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Abstract: Extracts of plant origin, particularly tannins, are attracting growing interest for the sustainable development of materials in the industrial sector. The discovery of new tannins is therefore necessary. The aim of this work was to contribute to the understanding of the properties of Paraberlinia bifoliolata tannin by Matrix Assisted Laser Desorption Ionization Time of Flight Mass Spectroscopy MALDI-TOF/MS and Carbon 13 Nuclear Magnetic Resonance (13C NMR). The chemical composition of tannin extracted from Paraberlinia bifoliolata bark was determined, as was the mechanical strength of the resin hardened with Acacia nilotica extracts. Yield by successive water extraction was 35%. MALDI-TOF/MS analysis revealed the presence of three new compounds in this tannin, previously unknown in this family of extracts. These are 3-hydroxyproline acid, N-methyl-4-hydroxypipecolic acid and N-methyl-5-dihydroxypipecolic acid. The identification of the above molecules means that this tannin can be used for industrial applications, as a resin in the manufacture of particleboard and in the formulation of green corrosion inhibitors. This information is reinforced by 13C NMR spectrometry, which indicates the presence of several polyflavonoid units, confirming the condensed nature of the tannin. Thermomechanical analysis of the resin formed by the purified tannin of Paraberlinia bifoliolata to which a vegetal biohardener has been added provided a Modulus of Elasticity (MOE) value of 4840 MPa at 150°C, confirming its possible use as a binder resin in the manufacture of wood panels as well as for the formulation of a corrosion inhibitor.
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1  Introduction

Although tannin has long been used in the leather tanning process, it has only recently been industrially used for other applications [1]. The reason for this interest is to substitute urea-formaldehyde (UF) resins which are now commonly used in the manufacture of wood composite materials [2]. Over 80% of composites manufactured worldwide with wood are bonded with UF adhesives [3]. Particleboard alone accounts for more than 50% of the world’s production volume. Moreover, in excess of 100 million cubic metres of UF-bonded panels are produced worldwide every year [4]. One of the main drawbacks of using these resins is their emission of formaldehyde, classified as a carcinogen by the International Agency for Research on Cancer (IARC) [5]. However, much work has been carried out with the aim of identifying plant species rich in extractables and which could provide guidance in the characterization of new tannins to help for commercial purposes..

The Fabaceae is a botanical group much sought-after for its chemical and pharmacological properties [6]. Species in the Fabaceae family are particularly rich in flavonoids and related compounds. Alkaloids, terpenoids, steroids and tannins are examples of substances found in many species of this family [7,8]. Among these secondary metabolites, the condensed tannins present in plants have been the subject of extensive studies on their activities [9]. Wender, for example, presented a new condensed tannin identified in Stryphnodendron pulcherrimum, an Amazonian plant belonging to the Fabaceae family [10]. The characterized condensed tannin contains catechin units (flavan-3-ols) and could be used to regulate digestion in the gut [9,10]. In general, proanthocyanidins are widely studied for their beneficial effects on health [11,12]. Konai et al. have shown that the species Daniellia oliveri (Cesalpinaceae) can contain up to 29% condensed tannin in its bark, which is used as a wood glue in panel manufacture [13]. Conversely, Ndiwe et al. have shown that the tannin of Gilbertiodendron dewevrei (Limbali) is of the condensed type and consists mainly of catechin gallate units. It has also been tested as a wood adhesive.

Tannins moreover are now widely used in other fields, such as pharmaceutical and medical applications, the food industry, additives and antioxidants, precipitation of pollutants by complexation of heavy metals in liquids, metal corrosion inhibitors, etc. [1]. However, as the quantity of commercial tannin available was of just 200,000 tonnes per year in 2006 [14,15], this quantity is insufficient when considering the different areas of application. It is, therefore, necessary to determine the characteristics of new environmentally friendly tannins and to identify their various areas of application.

