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1. Introduction
Overall, the main objective of the SUSBIND project is to produce and test bio-based adhesives in an
industrially relevant environment (TRL5). The developed adhesives are an alternative to formaldehydebased binders currently used in the manufacture of wood-based panel boards. Within the SUSBIND
project, work package 2 applies new and greener conversion technologies for the production of binders
and intermediates. The production and validating of these most promising binders at pilot scale is then
done with leading wood board manufactures for two wood-based panel boards, such as P2 particle
board and medium density fiber board.
An important objective of work package 2, WP2 is to investigate and test the most important parameters
of the produced adhesives on lab-scale and enable further upscaling and validation. The lab-scale
testing is done to demonstrate the practical applicability of the developed adhesives. WP2 develops the
chemical synthesis for carbohydrate-based adhesives. The reaction of carbohydrate during the resin
synthesis are investigated and the modifications of the adhesive formulations are tested. The bio-based
adhesives were produced on laboratory scale and their material properties were investigated to enable
the identification of the most important parameters for the intended application in wood-based panel
boards.
Specifically, Deliverable D2.2. “Lab-scale testing of most promising resins“, gives an overview of the
methods used for adhesive testing along with selected results of each testing method. The adhesive was
characterized and tested according to international standards and newly developed methods. The used
standard procedures are explained shortly for each method and examples are given of the testing of the
most promising resins.
The reaction of carbohydrate during the adhesive synthesis was followed by measuring the viscosity
profile. The produced adhesives should then be tested for their suitability for the usage as binders for
wood board production.
The best adhesive formulations for wood binders were assessed with respect to the following criteria
based on technical suitability:
I.
II.
III.

Curing Reaction within a temperature window suitable for the manufacturing process (20200°C)
Storage stability
Economic considerations based on cure speed of the adhesive

The most important material properties in this context are reactivity and curing conditions, the viscosity
development during curing and the storage stability. The thermal behavior of the adhesives is an
essential criterion considering the limitations of in the obtainable temperature in the core layer of wood
based panel boards during manufacture. Thermal analysis and rheological analysis was done to ensure
the curing reaction of the most promising adhesives is within the applicable temperature window. The
evaluation of the maximum tensile shear strength and the strength development at different
temperatures ensured a sufficient cure speed of the adhesive with respect to the intended applications.
The assessment of the technical suitability was complemented by chemical and rheokinetic analysis.
In addition, the material properties of the lab-scale composite test specimen were tested under dry and
wet conditions. The storage stability is an essential adhesive criterion and was measured by determining
changes in the pH and the viscosity after storage at different temperatures.
A comprehensive testing of the material properties is essential in the adhesive development to ensure
the usability of the new formulations for industrial application. The gained knowledge from the lab-scale
testing of the most promising adhesive formulations will be used in the optimization of production
parameters and resin formulations both on laboratory scale (WP2) and pilot scale (WP4).
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2. Short summary
A comprehensive testing of the material properties is essential in the adhesive development to ensure
the usability of the new formulations for industrial application.
From an application perspective, the adhesives must fulfill various criteria in terms of technical suitability
and economic feasibility. The methods used in the lab-scale testing of the adhesives are based on
procedures according to international standards as well as newly developed testing methods. These
methods are complemented by chemical and rheokinetic analysis for additional characterization of the
adhesives.
The gained knowledge from the lab-scale testing will be used for further optimization of the adhesive
formulations.

3. Solid Content and pH
The solid content of adhesives was determined according to EN 827:2005.1 A clean aluminium container
with 60mm diameter was prepared according to the standard procedure and then 2.0 ±0.2g of adhesive
sample was heated at 120±1°C for 120±1min. The solid content of typical adhesive systems is between
55 and 70%.
The pH of the adhesives is always measured, since the pH of the resin influences the reactivity of the
resin compounds and used crosslinkers. Since the SUSBIND resin uses a polyamine crosslinker, the pH
of the produced adhesives is strongly alkaline. Polymerization can be stopped by neutralization.
Unfortunately, when the resin is neutralized and brought to alkaline pH again, the reactivity suffers and
the strength of the resin system is lower.

