ridout, & Ring, 1987). At the earlier stages of heating, before the onset 

temperature of storage modulus (ToG´), the increase in the storage modulus (G´) and loss 

storage (G´´) was relatively slow. Generally, during heating, G´ and G´´ rose to a 

maximum (G´max and G´´max) and then dropped during the continuous heating. Our data 

revealed a positive correlation between G´ and G´´ (r = 0.821, p< 0.01). In all samples 

G´ was always higher than the G´´, meaning that the formed viscoelastic pastes were 

more elastic than viscous. The initial increase in G´ (Figure 5) could be attributed to the 

swelling of the starch granules accompanied by amylose leaching and formation of 3-

dimentional gel network (Hsu, Lu, & Huang, 2000; Lii Tsai, & Tseng, 1996; Vasanthan 

& Bhatty, 1996). As mentioned previously, in general, after reaching a maximum, G´ 

modulus decreases. This decrease is more evident in chestnut starches isolated by ENZ 

method, indicating the destruction of the gel structure (Tsai & Lii, 1997), due to a 

possible disentanglement of the amylopectin molecules in the swollen particles (Wang 

et al., 2010). This effect may be explained by a lower crystallinity level of these 

starches (Singh, Nakaura, Inouchi, & Nishinari, 2008). Also, the cross-link 

characteristic produces intra- or intermolecular covalent bonds among starch, which 
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contributed to more difficult breakdown of amylopectin matrix and resulted in higher 

G´ (Tsai, Li, & Lii, 1997). 

G´ and G´´ were positively correlated with amylose content, presenting 

respectively r=0.757 and r=0.718 (p< 0.05), as it is expected since a strong interaction 

between the amylose matrix and the rigid filler is required to obtained strong gels (Liu 

& Lelievre, 1992). The trend of peak G´ temperatures for various starches was similar to 

that observed for To, Tp and Tc measured using DSC, peak G´ temperatures of different 

starches were higher than their Tp. This behaviour was also found by Singh, Nakaura, 

Inouchi, & Nishinari (2007) for rice starches.  

Gelation of starch may be also interpreted in terms of tan δ. It is accepted that 

when a starch is heated in excess water and then cooled it forms a firm, self-standing, 

true gel when tan δ < 0.1 (Sang, Bean, Seib, Pedersen, & Shi, 2008). From the found 

results for tan δG´max,, it can be concluded that chestnut starches produced strong gel. 

During the last phase of cooling (below about 50 ºC), G´ presented an increase, which 

was more evident of A3S method results, which shows that in this case the interactions 

between the closely packed swollen granules (Tsai, Li, & Lii, 1997; Lii, Shao, & 

Tseng,, 1995) and leaching components (Tsai & Lii, 2000). This behaviour was also 

previously observed for the final amylographic consistency. Furthermore, the higher 

storage and loss modulus and lower tan δ are related to large and irregular shaped 

granules (Singh Singh, Kaur, Sodhi, & Gill, 2003). In fact, Martainha starch and 

starches isolated by A3S method presented a higher range of granule size, with granules 

size higher than 60 m (Correia, Valente, & Beirão-da-Costa, wd), which could also 

explain the encountered rheological differences between samples. 

During the maturation period (2 hours at 10 ºC), G´ of gels increased very 

slowly, reaching values from 907 to 1516 Pa, with higher values for starches isolated by 

A3S method. 
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Figure 4 – Evaluation of G´ of 10% starch suspentions of chestnuts. L: Longal;

M: Martainha; A3S: alkaline isolation method; ENZ: enzymatic isolation method.
Figure 5 – Evaluation of G´ of 10% starch suspensions of chestnuts. L: Longal; M: 

Martainha; A3S: alkaline method; ENZ: enzymatic isolation method. 

 

 

 

The mechanical spectra of chestnut gels after 2 hours of maturation are shown in 

Figure 6. As may be observed, all samples exhibit a typical gel behaviour with G´ being 

higher than G´´ over the entire frequency range studied. The storage modulus of cooked 

and cooled starch was independent of frequency, indicating a typical characteristic of 

“true gel”, meaning that few molecular rearrangements within the network occurred 

over the short time scale of the applied strains (Sang, Bean, Seib, Pedersen, & Shi, 

2008). 

 

 

 



 

 

 

Table 3 – The rheological properties of chestnut starches isolated by A3S and ENZ isolation methods. 

 

Sample ToG´ 

(ºC) 

TG´max 

(ºC) 

G´max 

(Pa) 

G´´max 

(Pa) 

BDG´ 

(Pa) 

tan δG´max 

Longal A3S 62.50.29 cd 74.50.29 a 85147.2 a 77.71.27 ab 18110.7b 0.0670.0060cd 

ENZ  62.30.41 cd 75.20.75 a 70375.3 a 66.32.31b 28823.1a 0.0840.0019bc 

Martainha A3S 64.60.18 bad 75.00.42 a 72621.2 a 80.22.81b 439.8c 0.0640.0023cd 

ENZ  63.40.18 bd 76.52.14 a 54948.9 a 45.22.9a 21224.4b 0.0890.0040ab 

 

ToG: G´onset temperature; TG´max: G´max peak temperature; G´max: maximum value of storage modulus; 

G´´max: maximum value of loss modulus; BDG´: G´ breakdown (G´max – G´ at 95 ºC); tan δG´max: G´max loss factor;  

A3S: alkaline isolation method; ENZ: enzymatic isolation method. 

Results are the means of three determinations ± standard error of mean. 

The same letter in the same column is not significantly different (p<0.05). 
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Figure 6 – Mechanical spectra at 10 ºC of chestnut starch gels. L: Longal; M: 

Martainha; A3S: alkaline method; ENZ: enzymatic isolation method. 

 

 

4. Conclusions 

 

Isolation method affected chestnut starch properties. The isolation method that 

seems to better preserve the molecular order, and consequently the functional properties 

of chestnut starches is the A3S method. The Longal variety seems to be more sensitive 

to isolation methods. 

All isolated chestnut starches presented high amylose and resistant starch 

contents, mainly those isolated by alkaline method. Chestnut starches presented a 

limited swelling power and gelatinisation temperature, but showed high consistencies at 

95 ºC and after holding at this temperature for 15 minutes. Generally, ENZ method led 

to lower consistency values, higher setback values and seems to influence in higher 

degree starch molecules. Turbidity also was affected by isolation procedure, with the 

ENZ method producing higher values. At room temperature the pastes are quite stable, 

stability decreasing with storage time and temperature inducing an increase in syneresis 
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values. For all chestnut starches, phase transition was associated to low enthalpy values, 

with the transition temperatures being similar to other starch sources. However, the 

energy that must be overcome in order to accomplish a complete gelatinisation was 

higher for Martainha starches and for starches isolated by the A3S method. The 

produced viscoelastic pastes were more elastic than viscous, forming strong gels. 

Nevertheless, starch isolated by ENZ method presented lower gelling ability. The 

storage modulus of cooked and cooled starch was independent of frequency, indicating 

a typical characteristic of “true gel”. 

