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Abstract: The aim of this research work was to investigate the influence of parameters such as particle
size, mass/solvent ratio, temperature and spray drying on the tannin extraction process in order to
develop cost-effective methods with better environmental and structural performance. The pods
of Acacia nilotica ssp. tomentosa (ANT) were fractionated into three fractions, coarse fraction (C)
(>2 mm), medium fraction (M) (1-2 mm), and fine fraction (F) < 1 mp), and extracted with different
water-to-pod ratios (2:1, 4:1 and 6:1) at different temperatures (30, 50 and 70 °C). The best results were
scaled up using the three fractions of ANT, its bark and the bark of Acacia seyal var. seyal (ASS). Part
of their extract was spray dried. The tannin content and total polyphenolic materials were evaluated
using standard methods. Their adhesives were tested for their tensile strength. Tannins of ASS were
characterized by '*C NMR and MALDI-TOF. The results revealed that the fine fraction (F) gave the
highest percentage of tannins in both small and scaled-up experiments. The results of the tensile
strength conformed to the European standard. The 1*C NMR spectra of ANT and ASS showed that
the bark contained condensed tannins mainly consisting of procyanidins/prodelphinidin of 70%/30%
and 60%/40%, respectively. MALDI-TOF spectra confirmed the results obtained by 3C NMR and
detailed the presence of flavonoid monomers and oligomers, some of which were linked to short
carbohydrate monomers or dimers.

Keywords: tannin extraction; green methods; fraction size; bioadhesives; Acacia nilotica; Acacia seyall
var. seyall; commercial application

1. Introduction

Tannins are broadly categorized into two main groups, i.e., condensed tannins and
hydrolyzable tannins [1]. Being abundant in nature, the amounts of tannins in plants
depend on the geography, biological origin, species, populations, age and position in the
tree, i.e., bark, pods, or leaves [2,3]. In recent years, the production of tannins has become a
significant issue because of their broad range of applications including tanning animal hides,
medicinal uses, and use in the food industry, which have increased commercial interest
in them. More than 90% of the total world industrial extraction of tannins (>220,000 tons
per year) at present is composed of polyflavonoid tannins. However, the number of
tannin-producing factories is still limited in spite of the huge potential for their worldwide
extraction from a variety of sources that may amount to millions of tons [4]. Due to the
heterogeneous nature of tannins, the extraction process remains the main challenge for their
valorization and industrial utilization [5]. Industrially, condensed tannins are obtained
by soaking the crushed part of the plant containing the tannins; small percentages of
sodium sulfite, metabisulfite and/or sodium bicarbonate can be added to improve the
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solubility of tannin oligomers with a higher molecular weight to increase the percentage
extraction yield. However, sulfitation, if performed excessively, is harmful depending on
the end use of the tannins [6]. In laboratories, many methods have been tried; the simplest
is solid /liquid extraction, where solvents with different relative polarities may be used,
such as water, ethanol, acetone, or methanol. Such solvents (acetone and hexane) remain
in the residues of the extraction process and represent an environmental threat that can
directly affect both human and animal health threats [7]. Some of the methods with a low
environmental impact and short period of extraction used for tannin extraction include
supercritical solutions, pressurized water, and ultrasonication. Conversely, the major
drawback of these methods is the dependance on using expensive equipment, the amount
of solvent used, long time requirements, and low extraction yields. Therefore, it is necessary
to explore efficient extraction methods for tannins [8-11]. Most of the reviewed methods
on tannin extraction used harmful solvents or expensive techniques. Furthermore, it is
necessary to keep researching so that a favorable benefit/harm balance can be achieved [7].
There remains a large gap in knowledge on extraction technology and parameters such as
solvents, fraction size of the extracted materials and effect of spray drying on the amounts
of condensed tannins. These factors constitute a crucial point for their reuse, valorization
and sustainable production; they have not been researched comprehensively in one study.
On the other hand, the potential amounts of tannins that can be extracted yearly amount to
millions of tons. This large potential has not yet been realized. Many solvents have been
used for the extraction of tannins such as water, organic solvents, or a mixture of water
and organic solvents [12-14]. In spite of the fact that water extraction is economic and has
a positive environmental image, it is believed that the extract usually contains phenolic
monomers, mineral substances, and carbohydrates, which makes its structural elucidation
difficult [15].

In Sudan, there are many indigenous plant species that contain tannins in different
quantities. Acacia species were primarily found to consist of high tannin percentages [16].
The most important tree was Acacia nilotica subsp. tomentosa (ANT) and Acacia seyal var. seyal
(ASS). Both trees spread naturally in the central belt of the low-rainfall savannah, where
they exist in pure or mixed stands, dominating in the central part of Sudan. Previous studies
revealed that their pods and barks contained good percentages of tannins [17,18]. Tannins
are used for leather tanning and in traditional medicine as they possess antibacterial and
antiviral properties [19,20]. A. seyal var. seyal trees cover an area of 36,000 square kilometers
(3.6 million ha). This tree species is the second-highest producer of gum Arabic after Acacia
Senegal in Sudan [21], and the wood is used extensively to produce charcoal, leaving a huge
amount of the bark as waste [22]. In this study, tannin extraction using water at different
temperatures and different fraction sizes was extensively studied using the pods of Acacia
nilotica subsp. tomentosa (ANT). To manifest the efficiency of water extraction, the tannins
extracted from bark of Acacia seyal var. seyal (ASS) were analyzed using '*C NMR and
MALDI-TOF in order to elucidate its structure and polymeric composition.

The aim of this study was to propose an economically and environmentally friendly
method for tannin extraction using only water, without any added chemicals. It also aims
to elucidate the effect of certain technological parameters, such as the fraction size of tannin-
containing materials, solvent/mass ratio, and extractive temperature, on the chemical
composition and structure of tannins that have not previously been comprehensively
studied.

2. Materials and Methods
2.1. Materials

The pods and bark of ANT were selected randomly from the floor of a compartment
of a 10-year-old “Sunt” stand in Hariri Forest (Sinnar State, Sudan). The bark of ASS was
collected from a forest in the Blue Nile state (Sudan); fours trees were selected randomly,
felled and debarked, and then the bark was air dried and kept in plastic bags prior to
further processing.
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2.2. Methods

The samples were air-dried before a portion of the pods (11 kg) was slightly crushed using
a wooden mortar without damaging the seeds, and they were then divided by sieving into
coarse fraction (C), retained on a mesh 10 (>2 my) sieve and medium fraction (M) (1-2 m),
which passed through a 10 mp mesh. Another portion of the pods (6 kg each) and the bark of
Acacia seyal var. seyal were reduced to a fine powder (F < 1 mp) using a star mill.

