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ABSTRACT • Urea-formaldehyde adhesive is one of the most frequently used types of amino resins for wood 
bonding. However, due to its synthetic origin, more environmentally friendly adhesives are desired. Liquefied 
wood is one of the natural-based alternatives. In this research, wood was liquefied using a procedure in which low 
solvent content liquefied wood was obtained. For the purpose of this study, urea-formaldehyde adhesive was added 
to the liquefied wood in proportions of 0, 10, 20, 30 and 40 %. Differential scanning calorimetry and rheological 
oscillatory test techniques were used to analyze the curing process and the hardening behavior of different adhe-
sive mixtures. Additionally, wood lamellas were bonded with the same adhesive mixtures, and the shear strength 
of the bonds was evaluated. It was found that the addition of urea-formaldehyde adhesive to liquefied wood led 
to the occurrence of multiple chemical reactions during the curing process, and that the higher amount of urea-
formaldehyde adhesive lowered the temperature at which gelation of the adhesive mixture occurred. It was also 
found that the adhesive mixtures with lower portions of urea-formaldehyde adhesive did not contribute to higher 
bond shear strengths compared to specimens bonded with pure liquefied wood, and that none of the specimens met 
the standard requirements for non-structural applications under dry conditions. 

Key words: liquefied wood, urea-formaldehyde adhesive, differential scanning calorimetry, rheometry, shear 
strength

SAŽETAK • Urea-formaldehidno ljepilo jedna je od najčešće primjenjivanih aminosmola za lijepljenje drva. 
Međutim, zbog sintetičnog podrijetla tog ljepila, poželjnija su ekološki prihvatljivija ljepila. Ukapljeno drvo jedna 
je od alternativa na prirodnoj bazi. U ovom istraživanju drvo je ukapljeno primjenom postupka u kojemu se takvo 
drvo dobije uz mali sadržaj otapala. Za potrebe istraživanja, urea-formaldehidno ljepilo dodano je u ukapljeno 
drvo u omjerima od 0, 10, 20, 30 i 40 %. Diferencijalno skeniranje kalorimetrijom i reološko-oscilatorni ispitni 
postupak primijenjeni su za analizu procesa stvrdnjavanja i ponašanje različitih smjesa ljepila tijekom stvrdnja-
vanja. Osim toga, drvene su lamele slijepljene istim smjesama ljepila te je analizirana smicajna čvrstoća spoja. 
Utvrđeno je da je dodatak urea-formaldehidnog ljepila u ukapljeno drvo doveo do pojave višestruke kemijske 
reakcije tijekom procesa stvrdnjavanja te da je veća količina urea-formaldehidnog ljepila spustila temperaturu na 
kojoj počinje geliranje smjese ljepila. Također je utvrđeno da smjese ljepila s nižim udjelima urea-formaldehidnog 
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ljepila nisu pridonijele većoj smicajnoj čvrstoći spoja u odnosu prema uzorcima slijepljenima čistim ukapljenim 
drvom te da nijedan od spojeva ispitivanih uzoraka nije pokazao svojstva koja odgovaraju standardnim zahtjevima 
za nestrukturne primjene u suhim uvjetima.

Ključne riječi: ukapljeno drvo, urea-formaldehidno ljepilo, diferencijalno skeniranje kalorimetrijom, reometrija, 
smicajna čvrstoća