Chestnut starch, as a source of native starch, presented properties with the 

potential to replace chemically modified starches, such as crosslinked ones. In fact, a 

high paste consistency and breakdown absence, associated with high amylose content, 

and strong, elastic and stable gels was observed. This could be advantageous for 

improving the texture of, for instance, pasta noodles, increasing the productivity in high 

gel strength formation in confectionary industry, and providing viscosity, good 

adhesion, binding properties, and aid in maintaining integrity of batters. Thus, the 

physicochemical and functional properties of chestnut starches, a non-conventional 

source, suggest that these products may be used as an ingredient for foods and other 

industrial applications that require processing at intermediate temperatures, high shear, 

and without storage at low temperatures.  

 

ACKNOWLEDGEMENTS 

 

The first author acknowledges financial support SFRH/BD/37755/2007 from 

Fundação para a Ciência e Tecnologia, Portugal. 

 

References 

 

Betancur-Ancona, D. A., Chel-Guerrero, L- A., Camelo-Matos, R. I., & Davila-Ortiz, 

G. (2001). Physicochemical and functional characterization of baby lima bean 

(Phaseolus lunatus) starch. Starch/Stäke, 53, 219-226. 

Brownsev, G. J., Ellis, H. S., Ridout, M. J., & Ring, S. G. (1987). Elasticity and failure 

in composite gels. Journal of Rheology, 31, 635-649. 



Correia et al. 

Food Hydrocolloids (submitted; FOODHYD-S-10-00541) 

___________________________________________________________________________ 

 

______________________________________________________________________ 

 

225 

Champ, M. (2004). Resistant starch. In A. C. Eliasson (d.), Starch in food: structure, 

function and application (pp: 560-574).Cambridge. England. Woodhead Publishing 

Limited.  

Charles, A. L. (2004). Some physical and chemical properties of starch isolates of 

Cassava genotypes. Starch/ Stärke, 56, 413-418. 

Chung, H. J., Lee, E. J., & Lim, S. T. (2002). Comparison in glass transition and 

enthalpy relaxation between native and gelatinized rice starches. Carbohydrate 

Polymers, 48, 287-298. 

Correia, P. R.; & Beirão-da-Costa, M. L. (2010). Chestnut and acorn starch properties 

affected by isolation methods. Starch/ Stärke, 62, 421-428. 

Correia, P. R.; & Beirão-da-Costa, M. L. (wd). Starch isolation from chestnut and acorn 

flours through alkaline and enzymatic methods. Food Bioproduct Processing 

(submitted; FBP-D-10-00317). 

Correia, P. R.; Cruz-Lopes, L.; & Beirão-da-Costa, M. L. (wd). Morphology and 

structure of chestnut starch isolated by alkaline and enzymatic methods. Food 

Hydrocolloids (submitted; FOODHYD-D-10-00374). 

Correia, P., Leitão, A. & Beirão-da-Costa, M. (2009). The effect of drying temperatures 

on morphological and chemical properties of dried chestnut flours. Journal of Food 

Engineering, 90, 325-332. 

Copeland, L., Blazek, J., Salman, H., & Tang, M. C. (2009). Form and functionality of 

starch. Food Hydrocolloids, 23, 1527-1534. 

Demiate, I.M., Oetterer, M., & Wosiacki, G, (2001). Characterization of chestnut 

(Castanea sativa, Mill) starch for industrial utilization. Brazilian Archives of 

Biology and Thecnology, 44, 69-78. 

Ferrero, C., Martin, M. N., & Zaritzky, N. (1994). Corn-starch-xanthan gum interaction 

and its effect on the stability during storage of frozen gelatinized suspensions. 

Starch/ Stärke, 46, 300-305. 

Danielenko, A N., Grozav, E. K., Rogova, E. I., Bikbov, T. M., Gringberg, V. Y., & 

Tolstogusov, V. B. (1985). Studies on the stability of 11S globulin from soybeans 

by differential scanning microcalorimetry. International Journal of Biologyical 

Macromolecules, 7, 109-112. 

Eliasson, A. C., & Hegg, P. O. (1980). Thermal stability of wheat gluten. Cereal 

Chemistry, 57, 436-437. 



Correia et al. 

Food Hydrocolloids (submitted; FOODHYD-S-10-00541) 

___________________________________________________________________________ 

 

______________________________________________________________________ 

 

226 

GPP, 2007. Crop yearbook 2006. Gabinete de Planeamento e Políticas. Ministério da 

Agricultura, do Desenvolvimento Rural e das Pescas. Lisboa. CASTEL – 

Publicações e edições, S.A. 

Hendrich, S. (2010). Battling obesity with resistant starch. Food Technology, 64, 3:22-

30. 

Hoover, R., Hughes, T., Chung, H.J., & Liu, Q. (2010). Composition, molecular 

structure, properties, and modifications of pulsed starches: A review. Food Research 

International, 43, 399-413.  

Hsu, S., Lu, S., & Huang, C. (2000). Viscoelastic changes of rice starch suspentions 

during gelatinization. Journal of Food Science, 65, 215-220. 

Jane, J., Chen, Y. Y., Lee, L. F., McPherson, A. E., Wong, K. S., Radosavijevic, M., & 

Kasemsuwan, T. (1999). Effects of amylopectin branch chain lengeh and amylose 

content on the gelatinization and pasting properties of starch. Cereal Chemistry, 76, 

629-637. 

Juliano, B.O. (1971). A simplified assay for milled-rice amylose. Cereal Sci. Today, 16, 

334-340. 

Kaur, L., Singh, J., & Singh, N. (2006). Effects of cross-linking on some properties of 

potato starches. Journal of the Science of Food and Agriculture, 86, 1945-1954. 

Krueger B. R., Knutson C. A., Inglett G. E., & Walker C. E. (1987). A differential 

Scanning Calorimetry study on the effect of annealing on gelatinization behaviour 

of corn starch. Journal of Food Science, 52: 715-718. 

Kawaljit, S. S., Narpinder, S., & Maninder, K. (2004). Characteristics of the different 

corn types and their grain fractions: physico-chemical, thermal, morphological, and 

rheological properties of starches. Journal of Food Engineering, 64, 119-127. 

Lan, W., Hihua, Y., Yun, Z., Bijun, X. & Zhida, S. (2008). Morphological, 

physicochemical and textural properties of starch separated from Chinese water 

chestnut. Starch/Starke, 60, 181-191. 

Lii, C.-Y., Shao, Y.-Y., & Tseng, K.-H. (1995). Gelation mechanism and rheological 

properties of rice starch. Cereal Chemistry, 72, 393-400. 

Lii, C.-Y., Tsai, M.-L., & Tseng, K.-H. (1996). Effect of amylose content on the 

rheological property of rice starch. Cereal Chemistry, 73, 415-420. 



Correia et al. 

Food Hydrocolloids (submitted; FOODHYD-S-10-00541) 

___________________________________________________________________________ 

 

______________________________________________________________________ 

 

227 

Liu, Q. (2005). Understanding Starches and Their Role in Food. In: Food 

Carbohydrates: Chemistry, Physical Properties, and Applications (pp. 309-349). 