2.2.1. Small-Scale Experiments

Three series of aqueous tannin extraction from pods were carried out. For the extrac-
tion of tannins, aliquot portions of 200 g each of ground-pod fractions (C, M and F) were
soaked in water at three different initial temperatures (30, 50, and 70 °C), in three different
water-to-pod ratios (2:1, 4:1 and 6:1), for overnight extraction period. The obtained extracts
were filtered using a special cloth. As a result of the above extraction, 27 extracts were
obtained, coded according to the fraction particle size, initial temperature of the extraction
water, and water-to-pod ratio.

2.2.2. Large-Scale Experiments

An amount of 5 kg was taken from each of the three fractions (F, M and C) of the
ground pods as well as from the ground bark of ANT and ASS, which was soaked in 30 L
of water with a 70 °C initial temperature for each. The extracts were filtered using special
cloth. The filtrates were fed into an evaporator using a steam temperature ranging between
68 and 80 °C, under 167 to 526 KPa of pressure for 45-120 min.

2.2.3. Spray Drying
The filtrates of the tannins were spray dried using a laboratory spray dryer (Bowe
Engineering, Carlow, Ireland) at 175 °C and a flow rate of 10 mL/min.

2.2.4. Chemical Analysis

The aqueous tannin solutions with a 40% concentration were prepared from all tannin
extracts; liquid and solids from the pods and bark of ANT and ASS (bark only) were
analyzed for their tannin content, non-tannins, total solids, total solubles, and tannin purity
using official hide powder standard methods [23].

Determination of Stiasny (Catechin) Number

A measure of 100 mL of the tannin aqueous solution (L) was filtered on crucible G4; the
filtrate was reacted with Stiasny reagent (5 mL HCL + 10 mL of formaldehyde at 37%). The
mixture was maintained for 24 h at room temperature; then, the solution and the precipitate
were filtered, and the precipitate (C) was dried at 105 °C until it reached a constant mass.
The percentage of the total phenolic materials (precipitate) was calculated according to the
equation described by Yazaki et al. [24].

2.2.5. Preparation of the Resins

Tannin-based adhesives were prepared from the spray-dried powder and concentrates
of aqueous tannin extracts of the three fractions and Mimosa of the large-scale experiments.
To the aqueous solutions with 40% tannin concentrations, 5% paraformaldehyde was added.

2.2.6. Resin Testing

Testing was carried out in accordance with DIN 52186 (1978) [25]. Beach wood veneer
pieces 20 x 20 x 300 mm in size with moisture contents of 5% were tested. The glued
specimens were further tested with a universal tester for tensile strength to calculate their
adhesive strength.
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2.2.7. 13C NMR Analysis

The concentrated tannin extracts (aqueous solution 47%) were analyzed using *C
NMR according to a previously reported method [26]. The liquid '*C-NMR spectrum of the
tannin extracts was obtained on a Bruker MSL 300 FT-NMR spectrometer (Bruker, Wissem-
bourg, France). The chemical shifts were calculated with respect to (CH3)3S5i(CH;)3503Na
dissolved in D,O for NMR shift control. The spectra were taken at 62.90 MHz. The spectra
(10,000 transients) were attained on a Bruker MSL300 FI-NMR spectrometer, at a frequency
of 62.9 MHz. Chemical shifts were calculated relative to (CHj3)3Si (CH3)3S0O3Na in D,0,
with a precision of 1 ppm. The relaxation delay was 5 s.

2.2.8. Matrix-Assisted Laser Desorption Ionization Time-of-Flight (MALDI-TOF) Analysis

The samples were treated with a NaCl solution (1.5 puL of 0.1 M) in a methanol/water
mixture (1:1) to increase ion formation, and a drop was placed on the MALDI target (3 mm
diameter) steel plate and dried. The samples and the matrix were then mixed in equal
amounts, and 1.5 pL of the resulting slurry was placed on the MALDI target and dried at
40 °C for 2 h before being analyzed. A matrix of 2,5-dihydroxy benzoic acid was used. Red
phosphorous (500-3000 Da) was used as a reference for spectrum calibration. Finally, after
evaporation of the solvent, the MALDI target was introduced into the spectrometer.

The spectra were recorded on a KRATOS AXIMA Performance mass spectrometer
from Shimadzu Biotech (Kratos Analytical Shimadzu Europe Ltd., Manchester, UK). The
irradiation source was a pulsed nitrogen laser with a wavelength of 337 nm. The length of
one laser pulse was 3 ns. Measurements were carried out using the following conditions:
positive polarity, a linear flight path, 20 kV acceleration voltages, and 100-150 pulses per
spectrum. The delayed extraction technique was used applying delay times of 200-800 ns.
The software MALDI-MS (Kratos Analytical Shimadzu Europe Ltd., Manchester, UK). as
used for the data treatment. The oligomers can appear in the spectra either corresponding
to their molecular weight or to their molecular weight +23 Da of the Na+ ion derived from
the NaCl used as an enhancer. The spectra precision was 1 Da.

3. Results and Discussion
3.1. Small-Scale Experiments on Tannin Extraction

Tables 1-3 show the amounts of tannins extracted, non-tannins, catechin number or
Stiasny number, which reflects the percentage of total polyphenolic material, the part rich
in condensed tannins [27], tannin purity and extraction rate for the three fractions, C, M
and F of ground pods of A. nilotica subsp. tomentosa. The results achieved by fraction
C are summarized in Table 1. The tannin percentage and catechin number (6.42% and
4.7%, respectively) were achieved by 70GPC6. This means that a temperature of 70 °C and
water-to-pod ratio of 6:1 were optimal parameters for the extraction process. Dentinho
etal. [28] used a high ratio (10:1); however, there was no explanation of the effect of the ratio
used on the amount of tannin extraction. They stated that the solvent should completely
cover the bark and continuous mixing helps the process of extraction [28,29]. It is worth
noting that when the surface area of both the solvent and extracting materials increased, it
increased the amount extracted material. This could further be aided by continuous mixing
of the solvents with the particles, which is possible only if a high solvent-to-solid ratio is
used. This may also depend on the duration of the extraction; a longer duration like the
one used for this study, which was overnight, may cause the solvent to destroy the cell
structure, leading to an increase in the tannin yield [30].
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Table 1. Results of tannin chemical analysis and extraction conditions of the course fraction (C) of the
ANT pods with water.