1  INTRODUCTION
1.  UVOD

Liquefied wood is a natural-based product ob-
tained by a process that involves the liquefaction and 
transformation of solid wood material into the liquid 
state. Due to its liquid properties, ability to wet the 
wood surface and to solidify, liquefied wood is a con-
venient material to be used as an adhesive for wood 
bonding (Ugovšek and Šernek, 2013a; Ugovšek et al., 
2013a). Various types of blends of synthetic adhesives 
and liquefied wood, as well as synthesized liquefied 
wood based polymers and even pure liquefied wood, 
have been studied and used for the purpose of wood 
bonding. So far, melamine-formaldehyde and mela-
mine-urea-formaldehyde adhesives have been blended 
with liquefied wood for the production of particle-
boards and up to 50 % of resin could be replaced by 
liquefied wood to produce the product in accordance 
with the requirements of the European Standard for 
particle boards (Kunaver et al., 2010; Čuk et al., 2011). 
Antonović et al. (2010) used different mixtures of 
urea-formaldehyde adhesive and liquefied wood with 
the same intention. Hassan et al. (2009) made a phe-
nol-formaldehyde-type adhesive based on liquefied 
wood, and used it for the production of particleboards. 
Particleboards bonded with synthesized resins showed 
comparable results to particleboards bonded with urea-
formaldehyde adhesive and the free formaldehyde 
emission was significantly lower. The synthesis of 
epoxy resins based on liquefied wood and the proper-
ties of such resins have been extensively studied (Kob-
ayashi et al., 2000; Kishi et al., 2006; Wu and Lee, 
2010; Kishi et al., 2011) and all epoxy-liquefied wood 
resins showed comparable properties to epoxy resins. 
However, the portion of wood in such resins was rela-
tively low. Therefore, Asano et al. (2007) synthesized 
epoxy resin based on ozone-treated liquefied wood 
with a high wood content and obtained the properties 
comparable to the properties of already mentioned 
epoxy-liquefied wood resins. Alkali-catalyzed lique-
fied wood has been used for the preparation of adhe-
sives for plywood (Maldas et al., 1997; Alma et al., 
2001). The dry bond strength of plywood met the 
standard requirements, whereas the strength of ply-
wood after the boiling was problematic. Wood has also 
been bonded with liquefied wood as an independent 
component. In such cases it was found that the shear 
strength of the bonded assemblies failed to meet the 
standard requirements for non-structural applications, 
and high wood failure was present (Ugovšek et al., 
2011; Ugovšek and Šernek, 2013b). Such a phenome-
non was ascribed to the degradation of the basic wood 
polymers in the wood cells where the liquefied wood 

had been applied. Consequently, a specific type of 
bond line containing a partly carbonized structure was 
present (Ugovšek et al., 2013b).

Understanding of hardening behavior and of the 
curing process of adhesives and adhesive mixtures is of 
great importance for their further applications, e.g. for 
wood bonding. Dynamic mechanical analysis is a very 
useful method that can be used to monitor the physical 
properties of polymers. With this method different 
modules and other physical properties of material are 
measured as a function of temperature. Rheometry is a 
similar technique, in which various rheological param-
eters (viscosity, storage and loss modulus) can be de-
termined by means of a rheometer (Malkin and Kuli-
chikhin, 1991). Based on these parameters, which 
depend on the curing temperature and time, the whole 
curing process (and, in particular, gelation and vitrifi-
cation) can be determined (Winter, 2003; Mravljak and 
Šernek, 2011).

Differential scanning calorimetry is another use-
ful technique for studying the physical transformations 
and chemical reactions of various materials during cur-
ing. This is one of the most widely used thermal analy-
sis techniques for the study of polymeric materials 
(Menczel and Prime, 2009). Differential scanning cal-
orimetry was used to study liquefied wood/phenol/for-
maldehyde resins (Pan et al., 2008) and polyurethane 
resins based on liquefied wood (Wei et al., 2004). The 
thermal behavior of liquefied wood polymer compos-
ites (Doh et al., 2005), the kinetics of a blend of lique-
fied wood and melamine-urea-formaldehyde (Poljanšek 
et al., 2013), and the curing process of pure liquefied 
wood (Ugovšek and Sernek, 2013a) was also studied 
using differential scanning calorimetry.

