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ABSTRACT

The curing process of two biobased adhesives: pine tanninhexamine (TH) and organosolv lignin non-isocyanate
polyurethane (NIPU), suitable for interior nonstructural use, were compared with commercial urea-formaldehyde
(UF) adhesive. Changes in chemical structure before and after the curing process were observed with Fourier-
transform infrared spectroscopy (FTIR). The process of adhesive curing was monitored with differential scanning
calorimetry (DSC) and the automated bonding evaluation system (ABES). Both DSC and ABES measurements
confirmed UF as the fastest and NIPU as the slowest curing adhesive observed. Taking into account the ABES
results, the optimal pressing parameters for the TH adhesive would be 4 min at 175°C, for the NIPU adhesive
7 min at 200°C and for the UF 1.5 min at 100°C. Strong linear correlation was observed between mechanical
and chemical curing for the UF and NIPU adhesives, whereas lower correlation was observed for the TH adhesive.
At all observed adhesives, the DSC measurements were underestimating the curing process determined by ABES
in the first part and overestimating it at the end. The underestimation was the most evident with the TH adhesive
and the less with the UF adhesive. When comparing the uncured and cured FTIR spectra of all three types of
adhesives, a drastic decrease in the characteristic band of -OH groups at 3330–3400 cm−1 and an increase in
the signal intensity at 2920 cm−1 of aliphatic -CH2-groups were observed. For the UF adhesive, the C=O stretch-
ing frequency has shifted from 1632 cm−1 for uncured to three different bands at 1766, 1701, and 1655 cm−1 for
cured UF. The sharp band for phenolic alcohols at 1236 cm−1 of C–O stretch and hydroxyl O–H functional group
at 1009 cm−1 and at 684 cm−1 of uncured TH adhesive diminished during curing, which indicates that a cross-
linking reaction occurs via -OH groups. The peak of the C=O group of urethane bridges at 1697 cm−1 for uncured
NIPU shifted to lower wavenumber at 1633 cm−1 for cured NIPU.
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1 Introduction

Biobased adhesives derived from natural sources are gaining substantial interest due to the
environmental and health concerns related to synthetic adhesives. Several biocomponents, such as
tannins, technical lignins, proteins, carbohydrates, unsaturated oils and some others, can be used to
produce adhesives [1,2]. Due to their phenolic origin and wide natural abundance, tannins and lignins are
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considered the most promising solutions among the above-listed biocomponents for the replacement of
synthetic adhesives in wood panels [3]. Several attempts to prepare different tannin or/and lignin adhesive
formulations have been successful on the laboratory scale; some of those also succeeded in industrial
applications [2].

The use of more reactive tannins in wood adhesives started in the 1950s [4]; however, the use of less
reactive and cheaper technical lignins (in comparison to tannins) started to gain remarkable attention in
the 1980s [5,6]. In recent years, the most interesting research attempts have been in the preparation of
lignin non-isocyanate polyurethane (NIPU) adhesives [7,8]. Our previous research investigated curing
characterisation by ABES, DMA, and DEA on a tannin-hexamine adhesive [9,10] and developed a new
organosolv lignin NIPU adhesive [11].

Applying these adhesives in the wood industry requires detailed insights into the mechanical
characteristics of bonded joints and the establishment of adequate pressing parameters. The
characterisation of the curing process of an adhesive enables the determination of the optimal pressing
parameters, which is essential for the economical production of wood-based composites. Several
laboratory-scaled techniques enable insight into the curing process of adhesives by measuring the
differences of various adhesive parameters.

The mechanical properties of the adhesive during curing can be examined using thermomechanical
analysis (TMA), dynamic mechanical analysis (DMA), torsional braid analysis (TBA), integrated pressing
and testing system (IPATES), and an automated bonding evaluation system (ABES). However, TMA,
DMA, and TBA measure changes of different moduli; IPATES and ABES are the only two methods that
directly measure the adhesive bond strength during (or immediately after) pressing [12,13]. Since these
methods monitor and explain the curing process’s mechanical aspects, the common term ‘mechanical
cure’ is usually used to describe their results.