Cameroon possesses the second-largest forest in Central Africa after the Democratic Republic of Congo. It covers almost 22 million hectares, or 46.25% of the national surface area [14]. Cameroon’s forest heritage is diverse, with more than 600 species, 300 of which are commercially exploitable, and around sixty species exploited for timber [16]. The quantity of logs produced annually is estimated at 2.7 million m3, of which 78% [17] are sold abroad in the logs form, with the remainder processed locally and exported in the form of sawn timber. For economic reasons, legislation in the CEMAC zone prohibits the export of logs, this being to benefit the local industry. Nevertheless, it should be noted that the timber industry produces large quantities of waste, which is either recovered for energy purposes or deposited in the environment [14]. In both cases, they pose a real danger to the environment, since they emit greenhouse gases that contribute to the destruction of the ozone layer [17]. They could, however, be used to produce materials that are environmentally friendly and sustainable. Among the many species of wood exploited in Cameroon, one has been chosen for its tannin content, as it has been shown that the biomass generated by the wood industry can be used as a raw material for extracting tannins [14,18,19].

Paraberlinia bifoliolata is a tropical species in the Fabaceae-Caesalpiniaceae (angiosperms) family. It is a medium to large tree, growing up to 45 m tall. It has a cylindrical trunk 20 m long, without branches, straight or slightly curved, up to 200 cm in diameter, with thin buttresses up to 2 m high; the bark is smooth, grey to orange-brown or reddish, exfoliating into small scales, the inner bark is fibrous, reddish and difficult to detach. It is a medium to heavy wood, with a density of 670 to 860 kg/m³ and a moisture content of 12%. It is restricted to tropical Africa and is found in Cameroon, Equatorial Guinea, Gabon, Congo and the west of the Democratic Republic of Congo. Marketed under the names Ekop-Beli (Cameroon), Awoura or Beli (Gabon), and Zebrali (France and Germany). It is particularly suited for cabinetmaking, joinery and sliced veneers. It can also be used in light construction, moderate parquetry, interior joinery, staircases, shipbuilding, carpentry, ladders, sports equipment, toys, trinkets, agricultural utensils, handles and sculpture [18].

The volume of Ekop-béli wood harvested in Cameroon in 2015 was 74,377 m3 of logs, which is high enough to generate significant waste when we know that for a log of wood, only 30% is finally valorised [14]. Its bark, little used even in traditional medicine, could therefore be useful for extracting tannins, in view of previous work carried out on this family of compounds [14]. The aim of this study is to assess the lack of specific use of the chemical properties of tannin extracted from the bark of tropical plants (Paraberlinia bifoliolata) in industry.

2  Materials and Methods

2.1 Tannin Extraction

Barks were collected in November 2022, in an industrial wood processing company (TRANSBOIS) in the city of Douala, Cameroon (4°2′60″N 9°41′60″E). A 35 kg of wet bark was collected, then bagged for easy transport to the Laboratory of Forest Resources and Wood Valorization at the University of Douala. Barks were then dried for 7 days in the air sun and ground using a rotary knife mill until a fine powder with a particle diameter of 1mm was obtained. Extraction involved introducing 400 g of bark powder into an aqueous solution containing 2% sodium bisulphite and 0.5% sodium bicarbonate (the water/bark ratio being 6:1). The mixture was stirred continuously at 60°C for 4 h. The bark solution was sieved and filtered through a No. 2 Wattmann paper and the filtrate obtained was recovered and then concentrated at 60°C using a rotary evaporator, then frozen using liquid nitrogen and a laboratory-scale spray dryer (Buchi Mini Spray Dryer B 290). The tannin powder, which is easier to use, has been obtained and packaged [20,10]. The extraction percentage is calculated using the Eq. (1):


percentage=mtanninmbarks×100
(1)

With 
mtannin
: the mass of extracted tannin powder.

mbarks: the mass of bark powder taken for extraction.

