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Abstract
The industrial process of freezing chestnuts generates 55–60% of by-products. This study aimed to valorise these low-value 
by-products by producing high-value chestnut flour. Two flour production processes were evaluated, using raw (RCF) and 
cooked (CCF10, CCF30, CCF50) chestnut by-products during 10, 30 and 50 min. The highest production yield was obtained 
for RCF (43.6 ± 1.0%) followed by CCF10 (38.0 ± 1.0%). Regarding flour composition, CCF50 presented the smaller protein, 
fat, fibre and ash contents (P < 0.05). For colour,  aw, pH and sedimentation index, no significant differences were observed 
namely between RCF and CCF10 (P > 0.05). The CCF10 flour also presented the smallest particle size. The highest peroxide 
index was found in CCF50 penalizing its acceptance by consumers due to the evidence of rancidity, emphasizing that long 
time-periods of cooking must be avoided. Finally, up to 129 days of storage, under no temperature or lighting controlled 
conditions, all chestnut flours showed to be stable overtime.

Keywords Castanea sativa Mill · Frozen chestnut low-value by-products · Chestnut flour · Gluten-free flour · Chemical 
composition and quality

Introduction

Portugal is one of the main producers of sweet European 
chestnuts (Castanea sativa Mill.) [1, 2]. European chestnut 
has been grown in Portugal for centuries for both wood and 
fruit production [3]. According to official data, in 2013, Por-
tugal was the third largest producer of chestnut in Europe 
(EU 28) and the seventh worldwide, with an annual produc-
tion of 24.7 thousand tones, and an orchard area of 35 thou-
sand hectares [4]. The north of the country stands out as the 
main production region being the majority of the chestnut 
production exported, either as frozen or as fresh chestnut, 
being the remaining production for domestic consumption 
[2, 4]. Thus, chestnut has a great economic importance, and 
according to statistical data, in 2015, 27.6 thousand tons of 
chestnuts were produced, reaching an income of 41 M € [4]. 
Indeed, chestnut economic value is increasing not only due 
to its nutritional quality as well as to the beneficial health 
effects [5]. Two of the most representative cultivars pro-
duced in Portugal are Judia and Longal since they present 
medium to large size, improved conservation properties and 
good organoleptic quality, being two of the most appreci-
ated chestnuts cultivars from Trás-os-Montes [6]. Chestnut 
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is a rich source of starch, with low protein and fat contents, 
being also a potential source of vitamins [7]. Besides the 
nutritional advantages, chestnut is a gluten-free fruit and 
therefore suitable for people suffering gluten-related disor-
ders such as celiac disease, which treatment relies on abso-
lute and lifelong dietary withdrawal of gluten [8]. Indeed, in 
the last years several works have reported the use of chestnut 
flour in the manufacture of gluten-free and functional food 
products, such as, bread, cookies, muffins, pasta, snacks and 
probiotic fermented milk supplemented with chestnut flour 
[7, 9–23]. In fact, since most of the gluten-free cereal prod-
ucts contain low amounts of health beneficial components, 
it may be advantageous to use chestnut flour due to its nutri-
tional value [23]. Chestnut flour contains essential amino 
acids (4–7%), relatively high amount of sugar (20–32%), 
starch (50–60%), dietary fibre (4–10%), being also rich in 
minerals like potassium, phosphorous and magnesium [24]. 
In conclusion, the incorporation of chestnut flour in different 
types of foods showed in general a good potential for con-
sumer acceptance, being seen as health promoting functional 
ingredients, especially for celiac disease patients [23].

Moreover, some studies pointed out that in several appli-
cations wheat flour may be substituted or its content reduced 
by using gluten-free flours, namely by chestnut flour, allow-
ing to retain or increase the final overall food quality and 
sensory positive sensations [7, 9–11, 13, 17].

During the industrial chestnut processing (e.g., calibra-
tion, peeling and freezing), a large amount of waste material 
is generated, comprising broken, badly peeled, burned, and 
without proper size chestnuts, which represents 55–60% of 
the total frozen chestnut production. The poor visual and 
organoleptic characteristics of these by-products signifi-
cantly penalize its use for novel food applications, reducing 
its market value in approximately 50%. On the other hand, 
the price of highest quality frozen chestnut is about half the 
price of chestnut flour. So, the possibility of using chest-
nut low-value by-products for the production of high-value 
flour for human consumption turned out to be economically 
appealing and may enhance the environmental sustainability 
of the chestnut processing industry [5, 25]. The majority of 
the studies available in the literature deal with the evalua-
tion of raw chestnuts or of chestnut flours obtained using the 
entire chestnut fruit and not the by-products arisen during 
the chestnuts industrial processing [26].