Extraction Temperature (°C) 30 50 70

Water-to-pod ratio
Moisture content (%)

Tannins (T) %
Catechin number
Non-tannins (NT)

Total solids %

Total solubles (Tso) %

2:1 4:1 6:1 2:1 4:1 6:1 2:1 4:1 6:1
7.20 6.50 6.48

2.83 4.39 5.03 2.17 5.49 5.64 1.44 4.41 6.42
1.97 2.61 3.27 1.63 2.82 3.73 1.78 3.49 470
2.99 5.15 5.76 2.34 3.96 5.49 2.38 422 5.70
6.43 10.63 12.32 5.59 9.85 11.61 4.56 9.8 11.95
5.83 9.55 11.78 4.51 9.42 11.34 3.82 8.63 10.92

Purity (T/Tso) 0.5 0.5 0.5 0.5 0.51 0.5 0.4 0.5 0.5
Extraction rate (T/NT) 0.95 0.85 0.87 0.93 0.22 0.98 0.60 1.04 1.1
pH 4.26 4.30 3.81 3.81 4.09 4.20 4.28 3.78 4.08
C>2mm.
Table 2. Results of tannin chemical analysis and extraction condition of the medium fraction (M) of
the ANT pods with water.
Extraction Temperature (°C) 30 50 70
Water-to-pod ratio 2:1 4:1 6:1 2:1 4:1 6:1 2:1 4:1 6:1
Moisture content (%) 6.2 6.19 6.29

Tannins (T) %
Catechin number
Non-tannins (NT)

9.59 12.34 15.08 8.66 14.82 13.76 9.59 12.51 17.29
8.79 12.26 13.08 6.79 12.19 13.33 8.08 10.79 13.46
8.79 10.74 11.03 8.03 4.06 13.39 6.44 7.03 6.92

Total solids % 24.83 31.48 34.52 17.85 29.14 29.8 21.3 274 32.31
Total solubles (Tso) % 11.39 23.08 26.11 16.69 25.88 27.16 16.54 19.53 24.26
Purity (T/Tso) 0.5 0.5 0.6 0.5 0.6 0.5 0.6 0.6 0.7
Extraction rate (T/NT) 1.14 1.15 1.37 1.08 1.30 1.03 1.38 1.78 25
pH 3.57 3.88 4.10 3.44 3.59 3.45 4.30 4.34 3.37

M=1pm.

Table 3. Results of tannin chemical analysis and extraction conditions of the fine fraction (F) of the A.

nilotica ssp. tomentosa pods with water.

Extraction Temperature (°C) 30 50 70
Water-to-pod ratio 2:1 4:1 6:1 2:1 4:1 6:1 2:1 4:1 6:1
Moisture content (%) 6.47 7.44 7.45

Tannins (T) %
Catechin number
Non-tannins (NT)

Total solids %

24.49 24.61 28.52 17.04 24.59 24.49 41.92 34.77 43.69
17.69 22.75 24.62 18.36 23.19 21.86 26.42 24.78 27.67
13.74 21.13 11.34 16.39 14.08 21.79 8.54 8.45 3.93

39.09 52.09 51.82 35.28 44.58 49.57 50.88 53.16 53.94

Total solubles (Tso) % 40.81 45.74 39.86 33.43 40.11 46.39 50.46 42.83 47.62
Purity (T/Tso) 0.6 0.5 0.7 0.5 0.6 0.6 0.8 0.8 0.9
Extraction rate (T/NT) 1.78 1.65 2.61 2.51 1.09 1.85 49 4.33 11.12

pH

3.80 3.93 3.93 3.52 3.52 3.56 4.32 3.71 4.01

F<1pum.

The extraction rate was also higher while the tannin purity remained the same under
all conditions used. Nevertheless, the results achieved by this fraction under the three
conditions used was higher than the tannin percentage achieved by Petchidurai et al. and
Shi et al., when they extracted tannins with 70% acetone containing 0.01% ascorbic acid
using a Soxhlet method and kept their samples in a water bath at 50 °C for 10 h [31,32].
The water extraction was found to be more efficient than when 90% ethanol and 200 mL of
glacial acetic acid were used as solvents at an extraction temperature of 70 °C for 2 h, which
gave a high percentage of tannins [33]. It is worth noting that the high solubility of the
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tannins in water, which resulted in a high yield, compared to alcohols and other solvents
could be interpreted by the high polarity of the water, which was apparently higher than
when ethanol and acetone were used [34,35].

Table 2 shows the results achieved by fraction M. Again, the highest tannin percentage
(17.3%) and catechin number (13.5) were obtained at a temperature of 70 °C and pod /water
ratio of 1:6. It was noticed that the tannin percentage, catechin number and extraction rate
were higher in fraction C. This observation is significant as it shows the effect of the fraction
size on the extraction process.

Fraction F, as shown in Table 3, gave the highest percentage of tannin extract (43.7%)
with a Stiasny number of 27.7% when the extraction temperature was 70 °C and water-to-
pod ratio was 6:1 (70GGrF6; Table 3). The extraction rate was extraordinary (11.12), and the
tannin purity (0.9) was significantly high as well. These results were also in line with what
Antwi-Boasiako [36] achieved when he ground the bark of three hardwoods to a particle
size of 0.5 um and used hot water (70-90 °C) to extract the tannins; the catechin number
was the highest.

The effect of using a fine particle size coupled with a high temperature and water-to-
pod ratio was clearly manifested by this fraction. It has been observed that tannin extraction
was found to be quicker when using smaller particle sizes as solvent could penetrate easily
and shorten the extraction time [7]. From Tables 1-3, it can be deduced that the fraction
size has a tremendous effect on the extraction process; the higher the tannin percentage,
the higher the catechin number and tannin purity. Tannin analysis of the extracts for total
solids, total solubles (sugars, gum and tannins) [37], non-tannins and catechin number
(condensed tannins) (Tables 1-3) confirmed the quantitative data and revealed that all
extracts obtained from oven-dried fractions C, M and F at different extraction conditions
contained more than 10% tannins; this quantity is of commercial interest. It is worth noting
that water tannin extraction was found to yield a high percentage of tannins compared
to water/acetone and other solvents [38]. In addition, the optimum conditions for tannin
extraction were identified as follows: the tannins containing materials should be ground
to a fine particle size of 1 mp, with a water-to-material ratio of 1:6 and temperature of
70 °C. Another important observation is that the tannin extraction rate ranged from 1.6 to
2.9 for both F and M extracts; it is higher than 1.5-2.0%, the rate of commercial interest.
These conditions were used to scale up the extraction process in order to again confirm
their feasibility and to have insight for commercial-scale production using water without
any added chemicals. The extraction rate ranged from 1.6 to 2.9 for both F and M extracts,
while it was lower for all C fraction extracts (small scale).

