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ABSTRACT

Tannin was extracted from different subspecies of Acacia nilotica, Acacia nilotica nilotica (Ann), Acacia nilotica
tomentosa (Ant) and Acacia nilotica adansonii (Ana). The aim was to elucidate their structure and evaluate their
reactivity as bioadhesives in the wood industry. The extracts were prepared by hot water extraction (90°C tem-
perature). Their gel time with paraformaldehyde was used at first to compare their reactivity. The tannin contents
and the percentage of total polyphenolic materials in different solutions of the extracts spray dried powder were
determined by the hide powder method. Concentrated solutions (47%) were tested by both MALDI ToF,
13CNMR. The thermomechanical analysis (TMA) was performed to evaluate their modulus of elasticity
(MOE) at different pHs. The gel times of all the three tannin extracts showed that their reactivity and it was com-
parable to other known procyanidin/prodelphinidin tannin extract types. Ana, Ann and Ant showed highest per-
cent of total polyphenolic materials at 70%, 64%, and 57%, respectively. The 13CNMR spectra showed that the
three subspecies of condensed tannins were mainly constituted of procyanidins (PC) and prodelphinidins (PD) in
slightly different ratios. Ann (56.5% PC and 43.4% PD), Ant (57%PC and 43% PD) and Ana (58% PC and 42%
PD). MALDI–TOF spectra showed the presence of flavonoid monomers, and oligomers some of which linked to
short carbohydrates monomers or dimers. TMA revealed that the three types of tannins had high MOE at their
initial pH (5).
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1 Introduction

Vegetable tannins are traditional materials to tan hides into leather. The most acceptable and simple
definition for tannins is that of Bate-Smith et al. [1] “water soluble phenolic compounds having molecular
weights between 500–3000”. According to their chemical nature and structural characteristics vegetable
tannins are subdivided in two groups: condensed tannins and hydrolysable tannins. Condensed tannins
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are composed of flavonoids (flavan 3-ol or flavan 3, 4-diol) without a sugar core, however, the hydrolyzable
tannins are composed of ellagic and gallic acids with a sugar core mainly glucose [2].

The condensed tannins are chemically heterogeneous oligomers and polymers. The extractable
condensed tannin polymers in the plants may be composed of molecular species with a wide range of
20000 Da. Condensed tannins are often referred to as proanthocyanidins as they can release
anthocyanidins upon depolymerization. Catechin and epicatechin are the most representative monomeric
units in natural condensed tannins together with epicatechin gallate, gallocatechin, epigallocatechin,
afzelechin, and epiafzelechin, Fig. 1 [3–7]. The bioactivity capacity of condensed tannins is generally
recognized to be largely dependent on their structure and particularly their degree of polymerization [8].

The introduction of tannin as a renewable material has provided new opportunities in various
applications since the early 1980s [9]. After more extensive studies in recent years, the properties of
Radiata pine, Quebracho, Mimosa bark tannins, and others have become better understood, and improved
technologies have been developed for their use as wood adhesives [10].

Recently, increasing interest in their usage in the wood industry has attracted attention to their utilization
and structural elucidation. However, the great variation in their structure and concentration within plant
species makes this difficult because of their heterogeneous character [11]. Procyanidin-type tannins are
among the more diffuse flavonoid tannins in nature. Among the more interesting characteristics of tannins
that are useful for their adhesive application are the proportion of procyanidin vs. prodelphinidin and
other flavonoid units which determines their reactivity towards aldehydes and hence their rate of cross-
linking [12].

Furthermore, the diversity of condensed tannins is given by the structural variability of the monomer
units which present different hydroxylation patterns of the aromatic rings A and B and different
configurations at the chiral centers C2 and C3 (Fig. 1). Due to this complexity and diversity, the
characterization of highly polymerized proanthocyanidins thus remains very challenging, and less is
known regarding their structure-activity relationships [8]. Work on the application of matrix-assisted laser
desorption ionization time of flight mass spectrometry (MALDI-ToF MS) for analysis of oligomeric
polyphenols in foods [13–16] and adhesives [17–19] have appeared in the last 20 years. The polymer
chain length distribution, frequency of monomer unit as well as degree of polymerization which were
difficult to determine by other techniques were more easily determined by MALDI-ToF.

