N

N

Wood products and green chemistry

Antonio Pizzi

» To cite this version:

Antonio Pizzi. Wood products and green chemistry. Annals of Forest Science, 2016, 73 (1), pp.185-203.
10.1007/s13595-014-0448-3 . hal-01284230

HAL Id: hal-01284230
https://hal.science/hal-01284230
Submitted on 7 Mar 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01284230
https://hal.archives-ouvertes.fr

Annals of Forest Science (2016) 73:185-203
DOI 10.1007/s13595-014-0448-3

REVIEW PAPER

Wood products and green chemistry

Antonio Pizzi

Received: 7 September 2014 / Accepted: 18 December 2014 /Published online: 22 January 2015
© The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract

+ Key message Green chemistry for and from wood has
developed numerous industrial products, namely
biosourced, green wood adhesives and preservatives,
foams, composite matrices, laminates, hard and flexible
plastics, flexible films, and abrasive grinding discs, and
their number is still growing.

« Introduction This review addresses (1) the elimination of
toxic aldehydes from the most common wood panel adhesive,
the one based on urea, itself a natural product, (2) biosourced
adhesives derived from wood or other vegetable matter and
used for wood products, and (3) wood and bark tannin-based
foams, natural fiber composites using tannin matrices, paper
surface laminates and continuous high-pressure paper lami-
nates using tannin-furanics, hard plastics based on tannin-
furanic materials and some of their applications, flexible
biosourced tannin-furanic films, and biosourced wood
preservatives.

Keywords Biosourced materials - Non-toxic -
Environment-friendly - Adhesives - Composites - Foams -
Paper laminates - Hard plastics - Abrasives - Flexible films -
Wood preservatives
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1 Introduction

Green chemistry is a very wide field that encompasses such a
variety of raw materials and products that a serious review on
such a subject has forcefully to be partial to some more de-
tailed aspects. Already, even to speak of green chemistry re-
lated to wood products and products derived from wood or for
wood becomes a hard and vast task considering the ferment of
ideas and work in this field going on now for quite a few years.

In this review, what will be dealt with will be (1) the elim-
ination of toxic aldehydes from the most common wood panel
adhesive, the one based on urea, itself a natural product, (2)
biosourced adhesives derived from wood or other vegetable
matter and used for wood products, and (3) tannin-based
foams, natural fiber composites using tannin matrices, paper
surface laminates and continuous high-pressure paper lami-
nates using tannin-furanics, hard plastics based on tannin-
furanic materials and some of their applications, flexible
biosourced tannin-furanic films, and biosourced wood preser-
vatives. Even to deal briefly with all these will still not give a
complete image of such a vast field.

2 Biosourced wood adhesives

Wood products are the largest users of adhesives, wood adhe-
sives constituting more than 65 % by volume of all the adhe-
sives used in the world. It is such large volume that renders
hard the substitution of existing synthetic adhesives with some
biosourced products, products possibly obtained from wood
itself. For example, to substitute urea-formaldehyde (UF) ad-
hesives, the worldwide consumption of which is of the order
of 11 million tons resin solids per year, is perfectly possible
but not really feasible in the short term. It is for this reason that
this review will address first this aspect.
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2.1 Urea, also a natural material for wood adhesives

Urea is a natural raw material. It is also obtained industrially in
enormous quantities by catalytic reaction of the oxygen and
nitrogen of the air on glowing coals or other glowing carbon
material, even charcoal or wood. The material to substitute,
although even this can be of natural origin, is then formalde-
hyde, now classified toxic and oncogenic. It pays, seeing the
volumes involved, to start concentrating to develop urea-based
adhesives using aldehydes that are not toxic, nor volatile, but
still maintaining the clear or white appearance of UF resins as
such adhesives can be classified as natural too. While many
approaches can be taken to develop urea-based adhesives in
this manner, recently a first important success in the bonding
of plywood with this approach has been achieved (Deng et al.
2014a). Resins based on urea-glyoxal for textiles are well-
known (Petersen 1968), but these are low condensation resins
not adaptable for wood. Hybrid resins urea-formaldehyde-
another aldehyde have been the initial target of several re-
searchers, with good results for plywood (Deng et al. 2014b;
Zhang et al. 2009, 2014). The problem of these is that formal-
dehyde, although much less, is still there. An old technology
based on urea-furfural resins (Novotny and Johnson 1931) is
not a good substitute for urea-formaldehyde not only for the
lower reactivity but mainly for the dark color of the resin
imparted by the condensation of furfural. Thus, the first truly
urea adhesive for plywood without any formaldehyde has only
recently been developed opening a new chapter on natural
environment-friendly adhesives (Deng et al. 2014a).

The non-volatile and non-toxic aldehyde glyoxal (G) was
used to substitute formaldehyde to react with urea (U) to syn-
thesize a urea-glyoxal (UG) resin under weak acid conditions
(pH=4-5). The strength of the bonded plywoods was tested,
and the curing process of the UG resin was studied by dynam-
ic mechanical analysis (DMA). Some initial acid-catalytic re-
actions involved in the synthesis of the UG resin were theo-
retically investigated by quantum chemistry using density
function theory. Furthermore, the UG resin was characterized
by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS). The results showed
that the bonded plywood with dry shear strength of
0.98 MPa could be directly used as interior decoration and
furniture material without formaldehyde emission in dry con-
ditions (Deng et al. 2014a). The results of DMA analysis
indicate that the cured system has best mechanical properties
within the range 138.4-182.4 °C. The addition reaction of
either G or G1 (these being two different forms of protonated
glyoxal) with U goes through a mechanism represented by a
four-member ring transition state with a notable barrier (above
130 kJ/mol). On the other hand, the reactions of U with dif-
ferent protonated forms of glyoxal (p-G and p-G1) have two
main pathways to form two important carbocation reactive
intermediates of C-p-UG and C-p-UG1 with lower energy

=INRA

@ Springer

T==" SCIENCE & IMPACT

barriers of 30~40 kJ/mol. With the mediation of a water mol-
ecule, the intramolecular proton transfer processes occur eas-
ily. The main assignments of MALDI-TOF-MS of the UG
resin correspond to the intermediate products of C-p-UGI,
C-p-UG, UG, and UG oligomers or coreactions between
each other, further confirming the reaction mechanism pro-
posed by quantum chemical calculation. Namely MALDI-
TOF-MS results were quite compatible with quantum chemi-
cal calculations, and these results confirmed each other theo-
retically as well as experimentally.

It is likely that such type of approach to urea-based resins
can be expanded in the future using other aldehydes, but it can
constitute a major line of investigation in the short to medium
term as regards biosourced adhesives.

2.2 Other “natural” wood adhesives
2.2.1 Tannin adhesives

Tannin cross-linking by formaldehyde in a polycondensation
reaction is the traditional way for tannins to function as exte-
rior grade weather-resistant wood adhesives. Tannin reactions
are based on their phenolic character similar to those of phenol
with formaldehyde. These adhesives have already been used
industrially in the past and still now for many years (CSR
Wood Panels, Oberon, Australia; Bisonboard, Piet Retief,
South Africa; Novobord, Port Elisabeth, South Africa; Sekisui
Chemical Co., Japan; Masisa, Chiguayante, Chile; Zimbord,
Mutare, Zimbabwe), and their use with procyanidin tannin
species present everywhere, such as tannins from pine bark
and other softwood tree species widely diffuse around the
world, holds considerable promise for their future use expan-
sion. Formaldehyde is however the problem here too. Exten-
sive reviews on the classical technologies of these adhesives
already exist (Pizzi 1994a).