3.2. Scaled-Up Tannin Extraction Experiments

The results in Table 4 again confirm that high percentages of tannins and catechin
number (47.60% and 57.50%, respectively) were obtained at 70 °C with a 6:1 water-to-pod
ratio for the three fractions in the liquid and solid (spray-dried powder) phases. The
obtained results were higher than what was reported in the literature when ethanol was
used as a solvent [39,40]. It is interesting to note that tannin contents vary with the variation
in species, age, and type of tissue [41]; however, the method of extraction and solvent used
also have a great influence on the amount on tannins extracted [42]. The amounts of tannins,
catechin number, non-tannins, total solids and solubles were increased in accordance with
the increase in the amounts of extraction solvent and materials. The results confirmed the
efficiency of 70GPF6, which produced the best results. They also confirmed that spray
drying increased the percentage of tannins and catechin number [5,43], enhancing the
concentration of tannins for all the fractions used and under all temperatures and water-to-
materials ratios. This suggests a preference for work with the solid phase [3]. The tannin
purity, i.e., the ratio of tannin to soluble solids, another quality criterion, was 0.6 or higher
in all liquid extracts, while it decreased in the solid phase. Thus, most of the extracts were
found to be attractive for commercial extraction of tannins.
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Table 4. Results of chemical analysis of the tannins extracted from the three fractions of ANT pods
(liquid) and spray drying (solid).

Tannins Extract Code 70GPC6 70GPMe6 70GPF6
Phase Liquid Solid Liquid Solid Liquid Solid
MC (%) 6.23 5.09 6.35 4.36 5.21 5.15
Tannins (T) % 10.2 389 16.4 46.8 32.5 47.6
Catechin number 9.0 45.7 16.5 52.8 30.7 57.2
Non-tannins (NT) % 6.30 46.19 16.40 34.40 10.90 41.50
Total solids % 16.8 85.9 314 89.8 46.6 92.3
Total solubles (Tso) % 16.5 85.9 26.3 81.2 434 814
Purity (T/Tso) 0.70 0.50 0.60 0.50 0.75 0.60
Extraction rate (T/NT) 1.60 0.80 1.70 1.00 298 1.15

3.3. Chemical Analysis of ANT and ASS Tannins

Table 5 summarizes the results of chemical analysis of the tannins extracted from the
bark. It is important to note than the percentages of tannins for ANT (45.70%) and ASS
(57.60%) were higher than the values achieved by the spray-dried powder of 70GPF6. The
bark is considered the richest part of the plant in terms of tannin content [5]. However, the
values reported for both ANT and ASS were lower than the values achieved in previous
research [18,44] when the temperature was raised to 90 °C while other parameters were kept
the same. Of the total polyphenolic materials, parts rich in condensed tannins were also
high for both ANT and ASS tannins (65.01 and 69.20%, respectively). It has been observed
that at 70-75 °C, the total extract percentage yield is lower. However, the proportion of
polyphenols is much higher; thus, the tannin extract could be of much better quality for
application in wood adhesives [3], which is the aim of this study. Solubility of materials also
represents an important criterion for the tannin chemical analysis as it indirectly indicates
the amount of tannins and their purity. It is higher for both of the acacia species. Thus, it is
expected that both species could have a very good tannin quality; however, this is still to
be confirmed by further analysis such as '*C NMR and MALDI-TOF.

Table 5. Chemical composition of the bark extract of ANT and ASS.

Total Polyphenolic ~ Soluble Materials  Tannin Purity

Subspecies  Tannins (T%) Materials (%) (SM%) (T/SM)
ANT 50.7 65.01 81.3 0.6
ASS 57.6 69.20 92.6 0.6

3.4. Tensile Strength (TS) of Resin Preparations

Table 6 shows the results of the tensile strength (TS) achieved by the adhesives pre-
pared from both phases of the three ground-pod fractions and urea formaldehyde resin
(UF), which serves as a control. It has been observed that the TS values obtained from
the three fractions in the liquid and solid phases exceeded the minimum requirement set
by EN314-2 for interior use, i.e., 1.0 MPa [45]. The values achieved by the liquid phase
for 70GPC6 and 70GPM6 were comparable to the value achieved by the UF resin. It is
interesting to note that the value achieved by 70GPF6 in the liquid phase exceeded the TS
of the UF. In the solid phase, the TS values for the three fractions exceeded TS of UF with
70GPF6 achieving the highest value. This again confirms the influence of the fine particle
size on the extraction process. It is very important to note that the resin formulations
prepared in this study were able to produce excellent bonding properties that exceeded
the standard and UF resin. It also confirmed that the tannin—phenolic resin was able to
penetrate the wood and cure within the wood cells after heat was applied to the adhesive
system [46].
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Table 6. Veneers with different resins prepared from the three fractions and Mimosa tannins.
. . Tensile Strength Tensile Strength Solid
Sample# Tannin Extract Fraction Liquid Phase (MPA) Phase (MPA)
1 70GPC6 1.33 1.65
2 70GPM6 1.55 1.88
3 70GPF6 1.70 2.48
4 UF 1.60

3.5. 13C NMR Analyses

For further investigations on the structure of the condensed tannins, 13C NMR analysis
was employed. The '*C NMR spectra obtained (Figure 1) for Acacia nilotica tomentosa (ANT)
and Acacia seyal var. seyal present information on the nature of their tannin extracts. The
two spectra show typical signals due to the presence of condensed tannins, containing
a majority of procyanidins and prodelphinidins. The signals at 155 ppm are assigned to
the C5, C7 and C9 of flavonoid units to which an oxygen atom is linked, namely -OH
groups for C5 and C7 and the C-O-C group of the heterocycle for C9, indicating a great
majority of flavonoid unit A-rings with two -OH groups. The signal at 131 ppm is assigned
to the C1’ of the flavonoid units. The signals at 116 ppm (C2’, C5’), 120 ppm (C6’), and
145 ppm (C3’, C4’) show the presence of catechin/epicatechin units with the 116 ppm
having been more marked for ASS than for ANT in relation to the 120 ppm shift, showing
the lower importance of the free C6” on the unit B-rings. The sharp and high signal at
145-146 ppm is typical of the presence of prodelphinidins (gallocatechin/epigallocatechin).
The procyanidin/prodelphinidin ratio of condensed tannins is usually determined from
the relative ratio of these two peaks. According to the intensity of the peaks presented in
Table 7, the procyanidin/prodelphinidin ratios were approximately 70%/30% for ANT and
60%/40% for ASS. The signals at 110 and 105 ppm are characteristics of the C4-C8 and
C4-C6 interflavonoid bonds. For ANT, it appears that the proportions of the two types of
interflavonoid bonds are approximately equal, while for ASS, the C4-C6 bond appears to
predominate.