In Sudan, there are many indigenous and exotic plant species that contain tannins in different quantities.
Acacias species were found to present high tannin content percentages [20]. The most important of these was
Acacia nilotica which dominates in Sudan with three subspecies:

- Sub sp. nilotica (Ann) with glabrous pods, strongly constricted between the seeds.
- Sub sp. adansonii (Ana) with the pods only slightly constricted between the seeds.
- Sub sp. tomentosa (Ant) with the pods necklace-like narrowly and regularly constricted [21] between
the seeds.

Figure 1: The structure of the condensed tannins and main monomeric components
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The bark tannins extracted from these subspecies have not been previously investigated. Nevertheless,
the tannins from their pods have been evaluated and their chemical composition has been clarified by thin-
layer chromatography (TLC). Previous research work [22] showed that the pods and bark contained good
percentages of tannins and that their tannins were of mixed hydrolysable-condensed (gallo-catechol) type.
However, their suitability as bioadhesive precursors has not been studied.

Therefore, the aim of this study is to evaluate the tannins extracted from the bark of the three subspecies
of Acacia nilotica as a source of bioadhesives. The tannins extracted by hot water were spray dried, their
content was evaluated and their structure was elucidated using chemical analysis, 13C Nuclear magnetic
resonance (13CNMR), and MALDI-ToF MS. Adhesives prepared from the tannins were evaluated by
means of gel time and thermomechanical analysis. The study concluded that the three barks contained
high percentages of condensed tannins that their reactivity is comparable to the pine tannins and is
therefore suitable for adhesive preparation.

In this study, the condensed tannins from the bark of the three subspecies of Acacia nilotica was
extracted by hot water and characterized by using the gel time method, and thermomechanical analysis to
evaluate and compare their reactivity as wood adhesives for commercial purposes.

2 Materials and Methods

2.1 Materials
All bark samples were collected from Wad elnayel sawmill at the Blue Nile State, West of Sudan, and

Khartoum State, Sudan. They were air-dried and ground using a laboratory star mill. The powdered samples
were kept in polyethylene bags and left for overnight in order to homogenize their moisture content.

2.2 Methods

2.2.1 Preparation of Tannins Extraction
Preparation of tannin extracts was carried out according to a reported method [23]. The ground bark was

then soaked in hot water (1:6w/v) of 90°C initial temperature and left overnight. The solutions were then
filtered using a special cloth (50–90 µm). Then, they were further spray dried using a Heidolph YC-
500 Laboratory Spray Dryer (Heidolph, Schwabach, Germany) at 175°C. An aqueous solution of 40%
concentration was prepared from the spray-dried powder of Ann, Ana, and Ant tannins and used for
further testing.

2.2.2 Determination of the Tannins Content and Total Polyphenolics
Chemical analysis was done on the aqueous concentrated solution of the tannins (40%). The official hide

powder method [24] was used for tannins percentage determination. Tannins absorbed by the standard hide
powder were expressed as a percentage of the original tanning extract. As for the total polyphenolic
materials, the Stiasny method [25] was used according to a method revised and reported more recently
[26,27].

2.2.3 Gel Time
The gel time for the three subspecies of Acacia nilotica was carried out according to the DIN 16945

standard [28]. An aqueous tannins solution of 40% was prepared from the spray dried of bark of the three
subspecies of Acacia nilotica. Their pH was modified (4–9) using 33% solution of NaOH in water. To
each, 5% of paraformaldehyde was added. Approximately 10 g of each glue was placed in a test tube,
under stirring at 100°C until hardening.

