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ABSTRACT

Soy-protein isolate (SPI) was used to prepare non-isocyanate polyurethane (NIPU) thermosetting adhesives for
wood panels by reacting it with dimethyl carbonate (DMC) and hexamethylene diamine. Both linear as well

as branched oligomers were obtained and idextj indicating how such oligomer structures could further
cross-link to form a hardened network. Usual structures were observed, namely carbamic acid-derived
urethane linkages coupled with lactam structures. The curing of the adhesive was followed by thermomechanical
analysis (TMA). It appeared to follow a two stages process: First, at a lower temperature (maximum 130°C), the
growth of linear oligomers occurrednally forming a physically entangled network. This appeared to collapse

and disentangle, causing a decrease of MOE, as the temperature increases. This appears to be due to the ever more
marked Brownian movements of the linear oligomer chains with the increase of the temperature. Second, chemi-
cal cross-linking of the chains appeared to ensue, forming a hardened network. This was shown by the thermo-
mechanical analysis (TMA) showing two distinct MOE maxima peaks, one around 130°C and the other around
220°C, with a very marked MOE decrease between the two. Plywood panels were prepared and bonded with the
SPI-NIPU wood adhesive and the results obtained are presented. The adhesive appeared to pass comfortably the
requirements for dry strength of relevant standards, showing to be suitable for interior grade plywood panels. It
did not pass the requirements for wet tests. However, addition of 15% of glycerol diglycidyl ether improved the
wet tests results but still not enough to satisfy the standards requirements.

KEYWORDS

Bio-based wood adhesives; soy protein isolate; non-isocyanate polyurethanes (NIPU); wood panels; MALDI ToF

1 Introduction

Soy protein has been and is one of the protein of choice to formulate wood adhesives. Thisis so asitis a
renewable raw material of vegetable origin, widely available, and relatively inexpdhsitvegn be applied
(i) in several forms as an additive to traditional synthetic wood adhesives, or (ii) used as a wood adhesive
after partial hydrolysis and modiations P]. Nonetheless, this adhesive material presents a few
drawbacks, such as an insaient water resistance, its improvement being one of the subjects of present
research. The approach most generally used to improve this aspect is by adding a chemical cross-linker to

This work is licensed under a Creative Commons Attribution 4.0 International License, which
@ ® permits unrestricted use, distribution, and reproduction in any medium, provided the original

work is properly cited.
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soy protein isolate3]. 9]. More recently good results have been obtained by reinforcing soy adhesives with
condensed tannind(..12] as well by preparing wood adhesives from sayur by generating higher
molecular weight, non-volatile non-toxic aldehydes by periodate spegidation [L3,14].

Polyurethanes are a ubiquitous and widely used material for a number of applications, such as coatings,
varnishes, foams and wood adhesives in structural glulam rgel-jointing. Polyurethanes are to-day
prepared using polymeric isocyanate. However, isocyanates are classed as toxic. Polymeric
diphenylmethane diisocyanate (p-MDI) is used for wood adhesives. p-MDI is also used as er/modi
crosslinker to improve the performance of protein adhesivg$g]. The toxicity of p-MDI has focused
research on its substitution by preparing polyurethanes without isocyanates (NIPU). Several approaches
are used for this, namely by reacting hydroxyl groups-carrying materials with one or two cycles organic
carbonates or CQOand diamines]7.21]. This research has mainly been directed to the preparation of
foams and coatingp. 26]. All these are using oil-derived synthetic-based materials to prepare NIPUs.
More recently, successful attempts to produce NIPUs from natural materials rich in hydroxyl groups have
been reported?[7. 37]. These have the additional characteristic to have siegblihe procedure by using
a cheaper aliphatic carbonate by eliminating the reaction of preparing cyclic carb@nad3@s Among
these, glucose-and sucrose-based NIPUs prepared with dimethyl carbonate and hexamethylene diamine
were used to bond wood joint and particleboard with encouraging re3488|[ Thus, soy-based non-
isocyanate polyurethanes are an interesting route to pursue, considering the amount of hydroxyl groups
and amino groups of which SBlaminoacids are rich, and also considering the possibility of reaction of
the numerous amide group of the peptide grouping in the constitutive skeletal chain of proteins. The
work described here is then aimed at preparing a NIPU wood adhesive based on soy protein isolate
presenting good bonding characteristics.

2 Experimental

2.1 Materials

Soy protein isolate was supplied by Ruikang Biotechnology Co., Ltd. (Dezhou, China). Commercial
glycerol diglycidyl ether (GDE, technical grade), hexamethylene diamine 98%, and dimethyl carbonate
were bought from Sigma-Aldrich (Saint Louis, France).

2.2 Preparation of SPI-NIPU Adhesive

The SPI-NIPU adhesive was prepared as follows: 80 g SPI is dissolved in 400 g of deionized water under
magnetic stirring, then 54 g dimethyl carbonate is added and the mixture heated to 60°C for 120 min. Then
105 g hexamethylenediamine are then added and heated to 90°C for another 2 h, then cooled to room
temperature. The mixture can be roto-evaporated under reduced pressure at 55°C to eliminate the excess of
water and to obtain anal resin solids content of 45%. with a viscosity of 26.9 £ &Pa

2.3 Thermomechanical Analysis (TMA)

The resins were tested by thermomechanical analysis. The samples were prepared by applying each
adhesive between two beech wood plies, with dimensions of 21 mm x 6 mm x 1.1 mm. These beech-
resin-beech sandwiches were tested in non-isothermal mode between 25°C and 250°C at a heating rate of
10 °C/minute with a Mettler Toledo 40 TMA equipment (Mettler Toledo, Zurich, Switzerland). They
were tested in three-point bending on a span of 18 mm exercising a force cycle of 0.1/0.5 N on the
specimens, with each force cycle of 12 seconds (6s/6s). The classical mechanics relationship between
force and deection

E ]/4 %3ﬂbh3ﬂ/§:&wood fadhesivé:)
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where L = the length of the sample; b = its width; h = its thickness; F = the force appligthé de ection of

the wood and fihesivethe de ection of the wood adhesive sandwich under test. This equation allows the
calculation of the Yourg modulus E for each case tested. Such a measuring system has been introduced
and is used to follow the progressive hardening of the adhesive with the increase of temperature and to
indicate comparatively if an adhesive system is faster or slower hardening and if it gives stronger joints
than another one.

2.4 ATR-FT-MIR Analysis

All of the samples were analyzed with a PerkinElmer Frontier ATR-FT-MIR provided by an ATR
Miracle diamond crystal. The powder and liquid samples were laid on the diamond eye (1.8 mm) of the
ATR equipment and the contact for the sample was ensured by tightly screwing the clamp device. Each
extract was scanned registering the spectrum with 32 scans with a resolution ot i ¢he wave
number range between 600 and 4006tm

2.5 MALDI-ToF Analysis

Samples for matrix assisted laser desorption ionization timegbf-(MALDI-ToF) analysis were
prepared by rst dissolving 7.5 mg of sample powder in 1mL of a 50:50 v/v acetone/water solution. Then
10 mg of this solution was added to 10 uL of a 2,5-dihydroxy benzoic acid (DHB) matrix. The locations
dedicated to the samples on the analysis plaque wsteovered with 2 uL of a NaCl solution 0.1 M in
2:1 viv methanol/water, and predried. Then 1.5 yL of the sample solution was placed on its dedicated
location and the plaque was dried again. Red phosphorous was to standardize the MALDI equipment.
MALDI-ToF spectra were obtained using an Axima-Performance mass spectrometer from Shimadzu
Biotech (Kratos Analytical Shimadzu Europe Ltd., Manchester, UK) using a linear polarity-positive
tuning mode. The measurements were carried out making 100@sro

2.6 Three-Layer Plywood Preparation and Testing

The performance of the SPI-NIPU adhesive was tested by preparing laboratory plywood panels and
evaluating their shear strength dry, after 24 hours cold water soaking, and after 3 h in water at 63°C. The
plywood panels of 400 mm x 200 mm x 5 mm were prepared for each adhesive using 2 mm poplar
(Populus tremuloiddsveneers. The glue spread used was of 30G gbmble glue line, and hot-pressing
time was of 6 minutes at 1.25 MPa pressure at a temperature of 200°C based on the consequence of the
TMA trace. After hot pressing the plywood was stored under ambient conditions (20°C and 12% relative
humidity) for 48 hours then it was cured and tested the dry shear strength, 24 h cold water soaking
strength and for strength after 3 h at 63°C in water according to China National Standard GB/T 14074
(2006) Bg|, China National Standard GB/T17657 (19939][ and European Norm EN 636:2012 (2012)
[4Q]. To reinforce the SPI-NIPU plywood also panels to which 10% or 15% by weight of a biosourced
glycerol diglycidyl ether (GDE) were added to the SPI-NIPU based on solids were also pressed and
tested under the same conditions.

