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Abstract The aim of this work was the formulation of

adhesives for particleboards based on tannins extracted

from industrial lignocellulosic wastes, namely chestnut

shell, chestnut bur and eucalyptus bark. The interest was

centred on the possibility of completely removing

formaldehyde from adhesive formulations. For this, hard-

ener alternatives to formaldehyde were used: tris(hydrox-

ymethyl)nitromethane (TRIS), glyoxal (GLY) and

hexametilentetramine (HEX). The influence of the type and

concentration of the hardener and pH on adhesive gel time

and pot-life were studied. A comparative structural char-

acterization of the adhesives was performed by 13C-NMR

spectroscopy. Thermomechanical analyses (TMA) tests

were carried out as an indication of the final strength of the

adhesive systems. Particleboards type 2 of interior use (EN

312) were manufactured with adhesives based on chestnut

shell tannins alone or mixed with chestnut bur/or euca-

lyptus bark tannins. Free-formaldehyde was determined,

and boards were prepared with TRIS, GLY and HEX

tannin adhesives were classified as E0.

1 Introduction

Nowadays wood panels are mainly manufactured with

thermosetting synthetic resins, most of them based on

formaldehyde. However, environmental and health con-

siderations are leading to increasingly severe standards

regarding the maximum value allowed for formaldehyde

emission from wood boards. This fact coupled with the

increasingly higher cost of synthetic resin based on petro-

leum has intensified the search for alternative resins based

on natural materials for the formulation of wood adhesives.

In this respect, the use of polyflavonoid tannins as com-

ponents of wood adhesives is one of the proposed alter-

natives, not only to prevent the use of formaldehyde but

also to reduce its emission from wood panels (Pizzi 2006;

Kim 2009).

Chestnut is a tree distributed mainly in the northern

hemisphere, in Asia, mainly in China, Korea and Japan, in

the south of Europe from Turkey to the Atlantic islands and

in the United States. The main varieties are Castanea

mollissima in Asia (mainly China), Castanea sativa in

Southern Europe and Turkey, and Castanea dentata in

North America (Pereira-Lorenzo and Ramos-Cabrer 2004).

In Galicia (NW of Spain) the food industry uses about

7,000 t/year of chestnuts (Castanea sativa) for the pro-

duction of marron-glacé, chestnut purée and other prod-

ucts. The peeling process generates a waste product, the

shell, which represents *10 % of the weight of the whole

chestnut, at present used as fuel. Additionally, a second

residue is produced, the bur, which remains in the forest

after chestnut harvesting.

Eucalyptus (Eucalyptus globulus) is one of the most

important forest species in Galicia and represents 27 % of

the total volume of processed wood in this community.

Eucalyptus wood is used in Galicia to produce, firstly,

Electronic supplementary material The online version of this
article (doi:10.1007/s00107-016-1054-x) contains supplementary
material, which is available to authorized users.

& Julia González-Álvarez
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cellulose pulp and, secondly, panels and boards. In both

cases, the bark which represents around 15–19 % of the

total wood volume is separated as a waste product and used

as fuel in the factory.

In previous work (Vázquez et al. 2009a; 2010; 2011),

the extraction of polyphenols from chestnut shell and

eucalyptus bark was studied and the results revealed that

the former had much better properties for the formulation

of wood adhesives. Additionally, the main structural and

functional characteristics of chestnut shell (Vázquez et al.

2013), eucalyptus bark (Vázquez et al. 2011) and chestnut

bur (Vázquez et al. 2009b) tannin extracts were analysed.

These studies demonstrated that chestnut shell tannins are

mainly of condensed type whereas eucalyptus bark and

chestnut bur tannins are of hydrolysable type.

In this work, the formulation of wood adhesives based

on chestnut shell tannins, alone or combined with euca-

lyptus bark or chestnut bur tannins, was studied. The

influence of the type and concentration of the hardener

(paraformaldehyde (PAR), tris(hydroxymethyl) nitro-

methane (TRIS), glyoxal (GLY) or hexametilentetramine

(HEX)) and pH on adhesive gel time and pot life were

analyzed. Adhesives were characterized by thermome-

chanical analysis (TMA) and 13C-NMR spectroscopy.

Particleboards were manufactured and board quality and

formaldehyde emission were evaluated.

2 Materials and methods

2.1 Materials

Chestnut (Castanea sativa) shell (a mixture of the outer

brown peel and the inner pellicle) was supplied by a food

factory, Marrón Glacé, S.L. (Ourense, Spain), eucalyptus

(Eucalyptus globulus) bark was supplied by a pulp factory

(ENCE, Pontevedra, Spain), and chestnut bur was collected

in a chestnut plantation in Vila de Cruces (Galicia, NW

Spain). They were air dried till equilibrium moisture con-

tent, ground in a hammer mill, sieved, and the fraction of

particle size between 0.1 and 2 mm was selected. Chemical

composition of chestnut shell and eucalyptus bark has been

determined in a previous work (Vázquez et al. 2008).

