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Abstract: The chestnut tree (Castanea sativa, Mill.) is a widespread plant in Europe whose fruits and
wood has a relevant economic impact. Chestnut wood (CW) is rich in high-value compounds that
exhibit various biological activities, such as antioxidant as well as anticarcinogenic and antimicrobial
properties. These metabolites can be mainly divided into monomeric polyphenols and tannins.
In this piece of work, we investigated a sustainable protocol to isolate enriched fractions of the
above-mentioned compounds from CW residues. Specifically, a sequential extraction protocol, using
subcritical water, was used as a pre-fractionation step, recovering approximately 88% of tannins
and 40% of monomeric polyphenols in the first and second steps, respectively. The optimized
protocol was also tested at pre-industrial levels, treating up to 13.5 kg CW and 160 L of solution with
encouraging results. Ultra- and nanofiltrations were used to further enrich the recovered fractions,
achieving more than 98% of the tannin content in the heavy fraction, whilst the removed permeate
achieved up to 752.71 mg GAE/gext after the concentration (75.3%). Samples were characterized
by means of total phenolic content (TPC), antioxidant activity (DPPH· and ABTS·), and tannin
composition (hydrolysable and condensed). In addition, LC-MS-DAD was used for semiqualitative
purposes to detect vescalagin/castalagin and vescalin/castalin, as well as gallic acid and ellagic
acid. The developed valorization protocol allows the efficient fractionation and recovery of the
major polyphenolic components of CW with a sustainable approach that also evaluates pre-industrial
scaling-up.

Keywords: subcritical water extraction; microwave-assisted extraction; semi-industrial scale;
chestnut wood; tannins; polyphenols; membrane filtration; sequential extraction; fractionation;
antioxidant activity

1. Introduction

Every year, all around the world, a huge amount of biowastes is generated from the
agri-food production chain. Instead of considering them wastes that need to be disposed
of, applying the concepts of circular economy and green extraction [1], they can result in
a source of high-added-value compounds, rich in phenolics and antioxidant metabolites,
concurrently saving money, recycling, and reducing residual matrices that should require
disposal [2,3]. The chestnut tree (Castanea sativa, Mill.), also known as European chestnut, is
a deciduous plant belonging to the Fagaceae family; it can be considered a tree of inestimable
cultural and historical value for the foothill regions [4]. Present in the Mediterranean area
since prehistoric times, before the import of potatoes and corn from America, chestnuts
represented an indispensable source of carbohydrates in Europe [5]: this fact earned
it the common name of “breadfruit”. The chestnut tree has always been cultivated to
produce timber and for its fruit [6], rich in bioactive compounds, widely extracted and
used in different applications [7,8]. Besides the common applications, chestnut wood
(CW) is also attractive because of the presence of different type of extractives, in particular,
polyphenols such as phenolic acids and tannins. This class of molecules, belonging to the
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larger family of plants’ secondary metabolites, is bioactive, with widely studied features [9];
for instance, they possess antioxidant [10], anti-inflammatory [11], antimicrobial [12], and
anticancer properties [13]. In particular, the antioxidant power is generated by its capacity
of scavenging reactive oxygen species (ROS) [14]. Compounds that can be derived from
CW side-products lead to the provision of high-added-value substances, avoiding their
synthesis and providing advantages for human health [15–17].

Furthermore, CW is a rich source of another class of complex polyphenolic molecules:
tannins. They are commonly used in the leather industry, in cosmetics, and in the oenologi-
cal field. This group of molecules are subdivided into Condensed (CTs) and Hydrolysable
(HTs) tannins. The former is represented by polymers of flavonoids, while the latter is
composed of a sugar moiety linked, by an ester bond, to ellagic and gallic acid units,
forming, namely, ellagitannins and gallotaninns. The main compounds of this family
include vescalagin and castalagin, positional isomers which differ only in the position of
the OH- group at the C1 of the glycosidic chain [18]. Generally, the extraction protocols
for polyphenol and tannin recovery involve both hot water maceration [19] and the use
of organic solvents [20] or aqueous solution of them. In literature, it is possible to find a
large number of works concerning the exploitation of chestnut residues aiming to extract
polyphenols and other bioactive compounds, in different conditions, both by conventional
solvent extraction [21] or by new green technologies. Among the most exploited green
approaches, it is possible to enumerate ultrasound-assisted extraction (UAE), supercritical
CO2 extraction [22], the use of ionic liquid [23], and deep eutectic solvents (DESs) [24].

The extractive protocol chosen, including the type of solvent, the temperature, and
the applied technologies, can greatly affect the yield and the qualitative composition of
the product [25]. Typically, polyphenol extraction involves the use of organic solvents
leading to a final product characterized by the distribution of different compounds. For
instance, aqueous ethanol is effective for the extraction of phenolic compounds with high
DPPH radical scavenging activity [26]. Methanol is commonly considered efficient in the
extraction of lower-weight polyphenols, whilst for heavier molecules (such as flavanols),
aqueous acetone is usually selected [16]. In addition, ethanol is also widely applied for
extraction purposes, being a GRAS solvent (Generally Recognized As Safe). Therefore,
residual quantities in the final extract does not affect the safety of the products [27].

According to the ecological transition and the current necessity to deal with green ap-
proaches, several technologies have been developed and exploited with the aim of reducing
solvent exploitation and saving money and energy, without affecting the overall features
of the final products. In particular, several enabling technologies have been exploited to
recover different metabolites from the most diverse matrices such as seaweeds [28,29],
Cannabaceae [30,31], various residues from food processing [32,33] and also lignocellulosic
materials [34,35]. In general, all these approaches focused their attention on achieving high-
quality natural compounds [36]. In this work, the focus was pointed at water extraction and,
in particular, its subcritical state, achieved by MW-assisted or conventional heating, both at
the lab and semi-industrial level. Several other studies have already investigated subcritical
water extraction (SWE) on different types of natural sources, including chestnut shell [37],
bark [38], and bur, while CW is almost poorly studied. According to literature, few works
are available concerning the investigation of CW water extraction. Some examples are
present at relatively low temperatures (60–80 ◦C) [39], and also in subcritical conditions,
by exploiting pressurized hot water extraction [39,40]. To the best of our knowledge, no
extraction protocols of CW have been developed on MW-assisted systems, exploiting water
in a subcritical state.