3 Results and Discussion

3.1 MALDI ToF Analysis

The MALDI ToF analysis shows that SPI-NIPU urethane linkages do form with at least some of the soy
protein amino acids. However, the analysis also shows that for SPI it is not a straightforward reaction to
NIPUs as described for other bio-sourced materkdtss( 1a.ld). The assignments for the relevant peaks
of the spectra are shown irab. 1 Thus, the peaks iRig. 1laat 189 Da and 215 Da can be assigned to
the reaction product of leucine with DMC without and with"Niing present, respectively, hence to a
structure of type (I):
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NH,
)\/k’(o\’(o\
O (@]

The same structure is present for 284 Da and 311 Da which can be assigned to triptofan-DMC without or
with Na'". At 271 Da the structure can be attributed to serine-DMC-hexamethylene diaminéteNaver,

at 271 Da and 295 Da the structure that can be deduced is leucine-DMC-hexamethylene diamine without or
with Na" of structure (ll)

NH,
)\/HKO\’(NH
NH,
O o

It must be clearly pointed out that while a urethane linkage, namely R-NH-COO-R is formed, the structure
so formed is also a lactam, as indicated by the -CO-O-CO- structure. The same type of urethane/lactam linkage
is found also at 339 Da and 368 Da these being respectively arginine-DMC-diamirieamd\iayptophan-
DMC-diamine + N& The small peak at 453 Da indicates the formation of a different oligomer, namely:
leucine-DMC-diamine-DMC-leucine +Nehence a more complex structure of type (llI):

NH,
)\/H{OYNH NH o
O o NH,

The same type of structure but involving different amino acids is present at 495 Da, 539 Da and 602 Da,
these oligomers being respectively leucine-DMC-amine-DMC-argininé +alanine-DMC-amine-DMC-
arginine + N and tryptophan-DMC-amine-DMC-tryptophan +'Na

It must be pointed out that:

NH, (@] NH, NH,
)\/K’(OH \O/L O/ e )vk'( OY O\ NHp s ———= JVK( OY [N E
(0] o

o (e} (0]
l A urethane linkage but also forming a lactam structure

NH o N H, wnasnnr NH N H s v
JVH(OH — JVH(OH Nota urethane but an amide

The first one of these reactions can be schematically summarized as

NH

OH
o

o) (0] NH;,
NH o NH )I\ o )vo NH )I\ (o}
oo o G — - o
o o nNHZ \"/ ‘E/El;NH o oy \"/ nNH O
() (¢]

) o Leucine
Dimethyl carbonate  Diamine
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This reaction, as seen, leads to urethanes that eventually share a lactam structure. To avoid the presence
of urethane/lactam type structure then a longer carbonate, cyclic or not should be used.

2. That after urethane dimers are formed such as those of the peaks at 453 Da, 495 Da, 539 Da and
602 Da the reaction can further proceed either (i) by reactions forming amides asthesaite for
reaction with DMC do not lead to urethanes, or (ii) by further reaction of the residual NH groups in the
urethane linkages with DMC-aminoacid. In effect, there is a peak at 610 Da (wWithadsigned to a
compound formed in this latter manner by reaction of a third leucine of structure (1V)

NH,
)\/K’(OYNH
(e} (e}

):o NH,

H,N

v
And even the peak at 746 Da (without )af assigned structure (V):

AL LA

0o
O ):O
0]
O
@)
\Y

Similar peaks for other soy protein amino acids are also present.

There are then some urethane linkages formed, more than enough to cross-link the protein, even if these
are coupled with lactam-like structures. Thus, once the twodfithe diamine are saturated then any further
reaction can proceed either (i) through the formation of amides, hence polyaddides (ii) by a chain
reaction with any residual -NH- group that is obtained when forming a urethane linkage, or (iii) by using
a polyamine rather than a diamine. This means that in any case the hardened network formed is most
likely to be cross-linked by a mix of urethane bridges and amides ones.

Parasite side reactions also appear to occur as indicated by the peaks at 256 Da (VI) and 398 Da (VII)
assigned to structures derived by the reaction of DMC with the diamine.
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NH._ _NH
H,N \[( NH,
o)
VI
And
o% NH,
/\/\/\/N NH\/\/\/\
HoN Y NH,
o)
VI

Although these reactions form also compounds that are platforms for further urethane linkages to be
formed either among themselves or with the SPI amino acids.

In summary rather complex tridimensional structures can results from these combinations.

The reaction of formation of soy protein urethanes, when using DMC as the carbonate, leads to
urethanes that eventually share a lactam structure. The use of a longer carbonate, preferably cyclic such
as propylene carbonate, does not eliminate the presence of such urethane/lactam type structures.

Data: protein nipu0001.13[c] 4 Nov 2019 15:22 Cal: RED 4 Nov 2019 15:12
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 108, P.Ext. @ 2300 (bin 78)
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Figure 1:

The FTIR spectra of SPI and of the SPI-NIPU resin are shoftig.i2 The peaks at 1703 cih 1543 cntt
and 1255 cr are characteristic of the asymmetric stretching of urethane linkages, with the £¥@ar ¢he
SPI NIPU spectrum belonging the C=0 of the urethane being quite intense and being absent in the spectrum of
SPI alone. This conclusion of the presence of urethane linkages imeahby the presence of other peaks. Thus,
the appearance of the relatively small peak at 1788iorthe SPI NIPU spectrum is characteristic the R-COO-R
of esters derived from the lactam structures, these being esters of the carbamic acid (-NH-COO-) forming the
urethanes, comming the structures assigned by the MALDI-ToF analysis. The big peak at 1639scm
characteristic of amide groups, the peak being quite marked already for SPI alone, thus describing the amide
(peptide) linkages holding together the protein skeleton. This same peak becomes even more dominant in the
SPI NIPU spectrum where the amides derived from the reactions of the diamine with DMC and the proteins
amino acids generate a great number of amides in the urethane structure superposed to the ones already
present in the protein skeleton. The presence of the amide groups is supported by the peak at'1370 cm
(thus of-CO-NH-C-) and the wide peak at 3200°tthat mask a number of different group effects. The peak
at 1441 cm* represents the asymmetric stretch of ;Gfoups of the alkane chains of the diamine included
in the nished network. Lastly the peak at 139800 cn?* belongs to the protonated N-containing groups,
such as -NH" on the protein aminoacids. The two sharp peaks at 298bamd 2800 cr* are assigned to
the asymmetric stretching of both th€H; groups of DMC and the asymmetric stretching of the R-RH
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chains from the amine, both before and after reaction. They support such assignments in relation to the peak at
1441 cn?* for the . CH,- groups. It must be also pointed out that these peaks are particularly intense as they are
the superposition of the asymmetric stretching band of lfoith, and . CH,- groups.