The quest to decrease or completely eliminate formaldehyde
emissions from wood panels bonded with adhesives, although
not really necessary in tannin adhesives due to their very low
emission (as most phenolic adhesives), has nonetheless pro-
moted some research to further improve formaldehyde emis-
sion or to simply totally eliminate formaldehyde. This has cen-
tered on two lines of investigation: (i) the use of hardeners not
emitting at all simply because either no aldehyde has been
added to the tannin, or because the aldehyde cannot be liberated
from the system, and (ii) tannin autocondensation.
Methylolated nitroparaffins, such and in particular the simpler
and least expensive exponent of their class, namely
trishydroxymethyl nitromethane (Trosa and Pizzi 2001), be-
long to the first class. They function well, but they are too
expensive. A cheaper but as equally effective alternative to
hydroxymethylated nitroparaffins is the use of hexamine as a
tannin hardener. Tannin-hexamine adhesives are already com-
mercial. Under many wood adhesive application conditions,
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contrary to what was thought for many years in the past,
hexamine used as a hardener of a fast reacting species is not
at all a formaldehyde-yielding compound, yielding extremely
low formaldehyde emissions in bonded wood joints (Pizzi
1978, 1994a, b). ">C NMR evidence has confirmed (Kamoun
and Pizzi 2000; Kamoun et al. 2003; Pichelin et al. 1999a,
Pichelin 1999b) that the main decomposition (and recomposi-
tion) mechanism of hexamine under such conditions is not
directly to formaldehyde. It rather proceeds through reactive
intermediates. Some industrial applications have already been
obtained (Pichelin et al. 2006; Valenzuela et al. 2012).

On this basis, the use of hexamine as a hardener of a tannin,
hence a tannin-hexamine adhesive, is a very environmentally
friendly proposition. Formaldehyde emissions in a great
chamber have been proved to be so low to be limited exclu-
sively to what is generated by the wood itself, hence truly EO
panels (panels with no emission of formaldehyde whatsoev-
er). The panels obtained with tannin-hexamine adhesives, ac-
cording to under which conditions they are manufactured, can
satisfy both interior and exterior grade standard specification
requirements (Pizzi 1978; Pizzi et al. 1996; Pichelin et al.
1999). Steam injection presses recently have shown to be
better suited to give better results for exterior grade boards
using tannin-hexamine adhesives. Comparable results are ob-
tained with pine tannins or other procyanidins hardened with
hexamine (Pizzi et al. 1994; Valenzuela et al. 2012). In the
same reference, catalysis of the reaction in the presence of
small amounts of accelerators such as a zinc salt allows even
better results or faster press times. Of particular interest have
been the developments in pine tannin adhesives, this being
valid for all procyanidin/prodelphinidin tannins such as raisin
mar derivatives, spruce, etc., for a number of adhesive appli-
cations (Ballerini et al. 2005; Zhou and Pizzi 2014) such as
plywood, particleboard, and other panels, some coupled with
the non-toxic, non-volatile aldehyde glyoxal.

2.3 Hardening by tannin autocondensation

The autocondensation reactions characteristic of
polyflavonoid tannins have only recently been used to prepare
adhesive polycondensate hardening in the absence of alde-
hydes (Meikleham et al. 1994). Although this reaction may
lead to considerable increases in viscosity, gelling does not
generally occur. However, gelling takes place when the reac-
tion occurs (i) in presence of small amounts of dissolved silica
(silicic acid or silicates) catalyst and some other catalysts
(Pizzi and Meikleham 1995; Pizzi et al. 1995a, b) and (ii) on
a lignocellulosic surface. In the case of the more reactive
procyanidins and prodelphinidin type tannins, such as pine
tannin, cellulose catalysis is more than enough to cause hard-
ening and to produce boards of strength satisfying the relevant
standards for interior grade panels, while for slower reacting
tannins, a catalyst such as silica is needed (Pizzi 1994a).

Autocondensation reactions have been shown to contribute
considerably to the dry strength of wood panels bonded with
tannins but to be relatively inconsequential in contributing to
the bonded panels’ exterior grade properties which are rather
determined by polycondensation reactions with aldehydes
(Garcia and Pizzi 1998a, b; Pizzi and Stephanou 1993a, b).

2.4 Lignin adhesives

Much has been written about and much research has been
conducted in the use of lignins for wood panel adhesives. It
can safely be said that this natural raw material has probably
been the most intensely researched one as regards to wood
adhesive application. Lignins are phenolic materials, are abun-
dant, and of low cost, but they have lower reactivity towards
formaldehyde, or other aldehydes, than even phenol. Exten-
sive reviews on a number of proposed technologies of formu-
lation and application do exist, and the reader is referred to
these in earnest (Nimz 1983; Newman and Glasser 1985;
Gardner and Sellers 1986; Shimatani et al. 1994; Calvé
1999; Viikari et al. 1999; Blanchet et al. 2000; Kim and Kim
2003; Lopez-Suevos and Riedl 2003). This field is however
remarkable for how small has been the industrial success in
using these materials. In general, lignin and lignosulfonates
have been mixed in smaller proportions to synthetic resins,
such as phenol-formaldehyde (PF) resins, and even UF resins,
to decrease their cost. Their low reactivity and lower level of
reactive sites, however, conjure that for any percentage of
lignin added, the cost advantage is abundantly lost in the
lengthening of the panel pressing time this causes. The only
step forward that has found industrial application in the last
20 years is to prereact in a reactor lignin with formaldehyde to
form methylolated lignin, thus to do part of the reaction with
formaldehyde first, and then add this methylolated lignin to
PF resins at the 20 to 30 % level (Gardner and Sellers 1986;
Calvé 1999). The lignin used for this application is generally
alkali lignin. Lignosulfonates cannot be used in general due to
the solubilizing and water-attracting characteristics of the
abundant sulfonic groups, thus impairing the water resistance
of panels and glue lines. These resins have been used in some
North American plywood mills. Particularly in plywood mills,
because the pressing time is not the factor determining the
output rate of the factory, one can afford to use relatively long
press times with good results.

None of the many adhesive systems based on pure lignin
resins, hence without synthetic resin addition, has succeeded
commercially at an industrial level. Some were tried industri-
ally but for one reason or another, too long pressing time, high
corrosiveness for the equipment, etc., they did not meet with
commercial success. Still notable among these is the Nimz
system based on the networking of lignin in presence of hy-
drogen peroxide (Nimz 1983; Nimz and Hitze 1980; Pizzi
1994a). Only one system is used successfully still today, but
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this only for high-density hardboard, in several mills world-
wide. This is the Shen system, based on the self-coagulation
and cross-linking of lignin by a strong mineral acid in the
presence of some aluminum salt catalysts (Fung et al. 1977;
Nimz 1983; Shen 1977, 1998). However, attempts to extend
this system to the industrial manufacture of medium-density
fiberboard (MDF) are known to have failed.

Of interest in the MDF field is also the system of adding
laccase enzyme-activated lignin to the fibers or activating the
lignin in situ, in the fibers also by enzyme treatment
(Kharazipour et al. 1991, 1998) but this needed the addition of
1 % isocyanate (polymeric 4'4’-diphenyl methane diisocyanate
(PMDI) to the board to press at acceptably short press times, or
by extending the pressing times to ridiculous lengths (100-s/mm
board thickness while industrial press times are of the order of 3-
to 7-s/mm board thickness) (Felby et al. 1997). In the former
case, an adhesive had to be used, with the same result obtained
by pressing untreated hardboard, a 100-year-old process, hence
just wasting expensive time and enzymes. The second case
instead illustrates even more clearly where the problem lies
and what breakthrough is necessary: enzyme-mobilizing lignin
works but not fast enough. The breakthrough necessary is a
new, strong catalyst of the enzymatic action capable of allowing
pressing times of industrial significance. This has not been
found, or even considered, as yet.

