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Abstract

Purpose The extraction of polyphenols from a waste
product from the food industry, the shell of the chestnut
fruit, was examined with the aim of analyzing the potential
of the extracts for the formulation of wood adhesives, for
leather tanning and as natural antioxidants.

Methods Experiments were planned according to a 2°
factorial design to analyze the influence of temperature and
Na,SO5; and NaOH concentrations on extraction yield and
on different extract properties: Stiasny number, total phe-
nols, tannins and non-tannins contents, tannin/soluble solids
ratio, proanthocyanidins content, antioxidant activity,
average molecular weights, surface tension and power law
rheological parameters of extract aqueous solutions.
Results Extraction yields in the range 26.1-56.4% toge-
ther with extract Stiasny numbers higher than 84 and
total phenols contents and FRAP antioxidant activities
in the range 10.86-33.33 g GAE/100 g shell and 92.05—
166.32 mmol AAE/100 g shell, respectively, demonstrated
the potential of chestnut shell extracts in the formulation of
adhesives and as sources of antioxidant compounds.
Additionally, the surfactant character and pseudoplastic
behaviour of chestnut shell extracts solutions could
improve wood wettability when used in adhesive formu-
lation. Under a range of operating conditions, extracts with
tannin content higher than 10% and tannin/soluble solids
ratio higher than 0.6 were obtained that could be used as
tanning agents.
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Conclusions The experimental design performed dem-
onstrated the capacity of chestnut shell extracts for the
applications proposed and allowed selecting the optimal
extraction conditions for obtaining not only high quality
extracts but also high extraction yields.
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Introduction

For the past two decades, there has been a revival of the use
of renewable resources. Due to the limited reserves of
fossil fuels and the broad availability of renewable
resources, these are especially appealing as a source of
materials and energy. The integral utilization of crops and
the use of waste streams in certain industries will grow in
importance leading to a more sustainable way of producing
materials. The Galician (NW of Spain) food industry
uses ~ 7000 t/year of chestnut fruits (from the Castanea
sativa species) in the production of different derivatives,
such as marron glacé, chestnut purée, etc. where chestnut
shell (around 10% by weight of the chestnut) is removed in
the peeling process. The aim is the valorisation of this
renewable industrial waste as a raw material for the pro-
duction of tannin extracts for various applications, namely,
as phenol substitutes in the formulation of wood adhesives,
as chrome derivatives substitutes in leather tanning and as a
source of antioxidant compounds.

Resins based on natural products such as tannin adhe-
sives are already in industrial use, however, new challenges
are arising due to the introduction of more severe standards
regarding the emission of formaldehyde from bonded wood
products together with the increasing costs of oil-derived
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synthetic resins. The interest is centred on the formulation
of adhesives in which the total content of natural material
is increased coupled with the total elimination of formal-
dehyde, which could be achieved using glyoxal, a non-
volatile non-toxic aldehyde, which has been already tested
in lignin and tannin adhesives for particleboards [1-5].

At present, one of the major problems of the leather
industry is the effluent pollution due to presence of acid
salts of trivalent chrome, which account for the 70% of all
the leather manufactured today. Although the use of veg-
etable tannins is restricted for certain applications, the
interest of the leather industry in the use of metal free
tanning systems has promoted the search for new and more
profitable tannin sources, either for coming from local
species with the subsequent cost reduction or for coming
from abundant and low cost forest or industrial waste
products [6].

The growing interest in the substitution of synthetic food
antioxidants by natural ones has promoted the investiga-
tions towards the search of new raw materials among the
plant kingdom. Vegetable materials contain many com-
pounds with antioxidant activity. Among them, a large
amount of high and low molecular weight polyphenols
have been studied and proposed for protection against lipid
oxidation [7]. Various studies have been carried out on the
obtaining of antioxidants from several plant materials such
as fruit, various vegetables, herbs and spices, different parts
of tree species, fruit shells, etc. [§—14]. The main interest is
the exploitation of those ones that, in addition, are agri-
cultural, forest or industrial wastes as is the case of
chestnut shell.