The thermomechanical analysis traces of SPI-NIPU adhesive is shdvig. iB The curve of the
increase of Yourg modulus as a function of temperature show two upsurges and two peaks of MOE,
namely at 130°C and at 220°C, this latter starting at around 185°C. The curves decrease in MOE value
between the two peaks. This means that the peak at 130°C indicates the formation of an unstable network
that is degraded and transformed if the temperature is increased causing a marked internal rearrangement.
The second peak at higher temperature indicates that curing of the SPI-NIPU resin occurs at a high
temperature as already reported in previous literature for similar types of adh&4®8s The increase
of Youngs modulus has been shown to correlate with the bonding strength of the adh2shéb [

It is interesting to speculate what is the cause of the marked decrease between the two MOE peaks in
Fig. 3. While it could be an unstable structure, a more likely reason could derive from the formation of
linear polymers arranging themselves in a physically entangled network, rather than a chemically cross-
linked one. As the temperature increases further, the Brownian movements would make the viscosity of
these physically entangled chains markedly decrease and extensively disentangle, the MOE again starting
to increase at the much higher temperature of the second peak once chemical cross-linkimalgoesur.

Before the TMA curves show a sigmiant increase in the modulus value, the overall trend of the
modulus values in the TMA curves of the NIRldhesive decreases between 50°C and 75°C. This is
mainly due to the decrease in viscysitf the adhesive as the temperrat increases, resulting in a
lower viscosity and bonding strgtih. Conversely, the adhesive penetrates into the wood, softening or
degrading it during heating thus reducing its strength. It is evident from the TMA trace that the curing
temperature to be used for such esilies is relatively higher thamhat common to-day for equivalent
panels bonded with traibbnal adhesives. After 200°Cedradation of the wood substrate is known to
start @5.48], thus the second peak is rather high whensidering that wood degradation has already
started to occur at the same time. The decrease of the curve afterward ietienref the continuing
degradation of the wood substrate.

The results of the 3-plys plywood panels prepared are presental.i@ These indicate that the SPI
NPU adhesive by itself just passes at 0.74 MPa the interior grade limit of the relevant China national
standards38. 40] that requires a shear strength equal to, or higher than 0.7 MPa. By adding 10% and
15% biosourced GDE the dry shear strength results improved markedly in both cases passing to
1.34 MPa and 1.73 MPa respectively. This indicates that also the dry strength requirements for interior
grade plywood of European Norm EN 636:2012 (2012) are sati$iQ] for interior grade plywood.
Such a marked shear strength increase indicates that even the addition of smaller percentages of GDE,
around 5% by weight, would be sufient to comfortably pass the requirements for interior grade
plywood panels under industrial conditions. The addition of GDE improves the performance due to
additional cross-linking. The 24 hours cold water soaking results and the 3 hours at 63°C tests did not
pass the requirements for exterior or semiexterior grade plywood as shdaf. iBwhich are 0.7 MPa
and 1.0 MPa for both the China National Standard and in the European Norm, respectively. This is
consistent with the results of the TMA reportedig. 3, where it is indicated that these adhesives, in the
reaction proportions used in this work, need a higher curing temperature to develop all their strength and
achieve good results in the wet-type tests. It means also that such an adhesive under the conditions used
is possibly better suited to its use in particleboard where higher pressing temperatures are used. An
approach to explore to further decrease the high energy of activation of the curing reaction and thus
achieve better wet bonding results would be to use small percentages of ionic liquids as already
experienced for other adhesivdg)][



JRM, 2021

189 Da = reaction product of leucine with DMC, without Na

)\/Nq(o\ro\

(e} (e}
215 Da = 189 Da + Na
256 Da = Calculated 258 Da, no‘Na

HzN/\/\/\/NH\“/NH\/\/\/\NH2
(o]

270 Da = triptofan-DMC
OR
270 = serine-DMC-Amine +Na
295 Da = leucine-DMC-Hexamethylene diamine + Na

NH,
NH\/\/\/\
)\/k”/o\n/ NH,
(@) O

339 Da = the same as 295 Da but with arginine, thus arginine-DMC-amine + Na
368 Da = same as 295 Da but with tryptophan, thus Tryptophan-DMC-Amine + Na
398 Da =Calculated 400 Da, no-N&3 Da with Na

O=<NH\/\/\/\NH2
HZN/\/\/\/N\“/NH\/\/\/\NH2
o)

453 Da = The small peak at 453 Da is leucine-DMC-amine-DMC-leucine +Na

NH,
)\/kﬂ/O\ﬂ/NH\/\/\/\NHiOM
0O O NH,

495 Da = leucine-DMC-amine-DMC-arginine +-Na

539 Da = arginine-DMC-amine-DMC-arginine +‘Na

602 Da = tryptophan-DMC-amine-DMC-Tryptophan +Na
610 Da with Na

R e g

o

746 Da no Na

IS v

- -F
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Figure 2:

Figure 3:

Note: (-) not tested
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4 Conclusions

Soy-protein isolate (SPI) has been used to prepare non-isocyanate polyurethane (NIPU) thermosetting
adhesives for wood panels by reacting it with dimethyl carbonate (DMC) and hexamethylene diamine.
MALDI-ToF and FTIR spectrometry have shown that urethane linkages are effectively formed in the
reaction, in which all three reagents do participate. Some parasite reactions do occur, but these do not
appear to detract to the formation of NIPU resins. Both linear as well as branched oligomers were
obtained and idented, indicating by their molecular weight growth how such oligomer structures could
further cross-link to form a hardened network. While the NIPU oligomers structures édieptesent the
characteristics of urethane linkages derived from the urethane precursor carbamic acid (-NHCOOH-), they
also simultaneously present structures characteristic of lactams. This is rather unusual, as they are
exclusively due to the use of DMC, the simple organic carbonate used, and will not occur with other
types of organic carbonates. Thermomechanical analysis (TMA) monitoring of the curing of the adhesive
showed two distinct MOE maxima peaks, one around 130°C and the other around 220°C, with a very
marked decrease in MOE between the two. Th& peak can be assigned to the growth of linear
oligomers forming a physically entangled network. This physically entangled network collapses and
disentangles as the temperature increases due to the ever more marked Brownian movements of the linear
oligomer chains. The second peak is assigned to the chemical cross-linking of the chains forming a
hardened network. Plywood panels were prepared by bonding them with the SPI-NIPU wood adhesive
and gave acceptable results for dry strength, with wet strength improving only after addition of 15% of a
biosourced glycerol diglycidy! ether.
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The topic of environmental and eco-friendly wood adhesive is now one of the
hottest subject and an unavoidable one in the wood industyowadays,
formaldehyde-based wood adhesives are so widely applied due to their low cost,
short curing time and strong adhesi6ri. Formaldehyde-based adhesives are
account for almost 90% of totally wood adhesives indlitNevertheless,
traditional synthetic wood adhesives present two main drawbacks, these being
their toxic starting materials (i.e. formaldehyde and phenol) and formaldehyde-
emission during their use and for long time afterward. Therefore, these draw
backs have created a demand for adhesives prepared from non-toxic and
inexpensive materials to replace them.
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Now, for a number of years, some biomass resources, including'dighin,
tannin!®¥ protein**1 non-food starch***¥ and agricultural or forest
residues®¥®have attracted the attention of researchers to prepare some high-
performance wood adhesives. Among these, condensed tannins have been con
sidered to have some interesting features to prepare wood adtksiigally,
condensed tannins phenolic nature led to their use to prepare adhesives similar to
phenol-formaldehyde (PF) wood adhesfie*®*?? It is encouraging that tannin-
formaldehyde wood adhesives have been successful commercially for many
years!? However, formaldehyde, was still an essential component, even though
formaldehyde-emission has been improved by some éxefherefore, low or
no aldehyde tannin adhesives have been developed by a number of approaches.
Hexamethylenetetramine (hexamit&}?3 glyoxall*? furfuryl alcoholt? poly-
meric diphenylmethane diisocyanafeNIDI),?3?9 poly-ethylenimine (PEIY’
as well as carbohydrates-generated non-toxic and non-volatile aldehydes by
speci‘c oxidatiort?® were used to react with dierent condensed tannins to
produce tannin-based wood adhesive without any kinds of volatile and toxic
aldehydes. Certainly, some tannin wood adhesives were obtained though biomass
resources (starch) mixing with condensed tannin, and alternative aldehydes acting
as cross-linkers, leading to low formaldehyde emi&sioh: 3*Apparently, these
improved adhesive formulations reduced e ectively the toxic raw-materials con
sumption and formaldehyde-emission, as well as increasing biomass content.