The curing process of adhesives can also be predicted/defined by measuring other parameters related to
physical or chemical transitions in the adhesives by differential thermal analysis (DTA), differential scanning
calorimetry (DSC), and dielectric analysis (DEA). In addition, for the justification of chemical curing results,
the differences in the molecular structure of the cured and uncured adhesive can be observed using matrix-
assisted laser desorption ionisation time-of-flight (MALDI-ToF), Fourier Transform Infra-Red (FTIR)
spectroscopy, and Nuclear Magnetic Resonance (NMR) [11,13]. Since these methods monitor and explain
mostly the chemical aspects of the curing process, the common term ‘chemical cure’ is usually used for
their results.

Since there are so many different methods suitable for the curing characterisation of adhesives, the
comparison between them and correlation with those methods that directly measure the shear strength of
the adhesive is interesting and useful for practice.

Some comparisons between chemical and mechanical curing were performed, mostly between DSC and
DMA measurements. Those studies mostly concluded that the chemical curing (DSC) starts before
mechanical curing (DMA) and achieves the maximum degree of curing after the mechanical curing is
already finished [14–16]. However, the curing process determined by ABES was considered to be faster
than the one performed on DMA. This was related to the presence of wood veneer, which is used as an
adherent when using ABES. Wood absorbs water from the adhesive and thus accelerates the mechanical
curing. The presence of wood and its pH nature can also interfere with the chemical curing of the
adhesives [9].

In this research, the curing process of one perspective tannin and one new lignin-based adhesive
mixtures were examined with ABES and DSC methodologies. These tannin and lignin-based adhesives
were investigated as part of the ERA Net project WooBAdh and represent the continuation of our
previous work [9,11]. Since the ABES method directly measures the adhesive bond strength, it was used
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as a reference. Chemical curing determined by DSC was compared with ABES results, and a correlation
between methods was made, which has not been done before. Changes in the chemical structures
between cured and uncured adhesives were also observed with FTIR. In all tests performed, the
commercial UF adhesive was used as a reference.

2 Materials and Methods

The curing process of two bio-based and one synthetic adhesive (Table 1) was observed using DSC and
ABES. As a result, all three adhesives were classified into the C1 Durability class according to the EN
12765 [17] standard. This means that they are suitable for interior non-structural use.

2.1 Preparation of the Adhesives

2.1.1 Tannin-Hexamine Adhesive (TH)
The tannin-hexamine adhesive mixture was prepared according to the following steps: (1) at first,

40 weight units of pine tannin powder were dissolved in 60 weight units of distilled water. (2) The pH
value was adjusted from 6.5 to 7.0 with NaOH. (3) 6 weight units of 40% water solution of hexamine
were added (as 6% hexamine dry weight to the tannin dry weight). The density of the prepared adhesive
was determined to 1.04 g/cm³, and solid content to 35.6%. This adhesive was presented in detail in our
previous study [9].

2.1.2 Organosolv Lignin NIPU Adhesive (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 pH value of the
prepared adhesive was determined to be 12.0, and the solid content to 46%. This adhesive was presented
in detail in our previous study [11].

2.1.3 Urea-Formaldehyde (UF)
Commercial urea-formaldehyde adhesive (W-leim plus 3000, Dynea, Lillestrøm, Norway) was tested as

a reference; 59 weight units of urea-formaldehyde powder were mixed in 41 weight units of distilled water.
The density of the prepared adhesive was determined to 1.183 g/cm³, pH value to 6.4, and solid content to
53.7%.