2.2 Extraction and concentration

The extraction experiments were carried out in a 10-L

Pyrex glass reactor with mechanical stirring and tempera-

ture control. Solid/liquid ratio was 1/10 (w/w) for chestnut

shell and bur and 1/15 (w/w) for eucalyptus bark. Aqueous

solutions of sodium hydroxide and sodium sulphite were

used as extraction agents. Alkali concentrations and

extraction temperature are shown in Table 1.

The material and water were mixed at room tempera-

ture, heated and, once the selected temperature was

attained, the alkali was added and contact time begun to

run. After 1 h, the suspension was vacuum filtered, the

solid residue was washed with water until a nearly

colourless filtrate was obtained and the extract together

with the first water washings were concentrated by spray-

drying.

2.3 Adhesive gel time

In order to study the influence of the hardener type (PAR,

GLY, TRIS and HEX), concentration (7.5–20 % on extract

weight dry basis, see Table 2) and pH (from natural pH

6–10, see Table 3) on adhesive gel time, 20 % (by weight)

aqueous solutions of CS1 chestnut shell tannin extract were

prepared and the pH was modified when necessary with a

sodium hydroxide aqueous solution. Five grams of the

solution were introduced into a test tube which was placed

in a boiling water bath, the appropriate amount of hardener

was added and well mixed and time began to run. A wire

spring was manually moved upwards and downwards until

the mixture gelled. The analyses were done in triplicate and

the results averaged.

2.4 Adhesive rheological behavior and pot life

The rheological behaviour of a 40 % (by weight) aqueous

solution of CS1 chestnut shell tannin extracts (Table 4) and

of adhesives prepared with different hardeners (PAR,

HEX,GLY and TRIS) (Table 5) was studied at pHs from 6

(natural pH) to 9.

Measurements were performed at 25 �C with a Brook-

field DV-II ? viscosimeter using the small sample adapter

Table 1 Extraction conditions tested for chestnut shell, eucalyptus bark, and chestnut bur

Sample Na2SO3

(% on oven-dried material)

NaOH

(% on oven-dried material)

Temperature

(�C)
Extraction

yield (%)

CS1 1.5 0.75 90 29.2

CS2 4.5 3.0 100 56.4

EB 1.5 0.75 90 7.1

CB 1.5 0.75 90 21.7

CS chestnut shell, EB eucalyptus bark, CB chestnut bur
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at different times since tannin solution or adhesive prepa-

ration [from 0 (solution/adhesive freshly prepared) to

300 min]. Adhesive rheological behaviour was studied

analysing the time course of the power law rheological

parameters, n (the power law index) and k (the consistence

index) at 25 �C. k and n were calculated from the power

law by linear regression (R2[ 0.99). Hardener concentra-

tions of 5 and 10 % (on extract weight, dry basis) for PAR

and HEX and 10 % for GLY and TRIS were used. These

measurements were used to evaluate adhesive pot life.

2.5 Adhesive preparation

For particleboard manufacture, adhesives were prepared as

follows: a 40 % (w/w) aqueous solution of the extract or

mixture of extracts was prepared and the percentage (on

extractweight dry basis) of the selectedhardener (TRIS,GLY,

HEX or PAR) was added and mixed at room temperature.

Adhesive pH was modified when necessary using a sodium

hydroxide aqueous solution. The conditions used (type of

extract, type and concentration of hardener and pH) are shown

in Table 6 for the adhesives based on chestnut shell tannin

extracts (CS1andCS2), and inTable 7 for thosepreparedwith

mixtures of chestnut shell tannin extracts (CS1) with euca-

lyptus bark (EB) or chestnut bur (CB) ones. Adhesives were

characterized by TMA and 13C-NMR spectroscopy.

2.6 Solid state 13C-NMR spectroscopy

An aqueous solution of CS1 tannin extract and adhesives

prepared with CS1 and the different hardeners (10 % PAR at

pH 6; 5 % HEX at pH 8; 10 % TRIS at pH 8; 10 % GLY pH

6) were hardened at 105 �C for 24 h in an oven and finely

ground in a ball mill for NMR analysis. The solid state 1D

CP-TOSS (Cross Polarization Total Suppression of Spinning

Sidebands) 13C-NMR spectrum of adhesives based on the

chestnut shell tannin extract were obtained at room tem-

perature with a Varian Inova 750 spectrometer of 17.6 T.

The speed of MAS rotation was of 9 kHz. A linear ramp was

used for the cross-polarization, with a time contact of 5 ms

and a TPPM heteronuclear decoupling was used with a field

strength of 74 kHz. The number of scans was 5000 and the

relaxation time between scans (d1) was 2.5 s.

2.7 Thermomechanical analysis (TMA)

Adhesives prepared with chestnut shell tannins CS1 and

CS2 using different hardeners were characterized by TMA.