2.2 MALDI-TOF/MS Analysis

Matrix-assisted laser Desorption/ionisation Time of Flight analysis has been used to determine the structure and characteristics of polyflavonoid tannins that have proved difficult using other methods. The molecules to be analysed are incorporated into a light-absorbing matrix, where they are ionised and then desorbed. The principle involved dissolving 5 mg of sample in 1 ml of acetone. The sample solution was mixed with another solution consisting of 2,5-dihydroxybenzoic acid as a matrix and acetone (10 mg/mL acetone). Ion formation was enhanced by adding sodium chloride (NaCl) to the matrix (10 mg/mL in distilled water). The resulting solutions were evaporated on the MALDI target before being placed in the spectrometer. Spectra were recorded on a KRATOS compact AXIMA PERFORMANCE MALDI TOF 2 instrument. The irradiation source was a pulsed nitrogen laser (wavelength: 337 nm, laser pulse length 3 ns and target type: ground steel) [20–23].

2.3 RMN 13C Analysis

This method makes it possible to identify the different carbon families likely to be contained in the molecule and to assemble them to find the structure of the molecule. The tannin powder from the extracts obtained was characterised by carbon-13 nuclear magnetic resonance (13C-NMR). The spectra were recorded on a Brüker AVANCE 400 MHz spectrometer (Brüker, Billerica, MA, USA) with a 4 mm probe at a frequency of 12 kHz. Chemical shifts were calculated relative to tetramethylsilane (TMS). The rotor was rotated at 12 KHz on a 4-min Bruker double-bearing probe. Spectra were acquired with recycling delays of 5 s, a 90° pulse of 4.2 µs and a contact time of 1 ms. The number of transients was 3000. The spectra were run with rotating sidebands suppressed [24–27].

2.4 Resin Formulation

The resin was obtained using the following formulation: 40% purified tannin was dissolved in a volume of water representing 50% of the mixture and 10% Accacia nilotica exudate hardener [27–29]. The pH was adjusted to 7 with a 33% NaOH solution [29].

2.5 Thermomechanical Analysis of Resins

This analysis was used to characterize the resins and provide information on the interactions between the polymer and other molecules, and also to determine the rigidity of the resin as a function of temperature [26].

The samples were prepared by applying 25 mg of pre-prepared resin between two smooth plates measuring 21 mm × 6 mm × 1.1 mm. They were then glued and introduced into a Mettler Toledo 40 TMA thermomechanical analyser (Mettler Toledo, Zurich, Switzerland). The beech-resin-beech sandwiches were tested in non-isothermal mode between 25°C and 250°C at a heating rate of 10°C/min. The surface area occupied by the adhesive on the sheets is 200 g/m2. The sheets are decorative plies of beech wood with an average density of 0.750 g/cm3, a thickness of 0.5 mm and a moisture content of 11% [8,11]. The specimens were tested in three-point bending over a span of 18 mm using a force cycle of 0.1/0.5 N with a force cycle of 12s (6s/6s). The mechanical relationship between force and deflection is given in Eq. (2):


E=L34bh3×FΔfbois−Δfaadhesif
(2)

where E is the Young’s modulus; L is the length of the span; b and h are the width and thickness of the specimen respectively; F is the force exerted on the joint; 
Δfbois et Δfadhesif
are the deformations that have been proven to be constant and reproducible [30,31].

3  Results and Discussion

3.1 Extraction Yield

Bark tannin yield from the Paraberlinia bifoliolata was estimated at 35% by weight. This result is in accordance with the results obtained by Konai et al., on the extraction yield of two tropical species, Azadirachta indica and Daniellia oliveri were 35% and 29% respectively. However, tropical wood species had generally higher extraction rates such as Ficus sycomorus (46%) [30], and Butyrospermum parkii (40%) [14]. Bikoro et al., showed that the extraction rate of tannin contained in Khaya. ivorensis bark was between 36.9% and 39.1% and this yield could reach 69% if heartwood and an acetone/water solvent mixture were used for extraction [31]. Feria-Reyes et al. in 2023 extracted tannins from barks of five Mexican tree species, namely Pinus patula, Pinus ayacahuite, Pinus rudis, Pinus douglasiana and Pinus pseudostrobus. The extraction rate obtained with acetone and water are: 0.65% to 5.14% and 0.14% to 1.46%, respectively [32]. Thus, the bark of P. Bifoliolata is then of economical interest in the production of tannins like many tropical woods. Moreover, the presence of different newly compounds in the extract from these barks can lead to further pharmaceuticalor other uses either for thetannin extract or of molecules isolated from it.