Water is an easily usable and non-hazardous solvent [41], capable of dissolving a
huge variety of compounds and, in particular, polar molecules due to its high polarity. On
the other hand, polyphenols and other compounds, desirable for extraction purposes, are
characterized by a contained polarity. Therefore, using water in subcritical conditions can
be a viable choice, exploiting the modification of the temperature-dependent solubility.
Indeed, remaining above the boiling point and below the critical point (T: 374 ◦C), but
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in the liquid state (by means of an adequate counter pressure), the physico-chemical
characteristics change. In particular, the polarity of the solvent can be tuned by choosing
the required temperature, relying on the compounds of interest to be extracted, according
to their structural properties [42,43].

The extraction of natural compounds from the raw material is a fundamental step, but
the recovery and the isolation of the extractives are also crucial processes. The aqueous
medium solubilizes the molecules of interest that must be then purified and separated
from the extraction mixture [44]. The post-extraction operations also play an important
role, from an industrial point of view, because they can account for 40/80% of the total
cost of the production process [45]. For this purpose, different technologies are available,
both conventional and innovative ones. Various conventional techniques, such as HPLC,
possess a high capacity to discriminate between different compounds, achieving a high final
purity. Unfortunately, these protocols usually employ their own analytical applications
and are not feasible on a production scale. The implementation of preparative systems
(prep-HPLC) widened the exploitability, but maintained high costs, thus being suitable only
for extremely high-added-value compounds (i.e., pharmaceuticals). In the last decades, a
growing interest has been addressed towards membrane filtration systems. This technique,
based on the selective permeation of porous membranes with a pressure-driven process [46],
allows the separation of desired compounds [47] with a simultaneous concentration of
the sample, according to the mesh [48,49]. Several applications can be achieved according
to the goal, depending on the system characteristics. Indeed, the molecule fractionation
range depends on the molecular weight cut-off (MWCO)—leading to microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), or reverse osmosis (RO)—and the membrane
material (i.e., polysulphonic, polyamidic polymers, or ceramic) [46]. Membrane processes
offer several advantages, such as saving energy and chemicals, being flexible and easy
to control, with low operational and maintenance costs, and a low working temperature
with the possibility to integrate a cooling system [50]. Moreover, because of all those
typical features, this system can be considered to be easily scaled-up and exploited in a
large-volume application [51,52].

In literature are reported some examples of membrane application to purify and
concentrate extracts, derived from several natural sources, such as almond skins [53],
Eucalyptus bark [54], and chestnut shells [55].

The aim of this work is to investigate the efficiency of a sequential extraction protocol,
performed with SWE on CW. Its comprehensive purpose is the recovery of the monomeric
polyphenol and tannin fractions. While exploiting this approach, two main goals were
pursued: achieving high overall process yields and operating a “pre-fractionation”, between
the two different metabolite classes, only by performing selective extraction at different
working temperatures.

In the literature are reported some works studying the sequential extraction [56] of
various vegetal matrices, exploiting several technologies, both conventional [57,58] and non-
conventional ones, e.g., supercritical and subcritical fluid extraction [59] and UAE [60,61],
in cross-flow mode. This procedure is exploited mainly in order to obtain higher yields and
to preserve sensitive compounds [62].

In conclusion, since there are no previous studies investigating this approach on
CW by using SWE, this piece of work focused attention on sequential extraction protocol
optimization, extending the study on the downstream and the process scale-up, paving the
way towards industrial feasibility.

2. Materials and Methods

A summary of adopted abbreviations is reported in Table 1.
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Table 1. List of abbreviations.

ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) PNF NF permeate
CTs Condensed tannins PUF UF permeate
CW Chestnut wood RD Diafiltration retentate

CWC Chestnut wood chips RNF NF retentate
CWS Chestnut wood sawdust ROS Reactive oxygen species
DAD Diode array detector RT Room temperature
DM Dry matrix RUF UF retentate

DPPH 2,2-diphenyl-1-picrilidraziyl S/L Solid/Liquid ratio
GAE Gallic acid equivalents SI-SWE Semi-industrial SWE
HTs Hydrolysable tannins SWE Subcritical water extraction
IC50 Half-maximal inhibitory concentration TPC Total polyphenol content

MASWE Microwave-assisted subcritical water extraction UF Ultrafiltration
NF Nanofiltration US Ultrasound

2.1. Chemicals

Reagents for colorimetric assays (Folin–Ciocalteau, DPPH·, sodium carbonate, ABTS·)
and solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile
CHROMASOLV® (gradient grade, for HPLC, 99.9%) for LC-MS analysis was purchased
from Sigma-Aldrich, and Milli-QH2O was obtained in the laboratory using a Milli-Q
Reference A+System (Merck Millipore, Burlington, MA, USA).

2.2. Chestnut Wood Matrix

CW matrix was gently provided by SilvaTEAM SpA (San Michele Mondovì, Italy).
Two different meshes were used: fine sawdust for lab-scale experiments, (CWS, approx.
1 mm) and chips (CWC, approx. 2–3 cm) for semi-industrial scale.

2.3. Microwave-Assisted Subcritical Water Extraction (MASWE)

CWS (30 g) were mixed with 300 mL of water, with a 1:10 solid/liquid ratio (S/L) and
the mixture was soaked for 15 min in a US bath in a 1 L Teflon vessel. The vessel was then
introduced into a MW multimodal reactor (SynthWAVE®, Milestone, Bergamo, Italy), able
to work under the pressure of an external inert gas (N2).

Before each extraction, a suitable purging was performed with N2, to replace residual
air trapped inside the system, thus avoiding oxidative degradation. The system was then
pressurized with N2 to reach the subcritical conditions and avoid water ebullition (5 bar).
The system was connected to a chiller (operating T: 8 ◦C).

The samples were treated at different temperatures (100 ◦C, 120 ◦C, and 150 ◦C) and,
in all tests, the operating temperature was reached with a 5 min ramp with a maximum
irradiation power of 1500 W.

