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Abstract: A non-isocyanate-based polyurethane (NIPU) wood adhesive was produced from organosolv lignin, which is a bio-sourced raw material, available in large quantities and produced as a by-product of the paper industry. The formulation of this new lignin-based NIPU adhesive, which is presented, was chemically characterised by Matrix-Assisted Laser Desorption Ionization Time of Flight (MALDI ToF) mass spectrometry and by Fourier Transform Infra-Red (FTIR) spectrometry analyses. The oligomers formed were determined and showed that the three species involved in the NIPU adhesive preparation were formed by the co-reaction of the three reagents used: lignin, dimethyl carbonate, and hexamethylene diamine. Linear and branched structures were both identified. Mechanical properties of the adhesive were determined using the Automated Bonding Evaluation System (ABES) and internal bond (IB) strength test of the laboratory particleboard bonded with it. The adhesive has shown satisfactory mechanical properties after hot pressing at 230°C. Such a temperature is used industrially in the most modern particleboard factories, but since it is hardly feasible for more conventional wood bonding equipment, the reactivity of the NIPU adhesive was successfully increased with the addition of a small percentage of a silane coupling agent. With the addition of the silane, the proposed NIPU adhesive could also be used at a hot-pressing temperature lower than 200°C.
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1  Introduction

Lignins are natural phenolic compounds, very common in the vegetable world, particularly in trees, for which they constitute one of the two main fundamental structural constituents of wood. They are widely available from the pulp and paper industry, and they are the second most abundant polymers on earth. Different lignin production processes lead to their different chemical structures. Organsolv lignins (OL) are produced by the chemical reaction between lignin and organic solvents, while the most commonly produced technical lignin with inorganic reagent is the Kraft lignin [1].

Many approaches to upgrading these materials to bring them to the level of industrial utilisation conditions as wood panel adhesives have been taken [2−5]; some are also used as commercial plastics [6]. Their use as commercial wood adhesives has been less common, due to some of their drawbacks, such as lower reactivity and consequently longer hot press times. Some methods have been reported for lignin modification for application in wood adhesives, such as demethylation [7−10], hydroxy-methylation [11,12], phenolation [13−16], oxidation [17], and others more recent ones [18], which can effectively improve the reactivity of lignin. Lignins have also been used as partial substitutes for phenol in phenol-formaldehyde resins for plywood [17−19].

Bio-sourced polyols have already been used to manufacture polyurethanes for a variety of applications [20−26]. Nonetheless, notwithstanding the bio-sourced polyols, the industrial need to use isocyanates to manufacture polyurethanes is still present.

Non-isocyanate based polyurethanes (NIPU) have been and can be prepared by a number of routes. Poly-hydroxy-urethanes are generally prepared by the reaction of five-terms cyclic carbonates [27] with diamines [28]. This type of approach is well represented in the relevant literature [29−45]. The preparation of cyclic carbonates for such an application is, however, a technical drawback. Work to eliminate this drawback by employing approaches based on intermediates of glycerine carbonate or by using transformed epoxidized plant oils have been published. As regards the needed amines, an approach based on fatty diacids to obtain polyamines has also been proposed [46].

The first carbonation has been proven to be effective by also using a much simpler non-cyclic aliphatic carbonate, namely dimethyl carbonate. Dimethylcarbonate is easily available, inexpensive, reacts well and is also a good reaction solvent [47,48]. It has a pleasant smell and neither mutagenic, nor irritating effects are reported whatsoever, neither on the skin nor on respiration (Merck index) [48].

Dimethyl carbonate does carbonate hydroxygroups in general around 90°C [48], thus near to its boiling point. The reaction is a base-catalysed two molecules nucleophile substitution by acyl cleavage [48].

Preparation from condensed and hydrolysable tannins of non-isocyanates poly-hydroxy-urethanes has recently been reported, these resins presenting good wood surface coats and wood adhesives performances [49−53]. Even more notable was the inclusion of pre-aminated tannin as a bio-sourced polyamine [51] bringing the bio-content of these NIPU polyurethanes to around 90%.