Analyses were performed with a Mettler Toledo TMA 40

Table 2 Influence of hardener type and concentration on the gel time

of adhesives based on chestnut shell tannin extract (CS1) at the nat-

ural pH

Adhesive formulation Hardener concentration

(% on extract weight)

Gel time (s)

CS1?PAR 7.5 110 ± 8

10 72 ± 3

15 49 ± 2

20 39 ± 4

CS1?TRIS 7.5 1100 ± 45

10 600 ± 42

15 500 ± 4

20 400 ± 13

CS1?HEX 7.5 73 ± 5

10 55 ± 2

15 40 ± 2

20 36 ± 1

CS1?GLY 7.5 145 ± 6

10 138 ± 8

15 157 ± 2

20 216 ± 17

PAR paraformaldehyde, TRIS tris(hydroxymethyl) nitromethane,

HEX hexametilentetramine, GLY glyoxal

Values are presented as mean ± standard deviation

Table 3 Influence of pH on the gel time of adhesives based on

chestnut shell tannin extract (CS1)

Adhesive formulation pH Gel time (s)

CS1?

10 % PAR

6 72 ± 3

7 23 ± 3

8 9 ± 1

CS1?

10 % TRIS

6 600 ± 42

7 110 ± 7

8 25 ± 3

9 18 ± 2

CS1?

10 % HEX

6 55 ± 2

7 55 ± 2

8 60 ± 5

10 177 ± 17

CS1?

10 % GLY

6 138 ± 8

7 110 ± 9

8 65 ± 2

9 90 ± 3

PAR paraformaldehyde, TRIS tris(hydroxymethyl) nitromethane,

HEX hexametilentetramine, GLY glyoxal

Values are presented as mean ± standard deviation

Eur. J. Wood Prod. (2017) 75:89–100 91

123



instrument using the following conditions: 30 mg of resin;

heating rate 10 �C/min; temperature range 25–250 �C.
Bending curves, which allow the determination of modulus

of elasticity (MOE), were obtained using the 3-point

bending deformation mode. The results were analyzed

using the Stare software from Mettler Toledo.

2.8 Particleboard manufacture and testing

Adhesives were prepared as explained before. The amount

of adhesive employed for all panels was 10 % based on

wood weight (dry basis). Two sets of particleboards were

prepared. The first set of panels was one layer

230 mm 9 230 mm 9 14 mm particleboards prepared in

the ENSTIB-LERMAB laboratories with a mixture of

beech (Fagus sylvatica) and Norway spruce (Picea abies)

wood particles and adhesives based on CS1 or CS2 tannin

extracts (Table 6). Boards were prepared using a SMI press

at 25 bar maximum pressure and 195 �C press temperature

for 7.5 min. The second set of panels was one layer

210 mm 9 210 mm 9 14 mm particleboards prepared in

the laboratories of University of Santiago de Compostela

with pine wood particles and adhesives based on mixtures

of CS1 with EB or CB tannin extracts (Table 7). The

boards were pressed in a laboratory Gumix press at 195 �C
and 40 bar for 7.5 min.

Particleboards were evaluated by physical and

mechanical tests according to European standards: den-

sity (EN 323: 1993), moisture content (EN 322: 1993),

thickness swelling (EN 317: 1993), water absorption (EN

317: 1993) and internal bond strength (EN 319: 1993).

Internal bond (IB) strength measurements were made for

the original board samples and for samples used for the

analysis of water resistance to test IB variation after

water treatment. The water treated samples were dried in

an oven for 24 h followed by 1 h in a desiccator and

sanded. Board classification was done according to EN

312: 2010.

2.9 Board formaldehyde emission

Particleboard free-formaldehyde was determined by the

flask method (EN 717-3: 1996) within the 24 h following

board preparation. The method is based on storing of one to

three board pieces (25 mm 9 25 mm 9 14 mm) with a

total mass of around 20 g in a closed polyethylene or glass

Table 4 Rheological behaviour

of a 40 % chestnut shell tannin

extract (CS1) aqueous solution

and its variation with pH and

time

pH Time since mixing (min) Apparent viscosity at 6 rpm (mPa s) k (Pa.sn) n

6 0 2180 2.32 0.90

10 2879 3.04 0.93

30 3239 3.47 0.93

60 3559 3.87 0.90

120 4219 4.57 0.89

300 7338 7.6 0.92

8 0 2819 2.92 0.92

10 3200 3.26 0.98

30 4139 4.38 0.91

60 4499 4.77 0.91

120 6539 7.10 0.89

300 9218 10.20 0.88

8.5 0 2559 2.60 0.94

10 3179 3.42 0.92

30 4019 4.34 0.91

60 5559 5.99 0.91

120 * 23.88 0.75

300 * 128.62 0.75

9 0 2379 2.71 0.80

10 5339 6.37 0.70

30 5359 6.20 0.76

60 15217 18.09 0.60

120 * 54.26 0.46

* Not measurable
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bottle (Salthammer et al. 2010) with 50 ml of distilled

water at 40 �C for 180 min. The formaldehyde released by

the test samples during this period of time was absorbed by

the water. Then, the formaldehyde content was determined

by the acetylacetone method (Hantzsch reaction) measur-

ing the absorbance at 412 nm.