A promising new technology based on lignin use for wood
adhesives is relatively recent and uses again premethylolated
lignin in the presence of small amounts of a synthetic PF resin
and PMDI (Newman and Glasser 1985; Pizzi and Stephanou
1993c, d). Several types of lignins, namely softwood kraft,
depolymerized softwood kraft, and organosolv wood and in
particular grass lignins, can be used with this system, due to
the boost to the system caused by the addition of the isocya-
nate. Partly depolymerized kraft lignins and organosolv grass
lignins, thus lignins of lower average molecular mass, are best
for this approach. The proportion of premethylolated lignin
used is of 65 % of the total adhesive, the balance being made
up of 10-15 % PF resin and of 20-25 % PMDI. The system is
based on cross-linking caused by the simultaneous formation
of methylene bridges and of urethane bridges, overcoming
with the latter the need for higher cross-linking density that
has been one of the problems which has stopped lignin utili-
zation in the past. More interesting has been the recent devel-
opment in which formaldehyde has been totally eliminated by
substituting it with a non-toxic, non-volatile aldehyde, namely
glyoxal (El Mansouri et al. 2007a, b). In these formulations,
lignin is preglyoxalated in a reactor and the glyoxalated lignin
obtained is mixed with tannin and with PMDI, eliminating
thus the need of any formaldehyde or formaldehyde-based
resins. This technology has been applied specifically by using
wheat straw organosolv lignin, of particularly low number
average molecular mass, and it is most likely usable to good
effect for at least depolymerized softwood and hardwood kraft
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lignins. This technology has brought also to the total elimina-
tion of synthetic resins in the adhesive as described above,
both technologies satisfying requirements for industrially sig-
nificant pressing times.

A lot of a continuous flow of literature on the subject of
lignin adhesives is just literature rehashing older systems all
based on the substitution of some phenol in PF resins. In
general, these papers do not seem to be aware of the slow
pressing time problem, and they do not address it, perpetuat-
ing the myth of PF/lignin adhesives while repeating the same
age-old errors. They lead new researchers in the field to be-
lieve they are doing something worthwhile with parameters
that do not satisfy the requirements of press rate of the panel
manufacturing industry.

Some new and rather promising technologies on lignin
adhesives have, however, been developed recently. These
are (a) adhesives for particleboard and other agglomerate
wood panels based on a mix of tannin/hexamine with
preglyoxalated lignin and (b) similar formulations for high
resin content, high-performance agricultural fiber composites.

Mixed interior wood panel tannin adhesive formulations
were developed in which lignin is in considerable proportion,
50 %, of the wood panel binder and in which no “fortification”
with synthetic resins, such as the isocyanates and phenol-
formaldehyde resins as used in the past, was necessary to
obtain results satisfying relevant standards. The wood panel
itself is constituted of 99.5 % natural materials, the 0.5 %
balance being composed of glyoxal, a non-toxic and non-
volatile aldehyde, for the preglyoxalation of lignin and of
hexamine already accepted as a non-formaldehyde-yielding
compound when in presence of a condensed tannin. Both
particleboard and two types of plywood were shown to pass
the relevant interior standards with such adhesive formula-
tions (El Mansouri et al. 2007b; Mansouri et al. 2011a;
Navarrete et al. 2012). The mechanism of copolymerization
and hardening can be understood from Fig. 1.

2.5 Protein adhesives

Intense research induced by the sponsorship of the US United
Soybean Board has revised interest in protein adhesives, soya
protein primarily, but also others.

Soya and even gluten adhesives instead are definitely new.
Both addition to traditional synthetic wood adhesives as well
as their use as panel adhesives after partial hydrolysis and
modifications have been reported, with acceptable results
(Hettiarachy et al. 1995). These products are not widely used
industrially/commercially as yet, but one industrial user has
been reported in the USA.

Different technologies can be distinguished: First, technol-
ogies that are based on the prereaction of soy protein hydro-
lysate prereacted with formaldehyde and this preformilated
soy protein being mixed with a PF resin and with isocyanate
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Fig. 1 Schematic path of the
simultaneous coreactions of
glyoxalated lignin with the
tannin/hexamine adhesive system

(PMDI) (Lorenz et al. 2006; Wescott et al. 2006), thus an
identical technological approach to what already presented
for lignin adhesives.

Second is the evolution of this technology, again along
similar lines as for lignin, in which preglyoxalated soy protein
or even soy flour or glyoxalated gluten protein hydrolysate,
glyoxal being a non-volatile, non-toxic aldehyde, composes
the glue mix with either a PF resin or with a flavonoid tannin
the whole been added of 20-25 % isocyanate (PMDI)
(Amaral-Labat et al. 2008; Lei et al. 2010; Lagel et al.
2014a, c). Both these systems work well.

A third system is based on the prereaction of the soy protein
hydrolysate with maleic anhydride to form an adduct that is
then reacted in the panel with polyethyleneimine (Liu and Li
2002, 2007; Zhong et al. 2003). The system works well, as
one plywood company (Columbia Forest Products, Klamath
Falls, Oregon) has started using it industrially in the USA but
suffers of the drawback of too slow a press time, thus only
usable for plywood, and to be excessively expensive, the price
quoted being considerably higher than those of isocyanates.
The use of epichloridrin too in this system renders it rather less
acceptable from the point of view of the toxicity of the raw
materials. A new system in which epichloridrin has been elim-
inated and substituted with a non-toxic material has been re-
cently presented too (Jang and Li 2013).

Lastly, very recently, the addition/coreaction of 10-15 %
proteins to UF resins by an international adhesive company to
yield the Aswood range of commercial adhesives and the suc-
cessful coreaction and substitution of 30 % gluten protein
hydrolysates in PF resins has led to lighter boards of very
low formaldehyde emission and respecting the need for fast
pressing times (Lagel et al. 2014a; Pizzi et al. 2013a.

2.6 Carbohydrate adhesives and furanic resins

Carbohydrates in the form of polysaccharides, gums, oligo-
mers, and monomeric sugars have been employed in adhesive
formulations for many years. Carbohydrates can be used as
wood panel adhesives in three main ways: (i) as modifiers of
existing PF and UF adhesives, (ii) by forming degradation
compounds which then can be used as adhesives building
blocks, and (iii) directly as wood adhesives. The second route
above leads to furanic resins. Furanic resins, notwithstanding

LGNIN + ¢HO
CHO

TANNIN +HE XAMINE — TANNIN — CHz- NH—CH2- TANNIN

LIGNIN— CHOH - -
Lvo l LIGNIN—E:OH
TANNIN—CH,-NH—CH,- TAerqlN
LIGNIN—(I!H LIGNIN-éIH
(H CH—LIGNIN

TANNIN —CH,-NH—CH,-TANNIN

that their basic building blocks, furfuraldehyde and furfuryl
alcohol, are derived from the acid treatment of the carbohy-
drates in waste vegetable material, are considered today,
wrongly, as purely synthetic resins. This opinion might need
to change as in reality they are real natural-derived resins and
extensively used for many years in foundry core binders, with
other uses such as wood preservation also becoming topical.
Appropriate reviews just dedicated to them do exist
(Belgacem and Gandini 2003). However, both compounds
are relatively expensive and very dark-colored, but furanic
resins have made their industrial mark in fields where their
high cost is not a disadvantage. They can be used very suc-
cessfully for panel adhesives, and they are used very success-
fully in other fields (as foundry core binders).