2.2.4 13C NMR Analysis
The concentrated tannin extracts (aqueous solution 40%) were analyzed by 13CNMR according to a

reported method [29]. The liquid 13CNMR spectrum of the tannin extracts was obtained on a Bruker
MSL 300 FT-NMR spectrometer (Bruker, Wissembourg, France). The chemical shifts were calculated
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with respect to (CH3)3Si(CH2)3SO3Na dissolved in D2O for NMR shift control. The spectra were taken at
62.90 MHz. The spectra (10000 transients) were attained on a Bruker MSL300 FT-NMR spectrometer, at
a frequency of 62.9 MHz and with a precision of 1 ppm. The relaxation delay was 5 s.

2.2.5 Matrix Assisted Laser Desorption Ionization Time-of-Flight (MALDI-ToF) Analysis
The samples were treated with a NaCl solution (1.5 µl of a 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 µl of the resulting slurry was placed
on the MALDI target and dried at 40°C for 2 h before being analysed. 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: polarity-positive, flight path-linear, 20 kV acceleration
voltages, 100–150 pulses per spectrum. The delayed extraction technique was used applying delay times
of 200–800 ns. The software MALDI-MS was 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 is of +1Da.

2.2.6 Thermomechanical Analysis (TMA)
TMA is used to determine the rate of curing and the prospective mechanical strength performance of

tannin and other wood adhesives. The temperature test range is in general from 25°C to 200°C at a
10°C/min heating rate ramp. The maximum MOE value reached and the rate at which it is achieved are
the two main values determined [30,31].

30 mg of gluemix composed of a 40% solution of tannin extract and 8% by weight fine
paraformaldehyde powder is placed between two thin beech wood plys of 0.5–0.6 mm thickness each, to
form a sandwich joint of 20 mm � 6 mm � 1.26 mm and tested in three points bending with a span of
18 mm and subjected to an alternating force of 0.1/0.5 N with a cycle of 6/6 s at a 10°C/min heating rate.
The minimum value of the deflection on curing is then measured and converted to the maximum value
of MOE.

3 Results and Discussions

3.1 Chemical Analysis of the Tannins
Table 1 shows the results of the chemical analysis of the official hide-powder method. It was highest for

both, Ant and Ana (54% and 53%) respectively followed by Ann (48%). These percentages are much higher
than the level of previous work for commercial interests and higher than the tannins extracted from similar
Acacais (10%) [20,32]. It must be pointed out that the hide powder method is focused on leather tanning, thus
it detects only flavonoid oligomers from trimers upward while dimers and monomers still very useful in other
applications are not detected by this method.

Table 1: Chemical composition of the bark extract of Acacia nilotica and its subspecies

Subspecies Tannins
(T%)

Total polyphenolic
materials (%)

Soluble materials
(SM%)

Tannins’ purity
(T/SM)

Ann 48.90 64.00 78.70 0.60

Ant 54.40 57.00 78.00 0.70

Ana 53.40 70.00 80.60 0.70
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This method has been used to determine the percentages of the tannins available in these barks and
extracts. Nevertheless, as it is focused on leather tanning, the main drawback of this method is its
inability to give information on the nature of monoflavonoid or biflavonoid, in leather tannins being
defined as molecules from trimers upwards. Thus, important flavonoid fractions of the extract useful for
other applications are not detected [27,33]. All the flavonoid contributions can instead be determined by
measuring the tannins reactivity towards formaldehyde. Therefore, the determination of the percentages of
polyphenolic materials (catechin number), the part rich in condensed tannins as suggested by other
authors [34] was carried out. The results showed that Ana has the highest percentage (70%), which
implies high reactivity with the hardeners such formaldehyde and hexamethylenetetramine (hexamine), in
comparison to Ann and Ant for which the percentages were slightly low (64% and 57%), respectively.

The amount of water-soluble materials (sugars, gum, and tannins) is almost 80% for the three tannins.
The high percentage of these materials indicates indirectly the presence of tannins as they are soluble in hot
water [35]. The tannin purity or the ratio of tannin/soluble material was good, ≥0.6, for all subspecies of
Acacia nilotica and comparable to previous studies [20].

The results obtained indicate that Ana is more reactive as it contains the highest percentages of
condensed tannin. However, it could be concluded that all three bark of Acacia nilotica contain high
tannin percentages and it is expected to have desirable properties for bioadhesives and biopolymers
application.