The resulting extracts were separated by centrifugation at 4200 rpm for 5 min (Cence
Hunan Xiangyi Laboratory Instrument Development Co., Ltd., Changsha, China) and the
supernatant was filtered under vacuum. The residual biomass was washed three times
with fresh solvent and, when planned, it was used for subsequent extractions. To recover
the dry extract, the supernatant was freeze-dried (−60 ◦C, 0.2 mbar, Telstar Lyotest, Azbil
Telstar SL, Terrassa, Spain).

2.4. Semi-Industrial-Scale Subcritical Water Extraction (SI-SWE)

Semi-industrial-scale subcritical water extraction (SI-SWE) was carried out on a pilot-
scale customized prototype (Tropical Food Machinery SRL, Busseto, Italy).

This system provided is made up of a heating system consisting of a boiler (which
generates superheated steam, up to 9 bar and 170–190 ◦C). Water at 90 ◦C is maintained
in a 40 L hot recirculation tank, then it passes through a heat-exchanger (steam-fed), and
it is heated to the desired temperature, in a closed loop. The reactor is composed of two
100 L stainless steel cylindrical extractors (usable separately), with respective loading and
unloading connections, equipped with five perforated baskets (0.5 mm meshes), inside
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which the matrix to be extracted is placed. Once the baskets have been loaded with CWC
and the system is sealed, the water is pumped inside the chambers. The extractions were
carried out, loading only one chamber with CWC (13,5 kg), using a volume of 160 L of
water (S/L ratio 1:10, approx.), for 30 and 60 min, respectively. The extract was sampled
and freeze-dried to evaluate extraction yield and polyphenol content.

To concentrate and reduce the extract volume, an expansion bubble was applied,
performing a flash evaporation reducing the temperature to 50–60 ◦C in a few minutes
and then heated with a steam coil to concentrate it by means of a vacuum pump. The
concentrated product can be dried with the spray-drying technology.

2.5. Membrane Filtration

The extract derived from both the lab-scale and pilot-scale treatment of CW was
processed with a lab-scale membrane filtration skid (PB100, Hydro Air Research Srl, Lodi,
Italy). A vacuum filtration was previously necessary to clarify the solution. The system
is composed of a 3 L tank equipped with a DKU 1812 membrane (150–300 Da, 0.38 m2

filtering area) used for NF, and a SDR10-1812 membrane (1000 Da, 0.33 m2 filtering area) and
SDR5-1812 membrane (5000 Da, 0.33 m2 filtering area) for UF. The retentate continuously
recirculated in the feeding tank while the permeate was collected in a graduated cylinder
and the filtration flow was monitored. Approx. 2–3 L of solution was processed with a
suitable counterpressure (2 bar for UF, 5 bar for NF). Both the fractions were collected and
freeze-dried, for further analysis. The retentate obtained from the NF process, operated on
the semi-industrial extract, was dried with a spray-drying process, from a scalable point
of view.

2.6. Spray Drying

The spray-drying process was adopted as an alternative method to remove water.
The system (KD-SD-2000, Zhengzhou Keda Machinery and Instrument Equipment

Co., Ltd., Zhengzhou, China) is equipped with a peristaltic pump, an atomizer, an air
heating system, a drying chamber, and a cyclone separator.

Approx. 3 L of permeate were processed by using 190–200 ◦C as atomizer temperature,
40% of venting, and 20% of peristaltic pump speed. Tests were performed without any
excipient addition.

2.7. Colorimetric Assays
2.7.1. Total Polyphenol Content (TPC)—Folin–Ciocalteau Assay

The Folin–Ciocalteau assay was used to quantify the total polyphenol content (TPC) [63].
To determine the quantity of polyphenols in the samples, a calibration curve of gallic acid in
water solution (with dilutions between 5 and 250 µg/mL) was used as a reference. Dried
extracts were dissolved in de-ionized water in a range of concentrations between approx.
0.3 and 1 mg/mL. In each test tube, 250 µL of sample solution (or water for the blank) was
added, followed by the sequential addition of: 4 mL of distilled water, 500 µL of Na2CO3
solution (10% w/v), and 250 µL of Folin–Ciocalteau solution. The solution obtained was
shaken vigorously and stored at room temperature and away from light for 25 min. After
this incubation period, the absorbance was read by using a UV-vis spectrophotometer (Cary
60, Agilent Technologies, Santa Clara, CA, USA), at 725 nm in a plastic cuvette (1 cm). The
TPC was expressed as mg/g of gallic acid equivalents (GAE) over the dried extract and over
the dried matrix. All the measurements were performed in triplicate.

2.7.2. Tannin Determination

Total Tannins—Cinchonine Hemisulfate Assays
Tannin determination was performed by using Peri and Pompei protocol [64], with

some adjustments. Operationally, the analysis involves the addition of 600 µL of hemisulfate
cinchonine solution (0.5% w/v) to 600 µL of the extract solution in a 1.5 mL Eppendorf
tube. The solution obtained was shaken and then left overnight at 4 ◦C to promote the
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precipitation of the tannate cinchonine. After that, the sample was centrifuged at 26,000 rpm
for 2 min at 10 ◦C (Allegra 64R, Beckman Coulter Srl, Italy). The supernatant consists of
a polyphenol-rich solution (TPC1, Figure A1), while the precipitate represents the tannic
fraction. The supernatant was separated and analysed with the Folin–Ciocalteau test. The
total tannin semi-quantitative content was calculated by difference and expressed as GAE.

Hydrolysable and Condensed Tannins—Formaldehyde/HCl Assays
The tannic fraction was also analysed in terms of hydrolysable (HTs) and condensed

tannins (CTs); an adaptation of Scalbert et al. method was used [65]. The precipitate
gained before was resuspended in 600 µL of EtOHaq (1:1). Then, 500 µL of this suspension
was mixed with 250 µL of H2O/HCl 36% (5:2 v/v) and 250 µL of an aqueous solution of
formaldehyde 4.8%. The mixture was vigorously shaken and then incubated overnight, then
centrifuged at 26,000 rpm for 5 min at 10 ◦C. The supernatant, containing the HT fraction
(TPC2, Figure A1), was analysed by using Folin–Ciocalteau. The precipitate represents the
CT fraction, precipitated by the formaldehyde. The amount of this fraction was determined
by difference, between the total and the HTs.