Table 7. Relative shift peak intensities for the three polyflavonoid-type tannins derived from the 13C
NMR analysis (%).

B-Ring .
Interflavonoid Free C Trans Free
Catechol  Pyrogall Bond
c3 C'5,
czg ¥ c1 cr C'6 C2 C4C8  C4Ch c10 C6,C8 3 c4
C1s
PD PC
NMR 145-148
shifts  160-155 p 1312129 132-135  123-121  120-116  115-110 105 103 97-98 8386  71-68 28
ppm
Ant 60 100 40 50 3 5 50 25 25 33 25 82 35
ASS 86 85 48 R } 56 43 53 - 48 15 100 2

The region between 30 and 90 ppm is due to the signals of C2, C3, and C4 in flavan-
3-ol units. The two signals at 72 ppm indicated the presence of 2,3-cis and at 81 ppm to
2,3-trans isomers. The spectrum demonstrated that both of the sterecisomers co-exist in
the two tannins. However, in ANT, there appears to be a predominance of the transform
stereoisomers based on intensity.
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Figure 1. Comparison of 13C NMR spectra of ANT (a) and ASS (b) tannin extracts.

3.6. MALDI-TOF Analyses

The MALDI-TOF analysis assignments in Table 8 show that the two Acacia species, ANT
(Figure S1 Supplementary Material) and ASS (Figure S2 Supplementary Material), present
similar oligomer types and distributions. They are mainly procyanidin—-prodelphinidin
tannins, as also shown in the past by gel time studies [18]. However, there are two interesting
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considerations on both tannins that have not been noted before. First, there are glucose (and
or mannose)-based short carbohydrate chains present that are sometimes covalently linked
to flavonoid units. This was already observed for the first time in other tropical species [47]
with the occasional presence of glucuronic acid either due to the extraction procedure
or MALDI analysis. There are also loose short carbohydrate chains that might derive
just from fragments of hemicelluloses generated during the tannin extraction. Second,
and more unusually, there are some rare traces of hydrolysable tannins that have been
extracted with the bulk of condensed ones. These are small in proportion if one has to
judge from the peak heights and include the oligomers at 436 Da, 570 Da and 657 Da, the
first two in ANT and the last one in ASS, the latter one even more clearly derived from
hydrolysable tannin [47]. These species are obtained by stripping galloyl residues from
pentagalloylglucose and its oligomers [48]. From Table 9, the intensities of the peak of
procyanidin/prodelphinidins were found to be 81/19% for ANT and 71/29% for ASS. Thus,
both tannin compositions are mainly composed of procyanidins, confirming the results
obtained by the '*C NMR. To conclude, the results obtained from the analysis of both
techniques refuted the information provided by some researchers that tannin hot water
extraction generated only monomers; therefore, it is impossible to elucidate the tannin
structure from hot-water-extracted solutions [15].

Table 8. Assignment of oligomer constituents for the extraction of ANT and ASS.

272 Da = fisenidin, no Na+ (ASS and ANT)

290 Da = catechin or robinetinidin, no Na+ (ASS and ANT)

294 Da = fisetinidin, with Na+ (ASS and ANT)

304 Da = gallocatechin (delphinidin), no Na+, deprotonated (ASS and ANT)

316 Da = catechin or robinetinidin, with Na+, multiprotonated (ASS and ANT)

326-328 Da = gallocatechin (delphinidin), with Na+, protonated (328 Da) (ASS and ANT)
346 Da = fragment, no Na+ (346 Da) and with Na+, and with Na+ (367.9 Da) (ASS and ANT)

364 Da = glucose dimer with Na+ (ASS and ANT)

436 Da = 1 Galloyl residue on 2 stripped glucose residues, dimer (ANT)

459 Da = fisetinidin-glucose, with Na+, protonated (ASS)

503.8 Da = glucose trimer, no Na+, and 525 Da with Na+ (ASS)

519-521 Da = glucose-glucose-glucuronic acid, no Na+, and 541.7 Da with Na+ (ASS and ANT)
543.7 Da = fisetinindin dimer, no Na+, and 567 Da with Na+ (ASS)

561-562 Da = catechin-fisetinidin dimer, no Na+, or robinetinidin-fisetinidin dimer, no Na+, and 583.6 Da with Na+ (ASS and ANT)
570 Da = 1 Galloyl residue on 3 glucoses chain, trimer (ANT)

601 and 604 Da = catechin dimer, with Na+ (ASS and ANT)

613 Da = catechin-glucose-glucose, no Na+ (ASS)

617-619 Da = gallocatechin-catechin dimer, with Na+ (ASS and ANT)

657 Da = Trigalloyl glucose, monomer (ASS)

721 Da = catechin-fisetinidin-glucose, no Na+, deprotonated (ASS and ANT)

727 Da = fisetinidin-fisetinidin-glucose, with Na+, deprotonated (ASS and ANT)

742-743 Da = Catechin fisetinidin-glucose, with Na+ (ASS and ANT)

756 Da = Catechin-fisetinidin-glucuronic acid, with Na+ (ASS)

759 Da = gallocatechin-fisetinidin-glucose, no Na+ OR/AND catechin-catechin-glucose, no Na+ (ASS)
885-887 Da = catechin trimer with Na+, deprotonated (ASS and ANT)

903 Da = gallocatechin-catechin-catechin trimer with Na+, deprotonated (ASS and ANT)

919 Da = gallocatechin-gallocatechin-catechin trimer, with Na+ (ASS and ANT)

935 Da = gallocatechi-gallocatechin-gallocatechin trimer with Na+ (mainly ASS; and ANT)
1055 Da = catechin trimer-glucose, with Na+ (ASS)

1175-1176 Da = Catechin tetramer, with Na+, deprotonated (ASS and ANT)

1191-1192 Da = gallocatechin-(catechin)z tetramer with Na+, deprotonated (ASS and ANT)
1479-1480 Da = gallocatechin-(catechin)y pentamer with Na+, deprotonated (ASS and ANT)
1496 Da = (gallocatechin),-(catechin); pentamer, with Na+, deprotonated (ANT)
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Table 9. Catechin and gallocatechin dimer mass range and peak intensity for ANT and ASS.
Dimer Types Experimental Intensities (%)
Tannins Catechin dimers (601-603 Da) Gallocatechin dimers (628-667 Da)
ANT 81 19
ASS 71 29