3.2 Gel Time
The gel time results are shown in Fig. 2. It has been observed that the pH has a pronounced influence on

the gel time which became shorter at alkaline pH. It indicates that the characteristics of Ana show a different
constitution to Ann and Ant. While from pH 6 upward the curves of gel time of the three subspecies are
indeed very similar, indicating their high reactivity as a function of pH characteristic of procyanidin/
prodelphinidin type tannins, the somewhat slightly slower gel time. The upward curve of Ana at pHs
4 and 5 indicates that Ana is likely to have a higher proportion of procyanidin type oligomers than Ann
and Ant while to similar extents these latter have a predominance of prodelphiniding type oligomers. This
fact is supported by the results obtained by 13C NMR spectroscopy. All three species then should be well
suited to use as wood adhesives.
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Figure 2: Gel times as a function of pH of the Ann, Ana and Ant tannin extracts
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3.3 13C NMR Spectroscopy
For further investigations on the structure of the condensed tannins, 13CNMR analysis was employed.

The 13CNMR spectra (Figs. A1–A4) and Table 2 for the three subspecies of Acacia nilotica present
information on the nature of their tannin extracts. The signals were assigned according to Czochanska
et al. [36]. The three spectra show typical signals due to the presence of condensed tannins (Fig. A4),
containing PD and PC units. The signals at 116 ppm (C2′, C5′), 120 ppm (C6′), and 145 ppm (C3′, C4′)
show the presence of PC units (catechin/epicatechin). The sharp and high signal at 145–147 ppm is
typical of the presence of PD units (gallocatechin/epigallocatechin) as not only represents the –OH
carrying carbons in C3′ and C4′ but superimposed also a C5′ carrying an –OH group, this being
confirmed from the intensity decrease of the peak at 116 ppm where the main contribution is mainly
limited to the C2′ and much less C5′ without an –OH group linked. The PC/PD ratio of condensed
tannins is usually and approximately determined from the relative ratio of these two peaks. According to
the intensity of these peaks presented in Table 2, the PC/PD ratios for each tannin were 30%/70% for
Ann, 40%/60% for Ant and 50%/50% for Ana. In Ant, is also evident a decrease in intensity of the
110 ppm peak that pertains to the interflavonoid bond C4–C8 indicating that Ana and Ann present a
higher percentage of a higher degree of polymerization oligomers than Ant (Figs. A2 and A3).

The region between 30 and 90 ppm is due to the signals of C2, C3, and C4 in flavan-3-ol units. The split
peak and the two signals at 76–72 ppm although partially masked by the intense peak at 72 ppm of the
carbohydrate oligomers of the extract indicate the presence of 2,3-cis and at 85–84 ppm to 2,3-trans
isomers The spectra demonstrate that both stereoisomers co-exist in all the three tannins. However, the
intensity of the shifts of these stereoisomers was equal in both Ann and Ana while Ant has a majority of
the trans form (Table 2). It has also been noticed that the Ana tannins have a majority of both forms
among the three tannins types.

Thus, it can be concluded from these results that the condensed tannins of Ann and Ant extracts are
predominantly constituted of prodelfinidins while Ana is constituted of equal proportions of procyanidins
and prodelphinidins, a result confirming the indications obtained by the gel time test. Hence, all three are
expected to be excellent precursors for wood adhesive application [37].

3.4 MALDI-ToF Analyses
MALDI-ToF analyses has been employed in order to obtain more detailed information on the chemical

composition of the three tannins extracts, which are particularly well suited for large and small molecules

Table 2: Relative shift peak intensities for the three tannins of polyflavonoid type derived from the 13CNMR
analysis (%)

B-Ring Interfla-vonoid
bond

Interfla-vonoid
bond

Free

Catechol Pyrogall Free

C5,C7
C9

C3′ C´1 C1′ C′6 C′5, C4–C8 C4–C6 C10 C6,C8 Ctrans C3 C4
cisC4′ C′2

PD PC

NMR shifts 160–155 145–148 131–129 132–135 123–121 120–116 115–110 105 103 97–98 86–83 71–68 28

PDppm

Ant 60 100 25 50 33 83 50 25 25 33 25 25 25

Ann 60 100 30 40 50 70 60 20 20 30 30 20 20

Ana 75 100 40 20 40 100 50 30 20 40 40 40 10
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from a variety of different vegetable sources [38] both for food grade materials [39,40] and commercial
tannins [41,42].