Table 5 Rheological behaviour of adhesives prepared with chestnut shell tannin extract (CS1) and various hardeners

Samples Time since mixing (min) Apparent viscosity at 3 rpm (mPa�s) k (Pa.sn) n

CS1 ? 10 %PAR (pH 6) 0 7378 8.02 0.84

10 9978 10.71 0.91

30 14077 14.92 0.87

60 18636 19.40 0.87

120 20016 21.72 0.82

300 * 80.56 0.49

CS1 ? 5 %PAR (pH 8) 0 8638 9.35 0.88

10 15577 16.73 0.84

30 * 83.8 0.71

CS1 ? 10 %PAR (pH 8) 0 13617 36.31 0.78

10 * 14.79 0.62

CS1 ? 10 %HEX (pH 6) 0 * 46.81 0.19

CS1 ? 5 %HEX (pH 8) 0 4719 4.63 0.86

10 5959 6.6 0.90

30 7438 7.31 0.89

60 10638 10.61 0.88

120 19036 18.7 0.82

300 * 60.51 0.83

CS1 ? 10 %HEX (pH 8) 0 6919 6.95 0.79

10 9838 9.84 0.82

30 11797 11.86 0.80

60 26314 25.56 0.75

120 28794 26.65 0.66

CS1 ? 10 %TRIS (pH 8) 0 5719 6.2 0.86

10 7038 7.01 0.87

30 9958 10.08 0.90

60 11638 11.69 0.85

120 19396 18.91 0.84

300 31713 29.46 0.83

CS1 ? 10 %GLY (pH 6) 0 5039 5.11 0.86

10 5399 5.41 0.90

30 6719 6.77 0.92

60 8158 8.03 0.92

120 14277 14.33 0.91

300 28034 27.33 0.87

CS1 ? 10 %GLY (pH 8) 0 6359 6.47 0.83

10 8998 9.19 0.81

30 15277 15.22 0.86

60 25395 24.01 0.82

120 * 49.44 0.75

PAR paraformaldehyde, TRIS tris(hydroxymethyl)nitromethane, HEX hexametilentetramine, GLY glyoxal

* Not measurable
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3 Results and discussion

3.1 Adhesive gel time

The results for adhesive gel time at natural pH as a

function of hardener type and concentration are shown in

Table 2. For PAR and HEX adhesives, the gel time was

very short at all the concentrations essayed. On the

contrary, TRIS adhesives showed significantly higher gel

times than all the other adhesive systems. Gel time

decreased when increasing hardener concentration from

7.5 to 20 %, except for GLY adhesives. In this case, gel

time reached a minimum at a concentration between 10

and 15 %. Then, an intermediate concentration in the

range analyzed, 10 %, was selected for analyzing the

influence of pH on gel time and comparing its effect on

the different hardeners. For GLY and TRIS adhesives,

that concentration is close to the lower limit used with

these hardeners for other tannin adhesives systems

(Trosa and Pizzi 2001; Ballerini et al. 2005). For HEX

and PAR lower concentrations, around 5 %, are habitu-

ally used (Pichelin et al. 1999).

Table 3 shows the effect of pH on the gel time of tannin

adhesives prepared with 10 % of the different hardeners.

Gel time diminished with increasing pH for PAR and TRIS

adhesives, increased for the HEX ones and reached a

minimum for GLY. It is notable the significant drop in the

gel time observed for TRIS adhesives when increasing pH.

In view of the results obtained, the working pHs selected to

allow the employment of these adhesives for wood panels

were the natural pH (pH 6) for PAR, pH 7–8 for TRIS and

pH 6–8 for HEX and GLY.

Table 6 Results for particleboards bonded with chestnut shell tannin based adhesives

Extract Hardener

(%)

pH Density

(kg/m3)

Dry-IB

strength

(MPa)

2 h in water-

Swelling (%)

2 h in water-

Water

Absorption

(%)

24 h in

water-

Swelling (%)

24 h in

water-Water

Absorption

(%)

24 h in

water-

Density

(kg/m3)

24 h in

water-IB

strength

(MPa)