The use of carbohydrates directly dissolved in strong alkali
as wood panel adhesives is not a new concept but is an inter-
esting and a topical one to this day. All sorts of agricultural
cellulosic materials have been successfully adapted to this
technology, and the technology and its application have been
extensively reported in the past (Chen 1996).

Research on the first route has centered particularly on the
substitution of carbohydrates for parts of PF resins. It has been
reported that at laboratory level, up to 50 to 55 % of phenol in
a PF resin can be substituted with a variety of carbohydrates,
from glucose to polymeric, tree-derived hemicelluloses
(Conner et al. 1986, 1989; Shen 1998; Trosa and Pizzi
1998). Apparently reducing sugars could not be used directly
as they are degraded to saccharinic acids under the acid con-
ditions required in the formulation of the resin. Reducing
sugars can be used to successfully modify PF resins if they
are reduced to the corresponding alditols or converted to gly-
cosides. Some carbohydrates appeared to be incorporated into
the resin network mainly through ether bridges. Generally, the
resin is prepared by coreacting phenol, the carbohydrate in
high proportion, a lower amount of urea, and formaldehyde.
Extensive and rather successful industrial trials of this resin
have also been reported (Trosa and Pizzi 1998).

Carbohydrate-based adhesives in which the formulation
starts with the carbohydrate itself have also been reported,
but the acid system used during formulation readily degrades
the original carbohydrate to furan intermediates which then
polymerize. An interesting concept that was advanced early
on in carbohydrate adhesive research was the conversion of
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the carbohydrate to furanic products in situ, which then
homopolymerize as well as react with the lignin in wood.

Several research groups (Alma et al. 1996, 1998;
Conner et al. 1986, 1989) have described the use of
liquefied products from cellulosic materials, literally lig-
uefied wood, which showed good wood adhesive prop-
erties. Lignocellulosic and cellulosic materials were lig-
uefied in presence of sulfuric acid under normal pressure
using either phenol or ethylene glycol. The cellulosic
component in wood was found to lose its pyranose ring
structure when liquefied. The liquefied product contains
phenolic groups when phenol is used for liquefaction. In
the case of ethylene glycol liquefaction, glucosides were
observed at the initial stage of liquefaction and
levulinates after complete liquefaction.

2.7 Unsaturated oil adhesives

Unsaturated vegetable oils are now widely available as a
bulk commodity for a variety of purposes and at very
acceptable prices. All resin research to date has focused
on oils that contain at least one double bond. The ma-
jority of these technologies are not applied to wood and
wood composite adhesives, but they can be translated
eventually to this field. An excellent and detailed review
of formulations and technology on the subject already
exists (Wool and Sun 2005).

Until fairly recently, only two examples could be found
in the literature where seed oil derivatives were being
employed as wood adhesives. Linseed oil, for example,
has been used to prepare a resin that can be used as an
adhesive or surface-coating material (Tomkinson 2002;
Miller and Shonfeld 2002). The chemistry of this resin
centers on an epoxidation of the oil double bonds follow-
ed by cross-linking with a cyclic polycarboxylic acid an-
hydride to build up molecular weight. The reaction is
started by the addition of a small amount of polycarboxilic
acid.

When the epoxidized oil resin was evaluated as a
wood adhesive in composite panels, it could be tightly
controlled through the appropriate selection of triglycer-
ides and polycarboxylic anhydrides. This apparently en-
ables a wide range of materials with quite different fea-
tures to be manufactured. The use as wood adhesives is
one among the many uses, the focus of the development
being more on plastic materials. The literature states that
this plastic is well suited for use as a formaldehyde-free
binder for wood fibers and wood particles including fi-
bers and chips from cereal residues, such as straw and
fiber mats.

The literature on this resin (Miller and Shonfeld 2002)
claims that cross-linking can be varied through the addi-
tion of specialized catalysts, and several samples were
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prepared at a range of temperatures (120-180 °C) that
exhibited high water tolerance even at elevated tempera-
tures, but no actual test data were included. Since this
resin of reference, research in a number of other coun-
tries by imitators has produced very similar epoxidized
oil resins. These are suitable for a number of applica-
tions, but the writer has tested one or two of them find-
ing that for wood adhesive application, these resins have
three major defects: (i) their hot-pressing time is far too
slow to be of any interest in wood panel products, with
the exception perhaps of plywood (for which they have
not been tried), (ii) they are relatively expensive, and
finally (iii) their environmental profile is rather unfavor-
able Cornillet et al. 2012). Unless the slow hot-pressing
problem is overcome, and at a reasonable price, these
resins will remain at the stage of potential interest. There
is no doubt that these resins can be of interest in other
fields, but it is symptomatic that no industrial use for
wood panel adhesives has been reported as yet or is
known to have occurred.

Bioresins based on soy bean and other oils have been
developed also by other groups, mainly for replacement
of polyester resins (Wool et al. 1998). These liquid resins
were obtained from plant and animal triglycerides by
suitably functionalizing the triglyceride with chemical
groups (e.g., epoxy, carboxyl, hydroxyl, vinyl, amine,
etc.) that render it polymerisable. The reference claims
that excellent inexpensive composites were made using
natural fibers such as hemp, straw, flax, and wood in
fiber, particle and flake form. Those soy oil-based resins
have a strong affinity for natural fibers and form a good
fiber—matrix interface as determined by scanning electron
microscopy of fractured composites. The reference also
stated that these resins can be viewed as candidate re-
placements for phenol-formaldehyde, urethane, and other
petroleum-based binders in particleboard, MDF, OSB,
and other panel types. However, no actual test data has
been supplied, and no industrial use in wood panel ad-
hesives has actually been reported as yet.

Cashew nut shell liquid, mainly composed of cardanol
but containing also other compounds (Fig. 4), is an in-
teresting candidate for wood-based resins. Its dual nature,
phenolic nuclei + unsaturated fatty acid chain, makes a
potential natural raw material for the synthesis of water-
resistant resins and polymers. Cardanol resins are known
from the past, but their use has not been very diffuse
simply because the raw material itself was rather expen-
sive. The price however appears to be more affordable
now since the extensive cashew nut plantations in Mo-
zambique are in production.

The phenol, often resorcinol, group and/or double
bonds in the chain can be directly used to form hardened
networks. Alternatively, more suitable functional groups
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such as aldehyde groups and others can be generated on
the alkenyl chain. Generally, modifications of this kind
take several reaction steps, rendering the process too ex-
pensive for commercial exploitation in wood adhesives.

However, the Biocomposite Center in Wales has de-
veloped a system of ozonolysis in industrial methylated
spirit (Bailey 1978; Tomkinson 2002) through which an
aldehyde function is generated on the alkenyl chain of
cardanol. The first reaction step yields as major product
a cardanol hydroperoxide that following reduction by
glucose or by zinc/acetic acid yields a high proportion
of cardanol-derived aldehyde groups. These cross-link
with the aromatic groups of cardanol itself, thus a
self-condensation of the system yielding hardened net-
works (Fig. 2).

Exploratory laboratory particle board and lap shear
bonding yielded good results. Nonetheless, neither the
press times used nor other essential conditions that
could help to evaluate the economical feasibility of the-
se products were reported (Tomkinson 2002). Recently,
a similar approach was used to make resins based on
the ozonolysis of an unsaturated oil such as sunflower
oil and by coreacting the non-volatile long chain alde-
hyde prepared with a flavonoid tannin (Thebault et al.
2013). The results obtained were comparable to those
obtained with the cardanol ozonolysis technique but
using more commonly available materials.

