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Abstract
In a growing context of green and circular economy, gaining knowledge of the com-
position of every crop is crucial, as this will allow for their full exploitation. Cherry 
(Prunus avium L.) is a widespread tree of particular interest for its fruits and its 
valuable timber. Its wood is rich in extractives and its characterization will allow 
to consider other applications for this feedstock. In this study, chipped cherry wood 
was extracted and chemically analysed to determine its total phenolic content, total 
condensed tannin, antioxidant capacity, and polysaccharide content through wet 
chemistry analysis. These investigations were coupled with 13C-NMR and FTIR 
spectrometry, with HPLC as well as elemental analysis to conduct a comprehen-
sive chemical characterization. Thermogravimetric measurements were also taken 
to understand the behaviour of the extract when exposed to high temperature. The 
registered findings were benchmarked against commercial mimosa (Acacia mearnsii 
De Wild.) and chestnut (Castanea sativa Mill.) tannins which were selected as tem-
plate for condensed and hydrolysable tannins, respectively. Cherry extract was found 
to be the poorest in phenolics which are mainly constituted of pyrogallic flavonoids 
strongly interconnected with significant amounts of polysaccharides.
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Introduction

Tannins are natural polyphenolic substances produced by plants to protect against 
UV, free-radicals, and biological decay agents such as animals, insects, fungi, and 
bacteria (Tondi et al. 2013). These compounds can be easily extracted from wood 
and commercially exploited for different purposes (Shirmohammadli et  al. 2018; 
Pizzi 2019). Historically, the first application of these extracts is leather tanning 
(Falcão and Araújo 2018). Nowadays, the tannin extract is industrially extracted 
and it is mostly used to obtain vegetable-tanned leather (Auad et  al. 2020). The 
high affinity of the polyphenolic structure of tannins with collagen, the skin’s main 
protein, allows an irreversible change in structure resulting in an excellent stabil-
ity of the leather. Soon, the critical protective abilities offered by tannins were also 
exploited in the medical field, thus benefiting from their antioxidant and free radical 
scavenger capabilities, inhibiting low-density lipoprotein oxidation (Cook and Sam-
man 1996). In addition, the complexing properties of tannins can also be exploited 
in water remediation by trapping heavy metals (Yu et al. 2001). Another widespread 
application is in food industry. In particular, tannins are key constituents in popular 
beverages as tea and coffee, of fruit juices, and of alcoholic beverages as beer and 
wine (Li et  al. 2020; Giacosa et  al. 2021). Tannins are also present in significant 
quantities in distillates aged in wooden barrels such as brandy, whiskey, grappa, and 
cognac (De Rosso et al. 2020). In the case of wine, tannins are extracted from grapes 
and play a major role in wine quality as they contribute to colour, mouthfeel, sta-
bility, and longevity. Given their importance, especially for red wines, winemakers 
adopt processing techniques suitable to enrich the wine in tannins, for example by 
extending the skin maceration step, by adding tannin extracts to the wines (Harbert-
son et al. 2012), or by ageing the wines in barrels made with different wood types. 
The most common wood used to produce barrels for wine ageing is oak, although 
wood species as chestnut and cherry, the subject of this study, are also used. In win-
emaking, different wood types contribute differently to the ageing kinetic, to the 
type and amount of tannins released into the wines, and to the wine flavour (De 
Rosso et al. 2009), so that wood contact is also used  as a tool to modify the sen-
sorial properties of the wines. A similar approach is adopted in the production of 
Italian balsamic vinegar, where the aging in cherry barrels is part of the traditional 
production method (Guerrero et al. 2008). In these contexts, cherry wood exhibits 
high potentiality as it confers a distinctive flavour to the product (Versari et al. 2013; 
Rinaldi and Moio 2018). Considering the increasing sensibility for producing sus-
tainable and renewable materials, tannins are increasingly attracting the interest of 
other engineering sectors. While their use as adhesives for wood is known since the 
middle of the last century (Pizzi 1980; Cesprini et  al. 2021), their application as 
wood preservative is more recent (Tondi et al. 2012; Sommerauer et al. 2019) and 
both are suggestive alternatives to synthetic plastics and coatings (Cesprini et  al. 
2022). In the last decade, other engineered materials were produced from tannins: 
insulating foams have attracted the interest of green building construction (Tondi 
et al. 2008a, 2016), furanic bio-based plastics were successfully produced (Li et al. 
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2013) and also ultralight aerogels were synthesized (Amaral-Labat et al. 2013; Koo-
pmann et al. 2021).

