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Tannin based rigid foams (TBRFs) have been produced with formaldehyde since 1994. Only recently several methods have been
developed in order to produce these foams without using formaldehyde. TBRFs with and without formaldehyde are visually
indistinguishable; therefore a method for determining the differences between these foams had to be found. The attenuated total
reflectance infrared spectroscopy (ATR FT-IR) investigation of the TBRFs presented in this paper allowed discrimination between
the formaldehyde-containing (classic) and formaldehyde-free TBRFs. The spectra of the formaldehyde-free TBRFs, indeed, present
decreased band intensity related to the C-O stretching vibration of (i) the methylol groups and (ii) the furanic rings. This evidence
served to prove the chemical difference between the two TBRFs and explained the slightly higher mechanical properties measured

for the classic TBRFs.

1. Introduction

Tannin based rigid foams (TBRFs) are innovative materials
obtained by exploiting the capacity of tannin for undergoing
polyaddition reactions and that of furfuryl alcohol to poly-
merize under acid catalysis [1-3]. These materials have been
investigated for many years, but only recently have they been
systematically studied and many of their properties have been
evaluated [4-7].

The first generation of TBRFs has shown good insulation
properties and outstanding resistance against fire but they
were produced with around 5% of formaldehyde, required to
keep the network stable at room temperature. This drawback
has hindered the development of the foams for industrializa-
tion because formaldehyde was the most debated chemical in
wood science until it was classified as a carcinogenic molecule
by the IARC in 2006 [8].

Therefore, several efforts were made in order to produce
100% natural foams [9, 10] without formaldehyde. It was
discovered that, by applying an external energy source, the
formaldehyde-free tannin-furanic polymer could cross-link
to similar extent and the new material obtained had similar

properties to the first generation foams [11-13]. In addition,
the new TBRFs had a fully natural profile and they were
proven to be suitable for the production of lightweight panels;
their mechanical performances are slightly weaker than the
formaldehyde-containing TBRFs.

Numerous investigations have been carried out to clarify
the chemistry of the tannin-furanic polymers, but only
partial information could be achieved [14-17]. On one hand,
the flavonoid tannin extracts are constituted of aromatic
oligomers variously substituted with hydroxyl groups [18, 19]
and on the other hand the furanic polymers derived from acid
polymerization of furfuryl alcohol present strongly intercon-
nected networks in which the 7-electrons can be involved in
unpredictable Diels-Alder reactions [20, 21]. The NMR and
the MALDI-TOF studies as well as previous investigations
were not able to unscramble the polymerization process
completely.

In the present paper, the attenuated total reflectance
(ATR) infrared spectroscopy was used to investigate the
TBRFs and to discriminate the innovative formaldehyde-free
TBRFs from the classic TBRFs produced with formaldehyde.



TaBLE 1: Composition by weight of classic and formaldehyde-free
tannin based rigid foams.

Classic TBRFs (%) Formaldehyde-free

Chemicals Room temperature TBRFs (%) o
Hot press at 120°C

Mimosa tannin 477 52.6
Furfuryl alcohol 16.7 13.1
Formaldehyde 43 —
Blowing agent 4.8 35

Acid catalyst 12.4 5.8

Water 14.1 25.0

2. Experimental

2.1. Materials. The polymers investigated in the present study
were produced with the following chemicals: mimosa tannin
(Acacia mearnsii formerly mollissima) extract and furfuryl
alcohol, which were kindly provided by Silva Chimica (Italy)
and International Furan Chemicals (Holland), respectively.
The other chemicals, namely, formaldehyde solution (ca
37%), diethyl ether (blowing agent), and sulphuric acid (acid
catalyst), were supplied by Lactan.

2.2. Polymer Preparation. The mimosa tannin-formaldehyde
polymer (TF) was produced by mixing a tannin solution in
water (50%) with 10% formaldehyde (w/w) in a plastic test
tube. Some drops of sulphuric acid 30% were added to adjust
the pH to 2.0. After vigorous mixing, the test tube was sealed
with a screw cap and the solution was kept in the oven at 103°C
for 24 hours. The resulting polymer was crushed in powder
and further dried for 2 hours in a ventilated oven at 60°C.

The polyfurfuryl alcohol (PFA) was prepared by adding
a few drops of sulphuric acid 30% to 2 g of furfuryl alcohol.
The exothermic polymerization reaction took place in a few
seconds producing a black polymer. The polymer was then
ground and dried for 2 hours at 60°C.

The classic tannin based rigid foams were produced with
formaldehyde at room temperature while the formaldehyde-
free tannin based rigid foams were produced at120°C, heating
the sample with the hot plates of a press. The two foams
were produced according to the protocols already published
elsewhere [2, 10]. Sulphuric acid 30% was used instead of p-
toluenesulfonic acid (65%) for the synthesis of the TBRFs. The
chemical composition of the two formulations is reported in
Table 1.