The reactivity of NIPU has already been successfully increased by adding silane coupling agents. Silanes can modify the chemical formulation of adhesives [54] or substrates [55], which are then better compatible with each other. This leads to shorter pressing times at lower pressing temperatures.

The development of a new adhesive formulation and its successful application in the wood industry requires a characterisation of the curing process, which enables the determination of the optimal pressing parameters, which are essential for the economical production of wood-based composites. For this reason, several methods have been developed to provide insight into the curing process of the adhesives.

The shear strength development of the adhesive bond is the direct measure of the curing process. The majority of those methods measure various parameters that indirectly approximate the shear strength development of the adhesive. Only a few of those directly measure the adhesive bond strength during (or immediately after) pressing. The automated bonding evaluation system (ABES) that was used in this research is one of those [56−58].

This paper deals with the development, the preparation and the characterisation of NIPU starting from organosolv lignin, their analysis, and their applicability and performance as thermosetting wood adhesives for wood panels.

2  Materials and Methods

2.1 Materials

For the preparation of the organosolv lignin NIPU, the following chemicals were used: Organosolv lignin (OL) (generated via the acid-catalysed ethanol/water organosolv-cooking of standard beechwood chips, supplied by Fraunhofer CBP, Leuna, Germany); Dimethyl carbonate (99%, CAS Number 616-38-6, supplied by Sigma-Aldrich); Hexamethylenediamine (70%, CAS Number 124-09-4, supplied by Sigma-Aldrich); silane coupling agent (HK560, 98%, CAS Number 2530-83-8, supplied by Sigma-Aldrich), with the structural formula
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2.2 Organosolv Lignin Characterisation

2.2.1 31P-NMR Spectroscopy

Exactly 20.00 mg of the organosolv lignin (vacuum dried, 10 mbars, 55°C, 96 hrs) was weighed in a High-Performance Liquid Chromatography (HPLC) vial. 600 µL of a freshly prepared solvent–mix I, containing pyridine/CDCl3 (1.6/1 v/v), 100 µl of solvent mix I, containing 0.5 mg Cr(III) acetylacetonate as well as 100 µL solvent mix I, containing 1.085 mg cyclohexanol (internal standard) were added to the sample, and the vial was capped. The sample was mixed by vortex mixing at 21°C. 10 min before the Phosphorus-31 nuclear magnetic resonance (31P-NMR) analysis 50 µL of in situ labelling reagent 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Cl-TMDP) were added to the vial and homogenised again by vortex mixing at 21°C. The sample was completely dissolved. The final sample solution was transferred to an NMR tube. The 31P-NMR analysis was done on a Bruker AVANCE 300 MHz. Chemical shifts are reported relative to the sharp signal (132.2 ppm) originating from the reaction between traces of water and Cl-TMDP. The following NMR parameters were used: scans = 1024, pulse delay = 5 s, 90° pulse and line broadening = 2 and default baseline correction. 31P-NMR measurement is based on the method by Granata and Argyropoulos [59]. 31P-NMR-spectra were processed on ACD Lab 12.0, 1D-processor software. Integration for quantitative calculation was done according to published data of Pu et al. [60].

2.2.2 GPC Analysis

The determination of weight-average molecular weight (MW) and number-average molecular weight (MN) was carried out by gel permeation chromatography (GPC) on two GPC systems.

GPC system I used an HPLC-system with a Diode Array Detector (Agilent Technologies, LC 1100, DAD: 280 nm) with three columns (PSS SDV 50 Å, 5 µ, guard column, and three analytical columns PSS SDV 5 µ, 102 Å, 5 µ, 103 Å and 5 µ, 105 Å), according to Baumberger et al. [61]; 2–3 mg of acetylated organosolv lignin (detailed description is in Appendix A of Supplementary Materials) were dissolved in 1 mL of THF. The mobile phase was THF with a flow rate of 1 mL min−1 and an oven temperature of 35°C. Sample injection volume was 100 µl. Conventional polystyrene standards (266 g mol−1 to 1.252.000 g mol−1, PSS Mainz, Germany) were used for calibration. Therefore, the results regarding weight-average molecular weight (MW) and number-average molecular weight (MN) are presented versus polystyrene.