2.2 Thermal Analysis of the Adhesive with DSC
A differential scanning calorimeter measures the heat flow that occurs in a sample when heated, cooled,

or held at a constant temperature. DSC detects and evaluates endothermic and exothermic effects on
examined material. The curing process of the adhesive can be detected as an exothermal peak of a DSC
curve. When performing experiments at three or more different heating temperatures, the model-free

Table 1: List of studied adhesives

Adhesive Basic component Other components pH

TH Tannin-hexamine Pine tannin Hexamethylenetetramine 6.8

NIPU Lignin NIPU Organosolv lignin Dimethyl carbonate and Hexamethylenediamine 12.0

UF Urea-formaldehyde Urea Formaldehyde 6.4
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kinetics software can calculate the conversion curves, which correspond to the curing process of the tested
adhesive in isothermal conditions.

The measurements were performed on a Mettler Toledo HP DSC 1 device in 40 μL aluminium crucibles
with pierced and sealed lids. The atmosphere at the testing chamber was purged with technical grade nitrogen
gas (N2) with a flow rate of 50 ml/min. Tests for NIPU adhesive were performed at normal pressure (1 bar),
nitrogen-rich atmosphere. However, high pressure (50 bar) nitrogen-rich (N2) atmosphere was used to move
the water evaporation point to a higher temperature for UF and TH adhesive to avoid the overlapping
between the endothermic signal of the water evaporation and the exothermic signal of the chemical
reaction of polycondensation or auto-condensation during curing. The sample masses for the DSC
measurements were between 5 and 15 mg. The weighing was conducted on a Mettler Toledo XS
205 balance.

The advanced model free kinetic (AMFK) approach enabled expressing the degree of chemical cure
determined by DSC for any isothermal conditions. Since the studied adhesives cure at different
temperatures, three representative temperatures were chosen for each adhesive: 75°C, 100°C, and 125°C
for UF resin, 125°C, 150°C, and 175°C for TH adhesive and 175°C, 200°C, and 225°C for NIPU adhesive.

The degree of chemical cure, calculated from DSC data (α(t)DSC) was determined using Eq. (1):

aðtÞDSC ¼ DHðtÞ
DHT

(1)

where ΔH(t) represents the amount of enthalpy dissipated from the reaction in time t, and ΔHT is stated as the
total enthalpy of the reaction [18].

2.3 Spectroscopic Analysis of the Adhesive with FTIR
FT-IR spectra of uncured and cured TH, NIPU, and UF adhesives were collected with an FT-IR

spectrometer (Spectrum Two, UATR Two), manufactured by PerkinElmer, in the wavenumber range
between 4000 and 650 cm−1, at a resolution of 4 cm−1 in ATR technique. Samples of cured TH, NIPU
and UF adhesives for FT-IR spectra were taken from aluminium crucibles after the DSC measurements
were performed.

2.4 Determination of the Adhesive Bond Strength Development with ABES
Adhesive bond strength development was evaluated with ABES (Adhesive Evaluation Systems Inc.,

Oregon, USA) in accordance with the ASTM D7998-19 [19] standard. ABES is a combination of a small
hot press and tensile-testing machine, which enables the determination of the adhesive bond strength
immediately after the desired pressing time or regime (e.g., subsequent cooling).

Beech (Fagus sylvatica L.) veneers, 0.84 mm thick, were bonded in the hot press of ABES at selected
temperatures and for different pressing times. The geometry of the bonded area of the veneer lap joints was
5 mm × 20 mm (100 mm²). The mass of the tested adhesive was approximately 20 mg.

Different press times between 10 and 600 s (10 to 12 per one observed temperature) were chosen to
determine the bond shear strength development over time.

After the opening of the hot press, the adhesive bond was cooled with compressed air for 5 s. The actual
temperature transition to the bond line was observed with a K-type thermocouple for each of the tested
temperatures.

The last step was the shear strength test of the adhesive bond. The lap joint was pulled until rupture
occurred (approximately 11 s after the hot press opening). The maximum achieved force was compared
with the bonded area, and the resulting shear strength (σt) was expressed in N/mm².
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Each of the tested sequences with ABES was modelled to a three-parametric logistic function (Eq. (2))
with non-linear regression [12].

f ðtÞ ¼ b
1þ expð�jðt � cÞÞ (2)

where f(t) is the shear strength of the adhesive bond, t is the time from the onset of pressing (s), β determines
the upper asymptote of shear strength, κ determines the slope of the curve, and γ determines the time when
maximum growth occurs.