Therefore, this study intends to evaluate the feasibility 
of producing chestnut flour as a way to increase the eco-
nomic revenue of low-value frozen chestnut by-products. 
Two production processes were studied (i.e., using either 
raw or cooked chestnuts by-products), being evaluated 
their influence on the overall process yield, physicochemi-
cal properties and quality stability during storage. In fact, 
chestnut processing (e.g., roasting, boiling, drying, pan, 
microwaving, osmotic dehydration, γ-irradiation, electron 

beam irradiation, radio frequency treatment, storage, extru-
sion, and candying procedures) as well as the different 
stages of industrial chestnut processing significantly affect 
the total phenol content, total antioxidant activity, phenolic 
compounds levels, as well as protein, fat, ash, moisture, 
organic acids contents, make the chestnut palatable, increase 
the shelf life, and improve the overall quality [16, 26–33]. 
However, the extent and trend of the changes (increase or 
decrease effect) highly depend on the type of processing 
applied but, some studies confirmed that cooked chestnuts 
are a good source of organic acids and phenolic compounds, 
possessing low fat contents, properties related with health 
benefits [31]. Moreover, roasting procedure contribute to 
the reduction of the anti-nutritional factors in chestnut [16]. 
Also, flours obtained by thermal processed chestnuts usu-
ally exhibit a significant decrease in light transmittance 
[26], foaming, and pasting properties together with higher 
gelatinization temperatures, lower enthalpies and reduced 
viscoelastic behaviour [16]. Finally, it has been shown that 
chestnut flour may be a natural source of specific bioactive 
components, allowing to establish, for example, appropriate 
nutritional therapeutic approaches to skeletal muscle atrophy 
[34].

Materials and methods

Production of chestnut flours

Chestnut flours were produced using as raw material indus-
trial by-products of frozen chestnuts (including Longal and 
Judia cultivars), provided by Sortegel (Bragança, Portugal), 
which are mainly constituted by partially burned chestnuts 
with darker and harder parts, badly peeled, broken and rot-
ten chestnuts. The chestnut shell was previously removed 
from the chestnuts during the burning industrial stage of the 
frozen chestnut production and so, they were not used for 
obtaining the flours. Until use, the low-value by-products 
were stored at − 18 °C in sealed plastic bags inside card-
board boxes, exactly in the same conditions they were stored 
in the company.

Different process configurations were designed to obtain 
4 different types of chestnut flours: raw chestnut flour (RCF) 
and cooked chestnut flour (CCF10, CCF30 and CCF50). The 
boiling/cooking method was selected in order to simultane-
ously minimize the microbial deterioration of the chestnut 
by-products and also to improve the separation of the harder/
darker parts from the higher quality material of the chestnut 
by-products.
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Raw chestnut flour

In the preparation of RCF (Fig. 1a), the industrial chest-
nut by-products were taken from the freezer chamber, 
crushed (Tecator 1094 Homogeneizer, Sweden) to obtain 
homogeneous smaller pieces, and placed into a pilot scale 
tray dryer (STI-SDP, Portugal) with a drying chamber of 
1.40 m × 1.00 m × 0.90 m, equipped with 6 trays (0.396 m2/
tray). The drying process was carried out at 55 °C under 
tangential hot air convection at 1.5 m/s and 30% RH. The 
drying temperature was defined according to the findings of 
Moreira et al. [26] that observed a significantly decrease in 
total starch content with increasing drying temperature (45, 
65 and 85 °C). The higher size of the chestnut by-products 
was also taken in consideration and 55 °C was used for dry-
ing. Afterwards, the dried chestnut by-product was milled 
using an electrical gristmill equipped with a granite mill-
stone with 0.5 m diameter (Magager mod. 0.5, Portugal). 
The obtained flour was sequentially sieved using three dif-
ferent sieves (2 mm mesh; 1.5 mm mesh and 1 mm mesh) 
to separate the course part of the flour. The final RCF was 
stored in sealed transparent plastic bags at room temperature 
(15–20 °C) in dry conditions and without any special light 
care.

Cooked chestnut flours

For CCF the industrial by-products were taken from the 
freezer and cooked in boiling water during 10, 30 and 
50 min (CCF10, CCF30 and CCF50) as shown in Fig. 1b–d, 
respectively.