4. Conclusions

The current research work investigated the effect of parameters such as the particle
size, solid/solvent ratio, and temperature on the tannin extraction process in order to
develop cost-effective methods that offer better environmental sustainability and structural
performance for Acacia species. Among the three studied fractions (C, M and F), the fine
fraction gave the best results with regard to the tannin and condensed tannin amount. The
effective water-to-pod ratio was 1:6 with all fractions used; however, the best results were
achieved with the fine fraction at 70 °C, which appeared to be the most efficient extraction
temperature compared to 30 and 50 °C. Adhesives produced by these tannins showed high
tensile strength that conformed with the EN for veneers and plywood applications. The
results of 13C NMR and MALDI-TOF of tannins extracted from the bark of ANT and ASS
confirmed the efficiency of water as the optimum solvent for tannin extraction; the spectra
showed the presence of monomers as well as oligomers of the condensed tannins.

The results obtain using '*C NMR and MALDI-TOF showed that the bark of ANT and
ASS contains procyanidin, a reactive type of tannin suitable for use as an adhesive in the
wood industry. Hot water for tannin extraction is an efficient solvent; however, parameters
such as the fraction size, temperature, and solvent/solid ratio should be optimized and
adopted. Future work targeting the optimization of these parameters will be planned
for further investigation. More investigations into the fine fraction and spray drying
parameters will also be carried out in the future.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/polym16111550/s1: Figure S1. MALDI ToF spectra of ANT: (a)
250-2000 Da range; (b) 250-300 Da range; (c) 300-400 Da range; (d) 400-600 Da range; (e) 600-800 Da
range; (f) 800-1000 Da range; (g) 1000-2000 Da range. Figure S2. MALDI ToF spectra of ANT: (a)
250-1000 Da range; (b) 250-300 Da range; (c) 300-400 Da range; (d) 400-600 Da range; (e) 600-800 Da
range; (f) 800-1000 Da range; (g) 1000-2000 Da range.

Author Contributions: Conceptualization, Z.0. and A.P.; methodology, Z.0. and A.P. writing—
original draft; Z.0. and A.P. writing—review and editing; B.C., M.E.E. and ].M.; funding acquisition
Z7.0., AP. and B.C,; resources A.P,, Z.0O. and B.C.; formal analysis, M.E.E.; elemental analysis, M.E.E.;
MALDI-TOF analysis, W.M. and A.P,; visualization, A.P. and Z.O. All authors have read and agreed
to the published version of the manuscript.

Funding: The authors would like to acknowledge the fund provided by the NAPATA program,
jointly funded by France Campus and the Ministry of Higher Education and Scientific Research,
Sudan. Lab facilities were provided by LERMAB, University of Lorraine, supported by a grant from
the French Agence Nationale de la Recherche (ANR) within the ambit of the Laboratory of Excellence
(Labex) ARBRE.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained in this article and its Supplementary Material.

Acknowledgments: The authors would like to acknowledge the technical, financial and administra-
tive support provided by IPREM, Pau University. Zeinab Osman acknowledges the PAUSE program
of Collége de France for funding a research visit to France.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/polym16111550/s1
https://www.mdpi.com/article/10.3390/polym16111550/s1

Polymers 2024, 16, 1550 12 of 13

References

1.  Khanbabaee, K.; van Ree, T. Tannins: Classification and Definition. Nat. Prod. Rep. 2001, 18, 641-649. [CrossRef] [PubMed]

2. Pizzi, A,; Cameron, F.A. Flavonoid Tannins—Structural Wood Components for Drought-Resistance Mechanisms of Plants. Wood
Sci. Technol. 1986, 20, 119-124. [CrossRef]

3. Pizzi, AP; Laborie, M.-P; Candan, Z.A. Review on Sources, Extractions and Analysis Methods of a Sustainable Biomaterial:
Tannins. J. Renew. Mater. 2024, 12, 397-425. [CrossRef]

4. Pizzi, A. Tannins Medical /Pharmacological and Related Applications: A Critical Review. Sustain. Chem. Pharm. 2021, 22, 100481.
[CrossRef]

5. Das, A K,; Islam, M.N.; Faruk, M.O.; Ashaduzzaman, M.; Dungani, R. Review on Tannins: Extraction Processes, Applications and
Possibilities. S. Afr. ]. Bot. 2020, 135, 58-70. [CrossRef]

6.  Pizzi, A. Tannin-Based Adhesives. |. Macromol. Sci. Macromol. Chem. 1980, 18, 247-315. [CrossRef]

7. Fraga-Corral, M.; Garcia-Oliveira, P; Pereira, A.G.; Lourenco-Lopes, C.; Jimenez-Lopez, C.; Prieto, M.A.; Simal-Gandara, J.
Technological Application of Tannin-Based Extracts. Molecules 2020, 25, 614. [CrossRef] [PubMed]

8.  Cuong, D.X,; Hoan, N.X,; Dong, D.H.; Thuy, L.T.M.; Van Thanh, N.; Ha, H.T.; Tuyen, D.T.T.; Chinh, D.X,; Dang, X.C.; Hoan,
N.X. Tannins: Extraction from Plants. In Tannins-Structural Properties, Biological Properties and Current Knowledge; BoD—Books on
Demand: Norderstedt, Germany, 2019.

9.  Perrut, M. Supercritical Fluid Applications: Industrial Developments and Economic Issues. Ind. Eng. Chem. Res. 2000, 39,
4531-4535. [CrossRef]

10. Dalzell, S.A.; Kerven, G.L. A Rapid Method for the Measurement of Leucaena spp. Proanthocyanidins by the Proanthocyanidin
(Butanol /HCl) Assay. J. Sci. Food Agric. 1998, 78, 405—416. [CrossRef]

11.  de Hoyos-Martinez, P.L.; Merle, J.; Labidj, J.; Charrier-El Bouhtoury, F. Tannins Extraction: A Key Point for Their Valorization and
Cleaner Production. . Clean. Prod. 2019, 206, 1138-1155. [CrossRef]

12. Kemppainen, K,; Siika-aho, M.; Pattathil, S.; Giovando, S.; Kruus, K. Spruce Bark as an Industrial Source of Condensed Tannins
and Non-Cellulosic Sugars. Ind. Crop. Prod. 2014, 52, 158-168. [CrossRef]