Herein, a novel, high-bonding performance tannin-based wood adhesive
has been synthesized by manual or mechanical mixing without any pre-
treatments. The cross-linker used is a commercial product, namely glycerol
diglycidyl ether (GDE). Three tannin-based adhesives with di erent weight
ratios of tannin/GDE were studied, from a high 1/1 tannin/GDE ratio to lower
GDE proportions. Their properties were studied, including shear strength,
hydrolysis residual rate, physico-chemical features and thermal stability.
Furthermore, the reaction mechanism of tannin and GDE was con“rmed by
FT-IR, MALDI-ToF and solid statuSC NMR.

The series Mimosa tannin-based wood adhesives were obtained by mixing
tannin and GDE directly at room temperature without any pre-synthesis.
Briey, taking a certain amount of Mimosa tannidc@cia mearnsile Wildt)
extract, supplied by Silva Chimica, St. Michele Mondovi, Italy) and then put
them into a 100 mL plastic bottle. Thereafter, some amount of distilled water
(Laboratory homemade) was added, stirring suciently by hand till

a homogeneous tannin/water mixture was obtained. After that, setting
a weight of glycerol diglycidyl ether (GDE, technical grade, obtained from
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The formulation of Tannin/GDE Wood Adhesives.

Names Mimosa Tannin (g) GDE (g) Distilled water (g)
Tannin/GDE-1/1 6.6 6.6 6.6
Tannin/GDE-2/1 8.8 4.4 6.6
Tannin/GDE-3/1 9.9 33 6.6

Sigma-Aldrich) was added to the tannin/water mixture up to when
a homogeneous tannin/GDE/water mixture was obtained by manual stirring.
In this work, the ratio of tannin and GDE was variable, and the detailed
formulations are shown ifiable 1

Three-layer plywood was prepared by using tannin/GDE wood adhesives to
bond 2 mm thick poplar veneers. About 320 Yloh the obtained wood
adhesives was applied to the double faces of the veneer. The hot-press gluing
condition are 1.25 MPa at a temperature of 160 °C for 6 min. The plywood
samples were standby at room condition for at least 24 h before cutting. The
plywood was then cut into 100x25x5 mm samples for measuring the dry and
wet shear strengths. For wet shear strength testing, the plywood samples were
soaked into cold tap water for 24 h and hot water (63 + 3) °C for 3 h before
measuring, according to the Chinese National Standard (GB/T 17657...2013).
Six repeated samples were measured for the mean values and standard
deviations.

The pH values of the series of tannin/GDE wood adhesives were measured by
using PHS-3C vale meter; The viscosity of those adhesives was tested with
Brook“eld DV-II+ Viscometer, utilizing spindle No. 4 with 30 rpm at room
condition; small amount of wood adhesive samples (~3 g, recorded)as W
were put in the oven and heated (105 + 2) °C till the weight di erence between
two adjacent times is less than 0.02 g, recorded,a$W& non-volatile resin

solid content was calculated by the following formula:

Solid contentYs W,=W; 100% (2)

Taking some liquid wood adhesive and put them into oven (103 £ 2) °C till the
constant weight was obtained, recorded as Ahd then put those dried
adhesive samples into the hot water at 60 °C for 6 h. After that taking the
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immersed samples and putting them into oven again at 105 °C till the weight
di erence between two adjacent times is less than 0.02 g, recorded EHseM
residual rate was calculated by the following formula:

Hydrolysis residual ratés M,=M; 100% (2)

Five repeated measurement were carried out, which were calculated for the
mean value and standard deviations.

The relationship between modulus of elasticity (MOE) and temperature was
recorded and calculated by the inner-software procedure of TMA equipment
(Mettler Toledo, Zurich, Switzerland), which using three-point bending test
ing condition. Two pieces of beech wood, with the size of 17 x 5 x 1 mm
(Length x width x thickness), were assembled with 30 mg tannin/GDE wood
adhesives to form a beech-resin-beech sandwiches structure. And then put the
testing sample on the testing sca olding. The testing was carried out between
the perform temperature 30and 250°C with non-isothermal mode. The heat
ing rate is 10°C/min with a constant value. Each sample specimens were
exercised a 0.1/0.5 N force cycle, which was lasted 12 seconds (6s/6s) per
cycle, on an 18 mm span.

The thermal stability of tannin/GDE was investigated by the TGA 5500
analysis (Mettler Toledo, Guyancourt, France). About 5...8 mg dried sample
powder was put on a platinum pan, and then heating the sample to the desire
temperature at a heating rate of 10°C/min, under a nitrogen atmosphere with
the "ow of 50 mL/min. The testing temperature was range from 25 to 790 °C.

The tannin or tannin/GDE samples were cured (120 + 2) °C for 2 h, and then
got the powder by mortar. The FT-IR was done on a PerkinElmer Frontier
ATR-FTMIR equipment. The sample powder was placed on the speci“cally
dedicated testing site. And then tightly screwing the clamp device, ensuring
the samples were contacted with transparent glass of the bottle of diamond
crystal close-knit. The scan results of each sample were recorded with 32 scans
between the wave range of 600 and 400®",cwith the scan resolution of

4 ot

The samples for matrix-assisted laser desorption ionization time-of-"ight
(MALDI-ToF) analysis were homogeneous covered on the locations dedicated
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analysis plaque before testing. Brie”y, about 5 mg of samples were dissolved
into 1 ml water/acetone mixture solution of 50:50 v/v “rstly. And then, taking

10 mg of the above solution, letting them mixed with 10 | of a 2,5-dihydroxy
benzoic acid (DHB) matrix to form a homogenous mixture and standby.
Before covering with samples, the corresponding of locations dedicated ana
lysis plague were needed to cover with 2 | NaCl solution, which is the 0.1 M in
2:1 viv methanol/water solution, and pre-dried. Finally, taking 1 | sample
solution and then covered on the corresponding of locations dedicated analy
sis plaque and dried.

Red phosphorous was act as reference sample to standardize the device
before testing each time. The MALDI-ToF spectra were obtained by using the
Axima-Performance mass spectrometer from Shimadzu Biotech (Kratos
Analytical Shimadzu Europe Ltd., Manchester, UK). The testing was carried
out with a linear polarity-positive tuning mode. The measurements were taken
by making 1000 pro“les per sample with two shots accumulated per pro‘le.
The accuracy of the spectrum is +1 Da.

To investigate the chemical structure of tannin/GDE sample, CP-MAS
3C NMR equipment was utilized. The spectra result was got by the
AVANCE Il 400 MHz spectrometer (Bruker, Billerica, MA, USA), which
using 4 mm probe at a 12-kHz sample spin. The pulse duration time was
4.1 ps at 90°, and the contact time is 2 ms with a pulse interval of 4 s. The
tetramethyl silane (TMS) was served as control reference simple to determine
the chemical shifts. The accuracy of the spectrum is +1 ppm.

A novel mimosa tannin-based high-performance wood adhesive was obtained
by mixing tannin with glycerol diglyceryl ether (GDE) at room temperature in
distilled water. GDE was chosen as crosslinker due not only to its lower toxicity
than other epoxié®#put also to improve the bond strength of the plywood
so obtained. The most e ective functional approach which originates from
using GDE is that non-hydrolysable ether bonds can be formed with the tannin
during the wood panels hot-pressiigA foreseeable reaction and structure
between tannin and GDE is showrFigure 1 These ethers are obtained by the
reaction of the tannin -OHs with the epoxy groups of GDE by water elimina
tion, meanwhile, they could simultaneously enhance the stability of the cured
resins by limiting resin degradatiét.Therefore, tannin/GDE wood adhesives
show a good bonding performance and water resistaratge 2shows the
basic characterizations of tannin/GDE wood adhesives. The pH values are all
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A foreseeable reaction and structure between tannin and GDE.

The basic characterizations of tannin/GDE Wood Adhesives.