Tannins are mainly divided into condensed and hydrolysable, these having differ-
ent chemical structures and consequently, different properties. The former consists 
of flavonoid oligomers/polymers with a variable degree of polymerization (Drewes 
and Roux 1963). The units are usually linked C4 to C6 or C4 to C8 to form various 
length chains depending on the type of tannin (Pizzi 1994). Hydrolysable tannins 
are esters of phenolic acids such as gallic, ellagic or more complex triaril acids with 
easy sugars such as glucose and xylose (Muller-Harvey 2001; Michel et  al. 2011; 
Arbenz and Avérous 2015).

Since these families have different physical and chemical properties and are used 
industrially according to the characteristics required for the specific use, it is of fun-
damental importance to clarify the class to which a tannin extract belongs to direct 
its possible employment.

In this study, the cherry (Prunus avium L.) tannin extract is compared with two 
commercial tannin extracts. That of mimosa bark (Acacia mearnsii De Wild.) is 
taken as reference for condensed tannins (Missio et al. 2017), while the extract of 
chestnut wood (Castanea sativa Mill.) as the reference for the hydrolysable ones 
(Campo et al. 2016). Wet analytical chemical experiments, spectroscopic (13C-NMR 
and ATR FT-IR), elemental and thermal analyses (TGA) were applied to character-
ize the three extracts.

Experimental

2.1 Materials

Debarked cherry (Prunus avium L.) wood chips at 10% moisture content were pro-
vided by Silva Team (San Michele Mondovì, Italy). Industrial tannin powders of 
chestnut (Castanea sativa Mill.) and mimosa (Acacia mearnsii De Wild.) were sup-
plied by Saviolife (Viadana, MN, Italy) and Silva Team (S. Michele Mondovì, CN, 
Italy), respectively, and were used as benchmark, respectively, for hydrolysable and 
condensed tannin in the investigation of the cherry extract. High-purity (≥ 99%) 
ethanol, sodium carbonate, sulphuric acid, sodium acetate trihydrate, acetic acid, 
2,4,5-tripyridyl-s-triazine, HCl, ferric chloride, ammonium formate, pectin, and dex-
tran were purchased from Sigma-Aldrich (St. Louis, MO, USA). Folin–Ciocalteu′s 
phenol reagent and vanillin were purchased from Merck (Darmstadt, Germany).

Equipment

The following equipment was used to perform extraction and characterization of the 
extracts. Spectroscopic investigations were carried out with a Varian Cary 50 Bio 
UV–Visible spectrophotometer; the solid-state NMR was performed with a Bruker 
AVANCE NEO 400  MHz NMR tool equipped with 4  mm CP-MAS probe while 
the FTIR analyses were done on a Nicolet, NEXUS, B70, FTIR instrument set up 
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with ATR unit. The chromatography analyses were performed in Agilent 1260 
series II quaternary pump LC (Agilent Technologies) equipped with G7162A refrac-
tive index detector (RID) and G7117C diode array detector (DAD). The separation 
was carried out using a gel permeation HPLC column (PL aquagel-OH, Agilent). 
Thermo Fischer Scientific FLASH 2000 element analyser equipped with MAS 200 
R autosampler thermal conductivity detector (TCD), and two analytical chromato-
graphic columns was used for elemental investigation. The thermal behaviour of the 
extracts was investigated with an SDT 2960 Simultaneous DSC-TGA TA instrument 
(Waters—TA instruments, New Castle, DE, USA).