Ed. Cui S. New York. CRC Press Taylor & Francis Group. 

Liu, H. & Lelievre, J. (1992). Differential scanning calorimetric and rheological study 

of the gelatinization of starch granules embedded in gel matrix. Cereal Chemistry, 

69, 597-599. 

Mirmoghtadaie, L., Kadivar, M., & Shahedi, M. (2009). Effects of cross-linking and 

acetylation on oat starch properties. Food Chemistry, 116, 709-713. 

Morita, N., Maeda, T., Miyazaki, M., Yamamori, M., Miura, H., & Ohtsuka, I. (2003). 

Dough and baking properties of high-amylose and waxy wheat flours. Cereal 

Chemistry, 79, 491-495. 

Mun, S., & Shin, M. (2006). Mild hydrolysis of resistant starch from maize. Food 

Chemistry, 96, 115-121. 

Naguleswaran, S., Vasathan, T., Hoover, R., & Liu, Q. (2010). Structure and 

physicochemical properties of palmyrah (Borassus flabellifer L.) seed-shoot starch 

grown in Sri Lanka. Food Chemistry, 118, 634-649. 

Osundahunsi, F. O., Fagbemi, N. T., Kesselman, E., & Simón, E. (2003). Comparison 

of the physicochemical properties and pasting characteristics of flour and starch 

from red and white sweet potato. Journal of Agriculture and Food Chemistry, 51, 

2232-2236. 

Perera, C., & Hoover, R. (1999). Influence of hydroxypropylation on retrogradation 

properties of native, defatted and heat-moisture treated potato starches. Food 

Chemistry, 64, 361-375. 

Rondán-Sanabria, G. G., & Finardi-Filho, F. (2009). Physical-chemical and functional 

properties of maca root starch (Lepidium meyenii Walpers). Food Chemistry, 114, 

492-498. 

Sang, Y., Bean, S., Seib, P. A., Pedersen, J., & Shi, Y.-C. (2008). Structure and 

functional properties of sorghum starches differing in amylose content. Journal of 

Agricultural and Food Chemistry, 56, 6680-6685. 

Singh, G. D., Bawa, A. S., Singh, S., & Saxena, D. C. (2009). Physicochemical, pasting, 

thermal and morphological characteristics of Indian water chestnut (Trapa natans) 

starch. Starch/ Stärke, 61, 35-42. 



Correia et al. 

Food Hydrocolloids (submitted; FOODHYD-S-10-00541) 

___________________________________________________________________________ 

 

______________________________________________________________________ 

 

228 

Singh, J., McCarthy, O., & Singh, H. (2006). Physico-chemical and morphological 

characteristics of New Zealand Taewa (Maori potato) starches. Carbohydrate 

Polymers, 64, 569-581. 

Singh, N., Nakaura, Y., Inouchi, N., & Nishinari, K. (2008). Structure and viscoelastic 

properties of starches separated from different legumes. Starch/Stärke, 60, 349-357. 

Singh, N., Nakaura, Y., Inouchi, N., & Nishinari, K. (2007). Fine structure, thermal and 

viscoelastic properties of starches separated from Indica rice cultivars. 

Starch/Stärke, 59, 10-20. 

Singh, N., Kaur, M., Sandhu, K.S., & Guraya, H.S. (2004). Physico-chemical, thermal, 

morphological and pasting properties of starches from some Indian black gram 

(Phaseolus mungo L.) varieties. Starch/Stärke, 56, 535-544. 

Singh, N., Singh, J., Kaur, L., Sodhi, S. N., & Gill, S. B. (2003). Morphological, 

thermal and rheological properties of starches from different botanical sources. 

Food Chemistry, 81, 129-231. 

Thomas DJ, Atwell W. 1999. Starches. St. Paul, Minnesota. USA: Eagan Press. 

Tsai, M. L., Li, C. F., & Lii, C.-Y. (1997). Effects of granular structures on the pasting 

behaviours of starches. Cereal Chemistry, 74, 750-757. 

Tsai, C. F., Lii, C.-Y. (2000). Effect of hot water soluble components on the rheological 

properties of rice starch. Starch/Stärke, 52, 44-53. 

Vasanthan, T., & Bhatty, R. S. (1996). Physicochemical properties of small and large 

granules starches of waxy, regular, and high amylose barleys. Cereal chemistry, 73, 

199-207.  

Wang, L., Xie, B., Shi, J., Xue, S., Deng, Q., Wei, Y., & Tian, B. (2010). 

Physicochemical properties and structure of starches from Chinese rice cultivars. 

Food Hydrocolloids, 24, 208-216. 

 



Correia et al. 

Food Hydrocolloids (submitted; FOODHYD-S-10-00542) 

___________________________________________________________________________ 

 

______________________________________________________________________ 

 

229 

The effect of starch isolation method on physical and functional 

properties of Portuguese nuts starches. II. Q. rotundifolia Lam. and Q. 

suber Lam. acorns. 

 

Paula Reis Correia
1
; Maria Cristiana Nunes

2, 3
, Maria Luísa Beirão-da-Costa

3
 

 

1
 CI&DETS, ESAV, Departamento de Indústrias Alimentares, Escola Superior Agrária 

do Instituto Politécnico de Viseu. Quinta da Alagoa. Estrada de Nelas. 3500-606 Viseu. 

Portugal. 

2, 3
 Núcleo de Investigação em Engenharia Alimentar e Biotecnologia, Instituto Piaget-

ISEIT de Almada, Quinta da Arreinela de Cima, 2800-305 Almada. Portugal. 

3
 CEER - Biosystems Engineering. Institute of Agronomy. Technical University of 

Lisbon. Tapada da Ajuda, 1349-017 Lisboa, Portugal. 

 

Abstract 

 

The search for new sources of starch to be used in versatile industrial products is 

increasingly being demanded. A new starch was isolated from fruits of two acorn 

species, Quercus rotundifolia (QR) and Quercus suber (QS) by alkaline (A3S) and 

enzymatic (ENZ) methods and physical and functional properties were studied. The 

isolation method induced changes in most of those properties in the isolated starches, 

mainly in resistant starch content, syneresis, pasting, thermal and rheological properties. 

In general, acorn starches showed limited and similar swelling power and solubility 

values. The gelatinisation temperatures ranged from 67.5-72.0 ºC and pastes did not 

present breakdown, which is suggestive of a high paste stability of acorn starches during 

heating. Breakdown was clearly affected by the isolation method in QS starches, 

presenting lower values for A3S method. At room temperature the turbidity and 

syneresis values were low, but when held at freezing temperatures the syneresis 

significantly increased. Thermal analysis revealed that the acorn starches easily suffer 

transition phenomena as shown by the low To and enthalpy values (4.1-4.3 J/g), these 

effects were more evident in starches isolated by ENZ method. Pastes are more elastic 

than viscous and form strong gels after cooling. QS starch was shown to be less 
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resistant to the effect of isolation method. Generally, starch isolated by enzymatic 

method presented less interesting functional properties, since this isolation procedure 

greater affected the raw structure of starches.  