2.7.3. Antioxidant Activity
DPPH Assay

The antioxidant activity of the extracts was evaluated following the method de-
scribed by Brand-Williams et al. by using the stable free radical DPPH (2,2-diphenyl-1-
picrilidrazile) [66]. The DPPH radical inhibition, caused by the CW extracts and measured
by the decolouration of the solution (from violet to colourless), was monitored, and referred
to a Trolox methanolic solution, considered as an antioxidant standard. The IC50 (the extract
concentration able to inhibit 50% the DPPH· radical at equilibrium) was evaluated as the
scavenging activity parameter. Different concentration solutions of the dry extracts were
prepared, by operating subsequent dilutions, and the absorbance was read at 515 nm (Cary
60 UV-vis spectrophotometer, Agilent Technologies, Santa Clara, CA, USA). Bobo Least
Squares software (ver. 0.9.1.) [67] was used to process the absorbance data obtained, to
define a proper Probit regression. A blank containing only water and methanol was used to
zero the instrument; a blank sample containing the dry extract, without the DPPH· radical,
was used to evaluate the matrix effect; and a reference sample, containing water and DPPH·
radical was used to normalize the results and verify the reactive absorbance.

ABTS Assay

An alternative assay was also used for the evaluation of the antioxidant activity of the
extracts. This method can be used to evaluate if the analyses could be affected by a matrix
effect or if the DPPH· suffers other interferences that may change the final result.

A modified procedure, starting from Re et al. protocol [68], was used. The radical is
generated by the reaction of a strong oxidant (potassium persulfate) with the ABTS· salt
(2,2’-azino-bis acid(3-ethyllbenzothiazolin-6-sulfonic). The disappearance of the typical
green-blue colouration of ABTS·+, caused by the reduction by an HBD antioxidant, is then
measured. A solution was prepared with 38.40 mg of ABTS· and 6.6 mg of K2S2O8 in 10 mL
of water. The mixture was left in incubation overnight, under shaking and in the dark. The
solution obtained was diluted 1:100 with methanol and absorbance read at a wavelength of
734 nm: this must have a value of 0.70 ± 0.02.

An aqueous solution of the extract was then prepared and used to set up six samples
by subsequent dilutions (such as the method commonly used for the DPPH· test). In each
test tube, 500 µL of stock solution of the extract (at decreasing concentrations) and 500 µL
of ABTS·+MeOH reagent were combined. The tubes were kept at a constant temperature of
30 ◦C, during the 6 min incubation. At the end of these, the absorbance at a wavelength of
734 nm was read and the inhibition percentages are calculated from the recorded values. A
methanolic solution of Trolox® 15 µM (IC50 = 7.94 µg/mL) was used for calibration.
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2.8. LC-MS-DAD Characterization

LC-MS analyses were carried out with a Waters system: sampler (Waters FractionLink),
diode array detector (DAD), and a single quadrupole mass spectrometer, supported by
MassLynx V4.1 software. Mass analysis was performed in ESI+ (Cone: 20.00 V; Capillary:
3.00 kV; Source T: 110 ◦C; Desolvation T: 220 ◦C, m/z range 100–800). The chromato-
graphic separation was performed with a Sinergy Hydro-RP column (Waters, 4 µm 80 Å,
250 × 4.6 mm)—eluents: A = water/CH3COOH 3%, B = ACN; gradient (min, %B): 0, 5;
9.98, 5; 42.38, 15; 57.34, 30; 69.80, 60; 76.29, 100; 88.75, 100. Flow: 1 mL/min; injection V:
20 µL. The DAD wavelength was set at 280 nm and 335 nm.

3. Results and Discussions
3.1. MASWE
Sequential Extraction Screening

The CWS were extracted in subcritical water (see Section 2.3), adopting a sequential
step approach, investigating the possibility of enhancing the global efficiency of the process.
According to that, the first step could act at the same time as the extraction and pre-
treatment step, allowing us to improve the recovery of active compounds, achieving an
efficient extraction performance. In addition, this approach would be investigated in
terms of “pre-fractionation” of the final product achieved, hence exploiting the different
solubilities and extraction thermodynamics/kinetics of metabolites, according to their mass
weight, dimensions, and chemical features (i.e., flavonoids versus tannins)

In the starting extraction set, the study considered a quick first step at 120 ◦C for 5 min,
followed by a subsequent step at 150 ◦C for 15 min. In order to monitor the extraction
process, the TPC was followed, as a key metric for polyphenol recovery.

As reported in Table 2, the first step led to the highest yield (12.15 versus 5.48%) with
concomitant TPC selectivity values (646.36 versus 242.77 mg GAE/gext). The polyphenols’
yield, expressed on the dry matrix (DM) treated, follows the trend and shows advantageous
results for the former step (78.53 versus 13.30 mg GAE/gDM).

Table 2. Extraction conditions, yield, and TPC of the sample obtained with the process performed at
120 ◦C and 150 ◦C.

T (◦C) t (min) Yield (%)

TPC

Selectivity
(mg GAE/gext)

Yield
(mg GAE/gDM)

120 5 12.15 646.36 ± 10.45 78.53 ± 1.27
150 15 5.48 242.77 ± 5.72 13.30 ± 0.31

To track the process outcomes, the cumulative yield of the protocol was also calculated,
both as the dry product yield (16.97%) and polyphenol extraction total yield from the matrix
(90.22 mg GAE/gDM); see Figure 1.

With the aim to enhance the overall selectivity of the protocol, a dedicated pre-
treatment was implemented in the cascade. Thus, the biomass was treated at room temper-
ature (RT) for 2 h to verify the removal of non-active co-extracts (Table 3).

Table 3. Extraction conditions, yield, and TPC of the samples obtained with the process performed at
RT, 120 ◦C, and 150 ◦C.

T (◦C) t (min) Yield (%)

TPC

Selectivity
(mg GAE/gext)

Yield
(mg GAE/gDM)

RT 120 3.25 266.16 ± 24.43 8.65 ± 0.79
120 5 6.52 713.35 ± 2.30 46.51 ± 0.15
150 15 5.82 288.13 ± 3.57 16.77 ± 0.21
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Figure 1. Comparison of the overall process yield and the total polyphenols’ extraction yield, between
different investigated treatments.