Methods

Extraction of cherry tannin powder

The cherry extract was obtained by a double extraction of the wood chips with boil-
ing water kept at temperature with an external heater. Firstly, 250 g of chips were 
extracted with 1,500 g of deionized water for 1 h. The suspension was filtered and 
then the wet chips were further extracted using additional 1000 g of boiling water for 
1 h. This second suspension was also filtered, and the two brown solutions obtained 
were then evaporated until dry in a rotavapor at 70 °C, and the remaining dry brown 
powder was collected and characterized.

Purification of the tannin extracts

The three tannin powders were submitted to a preliminary extraction to remove 
impurities. The process involved the dissolution of 100 mg of the three tannin pow-
ders in 5 mL of EtOH / H2O (80/20 v/v), followed by mechanical stirring for 30 min 
at 25 °C. The samples were then centrifuged for 15 min at 4 °C and 10,000 rpm, and 
the supernatants analysed to assess their antioxidant capacity, as well as their con-
tent in total polyphenols, condensed tannins, and polysaccharides. This procedure 
was similar to that presented by Katalinić et al. (2010).

Total polyphenol content

Determination of total phenolic content (TPC) was performed using the Folin–Cio-
calteu assay (Singleton et al. 1999). In brief, 1 mL of diluted tannin extract, 1 mL 
of Folin reagent (Sigma-Aldrich) (diluted 1:10 with deionized water), and 0.8 mL 
of sodium carbonate solution (7.5%) were added. The mixture was left in the dark 
at 40 °C. After 30 min, the absorbance was read at 765 nm. Each measurement was 
repeated three times. The calibration curve was created with a serial dilution of gal-
lic acid.
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Total condensed tannin

The transformation of condensed tannin into anthocyanidols in the presence of sul-
phuric acid and vanillin allows to calculate the concentration of total condensed tan-
nins (TCT) (Sepperer et  al. 2019a). In brief, 50 μL of the ethanol tannin solution 
(1 mg/mL) was added to 2 mL of 4% methanol vanillin solution and 450 μL con-
centrated sulphuric acid. After 15 min, the absorbance was read at 527 nm and the 
results were expressed as relative ratio of equivalent catechin (μgCE/mg).

Antioxidant capacity

FRAP assay was performed for determination of the extracts’ antioxidant capac-
ity (Galiñanes et al. 2015). FRAP reagent was prepared by mixing 25 mL of 0.3 M 
sodium acetate buffer (pH 3.6), 2.5  mL of 10  mM 2,4,5-tripyridyl-s-triazine HCl 
solution, and 2.5 mL of 20 mM ferric chloride. In brief, 100 μL of EtOH/H2O tan-
nin extract was added to 990 μl FRAP reagent. After incubation (37 °C, 30 min), the 
absorbance was measured spectrophotometrically at 593 nm. The FRAP values were 
expressed in µg of ascorbic acid equivalents (AAE)/ mg tannins.

13C‑NMR solid state

Solid-state 13C-NMR experiments of the three tannin extracts were performed on a 
Bruker AVANCE NEO 400 MHz NMR spectrometer using a 4-mm CP-MAS probe. 
The sample spinning frequency was 15 kHz. The 13C CP-MAS NMR experiments 
consisted of excitation of protons with p/2 pulse of 3.0  s, CP block of 2 ms, and 
signal acquisition with high-power proton decoupling. A total of ca. 2,000 to 14,000 
scans were accumulated with the repetition delay of 5 s. The chemical shifts were 
referenced externally using adamantine. This analysis was performed according to 
the methodology described by Kotar et al. (2014).