CS1 5 % HEX 8 730 0.60 ± 0.04 23.22 ± 0.50 58.29 ± 1.73 30.42 ± 0.81 77.27 ± 2.86 510 0.11 ± 0.03

CS1 5 % PAR 6 720 0.46 ± 0.02 18.92 ± 0.63 58.86 ± 0.63 25.83 ± 1.45 70.95 ± 2.00 580 0.16 ± 0.04

CS1 12 % GLY 8 720 0.44 ± 0.04 23.64 ± 1.44 60.13 ± 1.26 30.29 ± 0.34 75.15 ± 1.99 510 0.06 ± 0.01

CS1 10 % TRIS 8 740 0.62 ± 0.05 21.73 ± 0.98 57.84 ± 0.88 29.47 ± 1.50 70.94 ± 1.15 560 0.15 ± 0.01

CS2 5 % HEX 8 720 0.48 ± 0.04 24.41 ± 0.77 54.42 ± 2.40 31.13 ± 1.09 78.08 ± 2.06 540 0.06 ± 0.01

CS2 5 % PAR 6 730 0.58 ± 0.06 25.38 ± 1.30 54.92 ± 1.03 29.93 ± 1.31 76.33 ± 0.88 550 0.10 ± 0.01

CS2 12 % GLY 8 710 0.40 ± 0.03 33.52 ± 2.34 64.57 ± 1.03 45.52 ± 3.38 92.93 ± 1.45 420 –

CS2 10 % TRIS 8 740 0.58 ± 0.03 32.07 ± 2.02 64.47 ± 1.28 41.39 ± 2.83 92.83 ± 3.00 450 0.04 ± 0.01

EN 312 requirement C0.35 B14 % C0.45

Values are presented as mean ± standard deviation (n = 6)

IB Internal Bond

Table 7 Results for particleboards bonded with adhesives based on mixtures of chestnut shell (CS1) and eucalyptus bark or chestnut bur tannins

using a 10 % tris(hydroxymethyl) nitromethane as hardener

CS1

extract

(%)

EB/CB

extract

(%)

Density

(kg/m3)

Dry-IB

strength

(MPa)

2 h in water-

Swelling (%)

2 h in water-

Water

Absorption (%)

24 h in

water-

Swelling (%)

24 h in water-

Water

Absorption (%)

24 h in

water-

Density

(kg/m3)

24 h in water-

IB strength

(MPa)

100 0 740 0.62 ± 0.05 21.73 ± 0.98 57.84 ± 0.88 29.47 ± 1.50 70.94 ± 1.15 560 0.15 ± 0.01

80 20 EB 690 0.56 ± 0.06 21.98 ± 1.75 61.08 ± 3.24 27.68 ± 1.65 74.11 ± 3.82 440 0.08 ± 0.01

60 40 EB 690 0.66 ± 0.04 20.95 ± 0.93 60.06 ± 2.31 24.80 ± 1.11 70.18 ± 4.31 500 0.20 ± 0.02

40 60 EB 670 0.32 ± 0.02 – – – – – –

80 20 CB 690 0.51 ± 0.03 18.25 ± 1.07 65.04 ± 4.11 23.34 ± 1.90 76.40 ± 3.19 500 0.20 ± 0.01

60 40 CB 700 0.45 ± 0.01 28.06 ± 1.04 70.11 ± 3.51 36.63 ± 0.34 85.30 ± 2.71 430 0.07 ± 0.01

EN 312 requirement C0.35 B14 % C0.45

Values are presented as mean ± standard deviation (n = 6)

EB eucalyptus bark, CB chestnut shell, IB internal bond
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3.2 Adhesive rheological behavior and pot-life

Table 4 shows the time course of the power law parame-

ters, k and n, for a 40 % CS1 aqueous solution at various

pHs. In addition, the apparent viscosity of the solution at a

fixed shear rate was compared. As shown, the tannin

solution had a pseudoplastic behavior which became more

remarkable with increasing pH and time. In view of the

results, it was concluded that pH of the extract solution for

the formulation of wood adhesives must be between the

natural pH (6) and 8. At higher pHs, the pot-life of the

solution is significantly reduced as deduced from the

increasingly higher values of apparent viscosity, which

limits its application in the formulation of adhesives.

In a second stage, the rheological behavior of adhesives

prepared with CS1 extract and the different hardeners was

analyzed as a function of time and pH (Table 5). Like the

tannin solution, the adhesives showed a pseudoplastic

behaviour with n values less than the unity and more

pronounced with the progress of the reaction at room

temperature. This behaviour is of great interest because

when the adhesive is subjected to stress during application

its apparent viscosity decreases favouring the flow. With

respect to adhesive, apparent viscosity which can limit its

applicability generally decreased in the order PAR[
HEX & GLY[TRIS. For PAR, pot life decreased sig-

nificantly with increasing pH, then pH 6 is recommended

as previously concluded from gel time analysis. In the case

of HEX adhesives, pH 8 was the selected one and the lower

concentration, 5 %, allowed to considerably improve

adhesive pot life. For GLY the lower pH provided a longer

pot life.

The pot life of adhesives prepared using the CS2 tannin

extract were analyzed in a previous work (Vázquez et al.

2012). Comparing CS1 and CS2 chestnut shell extracts it

was noted that CS2 and the adhesives prepared with it

exhibited a more pronounced pseudoplastic character than

the CS1 ones. Furthermore, for both extracts TRIS adhe-

sives exhibited the greatest pot lives, while the PAR ones

the lowest ones, which limits the applicability of adhesives

prepared with PAR.