The degree of cure was also estimated for ABES measurements, following Eq. (3):

aðtÞABES ¼
st

smax
(3)

where σmax is the maximum shear strength of all observed temperatures per adhesive, and σt is the shear
strength during cure.

3 Results and Discussion

3.1 Curing Kinetics Determined by DSC and AMFK
DSC measurements of the heat flow were carried out with different heating rates ranging from 2 °C/min

to 20 °C/min. The AMFK approach used the measured DSC data curves to recalculate the activation energy
and conversion curves (degree of cure) for chosen isothermal conditions. In Figs. 1–3, the measured DSC
curves are presented on the left side, and modelled conversion curves are on the right side of the figures.

Figure 1: DSC heat flow measurements at different heating rates, performed at 50 bar nitrogen-rich
atmosphere (left), and conversion curves (degree of cure) for TH adhesive at 125°C, 150°C and 175°C (right)

Figure 2: DSC heat flow measurements at different heating rates, performed at 1 bar nitrogen-rich
atmosphere (left), and conversion curves (degree of cure) for NIPU adhesive at 175°C, 200°C and
225°C (right)
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Due to different curing temperatures, not all tested adhesives could be tested at the same pressure. That is
why the strong endothermic peak of water evaporation can be observed only with the NIPU adhesive (tested
at 1 bar). With the TH and UF adhesives, the evaporation point of water was shifted outside the observed
interval to 264°C with 50 bar pressure. At all performed measurements, the exothermic peak, which
represents the curing process of the adhesive, was observed at higher temperatures with the increasing
heating rate. This allowed AMFK to model the curing rate properly.

The UF adhesive exhibited one strong exothermic signal at around 80°C, whereas the TH adhesive had
two exothermic signals at 100°C and 140°C. The NIPU adhesive showed one exothermic signal at around
200°C. This means that the UF adhesive needs a lower temperature for curing than TH, whereas NIPU needs
the highest temperature for curing among the studied adhesives. Two exothermic signals of TH adhesive
probably belong to two different chemical curing reactions that are presented in TH. The AMFK enables
the determination of the time needed for a chosen adhesive to achieve a certain degree of cure at the
selected temperature. The curing of the UF adhesive was determined to be the fastest, and the curing of
the NIPU adhesive was the slowest. These differences are shown in Fig. 4, where the AMFK results of
all the adhesives are represented.

Figure 3: DSC heat flow measurements at different heating rates, performed at 50 bar nitrogen-rich
atmosphere (left), and conversion curves (degree of cure) for UF adhesive at 75°C, 100°C, 125°C (right)

Figure 4: Comparison of adhesives curing performance at 175°C
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3.2 FTIR Analysis of the Characteristic Peaks of Adhesives
In Figs. 5–7, the FTIR spectra of uncured and cured UF, TH, and NIPU adhesives are shown,

respectively. The assignment of characteristic absorption bands was done on the basis of relevant
literature [11,20]. When comparing the uncured and cured FTIR spectra of all three types of adhesives, a
drastic decrease in the characteristic band of -OH groups at 3330–3400 cm−1 is seen. This is attributed to
the evaporation of water during the cross-linking process and a consequence of condensation reactions
between the hydroxymethyl groups or between the hydroxymethyl group and the NH2 group. Due to the
decrease in the signal of the -OH group and the mentioned reactions, which lead to the formation of
methylene and methylene ether bridges, the signal intensity at 2920 cm−1, which belongs to the aliphatic
-CH2- group, increases. However, in the area of the fingerprint, the individual adhesives differ more from
each other, so we interpreted them individually.
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Figure 5: FT-IR spectra of UF adhesive uncured (black line) and cured (red dotted)
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Figure 6: FT-IR spectra of TH adhesive uncured (black line) and cured (red dotted)
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For the uncured UF adhesive, the stretching frequency of C=O amide group appears at 1633 and at
1550 cm−1. These two peaks belong to NH–CO amide group. The N–H stretching and deformation
frequencies at around 3400 and 1600 cm−1 overlapped with the -OH and C=O stretching frequencies,
respectively. The C–N stretching frequency appears at 1462 cm−1.