The pre-treatment led to a low yield (approx. 3%), not affecting in a positive way the
following extraction step. The overall yield of the process was 14.83% (instead of 16.97%,
in the first condition set; see Table 2 and Figure 1).

Despite the outcomes not being encouraging in terms of yield, the pre-treatment
enhanced the selectivity of the following step (120 ◦C: increasing approx. 10%, 713.35 versus
646.36 mg GAE/gext; 150 ◦C: increasing approx. 15%, 288.13 versus 242.77 mg GAE/gext).
This demonstrates the effectiveness of the pre-treatment, probably due to the swelling effect
and the partial removal of non-active compounds (such as salts and saccharides). However,
the resulting total TPC yield is moderate: from 1 g of the matrix, only 68.81 mg GAE can
be recovered. In order to promote a fraction enrichment, a flash pre-treatment at a higher
temperature was tested (100 ◦C, 5 min; see Table 4).

Table 4. Extraction conditions, yield, and TPC of the samples obtained with the process performed at
100 ◦C, 120 ◦C, and 150 ◦C.

T (◦C) t (min) Yield (%)

TPC

Selectivity
(mg GAE/gext)

Yield
(mg GAE/gDM)

100 5 11.83 723.93 ± 27.27 85.64 ± 3.23
120 5 2.64 653.89 ± 3.62 17.26 ± 0.10
150 15 5.43 226.26 ± 3.95 12.29 ± 0.21

The latter achieved a good yield (11.83%), comparable to a direct treatment at 120 ◦C
(12.15%, Table 2), additionally leading to interesting recoveries for the following steps. The
overall yield of this extraction protocol reached 18.82%, the best performing among the
treatments investigated before (see Figure 2).
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Figure 2. Extraction yield and TPC: comparison with the commercial benchmark (SilvaFEED ENC).

The detected polyphenol content actually showed that, at 100 ◦C, the extraction is
highly selective, and the subsequent TPC values (for the treatment at 120 ◦C and 150 ◦C)
are quite similar if compared to the previous screening (Tables 2 and 3).

It is interesting to note that, by modifying the first step from RT (which mainly
represented a washing of the matrix) to a proper extraction performed at 100 ◦C, the
total process yield stands approx. at 19% and the overall TPC yield is almost doubled, if
compared to the previous pathway (111.43 versus 68.81 mg GAE/gDM, Table 4). To further
investigate the extraction trend, a combination of the last two protocols was evaluated,
aiming to reduce consumption and process costs (see Table 5).

Table 5. Extraction conditions, yield, and TPC of the samples obtained with the process performed at
100 ◦C and 150 ◦C.

T (◦C) t (min) Yield (%)

TPC

Selectivity
(mg GAE/gext)

Yield
(mg GAE/gDM)

100 10 14.50 802.84 ± 20.52 116.37 ± 2.97
150 15 5.47 350.74 ± 1.04 22.87 ± 0.07

The adopted time for the first step was 10 min, instead of two distinct treatments of 5
min long. Similarly, the S/L ratio was modified to 1:20, to maintain the exploited solvent
amount, without affecting the extraction driving force.

In this case, the overall yield surpasses 19%, achieving the best result (see Figure 2).
The TPC selectivity for both the steps is the highest between all the investigated

conditions (802.84 mg GAE/gext and 350.74 mg GAE/gext, respectively). Similarly, the
overall phenolic yield, 135.60 mg GAE/gDM, was the highest registered.

In order to evaluate the polyphenol recovery effectiveness, an industrial extract, di-
rectly supplied by SILVATEAM Spa (SilvaFEED ENC), was used as a benchmark, returning
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a value of 619.76 mg GAE/gext. For sake of comparison, all the obtained data were summa-
rized in Figure 2 for an overview with the trade sample (SilvaFEED ENC).

Evaluating the process yield and the overall TPC yield, normalized per gram of dry
extracted matrix, for each set of consecutive extractions, it can be noticed that these two
parameters are following the same trend. Thus, the following treatment at 100 ◦C (10 min)
and 150 ◦C (15 min) was the best performing one.

3.2. Antioxidant Activity, DPPH, and ABTS Assays

The samples achieved by means of the optimized sequential extraction (100 ◦C and
150 ◦C) were analysed for antioxidant activity with DPPH· and ABTS· assays. The results
are expressed both in terms of IC50 and Trolox eq., to give a direct proportionality of the
parameter (see Table 6 and Figure 3).

Table 6. Evaluation of the antioxidant activity, with DPPH· and ABTS· assays.

Sample
IC50 (µg/mL) Trolox Eq. (mmol/gext) ABTS/DPPH·

RatioDPPH· ABTS· DPPH· ABTS·
100 ◦C 1.4 2.4 21.7 13.2 0.61
150 ◦C 4.7 7.3 6.5 4.3 0.67
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Figure 3. Evaluation of the antioxidant activity, with DPPH· and ABTS· assays, expressed as Trolox
equivalents.

These analyses agree with the observed trend for polyphenol recovery; hence, the
extract achieved at 100 ◦C demonstrates a higher antioxidant activity, regardless of the
applied test. Furthermore, the second extraction step still possesses interesting antioxidant
features, with a decrease of approx. 30% in the Trolox eq. The IC50 values are generally very
low, in the range of µg/mL for all the products. It is worth noticing that both the DPPH and
ABTS assays showed a constant offset for all the samples (see ABTS/DPPH ratio in Table 5),
thus confirming the suitability of these protocols due to the non-specific interaction with
the different samples.

3.3. Tannin Analyses

Besides dry yields and TPC characterizations, this study aimed to understand how the
sequential extraction approach could affect the selectivity in every step. To this purpose,
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considering the main composition of CWS, attention was paid to tannin distribution and
composition. In particular, polyphenol/tannin ratios (Section 2.7.2) and hydrolysable (HTs)
and condensed (CTs) tannin determinations (Section 2.7.3) were investigated for every
extraction protocol.