4. Tensile shear strength
The tensile shear strength was determined as a measure of the mechanical performance on the
adhesives. It is defined as the adhesives ability to resist tensile forces that cause the material to slide
against itself. Uniform, planar and defect-free European beech veneers with dimensions of 120 x20x
0.6mm were used for the test. An automated bonding evaluation system (ABES), originally patented by
Humphrey2, was used for the testing according to ASTM-International-D7998-15.3 The veneers were
stored at standardized climate (20°C, 65% relative humidity).
ABES enables the evaluation and comparison of strength development characteristics of different types
and formulations of adhesives - typically thermosetting adhesives. The bond strength development for
these resins is tested by measuring the tensile shear strength of an adhesive bondline formed by gluing
two beech lamellas together at varying press temperatures and varying press times. The workflow of a
typical measurements is given in Figure 1. The strength measurement is usually carried out immediately
after hot pressing, whereby the adhesive joint is tested in hot condition. In order to reduce the influence
of thermoplastically induced softening for adhesives4, a cooling phase is needed to reach moderate
temperatures (~30°C) in the bond line.
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Figure 1: Upper graph: Workflow of a tensile shear strength measurements using an ABES; lower graph: Sketch of
the ABES test setup for measuring the tensile shear strength, 1 and 2 indicate the closing and opening of the hot
press followed by 3, the testing of the tensile shear strength.4

i. Selected results
In the initial screening of carbohydrate-amine adhesive formulations, several carbohydrate feedstocks
(e.g. fructose, glucose, maltodextrin) were tested. The tensile shear strength is one of the most important
parameters in the evaluation of an adhesive’s performance. Based on the initial screening of
carbohydrate feedstock, it was found that fructose-based adhesives have the fastest cure speed and also
reach the highest tensile shear strength (see Figure 2). The strength development of a commercial ureaformaldehyde adhesives was measured as reference. The UF adhesive was tested both without hardener
and with 3% 33% ammonium sulfate (NH4)2SO4 as hardener.

Figure 2: Screening of carbohydrate feedstocks: Tensile shear strength development after hot-pressing at 120°C

Error! Reference source not found. shows a comparison of the bond strength development of three
different adhesives: A Fructose – hexamethylenediamine (HMDA) adhesive without the addition of 5Hydroxymethylfurfural (HMF), an adhesive in which 5% of the fructose was substituted by HMF and an
adhesive in which 50% of the fructose was substituted with HMF. It can be clearly seen that the addition
of HMF improves the tensile shear strength of the adhesive system.
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Figure 3: Bond strength development of Fructose-HMDA-HMF adhesives5

5. Rheology
Rheology is the study of the flow and deformation behavior of a material. 6 A rheometer MCR 302 (Anton
Paar, Austria) is used for the rheological measurements of the adhesive samples.

5.1. Viscosity
Industrial applicability is important for every product and should be kept in mind during the
development process. A new bio-based system is more likely to be implemented in a production process
if the used machines and systems do not need to be altered for its use. Therefore, several parameters
are tested during the SUSBIND project. One of these properties is the viscosity of the produced resin.
The viscosity is, in combination with the formation of agglomerates, very important for the question how
the adhesive needs to be applied during the process. The currently used adhesives are sprayed onto the
particles before they are assembled to boards. Too high viscosity or to big agglomerates can clog
spraying systems very easily and since an even distribution of the resin is needed, other systems like
pouring the resin onto the stirred particles can lead to worse properties of the produced boards.
The dynamic viscosity is measured using a rotational rheometer MCR 302 (Anton Paar, Austria). The flow
curve provides insights into the relation between shear viscosity and shear rates. For the studied
adhesives, it was found that at high viscosities a plateau value is reached. The choice of shear rates
typically depends on the intended application. In the production of wood-based panel boards, the
viscosity is limited by the spraying of adhesive onto wood particles. Typical shear rates in the spraying
application are in the range of 1000 to 104 s-1.6 It was found that the viscosity already reached a plateau
value at a shear rate of 𝛾̇ = 100s-1 (see Error! Reference source not found.).