3.2 MALDI-TOF/MS

Table 1 shows characteristics of oligomers present in P. Bifoliolata tannin obtained after the interpretation of the relevant MALDI-TOF peaks of the extract. Three new compounds were identified: 3-hydroxyproline, N-methyl-4-hydroxypipecolic acid and N-methyl-5-dihydroxypipecolic acid. These are still unknown in tropical wood species barks. Several characteristic peaks were identified, the most relevant being the low intensity 154 Da peak which reveals the presence of the 3-hydroxyproline molecule to which Na+ is bound, in principle 154 Da = m/z 3-hydroxyproline (130 Da) + m/z Na+(24). The peak at 159 Da indicates the presence of N-methyl 4-hydroxypipecolic acid without Na+. The peak at 176 Da of medium intensity indicates the presence of N-methyl 5-dihydroxypipecolic acid without Na+, 177 Da is the m/z value of the protonated molecule. The peak at 198 Da indicates the presence of N-methyl 5-dihydroxypipecolic acid to which Na+ is bound; 199 Da corresponds to the protonated molecule. The peaks at 263, 267, 281, 323, 371, 405, 449, 537 and 669 Da represent multiple units (dimers, trimers) of the same monomer or of several different monomers identified above. Nevertheless, the identification of certain peaks other than those that make this tannin special were identified, showing the presence of other compounds in this tannin. The 176, 177, 198 and 199 Da peaks indicate the presence of glucose in the structure. The 301 Da peak identifies the prodelphinidin monomer. The 405 Da peak characterises chalcone (-3H+) + Glucose + Na; 449 Da is a Trihydroxyflavan-3-p- hydroxybenzoate unit (-H+; + Na+); 537 Da Gallocatechol + Na+; 625 Da Quercetin dimer diprotonated + Na; 780 Da Catechin dimer tetradeprotonated + Chalcone; 811 Da Chalcone (-2H+) + Quercetin + Epigallocatechin + Na; 889 Da Gallocatechin Gallate (-2H+) + Chalcone dimer + Na+; 969 Da Chalcone trimer (+2H+) + Epigal-locatechin + 2 Na; 1085 Da Gallocatechin gallate (3H+) + Epigallocatechin + Quercetin + Na; 1261 Da catechin dimer + Chalcone + Epicatechingallate + Na (-H+; + OH-).

[image: images]

Saha et al. in 2012 reported that tropical wood species such as Pterocarpus soyauxii Taubb,Erythrophleum suaveolens, Baillonella toxisperma and Distemonanthus benthamianus contained homopterocarpine and pterocarpine, respectively; catechin, gallic acid and pyrogallol; diterpenes; gallic acid, squalene and triterpenes [33]. At the same time, Konai in 2015 showed that the tannins in Aningeria sppbarks are condensed and made up of catechin, gallogatechin and galloyl units [21]. In 2017, he determined the condensed nature of Ficus sycomorus bark tannin, which consists of catechin, gallocatechin, catechin gallate, fisetinidin, radicinin, chalcone, quercetin and apigenin [22,30]. The tannin of Gilbertiodendron dewevrei was studied by Ndiwe et al. in 2020, who found that catechin gallate was one of the main constituents of Gilbertiodendron dewevrei [34].