Adhesive types pH Solid content (%) Viscosity (mPa-s)
Tannin/GDE slll 5.47 65.3 3100 * 156
Tannin/GDE S2/1 5.27 64.97 5600 + 192
Tannin/GDE S3/1 5.01 63.5 6480 + 135

around 5 and 5.5. There does not appear to be any major di erence in solids
content, all being in the 63.5%-65.3% range. The viscosity of these adhesives,
however, is signi“‘cantly dierent, a higher viscosity being obtained for the
higher proportions of tannin. The tannin: GDE weight ratios from 1:1, 2:1 and
3:1, present viscosities of 3100 + 156, 5600 + 192 and 6480 + 135 mPa:s,
respectively. This indicates that GDE can e ectively dilute the concentration

of tannin/water solution so as to obtain a relatively lower viscosity than when
the ratio of tannin/GDE is 1:1.

The thermomechanical analysis curves have showigire 2 which show the
variation of Younges modulus E (MOE) as a function of curing tempeféatdre.
A higher MOE is obtained by increasing the proportion of GDE, with the highest
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Thermomechanical analysis (TMA) curves of Tannin/GDE adhesives with dierent
proportion.

MOE being almost 7100 MPa when the ratio of tannin/GDE is 1:1, with the
MOE becoming 5300 and 4800 MPa for tannin/GDE-2/1 and tannin/GDE-3/1,
respectively. This infers that tannin/GDE-1/1 gives the best bonding Jperfor
mance and this decreases for decreasing GDE proportions. Existing literature
con‘rms this!”?33233 The shear strength of bonded specimens with tannin/
GDE adhesives also con“rms this trend. Even though these wood adhesives start
curing at the same initial temperature, around 125 °C, the highest MOE occurs at
di erent temperatures for the di erent cases. Thus, for tannin/GDE-1/1, tannin/
GDE-2/1 and tannin/GDE-3/1, the obtained maximum elastic modulus tem
perature is 170, 154 and 149 °C, respectively. It is most likely that more non-
hydrolysable ether bonds could be formed during hot-pressing GDE increases.
Therefore, more energy (a higher temperature) is needed during hot pressing to
obtain a higher MOE and to form non-hydrolysable ether bdrdsire 2shows

the MOE value sequence relationships clearly, i.e. tannin/GDE-1/1, tannin/GDE-
2/1 and tannin/GDE-3/1. It can be speculated that the tannin/GDE adhesive has
a higher thermal stability with higher proportion of GB&.This kind of result

can be deduced from the results of the thermogravimetric analysis.

To investigate the thermal stability of fully cured series Tannin/GDE wood
adhesives, thermogravimetric analysis (TGA) was carried out. The corre
sponding results curves of each samples and their “rst derivatives (DTG) are
shown inFigure 3 There appears to be a three-stages thermal degradation
process, thus, in the 50...150°C, 150...400°C and 400...600°C. DTG curves show
three peaks as well, corresponding to the three thermal degradation stages. For



8 X. CHEN ET AL.

TGA (a) and DTG (b) curves of Tannin/GDE adhesives with di erent proportion (under air
atmosphere).

the “rst one, in the low-temperature range, this weight loss was attributed to
the residual water evaporation and some small molecular impurities
degradatiori>**¥ The second stage occurs in the 150...400 °C range, a small
peak appearing in this temperature range, which corresponds to some
unreacted GDE? This is con‘rmed by the peak increasing at the higher
proportions of GDE. Finally, the third degradation stage showing a large
weight loss can occur in the 400...600°C range, is due to the degradation of
the cured adhesive skeleton. Some more stable chemical bonds, such as
C-C and C-O, are cleaved within this temperature raffge’®’Remarkably,

with the increasing GDE addition, the degradation temperature shifts to

a higher value, while the weight loss rate shifts to a lower value. FT-IR analysis
shows a new bond structure being obtained during the curing process. Thus,
a new structure appears to be formed during the curing process, this con
tributing to improve thermal stability of the wood adhesive.

The hydrolysis residual rate is a parameter commonly used as an indicator to
assess the hydrolytic stability of a cured wood adhéSivecan be calculated

by using the weight di erence between the original weight of an adhesive and
its non-hydrolyzable portion after a speci‘c hydrolysis treatnfiént™The
results for the tannin/GDE wood adhesives are showmainle 3 As the
proportion of tannin increases, the residual rate shows a decreasing trend,
the lowest rate being 90.05 + 0.037 for tannin/GDE-3/1. This indicates that the
tannin/GDE-3/1 adhesive has the lowest proportion of non-hydrolysable
material, thus poorer crosslinking. The residual rate increases with the
decreasing amount of tannin, increased of 4% to 94.41 + 0.031 for the
tannin/GDE 2:1. This is so because of more non-hydrolysable ether bonds
being formed. Same trend for the tannin/GDE-1/1 improved 6% to
96.29 £ 0.023. These results are consistent with other research work using
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Residual rate of tannin/GDE Wood Adhesives.
Adhesive types Tannin/GDE-1/1 Tannin/GDE-2/1 Tannin/GDE-3/1
Residual rate (%) 96.29 + 0.023 94.41 + 0.031 90.05 £ 0.037

epoxy resin to improve bonding performarté€®? In addition, better bond-
ing strength can be obtained by increasing GDE but unfortunately to the
expense of decreasing the proportion of biomaterials.

To determine the bonding performance of the tannin/GDE wood adhesive, the
dry, 24 h cold water and 3 h hot water shear strengths of the plywood bonded
with them were measured. The results are showfigare 4 It can be seen

that except for the 3 h hot water treatment wet shear strength of the tannin/
GDE-3/1 adhesive, all shear strength values meet the interior-use plywood
requirements of China national standard (GB/T 9846...2015, 0.7 MPa). All
tannin/GDE resins show an outstanding bonding performance for the dry and
24 h cold water shear strength. As expected, the shear strength of the tannin/
GDE adhesives increases by increasing the amount of GDE. For the tannin/
GDE-1/1 adhesive shows the highest shear strength, namely 1.61 MPa for dry
strength (over 95% wood failure), 1.37 MPa for 24 h cold water wet strength
(over 95% wood failure) and 1.19 MPa for 3 h hot water shear strength (about
85% wood failure), respectively. The causes of this results are more non-
hydrolysable ether bonds have formed with the high amount of GDE. This
conclusion is in line with the results for the residual rate. The GDE, most
probably, acts in two ways: The “rst and most probable one is that the epoxy

The bonding performance of Tannin/GDE adhesives with di erent proportion.
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groups of GDE can react with -OH groups of tannin, resulting in tannin/GDE
derived macromolecules forming the 3-D crosslinked network. The second
one is that epoxy groups of GDE could also react with the -OH groups of the
wood panels surface, but this is the less likely possibility. Hence, the poorer
trend for shear strength of tannin/GDE-2/1 and tannin/GDE-3/1 compared to
the tannin/GDE-1/1 adhesive. As shownHigure 4 the shear strength of
tannin/GDE-2/1 adhesive is 1.29 MPa for dry strength (over 95% woed fail
ure), 1.07 MPa for 24 h cold water wet strength (about 85% wood failure) and
0.82 MPa for 3 h hot water wet strength (about 50% wood failure), respec
tively. While the dry shear strength and 24 h cold water shear strength is 1.09
MPa (about 80% wood failure) and 0.83 MPa (about 35% wood failure) for the
tannin/GDE-3/1 adhesive, these too having reached the relevant requirements.
These trends are also con“rmed by the results of the TMA analysis and of the
residual rate. More water resistance compounds have formed during the ply
wood hot-pressing with high amount of GDE to yield a better wet shear
strength.