The aim of the research described in this paper 
was to elucidate the curing process and hardening be-
havior of different adhesive mixtures made of liquefied 
wood and urea-formaldehyde adhesive by means of 
differential scanning calorimetry, rheometry, and the 
bond shear strength test.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

2.1  Preparation of liquefied wood
2.1.  Priprema ukapljenog drva

Wood was liquefied according to liquefaction 
procedure described by Ugovšek et al. (2011). Sawdust 
of the black poplar (Populus nigra L.) was used for the 
production of liquefied wood (LW). Prior to the lique-
faction process, the sawdust was dried in a laboratory 
oven (103 °C, 24 h). Black poplar wood and ethylene 
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glycol (EG) as the solvent, in a mass ratio of 1:3, were 
used for liquefaction. 3 % of sulphuric acid, based on 
the EG mass, was added as a catalyst. All liquefied 
wood was obtained by a single process. Liquefaction 
was carried out for a period of 120 minutes in a 1000 
mL three-neck glass reactor, which was immersed in an 
oil bath that had been preheated to 180 °C and was 
equipped with a mechanical stirrer. After liquefaction, 
the reactor was immersed in cold water in order to 
quench the reaction. The liquefied product was then di-
luted with a mixture of 1,4-dioxane and water (4/1, 
v/v), and filtered through filter disks (Sartorius filter 
disks 388 grade/84/mm2) in order to remove the insolu-
ble parts of the LW and to determine the liquefaction 
yield, which was 94 %. In order to obtain the LW with-
out the mixture of 1,4-dioxane and water, a rotary 
evaporator (Büchi, Rotavapor R-210) was used for 
evaporation at 55 °C. Evaporation was performed at 
reduced pressure, from 100 kPa to 1 kPa, which was 
achieved by means of a vacuum pump (Vacuubrand, 
PC 3003 Vario). After evaporation of the 1,4-dioxane, 
the EG in the LW was also evaporated (at 120 °C, 1 
kPa) so that a final wood/EG mass ratio of approxi-
mately 1:1 was achieved. 

2.2  Preparation of adhesive mixtures
2.2.  Priprema smjesa ljepila

Several adhesive mixtures were prepared as 
shown in Table 1. Mixing procedure was done using 
glass stick for 60 s and the percentage of components is 
based on the mass of components. Commercial urea-
formaldehyde (UF) adhesive Lendur-200 was obtained 
from Nafta-petrochem, d.o.o. (Slovenia). No catalyst, 
extender or filler was used in the prepared adhesive 
mixtures.

Table 1 Adhesive mixtures prepared with a combination of 
LW and commercial UF adhesive
Tablica 1. Smjese ljepila pripremljene kombinacijom LW-a 
i komercijalnih UF ljepila 

Adhesive mixtures
Smjese ljepila

100 % LW

90 % LW, 10 % UF

80 % LW, 20 % UF

70 % LW, 30 % UF

60 % LW, 40 % UF

LW - liquefied wood / ukapljeno drvo
UF – urea-formaldehyde adhesive / urea-formaldehidno 
ljepilo

2.3  Differential scanning calorimetry (DSC)
2.3.  Diferencijalno skeniranje kalorimetrijom (DSC)

DSC measurements were performed in order to 
investigate the physical transformations and chemical 
reactions, which occurred during the curing of the ad-
hesive mixtures. A high-pressure differential scanning 
calorimeter - HP DSC 1 (Mettler Toledo) with 30 μl 
platinum crucibles was used for the curing of the adhe-

sive mixtures within the temperature range from 30 to 
350 °C, with a heating rate of 10 °C/min. An empty 
crucible served as a reference. A dynamic nitrogen at-
mosphere with a flow rate of 50 ml/min at normal pres-
sure (1 bar) was used. The masses of the adhesive mix-
ture samples for the HP DSC measurements were 
between 6.64 and 7.53 mg.

2.4  Rheological oscillatory test (RheOT)
2.4.  Reološki oscilatorni test (RheOT)

Rheological measurements of the adhesive mix-
tures during curing were performed using a stress con-
trol rheometer ARES G2 (TA Instruments). Disposable 
aluminum plates with a diameter of 25 mm were used 
for the oscillation tests. A gap of 0.5 mm between the 
plates was used. All the RheOTs were performed at a 
frequency of 10 rad/s, at a strain of 1.0 %, and at a heat-
ing rate of 10 °C/min within a temperature range of up to 
225 °C. The intention was to achieve the same tempera-
tures as those used in the DSC measurements (up to 350 
°C), but due to the high axial force that arose during the 
measurements, the transducer automatically turned off 
after its overload at temperatures higher than 225 °C. 