FTIR ATR spectroscopy

The FTIR ATR spectra of the tannin powders were acquired with 32 scans from 
4,500 to 600  cm−1, focusing the investigation between 1,800 and 600  cm−1. This 
analysis was conducted according to Sepperer et al. (2019b). The spectra were nor-
malized and baseline corrected with the software OriginPro 8.5.0 SR1.

Determination of polysaccharides by high‑resolution size‑exclusion 
chromatography (HRSEC)

The polysaccharides quantity and molecular distribution were measured by analys-
ing the tannin powders’ extracts by HRSEC (Ayestarán et al. 2004; De Iseppi et al. 
2021). Briefly, 1 mg of sample was dissolved in 1 mL of running buffer (50 mmol/L 
aqueous solution ammonium formate) and sterile-filtered (0.22-μm acetate cellulose 
filters, Millipore) directly into HPLC glass vials. Samples were held at 4 °C prior to 
injection in a temperature controlled autosampler. Then, 10 μL of each sample were 
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injected into the chromatographic system. The separation was carried out at 20 °C 
using a gel permeation column. The mobile phase was applied at a constant flow of 
0.6 mL/min for 35 min, and the temperature of the RID cell was kept at 35 °C. The 
molecular weight distribution of the extracts’ polysaccharides was identified using a 
qualitative calibration curve made with 10 pullulan standards (Merck) at MW rang-
ing between 342 and 805,000 Da, while pectin and dextran were used in the range 
between 0 and 2 g/L to create the calibration curve for polysaccharide quantification.

Thermogravimetry (TGA)

The thermal behaviour of tannin samples was investigated during heating through 
a temperature ramp of 10 °C/min up to 800 °C. The percentage weight loss of the 
samples as a function of temperature was then recorded. The tests were carried out 
in an inert environment with a flow of nitrogen. The first derivative (DTGA) of the 
thermograms was calculated to highlight the degradation peaks. Experiment and 
elaboration were done according to the method of Zanetti et al. (2014).

Organic elemental analyser “OEA”

The atomic composition of carbon, hydrogen, nitrogen, sulphur of the tannin pow-
ders was investigated. The Eager Xperience software was used for data analysis. 
Experiment and elaboration were done according to a recent work by Kapen et al. 
(2021).

Statistical analysis

Statistical analyses were performed using OriginPro 8.5.0 SR1 software (OriginLab 
Corp., Northampton, MA, USA). One-way analyses of variance (ANOVA) followed 
by post-hoc Tukey’s test (p ≤ 0.05) were used to ascertain significant differences 
within mean values.

Results and discussion

Chemical analysis

The cherry extract obtained from the extraction process presented a yield of 3% 
of dry extract on dry raw material. The quantification of the total phenolic content 
(TPC), total condensed tannins (TCT), antioxidant capacity (FRAP), and polysac-
charide content (PS) of the three tannin extracts is shown in Table 1.

Mimosa and chestnut extracts contained comparable amounts of total polyphe-
nols, with values that are in line with those reported in previous studies (Panzella 
et  al. 2019; Sepperer et  al. 2019a). Unsurprisingly, mimosa extract contained 
about 10 times more condensed tannins than chestnut, a finding in agreement with 
the literature as chestnut extracts mostly contain hydrolysable tannins (Campo 
et  al. 2016; Missio et  al. 2017). The cherry extract contained significantly less 
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phenolic compounds than mimosa and chestnut (< 45%), but with a condensed 
tannin amount closer to that of mimosa, thus suggesting a strong flavonoid nature 
of its tannins. The antioxidant activity of the cherry extract is around half of that 
of mimosa, an occurrence attributable to its lower phenolic content. Indeed, dif-
ferent studies report a linear correlation between antioxidant capacity and TPC 
(Maksimovíc et al. 2005; Vázquez et al. 2008), and this is in agreement with the 
present findings. The chestnut extract shows the highest antioxidant capacity 
confirming the findings of a recent study where it was compared with quebra-
cho using Trolox as reference (Molino et  al. 2018). The fact that mimosa and 
chestnut extracts have similar total phenolic content but very different antioxi-
dant activities suggests that hydrolysable tannins have significantly more antioxi-
dant activity than the condensed ones (Vignault et al. 2018). The lower amount 
of condensed phenolics explains the limited antioxidant activity of the cherry 
extract. The HRSEC analysis of the three extracts allowed to determine their total 
polysaccharides content. The cherry extract exhibited the largest concentration in 
polysaccharides as it contained 88.5% more polysaccharides than mimosa, and 
118.6% more polysaccharides than the chestnut extract. The chemical profile of 
the cherry extract was very different from the other two. Indeed, the ratio PS/
TPC for cherry was almost 4 times higher than mimosa and chestnut, a value that 
contributes to justify the lower antioxidant capacity measured for cherry extract.