More recently, alternative and very encouraging tech-
niques involving unsaturated oils for wood and wood
fiber adhesives have come to the fore (Tasooji et al.
2010). Wheat straw particleboards were made using UF
and acrylic-epoxidized soy oil (AESO) resins with two

Fig. 2 Cardanol-based adhesive
system
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resin content levels, 8 and 13 %, and three pressing
times, 8, 10, and 12 min. The boards’ physical and me-
chanical properties showed that AESO-bonded particle-
boards have higher physical and mechanical properties
than UF-bonded boards, special in internal bonding and
thickness swelling (Tasooji et al. 2010). This work was
based on a number of different technologies presented
and discussed in a most appropriate monograph (Wool
and Sun 2005).

3 Natural fibers/natural matrix high tech laminates
and impregnated paper laminates

Composites of good performance formed from non-woven
mats of flax and hemp fibers and natural resin matrices
have been prepared (Fig. 3). Both higher density thin
composites as well as lower density thicker composites
have been prepared (Nicollin et al. 2013a; Pizzi et al.
2009; Sauget and Pizzi 2014; Sauget et al. 2014). Three
natural matrices types were used: (i) commercial mimosa
flavonoid tannin extract with 5 % hexamine added as
hardener and (ii) a mix of mimosa or quebracho tannin
+ hexamine with glyoxalated organosolv lignin of low
molecular weight, these two resins mixed 50/50 by solids
content weight, and (iii) mimosa tannin-resorcinol-aldehyde
cold-set resins already commercial and described for glulam/
fingerjointing (Pizzi 1978, 1994a; Mansouri et al. 2009a) in
which the aldehydes tried successfully were either formalde-
hyde, glutaraldehyde, or glyoxal, with equal success (Sauget
etal. 2013). MOEs, thermomechanical analysis, Brinell surface
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Fig.3 Example of hemp non-woven mat and of the high resin composite
produced by impregnating it with a tannin-based resin

hardness, and contact angle tests were carried out with good
results. The composites made with the mix of tannin and lignin
resins as a matrix remained thermoplastic after a first pressing.
The flat sheets prepared after the first pressing were then
thermoformed into the shape wanted. The composites made
instead of tannin + hexamine alone or with the tannin-
resorcinol cold-set resin were instead directly thermosetting at
the first hot-pressing.

Equally strong paper laminates based on paper im-
pregnation with tannin-furanic resins have yielded
paper-impregnated surface covering for panels and
high-pressure paper laminates of performance and resis-
tance superior to melamine resin-impregnated papers
and comparable to phenolic resin-impregnated papers
(Abdullah et al. 2013a, b). The same biosourced matrix
was used to prepare multilayer paper-impregnated high-
pressure continuous laminates of good mechanical
performance.

4 Hard plastics and flexible films from wood and bark
extractives and some of their applications

A new 100 % biosourced thermosetting plastic material, com-
posed of condensed tannin/furanic thermoset, has been pre-
pared and characterized (Li et al. 2013a). This new material is
synthesized by tannin and furfuryl alcohol, both inexpensive
plant-derived chemicals. This 100 % renewable bioresourced
tannin/furanic thermosetting resin was found to have a glass
transition temperature as high as 211 °C and a 95 % weight
loss temperature of 244 and 240 °C in nitrogen and in air
atmosphere, respectively. The char yield is as high as 52 %.
Moreover, this new thermoset material shows excellent me-
chanical properties: Brinell hardness of 23 HBS, hence higher
than commercial acrylic, polyvinyl chloride, and a little lower
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than solid polystyrene. The compressive breaking strength
was found to be as high as 194.4 MPa, thus higher than filled
phenolic resins, much higher than solid polystyrene and of
acetal resins.

A first application of this material has been for the prepa-
ration of abrasive/grinding discs (Lagel et al. 2014b). This
100 % biosourced, thermoset material based on condensed
tannin-furanic thermoset resins, thus using biosourced
raw materials, has been used as the resin matrix of solid
abrasive wheels. Abrasive granules of different dimen-
sion and of different nature were used: inorganic mate-
rials such as aluminum trioxide and organic materials
such as ground walnut shells. Moreover, this new ther-
moset material is produced by a simple process, easily
transferrable into industry. The abrasive wheels based on
this resin bonding of different mineral and organic abra-
sive powders were developed and characterized. They
showed excellent abrasiveness properties when compared
to commercial abrasive wheel (Lagel et al. 2014b).

Highly flexible films and strongly adhering surface fin-
ishes were prepared by reacting partially aminated
polyflavonoid tannins with furfuryl alcohol in the pres-
ence of plasticizers such as glycerol or polyethyleneimine
(Basso et al. 2014c¢) (Fig. 4). '>*C NMR analysis showed
partial amination of the tannin under the conditions used
and even the formation of some —N= bridges between
flavonoids, although these were shown to be rare.
MALDI-TOF analysis showed the presence of oligomers
produced by the reaction of furfuryl alcohol with the fla-
vonoids and the simultaneous self-condensation of
furfuryl alcohol. Thus, linear methylene-furanic chains
were also found to be linked to flavonoid reactive sites.
Furthermore, side condensation reactions of furfuryl alco-
hol lead to the formation of methylene ether bridges be-
tween furanic nuclei, followed by rearrangement to meth-
ylene bridges with liberation of formaldehyde. This latter
reacts with both the reactive sites of the flavonoid and of
the furan rings to yield -CH,OH and —CH," groups and
methylene bridges.

Thermoplastic tannins obtained by total or partial acetyla-
tion, or other esterification, of flavonoid tannins were also
obtained for specialized applications other than for wood
(Nicollin et al. 2013b).

Fig. 4 Flexible tannin/furanic films and surface finishes
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4.1 Biobased polyurethane resins

Polyurethanes have become so ingrained in the daily life
that their uses are so many that are difficult to enumer-
ate. In relation to wood products, they are used as adhe-
sives, for example in structural glulam and fingerjointing,
as wood surfaces cover and paints and in wood products/
polyurethane foam sandwich panels. Polyurethanes are
the product of the reaction of an isocyanate, generally a
polymeric isocyanate, with a polyol. Due to this compo-
sition as regards green chemistry, the fundamental ap-
proach to obtained biosourced polyurethanes has been
to substitute the synthetic polyol with natural polyols.
The number of articles taking such an approach is so
high, and the natural polyols tried are so numerous that
the literature is full of it and still growing. Unfortunately,
such an approach leads to polyurethanes only 50 %
biosourced as the other component used, the toxic isocy-
anate, is still necessary. It is not by repeating without end
this type of approach for forever different natural polyols
that polyurethanes biosourced to a much higher percent-
age are going to be obtained! The isocyanate is then the
component to eliminate from these multifunction materials.

HO
COOH

Il
+ CH3\O/C\O/CH3 [EE—
HO OH
OH

This is then followed by the second step. This being
the reaction of this mix of compounds formed in the

COOH

.
HO OJLO/‘ \o)k

OH OH

COOH

Routes to obtain polyurethanes without isocyanates
exist, by using cyclic carbonate groups and diamines,
but amazingly, these have been used with synthetic and
not natural polyols (Rokicki and Piotrowska 2002; Nohra
et al. 2013). Only recently, successful attempts to pro-
duce polyurethanes not only from natural polyols but
also without any use of isocyanates have appeared in
the literature (Thebault et al. 2014a, b). In the first of
these works, hydrolysable chestnut tannins, which con-
tain several hydroxyl groups, were reacted with dimethyl
carbonate and then with hexamethylenediamine. The
dried product was analyzed in MALDI-TOF, '*C NMR,
and Fourier transform infrared (FTIR) spectrometry. The
spectra revealed the presence of urethane functions, and
their yield was relatively high. This synthesis of polyure-
thanes is interesting because it does not depend on using
isocyanates as reactants while instead utilizing a natural
material, hydrolysable chestnut tannin, as their major
constituent.