2.5  Bonding and testing of specimens
2.5.  Spajanje i ispitivanje slijepljenih uzoraka

Solid beech wood lamellas (Fagus sylvatica L.) 
with dimensions of 15 x 15 x 0.5 cm were used as a 
substrate for the preparation of two-layered test speci-
mens, which were bonded according to EN 12765 by 
using a small laboratory conventional hot-press. Prior 
to bonding, all of the beech wood lamellas were planed 
in order to ensure smooth and flat surfaces. Two lamel-
las were then bonded together with different adhesive 
mixtures. Each of the adhesive mixtures was applied 
by means of a roller, using an application rate of 200 g/
m2. The press temperature was 180 °C, and the press-
ing time was 15 minutes. The specific pressure was 0.4 
MPa. The bonded specimens (n=10) were tested after 7 
days of conditioning in a standard climate (20±2 °C, 
relative humidity 65±5 %). All the shear tests were car-
ried out on a ZWICK/Z005 universal testing machine 
according to the standard EN 205. 

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1  DSC of adhesive mixtures during curing
3.1.  DSC tijekom stvrdnjavanja različitih smjesa ljepila 

The physical transformations and chemical reac-
tions, which occurred during the curing of different 
adhesive mixtures using LW and UF adhesive, were 
investigated by means of calorimetrical response (Fig-
ure 1). The curing of pure LW (solid line) is divided 
into two phases. Evaporation of water can be observed 
as an initial broad and shallow endothermic signal, 
which is followed by another more prominent endo-
thermic signal representing evaporation of the EG. At 
around 180 °C, the chemical curing of LW began, indi-
cated by a broad exothermic signal with its maximum 
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point at 291 °C (Ugovšek and Šernek, 2013a). The 10 
% addition of UF adhesive to the LW was reflected in a 
shift of the exothermic signal related to the LW to a 
slightly higher temperature (300 °C), but a new exo-
thermic signal was observed at 137 °C. This signal is 
related to the curing reaction of the UF adhesive, which 
was induced by the LW and its low pH value (Ugovšek 
and Šernek, 2013b). Additionally this might mean that 
the UF resin and LW were not completely miscible. It 
was observed that the increasing of UF portion in the 
adhesive mixture was reflected in a shift of the LW 
exothermic signal to even higher temperatures (335 °C, 
343 °C and 345 °C), and also in a shift of the UF exo-
thermic signal up to 162 °C. The reason for such high 
temperatures related to UF curing is that no catalyst, 
which is normally added when bonding wood with UF 
adhesive, was present in the prepared adhesive mix-
tures. Besides this, a new exothermic signal was ob-
served at 178 °C (80% LW, 20% UF) and at 185 °C 
(70% LW, 30% UF and 60% LW, 40% UF), which in-
dicated the presence of multiple chemical reactions 
during the curing of the LW-UF adhesive mixture.

3.2  Rheological response of LW during curing
3.2.  Reološki odgovor ukapljenog drva tijekom 

stvrdnjavanja

RheOTs were used to obtain a curing profile of 
the adhesive mixtures by means of their rheological res-
ponse to an oscillating load generated by the instrument. 
The curing of the investigated material can be monitored 
by means of two different parameters: the storage modu-
lus (G´) and the loss modulus (G´´). G´ represents the 
elastic behavior and is a measure of the deformation 
energy stored in the sample during the shear process, 
whereas G´´ represents the viscous behavior of the 
sample and is a measure of the deformation energy used 