 

Keywords: acorns; isolation method; starch; functional properties; thermal properties; 

rheological properties. 

 

 

1. Introduction 

 

Acorn fruits from Quercus suber and Quercus rotundifolia are important 

forestry resources in the Centre and South Portugal regions. Traditionally, these fruits 

are mainly used for the feeding of Iberic pigs. In past times of scarcity, the flours 

produced from these fruits were also used in bread production (Ribeiro, 1992), and from 

these times traditional recipes still remain. Other European Mediterranean countries are 

also consumers of these fruits as referred to Rakic, Povrenovic, Tesevic, Simic, & 

Maletic (2006). Keeping in mind the composition of these fruits mainly in starch 

fraction, with starch content on fresh fruits of 48.0 % and 49.0 % respectively for QR 

and QS (Correia, Leitão, & Beirão-da-Costa, 2009), the optimisation of these resources 

should become a major trend in order to maximise profit from them. 

In this scope, acorns should be considered as a possible answer to search for 

alternative native starches with suitable characteristics for the food industry, not 

requiring chemical or genetic modifications. Furthermore, starch properties are 

imperative to define its potential applications both in food and non-food industries.  

Most starch isolation methods affect starch properties which justify the interest 

of studying the most suitable for each individual raw material. In a previous work, 

Correia & Beirão-da-Costa (2010) reported the results about the effect of isolating 

method in starch from QR and QS starches. The best results considering the yield, 

purity and pasting properties were obtained for two methods that applied low shear with 

alkaline treatment and low shear with protease digestion. Furthermore, these methods 

were optimised for acorn starch isolation parameters (data not published). These 

methods, designated as A3S and ENZ, lead to extraction yields of 88.5% and 86.9% 

with a purity of 98.1% and 97.6%, for QS variety.  
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In available literature, acorn starch properties from other oak trees, but not 

Quercus species were studied (Aee, Hie, & Nishinari, 1998; Soni, Sharma, Dun, & 

Gharia, 1993; Stevenson Jane, & Inglett, 2006). Since acorns are good sources of starch, 

these fruits present a large potential for commercial use. 

The objectives of the present study were to evaluate the effect of starch isolation 

method on functional, thermal and viscoelastic properties of gels of acorn starches, 

aiming to find potential industrial applications for underexploited raw materials. 

 

 

2. Materials and methods 

 

2.1. Materials 

 

Quercus suber Lam. and Quercus rotundifolia Lam. acorns were collected in 

“montados”, located in Idanha-a-Nova (Centre East of Portugal). Three sets of 1 kg of 

each chestnut fruit were randomly harvested at maturity stage, stored, dried and milled 

as previously reported by Correia, Leitão, & Beirão-da-Costa (2009). 

 

2.2. Methods 

 

The applied methods for acorn starch isolation and for physical and functional 

evaluation of those starches were the same as previously described for chestnuts 

(Correia, Nunes, & Beirão-da-Costa, wd). The statistical analysis of the results was 

performed with the same tools as the ones applied for chestnut results analysis. 

 

3. Results and discussion 

 

3.1. Swelling power and solubility 

 

Swelling power and solubility values, as shown in Figure 1, are similar for both 

acorns and isolation methods, increasing gradually from 60 ºC to 90 ºC, meaning that 

besides a similarity of behaviour among the two species, the isolation procedure does 

not seem to affect these properties. This pattern is confirmed by a positive correlation 

between SP and solubility (r = 0.96, p 0.01), suggesting that solubilisation occurred 

along with granular swelling.  
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Figure 1 – Swelling power and solubility of acorn starches. QR: Quercus rotundifolia; 

QS: Quercus suber; A3S: alkaline starch isolation method; ENZ: enzymatic isolation 

method. 

 

SP values are low when compared to other starch sources such as potato starch 

(56.2-64.7%) (Kaur et al., 2002), but similar to giginya palm seeds (about 15%) 

(Barminas, Onnen, Williams, Zaruwa, Mamuru, & Haggai, 2008) and to chestnut 

starches (13.6-17.3%) (Correia, Nunes, & Beirão-da-Costa, wd). The lower values for 

SP and solubility could be influenced by the high amylose content (Rondán-Sanabria & 

Finardi-Filho, 2009), which seems to be the case at present (Figure 2). The amylose 

content for all of the samples was always high, ranging from 53.4%-59.4%, no 

significant differences were found between the two different isolation methods for the 

same sample. Stevenson, Jane, & Inglett (2006) found also high amylose content for Q. 

palustris Muenchh, 43.4 %. Similar high amylose content was reported for same pulsed 

starches (Hoover, Hughes, Chung, & Liu, 2010), and also for chestnut starches (Correia, 

Nunes, & Beirão-da-Costa, wd), also exhibiting low SP values. 

The limited swelling values obtained over the temperature range is also 

attributed in literature to the presence of strong bonding forces in the starch granules 

and amylose-lipid complexes (Soni, Sharma, Dun, & Gharia, 1993), or influenced either 

by high level of cross-linking (Mirmoghtadaie, Kadivar, & Shahedi, 2009), or high 

crystallinity (Lan, Hihua, Yun, Bijun, & Zhida, 2008). This last explanation seems to fit 

to acorn starches. Furthermore, Adebowale, Afolabi, & Olu-Owolabi (2006) attributed 

to C-type starches typical of legumes limited swelling. It must be remarked that acorn 
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starches also present this type of starches (Correia, Cruz-Lopes, & Beirão-da-Costa, 

wd). 
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Figure 2 – Amylose and RS contents of acorn starches. 

RS: resistant starch; QR: Q. rotundifolia; QS: Q. suber; 

A3S: alkalime isolation method; ENZ: enzymatic isolation

Method.

 

Figure 2 - Amylose and RS contents of acorn starches. RS: resistant starch; QR: Q. 

rotundifolia; QS: Q. suber; A3S: alkaline starch isolation method; ENZ: enzymatic 

isolation method. 

 

3.2. Pasting properties, turbidity and syneresis 

 

Pasting properties and turbidity of acorn starches are presented in Table 1. Acorn 

starches presented high gelatinisation temperature (GT), similar to pin oak starch (71.5 

ºC) (Stevenson, Jane, & Inglett, 2006), the effect of the isolation method was not 

evident. Furthermore, the higher gelatinisation temperature implies a higher cooking 

time for this starch. As mentioned before, acorn starches presented high percentages of 

crystallinity, between 43.1% and 46.6% (Correia, Cruz-Lopes, & Beirão-da-Costa, wd), 

the higher crystallinity probably being responsible for higher gelatinisation temperature. 

The results of pasting temperature are in conformity with the encountered results for 

swelling powers of the starches. Generally, high gelatinisation temperatures indicate 

high resistance to swelling.  

The studied acorn starches, as well as was already found for chestnuts, do not 

present a common peak consistency, and so, showing a similar profile to a crosslinked 

starch suspension (Thomas & Atwell, 1999). Furthermore, the absence of breakdown 

(BD) means that hot pastes from acorn starches presented high stability (Lan, Hihua, 

Yun, Bijun, & Zhida, 2008), and a high resistance to mechanical stirring under hot 
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conditions. This cooked paste stability may show the potential of the starch for use in 

porridge (Hadimani & Malleshi, 1993). Steverson, Jane, & Inglett (2006) also found 

similar behaviour for other acorn starch pastes (Q. palustris Muenchh.). 