3.3 CP-MAS 13C-NMR spectroscopy

The 13C-NMR spectra of the CS1 tannin extract and the

adhesives prepared with CS1 and different hardeners under

previously selected conditions (10 % PAR at pH 6; 5 %

HEX at pH 8; 10 % TRIS at pH 8; 10 % GLY at pH 6) are

shown in Fig. 1. The assignment of the bands was per-

formed according to Pizzi (1994), Pizzi and Tekely (1995)

and Pichelin et al. (1999). The relative intensity of the

bands (Online Resource 1) was calculated taking as

reference the intensity of the C30 and C40 bands (Pizzi and
Stephanou 1994).

The presence of low intensity bands due to quinoid and

enol structures, characteristic of the catechinic acid

(170–200 ppm), both in the spectrum of CS1 cured alone

(Fig. 1a) and of the adhesives cured with the four hardeners

(Fig. 1b–e), indicates that the acid structure rearrangement

has been produced but not to a large degree (Ohara and

Hemingway 1991). The 13C-NMR spectrum of the

uncured CS1 tannin extract, which was obtained in a pre-

vious work (Vázquez et al. 2013), was compared with that

of the adhesives prepared with CS1 and the different

hardeners. Except when GLY was used as hardener, the

slight decrease in the intensity of the band due to the car-

bons C5 and C7 at 150–154 ppm indicates that the ratio of

quinoid structures in the cured adhesives was low, as the

intensity of this band indicates the percentage of carbons in

these positions which have become nonaromatic quinoid

structures (Pizzi and Meikleham 1995).

With respect to the band at around 105 ppm, due to

formation of C4–C6 and C4–C8 interflavonoid bonds, a

significant increase was detected for the CS1 cured extract

(Fig. 1a) with respect to the uncured one (Vázquez et al.

2013), and the increase was more significant when hard-

eners (PAR, HEX, TRI and GLY) were used in adhesive

formulation (Figs. 1b–e).

Comparing the spectra of the CS1 chestnut shell

extract cured with PAR (Fig. 1b) and the extract cured

without hardener (Fig. 1a), the major differences are the

decrease in the intensity of the band due to C5, C7 and

C9 carbons of the flavonoid A ring, the increase of the

band due to the C10 carbon which moves slightly to

132.0 ppm, the appearance of bands due to C50 and C20

carbons, suggesting a similar behaviour to that of com-

mercial mimosa and pecan nut tannins (Pizzi and Ste-

phanou 1994), and the increased intensity of the bands

between 33 and 37 ppm due to the formation of inter-

flavonoid methylene bridges. Furthermore, the relative

intensity of the band at 72 ppm due to C3 sites in the

interior chain and upper chain-ending positions (Lorenz

and Preston 2002) also increased. Finally, when PAR

was used as hardener a band at 84 ppm was detected. It

is attributed to the presence of free formaldehyde, sug-

gesting that the adhesive can lead to higher formalde-

hyde emissions than those prepared with the other

hardeners (Ferg et al. 1993).

Hexamine presents two possible mechanisms of inter-

flavonoid bonding, which normally co-exist in the final

adhesive, that are the bonding by methylene bridges and by

benzylamine bridges (Pichelin et al. 1999). The bands at 31

and 41 ppm in the spectrum of the adhesive cured with

HEX (Fig. 1c) are due to methylene bridges and are similar
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to those formed with PAR. The bands at 59, 53 and 49 ppm

correspond to tribenzylamine, dibenzylamine and

monobenzylamine bridges, respectively (Sojka et al. 1981).

The relative intensities of these bands (Online Resource 1)

indicate that, in this adhesive, the link between flavonoids

units is produced mainly by benzylamine bridges. In

general, the more reactive the tannin is, the greater is the

proportion of benzylamine bridges to methylene bridges

(Pizzi and Tekely 1995). In this case, tribenzylamine

bridges are the majority (74.5 % vs. 52.1 and 40.6 %). The

intensity of the bands in the region of 83–93 ppm, where

the band corresponding to C2 carbon and the bands due to

Fig. 1 Comparative 13C-NMR spectra of CS1 chestnut shell tannin extract cured without hardener (a) and cured with 10 % PAR at pH 6 (b),
5 % HEX at pH 8 (c), 10 % TRIS at pH 8 (d) and 10 % GLY at pH 6 (e)
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the presence of formaldehyde appear, is lower than for the

extract cured without hardener and with the other harden-

ers, indicating that HEX reacted forming benzylamine

bridges instead of decomposing into ammonia and

formaldehyde (Pichelin et al. 1999).

In the spectrum of the adhesive cured with TRIS

(Fig. 1d), the intensity of the bands due to C60, C20 and C50

carbons increased (as in the case of PAR and GLY) over

those of tannins cured without hardener and with HEX.

