
Introduction

In the last years there has been a high growth of Euca-
lyptus globulus plantations in Galicia (NW of Spain)

and new board facilities which use exclusively euca-

lyptus wood have been installed. Eucalyptus wood

shows excellent mechanical properties, it is a hard-

wood with high strength and density. However, the

utilization of commercial phenolic adhesives in the

manufacture of exterior grade eucalyptus plywood re-

quires a very rigorous drying process of the veneers to

a 4–5% of humidity in order to avoid buffing in the

hot press. This means a considerable energetic cost

together with a reduction of the veneer quality.

Pinus pinaster is the tree species most often em-

ployed at industrial scale in Galicia. Its exploitation re-

quires previous debarking, which makes this ligno-

cellulosic material, mainly used as a fuel, the most abun-

dant industrial waste in the timber industry of Galicia,

with an output of approximately 100 000 t/year.

Thus, for a profitable exploitation of these Galician

natural resources, it is very interesting, on one hand, to for-

mulate wood adhesives that overcome the above men-

tioned drawbacks and, on the other, to search for alterna-

tive uses of pine bark based on its chemical composition.

In an earlier stage, phenol-formaldehyde-tannin (PFT) ad-

hesives were synthesized using tannin extracts from Pinus
pinaster bark. The application of these adhesives to manu-

facture eucalyptus plywood showed promising results.

These resins implied, with respect to conventional re-

sole resins, not only a reduction of the consumption of

petrochemical phenol, which was replaced with a re-

newable resource, but also the improvement of the ap-

plication properties of the adhesive [1].

In a second stage, the formulation of phenol-

urea-formaldehyde-tannin (PUFT) adhesives was stud-

ied. These PUFT adhesives were prepared by copoly-

merisation of Pinus pinaster bark tannins with phe-

nol-urea-formaldehyde (PUF) prepolymers. A detailed

analysis by 13C-NMR spectroscopy together with an

evaluation of the resin properties was performed in or-

der to find out suitable preparation conditions of pre-

polymers prior to their copolymerisation with tan-

nins [2]. PUFT adhesives were employed to prepare ex-

terior grade medium density fiberboards (MDF) [3] and

plywoods according to European standards.

The aim of this work is to study the curing process

of the phenol-urea-formaldehyde-tannin adhesives us-

ing thermal analysis techniques: differential scanning

calorimetry (DSC), which allows to determine the en-

ergy released during the curing process (the curing

enthalpy, �H) and to evaluate the rate and extent of

chemical conversion, and dynamic mechanical analysis

(DMA), which accounts for the changes in the mechani-

cal properties occurring during the conversion of the liq-

uid resin into a crosslinked structure.
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Experimental

Preparation of PUF prepolymers and PUFT
adhesives

PUF prepolymers were prepared in two stages consid-

ering the following variables: reaction time, reaction

pH and the order of addition of reagents, as described

in López-Suevos and Riedl [3] and Vázquez et al. [2].

The PUFT adhesives were prepared by copolymeri-

zation of 5–17% of tannins (35% aqueous solution)

based on the mass of the liquid PUFT, with the PUF

prepolymers at room temperature during 16–18 h. Ta-

ble 1 describes the preparation conditions of prepoly-

mers and adhesives.

The tannin extraction from pine bark was con-

ducted under the following conditions, optimized in a

previous work [4]: NaOH concentration 5% (based on

oven dried bark), solid/liquid ratio 1:6 (mass/mass),

temperature 90°C and time 30 min.

Differential scanning calorimetry (DSC) experiments

DSC measurements were carried out in a Mettler-To-

ledo DSC 821e apparatus, equipped with a sample ro-

bot. A resin sample (10–20 mg) was sealed in a

120 µL medium-pressure stainless-steel crucible with

a Viton O-ring that can withstand pressures up to

2 MPa. The temperature range scanned was from 25

to 250°C and three heating rates were used per adhe-

sive: 2, 5 and 10°C min–1. Temperature and enthalpy

calibrations were conducted with indium.

The results were analysed using the STARe soft-

ware supplied by Mettler-Toledo. The kinetics mod-

els used were the Borchardt and Daniels model (n or-

der kinetics) and the Model Free Kinetics isoconver-

sional method [5].