13. Zarin, M.A.; Wan, H.Y,; Isha, A.; Armania, N. Antioxidant, Antimicrobial and Cytotoxic Potential of Condensed Tannins from
Leucaena Leucocephala Hybrid-Rendang. Food Sci. Hum. Wellness 2016, 5, 65-75. [CrossRef]

14. Nisca, A.; Stefanescu, R.; Moldovan, C.; Mocan, A.; Mare, A.D.; Ciurea, C.N.; Man, A.; Muntean, D.-L.; Tanase, C. Optimization of
Microwave Assisted Extraction Conditions to Improve Phenolic Content and in Vitro Antioxidant and Anti-Microbial Activity in
Quercus Cerris Bark Extracts. Plants 2022, 11, 240. [CrossRef]

15. Bianchi, S.; Kroslakova, I; Janzon, R.; Mayer, L; Saake, B.; Pichelin, F. Characterization of Condensed Tannins and Carbohydrates
in Hot Water Bark Extracts of European Softwood Species. Phytochemistry 2015, 120, 53—61. [CrossRef] [PubMed]

16. Ahmed, M.; Khirstova, P,; Icho, G. Comparative Study of Tannins of Acacia nilotica an Indigenous Tanning Material in Sudan with
Acacia Mearnsii. Suranaree J. Soc. Technol. 2005, 12, 259-265.

17.  Mahdi, H.; Palmina, K.; Glavtch, I. Characterization of Acacia nilotica as an Indigenous Tanning Material of Sudan. J. Trop. For. Sci.
2006, 18, 181-187.

18.  Osman, Z. Comparative Thermodynamic Study on the Contribution of the Autocondensation and Copolymerization Reactions
for the Tannins of the Subspecies of Acacia nilotica. J. Polym. Environ. 2013, 21, 1100-1108. [CrossRef]

19. Adiguzel-Zengin, A.C.; Zengin, G.; Kilicarislan-Ozkan, C.; Dandar, U.; Kilic, E. Characterization and Application of Acacia nilotica
L. as an Alternative Vegetable Tanning Agent for Leather Processing. Fresenius Environ. Bull. 2017, 26, 7319-7326.

20. Nasr, A.; Mueller, H.; Abdelsalam, M.; Azzam, A.; Jungandreas, C.; Poppitz, W. Evaluation of Potential Application for Sunt Pod
Extracts (Acadia nilotica) in Leather Tanning. J. Am. Leather Chem. Assoc. 2017, 112, 23-32.

21. Phillips, G.O.; Ogasawara, T.; Ushida, K. The Regulatory and Scientific Approach to Defining Gum Arabic (Acacia senegal and
Acacia seyal) as a Dietary Fibre. Food Hydrocoll. 2008, 22, 24-35. [CrossRef]

22.  Elamin, HM. Trees & Shrubs of the Sudan; Ithaca Press: Ithaca, NY, USA, 1990; ISBN 978-0-86372-116-8.

23. Bibliography: Standard Methods of Analysis. Leather and Tanning Materials. Official Methods of the International Society of
Leather Trades Chemists. Analyst 1927, 52, 83. [CrossRef]

24. Yazaki, Y.; Guangcheng, Z.; Searle, S.D. Extractives Yields and Polyflavanoid Contents of Acacia Mearnsii Barks in Australia.
Aust. For. 1990, 53, 148-153. [CrossRef]

25.  DIN 52186; Testing of Wood—Bending Test. Hegewald & Peschke: Nossen, Germany, 1978.

26. Breitmaier, E.W. Carbon-13 NMR Spectroscopy, 13th ed.; VCH: Weinheim, Germany, 1987.

27. Fechtal, M,; Ried], B.; Calvé, L. Modeling of Tannins as Adhesives. I. Condensation of the (+)-Catechin with Formaldehyde.
Holzforschung 1993, 47, 419-424. [CrossRef]

28. Dentinho, M.T.P,; Paulos, K.; Francisco, A.; Belo, A.T.; Jeronimo, E.; Almeida, J.; Bessa, R.J.B.; Santos-Silva, J. Effect of Soybean
Meal Treatment with Cistus ladanifer Condensed Tannins in Growth Performance, Carcass and Meat Quality of Lambs. J. Livest.
Sci. 2020, 236, 104021. [CrossRef]

29. Gou, X,; Okejiri, E; Zhang, Z.H.; Liu, M.M.; Liu, ].X.; Chen, H.; Chen, K.Q.; Lu, X.Y.; Ouyang, PK.; Fu, J. Tannin-derived bimetallic

CuCo/C catalysts for an efficient in-situ hydrogenation of lauric acid in methanol-water media. Fuel Process. Technol. 2020, 205, 106426.
[CrossRef]


https://doi.org/10.1039/B101061L
https://www.ncbi.nlm.nih.gov/pubmed/11820762
https://doi.org/10.1007/BF00351023
https://doi.org/10.32604/jrm.2023.046074
https://doi.org/10.1016/j.scp.2021.100481
https://doi.org/10.1016/j.sajb.2020.08.008
https://doi.org/10.1080/00222358008081043
https://doi.org/10.3390/molecules25030614
https://www.ncbi.nlm.nih.gov/pubmed/32019231
https://doi.org/10.1021/ie000211c
https://doi.org/10.1002/(SICI)1097-0010(199811)78:3%3C405::AID-JSFA133%3E3.0.CO;2-G
https://doi.org/10.1016/j.jclepro.2018.09.243
https://doi.org/10.1016/j.indcrop.2013.10.009
https://doi.org/10.1016/j.fshw.2016.02.001
https://doi.org/10.3390/plants11030240
https://doi.org/10.1016/j.phytochem.2015.10.006
https://www.ncbi.nlm.nih.gov/pubmed/26547588
https://doi.org/10.1007/s10924-013-0611-1
https://doi.org/10.1016/j.foodhyd.2006.12.016
https://doi.org/10.1039/AN9275200083
https://doi.org/10.1080/00049158.1990.10676071
https://doi.org/10.1515/hfsg.1993.47.5.419
https://doi.org/10.1016/j.livsci.2020.104021
https://doi.org/10.1016/j.fuproc.2020.106426

Polymers 2024, 16, 1550 13 of 13

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.
43.

44.

45.

46.

47.

48.