Elemental analysis

The elemental analysis of the three tannin powders is presented in Table 2.
Condensed tannins are generally richer in carbons than the hydrolysable ones 

(Zanetti et  al. 2021), but the significative carbohydrate fraction in the cherry 
extract contributes to decrease the carbon fraction almost at the level of chestnut. 

Table 1   Total phenolic content, 
total condensed tannins, 
antioxidant capacity, and 
polysaccharide fraction of the 
three extracts

Different letters indicate significant differences at p ≤ 0.05 by analy-
sis of variance (ANOVA) and Tukey’s test

Parameters Cherry Mimosa Chestnut

TPC (µg GAE/mg) 342a 630b 608b

TCT (µg CE/mg) 208a 260b 27c

FRAP (µgAAE/mg) 490a 940b 1950c

PS (mg/L) 899a 477b 411b

PS/TPC ratio 2.62 0.76 0.67

Table 2   Elemental analysis of 
cherry, mimosa, and chestnut 
extracts

Elements (%) Cherry Mimosa Chestnut

C 47.24 51.19 45.99
H 5.62 5.27 4.45
N 0.34 0.38 0.16
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Small amounts of nitrogen were detected, probably due to fixed proteins, while 
no sulphur was registered confirming that the industrial extracts were obtained by 
simple water extraction without sulphites.

Solid state 13C NMR spectroscopy

The 13C NMR spectra of the three tannin extracts are reported in Fig. 1. These spec-
tra can be analysed dividing the spectral field into four main regions, based on the 
chemical shift of the different bondings:

•	 190–135 ppm: signals due to Carom directly linked to oxygen;
•	 135–90 ppm: signals due to Carom not directly bound to oxygen;
•	 90–50 ppm: signals due to Caliph directly linked to oxygen;
•	 50–10 ppm: signals due to Caliph not directly bound to oxygen.

Comparing the NMR spectra of cherry with the other two,  two observations are 
striking: (i) The region between δ 90 and 60  ppm is very prominent and (ii) the 
region between δ 190 and 135 ppm is very similar to that of mimosa. These two 
findings are in line with the results observed after the wet chemistry tests: cherry 
extract results richer in polysaccharides and its polyphenolics principally belong to 
the condensed tannin family.

Focusing on the low field chemical shifts, the differences between the classes of 
condensed (mimosa) and hydrolysable (chestnut) tannins are clearly visible. Firstly, 
chestnut shows the peak due to the carbonyl group of gallic acid at δ 168 ppm while 