Similarly, the tannin in Piptadeniastrum Africanum bark was explored in 2021 by Wedaïna et al., who reported that it was composed of catechin, quercetin, chalcone, gallocatechin, epigallocatechin gallate and epicatechin gallate [35]. Navarette in 2010 found in Pinus maritimus bark tannin from the Landes (France): catechin, epicatechin, epigallocatechin and epicatechin gallate with molecular masses (MW) of 290.3, 290.3, 306.3 and 442.4 Da, respectively [20]. In 2013, Navarette determined the chemical properties of two maritime pine tannins intended for use in particleboard adhesives and found that these two tannins were essentially composed of catechin, epicatechin, epigallocatechin and epicatechin gallate [27]. Similarly, MALDI- TOF /MS analysis of the tannins from Schinopsis spp (Quebracho) and Acacia mearnsii (Mimosa) bark showed the predominance of profisetinidine and prorobinetinidine in these tannins [23].

In the spectra of the tannin extract of P. bifoliolata (Ekop beli) there are several features of interest. First of all, as also found in previous literature for the other Fabaceae species, but for the first time for the species under examination, 3-hydroxyproline N-methyl 4-hydroxypipecolic acid and N-methyl 5-dihydroxypipecolic acid are clearly present (Fig. 1). Also new is that in particular both the N-methyl-dihydroxypipecolic acids do oligomerize, possibly by an enzymatically catalyzed route, or alternatively perhaps during the tannin extraction if this is done with heat. Some dimer of hydroxproline are also present, although much less than those of the N-methyl-dihydroxypipecolic acids.

[image: images]

Figure 1: Structure of new monomers present in P. Bifoliolata tannin: (a) 3-hydroxyproline (b) N-methyl 4-hydroxypipecolic acid (c) N-methyl 5-dihydroxypipecolic acid

Further novelties are that at the higher molecular weights, three types of species are found, two of which have never been observed before. The first is the presence of oligomers of flavonoids constituting part or fractions of the tannin extract. The others are more interesting: one is the presence of flavonoid oligomers esterified by pipecolic acid, without hydroxyl groups. The suspicion here is that this might be a fabrication of the extraction process. If this has been done at a relatively high temperature this has facilitated the esterification of some of the tannin flavonoid units by the N-methyl pipecolic acid, probably with elimination of methanol (CH3OH), in the reaction. One more point to notice in these species is that not only the alcoholic -OH on the flavonoids C3 is esterified but also some phenolic -OHs, however without being able to determine if the flavonoids A or B rings are the preferred phenolic sites for such a reaction. A clear example of this are the species at 498 and 1318 Da (Table 1 and Fig. 2).
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Figure 2: MALDI¬TOF/MS spectra of Ekop beli tannin in the range 50–500 Da and 50 to 1000 Da

3.3 13C-NMR Analysis

The 13C-NMR spectrum identified exactly 13 peaks in this tannin sample (Fig. 3): 177 ppm; 165 ppm; 154 ppm; 145 ppm; 131 ppm; 117 ppm; 107 ppm; 72 ppm; 55 ppm; 43 ppm; 36 ppm; 25 ppm and 15 ppm. The 177 ppm, shift despite its low intensity, indicates the presence of the carboxylic acid function -COOH, which may be either that of pipecolic acid (piperidine-2-carboxylic acid) or hydroxyproline acid. Subsequently, the peak at 165 ppm confirms the existence of this acid function as it indicates the presence of a carbon bonded to –a CO-. The C4, C5 and C9 carbons shifts of the procyanidin appear at 154 ppm [36]. The peak at 145 ppm is attributed to the C3′ and C4′ resonances of the procyanidine B ring. The peaks at 131 and 117 ppm are attributable to the C1′ and C5′ resonances of the procyanidin units, respectively [37] and the catechol B rings present in this tannin. The peak at 107 ppm corresponds to C4–C8 interflavonoid linkage characteristic of procyanadins [34]. The peak at 72 ppm is broad and intense and corresponds to the C2 representing the carbohydrate oligomer fragments present in any condensed tannin extract [25,38]. The C2 resonance around 72 ppm indicates the preferential presence of the cis isomer in the structure [36]. The 55 ppm is the shift of lignin methoxy groups, indicating that there is some (small amount) of lignin or lignans extracted with the tannin. The 42 ppm shift is assigned to the -CH3 group linked to the N atom of the pipecolic acids. The 36 ppm is due to the rearrangement of the catechinic acid [30]. The 25 ppm belongs to the unbound flavonoid C4 [20,34]. Maritime pine tannin is mostly composed of procyanidin oligomers, but Navarrete et al. showed that the structure of this tannin was modified by the presence of gallic acid (176 ppm) [25].