3.3.1. Tannins Precipitation—Cinchonine Hemisulfate Assay

By considering the presence of tannins among the population of molecules which
respond to the TPC test, it is possible to assume that, in general, tannins are largely present
in all the extracts. The results presented in Figure 4 suggest that the lower the temperature
used for the extraction, the higher the quantity of tannins recovered: thus, the extracts
obtained at 150 ◦C present the lower amount, while the sample obtained at 100 ◦C and
120 ◦C led to a better recovery of this fraction.
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Figure 4. Subdivision of TPC-responding molecules, between tannin fraction and free polyphenol
fraction, expressed as percentage on TPC.

So far, the optimized sequential extraction conditions were defined according to the
extraction yield and polyphenol selectivity. Reconsidering this protocol in view of the
tannin content, it is possible to state that the first product (achieved at 100 ◦C, 10 min) is
composed of 88% of the tannins, whilst these metabolites decreased by approx. 30% in the
second step (150 ◦C, 15 min), resulting in more than 40% of monomeric polyphenols. This
result shows an effective preliminary fractionation of the extractable compounds, achieved
ahead of the process.

3.3.2. Tannins—Formaldehyde and HCl Assay

The results shown in Table 7 describe the trend of the HTs and CTs contained in the
samples obtained by the different sequential extraction protocols. In general, it is possible
to notice that the CT fraction (brown slice in Table 7) is more represented, with values that
depend on the process conditions.
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Table 7. Distribution of HTs and CTs and monomeric polyphenols.

• Hydrolysable Tannins • Condensed Tannins • Monomeric Polyphenols
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According to the optimized protocol (last row, in Table 7), it is possible to notice that
the extract obtained at 100 ◦C is mainly composed of CTs (83%), followed by HTs and
monomeric polyphenols (5% and 12%, respectively). Thus, this step allows us to recover
approx. 88% of tannins in only 10 min of treatment. The following extraction, on the other
hand, enables us to recover a product with a higher concentration of monomeric polyphe-
nols (39%). Concerning the general trend of the performed tests, it is not possible to easily
identify a product with a predominant metabolite, prevailing on others, or alternatively, it
is not cost-effective, being achieved by means of a three-step protocol.

Considering the different conditions, it is possible to analyse how different pre-
treatments can affect the composition of the extract obtained at 120 ◦C and 150 ◦C. As
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shown in Figure 5, the extractions performed at 120 ◦C (shades of blue) in general led to a
lower percentage of monomeric polyphenols, replaced by a high content of tannins. On the
contrary, working at 150 ◦C (shades of orange) brings about a large recovery of monomeric
polyphenols. Notably, a pre-treatment, before the extraction operated at 120 ◦C, slightly
increased the HTs level, and a similar trend can be observed for the process at 150 ◦C.
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Figure 5. Pre-treatment influence on extract population of tannins and polyphenols.

3.4. Lab-Scale Downstream—Membrane Filtration

The encouraging results obtained by the sequential extraction was further developed,
focusing on the enhancement of the tannin-rich fraction. According to that goal, membrane
filtrations (Section 2.5) were performed aiming at an additional fractionation of the extract.
In detail, different filtration protocols were carried out on the liquor derived from the
100 ◦C extraction (global tannin content of 88%).

The first approach consisted of a 1000 Da UF, leading to the recovery of a concentrated
permeate (PUF) and a diluted retentate (RUF).

This process led to a fractionation of the polyphenol’s population, mainly caused by
the retention of tannins (characterized by a higher weight and larger dimensions) and
the permeation of the smaller molecules (monomers such as gallic acid, ellagic acid, and
others). The starting material was characterized by 88.07% of tannins, while the obtained
RUF reached 92.00%, with a concentration increase of 14.60%. The RUF was successively
processed investigating the application of diafiltration. The aim of this technique was to
further concentrate the tannin fraction in the retentate, by adding fresh water and enhancing
the separation driving force, replacing the removed volume of the permeate. Moreover,
diafiltration reduces the matrix effect of the solution, improving the membrane rejection
and metabolite discrimination. Two different tests were performed to investigate the impact
of the water amount in diafiltration. Thus, RUF was divided into two streams: a single
diafiltration (with a quarter of the removed volume) and a triple diafiltration (complete
replacement of the water removed in the previous step), as described in Figure 6.
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water replacement.

The first test was carried out with only a quarter of the water removed in the first UF
step, with the aim of saving water. Unfortunately, the obtained result in tannin enrichment
was negligible. The small amount of water probably does not allow us to overcome the
matrix effect and recover the membrane performance.

On the other hand, the second experiment allowed us to achieve engaging results:
the average tannin concentration reached nearly 100% at the end of the sequential process
(Figure 7, brown line). Hence, it is possible to state that, as expected, monomeric polyphenols
mostly crossed the 1000 Da membrane, concentrating the heavy metabolites in the retentate.
Further investigations conducted showed that TPC selectivity is almost unaffected, across
the successive retention fractions (Figure 7, ruby bars, RUF RD3) with small variations
due to the variability of the method. It is worth noting that this last parameter refers to all
active polyphenolic fractions, so its constant trend could indicate the additional removal
of “non-active” compounds, such as salts and oligosaccharides, despite the decrease in
monomeric polyphenols.
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As a further confirmation, the “tannin/monomeric polyphenol” ratio of the retentates
across the process has been analysed and reported in Figure 8. It is possible to appreciate the
increasing values of the tannin percentage as opposed to the polyphenol decrease, starting
from the first retentate (RUF) and gradually proceeding together with the diafiltration steps
(RD1, RD2, and RD3).
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After the UF protocol, the resulting permeates were combined and processed with an
NF membrane, aiming to concentrate the metabolites and recover water at the same time.
The latter can be ideally recycled within the process.

After NF, the recovered fractions were a retentate (RNF) and a permeate (PNF). The
feed concentration was approx. 0.75 mg/mL and, through this process, the RNF reached
10.06 mg/mL (a 13.5-times increase), with 752.71 mgGAE/gext (meaning approx. 75.3% of
the monomeric polyphenol content). This result was obtained simply by water displace-
ment into the permeate, which was consequently extremely diluted (PNF, 0.07211 mg/mL,
a 10-times reduction).