A preliminary study on tannin extraction from chestnut
shell was carried out in a previous work [15]. In the present
study the extraction process was optimized using the
experimental design and response surface methodology.
The influence of extraction agents concentration (Na,SOj3,
alone or combined with NaOH) and temperature on
extraction yield and on various extract properties which
determine its potential for the applications proposed were
investigated.

Materials and Methods
Material

Chestnut fruit (C. sativa) shell (a mixture of the outer
brown peel and the inner pellicle) was supplied by a food
factory, Marrén Glacé, S.L. (Ourense, Spain). It was air-
dried till equilibrium moisture content, ground in a hammer
mill, sieved and the fraction of particle size between 0.1
and 2 mm was selected. Chemical composition of chestnut
shell was determined in a previous work [16].
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Extraction and Concentration

The extraction experiments were carried out in a 2-L Pyrex
glass reactor with mechanical stirring and temperature
control. Chestnut shell and water were mixed at room
temperature, heated and, once the selected temperature was
attained, the alkali was added and contact time begun to
run. After one hour the suspension was vacuum filtered, the
solid residue was washed with water until a nearly col-
ourless filtrate was obtained and the extract together with
the first water washings were concentrated by spray-drying.
The solid was dried at room temperature in order to cal-
culate the extraction yield as the weight loss percentage of
the starting raw material. The extraction operational con-
ditions used are shown in the Design of experiments sec-
tion. The analyses of the extracts were carried out in
duplicate and the results averaged.

Extract Analysis

The methods employed to analyze extract tannin content
were selected considering the various extract applications
proposed: adhesive components (Stiasny number), tanning
agents (the hide-powder test) or antioxidants (total phenols
content).

The Stiasny number of the extracts was determined
according to the procedure proposed by Yazaki and Hillis
[17]. The extract (0.25 mg) was dissolved in distilled water
(100 mL) and 2.5 mL of 10 M HCI (Panreac, Barcelona,
Spain) and 5 mL of 37% formaldehyde (Panreac, Barce-
lona, Spain) were added. The mixture was heated under
reflux for 30 min. The suspension was filtered through a
sintered glass filter, the precipitate washed with hot water
and then dried at 105°C until constant weight.

To determine the extract non-tannin content, an aqueous
solution of extracts (100 mL), previously vacuum filtered
through a 0.45 um filter (to determine the extract soluble
solids), were added to 6.25 g of hide-powder (Freiberg
hide-powder, FILK, Germany). The suspension was stirred
for 20 min, then left 10 min resting and finally filtered
through a sintered glass filter. Fifty millilitres of filtrate
were evaporated to determine the non-tannins. The tannins
(%) were obtained as the difference between the soluble
solids (%) and the non-tannins (%). The tannin concen-
tration in the extract aqueous solution must be between
3.75 and 4.25 g/L, otherwise the analysis should be done
again adjusting the extract concentration.

Total phenols content was determined by the Folin-
Ciocalteu method [18]: to 0.5 mL of an aqueous solution of
the extract, 2.5 mL of Folin-Ciocalteu reactive (Panreac,
Barcelona, Spain), previously diluted with water (1:10, v/v),
and 2 mL of a 75 g/ sodium carbonate (Panreac, Barce-
lona, Spain) aqueous solution were added. The mixture was
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kept 5 min at 50°C and, after cooling, the absorbance at
760 nm was measured. The phenols content was calculated
as a gallic acid equivalent from the calibration curve of
gallic acid (Panreac, Barcelona, Spain) standard solutions
(240 pg/mL) and expressed as g gallic acid equivalent
(GAE)/100 g of extract (on dried basis).

The proanthocyanidins were evaluated by the vanillin
method [19]: 1 mL of aqueous extract was mixed with
2 mL of freshly prepared vanillin (Panreac, Barcelona,
Spain) solution (1 g/100 ml 70% H,SO, (Scharlau, Bar-
celona, Spain)) and maintained 15 min at 20°C, and then
the absorbance was measured at 500 nm. The calibration
was carried out with catechin (Sigma-Aldrich, St. Louis,
USA) aqueous solutions of 2—40 pg/mL.