The FTIR spectrum of the cured UF adhesive has wider bands due to the formation of complex cross-
linked amide structures. The C=O stretching frequency has shifted from 1632 cm−1 to three different bands at
1766, 1701, and 1655 cm−1. A sharp decrease of the N–H and C–N bands of secondary amid at 1550 and
1251 cm−1 was observed as a result of the cured reaction. The C–N stretching frequency of primary
amide has shifted from 1462 to 1443 cm−1 and from 1382 to ∼1400 cm−1. This indicates that the UF
adhesive forms a three-dimensional cross-linked structure.

For the uncured TH adhesive (Fig. 6), the sharp bands for phenolic alcohols are characteristic at 1236
cm−1 of C–O asymmetric stretch, at 1009 cm−1 and at 684 cm−1 bending of the hydroxyl O–H functional
group. In the case of a cross-linked TH adhesive, these sharp bands are not detected, which indicates that
a cross-linking reaction occurs via OH groups.

The FTIR spectra of NIPU adhesive measured with the ATR technique vary from FTIR spectra of NIPU
adhesive measured with the KBr tablet, as expected [11]. Two peaks of the C=O group at 1697 cm−1 and at
1544 cm−1 for uncured NIPU and at 1633 cm−1 and at 1553 cm−1 for cured NIPU belong to NH–CO
urethane bridges. The peak at 1250 cm−1 confirms the presence of the urethane linkages [11]. This latter
peak can also belong to an amide, indicating a urethane linkage but is also superposed, masking a
carbonate signal, confirmed by the small shoulder peak at 1744 cm−1 in the FTIR spectrum of the cured
NIPU. The rest of the peaks are assigned as follows: the much larger peaks at 2930 and 2857 cm−1 and
the peak at 1462 cm−1 for uncured NIPU and at 2924, and the peak at 1454 cm−1 for the cured NIPU to
the asymmetric stretching of the –CH2- chain belonging to the diamine used to prepare the NIPU resin
[11]. The peak at 1066 cm−1 and the broad peak at 3330–3400 cm−1 of cured NIPU belongs to the
hydrogen-bonded stretching of aliphatic alcohols.

3.3 Modelling of Adhesive Bond Strength Development
Prior to performing the shear strength measurements with the ABES, the temperature transition to the

bond line was measured for each of the studied pressing temperatures. Temperature transition
measurements showed that ± 5°C isothermal conditions in the bond line were reached in the first 30 s
after the closure of the ABES hot press.
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Figure 7: FT-IR spectra of NIPU adhesive uncured (black line) and cured (red dotted)
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Adhesive bond strength development (i.e., shear strength as a function of pressing time) was determined
with ABES at three pressing temperatures for each of the tested adhesives. A three-parametric logistic
function was fitted to the obtained data. Measured data and modelled functions are presented in
Figs. 8–10 and function parameters in Table 2.

ABES results confirmed that the UF was the fastest and NIPU the slowest curing adhesive among the
observed ones. By taking the presented results into account, optimal pressing parameters for TH adhesive
would be 4 min at 175°C, for NIPU adhesive 7 min at 200°C, and for UF 1.5 min at 100°C.

The proposed three parametric logistic functions might be too rigid for describing the curing process in
detail but useful for comparing the observed adhesives. The coefficients listed in Table 2 have the following
meaning: β–coefficient determines the upper asymptote of the shear strength. As expected, higher pressing
temperatures mostly resulted in a higher upper asymptote. NIPU and UF adhesives had a higher upper
asymptote than TH adhesive. The κ–coefficient determines the slope of the curve. As expected, higher
pressing temperatures mostly resulted in a higher slope of the curve. Since the upper asymptotes are quite
different between the observed adhesives, the κ–coefficients can hardly be compared between different

Figure 8: Development of the shear strength of the TH adhesive bond

Figure 9: Development of the shear strength of the NIPU adhesive bond
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adhesives. The γ–coefficient determines the time when the maximum growth occurs. As expected, higher
pressing temperatures mostly resulted in shorter times when the maximum growth occurred.