The consistency at 95 ºC after 15 minutes holding reflected the hot paste 

consistency. Once again the isolation method was found to affect the native starch in the 

same way. 

Cold paste consistency increased upon cooling, due to the aggregation of the 

amylose molecules. This characteristic is estimated by the final consistency (FC). In our 

study, acorn starches presented high and similar FC. Other authors also reported, as the 

most distinctive acorn starch pastes properties, the high final consistency and setback 

(Stevenson, Jane, & Inglett, 2006). 

SB consistency is defined as the degree of re-association between the starch 

molecules involving amylose (Charles, 2004), that have leached from swollen starch 

granules during cooling, and it is generally used as a measure of the gelling ability or 

retrogradation tendency of starch (Singh, Bawa, Singh, & Saxena, 2009). A high 

setback consistency is associated with cohesiveness of the pastes (Otegbayo, Aina, 

Asiedu, & Bokanga, 2006), and this seems to be the case in acorn starches. The SB, 

evaluated by the difference in consistencies of the pastes at the end and at 95 ºC, was 

clearly affected by the isolation method in QS starches, presenting low values for A3S 

method. This could be attributed to a lower degree of amylose leaching, or low 

proportion of long amylopectin chains (Naguleswaran, Vasathan, Hoover, & Liu, 2010). 

Furthermore, acorn starches presented paste properties similar to cross-linked starches 

and for this type of starches a reduction of amylose leaching, granular swelling and 

degree of SB has been attributed (Hoover, Hughes, Chung, & Liu, 2010). A positive 

correlation between the amylose content and SB, r = 0.905 (p< 0.01), and a negative one 

with resistant starch, r = -0.862 (p<0.01) was noticed. The RS values are presented in 

Figure 1. Acorns presented a high content of RS, QS starches presenting the lower 

value, 30.8% for ENZ starch isolation method. Thus, as stated by Liu (2005) for RS 

classification, acorn starch could be classified as type II. The encountered values are 

higher then the RS content of potato (0.6-0.9%) and legume seed starches (12-20%) 

(Liu, 2005), but lower than those of chestnuts (Correia, Nunes, Beirão-da-Costa, wd), 

and similar to Palmyra starch (32.2%) (Naguleswaran, Vasathan, Hoover, & Liu, 2010). 

It must be emphasised that the high consistency immediately acquired, when the pastes 
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were cooled, suggests possible new applications of this starch as an alternative to the 

more conventional products.  

Acorn starches presented low values of turbidity, the isolation method not 

affecting this property. Singh, Nakaura, Inouchi, & Nishinari (2007) reported that starch 

granules disintegrate less in the presence of higher amylose content, and that seems to 

be the case in acorn starches. Since starches presented a cross-linked behaviour, the low 

turbidity values could also be attributed to the almost intact structure of starch after 

heating at 95 ºC (Kaur, Singh, & Sodhi, 2006).  

 

 

Table 1 - Pasting properties and turbidity of acorn starches. 

Functional  

property 

Q. rotundifolia Q. suber 

A3S ENZ A3S ENZ 

GT (ºC) 70.50.88 ab 67.50.73 b 72.00.58 a 70.31.01 ab 

C95º C (BU) 150629.1 ab 126535.3 bc 128034.6 bc 117340.6 c 

CAH (BU) 140746.7 a 129037.6 ab 124326.0 bc 112011.5 c 

FC (BU) 257530.5 c 245334.8 b 254023.1 b 275031.8 a 

SB (%) 118040.6 c 115531.8 c 130028.7 b 16302.3 a 

TB (%T620) 2.430.21 a 2.400.029 a 2.370.018 a 2.350.019 a 

Values are expressed as mean  standard error of mean. 

Means sharing the same letters in lines are not significantly different from each other 

(Tukey’s HSD test, p 0.05). 

Consistency is reported as BU (Brabender units).  

GT, gelatinisation temperature; C95ºC, consistency at 95ºC; CAH, consistency after 

holding at 95ºC; FC, final consistency; SB, setback SB = consistency at 50 ºC (BU) – 

minimum consistency (BU); TB: turbidity. A3S: alkaline starch isolation method; ENZ: 

enzymatic isolation method. 
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Starch gels as a metastable and non-equilibrium systems undergo structural 

changes during storage (Ferrero, Martin, & Zaritzky, 1994) leading always to some 

degree of syneresis. This effect is also an index of the degree of starch retrogradation 

(Wang et al., 2010). Syneresis characterises the starch stability to different storage 

conditions (Figure 3). At room temperature and refrigeration temperature the pastes 

presented a high stability, meaning that they can form an elastic gel with high water 

holding capacity. Only when the starch gels were subjected to freezing temperatures a 

certain amount of water was released. As is well known, the paste retrogradation is 

indirectly influenced by the structural arrangement of the starch chains within the 

amorphous and crystalline regions of the non-gelatinised granule, acting in the granule 

breakdown during gelatinization and also in the interactions occurring within the starch 

chains during the gel storage (Perera & Hoover, 1999). This phenomenon is responsible 

for undesired behaviours, like bread ageing. The results showed that this phenomenon 

occurs only in limited extension for acorns gels.  

 

3.3. Thermal properties 

 

The typical DSC (Differential Scanning Calorimetry) traces of gelatinisation for 

acorn starches are represented in Figure 4. The results of thermal analysis are shown in 

Table 2. Although the results showed some significant differences in transition 

temperatures, To (onset temperature) and Tp (peak temperature), in practice the 

encountered differences range 1-2 ºC, which from an utilisation point of view are not 

important. A difference was observed between DSC gelatinisation onset and the pasting 

temperature suggesting that the melting process preceded the initial increase in viscosity 

(Chaisawang & Suphantharika, 2006). To of both species occur close to 58 - 60 ºC, 

lower than other acorn starches 65 ºC and 80-85 ºC, respectively found for Q. palustris 

and Q. leucothichophora (Steverson, Jane, & Inglett, 2006; Soni, Sharma, Dun, & 

Gharia, 1993).  
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Figure 3- Syneresis of acorn starch pastes after storage at ambient, refrigeration and 

freezing temperatures. QR: Q. rotundifolia; QS: Q. suber; A3S: alkaline isolation 

method; ENZ: enzymatic isolation method. 
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Figure 4 – Endothermic transitions of acorn starches. QR: Q. rotundifolia; QS: Q. 

suber; A3S: alkaline isolation method; ENZ: enzymatic isolation method. 

 

 

Both gelatinisation temperature and enthalpy of starches are known to depend on 

the micro-structures, presence of crystalline regions of different degree of organisation 

in the granule, granule size, and amylose-to-amylopectin ratio (Ahmad, Williams, 

Doublier, Durand, Buléon, 1999; Singh & Shing, 2001).  