In the case of CCF10 (Fig. 1b), after the cooking pro-
cess the by-products were crushed using a potato masher, 
which turned out to be a difficult task due to the stiffness 

of the darker parts of the by-products. The mashed 
product was placed into trays and dried under the same 
conditions as RCF; being the darker parts of the mix-
ture removed manually. The remaining dry material was 
ground (Moulinex A327R1 mincer, Spain). Two sieves, 
with 1.5 mm and 1 mm mesh, were used to separate the 
bigger grains (that usually include the darker parts due 
to their higher stiffness and milling resistance) from the 
smaller ones (lighter).

For CCF30 (Fig. 1c) and CCF50 (Fig. 1d) a chestnut 
purée was formed after boiling in the bottom of the pan. 
After separation this purée was dried as RCF and CCF10 
flours. To avoid an inefficient drying process, the thickness 
of the product layer per tray was maintained smaller than 
0.5 cm. The dried purée was ground and a clear flour was 
obtained without dark particles. While in the case of CCF50, 
the by-products dark parts were completely separated from 
the purée during boiling, in the case of CCF30 the purée was 
only partially removed (Fig. 1c). In this case, after drying, 
the darker parts were manually removed and the remaining 
product was milled with a granite millstone. All the obtained 
CCF were stored in sealed transparent plastic bags in the 
same environmental conditions as RCF flour.

Chestnut flour production yields and material loss yields 
for each process configuration were assessed by mass-bal-
ances using 7 kg of chestnut by-product per batch, taking 
into account the minimum raw material mass required to run 
the granite mill (0.700 kg of dry by-products) and, further 
transposed to 100 kg of chestnut by-products.

Flour compositional analyses

Chestnut flours composition was evaluated according to 
Weende scheme being determined the moisture, crude 

Fig. 1  Flowchart of the production of high-value raw and cooked chestnut flours from low-value frozen chestnut processing by-products: RCF 
flour production (a); CCF10 flour production (b); CCF30 flour production (c); and CCF50 flour production (d)
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protein, fibre, ash, fat and the nitrogen-free extract obtained 
by difference to the sample (% in dry basis; i.e., db). Total 
solids, crude fibre and ash contents were evaluated by 
Weende method [35]. Crude protein was determined by 
Kjeldahl method 979.09 [36] and crude fat according to the 
Soxhlet method 920.39C [37]. All the analyses were done 
in triplicate and the results compared to the composition of 
two commercial chestnut flours purchase in local markets 
(coded as MT and MR).

Flour quality evaluation

The water activity  (aW) was directly evaluated in samples 
using a Rotronic-hygroskop BT with a WA-14TH probe 
(Switzerland). 5 g of flour was placed in the equipment cell 
and allowed to stabilize for 1 h at 20 °C prior to the reading. 
pH determination following the method proposed by Hart 
and Fisher [38] using a pH meter (Hanna Instruments, model 
HI9025 with FC200 probe, Portugal). Colour coordinates 
were evaluated according to the CIE L*a*b* system using a 
Chroma Minolta CR200 colorimeter (Japan). The sedimen-
tation index was assessed following the Zeleny sedimenta-
tion test [39]. Alcoholic acidity was determined according to 
IS:1155-1968 [40] after 13, 66 and 129 days of storage since 
it is used as a flour freshness indicator. Finally, the peroxide 
index, evaluated as an indicator of the rancid degree of the 
flours, followed the method described by Silva et al. [41] and 
was assessed after 41, 66 and 129 days of storage. All the 
tests were performed in duplicate.

Chestnut flour particle size distribution

Laser diffraction analysis

Laser diffraction particle size measurements of the chestnut 
flours were undertaken using a Mastersizer 2000 (Malvern 
Instruments, UK) at ambient temperature (20 °C). Particle 
size was calculated on a volume basis using the Malvern™ 
Mastersizer 2000 software (version 5.60). The particle size 
refractive index and particle absorption index used were 1.53 
and 0.1 respectively. The refractive index of the water used 
as the dispersant was 1.33.

The sample preparation consisted of the flour suspen-
sion in a water-tween dispersant solution (4 g of tween in 
50 mL of purified water). 0.9 g of the flour were weighed 
and homogenized manually with 2 drops of the dispersant 
solution. 100 g of purified water with 10 drops of disper-
sant solution were also added, being the mixture subjected 
to sonication (Transonic 460/H, Germany) over 15 min. 
Individual sample aliquots were added to the equipment 
“dispersion unit” until the obscuration value was within 
the range (10–15%). Particle size measurement procedure 
was initiated 5 min after the addition of each aliquot and 

its sonication, to ensure sample homogenization in the sys-
tem. Ten repeated measurements were made on each aliquot 
with 15 s measurement time. This measurement process was 
repeated three times.