Fig. 1   13C NMR spectra of cherry, mimosa, and chestnut extracts
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mimosa and cherry do not present evident C=O signals but only weak and broad 
signals between 200 and 190 ppm typical for aldehydes. These signals can be attrib-
uted to: (i) small amount of galloylated catechin, and (ii) possible oxidized or open 
forms of sugar portions. In the region between δ 160 and 140 ppm, signals charac-
teristic of the Carom − O bond occur. The 13C NMR spectra of mimosa and cherry 
show two signals at δ 154 and δ 144 ppm attributed to the C–OH of the A− and 
B− ring of the flavonoids (Navarrete et al. 2010; Vázquez et al. 2013). The relative 
intensity of these two peaks is opposite between the two tannins. Area integration 
ratio of the two signals (area δ 144 ppm/area δ 154 ppm) for the spectra of cherry 
is 1.195, whereas 0.841 was obtained for mimosa. This suggests that cherry pre-
sents proportionally more OH in the B-ring (or less OH in the A ring) than mimosa. 
The literature describes mimosa to be mainly constituted of robinetinidin (two − OR 
groups in the A ring and three − OH in B ring) (Pizzi 1994), and hence, we sup-
pose the flavonoid of cherry will be constituted of A-rings even poorer of − OH and 
pyrogallic like B-rings. In the area of the spectrum between δ 135 and 90 ppm, other 
interesting features can be highlighted. C1’ and C5’ of the B-ring of flavonoids reso-
nate at δ 130 and 116 ppm, respectively (Davis et al. 1996), and they result visible 
for cherry and mimosa. The signals of cherry tannin in this area appear to be shifted 
to higher fields in comparison with that of mimosa. These shifts suggest a less cross-
linked structure (Tondi 2017). In particular, mimosa shows two peaks between 
105 and 95 ppm, while the ones of cherry appear at δ 100 and 90 ppm. The two 
signals occurring at higher frequencies are due to the interflavonoid bonds C4–C8 
and C4–C6, while the ones at lower frequencies can be assigned to free C6, C8, C10 
(Wawer et al. 2006; Navarrete et al. 2010). Cherry tannin shows the signal relative to 
free carbons with higher intensity. Conversely, the region between δ 90 and 50 ppm 
is dominated by C–O absorptions mostly due to carbohydrates, however also the C2 
and C3 of the A-ring of the flavonoids (Zhang et al. 2010) resonate in this region. In 
this case, the relative signal intensity for cherry tannin is much higher than for the 
other two samples. This is due to a higher portion of carbohydrates whose carbons 
resonate mostly between 70 and 80 ppm. A further identifying marker for the pres-
ence of saccharide in cherry tannin is the signal at around δ 56 ppm (Konai et al. 
2017), which is also observable for chestnut because it contains a glycosidic unit in 
its structure (Navarrete et al. 2010; Santos et al. 2017).

ATR FTIR spectroscopy

The ATR FTIR spectroscopy was also applied as it is an effective technique to inves-
tigate tannin extracts. The region of major interest for studying these compounds is 
from 1800 to 600 cm−1. Figure 2 shows the three spectra of tannin powders.

At a first glance, it is possible to notice that the profile of the cherry spectrum 
is similar to that of mimosa; in particular, the C=C aromatic stretching region at 
around 1600 cm−1 so as the major band around 1000 cm−1. This immediately allows 
to confirm the main observations obtained from the 13C-NMR analysis.
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Looking at the profiles in detail, the region between 1730 and 1700  cm−1 is 
related to the C=O stretching of carbonyl group which is due to gallic and ellagic 
acid, typical moieties of hydrolysable tannins (Michel et al. 2011; Falcão and Araújo 
2014). The spectrum of cherry presents a very weak peak in this region, suggesting 
the presence of small amounts of carbonyl groups due to the presence of galloylated 
catechins related to condensate tannins (Hagerman et al. 1997), or to possible oxi-
dized or open forms of small carbohydrates (Konai et al. 2017) as already assumed 
for the low chemical shield signal in 13C-NMR.

C=C aromatic stretching vibrations absorb between 1620 and 1500 cm−1, and all 
the extracts present relatively similar signals at 1604  cm−1 (symmetric stretching) 
and around 1510 cm−1 (asymmetric) (Tondi and Petutschnigg 2015). Only the small 
shoulder at 1535 cm−1 of mimosa could provide some structural information. Model 
compounds suggest that this type of signal is more frequent in species containing 
aromatic rings with two hydroxyl groups. Flavonoids such as profisetinidin or pro-
cyanidin with a majority of di-hydroxy-aromatic rings should be responsible for the 
presence of the signal (Haslam 1998).