3.4 Correlation between Results Obtained by DSC and ABES
The degree of cure derived from ABES measurements and the degree of cure obtained by AMFK from

DSC data were compared at the same time scale and plotted on the same graph. Correlation between results
obtained by two methods shows how the mechanical cure determined by ABES can be predicted with the
chemical cure determined by DSC (Figs. 11–13).

Figure 10: Development of the shear strength of the UF adhesive bond

Table 2: Modelled logistic function parameters

TH NIPU UF

125°C 150°C 175°C 175°C 200°C 225°C 75°C 100°C 125°C

β 4.71 5.24 5.81 4.95 7.17 7.26 8.52 9.02 8.19

κ 0.11 0.16 0.23 0.19 0.04 0.14 0.03 0.11 0.38

γ 19.36 14.55 10.61 13.09 27.69 15.15 105.66 32.13 13.01

Figure 11: Correlation between the degrees of cure obtained by DSC and ABES for TH adhesive at 125°C,
150°C and 175°C
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The correlation between the mechanical and chemical aspects of adhesive curing was high for UF and
NIPU adhesives (R2 ≈ 0.90). A strong linear fit was observed between mechanical and chemical aspects at
those two adhesives. A lower correlation was observed for TH adhesive (R2 0.68). The lower correlation
could be due to the more complex curing behaviour observed for DSC (two exothermic peaks). Since the
three observed adhesives cure differently, no general conclusions can be made. With the TH adhesive, the
chemical cure underestimated the mechanical curing process in the first part and overestimated it at
the end of the curing process. With the NIPU adhesive, the chemical cure was underestimating the
mechanical curing process up to the end. With the UF adhesive, the chemical cure had similar behaviour
to the mechanical curing process through the entire curing process. A comparison with other similar
research studies is presented in Table 3.

Figure 12: Correlation between the degrees of cure obtained by DSC and ABES for NIPU adhesive for
175°C, 200°C and 225°C (for 225°C temperature times longer than 200 s were not taken into account)

Figure 13: Correlation between the degrees of cure obtained by DSC and ABES for UF adhesive for 75°C,
100°C and 125°C
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Different study approaches and different adhesives led to a different relationship between chemical and
mechanical curing. Both studies of UF adhesive ([21] and Current research) found similar behaviour between
chemical and mechanical curing. Both studies of the TH adhesive ([11] and Current research) found that in
the first part of the curing process, the chemical cure was at least slightly underestimating the mechanical
curing process; however, in the last part, the chemical cure was overestimating it. Other similar research
was performed mostly on PF adhesives, and the conclusions are not consistent.

In summary, no general rules about the correlation between particular curing characterisation methods
can be made to apply to all groups of studied adhesives. Each adhesive and each combination of curing
characterisation methods of interest must be evaluated separately.

4 Conclusion

The curing process of two biobased (TH and NIPU) adhesives, suitable for interior non-structural use,
were compared with commercial UF adhesive.

Both DSC and ABES results confirmed UF as the fastest and NIPU as the slowest curing adhesive
among the observed ones. Taking into account the ABES results, the optimal pressing parameters for TH
adhesive would be 4 min at 175°C, for NIPU adhesive 7 min at 200°C, and for UF 1.5 min at 100°C.

The FTIR spectra of the cured UF, TH, and NIPU adhesives had wider bands due to the formation of
complex cross-linked structures in comparison with sharp signals in the FTIR spectra of uncured UF, TH,
and NIPU adhesives. Due to the formation of methylene and methylene ether bridges, the decrease in the
signal of the -OH group and increase of the aliphatic -CH2- group was detected. All three adhesives form
three-dimensional cross-linked structures.