Image analysis

The particle size distribution of the flours was also evaluated 
by image analysis, using an optical microscope (Zeiss Stemi 
2000-C, Germany). Three different samples were analysed 
per each flour. The average diameters of at least 50 photo-
graphed particles (to ensure a significant sampling), selected 
randomly, were measured, allowing determining the equiva-
lent particle volume distribution.

Statistical analysis

The experimental data was treated by one-way ANOVA, 
using STATISTICA Software V.12.0 [42] (Table 1). Two-
way ANOVA with interaction was employed to determine 
the effects of both storage time and flour process manufac-
ture on the alcoholic acidity and peroxide index of the flours 
(Table 2). Mean values were compared using the Tukey’s 
honestly significant difference (HSD) test. Differences were 
considered significant at P < 0.05.

Results and discussion

Production of chestnut flours

Four chestnut flours were produced (RCF, CCF10, CCF30 
and CCF50) applying different process configurations. The 
process yields were compared (Table 1). For RCF, the pro-
duction yield was 43.6 ± 1.0%. The losses were evaluated in 
almost 56.0%, which included material losses in the equip-
ment, rejected coarse flour, as well as the water loss dur-
ing drying. Nevertheless, considering that fresh chestnuts 
from Judia and Longal cultivars have high moisture con-
tents, around 53–54% [31, 32, 43, 44], the observed losses 
during flour production are quite reasonable. Indeed, these 
chestnuts are known to contain low levels of ash, crude fat, 
and crude protein, with high starch and low fibre contents 
[31, 32].

For CCF flours the production yields were significantly 
lower compared to the RCF, varying from 20.6 ± 0.9% to 
38.0 ± 1.0%, with substantially greater loss yields. It is 
worthwhile stating that CCF10 showed the most promising 
yield results and CCF30 the worst ones.

Comparing the drying kinetics of chestnuts (data not 
shown) and chestnut by-products (at 40 °C), it was found 
that the by-products dried faster, which the main reason 
could be its smaller particle size. This means that chestnut 
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flour production using by-products as raw material can be an 
advantageous alternative in order to decrease the production 
time and energy costs during drying.

Flour composition

The nutritional composition of the produced chestnut 
flours is given in Table 1. The total solid content values 
pointed out that RCF (92.87 ± 0.06%) had a significant 
lower level (P < 0.05), followed by CCF30 (93.05 ± 0.15) 
and CCF10 (93.58 ± 0.13%). The highest value was found 
for CCF50 (99.52 ± 0.11%), which could be attributed to 
the higher cooking time of this flour. A similar trend was 
reported by Wani et al. [16], where a slighter decrease of 
the moisture content was observed from native to roasted 
chestnuts flours (from 10.1 to 9.8%). The higher mois-
ture decrease observed in this work, could be tentatively 
attributed to the fact that all the cooked by-products were 
reduced to a purée, in higher or smaller extent, thus com-
prising smaller size particles, which would facilitate the 
drying process and increase the water level removal. On 
the other hand, Ahmed and Al-Attar [27] also reported 
low moisture percentages of dried chestnuts flours (freeze 
or tray dried), ranging from 1.4 to 3.4%. Although the 
chestnut flour composition is not yet regulated, the maxi-
mum allowed moisture content for wheat, maize or rice 
flours is 14.5% [45], which means a minimum of 85.5% of 
total solid content. Therefore, the chestnut flours obtained 
would fulfil this legal requirement. Furthermore, the total 
solids content of the produced flours was higher com-
pared to those determined for two commercial chestnut 
flours (88.87% and 90.56%), showing that the proposed 
valorisation of chestnut by-products may be technically 
feasible. Moreover, the total solids content of all produced 

Table 1  Nutritional 
composition (%, db) and quality 
parameters (colour,  aW, pH and 
sedimentation index) of raw 
(RCF), cooked (CCF10, CCF30 
and CCF50) and commercial 
chestnut flours (MT and 
MR) (mean value ± standard 
deviation)

NFC nitrogen-free compounds, SI sedimentation index
Different letters in the same line indicates significant statistical differences among chestnut flours (P < 0.05)