In this study, MALDI-TOF with deionization and selection of Na+ as the cationization reagent was used
according to previously codified and accepted procedures [17,18,43,44] to enhance the flight of oligomers to
the target of the spectrometer.

Fig. B1 shows the MALDI-ToF mass spectra of the Ana tannins extracts as this is the richest in
polyphenolics. In general, the spectra of the three tannin extracts are almost similar, having the same
series of peaks but with somewhat slightly different intensities, hence, Ana spectra was provided as a
model of these tannin. The structural assignment for the Ana and Ann extracts and the extra peaks
present in the Ann extract are shown in Table 3.

Table 3: Assignments of MALDI ToF peaks for ANA and ANN

272 Da = fisetinidin, no Na+, deprotonated

273–278 Da = fisetinidin, no Na+, in different protonated and multiprotonated states

290–294 Da = catechin or robinetinidin, no Na+, in different protonated and multiprotonated states

296–298 Da = fisetinidin, with Na+, in different protonated and multiprotonated states

306 Da = gallocatechin (delphinidin), no Na+

312–313 Da = catechin or robinetinidin, with Na+, deprotonated (312 Da) or protonated (313 Da), and
multiprotonated (216 Da)

328.9–332 Da = gallocatechin (delphinidin), with Na+, protonated (329.8 Da), and multiprotonated
(332 Da)

346 Da and 368 Da = fragment, no Na+ (346) and with Na+ (368 Da)

OHO

O

OH

OH

HO

OH

HO

364 Da = glucose dimer with Na+. At 345 Da the same without Na+, OR/AND no Na+ fragment

379.9 Da = no Na+, and 405 Da with Na+, partially open fragment

OHO

OH
HO
HO

OH

OH
OH

OH

398 Da = no Na+ 

398 Da = no Na+

(Continued)
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Table 3 (continued)

OH

OH

OHHO

HO
HO

OH

OH
OH

OH

440–441 Da = Catechin gallate, no Na+

452 Da = catechin-glucose, no Na+ and 474 Da with Na+

456 Da = gallocatechin gallate, no Na+

464 Da = catechin gallate, with Na+

480 Da = gallocatechin gallate, with Na+

544 Da = fisetinidin dimer, no Na+, deprotonated

568 Da = fisetinidin dimer, with Na+,

581 Da = catechin dimer, no Na+,

584 Da = catechin-fisetinidin dimer, with Na+, deprotonated

O

O

OH

OH

OH

OH
HO

HO

OH

OH

OH

601 Da = catechin dimer, no Na+, protonated, and 623 Da with Na+

603.7 Da = catechin gallate-glucose, no Na+

611.7 Da = gallocatechin dimer, no Na+, protonated

614 Da = catechin-glucose-glucose, no Na+ OR/AND no Na+ gallocatechin dimer

O

OH

OH

O

HO

OH
O

O

O

OH

OH
OH OH

OH

OHOH

O

OH

(Continued)
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On top of flavonoid momomers, dimers, and trimers of mixed composition that are logically expected in
MALDI of flavonoid tannins [17,18], there are a few species that merit attention. Thus at 365 Da a glucose
dimer and the species at 697 Da is a tetramer of glucuronic acid and glucose, both residues of hydrolyzed
hemicelluloses, a type of residual species always present in condensed tannin raw extracts. The presence
of this confirms the presence of carbohydrate monomer and dimer chains linked to the flavonoid units, a

Table 3 (continued)