The antioxidant capacity of the extracts was determined
by means of the FRAP (Ferric reducing/antioxidant power)
assay according to Szollosi and Szollosi-Varga [20]:
0.1 mL of an aqueous solution of the extracts were trans-
ferred to a test tube and 3.0 ml of freshly prepared FRAP
reagent (25 mL acetate buffer, 300 mmol/L, pH = 3.6
(acetic acid and sodium acetate purchased from Panreac,
Barcelona, Spain); 2.5 mL 10 mmol/L 2.4,6-tripyridyl-s-
triazine (TPTZ) (Fluka, Seelze, Germany) in 40 mmol/L
HCI (Panreac); 2.5 mL 20 mmol/L FeCl; .6H,O (Panreac,
Barcelona, Spain)) were added. The absorbance was
recorded after 5 min at 593 nm. The relative activities of
samples were calculated from the calibration curve of
L-ascorbic acid (Panreac, Barcelona, Spain) (0.1-1 mmol/L)
and the results were expressed as nmol ascorbic acid
equivalent (AAE) per mg of extract (on dried basis) [21].

Average-molecular-weights of the extracts were deter-
mined by gel permeation chromatography (GPC). GPC
analysis were performed with an Agilent Technologies
1100 chromatograph (Germany) equipped with a diode
array detector. The column used was a HP-PL gel 5 pm
Mixed-D protected with a PL gel 5 um guard column.
Tetrahydrofuran (THF) (Merck, Darmstadt, Germany) was
used as eluent and the conditions used were: flow rate,
1 mL/min; column temperature, 30°C; injection volume,
20 pL; detection at 270 with a bandwidth of 15 nm. The
calibration curve was obtained with polystyrene standards
(Agilent Technologies, Waldbronn, Germany). The spray-
dried extracts were acetylated previous to GPC analysis.
Samples (20 mg) were acetylated with pyridine (Merck,
Darmstadt, Germany)-acetic anhydride (Scharlau, Barce-
lona, Spain) (4 mL, 1:1 v/v) overnight at room tempera-
ture. The mixture was poured into distilled water (40 mL)
and the precipitate obtained was recovered by vacuum
filtration through a 20 um nylon filter. The acetylated
extracts were dissolved in THF (2-5 mg/mL) and analysed
by GPC.

The surface tension of 10% (by weight) aqueous solu-
tions of extracts was determined by the pendant drop

method using the equipment Dataphysics OCA 15 plus
(Filderstadt, Germany) and the software SCA 20. Ten
microliter pendant drops were dosed at a rate of 0.11 pL/s.
The measurement was repeated 15 times for each extract
solution and the mean value was calculated.

The rheological behaviour of 25% (by weight) aqueous
solutions of extracts was studied at 25°C in a Brookfield
DV-II + viscometer (Middleboro, MA, USA) using a
small sample adapter. The parameters of the power law, n,
the power law index, and k, the consistency index were
determined.

Design of Experiments

To analyse the influence of temperature (x;, 90-95-100°C),
Na,SO; concentration (x5, 1.5-3.0-4.5%, based on oven-
dried material) and NaOH concentration (x3, 0.0-1.5—
3.0%, based on oven-dried material) on several dependent
variables, experiments were planned according to a full 2°
factorial experimental design with three experiments in the
central point (Table 1). The solid/liquid ratio was kept
constant at 1/10 and the contact time was 1 h for all the
experiments.

The dependent variables (Y;) selected were the
extraction yield (Y;, % on oven-dried material) and the
following extract properties: Stiasny number (Y,), total
phenols content (Y3, g gallic acid equivalents (GAE)/
100 g extract), FRAP antioxidant activity (Y4, nmol
ascorbic acid equivalents (AAE)/mg extract), tannin con-
tent (Ys, g/100 g extract), non-tannin content (Ye g/100 g
extract), tannin/soluble solids (Y, g/g), tannin content
(Ys, g/100 g oven-dried material), proanthocyanidin con-
tent (Yo, g/100 g extract), number- and weight- average-
molecular weight, M,, (Y;0, Da) and M,, (Y;;, Da),
respectively, surface tension of 10% aqueous solutions of
extracts (Y;,, mN/m) and power law rheological param-
eters, the power law index, n (Y;3) and the consistency
index, k (Y4, Pa.s").