A GPC system II using an HPLC-system with a refractive index detector (Agilent Technologies, LC 1200, RID cell temperature: 35°C) with three columns (PSS MCX 10 µm, guard column, analytical columns 10 µ, 100 Å and 10 µ, 1000 Å) according to Baumberger et al. [61]; 2–3 mg of the samples were dissolved in 1 mL of 0.1 M sodium hydroxide solution. The mobile phase was 0.1 M sodium hydroxide solution with a flow rate of 1 mL min−1 and an oven temperature of 35°C. Sample injection volume was 100 µl. Conventional pullulan standards (342–805.000 g mol−1, PSS Mainz, Germany) were used for calibration. Therefore, results regarding weight-average molecular weight (MW) and number-average molecular weight (MN) are presented versus pullulan.

2.2.3 Elemental Analysis (CHONS)

The elemental composition of the organosolv lignin was analysed using an automatic elemental analyser Flash EA 1112 from Thermo Scientific, which was equipped with a MAS 200R auto-sampler. The calibration-standard methionine and vanadium pentoxide, tin capsules, and silver containers were purchased from IVA Analysentechnik e. K., Germany. Helium 5.0 for the GC–TCD analysis was purchased from Linde, Germany. The calibration and the determination of the elements C, H, O, N and S were done according to Nebhani et al. [62].

2.2.4 Ash Content

Determination of ash in organosolv lignin was done as follows. 10 g of OL were exactly weighed and vacuum dried (10 mbars, 55°C, 96 hrs). The determination of ash was exactly done according to the technical report NREL/TP-510-42622 [63].

2.3 Preparation of Lignin NIPU

In the first stage, 25.9 weight units of organosolv lignin powder were poured into a three-necked flask equipped with a reflux condenser and thermometer. Then 17.5 weight units of dimethyl carbonate and 21.6 weight units of distilled water were added and continuously stirred with a magnetic stirrer for 40 min at 50°C, then cooled to room temperature. After that, a total of 35.1 weight units hexamethylenediamine was added to the mixture and continuously stirred with a magnetic stirrer for 120 min at 90°C. Next, the resin was cooled to room temperature and ready to use. The viscosity of the prepared adhesive was determined to 64 mPa·s, the pH value to 11 and the solid content to 46%.

To increase the curing process of the OL NIPU, the silane coupling agent (KH560) was used. The silane was added to the prepared NIPU adhesive on the basis of a percentage of the dry NIPU weigh.

2.4 MALDI ToF Analysis

Samples for matrix-assisted laser desorption ionisation time-of-flight (MALDI-ToF) analysis were prepared first by dissolving 5 mg of sample powder in 10 mL of a 50:50 v/v acetone/water solution. Then 10 mg of this solution was added to 10 μL of a 2,5-dihydroxy benzoic acid (DHB) matrix to obtain a homogeneous solution. The locations dedicated to the samples on the analysis plaque were first covered with 2 μL of a NaCl solution 0.1 M in 2:1 v/v methanol/water, and predried. Then, 1 μL of the sample solution was placed on its dedicated location, and the plaque was dried again. The reference substance used for the equipment calibration was red phosphorus. MALDI-ToF spectra were obtained using an Axima-Performance mass spectrometer from Shimadzu Biotech (Kratos Analytical Shimadzu Europe Ltd., Manchester, UK) using a linear polarity positive tuning mode. The measurements were carried out, making 1000 profiles per sample with two shots accumulated per profile. The spectra precision is of +1 Da.

2.5 FTIR Analysis

Fourier Transform Infra-Red (FTIR) analysis was carried out using a Shimadzu IR Affinity-1 (Shimadzu Europe Ltd., Manchester, UK) spectroscopy. A blank sample tablet of potassium bromide, ACS reagent from ACROS Organics (Geel, Belgium), was prepared for the reference spectra. Similar tablets were prepared by mixing potassium bromide with 5% weight on the weight of the sample powders to be analysed. The spectra were obtained in transmittance by combining 32 scans with a resolution of 2.0 cm−1 in the 400–4000 cm−1 range.