These further purifications are crucial for improving the applicability of the recovered
compound fractions. As mentioned above, tannins are used in large markets mainly to
exploit their special properties: their antioxidant activity and physicochemical properties.
For example, they are used to enrich animal feeds, especially poultry and pigs, due to their
beneficial effects on animal well-being [69]. In terms of technological features, tannins are
mainly exploited as tanning agents in the leather industry [70], and in the market for wood
glue systems [71]. Finally, it should be mentioned that monomeric polyphenols are widely
employed in the food supplement and cosmetic industries [8,9]. For all these applications,
a higher concentration of specific components is a key criterion.

3.5. Semi-Industrial-Scale Subcritical Water Extraction (SI-SWE)

The extraction of CW was also investigated for a suitable scale-up in a semi-industrial
plant, able to work in subcritical water. In detail, 13.5 kg of CWC were loaded into the
reactor baskets, using an S/L ratio of 1 to 10. The extraction in these conditions was carried
out starting from a larger-sized matrix with respect to the one exploited at a small scale.
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This expedient was necessary to meet industrial requirements, as production wastes are
usually about 3 cm-sized.

The extraction under these conditions was carried out starting from a larger-sized
matrix than the one used in the small scale. This was necessary for meeting the requirements
of the industry, since the production waste is usually about 3 cm in size. In the development
phase of the process, they were used as such to avoid another grinding step, which would
excessively burden the total energy consumption and treatment time. It should be noted
that conventional laboratory-scale reactors could not handle matrices of this size without
comminution. Nevertheless, the use of a 2–3 cm chip size was possible due to the efficient
mass transfer provided by the extractor through the forced recirculation of subcritical water
through the material confined in perforated baskets.

The screening of SI-SWE of CWC took the lead from the conditions applied in the first
set of lab-scale extractions. Hence, a first treatment was carried out at 120 ◦C for 5 min and
the resulting extract was sampled for subsequent analysis. The system was discharged and
then re-filled with the same amount of water, bringing the temperature up to 150 ◦C for
15 min. The results expressed in yield and TPC are shown in Table 8.

Table 8. Extraction yield and TPC analyses for double sequential extraction.

Temperature (◦C) Time
(min)

Yield
(%)

TPC Selectivity
(mgGAE/gext)

TPC Yield
(mgGAE/gDM)

120 5 2.89 516.33 ± 9.65 14.92 ± 0.28
150 15 3.47 666.94 ± 18.12 23.12 ± 0.63

Global Process 6.26 - 37.36

The yields obtained are significantly lower than the same conditions carried out on
a laboratory scale (2.89% versus 12.15% and 3.47% versus 5.48%). This difference is most
likely due to the different size of the wood chips affecting the mass transfer. This could be
compensated by longer extraction times, which are, however, still below the times usually
used in industry for conventional extraction.

Concerning the TPC selectivity, this parameter is comparable for the extracts achieved
at 120 ◦C (646.36 mgGAE/gext lab scale versus 516.33 mgGAE/gext pilot scale) while for
the second step, the pilot scale had a much higher result (242.77 mgGAE/gext versus
666.94 mgGAE/gext). This phenomenon can be explained by the slower extraction kinetics,
which left more residual metabolites in the post-extraction matrix at 120 ◦C, then recov-
ered by the treatment at 150 ◦C. The global process yield is 6.26%, with a corresponding
polyphenol recovery of 37 gGAE for each kilogram of processed matrix.

A second set of extraction was lately performed in the semi-industrial plant, consid-
ering some protocol modifications such as a longer time and smaller particle size (approx.
1 cm), to increase the process yield and obtain a more exhaustive extraction of the matrix.

The experimental protocol involved three different steps: the first one carried out at
100 ◦C for 60 min, the second at 120 ◦C for 30 min, and the last one, 150 ◦C for 30 min (as
shown in Table 9).

Table 9. Extraction yield and TPC analyses for triple sequential extraction.

Temperature (◦C) Time
(min)

Yield
(%)

TPC Selectivity
(mgGAE/gext)

TPC Yield
(mgGAE/gDM)

100 60 3.84 678.10 ± 6.63 26.04 ± 0.25
120 30 6.21 714.13 ± 13.93 44.36 ± 0.87
150 30 4.64 651.98 ± 5.29 30.23 ± 0.24

Global Process 13.99 - 95.96
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Looking at the results, it is possible to notice how the protocol modifications applied
had a positive impact on the process’ outcomes. All the evaluated parameters underwent
an increase: the global process yield doubles (6.26% versus 13.99%, Tables 8 and 9), TPC
selectivity slightly increased, whilst the final recovered polyphenols are nearly three times
higher (37.36 mgGAE/gDM versus 95.96 mgGAE/gDM, Tables 8 and 9), reaching a final
productivity of 9.9%.

Finally, the samples deriving from this SI-SWE set were also characterized by the
tannin content and distribution (Sections 2.7.2 and 2.7.3).

As described in Table 10, the products are generally characterized by CTs, followed by
a moderate quantity of monomeric polyphenols. It is possible to state that the composition
of the extract achieved at 100 ◦C appears similar to the lab-scale one. Thus, this extraction
temperature is confirmed as the most selective according to tannin content, verifying the
possibility to perform a pre-fractionation with SI-SWE.

Table 10. Distribution of HTs, CTs, and polyphenols in optimized SI-SWE of CW chips.

Temperature
(◦C)

Time
(min)

Tannins
Polyphenols

(%)Total
(%)

Hydrolysable
(%)

Condensed
(%)

100 60 83.96 9.34 74.62 16.04
120 30 77.65 8.34 69.31 22.35
150 30 75.34 7.12 68.22 24.66

3.6. Semi-Industrial Downstream

Considering the semi-industrial nature of the extraction step, it is necessary to design
a suitable downstream protocol, as the latter is a possible bottleneck of the production
chain. For that reason, two sequential techniques have been tested with particular attention
towards the scalability and applicability in a continuous process, even on an industrial scale.