616 Da = catechin-gallocatechin dimer, with Na+

628 Da = gallocatechin glucose-glucose, no Na+, deprotonated (in ANN not in ANA)

655 Da = gallocatechin-glucose-glucose with Na+, multi protonated

667 Da = gallocatechin-glucose-glucuronic acid, with Na+, protonated

O

OH

OH

O

HO

OH

O

O

O

OH

OH
OH OH

OH

OH
OH

683 Da = gallocatechin-glucuronic acid-glucuronic acid, with Na+, deprotonated

697 Da = glucuronic acid-glucose-glucose-glucuronic acid, carbohydrate tetramer, no Na+, protonated,
fragment

721 Da = catechin-fisetinidin-glucose, no Na+ (ANN), deprotonated

727 Da = fisetinidin-fisetinidin-glucose, with Na+ (ANN), deprotonated (ANN)

729 Da = gallocatechin gallate-catechin dimer, no Na+

735 Da = catechin gallate-fisetinidin, with Na+

743 Da = Catechin fisetinidin-glucose, with Na+ (ALSO in ANN)

752 Da = catechin gallate-catechin dimer, with Na+

759 Da = gallocatechin-fisetinidin-glucose, no Na+ (ANN) OR/AND catechin-catechin-glucose, no Na+

838 Da = fisetinidin trimer, with Na+,

852 Da = trimer catechin-fisetinidin-fisetinidin, with Na+, deprotonated

880 Da = dimer catechin-gallate, no Na+

887 Da = catechin trimer with Na+, deprotonated

903 Da = gallocatechin-catechin-catechin trimer with Na+ (ANN), deprotonated

or dimer catechin gallate, with Na+ (ANN)

919 Da = gallocatechin-gallocatechin-catechin trimer, with Na+ (ANN) or

gallocatechin gallate-catechin gallate dimer with Na+ (ANN)

935 Da = gallocatechi-gallocatechin-gallocatechin trimer with Na+ (ANN) or

gallocatechin gallate dimer, with Na+ (ANN)
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fact that has already been noticed in other tannin extracts from African hardwood species [45,46]. In this
respect also of interest is the presence of the species at 667 Da, in which a glucuronic acid is present in a
carbohydrate dimer side chain linked to a flavonoid unit. This could have been generated during the
extraction process or in the MALDI equipment. It is also not possible to ascertain to which site of the
flavonoid units the carbohydrate side chains are linked to. They can equally be on the phenolic OH
groups or on the C3 –alcoholic –OH group on the flavonoid units heterocyclic ring. Equally degradation
sub-products are present as the species at 346, 368, 380 and 398 Da, the mechanism of formation being
exemplified in Fig. 3.

The Data obtained by MALDI support what gleaned on these tannins by 13CNMR.

A comparison of the experimental intensities of the PD and PC characteristic peaks shown in Table 4
indicates that Ana is a tannin with approximately equal contribution of procyanidin and prodelphinidin
structures while Ant is a predominantly procyanidin type of tannin and Ann a predominantly
prodelphinidin one.

Thus, the results of MALDI-ToF appear to support the results of 13CNMR, and showed to be an
appropriate and convenient technique to examine the distribution of condensed tannin oligomers. It also
allows the determination of the structure and characteristics of tannins which would be difficult to
characterize by other analytical tools.
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398380368584

Figure 3: An example of the passage of dimers to fragmented substructures with the Da values for each
species

Table 4: Catechin and gallocatechin dimers Mass range and peak intensity for the three Acacia nilotica
subspecies

Dimer types Experimental intensities (%)

Catechin dimers Gallocatechin dimers
(601–603 Da) (628–667 Da)Tannins

Ann 32 69 (649.0)

Ant 99 19

Ana 78 99 (667.7)
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3.5 Thermomechanical Analysis (TMA)
To confirm the suitability of the three tannins extracted from the subspecies of Acacia nilotica for use as

tannin-based adhesives and to compare their relative reactivities, TMA analysis was performed. The data
provided here were deducted from a previous study [47,48]. The evolution of the Modulus of Elasticity
(MOE) of the adhesives as a function of temperature and time was measured for the three tannins
subspecies The results are shown in Fig. 4.