Moreover, the bands at 96–98 ppm for C6 and C8 carbons

are less intense due to the participation of these carbons in

the formation of interflavonoid bonds by methylene

bridges, but were less reduced than when PAR was used.

The appearance of bands in the 50–58 ppm region indi-

cates that benzylamine bridges were also formed, although

less than when HEX was used.

In the spectrum of the adhesive cured with GLY

(Fig. 1e), the catechinic acid rearrangement involving the

opening of the A ring was observed and, consequently, the

decrease in the relative intensity of the band due to C5 and

C7 carbons (band around 155 ppm). Compared with the

CS1 cured without hardener, GLY adhesive showed a

higher intensity of the bands at 33 and 37 ppm due to

methylene bridges formation.

Comparing the relative intensities of the bands charac-

teristic of polymerization reactions, the intensity of inter-

flavonoid bonds (bands at around 105 ppm) and methylene

bridges followed the sequence TRIS[ PAR[GLY[
HEX. The average degree of polymerization (DP) of chest-

nut shell CS1 tannin extract cured alone and the adhesives

prepared with the different hardeners was determined using

the equation proposed by Thompson and Pizzi (1995)

(Eq. 1). Calculation of y was modified in the case of HEX

and TRIS to consider the areas of the bands due to triben-

zylamine (Tba), dibenzylamine (Dba) and monobenzy-

lamine (Mba) bridges in addition to the area of the bands due

to C4–C8 and C4–C6 bonds according to Eq. 2.

DP ¼ 3:173 y þ 0:705 ð1Þ

y¼AreaðC4�C8ÞþAreaðC4�C6ÞþAreaðTbaÞþAreaðDbaÞþAreaðMbaÞ
AreaC8freeþAreaC6free

ð2Þ

PAR and TRIS are the hardeners which provide

adhesives with higher average polymerization degree:

35.9 (CS1 ? PAR)[27.1 (CS1 ? TRIS)[9.9 (CS1 ?

HEX)[9.1 (CS1 ? GLY)[6.3 (CS1).

3.4 Thermomechanical analysis (TMA)

The curing of an adhesive can be evaluated by TMA by

analyzing the rigidity of wood-adhesive joints as a function

of temperature. The maximum value of the modulus of

elasticity (MOE) of a wood-adhesive system and its

increase as a function of time or temperature give a good

indication of the possible end performance of the adhesive

system tested (Lei et al. 2007). Thus, using TMA the

technical viability of different adhesive formulations pre-

pared was analyzed according to the tannin extract (CS1 or

CS2) and hardener (PAR, GLY, HEX, TRIS) used and the

pH selected (6–10). Figure 2 compares the maximum value

of the MOE, Fig. 3 the variation undergone by the MOE to

reach the maximum (DMOE) and Fig. 4 the temperature

needed to reach that value.

The highest maximum MOE value was obtained for the

adhesive prepared with CS2 and 10 % HEX at pH 8, but

very close values were obtained for most of HEX adhe-

sives. The highest DMOE value corresponded to the

adhesive prepared with CS1 and 5 % HEX at pH 8. In

general, MOE and DMOE were greater for the adhesives

prepared with the CS2 tannin extract. However, for PAR

adhesives, the one based on CS1 presented a slightly higher
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Fig. 2 Maximum MOE values for adhesives formulated with CS1

and CS2 chestnut shell tannin extracts and the hardeners essayed:

paraformaldehyde (PAR), tris(hydroxymethyl) nitromethane (TRIS),
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value of MOE, but DMOE was considerably lower than

that obtained for the CS2 one. For a particular extract and

hardener, adhesive pH hardly affected MOE while DMOE

values varied significantly in most cases and generally

decreased with increasing pH.

With respect to the temperature required to reach the

maximum MOE value, it varied between 180 �C, for the
adhesive prepared with CS1 and 10 % PAR at pH 6, and

110 �C, for the adhesive prepared with CS2 and 10 %

TRIS at pH 6. The influence of pH, type of tannin extract

and hardener concentration depended on the hardener used.

Garnier et al. (2002) found a very good correlation

between the dry internal bond (IB) strength of particle-

boards bonded with tannin–formaldehyde resins and the

results of TMA bending experiments. In this work, the

adhesive with the highest DMOE value, that prepared with

CS1 and 5 % HEX at pH 8 also showed one of the highest

dry IB values (Table 6). On the other hand, DMOE values

for adhesives prepared with CS2 depended on the hardener

used in the same way as dry IB,

TRIS[ PAR[HEX[GLY.

3.5 Evaluation of board quality

Particleboards were manufactured with the adhesives pre-

pared with CS1 and CS2 chestnut shell extracts formulated

under the conditions (hardener concentration and pH)

previously selected. Table 6 shows the results obtained for

density and internal bond strength for dry boards and for

boards after immersion in water for 24 h. In addition, the

values of thickness swelling (%) and water absorption (%)

are presented comparatively for boards after 2 and 24 h of

water immersion.