Hussain, L.; Sanglard, M.; Bridson, J.H.; Parker, K. Preparation and physicochemical characterisation of polyurethane foams
prepared using hydroxybutylated condensed tannins as a polyol source. Ind. Crop. Prod. 2020, 154, 112636. [CrossRef]
Petchidurai, G.; Nagoth, ]J.A.; John, M.S.; Sahayaraj, K.; Murugesan, N.; Pucciarelli, S. Standardization and Quantification of
Total Tannins, Condensed Tannin and Soluble Phlorotannins Extracted from Thirty-Two Drifted Coastal Macroalgae Using High
Performance Liquid Chromatography. Bioresour. Technol. Rep. 2019, 7, 100273. [CrossRef]

Shi, J.; Wang, Y.; Wei, H.; Hu, J.; Gao, M. Structure Analysis of Condensed Tannin from Rice Straw and Its Inhibitory Effect on
Staphylococcus Aureus. Ind. Crop. Prod. 2020, 145, 112130. [CrossRef]

Case, P; Bizama, C.; Segura, C.; Wheeler, C.; Berg, A.; DeSisto, W. Pyrolysis of Pre-Treated Tannins Obtained from Radiata Pine
Bark. J. Anal. Appl. Pyrolysis 2014, 107, 250-255. [CrossRef]

Swiergiel, J.;Jadzyn, J. Does water belong to the homologous series of hydroxyl compounds H(CH2)nOH? Phys. Chem. Chem.
Phys. 2017, 19, 10062-10068. [CrossRef] [PubMed]

Widyawati, P.S.; Dwi, T.; Budianta, W.; Kusuma, F.A.; Wijaya, E.L. Difference of Solvent Polarity To Phytochemical Content and
Antioxidant Activity of Pluchea indicia Less Leaves Extracts. Int. ]. Pharmacogn. Phytochem. Res. 2014, 6, 850-855.
Antwi-Boasiako, C.; Animapauh, S.O. Tannin Extraction from the Barks of Three Tropical Hardwoods for the Production of
Adbhesives. |. Appl. Sci. Res. 2012, 8, 2959-2965.

Medini, E; Falleh, H.; Riadh, K.; Abdelly, C. Total Phenolic, Flavonoid and Tannin Contents and Antioxidant and Antimicrobial
Activities of Organic Extracts of Shoots of the Plant Limonium delicatulum. J. Taibah Univ. Sci. 2014, 8, 216-224. [CrossRef]
Abdul Razak, M.; Low, C.; Abu Said, A. Determination of Relative Tannin Contents of the Barks of Some Malaysian Plants.
Malays. For. 1981, 44, 87-92.

NF EN 314-1; Plywood—Bond Quality-Test Methods. iTeh, Inc.: Newark, DE, USA, 1993.

Oaishi, R.T.; Ahmed, S.; Tuj-Zohra, F.--; Rahman, A.; Abid, N.M. Facile Extraction and Prospective Application of Indigenous
Cassia Fistula Tannin in Sustainable Leather Manufacture. J. Dispers. Sci. Technol. 2023, 1-12. [CrossRef]

Ruiz-Aquino, F; Feria-Reyes, R.; Rutiaga-Quifiones, ].G.; Robledo-Taboada, L.H.; Gabriel-Parra, R. Characterization of Tannin
Extracts Derived from the Bark of Four Tree Species by HPLC and FTIR. For. Sci. Technol. 2023, 19, 38—46. [CrossRef]

Pizzi, A. Biomolecules Tannins: Prospectives and Actual Industrial Applications. Biomolecules 2019, 9, 344. [CrossRef]

Kardel, M.; Taube, F.; Schulz, H.; Schiitze, W.; Gierus, M. Different Approaches to Evaluate Tannin Content and Structure of
Selected Plant Extracts—Review and New Aspects. . Appl. Bot. Food Qual. 2013, 86, 154-166. [CrossRef]

Elbadawi, M.; Osman, Z.; Tahir, PM.; Nasroun, T.; Kantiner, W. Properties of Particleboards Made from Acacia seyal Var. Seyal
Using Uf-Tannin Modified Adhesives. Cellul. Chem. Technol. 2015, 49, 369-374.

NF EN 314-2; Plywood—Bonding Quality. iTeh, Inc.: Newark, DE, USA, 1993.

Hafiz, N.L.M.; Tahir, PM.; Hua, L.S.; Abidin, Z.Z.; Sabaruddin, FA.; Yunus, N.M.; Abdullah, U.H.; Abdul Khalil, H.P.S. Curing
and Thermal Properties of Co-Polymerized Tannin Phenol-Formaldehyde Resin for Bonding Wood Veneers. J. Mater. Res. Technol.
2020, 9, 6994-7001. [CrossRef]

Soviwadan, D.; Pizzi, A.P.,; Lacoste, C.; Zhang, J.; Abdalla, S.; El-Marzouki, EM. Flavonoid Tannins Linked to Long Carbohydrate
Chains—MALDI-TOF Analysis of the Tannin Extract of the African Locust Bean Shells. Ind. Crop. Prod. 2015, 67, 25-32. [CrossRef]
Pizzi, A.; Pasch, H.; Rode, K; Giovando, S. Polymer Structure of Commercial Hydrolyzable Tannins by Matrix-Assisted Laser
Desorption/Ionization-Time-of-Flight Mass Spectrometry. J. Appl. Polym. Sci. 2009, 113, 3847-3859. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.indcrop.2020.112636
https://doi.org/10.1016/j.biteb.2019.100273
https://doi.org/10.1016/j.indcrop.2020.112130
https://doi.org/10.1016/j.jaap.2014.03.009
https://doi.org/10.1039/C7CP00750G
https://www.ncbi.nlm.nih.gov/pubmed/28367558
https://doi.org/10.1016/j.jtusci.2014.01.003
https://doi.org/10.1080/01932691.2023.2247073
https://doi.org/10.1080/21580103.2023.2166593
https://doi.org/10.3390/biom9080344
https://doi.org/10.5073/JABFQ.2013.086.021
https://doi.org/10.1016/j.jmrt.2020.05.029
https://doi.org/10.1016/j.indcrop.2015.01.004
https://doi.org/10.1002/app.30377

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Small-Scale Experiments 
	Large-Scale Experiments 
	Spray Drying 
	Chemical Analysis 
	Preparation of the Resins 
	Resin Testing 
	13C NMR Analysis 
	Matrix-Assisted Laser Desorption Ionization Time-of-Flight (MALDI-TOF) Analysis 


	Results and Discussion 
	Small-Scale Experiments on Tannin Extraction 
	Scaled-Up Tannin Extraction Experiments 
	Chemical Analysis of ANT and ASS Tannins 
	Tensile Strength (TS) of Resin Preparations 
	13C NMR Analyses 
	MALDI-TOF Analyses 

	Conclusions 
	References