The reaction is in two steps, namely, first, a reaction of the
phenolic moieties of the tannin with dimethyl carbonate or
other dialkyl carbonate, linear or cyclic (propylene carbonate
comes to mind).
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previous reaction with a diamine, in this case with
hexamethylenediamine,
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with a yield of approximately 50 %.

It is interesting that urethane linkages were also
formed with some of the carbohydrates linked to the
tannin polyphenols to form species such as

)

O~ NH

29.76

O75425 NH

40.72 26.52 3378

NH,

29.76 2690 42.06

NH,

26.90 42.06

It is obvious that such an approach opens the route to the
preparation of urethanes of very high level of biosourced or-
igin, as both carbohydrates and polyphenols of different na-
tures can be used.

The second of the works cited used the same approach but
using a number of different condensed flavonoid tannins
(Thebault et al. 2014b). Condensed flavonoid tannins from
maritime pine (Pinus pinaster), mimosa (Acacia mearnsii),
and radiata pine barks and quebracho (Schinopsis lorentzii
and balansae) wood, thus both procyanidin types and other
types, were first reacted with dimethyl carbonate. Then,
hexamethylenediamine was added to these mixtures to form
urethane linkages. The resulting materials were analyzed by
FTIR spectroscopy, MALDI-TOF mass spectrometry, gel per-
meation chromatography (GPC), and thermogravimetric anal-
ysis (TGA). Finally, the resulting analysis indicated that the
products obtained are polyurethanes. Even more interesting in
the second work was the substitution of the
hexamethylenediamine with a biosourced amine, namely con-
densed aminated tannins in which some of the hydroxyl
groups of the tannin have been substituted by amino groups
according to a reaction already reported (Braghiroli et al.
2013). In this manner well in excess of 80 %, almost 90 %
of the urethanes prepared were biosourced.

4.2 Epoxy resins

While epoxy resins are rarely used for wood due to their high
price, nonetheless it is of interest that epoxy resins derived
from wood and bark-derived natural materials have been de-
veloped (Nouailhas et al. 2011; Aouf et al. 2013) in competi-
tion with biobased epoxy resins obtained from vegetable oils
(Stemmelen et al. 2011). Biobased epoxy resins were
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synthesized from a catechin molecule, one of the repetitive
units in natural flavonoid biopolymers in condensed tannins
and from both flavonoid and hydrolysable tannins themselves
(Nouailhas et al. 2011). Their reactivity towards epichlorohy-
drin to form glycidyl ether derivatives was studied. The reac-
tion products were characterized by both FTIR and NMR
spectroscopy and chemical assay. The glycidyl ether of cate-
chin (GEC) was successfully cured in various epoxy resin
formulations. The GECs’ thermal properties showed that these
new synthesized epoxy resins displayed interesting properties
compared to the commercial epoxy resins based on diglycidyl
ether of bisphenol A (DGEBA). For instance, when incorpo-
rated up to 50 % into the DGEBA resin, GEC did not modify
the glass transition temperature. Epoxy resins formulated with
GEC had slightly lower storage moduli but induced a decrease
of the swelling percentage, suggesting that GEC-enhanced
cross-linking in the epoxy resin networks.

4.3 Wood welding

The same mechanically induced friction welding techniques
which are widely used in the plastic and car industries have
recently been applied also to joining wood, without the use of
any adhesive (Gfeller et al. 2003; Pizzi et al. 2004; Leban et al.
2004; Kanazawa et al. 2005; Ganne-Chedeville et al. 2005;
Mansouri et al. 2009a, b; Omrani et al. 2009c). These work by
melting some wood components and forming at the interface
between the two wood surfaces to be joined a composite of
entangled wood fibers drowned into a matrix of melted wood
intercellular material, such as lignin and hemicelluloses. Lin-
ear mechanical friction vibration has been used to yield wood
joints satisfying the relevant requirements for structural appli-
cations by welding at a very rapid rate (Gfeller et al. 2003;
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Leban et al. 2004; Mansouri et al. 2009a). Cross-linking
chemical reactions also have shown to occur by CP-MAS
13C NMR. These reactions, however, are lesser contributors
during the very short welding period proper (Delmotte et al.
2008, 2009). They gain more, but still very limited, impor-
tance during the subsequent brief pressure holding period
(Gfeller et al. 2003; Delmotte et al. 2008, 2009).

Also recently, high-speed rotation-induced wood dowel
welding, without any adhesive, has been shown to rapidly
yield wood joints of considerable strength (Kanazawa et al.
2005; Ganne-Chedeville et al. 2005). The mechanism of me-
chanically induced high-speed rotation wood welding is due
to the temperature-induced softening and flowing of the inter-
cellular material, mainly amorphous polymer material bond-
ing the wood cells to each other in the structure of wood. This
material is mainly composed of lignin and hemicelluloses.
This flow of material induces high densification of the bonded
interface. Wood species, relative diameter differences between
the dowel and the receiving hole, and press time were shown
to be parameters yielding significant strength differences. Oth-
er parameters were shown to have much lesser influence.

The relative diameter difference between dowel and sub-
strate was the most important parameter determining joint
strength performance (Kanazawa et al. 2005; Ganne-
Chedeville et al. 2005). The real determining parameter, how-
ever, is how fast the lignin/hemicelluloses melting tempera-
ture is reached. The greater the relative difference between the
diameters of the dowel and of the substrate hole, the greater is
the friction, hence more rapidly the lignin melting temperature
is reached and a better welding is achieved.

The welding technology has been used to make furniture of
different types (Segovia and Pizzi 2009; Segovia et al. 2010),
to build structures both interior and exterior (Bocquet et al.
2006, 2007; O’Loising et al. 2012), and to obtain waterproof
joints (Mansouri et al. 2011b; Omrani et al. 2009c; Pizzi et al.
2011; Pizzi et al. 2013b) as well as butt joints of very dense
wood (Mansouri et al. 2010; Omrani et al. 2009a) of mechan-
ical resistance comparable to that of glued finger joints.

It must be pointed out that waterproofing by the addition of
rosin does also increase considerably the dry mechanical re-
sistance of the joint, both linearly welded and dowel welded,
yielding thus joints particularly strength competitive, a fact
proven also by fracture mechanics on linearly welded joints.

This renders rather useless, uneconomical, and difficult to
handle the purely mechanical approach to improve the dry
strength of dowel joints promoted by other researchers
(Girardon et al. 2013). The use of grooved surfaces already
tried to no greater effect in linear welding (Omrani et al.
2009b) and especially the assumption (Girardon et al. 2013)
incorrectly derived from adhesive application that using a
dowel in a form of a screw, and thus increasing contact sur-
face, will improve tensile strength of wood pieces held togeth-
er by dowel welding is incorrect. Conversely, that the linear

welded interface is weaker than solid wood has been proven
by very advanced mechanical testing techniques (Gineste
et al. 2012, 2013). Thus, linearly welded surfaces tend to be
more stiff but weaker than glued surfaces: the use of
environment-friendly adhesives would be advisable in such
a case (see tannin-based cold sets or tannin-furanics, for ex-
ample). Conversely, glued dowels and welded dowels present
the same ultimate strength; thus, welding is very advisable as
being faster. However, two wood surfaces held together by a
number of welded dowels would produce a strong joint but
not as strong as that obtained by gluing the whole interface
with an environment-friendly adhesive. Lastly, welded dowels
are strongly advisable to substitute both glued dowels as well
as joints held together by steel nails (Bocquet et al. 2007).