Generally, acorns starches presented low enthalpy values (4.1-4.3 J/g) and Ea 

(1874-2189 Jmol
-1

), and the isolation method did not significantly affect this 

characteristic, meaning that transition phenomena occurs easily, imaging of a quite 

cooperative process. When compared with chestnut starches, acorn starches generally 

presented high values of enthalpy and activation energy, meaning that acorn starches 

need more energy to achieve gelatinisation, reflecting a strong and better organised 

structure of molecules in starch granules. The enthalpy (H) values are similar to high-

amylose starches (Jane et al., 1999), like pea wrinkled starch and other pulsed starches 

(Hoover, Hughes, Chung, &, Liu, 2010), to potato (4.35 J/g) and cassava (5.01 J/g) 

(Barminas, Onnen, Williams, Zaruwa, Mamuru, & Haggai, 2008), but lower relatively 

to Quercus palustris (Steverson, Jane, & Inglett, 2006), meaning a low degree of 

internal molecular organisation of the granules. A strong carbohydrate/ water interaction 
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and better organized microstructure lead to a higher H value (Chung, Lee, & Lim, 

2002), since H indicates the required energy for disruption hydrogen bonds with the 

crystalline zones. It was also found significant differences on activation energy. 

The isolation method seems to influence the Tr (gelatinisation temperature 

range) and PHI (peak height index) parameters on QS starch. The high Tr for QS ENZ 

starch suggests the presence of crystallites of varying stability within the crystalline 

domains of the granule (Singh, Kaur, Sandhu, & Guraya, 2004), meaning that a large 

gap between onset and endset temperatures is probably due to a high heterogeneity of 

the crystallites present on starch granules. Furthermore, QS ENZ starch presented a 

lower PHI, which can be related to a lower structured starch matrix, since this parameter 

provides a numerical value that is indicative of the relative shape of the endotherm. A 

tall narrow endotherm has a high PHI than a shorter one, does even if the energy 

involved in the transition is the same (Krueger, Knutson, Inglett, & Walker, 1987). 

Generally, the thermal property results suggest that the acorn starches have lost 

their molecular order to a lower degree than chestnuts. The isolation starch method that 

seems to preserve in a higher degree the molecular order is the A3S method. These 

conclusions are in accordance with the results of the structural analysis of the same 

starches (Correia, Cruz-Lopes, & Beirão-da-Costa, wd). 

 

3.4. Rheological properties 

 

The rheological properties of starches isolated from different acorns flours are 

illustrated in Figures 5 and 6, and Table 3. The storage modulus (G´) and loss storage 

(G´´) were relatively low before the onset temperature of storage modulus (ToG´), then 

increased during heating until rise to a maximum (G´max and G´´max) and then dropped 

during the continuous heating. Our data revealed a consistency of both trends as 

supported by a positive correlation between those modulus (r=0.963, p< 0.01). Heating 

caused the swelling of starch granules, followed by dissolving of amylose molecules, 

resulting in increase in G´ to a maximum value (Singh, Nakaura, Inouchi, & Nishinari, 

2008). In all samples the G´ was always higher than G´´, which presented reduced 

values, meaning that the formed pastes were more elastic than viscous. The QR starches 

showed the higher G´´ meaning that in the gel the viscous component assumes a more 

important role, as it is also shown the highest values of breakdown values (Table 3).  



 

 

Table 2 – Thermal properties of acorns starches isolated by A3S and ENZ methods. 

Starch Sample 
Isolation 

method 

To 

(ºC) 

Tp 

(ºC) 

Tc 

(ºC) 

H 

(J/g) 

Ea 

(Jmol
-1

) 

Tr 

(ºC) 

PHI 

(J/g ºC)) 

QR 

A3S 60.90.01 a 66.70.04 a 74.70.23 b 4.20.06 a 215740.1 a 16.00.41 c 0.570.02 ab 

ENZ 58.70.22 b 65.70.12 b 74.00.14 bc 4.30.11 a 187443.6 b 16.60.17 bc 0.610.047 b 

QS 

A3S 58.40.16 b 64.80.11 c 73.30.44 a 4.20.06 a 218948.9 a 13.70.56 a 0.640.029 b 

ENZ 58.60.14 b 64.10.11 c 71.70.09 c 4.30.06 a 187557.5 b 18.40.69 b 0.460.015 a 

To, onset temperature, Tp, peak temperature, Tc, conclusion temperature, H, gelatinisation enthalpy, Ea, activation energy, Tr, gelatinisation 

temperature range Tr = 2(Tp – To), PHI, peak height index PHI = ΔH/(Tp - To). 

Activation energy is calcuded by: v = -v0e
Ea/RT

, where v is dα/dt; v0 is the constant rate; Ea is the activation energy (Jmol
-1

); R is the 

gas constant; and T is the absolute temperature. A3S: alkaline starch isolation method; ENZ: enzymatic isolation method. 

Results are the means of three determinations ± standard error of mean. 

The same letter in the same column is not significantly different (p<0.05). 
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Q. suber starches presented low values of G´ and G´´ when compared with QR, 

this difference could be attributed to differences in the degree of granular swelling to fill 

the entire available volume of the system (Eliasson, 1986; Keetels & Vliet, 1994). As 

mentioned previously, in general, after reaching a maximum G´ (exception for QS 

starch isolated by A3S method) the modulus decreased and this decrease is more 

evident on QR starches, which indicates a possible disentanglement of the amylopectin 

molecules in the swollen particles (Wang et al., 2010). Lindqvist (1979) mentioned that 

both amylose and amylopectin played important roles in the formation of starch gels. A 

strong interaction between the amylose matrix and the rigid filler is required to obtain 

gels with higher strength (Liu & Lelievre, 1992). Lipids and amylose are reported to 

assist in maintaining granule integrity during heating (Morrison, Tester, Snape, Law, & 

Gidley, 1993). Since QS isolated starch presented the higher level of lipids (data not 

published), this could contribute to the lower disintegration of swollen granules in QS 

starch during heating, and consequently to lower values of G´ and G´´. The trend of 

peak G´ temperatures for various starches was similar to that observed for To, Tp and Tc 

(endset temperature) measured using DSC. However, peak G´ temperatures of different 

starches were higher than their Tp as was also reported by other authors (Singh, 

Nakaura, Inouchi, & Nishinari, 2007). 

Solubilised starch polymers and the remaining insoluble granular fragments have 

a tendency to reassociate after heating, resulting in the formation of crystalline 

aggregates and a gelled texture (Thomas & Atwell, 1999). Results showed that G´ 

evolution during cooling is affected by starch isolation method (Figure 5). Gels 

produced from QR starch by A3S method clearly showed an increase in G´. This 

increase is probably due to the strong interactions between the closely packed swollen 

granules and leaching components, mainly amylose (Tsai & Lii, 2000). Acorn gels 

presented tan δ < 0.1, meaning that cooled cooked acorn starches form a firm, self-

standing, true gel (Sang, Bean, Seib, Pedersen, & Shi,  2008). Thus, it can be concluded 

that acorn starches formed structured gels, achieving the pseudo- equilibrium (G´éq) 

during the tested maturation time (2 hours), in spite of a low increase of G´ during 

heating from 50 º to 90 ºC (1.25 ºC/ min) and lower G´ values at the end of maturation 

period, 1278 Pa for QS ENZ and 4570 Pa for QR A3S. 
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Figure 4 – Evaluation of G´ of 10% starch suspentions of acorns. QR: Q. rotundifolia;

QS: Q. suber; A3S: alkaline isolation method; ENZ: enzymatic isolation method.