Experimental results were analysed by linear regression
using the backwards elimination method (SPSS 15.0 soft-
ware) and fitted to polynomials of the form:

* * * %k %k
Yj = agj + a1jX| + X, + a3jX3 + apjX X, + a13jX1X3
*

* % * k
+ 23X, X3 1+ 2123§X X5 X3
(1)

where xT, x> and x; are the independent variables coded at
three levels —1 (lower limit), O (central point) and +1
(upper limit).

The statistical analysis was performed using the analysis
of variance (ANOVA) including the F-ratio, which estab-
lished the global model significance (a 90% confidence
level was selected), and the determination coefficients R?
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Table 1 Experimental results for the extraction yield and extract properties according to the 2 factorial experimental design

Exp. Independent variables Dependent variables

XT X; X; Y, Y> Y3 Ya Ys Yo Y7 Ys Yo Yio Y Yi2 Yis Yis
1 -1 -1 -1 26.1 97.1 41.6 3527 464 536 046 122 440 3200 8051 59.14 0.85 0.153
2 1 —1 -1 364 90.7 382 3319 562 384 059 193 402 2129 4975 5895 0.61 1.08
3 —1 1 —1 425 850 370 3062 603 37.6 062 251 50.8 1583 3492 5832 091 0.07
4 1 1 -1 484 845 38.1 3169 84.0 16.0 0.84 40.7 36.8 1313 2814 56.68 092 0.022
5 -1 -1 1 50.5 859 43.0 2718 447 548 045 225 256 1437 3187 5829 042 3.61
6 1 -1 1 49.7 83.0 41.1 3029 428 555 044 209 246 1712 3381 5767 050 141
7 -1 1 1 537 853 376 2834 41.0 590 038 235 236 1333 2469 5565 045 137
8 1 1 1 564 80.5 59.1 2949 521 47.0 053 29.1 242 1089 2025 52.66 043 0.72
9.1 0 0 0 454 858 577 2938 506 494 050 233 276 1477 3151 60.72 056 0.316
9.2 0 0 0 482 857 605 2987 500 488 051 238 29.1 1599 3279 57.74 057 0.27
9.3 0 0 0 469 87.0 625 3244 497 503 050 233 288 1677 3516 5846 0.77 0.119
Independent variable Levels

—1 0 +1

x;, Temperature (°C) 90 95 100
X2, Na,SO;5 concentration (%) 1.5 3.0 4.5
x3, NaOH concentration (%) 0 1.5 3.0

Y; extraction yield (g/100 g o.d. shell), Y, Stiasny number, Y5 total phenol content (g GAE/100 g extract), Y, FRAP antioxidant activity (nmol
AAE/mg extract), Y5 tannin content (g/100 g extract), Y5 non-tannins content (g/100 g extract), Y, tannins/soluble solids (g/g), Yg tannin content
(g/100 g o.d. shell), Yy proanthocyanidins content (g/100 g extract), Y;o number-average molecular weight (Da), Y;; weight-average molecular

weight (Da), Y;, surface tension (mN/m), Y3, power law index, Y, consistency index (Pa.s")

and adjusted R*. In addition, experimental and predicted
values for each dependent variable were compared. The
significant factors affecting each dependent variable were
selected according to the Student ¢ test establishing a 90%
confidence level.

Results and Discussion

Table 1 shows the experimental results obtained for chestnut
shell extractions according to the 2* factorial experimental
design planned. The coefficients of the significant models
(Eq. 1) are presented in Table 2 together with the correlation
parameters and model significance. Figure 1 shows, as an
example, the high correlation between the experimental
values and those predicted by the model (Eq. 1) for the
extraction yield (Y) and the extract Stiasny number (Y5).
NaOH concentration was the most significant indepen-
dent variable on the majority of dependent variables ana-
lysed. The exception were the tannin content (based on o.d.
shell) that, however, depended on this variable through
its interactions with sodium sulphite concentration and
temperature, and the extract average-molecular-weights (M,,
and M,,), that depended mainly on sodium sulphite con-
centration. For most of the dependent variables, temperature
was the less significant variable (alone or its interactions).
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As shown below, the analysis of the response surfaces
obtained for the dependent variables analysed allowed
selecting the optimal extraction conditions for obtaining
a high extraction yield together with a high quality of
the extracts, which depended on the application
considered.