Figure 4: Rheometer MCR 302 (Anton Paar, Austria) (left) and typical flow curve (right)
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The mean value of viscosity is calculated based on ten measurements at 23.0±0.2°C at a shear rate of
𝛾̇ = 100s-1. This mean viscosity value is a standard characterization property. It is used as comparative
parameter for all developed adhesives.

i. Selected results
In general, viscosity measurements are a standard method used in polymer and adhesive chemistry.
Dissolving macromolecules, such as polymers or adhesives, in a solvent increases the viscosity of the
resulting solution. In addition, a higher molar mass of the macromolecule leads to a higher viscosity of
the resulting solution. Consequently, viscosity measurements are often used to investigate the course of
a polymerization reaction during synthesis or changes in molecular weigth of the macromolecule during
storage (see Error! Reference source not found.). In case of the developed fructose-BHT and fructoseHMF-BHT adhesives, the viscosity increases dramatically during storage at alkaline pH (pH=10.5),
whereas the viscosity remains almost constant when stored at neutral pH (pH=7). The results show that
the condensation reaction is successfully slowed down when the adhesives are stored at neutral pH. In
alkaline conditions, the condensation reactions continue during storage resulting in an increased
molecular weight, which corresponds to a higher viscosity.

Figure 5: Flow curve of Fructose-BHT (left) and Fructose-HMF-BHT adhesives (right) stored at pH=10.5 or pH=7 for 7
days at 4 °C

5.2. Rheokinetic analysis
The reactivity of the developed adhesives was investigated by isoconversional methods. These methods
use a model-free kinetic approach, that is based on the assumption that the reaction rate of a chemical
process is a dependent on temperature and the degree of conversion. The apparent activation energy
of the adhesive curing was calculated based on Vyazovskin’s method using non-isothermal, rheological
measurements. According to Vyazovskin 7, the variation in the activation energy results from several
simultaneously occurring single step reactions. The overall reaction mechanism follows a single-step
process, when the activation energy does not change with the degree of conversion. The advantage of
isoconversional methods is that chemical processes can be modelled without a mechanistic
interpretation, thus also errors connected with the selection of a reaction model are avoided.

i. Selected results
Figure 6 gives the effective activation energy based on Vyazovskin’s isoconversional method. As can be
seen, the activation energy of fructose-BHT adhesive and glucose-BHT adhesive differ significantly.
Especially at low conversion, the activation energy of glucose-BHT is significantly higher. This also affects
the curing reaction and cure speed, and contributes to the lower tensile shear strength in Figure 2.
Fructose-BHT adhesive shows a sharp increase at conversions >30%. Without in-depth structural analysis
and investigation of the curing mechanism, all explanations remain speculative. One possible
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explanation for this dramatic increase would be for example the formation of unreactive compounds,
which hinders the further reactions.

Figure 6: Effective activation energy for fructose-BHT and glucose-BHT adhesives based on Vyazovskin’s
isoconversional method

6. Thermoanalytics
Differential scanning calorimetry (DSC) is a thermoanalytical method. In the used Heat-Flux DSC (DSC
Polyma 214, Netzsch-Gerätebau GmbH, Germany), the heat flow of the adhesive sample is monitored
against temperature (non-isothermal measurements).

i. Selected results
DSC measurements give insight into the thermal behavior of an adhesive. Characteristic properties such
as onset temperature TOnset , peak temperature TPeak , or reaction enthalpie can be measured and provide
information of the underlying chemical reactions of the curing of an adhesive. In the manufacture of
wood based panel boards, e.g. particle boards, the temperature range of the curing reaction is essential
as it is limited by the temperature profile during hot pressing. Even though, higher press temperatures
(e.g. 200°C) are used in the manufacture of particle boards, only much lower temperatures are reached
in the core layer of the board due to the presence of water vapour and gas pressure within the panel. 8
In order to obtain a fully cured wood-based panel board, a high cure speed even at the lower
temperature range corresponding to the core of the board (100-120°C) is necessary.
Figure 7 shows the curing peak of a commercial urea formaldehyde adhesive in comparison with a tested
urea-HMF adhesive. Even though the onset temperatures of the curing reaction are in both cases within
the application window, the peak temperature of UHMF adhesives is reached at much higher
temperatures than applicable. The area under the peak corresponds to the reaction enthalpy, it shows
that UF adhesive has a higher reaction enthalpy in the defined temperature window of the production
process of panel boards.
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Table 1: Thermal analysis of UF and UHMF
adhesive

Property

UF

UHMF

TOnset [°C]

86.4

168.2

TPeak [°C]

89.9

95.0

Area [J/g]