The region between 1500 and 1100 cm−1 is generally dominated by C–H bend-
ing and C–O stretching vibrations, often overlapping and hence hard to attribute 
uniquely. However, it is possible to observe that at 1310 and 1174  cm−1, the two 
dominant signals attributed to C–O stretching of gallic acid and its ester (typical for 
hydrolysable tannins) (Ricci et al. 2015; Konai et al. 2017) do not occur in cherry.

The area between 1100 and 600 cm−1 is characterized by the overlap of several 
bands, the assignment of which is very difficult. This region is strongly dominated 

Fig. 2   ATR FTIR spectra of cherry, mimosa, and chestnut extracts
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by the broad band at around 1030 cm−1 which can be attributed to the C–O stretch-
ing of the methoxy groups with C–C, C–OH, C–H of the sugar fractions (Schwan-
ninger et al. 2004). This band is prominent for cherry which confirms the presence 
of important fractions of sugars.

Summarizing, the FTIR also confirms results of the wet chemistry test of Table 1 
as well as that of 13C-NMR, indicating that cherry extract is constituted of higher 
amounts of carbohydrates, and that its polyphenols mostly belong to the condensed 
family.

Polysaccharides

The chromatography study of tannin extracts allowed to investigate their polysac-
charide content and nature, as well as the interaction that might occur between poly-
phenols and carbohydrate moieties.

Figure  3 shows that the three extracts contained carbohydrates. The chromato-
graphic profile of the extracts was similar, while the concentration of carbohydrates 
clearly differed, with cherry being the richest in polysaccharides while chestnut the 
poorest (see Table 1). Interestingly, when looking at the molecular weight distribu-
tion of the carbohydrate material, it is visible that most of it is comprised between 
1 and 20  kDa, that is the interval in which the two main peaks are eluted for all 
extracts. In particular, the highest peak is entirely eluted in the oligosaccharide 

Fig. 3   Polysaccharides’ profiles by HRSEC-RID of cherry, mimosa, and chestnut extracts
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region between 18 and 20 min (1–7.5 kDa). Considering the ratio between the two 
main peaks (3 kDa/9 kDa), cherry showed an intermediate value (2.5), mimosa the 
highest (3.8) and chestnut the lowest (1.3), suggesting that their carbohydrates com-
position also presents differences. Additionally, cherry was the only extract which 
has a small fraction coming out of the column earlier (10  min) meaning that the 
extract also contains polysaccharide moieties of high molecular mass (> 1,500 kDa).

To study whether polysaccharides could be covalently bonded with polyphenols 
in the extracts, the high-resolution size exclusion chromatography (HRSEC) analy-
ses also included the recording of the 210 nm absorbance (Fig. 4).

Comparing the chromatograms obtained with the detector sensitive for polysac-
charides (RID) with those obtained from the detector sensitive for aromatics (DAD, 
210 nm) it is visible that all the peaks found with the RID are also found with the 
DAD, while some of the peaks visible in DAD cannot be seen with the RID detector 
(Fig. 4). This is an indication of the likely interaction occurring between carbohy-
drate and phenolic material in the extracts. Indeed, the chromatograms suggest that 
polysaccharides are always eluted together with phenolic compounds, so an associa-
tion between these two classes of molecules can be hypothesized. Despite there are 
no experiments that can undoubtedly prove the nature of the interaction between 
phenolic and carbohydrate moieties, all the experiments performed in this study and 
in previous ones (Bianchi et al. 2015; Missio et al. 2017; Sepperer et al. 2019a, b) 
seem to highlight that the interaction between these bonds are covalent because it is 
almost impossible to selectively separate the two families of compounds. However, 
it is also clear that parts of the flavonoids, especially those with lower molecular 
weight, are present in free form.