in the sample during the shearing process and afterwards 
lost to the sample (Mezger, 2002). The ratio between 
these two modules is called the loss tangent (tanδ), and 
it can be used to define the gel point. The latter occurs at 
the point where G´ crosses G´´ and where tanδ equals 1. 
At this point, tanδ should be independent of the applied 
frequency (Winter, 1987). Núnez et al. (2005) found that 
gel times calculated from the single-frequency experi-
ment are in close relation with results obtained from 
multiple frequency experiments. Another useful para-
meter for describing hardening behavior of the adhesive 
mixtures is complex viscosity (η*). η* is the vectorial 
sum of the elastic and loss component of the dynamic 
viscosity, and a measure of the general resistance of a 
material to flow as a function of the stress rate (Garnier 
et al., 2002). According to Malkin and Kulichikhin 
(1991), viscosity starts to increase near the gel point. η* 
as a function of temperature was used for the interpreta-
tion of the hardening behavior of the adhesive mixtures 
(Figure 2), and the temperature of the gel points (gela-
tion temperatures) based on the intersection of G´ and 
G´´ were also compared (Table 2).

Two visible changes occurred due to the addition 
of UF to LW (Figure 2). First, the value of η* at 50 °C 
was higher when there was an increased amount of UF 
adhesive in the adhesive mixture. Furthermore, in the 
case of UF additions of 30 % and 40 %, the gel time 
was so short that some gelling was already present by 
the time the sample had been placed and the measure-
ment started. A second visible change among the adhe-
sive mixtures was the temperature at which an increase 
of η* began. It is clear that the increased addition of UF 
adhesive to LW accelerated the curing reaction and si-
multaneously decreased the starting temperature of cu-
ring, which is not in relation to DSC results. The reason 

Figure 1 DSC thermograms – the curing process of different adhesive mixtures within a temperature range from 30 to 350 
°C and at a heating rate of 10 °C/min
Slika 1. DSC termogrami – proces stvrdnjavanja različitih smjesa ljepila u intervalu temperature od 30 do 350 °C i pri brzini 
zagrijavanja od 10 °C/min
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for this is the nature of the two techniques: chemical 
changes are measured with DSC, whereas the physical 
aspect is obtained with rheometry. In rheological test, a 
very important factor is the loss of moisture, which is 
correlated to the gelation of the specific resin. Howe-
ver, the most noticeable changes occurred between the 
adhesive mixtures without and with 10 % and 20 % of 
UF adhesive. The changes between the adhesive mix-
tures with 30 % and 40 % were not so significant. In the 
latter two cases a decrease was observed in the value of 
η* after the temperature of about 170 °C had been rea-
ched, which is correlated with the cracking of molecu-
lar bonds in the sample due to oscillatory loading.

The temperature of the gel point (gelation tempe-
rature) was calculated from the crossing point of G´ 
and G´´ i.e. the tanδ value of 1 (Table 2).

Table 2 Influence of the addition of different amounts of UF 
adhesive to LW on gelation temperature
Tablica 2. Utjecaj dodatka različitih količina UF ljepila u 
ukapljeno drvo na temperaturu geliranja

Adhesive mixture
Smjesa ljepila

Gelation temperature, °C
Temperatura geliranja, °C

100 % LW 141

90 % LW, 10 % UF 124

80 % LW, 20 % UF 113

70 % LW, 30 % UF 96

60 % LW, 40 % UF 91

LW – liquefied wood / ukapljeno drvo
UF – urea-formaldehyde adhesive / urea-formaldehidno ljepilo

It is clear that the addition of UF adhesive decre-
ased the temperature of the gelation temperature. The-
se results are in correlation with the η* results. Even a 
small amount of UF adhesive decreased the gelation 
temperature by more than 15 °C, whereas a 40 % addi-

tion of UF adhesive to the LW decreased gelation tem-
perature by 50 °C. 