Extraction yield (Y;) increased with increasing Na,SO3
and NaOH concentrations and temperature. However,
extract Stiasny number (Y,) decreased with increasing any
of them, even though all values are in the range suggested
by Yazaki et al. [22] as acceptable for the use of extracts in
adhesive formulations (>65). Figure 2a and b show that at
90°C extraction yields higher than 50% and Stiasny num-
bers higher than 84 were obtained; however Stiasny num-
ber can increase significantly (~95) keeping acceptable
extraction yields (~30%).

None of the independent variables analyzed influenced
the total phenols content (Y3) of chestnut shell extracts. It
is worth emphasizing that the values referred to the raw
material, in the range 10.86-33.33 ¢ GAE/100 g shell,
were considerably higher than those obtained in the pre-
liminary study (4.20-18.83 g GAE/100 g shell) [15] and
than those of extracts of similar lignocellulosic materials
used as sources of antioxidant compounds, such as Gevuina
avellana hulls (1.03.107°—4.23.107° ¢/100 g) [10] or
almond hulls (0.0106-0.0412 g/100 g) [11].



Waste Biomass Valor (2010) 1:219-225 223
Table 2 Coefficients of the significant models (Eq. 1) and model statistical parameters

Y, Y2 Ys Y Y7 Ys Yo Yio Y Yis
ag 45.836 86.409 52.521 46.40 0.528 23.967 32.293 1686.27 3667.27 0.639
a; 2.263 —1.825 5.314 —6.00 0.060 3.336 NS —163.75 —500.50 NS
a 4.788 —2.675 5.916 —5.33 0.053 5.439 NS —395.00 —1099.25 NS
a3 7.113 —2.825 —8.281 8.83 —0.090 NS —9.226 —331.75 —1033.75 —0.186
ap NS 0.500 3.359 NS 0.031 1.940 NS NS NS NS
a3 —1.788 NS —3.034 3.19 —0.029 —2.336 NS 171.50 438.00 NS
a3 —-2.313 1.900 —4.526 4.27 —0.047 —3.127 NS 213.25 580.75 NS
a3 NS —0.975 NS NS NS NS NS —165.00 —379.50 NS
R? 0.978 0.993 0.982 0.937 0.976 0.997 0.799 0.977 0.964 0.754
Adj. R? 0.955 0.982 0.955 0.875 0.940 0.993 0.777 0.943 0.909 0.727
SD 1.785 0.585 2.506 4.276 0.030 0.573 4.358 135.21 491.61 0.10
Sig. 0.000 0.000 0.002 0.005 0.003 0.000 0.000 0.003 0.008 0.001

NS non-significant coefficient for a 90% confidence level, SD Standard deviation, Sig. Model significance

Y; extraction yield (g/100 g o.d. shell), Y> Stiasny number, Y5 tannin content (g/100 g extract), Y5 non-tannins content (g/100 g extract), Y
tannins/soluble solids (g/g), Ys tannin content (g/100 g o.d. shell), Yy proanthocyanidins content (g/100 g extract), ¥;o number-average molecular
weight (Da), Y;; weight-average molecular weight (Da), Y;; power law index

No significant model was found for the extract antioxi-
dant activity (Y4). However, it is noticed that, generally, an
increase in NaOH concentration led to a decrease of the
antioxidant activity. On the other hand, the extract antiox-
idant activity based on the raw mterial increased signifi-
cantly compared with the preliminary study [15] (FRAP
values in the range 92.05-166.32 mmol AAE/100 g o.d.
shell as against 21.65-105.62 mmol AAE/100 g shell) due
to the combination of high values of extraction yield and
extract antioxidant activity. Proanthocyanidin content (Yo)
depended only on NaOH concentration and the higher
values were obtained for the extractions without NaOH. In
addition, the high values obtained for the proanthocyanidin
content confirmed the condensed character of the chestnut
shell tannin extracts.