Fig. 4a–c shows that Ana and Ant achieve the higher MOE with a faster increase in temperature. The
slope starts at a lower temperature at pH 7 than that of Ann. Ana and Ant have the second highest MOE
and the second fast slope of MOE increase as a function of temperature. It shows that as the proportion
of the more reactive prodelphinidin in the tannin increases the performance of the glue mix is worse both

Figure 4: TMA curves of the increase in MOE on hardening with paraformaldehyde of Ana (a), Ann (b),
And (c) tannin extracts at three different conditions of pH4, pH 5 and pH 7
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as regards maximumMOE value as well as in fastness of slope increase. This indicates that the more reactive
prodelphinidins may cross-link so fast to immobilize the cross-linked network at an earlier, less cross-linked
level the reaction not be able to proceed further. The Ant and Ana tannins richer in procyanidins can instead
proceed to a more complete cross-linking with a lower level of steric hindrance. In general, the maximum
value of the MOE obtained at pH 4, the natural pH of the three tannin extracts, is the lowest indicating
undercuring under such a pH condition. It has been reported that the three tannins autocondensed at their
initial pH at room temperature [48]. As the pH reaches 5 and particularly 7 the MOE reaches its
maximum value. The maximum MOE values are similar for the three tannin extracts, namely 2750 MPa
for Ana and Ant, and 2650 MPa for Ann.

4 Conclusion

Among the techniques that have been used to characterize the tannin extracts of the three Acacia nilotica
subspecies, the chemical analysis has allowed to distinguish the percentage, the type and quantity of the
tannins in the studied subspecies. It can also give an idea about the reactivity of the tannins and their
final use in the adhesives’ formulations.

The results obtained from the chemical analysis demonstrated that Ana has the highest percentage
(70%), which implies high reactivity with the hardeners such formaldehyde and hexamethylenetetramine
(hexamine), in comparison to Ann and Ant for which the percentages were slightly low (64% and 57%),
respectively.

The results deducted from the 13CNMR showed that the condensed tannins of Ann and Ant extracts are
predominantly constituted of prodelfinidins while Ana is constituted of equal proportions of procyanidins
and prodelphinidins, a result confirming the indications obtained by the gel time test.

The data on the chemical structure of these tannins obtained from MALDI were in agreement with what
had been achieved by 13CNMR analysis; Ana is a tannin with approximately equal contribution of
procyanidin and prodelphinidin structures while Ant is a predominantly procyanidin type of tannin and
Ann a predominantly prodelphinidin one. The three tannins studied are mainly gallocatechin
(delphinidin), catechin and epicatechin and some fisetinidin.

The thermomechanical analysis which was performed in order to evaluate the strength of adhesives
prepared from these tannins showed that the maximum MOE values are similar for the three tannin
extracts, namely 2750 MPa for Ana and Ant, and 2650 MPa for Ann. The results confirmed the high
reactivity of these tannins which produced high MOE values that could be suitable for application in the
wood industry.

The results obtained by the different techniques were consistent, and alone or all together could be used
to study the structural characterization of tropical woods polyflavonoid tannins and they can be viable tools
for the valorization of their suitability as tannins-based adhesives.
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Appendix A

Figure A1: 13C NMR of the Acacia nilotica nilotica (Ann) subspecies tannin extract
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Figure A2: 13C NMR of the Acacia nilotica adansonii (Ana) subspecies tannin extract

Figure A3: 13C NMR of the Acacia nilotica tomentosa (Ant) subspecies tannin extract
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Appendix B

Figure A4: Comparison of the 13C NMR of the three subspecies Acacia nilotica adansonii (Ana) (red trace),
Acacia nilotica nilotica (Ann) (blue trace) and Acacia nilotica tomentosa (Ant) (green trace) tannin extracts

Figure B1: (Continued)
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Figure B1: (Continued)
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(e)

Figure B1: (Continued)
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(f)

Figure B1: MALDI ToF spectra of Acacia nilotica adansonii (Ana): (a) 260–300 Da range; (b) 260–
300 range; (c) 300–400 Da range; (d) 400–600 Da range; (e) 600–800 Da range; (f) 800–1000 Da range
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