[image: images]

Figure 3: 13C NMR analysis spectrum of Ekop beli

These analyses show that the structure of Paraberlinia bifoliolata tannin presents direct substitution of a flavonoid -OH directly by the N of the rings of pipecolic acid such as:[image: images]

Such a direct substitution of a flavonoid C3 -OHs by nitrogen compounds is well documented in the literature, as in the case of amonia and amines [39–42].

3.4 Thermomechanical Analysis

Fig. 4 shows the variation in modulus of elasticity (MOE) as a function of temperature. The resin produced has three phases. The first phase, between 20°C and 55°C, corresponds to the water evaporation phase. During this phase, the tannin-hardener mixture is not very homogeneous, which could explain the resin’s low viscosity. In the second phase, we note that the MOE value increases expressively between 55°C and 150°C to reach a maximum of 4840 MPa at 150°C, which could mean that the resin formulated at this temperature is fully polymerised. This would correspond to the complete resin cure and reticulation. The third phase occurs above 150°C, where the MOE drops very rapidly. This drop is due to both the likely start of the degradation of the wood support in the TMA but also by starting to degrade already at 150°C means that the resin itself could start degrading at temperatures above 150°C. The third phase occurs above 150°C, where the MOE drops very rapidly. The resin could degrade at temperatures above 150°C with degradation of the wood substrate contributing to this degradation from about 200°C. The resin formulated with Paraberlinia bifoliolata tannin and Acacia nilotica bio-hardener performs better than that formulated with Cissus dinklagei tannin hardened with formaldehyde (MOE = 3825 MPa) [43]; as well as those formulated with Butyrospermum tannin (4620 MPa); Azadirachta indica tannin (26500 MPa) and Daniellia oliveri tannin (2370 MPa). And Vachelia Nilotica bio-hardener [34]. The resin formulated with this tannin showed a more interesting rigidity than that of maritime pine hardened with paraformaldehyde (3727 MPa), maritime pine tannin hardened with Acacia siebteriana (4343 MPa), Vachellia seyal (4337 MPa), and Senegalia Senegal (4605 MPa) extracts [44].
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Figure 4: Variation in MOE of Paraberlinia Bifoliolata tannin resin hardened with Accacia Nilotica extracts as a function of temperature

4  Conclusion

The present study contributed to identifying the nature of new tannins of tropical origin. Tannin from barks of Paraberlinia Bifoliolata was extracted using water as the solvent, with an extraction yield of 35%. This ranks this species among the tropical ones with a high extractable potential. Chemical characterisation methods using MALDI-Tof and 13C-NMR showed that this tannin contains new molecules that have not yet been identified in this family of compounds and which could broaden the range of applications for this tannin. The new molecules found are 3 hydroxyproline acid; N-methyl 4-hydroxypipecolic acid; N-methyl 5-dihydroxypipecolic acid. These molecules even linked to the tannin flavonoid units, show however that this tannin is anyhow of the condensed type. Analysis of the resin showed to have a high MOE value peak of 4840 MPa at maximum curing at 150°C. This tannin can therefore be envisaged for the preparation of binders for wood particleboard. In addition, the presence of several -OH bonds, heteroatoms (O, N) and pi electrons in the structure of this tannin makes it a good potential candidate for the formulation of corrosion inhibitors.
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Table 1: Characteristics of the oligomers present in Paraberlinia Bifoliolata tannin
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