Dynamic mechanical analysis (DMA) experiments

DMA measurements were carried out in a

1-DMTA-V-3 equipment from Rheometrics Inc. Rect-

angular glass plates of 25.16·9.15·0.15 mm were em-

ployed as supports. A drop of adhesive was spread on

each of five glass plates and then they were stacked. An-

other sample consisting of only glass plates was used as

control. Both ends of the sample were clamped to a rigid

frame with a torque of 15 cN.m, and the drive shaft was

clamped to the centre of the sample. The choice of a

dual cantilever deformation mode was based on the fact

that it favours the strain of the less stiff material, in this

case, the adhesive between the more rigid supports [6].

The dynamic time sweep tests were conducted in

the following conditions: frequency = 1Hz, strain am-

plitude = 0.1%, and 140°C and 30 min or 120°C and

40 min. The DMA tests were carried out only on the

PUFT adhesives which gave the plywood

(PUFT(1.40)–17%) and medium density fiberboards

(PUFT(1.40)–10%) with the highest mechanical

properties.

Results and discussion

Figure 1 shows the DSC curves obtained at a heating

rate of 10°C min–1 for the PUF(1,40) prepolymer and

the PUFT(1,40)–17%, PUFT(1,40)–15%, PUFT-

(1,40)–12% and PUFT(1,40)–10% adhesives.

The PUF DSC curves present an exothermic peak

with a maximum between 146 and 149°C. This peak

was associated with the condensation of methylol

groups with phenol to form methylene bridges and the

condensation of two methylol groups to form dibenzyl

ether bridges [7]. All of these prepolymers show a split

peak with a second maximum at higher temperatures

(186.1–195.6°C) attributed to reactions such as the

condensation of the dibenzyl ether bridges to methylene

bridges, eliminating formaldehyde, which demand

higher temperatures as polymer mobility is reduced.

Phillips et al. [8] found this split on phenolic resins with

solid contents above 45% and the separation between

the peaks was more evident the higher the solid content.

Holopainen et al. [7] found the split when modifying the

F/P ratio, the peaks being more separated the higher this

ratio. The high concentration of methylol groups when

the F/P ratio increases, favours the formation of

methylene and methylene ether bridges. As a result,

mobility is again reduced and the second peak is shifted

to higher temperatures.
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Fig. 1 Experimental DSC curves of PUF (1,40) prepolymer

and PUFT(1,40)–17%, PUFT(1,40)–15%,

PUFT(1,40)–12% and PUFT(1,40)–10% adhesives at a

heating rate of 10°C min–1
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Regarding the PUFT adhesives, the position of

the maximum of both exothermic peaks is shifted to-

wards lower temperatures (138–145 and 167–178°C).

Tables 2 and 3 present the values of the curing

enthalpy of the PUF prepolymers and the PUFT adhe-

sives obtained at a heating rate of 10°C min–1. The

�H1 values are based on the mass of liquid resin while

the �H2 values are based on the resin solids. The �H2

values were determined in order to evaluate the

change in enthalpy due to the reactive solids.

As can be seen, the �H2 increases with decreasing

viscosity or degree of condensation for a given formula-

tion and in similar preparation conditions. Considering

proportionality between �H and the crosslinked created

(number of links formed), the lower the heat released the

lower the crosslinking [9] and, as a result, the lower the

mechanical properties. This is the case of the

PUF(1,40), PUF(2,40), PUF(2,80) and PUF(1,80)

prepolymers, which only differ in the reaction times of

both stages during their synthesis. PUFA(1,40) and

PUFB(1,40) do not follow this trend, possibly because

they were prepared entirely on a basic medium, which

favoured a higher degree of crosslinking.

As discussed previously, the high temperature

peak observed in the DSC thermograms was associ-

ated to the decomposition reaction of methylene ether

bridges to methylene bridges eliminating formalde-

hyde [7]. This was supported with the observation

that the curing enthalpy of the high temperature peak

of the prepolymers (Table 2) and the ether groups

content, which was evaluated by NMR in a previous

work [2], followed the same trend.

In the case of the PUFT adhesives, the lower val-

ues of enthalpy of curing can be explained by two dif-

ferent reasons. First, these adhesives have undergone

a previous copolymerisation of a PUF prepolymer

with the tannins, i.e. they are highly condensed poly-

mers, which implies fewer linking opportunities. Sec-

ond, the tannins are oligomers that do not require ex-

cessive crosslinking to polymerise.