Chestnut flours produced from low-value by-products Commercial 
chestnut flours

RCF CCF10 CCF30 CCF50 MT MR

Production yield (%) 43.6 ± 1.0d 38.03 ± 1.0c 20.6 ± 0.9a 25.1 ± 1.2b – –
Composition (%, db)
 Total solids 92.87 ± 0.06a 93.58 ± 0.13b 93.05 ± 0.15a 99.52 ± 0.11c 88.87 90.56
 Crude protein 5.29 ± 0.02c 4.06 ± 0.08c 3.86 ± 0.06b 3.64 ± 0.05a 6.28 5.40
 Crude fibre 10.52 ± 0.25a 10.90 ± 1.33a 9.31 ± 0.12a 9.08 ± 0.99a 2.55 5.32
 Ash 1.67 ± 0.02c 1.30 ± 0.02b 3.09 ± 0.04d 1.12 ± 0.02a 5.63 4.44
 Crude fat 2.46 ± 0.13b 2.86 ± 0.02b 2.97 ± 0.22b 1.31 ± 0.35a 1.82 2.36
 NFC 80.06 ± 0.31a 80.90 ± 1.01a 80.79 ± 0.15a 84.87 ± 0.57b 83.73 82.48

Quality parameters
 L* 76.30 ± 0.00d 74.80 ± 0.00c 72.57 ± 0.05b 68.93 ± 0.09a 89.80 77.90
 a* 1.20 ± 0.16a 1.73 ± 0.17a 3.50 ± 0.25b 3.43 ± 0.13b − 0.67 2.70
 b* 14.63 ± 0.12c 14.77 ± 0.05c 13.37 ± 0.19a 13.83 ± 0.13b 12.87 15.80
 aw 0.438 ± 0.004b 0.433 ± 0.002b 0.461 ± 0.009b 0.080 ± 0.030a – 0.46
 pH 6.13 ± 0.03c 6.04 ± 0.03b 6.06 ± 0.03bc 5.73 ± 0.05a 5.40 5.70
 SI (mL) 17.5 ± 0.5b 17.5 ± 0.5b 16.0 ± 1.0b 13.5 ± 0.5a 9.33 11.33

Table 2  Alcoholic acidity and peroxide index of the chestnut flours, 
produced from raw or cooked chestnut by-products, over storage

Different small letters represent significant differences (P < 0.05) 
amongst flour types for each storage time. Different capital letters 
represent significant differences (P < 0.05) over storage time for each 
flour type

Chestnut flour Storage 
time 
(days)

Alcoholic acidity (g 
 H2SO4/100 g of flour, 
db)

Peroxide index 
(mEq  O2/kg)

RCF 13 0.148 ± 0.002dC –
41 – 31.06 ± 1.08bA

66 0.099 ± 0.003dA 50.88 ± 1.24cB

129 0.130 ± 0.003dB 75.38 ± 0.53cC

CCF10 13 0.078 ± 0.001cC –
41 – 21.80 ± 0.37aA

66 0.042 ± 0.001bA 19.00 ± 0.35aA

129 0.054 ± 0.001bB 18.97 ± 0.33aA

CCF30 13 0.065 ± 0.001bA –
41 – 59.17 ± 1.18cC

66 0.081 ± 0.001cB 33.13 ± 0.29bA

129 0.091 ± 0.002cC 42.00 ± 0.47bB

CCF50 13 0.057 ± 0.002aC –
41 – 149.63 ± 1.07dB

66 0.033 ± 0.001aA 143.58 ± 1.01dA

129 0.045 ± 0.001aB 206.86 ± 0.40dC
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flours from by-products were also higher compared to that 
reported for wheat flours (~ 87.6%, db) [46].

Regarding to crude protein levels, the cooked flours 
CCF10, CCF30 and CCF50 (4.06 ± 0.08%, 3.86 ± 0.05% 
and 3.64 ± 0.05%, db) showed similar contents (P > 0.05) 
and statistically lower than RCF (5.29 ± 0.02%, db), point-
ing out that the cooking process and time may contribute to 
a greater protein loss. The protein content is a key param-
eter concerning the possible technological exploitation of 
chestnut flour and has been reported to be in the range of 
6–7% (db) [26, 28, 47, 48]. Nevertheless, the protein content 
found for RCF is in agreement with those reported for Judia 
and Longal raw chestnuts (4.87–7.29%, db) [31, 32, 43, 44], 
higher than values reported for flours from different Italian 
chestnut cultivars (3.7–4.9%, db) [24], but smaller than for 
boiled (5.93–7.01%, db) or roasted chestnuts (5.67–7.84%, 
db) [31], as well as to the values found, in this study, for 
commercial chestnut flours (5.40% and 6.28%, db).