For investigating the functional groups changing after cured adhesives, the
Fourier Transform Infrared (FT-IR) analysis was used to study the variation
of functional groups after adhesives curing. The resulting spectra are shown
in Figure 5 Raw tannin was used as control (black spectrum). The spectra of
the tannin/GDE adhesives present a similar chemical structure than raw
tannin. An intense broad absorption band (regionn Figure 5(3) between

3200 and 3500 cthis associated with -OH group of aromatic and aliphatic
stretching vibratiod>#394d  Although here also have some dierence

FT-IR spectra comparison of raw tannin and tannin/GDE wood adhesives. (a) The

wavenumber is from 600...4000 cm-1; (b) The wavenumber is from 600...2000 cm-1.
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between all four samples, it is still unidenti“able if some change occurs in the
number of -OH during the reaction between tannin and GDE. This is so
because a new -OH group will be generated by the opening of epoxide ring
when GDE reacts with the -OH group of tannin, leaving the same the
apparent number of -OH groups. Some characteristic peaks can be seen in
the Figure 5(), 1607, 1508 and 1447 Thare related to stretching vibration
peaks of aromatic ring of the tannin structl®!**? The peak at 1022 cth
represents the C-O bond stretching vibration, which probably originates
from aliphatic C-OH-*? )

Some apparent changes can be noticeBigare 5(3 2933 and 2860 cth
in the region of the four samples, which are attributed to the C-H bond
vibration of -CH- or/and -CH;["*? Especially in the tannin/GDE wood
adhesive samples, the ratio of peaks in the contoured regiane clearly
greater than in the raw tannin case. These ~Q@floups are mainly coming
from the GDE and some carbohydrate impurities of the tannin extract.
According to some literatures, the peak of 91§*cshould be attributed to
oxirane rings if it cannot fully reaction with tanrft! Nevertheless, this peak
had disappeared after reaction with tannin. Therefore, one can consider that
the epoxide groups of GDE have fully reacted with the tannin. Moreover,
further evidence can be foundfingure 5(f) black-dotted line, i.e. the peak of
1078 cmi' is attributed to an ether -C-O- bond, obtained by the GDE
reaction with the tannin. A small peak at 1078°toan also be seen in the
raw tannin, this being attributed to the tannin heterocycle ring. This peak has
increased clearly after reaction with GDE. Therefore, these results can suggest
that GDE has indeed reacted with the tannin.

MALDI-ToF mass spectrometry is now used to determine the tannin oligomers
formed and their distributio®*®***3 As we all known, there are four typical
oligomers, which are shownfigure §i.e. Fisetinidin (272.3 + 2 H =274.3 Da),
Robinetinidin (288.3 + 2 H = 290.3 Da), Catechin (288.3 + 2 H = 290.3 Da) and
Delphinidin (304.3 + 2 H = 306.3 Da), respectively, are the basic structure units
of mimosa tannin-based GDE wood adhesive. Therefore, some foreseeable
reaction structures can be speculated according to those monomer structural
units. And the MALDI-ToF spectrum of tannin/GDE-1/1 has been done and is
shown inFigure 7

From Figure 7 some regular peak-to-peak gaps can be observed, giving
a sequence of peaks such as 273.9 Da, 544.4 Da and 819.4 Da; 560.5 Da and
831.0 Da; 1049.8 Da and 1320.9 Da; 1561.4 (1535.4 + 23) Da and 1806.8.
A 272.3...274.3 Da+2 Da (with or without)Napeating unit is then present
indicating that “setinidin (Fi) units are present in the san{fté9

Identically, a series of peaks, including 576.4 Da, 892.1 (866.7 + 23) Da,
1155 Da and 1443.3 Da; 784.7 Da, 1097.9 (1073 + 23) Da, 1631.2 Da and
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The four basic type structures of mimosa tannin.

1639.0 Da, were separated by a 288.3...290.3 Da+2 Da repeating units. Thus,
robinetinidin (Ro) or catechin (Ca) repeating units, or both, are prét¥f.

For the same reason, the presence of delphinidin (De) units at 304.3...-
306.3 Dat2 Da can be deduced from the series of peaks, such as 305.1 Da,
608.5 Da, 939.3 (914.5 + 23) Da and 1222.1/1220.0 Da; 803.3 Da, 1101.7 Da
and 1429.6 (1409.2 + 23) B9

Moreover, because of reaction of tannin with GDE, it can more complex
oligomers are also obtained. And the complex obtained-structure always
derived from the tannin basic units linked by GDE. Evidence of these can be
seen inFigure 7 For instance, the peak at 768.9 Da probable is that GDE act as
crosslinker to linked two tannin oligomers:

Or three kinds of tannin oligomers are linked by the GDE molecules, such
as the peak 1278.5 Da:

Furthermore, some large crosslinked molecules can be obtained due to the
presence of the GDE crosslinker, such as the peak at 1561 Da:

and of a more complex structure, as the peak at 2172.5 Da:

Hence, it can be deduced that GDE has reacted with the tannin during the
curing process. The abovementioned peaks and structures are only a few
representative formulas among the all peaks of MALDI-ToF spectrum, the
more some foreseeable tannin or GDE derived products where been specu
lated and listed in Table S1.
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The MALDI-TOF spectra of tannin/GDE wood adhesive (tannin/GDE-1/1), (a) 200...600 Da,
(b) 600...1000 Da, (c) 1000...1400 Da, (d) 1400...1800 Da and (e) 1800...2200 Da.
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CP-MAS*C NMR was used to investigate the tannin/GDE-1/1. The spectrum
obtained is shown iRigure 8 The relatively broad and intense peak at 69.04 ppm

is possibly a composite peak. It is composed of the alcohol -OHs of the €arbohy
drates oligomers still present in the tannin ext¥dttrhis broad peak is super-
imposed on and composed too of the 72 ppm signal being the alcoholic -OH on
the tannin heterocycle ring at;€"*3 Secondly, it is superimposed on the
products from the tannin £OH reacted with GDE, and possibly of the tannin
extract carbohydrate residues with the GDE too, so that structures such as -O-
CH,-CH,OH-CH>-R can be obtained, which should have a shift of 70.79pm.
Therefore, the centre of this composite peak at 69.04 ppm can indicate that the
reaction has occurred between tannin extract components and GDE and that
their reaction site is on the tannirg @osition, but opens the possibility that the
tannin extract carbohydrate residues have also reacted with GDE. In addition, the
peak at 40.8 ppm is related to the £iddges, involving the GDE or the derived
products of GDE. Furthermore, a small shoulder peak at 154.45 ppm, which
possible belongs to the; 6r C; of A-aromatic rind***"“d The peak at 150.14

ppm is possibly the structure obtained from the GDE reacted with tannin at the
site G,* while the peak at 133.42 ppm is thelIavonoid unitsl*? However,
compared with the peak 69.04 ppm, it can be speculated that GDE mostly can
react with tannin at its £3ite with the clear possibility that it has reacted also with
the tannin extract carbohydrates. The peak at 40.6 ppm indicates the presence of
a certain extent rearrangement of the tannin to catechinic acid, an unwanted
rearrangement that cannot be completely avoitfed. The peak characteristic of
epoxy groups should appear at 46.4 ppm, but this kind of peak cannot be detected
which indicates that the GDE has fully reacted with the tannin extract.

Solid state 13C NMR spectrum of tannin/GDE-1/1 sample.
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A series of tannin-based wood adhesives were prepared via mixing commercial
Mimosa tannin and GDE directly without any pre-treatment. In addition, this
series of adhesives present a good bonding performance and water resistance
due to the present of non-hydrolysable ether bonds which are formed by
reaction of tannin and GDE. The tannin/GDE-1/1 adhesive shows the highest
shear strength, namely 1.61 MPa for dry strength, 1.37 MPa for 24 h cold water
wet strength and 1.19 MPa for 3 h hot water shear strength, respectively.
Moreover, the residual rate can be improved by the GDE addition and present
a positive correlation trend. With the increasing of GDE addition, its residual
rate passed from 90.05 for tannin/GDE-3/1 to 96.29 for tannin/GDE-1/1, hence

it was improved by over 6%. Furthermore, the thermal stability has improved
and exhibits the same trend as the residue rate. From the results obtained by FT-
IR, MALDI-ToF and**C NMR, the typical reaction between tannin and GDE
has occurred between the epoxy groups of GDE with -OH groups of the tannin
extract, resulting in non-hydrolysable ether bonds. Furthermore, these ether
bonds are most likely sited at the & the "avonoid units heterocyclic ring, of

the carbohydrate oligomer residues in the tannin extract, amar C; site of

A-ring, according to thé*C NMR resullts.
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ABSTRACT ARTICLE HISTORY
Lignin was successfully modified to prepare a bio-based wood Received 28 October 2019
adhesive by just two synthesis steps: demethylation and peri- Accepted 28 December 2019
odate oxidation. Fourier Transform Infrared Spectroscopy (FT-  c\\vorps