Regarding the PUFT(1,40) adhesives, the lower

the tannin content the higher the total enthalpy of cur-

ing. Moreover, there is also a significant increase in the

curing enthalpy corresponding to the second peak of the

PUFT(1,40) adhesives (Table 3). As discussed before,

this second peak is associated with the presence of

methylene ether groups in the resins, resulting from the

reaction of methylol groups. Therefore, if the methylol

groups decrease because they react with the tannins,

then fewer ether groups will be formed and, conse-

quently, the area of the second peak will decrease.

Curing kinetics

Tables 2 and 3 show the kinetics parameters of the

Borchardt and Daniels model for the PUF prepoly-

mers and the PUFT adhesives: reaction order, n, fre-

quency factor, k, and activation energy, Ea.

The reaction orders corresponding to the first peak

of the curing reaction are close to the unity in most of

the resins, which is in agreement with those obtained for

the condensation stage of other PF resins and of the

o-hydroxymethyl-phenol [10, 11]. The activation ener-

gies corresponding to the first peak of the PUF

prepolymers ranges from 86.4 to 195 kJ mol–1. Sebenik

et al. [10] reported a value of 94.2 kJ mol–1 for the con-

densation of o-hydroxymethyl-phenol using DSC at a

heating rate of 4°C min–1. This suggests that the conden-

sation reaction of PUF(1,40) and PUFB(1,40) (96.5 and

86.4 kJ mol–1, respectively) is mostly dominated by the

o-hydroxymethyl-phenol. The significant variability in

the values of reaction order and activation energy for the

curing reaction of phenolic adhesives reported in the lit-

erature [12–15]: n, between 1.3 and 2.0, and Ea, between

121 and 215.9 kJ mol–1 must be emphasized. Finally,

both exothermic peaks of the PUFT(1,80) and

PUFT(2,80) adhesives overlapped so that an individual

analysis was not possible.

Although the results obtained using the Borchardt

and Daniels model are acceptable to establish compari-

sons between resins, the chemical conversion predic-

tions by this model should be used with caution be-

cause it could lead to unreliable results. Therefore, an

isoconversional method has been used because it al-

lows the evaluation of the activation energy as a func-

tion of the conversion without defining a kinetics

model [5]. Figure 2 presents the experimental DSC

curves for the PUFT(1,40)–17% adhesive at heating

rates of 2, 5 and 10°C min–1, and the corresponding

simulated ones using the Model Free Kinetics.
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Fig. 2 Experimental and simulated DSC curves of the

PUFT(1,40)–17% adhesive at heating rates of 2, 5 and

10°C min–1



The excellent concordance observed in all cases

guarantees the results obtained for the degree of

chemical conversion in function of time at the chosen

temperature. Figure 3 shows the chemical conversion

predictions for all the PUFT(1,40) adhesives (with

different tannin contents) at 120 and 140°C. The

higher chemical conversion degrees at both tempera-

tures for the PUFT(1,40)–15%, PUFT(1,40)–12%

and PUFT(1,40)–10% adhesives within the first min-

utes are gradually counteracted by those of the

PUFT(1,40)–17% at longer times. This behaviour in

the initial minutes could be explained due to the

higher mobility of the small polymer segments in the

lower molecular mass PUFT(1,40) adhesives, i.e.

those with lower tannin contents. This is because the

higher the mobility of the polymer segments the

higher the reactivity and, consequently, the faster the

reaction rate. On the other hand, the differences in the

chemical conversion degrees at higher times could be

explained qualitatively with the curves presented in

Fig. 1. The curing reaction of the PUFT(1,40)–15%,

PUFT(1,40)–12% and PUFT(1,40)–10% adhesives

takes place in a larger temperature range than that of

the PUFT(1,40)–17%, which explains the necessity

for longer times for complete curing.

In order to complete the curing kinetics study of

the PUFT adhesives, the DMA technique was used to

conduct a new set of experiments to evaluate the me-

chanical curing rate at different temperatures. Figure 4

shows the variation of the storage modulus (E’) and

tan � vs. time at 120°C for those adhesives with the best

performance in the manufacture of plywoods (PUFT-

(1,40)–17%) and MDF boards (PUFT(1,40)–10%).