Concerning the crude fibre content, flours CCF10 
and RCF showed the highest levels (10.90 ± 1.33% and 
10.52 ± 0.25%, db), comparing with CCF30 and CCF50 
flours (9.31 ± 0.11% and 9.08 ± 0.99% db, respectively). 
Contrary, Gonçalves et al. [31] found that boiling and roast-
ing procedures would increase the fibre content (soluble, 
insoluble and total fibre levels) of raw chestnuts. It was 
also found that the percentage of crude fibres in the flours 
produced from chestnut by-products is substantially higher 
than those reported for fresh chestnuts of Judia and Longal 
cultivars (2–4%, db) [32, 43, 44], and those found in com-
mercial chestnut flours (ranging from 2.55% and 5.32%, db) 
or reported by Moreira et al. [26] (4.52–4.63%, db). Never-
theless, of the same order of magnitude of those reported by 
Gonçalves et al. [31].

The raw and cooked flours showed ash contents from 
1.12 ± 0.02% to 3.09 ± 0.04% (db), being the higher value 
observed for CCF30. The mineral concentration for RCF, 
CCF10 and CCF50 are of the same order of magnitude of 
those reported in the literature for raw Judia and Longal 
chestnuts (1.6–2.3%, db) [31, 32, 43, 44] as well as for 
boiled or roasted chestnuts (1.7–2.2%, db) [31]. When com-
pared to the ash content found in commercial chestnut flours 
(4.44–5.63%, db) are a quite lower, although more similar 
to the contents reported for wheat flours (~ 0.34%, db) [46]. 
The Portuguese legislation establishes maximum ash lev-
els in different flours types, ranging from 0.5 to 2.5% (db), 
although no reference is made for chestnut flour. Even so, 
considering RCF and CCF ash values, just CCF30 is out of 
the legal thresholds.

Finally, the crude fat contents of RCF, CCF10 and 
CCF30 are very similar (ranging from 2.46 ± 0.12% to 
2.97 ± 0.22%, db) respectively, and greater than that of 
CCF50 (1.31 ± 0.35%, db). The lower content found in 
CCF50 may be a consequence of the cooking time that lead 

to higher fat oxidation, which would explain the rancidity 
odour perceived in this flour. Overall, the fat contents of the 
produced flours are similar to the crude fat levels reported 
for Judia and Longal fresh, boiled or roasted chestnuts 
(1.6–3.2%, db) [26, 31, 32, 43, 44, 49], and of the same order 
of magnitude of that found for commercial chestnut flours 
evaluated in this study (1.8% and 2.4%, db). However, flours 
obtained from different Italian chestnut cultivars, showed 
slightly higher fat contents (3.6–4.8%, db) [24].

Quality parameters of flours obtained from chestnut 
by‑products

Colour (CIE L*a*b* coordinates),  aw, pH and sedimentation 
index of RCF and CCF were assessed (Table 1).