IR), Matrix Assisted Laser Desorption lonization Time of Fllght Demethylated lignin:
(MALDI-TOF) Mass Spectrometry and Thermomechanical gxidation: bio-based wood
Analysis (TMA) were combined to characterize the bio-based adhesive; wood bonding
adhesives obtained. Furthermore, the adhesion performance of

the bio-based lignin adhesive was measured by testing the

tensile shear strength of the bonded joints. The results show

that demethylated lignin gives to the wood joint acceptable

dry shear strength, but no wet shear strength. Thus, sodium

peroxide (NalQ) oxidant was used to improve the bonding

performance of lignin-based adhesives. The optimal formula-

tion for oxidized demethylated lignin adhesives was found to

be by 20% addition of NalQ. The adhesive presented is

a lignin-derived non- aldehyde addition, high biomass content,

and its preparation is convenient, low-cost product and can be

applied to wood bonding.

1. Introduction

Duo to the increasing concern about the depletion of fossil fuels and the
increasing awareness of environmental problems, a considerable number of
research works have focused on the use of biomass maté&riatus, lignin

being the second most abundant natural organic polymer after cellulose, it has
attracted increasing attention from researchér#\s a suitable starting mate-

rial for some valuable small molecular weight aromatic compounds or polymer
products, its structural, chemical and physical properties have been analyzed
by using various technological methdds? There are three different main
types of phenyl-propane monomers units, these bgrgpumaryl alcohol(H),
coniferyl alcohol(G)andsinapy! alcohol($5? However, because of complex
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structures, broad chemical differences, and low reactivity, lignin-based com-
modity materials haveh been commercialized widely, despite their high
availability'™ Therefore, most lignin resources are generally used as an
industrial energy sourdé?¥ Fortunately, in the literature are reported mod-
ified lignin uses varying from the synthesis of polymer products for
adhesivds*1? resin§'®'9 and plastic§®??, as well as modifications to try

to modify and commercialize such modified lignins.

Many kinds of lignin modification methods, such as demethyldtioh??>23,
hydroxy-methylatiof*4 and phenolatiof?>27, oxidatiod??, etc., have been
reported which can be effective to improve the reactivity of lignin. Among these,
demethylation appears to be an effective and prospective métiddas under
mild reaction conditions some aromatic methoxy groups are converted to
phenolic hydroxyl groups. As a consequence, the proportion of reactive sites
will increase as a greater proportion of catechol moieties is present in lignin, and
its reactivity improved**9

In recent years, many efficient demethylation methods have been reported,
such as, under acid conditions, by using hydrogen ioditle hydrogen
chloridd®?, and other diverse hydrolysis reactions, and fungahite rot
fungi or brown rot funglf¥ and bacteria(Pseudomonas or Sphingomonas)
based methodS3 All of these have been used to convert the aromatic
methoxy groups to phenolic hydroxyl groups. Nevertheless, some drawbacks
have been cited, including environmental issue (like the acid condition), high
temperature (up to 225°€)!, long processing time (almost 6!A3>Y, and
high pressuré”® Therefore, another more suitable approaches should be
selected to replace such extreme reaction conditions. Some studies indicated
that a kind of traditional papermaking method was commonly used to treat
raw lignin in the demethylation process where a nucleophile substitution
reaction occurs between hydroxyl and sulfite ions with lignin being con-
verted to form sulfite pulp*” Furthermore, the aryl methyl ethers of aro-
matic compounds are cleaved by nucleophilic substitution reactions with
sulfite ions, resulting in a decrease of the methoxy group content and in
reactivity increases of modified lignin. The demethylation route of lignin is
shown in Figure 1 Because lignin after demethylation has more phenolic
hydroxyl groups, demethylation-treated lignin has been considered as the
starting material to react with formaldehyde and for preparing phenol-
formaldehyde (PF) resit**? However, such preparation systems still
involve formaldehyde and thus more environment friendly approaches to
prepare eco-friendly wood adhesives have become a focus of interest.

Oxidation is a commonly used method in starch-based wood adhesives
production®? Recently, the specific oxidation of plant flours has attracted the
attention of some researchers as regards their effectiveness for adhesives
application***¥ Periodate is a specific oxidant cleaving carbon to carbon
bonds presenting vicinal aliphatic hydroxyl groups to form aldehydes and
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Figure 1.The reaction of lignin demethylation.

dialdehyde§*=8 Often the structural units within lignin presents on their ali-
phatic part both hydroxyl groups vicinal to theO-4 bonds to another lignin unit.

The -O-4 linkage is easily cleaved by an oxidant so that aldehydes and possibly
also dialdehydes are generated. In addition, the greater proportion of aromatic
hydroxyl groups have generated by demethylation thereby increasing aromatic
ring reactivity. Hence, the aldehydes generated by periodate oxidation are likely to
react with hydroxyl-activated reactive phenolic sites contributing to form

a stronger hardened network. Such an adhesive could be classified as a biobased
product.

This work is then aimed to prepare a novel lignin-derived, high biomass
content wood adhesive with no exterior-added aldehydes by two steps: demethy-
lation and oxidation, and to test its bonding performance as a wood adhesive.
Demethylated lignin was synthesized under a moderate condition by using
sodium sulfite as a catalyst to be then directly mixed sodium periodate (NalO4)
at atmospheric pressure. The lignin-based adhesives so obtained were character-
ized by thermomechanical analysis (TMA), Fourier transform infrared (FT-IR)
spectroscopy and Matrix Assisted Laser Desorpfionisation Time of Flight
(MALDI-TOF) mass spectrometry as well as testing them for wood bonding.

2. Experimental
2.1. Materials

The ingredients of the adhesives including commercial corn lignin were
supplied by Jinan yanghai environmental protection materials co. LTD,
Jinan, Shandong province, China. Sodium periodate (NaB9%), Sodium
sulfite (Na&SQ;, 97%), sodium hydroxide (NaOH, 99%) were supplied by
Sigma-Aldrich. All chemical reagents were analytical grade, without further
purification. Deionized water (DI) was produced in the laboratory.
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Rotary-cut poplar(Populus deltoidesy mm thick air-dried veneers, of
45 x 45 cm nominal dimensions were selected to prepare the bonded wood
samples.

2.2. Preparation process

2.1.1. Preparation of demethylated lignin

The demethylated lignin was obtained as follows. Briefly, 16 g corn lignin
and 24 g deionized water were added into a 250 mL three-neck round
bottomed flask with magnetic stirring. After the lignin is dispersed in
water, NaOH (33% concentration) was used to adjust the pH to.8%

1 g sodium sulfite was then added into the mixture. At the same time, the
water bath was heated to 90°C and the mixture was kept at reflux for 2 h to
obtain the solution of demethylated lignin (DL). The demethylated lignin-
based solutions were prepared according to this method in all subsequent
steps.

2.1.2. Preparation of demethylated lignin-based wood adhesives

A series of wood adhesives were prepared by as follows: lignin (L) or
demethylated lignin (DL) was blended with a certain amount of NalO
The weight of NalQ was based on the lignin dry weight, from 0-30%, and
then the preparation of the- adhesives so obtained was recorded as L (0%
addition of NalQy), L-10 (10% addition of Nalg), DL, DL-5, DL-10, DL-15,
DL-20, DL-25, DL-30, respectively. When all parts of the adhesives were
ready, they were mixed together rapidly under manual stirring for
1.2 minutes. After testing, the viscosity of the lignin-based adhesives was
between 225245 mP&s, and their solid content was between 32.5%-38.3%.