Both chestnut shell extract tannin content (Y5) and tan-
nin/soluble solids ratio (Y5) increased with increasing
Na,SO; concentration and temperature and with decreasing
NaOH concentration, whereas non-tannin content (Yg)
decreased. The ranges of operating conditions which led to
a tannin/soluble solids ratio (a measure of purity) higher
than 0.6 were the more restricted the lower the extraction
temperature. At 90°C that condition was only satisfied
operating under the highest Na,SO; concentration without
NaOH. With respect to the extract tannin content (based on
o.d. shell) (Yy), it is higher than 10%, the lower limit to be
of commercial interest [6], under the whole range of con-
ditions essayed. Moreover, tannin content amply exceeded
the maximum value attained in the preliminary study
(22.6 g/100 g o.d. shell). The response surfaces for the
tannin content referred to the raw material (Yg) and the
tannin/soluble solids ratio (Y5) in function of Na,SO5 and

NaOH concentrations at 100°C are shown in Fig. 3a and b,
respectively. Operating under the best conditions the tannin
content and the tannin/soluble solids ratio took the values of
40.7 and 0.84%, respectively, and the corresponding
extraction yield was 48.4%.

Number and weight average molecular weights, M,
(Y10) and My, (Y1), respectively, are parameters of great
importance for the use of tannins in the formulation of
adhesives. Both M,, and M,, increased with decreasing the
three independent variables. Under these conditions, as
mentioned before, extract Stiasny number increased while
extraction yield decreased.

With respect to the surface tension of the aqueous
solutions of extracts, from 52.66 to 60.72, it was signifi-
cantly lower than that of water (74.15 mN/m), which
demonstrated the surfactant character of chestnut shell
tannin related to an improved wetting behaviour when used
in adhesive formulations for wood panels. The surface
tension was independent of the extraction conditions as no
independent variable or interaction was found to be
significant.

Finally, the rheological behaviour of aqueous solutions
of extracts has been analysed and, as shown in Table 1, the
power law index (Y,3) was below one in all cases, showing
a pseudoplastic behaviour. This behaviour is of great
interest for the application of the tannin extracts in adhesive
formulations because as the adhesive is subject to stress
during its application, its apparent viscosity decreases
allowing for better flow. The power law index depended
only on NaOH concentration and the extract solutions
deviated more from the Newtonian character the higher the
NaOH used in the extraction stage. Neither variable was
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Fig. 1 Experimental versus predicted values for extraction yield (a)
and Stiasny number (b) of chestnut shell extracts

found to be significant on the consistency index for chestnut
shell extracts.

Conclusions

The extraction of polyphenolic compounds from the shell
of the chestnut fruit for their application in the formulation
of wood adhesives, in leather tanning and as a source of
antioxidant compounds was optimized. Extraction yields
higher than 50% and Stiasny numbers higher than 84 were
achieved. Chestnut shell extracts showed total phenols
contents higher than those obtained for other similar lig-
nocellulosic materials and high values of the FRAP
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Fig. 2 Response surfaces for (a) extraction yield (% oven-dried
shell) and (b) extract Stiasny number in function of sodium sulphite
and sodium hydroxide concentrations at an extraction temperature of
90°C

antioxidant activity. The extract tannin content (on o.d.
shell) was higher than 10%, the lower limit to be of
commercial interest, under the whole range of conditions
essayed. However, the tannin/soluble solids ratio, a mea-
sure of extract purity, only went beyond 0.6 operating
under a limited range of alkali concentrations and at high
temperature. The surface tension of extract aqueous solu-
tions demonstrated the surfactant character of chestnut
shell extracts, that could led to an improved wood wetta-
bility when used in adhesive formulation. In addition, the
pseudoplastic behaviour of the aqueous solutions also
contributes to a better adhesive application.
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