130.1

119

Figure 7: Thermal behaviour of the curing reaction of a commercial urea-formaldehyde (UF) and urea-HMF (UHMF)
adhesive measured via differential scanning calorimetry at 10K/min

In the adhesive development, DSC was used to complement the findings of mechanical testing, such as
ABES. As shown in Figure 2, the mechanical strength of maltodextrin-HMDA is significantly lower than
fructose-HMDA. As can be seen in Figure 8, the curing reaction of maltodextrin-HMDA is shifted to
higher temperatures and the peak temperature is reached at 149.8°C. The higher onset and peak
temperature of maltodextrin-HMDA results in a slower cure speed at lower temperatures, this supports
the results from the mechanical testing at 120°C.

Figure 8: Comparison of the thermal behaviour of a conventional UF adhesive and carbohydrate-amine adhesives

7. Chemical analysis
The adhesives and adhesive precursors are analyzed using a variety of spectroscopic and
chromatographic methods. Size exclusion chromatography and NMR spectroscopy are examples of the
used methods.

7.1. Size- exclusion-chromatography (SEC)
Uncured adhesive samples (2mg mL-1) were dissolved in DMSO and filtered thorough 45μM mash
syringe filters. GPC was done at 30°C on an Agilent Technologies HPLC system (Agilent Technologies
1260 Infinity) connected to a 50x80mm MZ-Gel SDplus LS10E5Å 10μm Guard column and a 300x8.0mm
MZ-Gel SDplus LS linear 10μm liquid chromatography column (MZ analysentechnik, Mainz, Germany)
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using 1ml min-1 DMSO as mobile phase. An Agilent Technologies G1362A refractive index detector was
employed for detection. The molecular weights were calculated using dextran standards. The injection
volume was 20μl. This chapter does not comprise an example of a result

7.2. NMR spectroscopy
NMR spectroscopy is used for quantification in the precursor production step as well as in determination
of chemical structures. 1H-NMR is used in the quantification process, 13C NMR and solid-state NMR are
used in addition for structural characterization. Error! Reference source not found.shows a typical 1HNMR spectrum used in the quantification of 5-HMF in the precursor solutions.

Figure 9: Typical 1H-NMR spectrum used in the quantification of 5-HMF

8. Testing of wood-board test specimen
Wood board test specimen were produced using industrial-grade core layer wood particles (moisture
content 7.6 wt.-%) and 10% adhesive based on dry weight of particles. A typical workflow for the
preparation of these test specimen is given in Figure 10. The test specimen had a dimension of 40x40cm
and were pressed in a hydraulic hot press (LZT-OK 175L, Langzauner GmbH, Lambrechten, Austria).
Typically, metal spacing strips with a thickness of 15mm were used in the process.
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Figure 10: Workflow for the preparation of lab-scale test specimen

The test specimens were stored under standard climate for 14days before testing. The internal bond
strength perpendicular to the plane of the board (IB) was measured in accordance to EN3199 on a
universal testing machine Z020 (Zwick GmBH&CO.KG, Ulm, Germany) (see Figure 11).

Figure 11: Universal testing machine Z020 (Zwick GmBH&CO.KG) (left), test specimen produced with SUSBIND Resin
(darker boards) and a UF reference adhesive (lighter colour)

The swelling in thickness after immersion in water was tested according to EN317.10 Test pieces were cut
from the test specimen with dimensions of 50x50 mm. The thickness and weight of each test piece was
measured at the intersection of the diagonals before and after immersion in water. A typical procedure
for testing the thickness swelling is given in Figure 12.
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Figure 12: Typical procedure for testing the thickness swelling of produced test specimen

i.

Selected results

The thickness swelling after immersion in water of a commercial Urea-formaldehyde (UF) adhesive is
depicted in Figure 13 and compared to a developed fructose-based adhesives (FHB). The test
specimen were produced at different press factors of 10s/mm, 14s/mm and 20s/mm.

Figure 13: Thickness swelling after immersion in water based on EN317 for lab-scale test specimen produced with
urea-formaldehde (UF) and a fructose-based adhesive (FHB)

9. Further information
For more information, please visit the project homepage (www,susbind.com) or contact Wood
K plus (zentrale@wood-kplus.at) with the comment “SUSBIND” in the subject line.
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