2.6 Adhesion Development of NIPU Adhesive with ABES

Adhesion development of NIPU adhesive was determined with ABES (Adhesive Evaluation Systems Inc., Oregon, USA), following the ASTM [64] standard. ABES is a combination of small hot press and tensile testing machine.

Beech (Fagus sylvatica) veneers, 0.84 mm thick, were bonded in the hot press at different temperatures and for different pressing times. The geometry of the bonded area of the veneer lap joints was 5 mm × 20 mm (100 mm2), as presented on Fig. 1. However, the actual area of each tested sample was measured.
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Figure 1: Schematic of the Bonding and Testing Concept [64]

Selected temperatures of the hot press were 180°C, 200°C, and 230°C. The real temperature transition to the bond line was observed with K-type thermocouple for three samples at each of the tested temperatures.

Ten different press times between 15 s and 600 s (15 s, 30 s, 60 s, 90 s, 120 s, 180 s, 240 s, 300 s, 420 s, and 600 s) were chosen to present the building of the bond shear strength in time. After the opening of the hot press, the adhesive bond was cooled with the compressed air for 5 s.

The last step was the shear strength test of the adhesive bond. The lap joint was pulled until the rupture occurred (approx. 11 s after the hot press opening). The maximum achieved force was compared with the bonded area, and the resulting shear strength was expressed in N/mm2.

2.7 Dry Internal Bond Strength Test

For a dry internal bond strength test, different monolayer particleboards were prepared. The adhesive solids load was 10% on the weight of the bone-dry wood. The panels were pressed with a three-stage hot pressing cycle for 10 min at a maximum pressure of 2.8 N/mm2, decreasing to 1.5 N/mm2 and then 0.6 N/mm2 for respectively 2, 3.5, and 4.5 minutes. Two different hot-pressing temperatures (180°C and 230°C), and densities (0.7 and 0.76 g/cm3) were used. The dry internal bond (IB) strength was tested according to European Norm EN 319 [65].

3  Results and Discussion

3.1 Organosolv Lignin Characterisation

3.1.1 Structural Features

In Tab. 1 and Fig. 2, the GPC and 31P-NMR results according to structural features of OL are presented. Both used GPC methods illustrate a lower molecular weight and a small molecular weight distribution of the used OL compared to technical Kraft lignin.

Table 1: Structural features of organosolv lignin (OL) weight-average molecular weight (MW) and number-average molecular weight, determined by two GPC-methods and number of phenolic, aliphatic and carboxylic OH groups in mmol/g, determined by 31P-NMR analysis, after in-situ labelling with Cl-TDMP, internal standard: Cyclohexanol
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Figure 2: Result of the 31P-NMR-analysis of OL, after in-situ labelling with 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Cl-TMDP), region of aliphatic OH: 145.4-150.0 ppm; region of C5-substituted and syringyl OH: 140.0-144.5 ppm, region of guaiacyl OH: 139.0-140.2 ppm, region of carboxylic OH: 133.6–136.0 ppm, ISTD Cyclohexanol: 144.75–145.39 ppm according to published data of Pu et al. [60]. Chemical shifts are reported relative to the sharp signal (132.2 ppm) originating from the reaction between traces of water and Cl-TMDP

Additional, the functionality within the total OH number, aliphatic OH number as well as the phenolic OH number is smaller than expected. Compared to Kraft lignin, the used OL does not contain carboxylic OH groups as additional difference.

Detailed data regarding the structural features of Kraft lignin were published by Crestini et al. [66].

A target driven chemical functionalisation, such as illustrated in the paper, is essential to increase the chemical reactivity of Kraft lignins as well as of OL for the development of material applications.

3.1.2 Elemental Composition (CHONS) Ash and Humidity

The elemental composition (CHONS) of the organosolv lignin was as follows: C: 64.13%, H: 5.69%, O: 28.99%, N: 0.53%, S: 0.00% with an elemental balance of 99.3%.

The ash content was 0.01%. The analysis was done on vacuum-dried (10 mbars, 55°C, 96 hrs) materials. The humidity of the original OL was 1.55%, determined by vacuum drying (10 mbars, 55°C, 96 hrs) of 10 g powdered sample.