4.4 Biobased wood-derived foams

Acid-catalyzed, rigid, totally fire-resistant bark tannin foams
were first published in 1994 (Meikleham and Pizzi 1994). The
main component was the tannin commercially extracted from
the bark of mimosa trees. This first-generation foams have
comparable physical and mechanical properties to synthetic
phenolic rigid foams. They were based on the reaction of a
mixture of mimosa tannin extract in some water and furfuryl
alcohol (fortifying resin and heat generating), formaldehyde
as a hardener, and diethyl ether as blowing agent. Para-toluene
sulfonic acid was used as the acid catalyst. On its addition, the
exothermal furfuryl alcohol self-condensation reaction started,
inducing boiling and evaporation of the diethyl ether while
simultaneously starting the hardening by cross-linking of the
tannin-furfuryl alcohol-formaldehyde system. The formulation
was optimized so that hardening occurred neither too early
(hindering foaming otherwise) nor too late (leading to foam
collapse). It was much later that the interest in biosourced
materials has led to a considerable revival and research work
in these foams with notable progress in this field.

At first, development concentrated mainly on exploring
variations on the basic formulation of 1994 and intensive char-
acterization of all the relevant physical, mechanical, thermal,
and other properties (Pizzi et al. 2008; Tondi and Pizzi 2009;
Tondi et al. 2008a, b, ¢, d; 2009a, b, ¢; 2010; Celzard et al.
2010, 2011) and of their carbonized counterparts (Tondi et al.
2008b, c; Tondi and Pizzi 2009). Afterwards, major advances
were achieved first with tannin-furanic foams without formal-
dehyde (Basso et al. 2011) or modification with small
amounts of polyisocyanate (Li et al. 2012a), second with
foams using a safer blowing agent, namely pentane, and even
with no blowing agent at all (Basso et al. 2013a; Li et al.
2013Db), third with foams using alternative non-toxic, non-
volatile aldehydes (Li et al. 2014a), and finally using the much
more reactive and difficult to handle procyanidin-type tannins
such as for example pine and spruce bark tannins (Cop et al.
2014; Lacoste et al. 2013, 2014). Even simplified foams in
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which the tannin was substituted with fine wood powder were
tried (Srivastava and Pizzi 2014). All these types were rigid,
acid-setting, fire-resistant foams. On top of very extensive
characterization of these foams, even too numerous and ex-
tensive to be all mentioned here, very pointed studies on the
kinetics of foaming and on its comparison with polyurethane
foamings were completed (Basso et al. 2013b, c, d).
Wood/foam sandwiches, where the wood could be plywood,
solid wood, or a fiber composite, of excellent thermal and fire
resistance and acoustic insulation were also developed (Zhou
et al. 2013; Zhou and Pizzi 2013) (Fig 5).

A further step forward as regards wood application of these
foams was achieved with the development of alkaline curing
foams, thus capable of totally avoiding any potential damage
to wood in contact with the acid residues of the foam catalyst
(Basso et al. 2014a). Of big interest as a necessary counterbal-

Fig 5 Tannin-furanic rigid foams. Scanning electron microscope view of
the cellular structure and an example of application to mixed wood/foam
sandwich panels for sound and fire insulation
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ance to polyurethane foams was to develop elastic tannin
foams. For this, two different approaches were taken. The first
consisted in including an external, non-volatile plasticizer to
the rigid foam formulations so abundantly developed. This
approach gave moderately elastic foams by the addition
of glycerol (Li et al. 2012a, b). A second approach lead-
ing to highly flexible foams was to copolymerize up to
50 % mimosa or quebracho tannin into polyurethane for-
mulations by simultaneous synthesis (Basso et al.
2014b). These open cell foams were obtained by the
simultaneous coreaction of condensed flavonoid tannins
with an alxoxylated fatty amine and polymeric
diphenylmethane isocyanate. The coreaction yielded
highly flexible/elastic polyurethane foams.
Copolymerized amine/isocyanate/tannin urethane oligo-
mers such as for example

were identified by '>*C NMR and MALDI-TOF spectros-
copy (Basso et al. 2014b, d).

In general, between 30 and 50 % of natural tannins is added
to the components used to obtain polymerization of the poly-
urethane. The characteristic of these new, partially biosourced
polyurethanes is that the tannin present slows down burning,
some of them are even flame self-extinguishing and if burning
they neither flow nor asperge flaming material around, con-
trary to what occurs with normal polyurethanes. This limits
the possibility of transmitting fire to other materials in the
same environment. Cyclic compression tests were carried
out showing that after 50 cycles, foam recovery was in excess
of 80 %. The coreactions that occurred were as in Fig. 6. It is
interesting to note that complex but highly effective
polyurethane-phenolic systems were obtained by coreaction
of only 30 % isocyanate with a coreaction mix of tannin,
glyoxal, and furfuryl alcohol. This was based on the well-
known high reactivity of the -NCO isocyanate group with
aromatic benzyl alcohol (Ar—CH,OH) groups already used
in wood adhesives (Pizzi and Walton 1992; Pizzi et al.
1993,1994). In absence of water, it showed to be a much more
effective method than any of the other exposed above, with
the tannin foam being again fire-resistant (Basso et al.
2014b,d).
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Fig. 6 Coreactions of isocyanate, amine, and flavonoid tannins to yield
mixed elastic, flexible polyurethanes

Some unusual applications such as using the first- and
second-generation foams as filters for the elimination of heavy
metals such as Pb and Cu in water were also investigated (Oo
etal. 2009; Tondi et al. 2009b). These were based on the well-
documented ability of the B-ring of flavonoids to form ortho-
diphenol complexes with heavy metals.

4.5 Biobased wood preservatives

The search for biobased, environment-friendly, non-toxic
green wood preservatives has been on for a long time, this
being due to the acute need and interest in diminishing or even
better eliminating the toxicity of existing preservation
systems.

At present, in Europe, only impregnation of wood with a
furanic resin that is then cured in situ is accepted and codified
as an environment-friendly non-toxic preservative. Furanic
resins from furfural and furfuryl alcohol are biosourced prod-
ucts, and once in their cured resin form, they are indeed non-
toxic and non-leaching. What detract from such system how-
ever are a few points: the system is relatively expensive as to
achieve the wanted effect a rather high percentage of resin on
wood is necessary. Second, furanic monomers before being
hardened in an insoluble resin are slightly toxic, this not being
a major problem. Third, a furanic resin is incredibly resistant
to both fire and water, that means once out of service, the
elimination of the treated wood may well constitute a problem.
This said is anyhow excellent that the era of commercial green
preservatives has at least started. There are several other pub-
lished possibilities in this field that merit to be presented and
kept in mind.