2.1.3. Preparation and testing of wood specimens with bio-based wood
adhesives

Two-layers Figure 23 wood specimens were prepared for shear strength
testing as already reported previouSiy. The final sample size (L x W x H)

of each specimen was 100 x 25 x 3 mnand its adhesive area is

25 x 25 mnt. The wood bonding samples were prepared according to the
following steps. First, the wood adhesives were obtained by treating lignin
with different ratio of NalQ, (from 0%-30%), based on dry lignin
weight. Second, rotary-cut poplar veneers (each piece 200 x 100 x3% mm
were coated evenly with the glue mix (at a spread of 300°y/ithird, the
adjacent veneers were assembled with the wood grain direction parallel. The
veneers so assembled were then hot-pressed at 0.75 RNéncha tempera-

ture of 160°C for 4min to form a two-layers wood composite. Three layers
wood plywood panelsHigure 2h the wood grain direction of adjacent
veneer was perpendicular to each other) were also prepared using the same
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Figure 2.Thermomechanical analysis (TMA) curves of different lignin-based adhesives.

procedure as above by addition of 0 %, 15% and 20% Na3pectively.
The glue spread used was of 300 §/double glue line; hot-pressing was
carried out at 0.75 N/mrhat 160°C for 6 minutes. Finally, each joint was
conditioned at ambient temperature and an equilibrium moisture content of
12% for 2 days.

Dry shear strength, 24 h wet shear strength and 2 h boiled water shear
strength of all sample were tested according to China National Standard GB/
T 14074 (2006§%, China National Standard GB/T17657 (1998) and
British Standard BS 1204 (19933. The tests were carried out by using an
Instron 3300 dual column universal testing machine (Instron France,
Elancourt, France) at a head rate of 2 mm/min. The standards required
minimum average shear strength values for all samples had to be equal to
or greater than 0.7 MPa. Each test was replicated six times to obtain the
calculated mean values.

2.2. Thermomechanical analysis (TMA)

The lignin-based adhesives were tested by thermomechanical analysis
according to a method used previousf§?? The modulus of elasticity
(MOE) of the sample resins was measured in three-point bending using
TMA equipment (Mettler Toledo, Zurich, Switzerland). The testing samples
were prepared by beech-resin-beech sandwiches formed by two small wood
plies (17 x 5 x 1.1 mrh LongitudinalxRadialxTangential) joined with 30 mg

of the adhesives. TMA analysis was conducted in non-isothermal mode
between 25°C to 250°C, at a constant heating rate of 10°C/min, on a span
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of 18 mm exercising a force cycle of 0.1/0.5 N on the specimens, with each
force cycle of 12 seconds (6s/6s). The Modulus of Elasticity (MOE) of the
specimens as a function of time and temperature was recorded for all
formulations.

2.3. FT-IR analyses

All the sample extracts were analyzed with a PerkinElmer Frontier ATR-FT-
MIR provided with an ATR Miracle diamond crystal. The powder and liquid
samples were laid on the diamond eye (1.8 mm) of the ATR equipment and the
contact for the sample was ensured by tightly screwing the clamp device. Each
extract was scanned registering the spectrum with 32 scans with a resolution of
4 cntt in the wave number range between 600 and 4008'cm

2.4. MALDI-TOF analysis

Samples for matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) analysis were prepared by first dissolving 5 mg of sample
powder in 1 mL of a 50:50 v/v acetone/water solution. Then, 10 mg of this
solution was added to 10L of a 2,5-dihydroxy benzoic acid (DHB) matrix.
The locations dedicated to the samples on the analysis plaque were first
covered with 2 L of NaCl solution 0.1 M in 2:1 v/v methanol/water and pre-
dried. Then, 1 L of the sample solution was placed on its dedicated location,
and the plague was dried again. Red phosphorous was used to standardize
the MALDI equipment.

MALDI-TOF spectra were obtained by means of an Axima Performance
mass spectrometer from Shimadzu Biotech (Kratos Analytical Shimadzu
Europe Ltd., Manchester, UK) using a linear polarity-positive tuning mode.
The measurements were taken by making 1000 profiles per sample with two
shots accumulated per profile. The spectrum precision is of +1 Da.

3. Results and discussion
3.1. TMA analysis

The Youngs modulusE (MOE) for each case tested can be calculated by
using the classical mechanics relation between force and defléttibh The

TMA curves of all samples are shown kfigure 3 This shows the MOE
values of the series of samples bonded with lignin alone and oxidized
demethylated lignin-based adhesives by adding different amount of NalO
to the demethylated lignin. Increasing the proportion of Nal@om 0% to

20% causes the MOE to progressively increase and reach the maximum value
at 20% NalQ addition. This infers that the best bonding performance is
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Figure 3.The diagrammatic drawing of wood bonding specimens: (a) for two-layers sample, (b)
for three-layers sample.

likely to occur for a 20% Nal@treatment*®*? It is also consistent with the
shear strength test results of wood specimens, which shows that 20% addition
of NalO4 to the lignin adhesives yields the best bonding performance.
Furthermore, due to the hypothesis of the generation of aldehyde groups
by periodate cleavage of aliphatic carbon-carbon bonds carrying hydroxyl
groups, the aldehyde groups so generated can react with the lignin sites to
yield increased cross-linking of the final hardened netwdik? These
results are supported by the findings of the MALDI-TOF analysis.
Nevertheless, an excessive addition of periodate, more than 20%, has an
adverse effect on bonding performance due to further conversion of the
aldehyde groups into carboxyl groups, consequently decreasing the possibi-
lity of cross-linking with the aromatic lignin ringS? As shown inFigure 3

as the proportion of NalQ added increases above 20%, a decreasing trend
can be observed for the MOE values measured by TMA.

3.2. FT-IR analysis

Fourier transform Infrared (FT-IR) spectra of the pure lignin (L) and
demethylated lignin (DL) samples are shown kigure 4 The results
show that the main functional groups of the demethylated lignin sample
are still the same as those of the original lignin. Thus, as for the spectra of
all curves inFigure 4 the broad absorption bands at 3362 This attrib-
uted to the aromatic and aliphatic -OH groups characteristic of the FT-IR
spectrum of lignin***¥ Moreover, the absorption bands at 1588 Tm
1502 cn?* and 1416 cmi* were assigned to the aromatic ring vibrations of
the phenyl-propane skeleton in all samplé&!® The peak at 1331 cmh
and 828 cmi* are assigned to the aromatic C-H in plane deformation
vibration of the syringyl moieties of lignin. A peak at 1119%ris related
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Figure 4.FTIR spectra (40800 cn§1) of neat corn lignin (L) and demethylated corn lignin (DL).

to the aromatic C-H in the guaiacyl moiety of lignif? The band at

2927 cn?* was related to the C-H vibration of -CHand -CH; groups.
According to the literatures, the peaks at 28415trand 1455 cri‘can be
attributed to the vibration of -O-CH groupst***? In Figure 4it is notice-

able, nevertheless, that some differences between pure- and demethylated
lignin do occur. For example, in the contoured region the ratio of the
aromatic skeletal vibrations at 2841 €mand 1455 crit in DL were

lower than in pure L. This was due to the structure of lignin, as more -O-
CH5 groups were converted into hydroxyl grosipluring the demethylation
process. It can then be suggested that demethylation occurred successfully.

3.3. MALDI-TOF analysis

MALDI-TOF has already been used to analysize the different oligomers
formed by lignin modificationf>**¥ Some larger molecular weight species
are noticeable in the MALDI-TOF spectra, these being dimers, trimers or
higher oligomers derived from the three typical lignin species (H, G and S)
linkages by -O-4 (approximately 40-60%),-O-4, - , -5, 5-5712652
Therefore, the MALDI-TOF analysis investigates the different oligomers
existing in the oxidized demethylated lignin adhesive.

In Figures 6.10 are shown the results of the MALDI-TOF analysis of the
different oligomers formed in the preparation of the oxidized demethylated
lignin-based adhesives. According previous works, the main foreseeable
structure formulas of our lignin-based resins is shownTiable 1 Figure 6
shows the presence of some low molecular weight lignin oligomers as well,
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