The colour of the flour is a decisive parameter for the 
consumers’ acceptance of the final product. This charac-
teristic is highly influenced by processing conditions and 
procedures. Wani et al. [16] reported that roasting treatment 
prior to chestnuts consumption not only improve their fla-
vour but also their colour. Moreira et al. [26] pointed out 
that the colour parameters of chestnut flours showed sig-
nificant changes with the drying conditions. In this work, 
colour analysis showed that flour brightness (L*) signifi-
cantly decreases (P < 0.05) from uncooked (76.3 ± 0.00) to 
cooked (68.93 ± 0.09–74.80 ± 0.00) chestnut by-products, 
as well as with the increasing cooking time (L*CCF10 > 
L*CCF30 > L*CCF50, P < 0.05). A similar brightness decrease 
trend was observed from raw to pan and microwave roasted 
chestnut flours [16], although the L* values reported (rang-
ing from 90.66 to 81.43 for raw and roasted flours) were 
substantially higher than those found in the present work. 
Moreira et al. [26] also concluded that increasing chest-
nut drying temperature significantly decrease the lightness 
of the produced flours [from 80.42 (at 85 °C) to 74.11 (at 
45 °C)]. In fact, it has been reported that light transmit-
tance decreases with the extent of flour cooking [17]. Also, 
the L* values of the flours obtained from the chestnut by-
products were lower than those observed for the commer-
cial chestnut flours evaluated in this work (77.90–89.80) 
as well as to those reported by Ahmed and Al-Attar [27] 
for dried chestnuts flours (~ 82.0 to 82.6) or by Torres et al. 
[50] (~ 88.7), and quite lower compared to those reported for 
wheat flour (91.10) [46], corn flour [51] or rice flour [52]. 
These results were somehow expected because the chestnut 
by-products used for chestnut flour production were already 
darker than high-value chestnuts. An opposite trend was 
observed for a* coordinate (green–red coordinate), being 
the lowest values for flours made from uncooked or mini-
mum cooked by-products (RCF and CCF10), and the highest 
values (red direction) for the flours made from by-products 
cooked for longer periods (CCF30 and CCF50). This can be 
explained by the fact that non-enzymatic redness reactions 
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(Maillard reactions) can take place during cooking, and can 
be favoured by increasing cooking time. A similar behaviour 
was reported by Wani et al. [16] when evaluating the a* 
values for raw and pan/microwave roasted chestnut flours 
(from 0.02 to 0.83–0.90, respectively). The a* values found 
for the flours made from by-products are in agreement with 
the a* values reported for dried chestnut flours made from 
the whole fruit (ranging from 3.32 to 4.40) [27], but higher 
than the reported by Moreira et al. [26] (− 4.1 to 0.3). Torres 
et al. [50] reported lower a* values (~ 1.0). For the b* coor-
dinate (yellow-blue level), the tendency was similar to that 
detected for L* coordinate. An opposite trend was observed 
by Wani et al. [16], which reported an increase of the b* 
values with the roasting process. The b* values found for 
the flours produced from chestnut by-products (13.37–14.77) 
were similar to those observed for chestnut flours obtained 
from the entire fruit (varying from 13.7 to 19.2) [27] as well 
as to the values found for the commercial chestnut flours 
studied (12.87–15.80). Lower b* values (~ 5.2, 7.16–8.35) 
were reported by Torres et al. [50] and Moreira et al. [26], 
respectively.

The  aW of RCF, CCF10 and CCF30 were statistically 
similar (mean values varying from 0.43 to 0.46, P > 0.05), 
being greater than that observed for CCF50 (0.08, P < 0.05), 
which could be related to the lowest moisture content of this 
flour. Exception made for CCF50, the  aW values of the flours 
produced from chestnut by-products are of the same order 
of magnitude as that observed for the commercial chestnut 
flours (0.46). Lastly, regardless the type of chestnut flour, 
the  aW results clearly pointed out its microbiological stabil-
ity indicating no probability of pathogenic microorganisms’ 
growth, since all the values were significantly lower than 0.5 
[53]. In general, most “spoilage” microorganisms are inhib-
ited by  aW values lower than 0.90 for bacteria, 0.88 for yeast, 
and 0.80 for moulds [54]. Therefore, taking into account this 
finding, in this study, the no microbial study was carried out.

The pH values showed a decrease trend with the cook-
ing time of the chestnut by-products, being the highest pH 
observed for RCF (6.13 ± 0.03) and the lowest for CCF50 
(5.73 ± 0.05). Nevertheless, all the flours obtained from 
chestnut by-products had pH greater than 4.6, meaning that 
they can be classified as low-acid foods [55].

Similarly, the sedimentation index decreased with the by-
products cooking time (17.5 ± 0.50 mL, in the case of RCF 
and CCF10, 16.0 ± 1.00 mL for CCF30 and 13.50 ± 0.50 mL 
for CCF50). Since RCF and CCF10 had the highest sedi-
mentation values, they are expected to possess the best pro-
tein quality and baking performance, while CCF50 the poor-
est. Nevertheless, since the sedimentation index was always 
lower than 27 mL, the flours obtained from raw or cooked 
chestnut by-products could be classified as weak flours 
[56]. According to the values reported for wheat flours [57], 
flours from chestnut by-products have lower sedimentation 

indexes, which could be attributed to the absence of gluten. 
Comparing with commercial chestnut flours (9.3–11.3 mL) 
the sedimentation indexes of RCF and CCF were higher.