The first class of wood preservatives described here was
found by chance. Copper soaps with carboxylic acid groups of
unsaturated fatty acids such those of edible vegetable oils
which are non-toxic, such as maize oil, sunflower oil, and
other as well as with resin acids of rosin, were shown to have
effectiveness and long-term durability as ground contact wood
preservatives (Pizzi 1993a). Twenty-five-year-long field tests
against termites and fungal attack have shown their long-term
effectiveness (Pizzi 1993b). Their mechanism of action is
based on their fixation by three radical reactions to the wood

constituent matrix (Pizzi 1993a,b), namely by (i) self-poly-
merization, (ii) coreaction with carbon—carbon double bonds
of lignin, and (iii) coreaction with lignin aromatic nuclei. Fix-
ation can be obtained at ambient temperature but can be con-
siderably accelerated by moderate heat application or by the
use at ambient temperature of radical initiator couples (redox
or other) as well as by the ultraviolet radiation of daylight.
Cu?" is the biocide species used, although the system can be
used with other positively charged biocides. Cu®" is attached
to the preservative network formed throughout the wood by
the radical cross-linking, on the -COOH groups on the organ-
ic part of the preservative. Its binding is much stronger than
for coordination type bonds, hence its long durability. The
biocidal mechanism is based on the release of Cu”* by hydro-
lysis of the (COO ),Cu" bonds under humid to very humid
conditions and on the reforming of the same bond on redrying
of the treated timber in service. The water-repellent effect
imparted by the cross-linked network contributes to minimize
water ingress and thus to durability. Such a wood preserva-
tion system can then be summarized as a mode of increas-
ing long-term biocidal performance in treated timber by
allowing the biocide to be free when needed while remain-
ing fixed when not needed. These preservatives are easy to
manufacture but are organic solvent-based wood preserva-
tives, the organic solvent being evaporated or recovered
once the wood has been treated.

Their preparation and fixation into the wood are shown
schematically in Fig. 7.

The same is obtainable with the copper soaps of resinites,
oligomeric terpenic acids of rosin issued as by-product from
the pulp and paper industry (Pizzi 1993a, b) (Fig. 8).
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Fig. 7 Schematic representation of the copper/unsaturated oils wood
preservative preparation followed by in situ networking in the wood itself
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Fig. 8 Schematic representation
of the copper/resinite wood
preservative preparation followed
by in situ networking in the wood
itself

COOH

As copper is still a heavy metal and water-carried wood
preservatives are preferable to solvent carried preservatives,
a different approach was taken. Boric acid is when used to a
limited extent, a more acceptable and environment-friendly
wood preservative. The question is that being the boric acid
anion negatively charged, what polymer can be used to fix it to
the wood. Unsaturated fatty acids, being acid too, are thus
unsuitable. The most abundant natural polymers carrying ba-
sic groups are proteins, thus amine and especially amidic
groups. This approach led them to protein borates and
polyborate wood preservatives.

Wood preservatives based on protein borates, both obtain-
ed by just mixed water solutions of protein and boric acid, as
well as in the case of premanufactured protein borate salts
were shown to be a good method of greatly retarding the
leaching of boron from treated timber (Thevenon et al. 1997,
1998a, b, c; Thevenon and Pizzi 2003). Thus, just premixed
albumin + boric acid, premanufactured protein borate, and soy
protein + boric acid all showed good preservative perfor-
mance and much retarded leaching of boron.

some R carry amine groups (— NH,)

/‘t o
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v
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Peptide bonds = amide groups
PROTEINS

All the -NH, amine groups and the -NH— amide groups of
the protein can react with boric acid to form protein borates.

Accelerated biological tests indicated that boric acid par-
tially fixed to timber by formation of a salt with the protein
which is then insolubilized in situ by heat-induced coagulation
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can yield durability performances comparable to those obtain-
ed with CCA wood preservatives. The tests showed that such
wood preservatives can be classified as long-term, wide-spec-
trum, ground contact, heavy duty, environment-friendly green
wood preservatives (Fig. 9). The mechanism is one of partially
reversible rather than totally irreversible fixation of boron,
leaving at all time small amounts of boron free to exercise
its antifungal activity but drastically diminishing its tendency
to leach and greatly retarding its leaching. The timber un-
dergoes just a single step waterborne vacuum/pressure treat-
ment as for traditional wood preservatives.

The easy synthesis of another chemical compound, ammo-
nium borate oleate (Lyon et al. 2007a), combining water
repellence of oleic acid and biocidal effect of boric acid, the

Fig. 9 Example of slices of field test pole samples treated with protein
borates (/eff) and an untreated control (right) after 2 years field exposure
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two linked by ammonia, marks a further step in the search of
green preservatives (Fig. 10).

Again, after wood impregnation, a fixed network is in-
duced in the wood by radical polymerization of the oleic acid
through its C=C double bonds, to render the system even more
water-repellent and conserve the boric acid for a longer time
within the wood. Formulations including 4 mol of oleic acid
for one of boric acid and one of ammonia have shown the best
performance with about 52 % boron remaining after
weathering. Toxicity threshold around 2.0 kg/m® of timber
impregnated with low amounts of this wood preservative to-
wards termites of the Coptotermes formosanus species
showed the positive effect of combining the water-repellent
effect of oleic acid and the biocidal capacity of boric acid. The
treatment of wood with this salt is carried out at ambient tem-
perature and so is the radical polymerization of the oleic acid
part.

The preparation of this mixed salt was undertaken to fur-
ther improve the interaction of oil and boric acid and boric
acid fixation. Thus, on a precedent work, it had been found
that a thermal treatment of wood with vegetable oils provides
boron retention of about 30 % of initial amount depending on
oil-drying properties (Lyon et al. 2007b). Linseed oil was
found to be the most effective, followed by soybean oil and
rapeseed oil. Durability of wood specimens has been en-
hanced by application of linseed oil alone, but this definitely
is not enough to reduce termite’s attack of C. formosanus.
Treating wood with a 1.0 % w/w boric acid solution prior to
oil treatment instead protected wood from both termite and
fungal degradations. Effectiveness against termites is mainly
due to boron retention, but the hydrophobic oil also forms a
barrier decreasing fungal penetration. A boron effectiveness
threshold around 0.7 kg/m® was recorded, lower than classical
boron treatment thresholds indicating that oil-water
repellence reinforces the boron biostatic effect.

Other approaches to partially fix boric acid as a low toxicity
wood preservative to decrease markedly its leachability were
also taken. Preservative systems based on the cross-linking
and hardening of condensed tannins by hexamethylenetetra-
mine (hexamine) (see paragraph on tannin-hexamine adhe-
sives in this review), where boric acid is complexed onto the
network by the ortho-diphenolic hydroxyl groups of the B-
ring of flavonoids, have also been developed (Thevenon et al.
2009, 2011; Tondi et al. 2012a, b). This approach had already
been tried but just without polymerizing and networking the
tannin by the mean of hexamine, with improved and length-
ened but still shorter term durability (Pizzi and Baecker 1996)

NN NN o
\/\/\/\/Y NH I:_ H,B OEI
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Fig. 10 Schematic formula of ammonium borate oleate wood
preservative

than the later system. The introduction of the hexamine and
the cross-linking of the system through its reaction with the
tannin made the difference to greatly extend the preservative
durability. These too were found to markedly slow down the
leaching of boron. They significantly enhanced wood durabil-
ity before and after leaching once tested against basidiomy-
cetes according to standard guidelines. Coupling immersion
of the wood so treated in hot unsaturated vegetable oil yielded
equally good results but indicated that for this system, the hot
oil treatment is not necessary (Thevenon et al. 2009).

5 Conclusions

The above review is only a representative sample of the ferment
of ideas and explosion in research interest and work in green
materials, and this is just on products limited to wood and for or
from wood. On each subject presented, there are more original
articles, the writer only having limited himself to report the
more topical and interesting ones to give the reader a view of
what is possible and has already been achieved in this field. By
necessity, this view is still unavoidably partial, seen the vastness
of the field treated. It is only hoped that such synthetic review
will show that this is not only a field bound to greatly expand in
the future but also that many more applications, products, and
ideas are most likely to arise in the future.
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