Results are in line with previous data on extracts composition. Indeed, the ratios 
RID/DAD in both peaks are the highest for mimosa and the lowest for chestnut. This 
observation further highlights that cherry extract is more similar to mimosa and that 
the main fractions are richer in carbohydrates.

In summary, the above reported data indicates that total phenolic content is simi-
lar between chestnut and mimosa, this means that the chestnut extract is made of 
polyphenols covalently combined with small moieties of carbohydrates, while 
mimosa is made by a mixture of macromolecules: sugar-free shorter chains and 
heavier fraction dominated by polyphenolics combined with some saccharide unit. 
Cherry has the strongest carbohydrate content and also sugar-free short chain, mean-
ing that average to high molecular mass units are constituted of (covalently) bonded 
polyphenolic and saccharide moieties (here saccharides are proportionally more 
than in mimosa).

A schematic representation of these structures is reported in Fig. 5.

Thermogravimetric analysis (TGA)

The weight loss (TGA) and the first derivate weight loss (D-TGA) are reported as a 
function of the temperature in Fig. 6.

The three thermograms have similar trend of a relatively constant degradation. 
Cherry degrades slightly faster and reaches 36% of its original weight at 800  °C. 
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Fig. 4   Chromatograms of cherry 
extract registered with RID 
(continuous line) and DAD 
(dashed line) detectors
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Mimosa and chestnut are more stable until 500 °C, then chestnut degrades reaching 
similar weight loss to cherry, while mimosa is more stable registering a weight of 
41% at the end of the experiment.

Fig. 5   Schematic representation of the interaction phenolic-saccharides in chestnut, mimosa and cherry 
extracts

Fig. 6   Thermograms and their derivatives of mimosa, chestnut, and cherry extracts
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A significant degradation occurs at 260  °C for all three extracts. This signal is 
probably due to the decarboxylation of the RCOOH groups with the release of car-
bon dioxide (Garro Galvez et  al. 1997). Chestnut differs from the mimosa in the 
presence of a second peak at around 298 °C which suggest that gallic acid deriva-
tives may require higher temperatures to complete decarboxylation. The behaviour 
of cherry tannin seems to be intermediate. Degradation starts between 150 and 
200 °C because of the presence of polysaccharide which starts degrading at lower 
temperature than the polyphenolic compounds (Gaugler and Grigsby 2009). The late 
degradation starts from 400 °C and occurs similarly for the three powders. Here, the 
weight loss is related to the oxidation of the residual carbon (Tondi et al. 2008b), 
while the major resistance of the mimosa is due to the easier arrangement in car-
bon networks due to the more compacted three-dimensional arrangement of the con-
densed tannin, which present already aggregates of rings (Konai et al. 2016).

Conclusion

In this study, a cherry (Prunus avium L.) extract was obtained and compared with 
two commercial wood extracts, namely one mostly composed of condensed tannin 
(Acacia mimosa De Wild.) and one typically constituted of hydrolysable tannins 
(Castanea sativa Mill.). The resulted cherry extract was constituted of condensed 
tannins with an important amount of carbohydrates strongly linked to the flavonoids. 
HRSEC analysis of the extract suggested the presence of probably covalent inter-
actions between the phenolic and the saccharide moieties. Comparing the cherry 
extract with that of mimosa, the flavonoids of cherry are proportionally richer in 
hydroxy groups in the B-ring; hence, we suppose few − OH in the A-ring and a 
higher proportion of pyrogallic units. A lower cross-linking degree for cherry was 
also observed, possibly due to the higher proportion of carbohydrates in its struc-
ture. This abundance of carbohydrates was deemed responsible for the lower anti-
oxidant capacity and thermal resistance of this extract. These findings shed light on 
the cherry extract that could be applied as milder antioxidant or as building block for 
bio-composites.
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