The alcoholic acidity of each flour was evaluated during 
its storage (13, 66 and 129 days after production), being 
the results presented in Table 2. All the analysed flours had 
almost constant levels of alcoholic acidity during the stor-
age period, being the RCF the one with the highest values 
(varying from 0.10 to 0.15 g  H2SO4/100 g, db). Moreover, 
the alcoholic acidity values determined were lower than 
the maximum legal threshold (0.23 g  H2SO4/100 g of flour, 
db) [45]. Similarly, the flour peroxide indexes over stor-
age (at 41, 66 and 129 days) were also evaluated (Table 2). 
The highest values were found for CCF50 (varying from 
143.57 ± 0.71 to 206.86 ± 0.29 mEq  O2/kg) followed by 
RCF, CCF30 and CCF10. High peroxide index values are 
related to the appearance of rancidity, which was the case 
of CCF50 being easily perceived a strong stale aroma. 
Although chestnut flours are not subjected to quality legal 
requirements for peroxide index, taking into account the 
maximum thresholds admissible for olive oils (≤ 20 mEq  O2/
kg of oil) [58, 59], only the CCF10 would fulfil this require-
ment (< 19 mEq  O2/kg after 66 days of storage). However, it 
should be noticed that, with the exception of RFC, no obvi-
ous increasing trend of the peroxide values was observed 
with the storage time. Considering that the flours obtained 
from both raw or cooked chestnut by-products were stored 
without any lighting or temperature precautions, they pre-
sented a satisfactory stability over time. Finally, since the oil 
content of chestnut is low, the rancid sensation would not be 
easily perceived in chestnut flours.

Flour particle size distribution

Laser diffraction was used to characterize the particle size 
distribution of RCF flour. The results showed that the par-
ticles dimensions for this flour, ranged from 2 to 631 µm, 
being the particles within 13 and 50 µm those that represent 
the largest equivalent volume in this analysis. Since during 
the application of this technique was observed that the larger 
and heavier particles of the flour were not in suspension in 
the dispersant solution it was concluded that this technique 
was not the most appropriate to characterizes these samples. 
Thus, for making a full analysis of all particles of each sam-
ple a method based on image analysis was further applied 
to all flours (Fig. 2). According to this analysis and based 
on the particle size distribution (volumetric and cumula-
tive curves, not shown), RCF was constituted by particles 
between 100 and 950 µm, being those with 650 µm respon-
sible for the largest equivalent volume.

The CCF10 contained particles with less than 50 µm 
up to 200 µm, occupying those with 100 µm the largest 
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equivalent volume. CCF30 presented a bimodal distri-
bution with the largest equivalent volume for particles 
with 450 and 550  µm. The particles size of this flour 
varied between 101 and 750 µm. The CCF50 contained 
particles with less than 50 µm up to 400 µm, being the 
largest equivalent volume represented by particles with 
400 µm. These results were expected since the cooking 
step allowed the higher raw material disintegration and 
the formation of flour smaller particles. In fact, the parti-
cle size of the chestnut flour made from raw by-products 
is conditioned mainly by the grinding process (distance 
between the grinders, grinding time speed). In the case of 
the flours made from cooked by-products, the cooking pro-
cess promoted the reduction of the particles to the size of 
the starch granules in the chestnut matrix, that is, the size 
of the flour particles does not depend only on the grind-
ing step. According to Lazaridou et al. [46] wheat flours 
have smaller particle sizes, usually less than 75 µm. Also, 
Morrone et al. [24] reported particle sizes ranging from 
16.5 to 91.1 µm in flours obtained from dried chestnuts 
of different Italian cultivars. Torres et al. [50] observed 
chestnut flour particle sizes ranging from 0.01 to 183 µm. 
Moreover, the flours produced from raw or cooked chest-
nut by-products showed, in general, higher particle sizes 
in comparison with the commercial chestnut flours, also 
evaluated in this work, with particle sizes smaller than 
106 µm, which were in agreement with the values found 
in the literature.

Conclusions

This study demonstrated that the production of gluten-free 
chestnut flour from low-value chestnut by-products is a prac-
tical way for chestnuts waste valorisation, being a feasible 
process to increase the economic revenue and the environ-
mental sustainability of the chestnut transformation industry. 
The use of raw or cooked chestnut by-products will essen-
tially influence the production yield and the granulometry of 
the final product, with RCF being the most profitable and the 
cooked chestnut flours the finest. Regarding to the chemical 
composition, flours made with cooked chestnut by-products 
had lower protein and fat contents. Aspects such as colour, 
 aW, pH and sedimentation index did not differ significantly 
among the produced flours, exception made for CCF50. Dur-
ing storage, all the products showed a satisfactory stability, 
even though the chestnut flour made from 50 min cooked 
by-products showed quite high peroxide indexes, that can 
be related to the rancidity perception. Finally, it should be 
remarked that the particle size range, colour and chemical 
characteristics of the flours obtained from chestnuts by-prod-
ucts were similar compared with those produced from the 
whole fruit, showing that the proposed valorisation approach 
could be foreseen in a near future.
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