The IB strength of a board is a direct measure of the

performance of the adhesive. All boards prepared complied

with the dry IB strength requirement of the European norm

EN 312 for boards of type P2 for interior use in dry con-

ditions. Comparing the IB values for dry boards, a slight

influence of the type of tannin extract and hardener used

was found. The best results were obtained for the boards

prepared with the adhesives formulated with the CS1

extract and two of the hardeners selected as alternative to

PAR, TRIS and HEX, in this order. However, as extraction

yield was significantly higher for CS2 extract (Table 1),

adhesives formulated with CS2 would be selected for

improving process economy. In addition, as HEX is

cheaper than TRIS and is used in lower concentration,

HEX would be the selected hardener. From the 13C-NMR

analysis it was concluded that the adhesive average poly-

merization degree depended on the hardener used,

decreasing in the order TRIS[HEX[GLY for the

hardeners selected as alternative to paraformaldehyde, and

IB strength values for dry boards followed the same order

(Table 6).

Analyzing the water resistance characteristics of the

boards, none of them complied with EN 312 standard for

boards of type P3. However, those prepared with the

adhesives formulated with CS1 showed higher water

resistance, with absorption and thickness swelling per-

centages slightly higher than those formulated with CS2.

The differences can be attributed to the higher concentra-

tion of sodium sulfite in CS2, which increased tannin sol-

ubility but reduced water resistance properties of the

adhesives. The best IB results after 24 h of water immer-

sion were obtained for the boards prepared with the

adhesives formulated with CS1 using PAR and TRIS as

hardeners, which also showed the lowest values of thick-

ness swelling and absorption percentages.

3.6 Board formaldehyde emission

As seen in Table 8, formaldehyde emission of boards

prepared with adhesives formulated with HEX, TRIS and

GLY were significantly lower than that of the boards pre-

pared with PAR adhesives. Furthermore, HEX was the

hardener that led to the boards with the lowest formalde-

hyde emission.

The formaldehyde emission method used in this work

(EN 717-3) does not classify boards based on formalde-

hyde emission. Then, the results obtained were tested

according to Risholm-Sundman and Wallin (1999) who

correlated the results analyzed by different official meth-

ods. Thus, formaldehyde emission of boards prepared with

adhesives based on hardeners alternative to PAR was
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within the limits established for the E0 commercial label

(B2.4 mg formaldehyde/kg dry board; based on EN 13986:

2004) and considerably below the values obtained for

boards manufactured with commercial resins such as urea–

formaldehyde or melamine-urea–formaldehyde (Navarrete

et al. 2012).

3.7 Adhesives prepared by mixing condensed

and hydrolysable tannin extracts

In a second stage, particleboards were prepared with

adhesives formulated with mixtures of tannin extracts from

chestnut shell (CS1) and eucalyptus bark (EB) or chestnut

bur (CB) using 10 % of TRIS as hardener at pH 8. Table 7

shows the results obtained for density and internal bond

strength for dry boards and for boards after immersion in

water for 24 h, together with the values of thickness

swelling (%) and water absorption (%) for boards after 2

and 24 h of water immersion.

Particleboards prepared using adhesives prepared with

mixtures of tannin extracts from chestnut shell (CS1) and

eucalyptus bark (EB) complied with the dry IB strength

requirement of the European norm EN 312 for interior use

boards of type P2 for EB tannin contents of up to 40 %.

With respect to the results obtained for water resistance,

none of the boards overcame the requirements of the EN

312 standard. However, particleboards prepared with 40 %

EB slightly exceeded the IB value after 24 h of water

immersion obtained for the particleboards prepared with

100 % CS1.

Particleboards prepared using adhesives prepared

with mixtures of tannin extracts from chestnut shell

(CS1) and chestnut bur tannin extract (CB) complied

with the dry IB strength requirement of the European

norm EN 312 for interior use boards of type P2, how-

ever any board exceeded the standard requirements for

exterior use. IB decreased as CB percentage increased

from 20 to 40 %.

4 Conclusion

Particleboards were manufactured with adhesives formu-

lated with chestnut shell tannin extracts and different

hardeners: tris(hydroxymethyl)nitromethane, glyoxal and

hexametilentetramine, which could replace the commercial

wood adhesives based on phenol and formaldehyde for

interior use applications. Moreover, condensed chestnut

shell tannins could be combined with low proportions

(\40 %) of hydrolysable type tannins, such as chestnut bur

or eucalyptus bark, without reducing board quality. Tannin

adhesives prepared have the additional advantage of

removing completely formaldehyde from the formulations.

Particleboards classified as E0 with respect to formalde-

hyde emission were obtained, which means an important

progress to pass the increasingly severe environmental

restrictions of the board industry.
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(2010) Optimisation of polyphenols extraction from chestnut

shell by response surface methodology. Waste Biomass Valor

1:119–225

Vázquez G, Santos J, Freire MS, Antorrena G, González-Álvarez J
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