Among the different criteria for determining the

gel point [16, 17], the maximum of the tan � curve,

based on the point where there is the greatest differ-

ence between the elastic and viscous behaviour of the

adhesive, was selected. As shown in Fig. 4, the gel

time decreased significantly when the adhesive tannin

content was increased from 10 to 17%. However, the

maximum rigidity (E’max), corresponding to the fin-

ishing point of the resin curing reaction, decreased.

Several procedures have been proposed to calcu-

late the degree of mechanical cure of thermoset resins

from DMA measurements, based on the changes of

the storage modulus [16, 17] or on the area of the

tan � curve [18, 19]. In this work, the degree of me-

chanical cure was calculated according to the former

criterium, by using the following equation:

Mechanical conversion (%) =
E t E

E E

'

max

'

'
max min

'

( ) –

–

�

�

�
�

�

�

�
�

100 (1)

where E´(t) is the value of the storage modulus at a

given time t, E´min the value of the storage modulus

when it started to increase sharply (0% of mechanical

conversion) and E´max the maximum of the E’ curve

(100% of mechanical conversion).

Figure 5 compares the mechanical and chemical

conversions vs. time for the PUFT(1,40)–10% and

PUFT(1,40)–17% adhesives at 140°C. As it can be

seen for both adhesives, the chemical conversion

rates are higher within the first minutes but afterwards

the mechanical conversion increases faster and it

reaches the complete curing when the chemical con-

version degrees are below 70%.

On the other hand, the mechanical curing rate is

significantly higher for the adhesive with a higher de-

gree of condensation (PUFT(1,40)–17%). In fact, the

PUFT(1,40)–17% adhesive would require 7 min at

140°C to reach the complete mechanical curing as op-

pose to the 11 min for the PUFT(1,40)–10%. Consid-
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Fig. 4 Storage modulus (E´) and tan � vs. time for

PUFT(1,40)–17% and PUFT(1,40)–10% adhesives at

120°C

Fig. 3 Conversion vs. time for PUFT(1,40)–17%,

PUFT(1,40)–15%, PUFT(1,40)–12% and

PUFT(1,40)–10% adhesives at 120 and 140°C



ering that the temperature in different locations of the

board depends mainly on the hot press time together

with the temperature of the plates and the thermal

properties of the mat or wood, in most of the cases the

hot press time is insufficient to reach a complete me-

chanical curing everywhere in the board. Therefore,

only the resin located closer to the board’s surface

will thoroughly cure. However, it must be pointed out

that during the posterior hot-stacking, the boards re-

main at high temperature for a long time, which is

generally enough to complete the mechanical curing.

Conclusions

The DSC curves of the PUF prepolymers show an exo-

thermic peak between 146 and 149°C and a second peak

at higher temperatures (186–196°C). Both peaks shift to

lower temperatures in the PUFT adhesives.

The curing enthalpy (based on reactive solids) of

the PUF prepolymers increases the lower the degree of

condensation. In the PUFT adhesives, the enthalpy of

curing decreases respectely to the PUF prepolymers

they were obtained from. This enthalpy of curing also

decreases when increasing the tannin content in the

PUFT(1,40) adhesives.

The isoconversional method ‘Model Free Kinetics’

has been successfully used to model and simulate the

curing process of the PUFT adhesives, and to predict the

degree of chemical conversion at a given temperature as

a function of time. The degree of mechanical cure ob-

tained by DMA was compared with the chemical cure

obtained by DSC. The chemical conversion rate is

higher within the initial minutes but then the mechanical

cure rate increases faster and is completed before.

Among all the PUFT(1,40) adhesives, the

PUFT(1,40)–17%, with the largest tannin content,

showed the highest chemical conversion rate at 120 and

140°C. Moreover, this adhesive also reached the me-

chanical cure in the shortest time at both temperatures.

This is a great advantage from the industrial point of

view as it allows for shorter hot-press times for a given

temperature, and therefore increases productivity.
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Fig. 5 Chemical vs. mechanical cure for PUFT(1,40)–17%

and PUFT(1,40)–10% adhesives at 140°C