 

Figure 5 – Evaluation of G´ of 10% starch suspensions of acorns. QR: Q. rotundifolia; 

QS: Q. suber; A3S: alkaline pH using successively three sieves isolation method; ENZ: 

enzymatic isolation method; T: Temperature. 

 

 

Mechanical spectra of the acorn gels after 2 hours at 10 ºC of maturation are 

shown in Figure 6. Although both starches sources and isolation methods produced gels 

more elastic than viscous (G´ always higher than G´´). The storage (G´) and loss (G´´) 

moduli of cooked and cooled starch was independent of frequency, indicating a typical 

characteristic of “true gel”, meaning that few molecular rearrangements within the 

network occurred over the short time scale of the applied strains (Sang, Bean, Seib, 

Pedersen, & Shi, 2008). Gels produced from starches isolated by QR starch A3S 

method are more structured than the others. It is also possible to conclude that ENZ 

method originates starch gels with lower values of viscoelastic moduli, i. e. less 

structured gels. 

 



 

 

 

Table 3 – The rheological properties of acorn starches isolated by A3S and ENZ isolation methods. 

 

Sample ToG´ 

(ºC) 

TG´max 

(ºC) 

G´max 

(Pa) 

G´´max 

(Pa) 

BDG´ 

(Pa) 

tanδG´max 

Q. rotundifolia A3S 66.91.72 ab 83.10.64 a 179567.8 a 196.63.3 a 66641.7 a 0.0820.0032 a  

ENZ  59.40.77 c 72.40.23 b 1493126.8 ab 131.33.0 b 30529.2 b 0.0800.0058 ab 

Q. suber A3S 68.30.57 a 84.80.96 a 83318.6 c 67.72.4 d 8711.6 d 0.0780.008 b 

ENZ  65.71.10 ab * * * * * 

 

ToG: G´onset temperature; TG´max: G´max peak temperature; G´max: maximum value of storage modulus; G´´max: maximum value  

of loss modulus; BDG´: G´ breakdown (G´max – G´ at 95 ºC); tan δG´max: G´max loss factor; A3S: alkaline isolation method;  

ENZ: enzymatic isolation method. Results are the means of three determinations ± standard error of mean. 

The same letter in the same column is not significantly different (p<0.05). 

* indicates that a maximum peak was not encountered 
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Figure 5 – Mechanical spectra at 10 ºC of acorn starch gels. 

QR: Q. rotundifolia; QS:Q. suber;  A3S: alkaline isolation method; 

ENZ: enzymatic isolation method.

 

Figure 6 – Mechanical spectra at 10 ºC of acorn starches. QR: Q. rotundifolia; QS: Q. 

suber; A3S: alkaline isolation method; ENZ: enzymatic isolation method. 

 

 

4. Conclusions 

 

The application of starch from different origins in food systems depends greatly 

on information about the chemical and functional properties of such food materials. 

From the above results it was possible to conclude that the isolation starch method that 

seems to preserve in a higher degree the molecular order, and consequently the 

functional properties of starches is the alkaline method. The isolation method seems to 

affect Q. suber starches to a high degree. 

The physicochemical and functional properties of acorn starches, a non-

conventional source, suggest that those products may be used as an ingredients for 

foods and other industrial applications. The transition phenomena occur in a similar way 

in both acorn species. Acorn starches presented high paste consistencies, with higher 

final and setback consistencies, and did not present a breakdown. Thus, QR and QS 

starches could be classified as to be tolerant to heating and shearing processes. The high 

consistency immediately acquired, when the acorn pastes were cooling, the high 
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stability and strong formation of gels, and the low values of turbidity, suggest the 

possibility for new applications of this starch. Moreover, the observed high firmness 

and stability of the gel are adequate to be used as thickening, stabilising and jellifying 

agent in foods, but acorn starch is not adequate when it is included in frozen foods due 

to high syneresis effect. 

The encountered results may credit acorn starches as a source for new forms of 

starch for special purposes. Since large quantities of acorns are produced each year, and 

left to rot, it is very important to convert this biomass into a potential source of 

carbohydrates for industrial uses. 
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Chapter IV. Conclusions 

 

The characterisation of chestnut and acorn starches concerning the morphological, 

structural and functional properties leads to conclude: 

 

 Chestnut and acorn starch granules were found to be round and oval in shape, 

consisting of medium/ small granules classified predominantly as B- type 

granules. Starches could be classified as a Cb types, with a high relative 

crystallinity value, more than 30% for chestnuts and more than 43.1% for 

acorns. 

 FITR analysis revealed that chestnut starches presented similar interactions 

between starch molecules. The same behaviour was also observed for acorn 

starches. However, the structural properties of starches are significantly affected 

by isolation methods. Starches isolated by alkaline method presented a higher 

range of granule sizes, more than 60 m for chestnut and acorn starches. In spite 

of this, the mean granule size ranging between 9 to 13m for both isolation 

methods. 

 In spite of the similar interactions between molecules in starch granule for both 

extraction methods, the structure of the granules was significantly different. 

Generally, no significant differences were observed considering the crystallinity 

degree of starch granules determined by X-ray diffraction, but some differences 

were observed in the 
13

C CP/MAS NMR patterns for chestnut and acorn starches 

isolated by the alkaline and enzymatic methods. Starch isolated by alkaline 

method presented more compact crystalline structure of the double helices. 

Furthermore it is also possible to conclude that with this method starch original 

structure was less affected or partially destroyed. 

 From results of a preliminary study it was possible to state that starches 

presented different average molecular weight for chestnut varieties, acorn 

species and isolation methods. However, the available analytical procedures did 

not allow to accurately conclude about the Mw distribuition profiles. Further 

studies are needed in this field in order to find the most suitable methods and 

conditions for chestnut and acorn starches analysis. 
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 The isolation method considerably affected the functional properties of chestnut 

and acorn starches. The isolation method that seems to preserve the molecular 

order to a higher degree, and consequently the functional properties of both 

chestnut and acorn starches was the alkaline method. 

  Chestnut and acorn starches presented high amylose and resistant starch 

content, which influenced the starch paste properties.  

 Chestnut starches presented a limited swelling power and gelatinisation 

temperature, but showed high consistencies at 95 ºC and after holding at this 

temperature for 15 minutes. Generally, enzymatic method seems to affect in a 

higher degree starch molecules, leading to relatively low consistency and high 

setback values. 

 The enthalpy values were lower for all the samples and the transition 

temperatures were similar to other starch sources, meaning that transition 

phenomena occurs easily, indicating of a quite cooperative process.. In spite of 

this, the energy that must be overcome in order to accomplish a complete 

gelatinisation was higher for Martainha starches and for starches isolated by the 

A3S method. 