3.2 MALDI ToF Analysis

MALDI ToF analyses of both the organosolv lignin and of the NIPU obtained from the same lignin after reaction with dimethyl carbonate and hexamethylene diamine were done to understand the structures involved and formed in the reaction. In Figs. 3a–3c, the MALDI spectra of the organosolv lignin, are shown. The peaks in these spectra are those of monomeric lignin units and different lignan dimers derived from conyferyl, synapyl, and cynnammyl alcohols and their couplings. The structures assigned to the main peaks are shown and listed in Appendix B in the Supplementary Material. It was of interest to first determine the oligomers present in the original lignin. This was necessary to identify the new peaks and to identify the oligomers formed in the preparation of the organosolv lignin NIPU resin. The MALDI spectra of the lignin NIPU resin are shown in Figs. 4a–4f and the list and structures assigned are shown in Appendix C in the Supplementary Material. In Appendix C, none of the peaks and structures of the pure organosolv lignin in Appendix B has been reported in order that only some of the relevant peaks and structures from the reaction can be considered. The list of compounds is long, but here only structures that are of interest will be discussed.

[image: images]

Figure 3: (a) MALDI ToF spectrum of organosolv lignin. 0 to 1000 Da range (b) MALDI ToF spectrum of organosolv lignin. 0 to 450 Da range (c) MALDI ToF spectrum of organosolv lignin. 0 to 1000 Da range
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Figure 4: (a) MALDI ToF spectrum of organosolv lignin NIPU resin. 0 to 500 Da range (b) MALDI ToF spectrum of organosolv lignin NIPU resin. 400 to 800 Da range (c) MALDI ToF spectrum of organosolv lignin NIPU resin. 600 to 800 Da range (d) MALDI ToF spectrum of organosolv lignin NIPU resin. 800 to 1000 Da range (e) MALDI ToF spectrum of organosolv lignin NIPU resin. 1000 to 1200 Da range (f) MALDI ToF spectrum of organosolv lignin NIPU resin. 1200 to 1500 Da range

Several types of reaction and a number of rather different oligomers are formed by the NIPU preparation method used. Intermediate structures derived from the reaction of monomeric lignin units, such as conyferyl and synapyl alcohol reacted with dimethyl carbonate (DMC), are present such as structure (I) at 320–321 Da and (II) at 329 Da as well as dimers of these alcohols linked exclusively through a carbonate bridge, such as structure (III) at 409 Da.
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Structure (III) is the result of a wasteful side reaction as two lignin units that could form urethane linkages are blocked through this side reaction. There are not many structures such as (III), only the ones at 451 Da and at 469–471 Da. Thus, due to their low proportion, structures of type III do not detract to the preparation of NIPU resins. The next type of structure of interest (IV) at 457 Da indicates that all the –OH groups of lignin, both aromatic and aliphatic, do react with DMC and then with the diamine to form urethane linkages.
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Structures like these lead to the formation of double urethane bridges between lignin units. There are several of these at 591 Da, 607 Da, 637 Da, 646-647 Da, 666 Da, 691 Da, 722 Da, 727 Da, 782 Da, 792 Da, 864 Da, 872-873 Da, 902 Da, 933 Da, 955 Da, 979Da, 1016 Da and many others at higher molecular weights. One example is species (V) at 873 Da.
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The long series of these species leads to a series of linear oligomers that respond to the general structural formula (VI).
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The cross-linking that is obtained with hardening these NIPU adhesives should entail a mechanism in which tridimensional networking is formed, as in effect these NIPU resins cure just with heat. Many species in which tridimensional branching has occurred, explaining the NIPU resins cross-linking, were detected with the MALDI Analysis. Thus, branching is evident in a considerable number of structures as those assigned to the peaks at 787 Da, 902 Da, 930–931 Da, 963 Da, 986 Da, 995 Da, 1027 Da, 1062 Da, 1095 Da, 1128–1131 Da, 1341 Da, 1403 Da and several other at higher molecular weights. These species can be divided into two categories: (i) Species in which branching has occurred just with the DMC and the diamine, without reaction with further lignin units, thus branching without cross-linking, an example being structure VII at 787 Da, and (ii) Species in which branching has cross-linked several lignin units in the structure, explaining how these resins can cross-link and harden with heat, such as structure VIII at 1403 Da.
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The above indicates that a generalised formula for the type of NIPU resins formed is more as structure IX rather than just structure VI.
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Parasite side reactions do occur. The one leading to structure III has already been presented, and a second one leads to the reaction of DMC with amine only, hence linking two amines such as structures X and XI at 255 Da. This reaction can also occur on groups linked to established structures involving lignin units, such as those at 979–980 Da and 1016 Da (XII).
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3.3 FTIR Analyses