3.6.1. Membrane Filtration

The membrane filtration was applied also on the product obtained from SI-SWE, with
a different goal from the previous diafiltration process (Section 3.4). In the first approach,
the aim was to achieve selective fractions, whilst in this latter case, the purpose was to
concentrate the sample and recover water from the system. Thinking about the industrial
concern, the water recycling is crucial and has a two-fold effect, from a sustainability
and cost-effectiveness point of view. In addition, another industrial requirement is the
application of a cheap drying system, due to the high amount of liquid to be removed.
Thus, non-sustainable lyophilization has to be replaced by spray drying, which however
requires a moderate concentration of the feed. Membrane NF systems can meet both of
the above-mentioned aspects with high efficiency, allowing us to recover water with a
simultaneous product concentration.

The liquor deriving from the second step of the double extraction on the semi-
industrial plant (150 ◦C, 3.5 mg/mL) was subjected to NF (150–300 Da), increasing by
approx. three times the solution concentration, reaching 12 mg/mL.

Both the retentate (RNF) and permeate (PNF) were collected and analysed using the
Folin–Ciocalteau method. After the treatment, the TPC selectivity was nearly unmodified
with respect to the liquor (RNF 684.84 mgGAE/gext versus 666.94 mgGAE/gext,), demon-
strating that NF led to a concentration (due to water removal), with negligible losses of
actives (see NF mass-balance in Figure 9).
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3.6.2. Spray Drying

The retentate deriving from NF is suitably concentrated to be submitted to a spray-
dryer system (Section 2.6). Due to the high content of tannins, the drying process was
performed without any addition of excipients. Typically, spray drying require the addition
of excipients such as maltodextrins or cyclodextrins to avoid stickiness and to facilitate the
process, enhancing the recovery yield and reducing the time. Unfortunately, the drawback
is the resulting reduction in active compounds in the final product, because of the presence
of inert additives. The solid recovered was analysed for TPC to verify the product stability.
The result is almost unchanged (684.57 mg GAE/gext versus 684.84 mgGAE/gext, for spray-
dried and RNF, respectively), proving that the high-temperature treatment is fast enough
to not cause polyphenol degradation. This result corroborates the use of this technology,
representing a good downstream process to obtain a dry product on a large scale, with an
easy and cheap protocol, able to work in a continuous flow mode.

3.7. LC-MS-DAD Characterization

The optimized extract (100 ◦C S/L 1/20) has been characterized by LC-MS analysis,
with semi-qualitative purposes, to detect the main compounds recovered by means of
extraction (see Figure 10). In particular, some hydrolysable tannins, namely castalagin and
vescalagin (Rt: 6.28 min and 9.61 min), and their fragment castalin and vescalin (Rt: 3.25,
3.62 and 4.17 min), have been observed. It is worth noticing that the typical m/z signals
belonging to castalin and vescalin (m/z: 632.4) are split, resulting also in peaks attributable
to castalagin and vescalagin (Rt: 6.28 min and 9.61 min).

This could be explained by the formation of the lighter compounds because of frag-
mentation; nevertheless, the appearance of the peaks at low retention times (3.25–4.17 min)
reveals the presence of the native castalin and vescalin in the extract. The fact that three
peaks are displayed could be explained by the presence of another compound with a close
molecular mass, a generic monomeric ellagitannin, galloyl-hexahydroxydiphenoyl-hexide
(galloyl-HHDP-hexide), according to literature [18].

Other larger tannins, namely CTs, were not deeply examined because of the instru-
mental limitation of the mass detector. In order to qualitatively investigate the occurrence
of those species, because of the impossibilities of searching precise masses, the presence
of gallocatechin fragments in the extract was studied. Actually, the mass of gallocatechin
is represented by a broad region of signals, suggesting a plethora of different molecules
presenting this moiety (see Figure 11).
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As expected from literature, gallic and ellagic acids have been clearly detected in the
polyphenol profile of the extract [9]. Gallic acid has a retention time of 8.37 min while
ellagic acid has a retention time of 25.71 min (see Figure 12). In the extract deriving from
the treatment at 150 ◦C, the amount of ellagic and gallic acid is significant, maybe due to a
prior degradation of HTs, which are formed by those monomeric units.
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4. Conclusions

A new sequential extraction protocol was developed to achieve the pre-fractionation
of CW residues. In particular, two flash extractions in subcritical water removed up to 88%
of tannins and 40% of monomeric polyphenols in the first and second steps, respectively.
To the best of our knowledge, this is the first time that this type of procedure has been
applied to the valorisation of chestnut wood residues. Moreover, the optimized protocol
was applied in a pilot plant (13.5 kg CW and 160 L water), with encouraging results. In
terms of industrial application, several efforts are being made to develop a more powerful
pre-industrial scale-up, with particular attention on the mass transfer process.
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Finally, a UF membrane system was tested to improve fraction composition and
concentration, achieving more than 98% of tannin content in the retentate and up to
752.71 mgGAE/gext of monomeric polyphenols (about 75.3%) for the resulting perme-
ate (after NF concentration). LC-MS-DAD analysis detected vescalagin/castalagin and
vescalin/castalin, together with gallic and ellagic acids, some of the peculiar markers of
CW. Further studies could pave the way towards an accurate isolation of the monomeric
polyphenol fraction. The work presented here demonstrates the possibility of achieving
a convenient and sustainable fractionation of CW, obtained by sequential extraction and
further enhanced by membrane filtrations.
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Appendix A

Appendix A.1. Tannins: Precipitation and Hydrolysable/Condensed Discrimination

A schematic representation of Cinchonine Hemisulfate and Formaldehyde/HCl assays
is represented in Figure A1 for the sake of clarity.
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Figure A1. Experimental procedure for the tannin analyses.

Appendix A.2. LC-MS-DAD Analysis of Tannin Fraction: Difference between Pre- and
Post-Precipitation Samples

An LC-MS comparative analysis has been performed between the raw extract and
the supernatant after the tannin precipitation assay (with the cinchonine treatment; see
Section 2.7.2) of the same sample. Indeed, the chromatogram of the raw sample was
characterized by a broad region crowded with signals in the typical range of tannins, while,
after the cinchonine addition, those oligomers were drastically reduced (see Figure A2).
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In particular, the peaks shown at 24.08 and 25.64 min are attributable to cinchonine, as
confirmed by an external standard.
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