A strong linear correlation was observed between mechanical and chemical cures for UF and NIPU
adhesive (R2 ≈ 0.90). A lower correlation was observed at TH adhesive (R2 0.68). It was determined that
no general correlation between chemical and mechanical curing aspects can be made for all studied
adhesives.

Table 3: Comparison of curing results with other studies

Research study Adhesive Chemical cure
method

Mechanical cure
method

Chemical cure compared to
mechanical cure

Geimer et al. [14] PF DSC (metal) IB (wood) underestimating

Vazquez et al.
[15]

PUFT DSC (glass) DMA (metal) overestimating in the first part,
underestimating at the end

Jošt et al. [12] PF DEA (wood) ABES (wood) overestimating

Wang et al. [16] PF DSC (wood) DMA (wood) underestimating in the first part,
overestimating at the end

Pretschuh et al.
[21]

UF DEA (wood) DMA (wood) similar behaviour

Saražin et al. [9] TH DEA (wood) ABES (wood) similar behaviour in the first
part, overestimating at the end

Current research TH DSC (metal) ABES (wood) underestimating in the first part,
overestimating at the end

Current research NIPU DSC (metal) ABES (wood) underestimating

Current research UF DSC (metal) ABES (wood) similar behaviour
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Appendix A

Table A1: Functional groups and observed wavenumbers for UF adhesive

Uncured UF, observed
wavenumber, cm−1

Cured UF, observed
wavenumber, cm−1

Functional group

3200–3400 3200–3400 OH

3370–3170 3370–3170 N–H stretch

2940, 2923 2923 in phase stretching vibration of -CH2- alkane

1632 1766
1701
1655

C=O stretch of different types of amides and imides

1550 N–H deformation in plane bend (strong) of
secondary amides

1461 1443 C–N stretch of primary amides

1382 ∼1400 C–N stretch of primary amides

1251 C–N stretch of secondary amides

1077 1077 Asymmetric stretching vibration of C–O–C

1007 1024 Single bond C–O stretching vibrations of CH2OH
group and aliphatic hydroxyl -OH

750–600 750–680 N–H out of plane bend
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Table A2: Functional groups and observed wavenumbers for TH adhesive

Uncured TH, observed
wavenumber, cm−1

Cured TH, observed
wavenumber, cm−1

Functional group

3200–3400 3200–3400 OH

2940, 2923 2923 in phase stretching vibration of -CH2- alkane

1607 1598 C=C aromatic ring

1497 C=C aromatic ring

1441 1442 C–H aliphatic

1377 1377 O–H in plane bend

1256 / Asymmetric stretch of phenolic C–C–OH

1236 / Asymmetric stretch of phenolic C–C–OH

1104 1104 Asymmetric stretching vibration of C–O–C

1066 1071 Single bond C–O stretching vibrations of –C–OH group

1009 Aliphatic hydroxyl -OH

684 / O–H bends

614 Ring bend

Table A3: Functional groups and observed wavenumbers for NIPU adhesive

Uncured NIPU, observed
wavenumber, cm−1

Cured NIPU, observed
wavenumber, cm−1

Functional group

3200–3400 3200–3400 OH

3370–3170 3370–3170 N–H stretch

2931, 2858 2924 in phase stretching vibration of -CH2- alkane

1697 1764
1633

C=O stretch of different types of amides and
imides

1545 1553 N–H deformation in plane bend (strong) of
secondary amides

1462 1455 C–H asymmetric stretching of the -CH2- of
primary amides

1322 C–N stretch of primary amides

1263 1250 C–N stretch of secondary amides

1193 Asymmetric stretching vibration of C–O–C

1120 Single bond C–O stretching vibrations of CH2OH
group

1028 1066 Single bond C–O stretching vibrations of –C–OH
group and aliphatic hydroxyl -OH

778 Aromatic ring-different multi substituted

618
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