The C=O group of urethanes at 1635 cm–1 and at 1557 cm–1 appears in the NIPU spectrum and is not present in the lignin spectrum (Fig. 5). These two peaks both belong to NH-CO urethane bridges. Confirming the presence of the urethane linkages is the peak at 1240 cm−1, also belonging to a urethane. This latter peak can also belong to an amide again indicating a urethane linkage but is also superposed masking a carbonate signal, confirmed by the small shoulder peak at 1744 cm−1. The rest of the peaks are assigned as follows: the much larger peaks at 2929 and 2856 cm−1 and the peak at 1455 cm−1 to the asymmetric stretching of the to –CH2- chain belonging to the diamine used to prepare the NIPU resin. These peaks also occur in the pure lignin spectrum, but their intensity is much smaller, belonging to the aliphatic side chains of lignin units. The small peaks at 912 and 834 cm−1 in the pure lignin spectrum are describing the different multi-substituted aromatic nuclei of the lignin. The peak at 1031 cm−1 and the broad peak at 3330–3400 cm−1 which remain unaltered when comparing the two spectra belongs to the hydrogen-bonded stretching of aliphatic alcohols, thus of the side chain of lignin units. This latter is then indicative that the urethane NIPU linkage either forms mainly on the free phenolic –OH groups of the lignin, or that on opening the C=C double bonds in the alpha and beta lignin units aliphatic chains an equal amount of –OH groups are formed than that are consumed by the reaction. With the data available, it is not possible to ascertain more on this.
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Figure 5: FTIR spectrum comparison of organosolv lignin and organosolv lignin NIPU

3.4 Adhesion Development of NIPU Adhesive with ABES

Curing of the adhesive was carried out at three press temperatures. Temperature transition to the adhesive bond line (an example for 60 s of selected pressing time) is shown in Fig. 6. Each curve represents an average value of 3 measurements. After 15 s in the hot press, the average temperatures reached 168°C, 190°C, and 223°C at different hot press temperatures (180°C, 200°C, and 230°C, respectively); however, ±5°C of set temperature was reached in 20 ± 2 s. After 5 s cooling step, all lap joints were tested in a similar temperature range between 70°C and 85°C, approximately 11 s after hot press opening.
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Figure 6: Temperature transition to the bond line in the hot press, during 60 s heating + cooling segment

Average shear strength test results are shown in Fig. 7. OL NIPU adhesive achieved the final strength (above 7 N/mm2), with high wood failure only at the highest temperature (230°C). Since the beech veneer loses its tensional strength at such a high temperature, this can be seen in the results as loss of the shear strength after 3 min. At lower temperatures, the adhesive did not achieve the final strength in the first 10 min. Similar results were also obtained after performing preliminary tests with kraft lignin NIPU.
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Figure 7: Shear strength development of organosolv lignin NIPU on ABES at different pressing temperatures (180°C, 200°C and 230°C)

A temperature of 230°C is used for fast press times in modern particleboard factories, which why panels were tried at this temperature. However, since hot pressing at 230°C is not feasible for all wood bonding equipment in older factories, as well as to try to save precious energy, we aimed to try and lower the hot-pressing temperature. That is why the impact of silane coupling agent on NIPU curing was observed in the next step. The results are presented in Fig. 8. Increasing the percentage of the silane in the mixture accelerated the curing process of OL NIPU. The best results, with final high wood failure, were obtained at 200°C with 22% silane addition.
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Figure 8: Impact of silane coupling agent (S) on shear strength development of organosolv lignin NIPU on ABES at different pressing temperatures (180°C and 200°C)

To summarise, the observed lignin NIPU could be used as a wood adhesive with pressing parameters of 3 min hot press at 230°C, or for 10 min at 200°C with the addition of silane coupling agent.