 When compared with chestnut starches, acorn starches generally presented high 

values of enthalpy and activation energy, meaning that acorn starches need more 

energy to achieve gelatinisation, and so they possess a stronger and better 

organised structure of molecules in starch granules. The energy required to 

overcome the gelatinisation was higher for starches isolated by the alkaline 

method. 

  At room temperature the pastes are quite stable, stability decreasing with 

storage time and temperature inducing an increase in syneresis values.  

 The formed pastes are viscoelastic, but more elastic than viscous, forming strong 

gels. Starch isolated by ENZ method presented lower gelling ability. The storage 

modulus of cooked and cooled starch was independent of frequency, indicating a 

typical “true gel” characteristic. Furthermore, starches formed pastes with higher 

consistencies, mainly final and setback consistencies, and did not present 

breakdown. Thus, starches could be classified as heat and shear tolerant. These 

behaviours are more evident for acorn starches. 
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1. General conclusions 

 

The main objective of the present work was to obtain a deeper knowledge about 

physicochemical, morphological, structural and functional properties of chestnut and 

acorn starches aiming for future potential applications in industry. 

 

The encountered results allowed to define the most suitable temperatere for drying fruits 

and the starch isolation procedures in order to obtain starches with functional 

potentialities to be applied in food and non food industries. Thus, drying chestnut and 

acorn fruits at 60 ºC and isolating starch by alkaline method, with centrifugation at 800 

x g/ 15 minutes, were the best encountered material prepared conditions aiming for the 

future uses of these starches. In spite of the enzymatic method also presented high 

starch yield and purity, it led to a higher destruction of raw starch materials. Chestnut 

Longal variety and Q. suber specie were more susceptible to the effects of isolation 

methods. 

 

As general conclusion, in spite of the encountered physicochemical, morphological, 

structural and functional differences between chestnuts, acorn starches and isolation 

methods, and considering the physicochemical and functional properties of those 

starches (non-conventional starch sources), it may be assumed that these products may 

serve as a new ingredients for foods and other industrial applications, which present 

properties with the potential to replace chemical modified starches. In fact, a high paste 

consistency and breakdown absence was observed, associated with high amylose 

content, and strong, elastic and stable gels. These could be advantageous for improving 

the texture of a pasta noodles, increasing the productivity in high gel strength formation 

for the confectionary industry, and providing viscosity, good adhesion, binding 

properties, and aiding in maintaining integrity of batters and breadings. 

 

Moreover, since great volumes of chestnuts and acorns are produced each year, and in 

the case of acorns, most of the time, left to rot, it will be important to convert this 

biomass into a potential source of carbohydrates for industrial uses. 
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2. Perspectives to future work 

 

In face of the encountered results, some topics which should be considered for further 

research: 

 

 Proceed the study on starch components` molecular weight distribution, and 

fractionation of amylose and amylopectin in order to understand chestnut and 

acorn starch molecular structures in a deeper degree. 

 Upgrade the isolation methods on a pilot-scale in order to enhance a future 

possibility of extraction starch from chestnut and acorn starches at an industrial 

volume, and with economical viability. 

 Evaluate the potentialities of chestnut and acorn starches as a food ingredient 

and compare their behaviour with other ingredients already available on the 

market. Thus, it is also important to check starch interactions with other 

compounds during food processing. 

 Considering that chestnut and acorn fruits are rich in bioactive components, such 

as lectin, cysteine proteinase inhibitor and quercetin, for chestnuts, and tannins 

for acorns, efforts must be done to take profit from them in order to improve 

human health. 
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1. Conclusões gerais 

 

O objectivo principal deste trabalho foi obter um conhecimento mais aprofundado sobre 

as propriedades físico-químicas, morfológicas, estruturais e funcionais dos amidos de 

castanha, bolota e glande, para futuras aplicações na industria. 

 

Os resultados encontrados permitiram definir a temperatura de secagem mais 

conveniente para os frutos e o método mais adequado para o isolamento do amido, de 

modo a obter amidos com potencialidades funcionais para aplicação nas indústrias 

alimentares e não alimentares. Assim, a secagem das castanhas, da bolota e da glande a 

60 ºC e o isolamento do amido atravez do método alcalino, com centrifugação a 800xg/ 

15 minutos, foram as melhores condições encontradas para preparação destes materiais, 

tendo como objectivo a futura utilização destes amidos. Apesar do método enzimático 

apresentar também elevados rendimentos e puresa dos amidos, provoca uma maior 

destruição dos amidos isolados. A castanha da variedade Longal e a glande foram mais 

sensíveis aos efeitos dos métodos de isolamento. 

 

Como conclusão geral, apesar das diferenças encontradas nas propriedades físico-

químicas, morfológicas, estruturais e funcionais entre castanhas, bolota, glande e 

métodos de isolamento, e considerando as propriedades físico-químicas e funcionais 

desses amidos (fontes não convencionais de amido), pode assumir-se que estes produtos 

podem servir como novos ingredientes para alimentos e para outras aplicações 

industriais, os quais apresentam propriedades com potencial para substituir amidos 

modificados quimicamente. De facto, foi observado uma consistência elevada das pastas 

e a ausência de “breakdown”, associados a um teor de amilose elevado e a formação de 

géis fortes, elásticos e estáveis. Isto pode ser vantajoso para o melhoramento da textura 

de massas, aumentando a produtividade na indústria de confeitaria pela formação de 

géis fortes, e proporcionando viscosidade, boa adesão, propriedades ligantes, e 

auxiliando na manutenção da integridade de massas tenras e panares. 

 

É de realçar que o volume de produção anual de castanhas, bolotas e glandes é elevado, 

e no caso das bolotas e glandes, a maior parte das vezes apodrecem nos campos, assim 
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seria importante converter esta biomassa numa fonte potencial de hidratos de carbono 

para usos industriais. 

 

2. Perspectivas de trabalho futuro 

 

Face aos resultados encontrados, podem-se considerar alguns tópicos para futuras 

investigações: 

 

 Proceguir o estudo da distribuição dos pesos moleculares das componentes do 

amido, e o fraccionamento da amilose e da amilopectina para compreender 

melhor a estrutura molecular dos amidos de castanha, bolota e glande. 

 Promover e desenvolver os métodos de isolamento para uma escala piloto para 

conseguir alcançar uma futura possibilidade e extracção do amido de castanha, 

bolota e glande com volume industrial, e com viabilidade económica. 

 Avaliação da potencialidade dos amidos de castanha, bolota e glande como 

ingredientes alimentares e comparar os seus comportamentos com outros 

ingredientes disponíveis no mercado. Deste modo, seria também importante 

verificar as interacções dos amidos com outros componentes durante o 

processamento de alimentos. 

 Considerando que as castanhas, as bolotas e as glandes são frutos ricos em 

compostos bioactivos, como a lectina, o inibidor cisteina proteinase e a 

quercetina para as castanhas, e os taninos para as bolotas, deveria-se concentrar 

esforços para retirar beneficio destes materiais para melhorar a saúde humana. 

 

 