3.3  Shear strength of specimens bonded with 
different adhesive mixtures

3.3.  Smicajna čvrstoća uzoraka slijepljenih različitim 
smjesama ljepila

Beech wood lamellas were bonded with pure LW 
and the prepared adhesive mixtures with a combination 
of LW and UF adhesive. The results of the shear 
strength tests revealed that a 10 % and 20 % addition of 
UF adhesive to the LW did not improve the shear 
strength of the bonded specimens (Table 3). Adhesive 

Figure 2 Hardening behavior (change of complex viscosity) of different adhesive mixtures
Slika 2. Ponašanje tijekom stvrdnjavanja (promjena složene viskoznosti) različitih smjesa ljepila

Table 3 Influence of different additions of UF adhesive to 
LW on shear strength and wood failure of bonded specimens 
(standard deviation is shown in parenthesis; adhesive 
mixtures marked with asterisk could not be used for 
bonding due to rapid gelation and inability to be applied to 
the wood surface)
Tablica 3. Utjecaj dodatka različitih količina UF ljepila u 
ukapljeno drvo na smicajnu čvrstoću i lom po drvu 
slijepljenih uzoraka (standardna devijacija dana je u zagradi; 
smjese ljepila označene zvjezdicom ne mogu se primjenji-
vati za lijepljenje zbog brzog stvrdnjavanja i nemogućnosti 
primjene na drvnim površinama)

Adhesive 
mixture

Smjesa ljepila

Shear strength
Smicajna 

čvrstoća N/mm2

Wood failure
Lom po drvu

%

100 % LW 7.4 (1.1) 100 (0)

90 % LW, 10 % 
UF 7.1 (1.0) 88 (27)

80 % LW, 20 % 
UF 7.1 (1.8) 38 (32)

70 % LW, 30 % 
UF* 0 (0) 0 (0)

60 % LW, 40 % 
UF* 0 (0) 0 (0)

.
.
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mixtures with a 30 % and 40 % addition of UF adhe-
sive to the LW were not suitable for bonding due to the 
rapid gelation, as well as their high viscosity and ina-
bility to be applied by a roller. 

The specimens bonded with pure LW achieved a 
shear strength of 7.4 N/mm2, whereas the specimens 
bonded with adhesive mixtures containing 10 % and 20 
% of UF adhesive achieved a shear strength of 7.1 N/
mm2. However, the shear strength values did not show 
any significant differences between these adhesive 
mixtures, although attention needs to be paid to wood 
failure. Wood failure was very high in the case of pure 
LW. This has already been reported by Ugovšek et al. 
(2011), and is correlated to the low pH value of the LW 
and damage to the bonded surface (Ugovšek and 
Šernek, 2013b; Ugovšek et al., 2013b). With the addi-
tion of UF adhesive, wood failure decreased due to the 
lower acidity of the adhesive mixture, and was also ag-
gravated by the spreading and penetration of the adhe-
sive mixtures due to increased viscosity correlated to 
gelling. Nevertheless, bond shear strength remained 
too low to meet the standard requirements (10 N/mm2). 

4  CONCLUSIONS
4.  ZAKLJUČAK

Commercial urea-formaldehyde adhesive was 
added to low solvent liquefied wood, and the curing 
process and hardening behavior of adhesive mixtures 
with different proportions between these two compo-
nents was evaluated using differential scanning calo-
rimetry and rheological oscillatory tests. Shear strength 
tests of specimens bonded with different adhesive mix-
tures were also performed.

Differential scanning calorimetry showed a 
single exothermic signal that was correlated to the che-
mical reaction that occurred during the curing of pure 
liquefied wood, after evaporation of water and ethylene 
glycol at around 290 °C. A 10 % addition of urea-for-
maldehyde adhesive resulted in an additional exother-
mic signal at lower temperatures, whereas the addition 
of higher amounts of adhesive led to even more 
exothermic signals, indicating multiple chemical reac-
tions. The results of rheological oscillatory tests 
showed that the addition of urea-formaldehyde adhesi-
ve accelerated the curing of the adhesive mixtures, sin-
ce the temperature at which the gel point occurred was 
lower in the case of a higher proportion of synthetic 
adhesive. The specimens bonded with adhesive mixtu-
res with a 10 % and 20 % addition of urea-formaldehy-
de adhesive to the liquefied wood achieved similar 
bond strengths to those of specimens bonded with pure 
liquefied wood, but all of them failed to meet the stan-
dard requirements for non-structural applications un-
der dry conditions.
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