3.5 Dry Internal Bond Strength

In Tab. 2, the results of a dry internal bond (IB) strength test are shown. The European Norm EN 319 standard requires for particleboard a dry IB strength equal to or higher than 0.35 MPa [65]. From the results in Tab. 2, it is evident that if the organosolv lignin NIPU adhesive is used alone, it can satisfy the dry IB strength result only if the panels are pressed at 230°C for an average density of 0.70 g/cm3, and this IB strength value is also on the allowed minimum limit envisaged by the EN standard. The results become much better if the density of the panel is increased to 0.76 g/cm3. This density and temperature would indeed be suitable to pass the standard requirements for medium density fiberboard (MDF). To lower the needed energy for board production, silane coupling agent was used. Addition of 15% on resins solids of a silane satisfied the relevant requirements of the standard (it obtained a dry IB strength of 0.60 MPa), while pressing 0.70 g/cm3 dense particleboard at 200°C.

Table 2: Dry internal bond strength of different OL NIPU particleboards
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4  Conclusions

A novel NIPU wood adhesive was produced from organosolv lignin, dimethyl carbonate, and hexamethylene diamine.

The formulation of this new lignin-based NIPU adhesive was chemically characterised using MALDI ToF and FTIR spectrometry analyses. The oligomers formed were determined, and they showed that the three species involved in the NIPU adhesive preparation were formed by the co-reaction of the three reagents used: Lignin, dimethyl carbonate, and hexamethylene diamine. Both linear and branched structures were identified.

The mechanical properties of the adhesive were determined by ABES and IB strength test. Both methods confirmed that the adhesive had satisfactory mechanical properties after short-time hot pressing at 230°C. Such a temperature is currently used in the most modern particleboard factories, but since it is hardly feasible for more conventional wood bonding equipment, the reactivity of the NIPU adhesive successfully increased by the addition of a silane coupling agent. The observed influence of silane differs between both research methods. The results of the ABES method shown that for the goal shear strength of the adhesive bond above 7 N/mm2 the pressing parameters of at least 200°C for 10 min, with a 22% addition of silane coupling agent were needed. However, at dry IB strength test, the prepared particleboard superseded the goal strength of 0.35 N/mm2 already after hot pressing at 180°C for 10 min, with 15% addition of silane coupling agent.
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Appendix A

Lignin Acetylation

The organosolv lignin powder (OL) was vacuum dried at a temperature of 45°C for 3 days at a pressure of 10 mbars. 200 mg of vacuum dried OL powder were solved in 4 ml of acetic anhydride/pyridine (1/1, v/v) at room temperature by vortex mixing. Subsequently, the mixture was stirred at room temperature for 5 days in a 10 ml flask with cap. The concentration of the lignin in this solution was approximately 50 mg/ml. After 5 days, the solution was diluted with approx. 5 ml of ethanol and stirred for an additional 30 minutes. The solvents were removed by rotation evaporation at 60°C in a pressure range from 800 to 5 mbars. The addition of ethanol and the rotation evaporation were repeated twice to remove the solvents. Subsequently, the acetylated lignin was dried in a vacuum oven at 55°C at a pressure of 10 mbars for additional 3 days.

Appendix B

Table B1: Structures assignments of peaks of MALDI ToF analysis of organosolv lignin
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Appendix C

Structures assignments of peaks of MALDI ToF analysis of organosolv lignin NIPU Resin.
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GPC-I: SDV column set, mobile

phase: THF, calibration with
Polystyrene, DAD: 280 nm

GPC-II: MCX column set, mobile 3Ip.NMR
phase: 0.1 M NaOH, calibration Results are on dry and ash-free basis
with Pullulan, RID

My (g/mol) My (g/mol) D My (g/mol) My (g/mol) D Phenol. Aliphat. Carboxyl. OH
OH (mmol/g) OH (mmol/g) (mmol/g)
OL 2743 1056 2.60 4698 3713 1.26 1.147 1.153 0.000