The TBRFs were cut into small specimens of around 2 x
2 x 2cm’ dimension keeping only the core material and
successively conditioned at 20°C and 65% m.c. for more than
one month. Finally, the foams were crushed in a mortar and
kept for 5 minutes in a ventilated oven at 60°C, before ATR
FT-IR investigation.

2.3. ATR FT-IR Spectroscopy. The finely ground powders were
analysed with a Frontier FT-IR spectrometer from Perkin-
Elmer equipped with a Miracle diamond ATR unit. The inves-
tigations were performed in absorbance with 32 scans in the
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spectral area between 4000 and 600 cm ™" with a resolution
of 4cm ™. The measurements were repeated 5 times for each
batch and the spectra obtained were then elaborated with
the software “Unscrambler” by Camo. Baseline correction
and vector normalization of the signals were applied before
averaging the 5 spectra for each sample.

3. Results and Discussion

The classic tannin based rigid foams (classic TBRFs) are
copolymers constituted by flavonoid tannin, formaldehyde,
and furfuryl alcohol units as monomers. The way in which
these monomers are interconnected in the TBRFs is still
nebulous. Considering that tannin can copolymerize with
formaldehyde and that furfuryl alcohol can homopolymerize
to polyfurfuryl alcohol (PFA), the TBRFs can be approached
as a combined copolymer between these two basic poly-
mers. Figurel shows the ATR FT-IR spectra of tannin-
formaldehyde polymer (TF), polyfurfuryl alcohol (PFA), and
classic tannin based rigid foam (classic TBRF). The specific
bands attributed to these spectra are reported in Table 2.

The broad band in the region of 3700 to 3000cm™"
showed the stretching vibration of the O-H groups in the
different molecules. Comparing the intensity of this band
for the three polymers, PFA contained the lowest amount of
O-H group since most hydroxyl groups from the furfuryl
alcohol monomers were removed via dehydration during
the polycondensation reactions to form PFA. The more
structured spectrum of the PFA was observed also for other
furanic molecules as in Table 2. Burket et al. reported the
stretching of C-H in complex furanic polymers absorbed
at these wavenumbers [22]. Bands at around 2900 cm™
indicated the presence of saturated C-H stretching from the
methylene (-CH,-), dimethylene ether (-CH,-O-CH,-),
and methylol (-CH,OH) groups in the TF, PFA and classic
TBRE The region between 2500 and 1800 cm™ does not
present significant absorptions except for CO, and therefore
it can be negligible.

Ataround 1700 cm ™" the C=0 bond stretching occurs. All
the polymers studied present a large band at this wavenum-
ber. The tannin extracts show this peak exclusively after
formaldehyde activation [23], while the furanic polymer
presents carbonyl groups after furan ring opening for incom-
plete scission of the ether linkage. The possible structure of
PFA with the opened furan ring (Figure 2) has been suggested
by Conley and Metil [24]. The presence of this signal in
the classic TBRF also meant that carbonyl groups were still
available after the reaction was completed.

The absorption at around 1610 cm™ is very intense for
the tannin-containing polymers while being less significant
for the polyfurfuryl alcohol. This peak is typically attributed
to C=C stretching in benzene ring. The formation of the
aromatic benzene rings in PFA could occur from the Diels-
Alder reactions between the furan rings (dienes) in an
oligomeric chain and conjugated dihydrofuranic sequences
(dienophiles) in another oligomer chain [20]. The Diels-Alder
adducts could further undergo aromatization converting
the oxygen-bridged bicyclic moiety into the benzene ring
(Figure 3). The newly formed benzene rings linked the two
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FIGURE 1: ATR FT-IR spectra of polyfurfuryl alcohol (red dot) tannin-formaldehyde polymer (green dots) and classic tannin based rigid foam
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FIGURE 2: Structure of polyfurfuryl alcohol (PFA) with opened furan ring [23].

PFA chains together and enhanced the conjugation of the
polymeric system.

The spectral region between 1560 and 1300 cm ™" presents
principally in-plane C-H bending of aromatic molecules.
The heteroaromatic compounds absorb preferentially in
the region 1560-1500 cm™" while the phenolic compounds
present major vibrations at around 1450 cm™".

The region between 1300 and 950 cm™ (expanded in
Figure 1) is strongly dominated by C-O stretching vibrations
even if a few O-H bending and aromatic C-H bending
vibrations occurred as well. In this region of the spectrum,
the classic TBRF presents a slightly different profile from
the ones of the two templates polymers. A major disaccord-
ing occurred at 1120 cm™" where the ~C-O-C- stretching
signal takes place. This band shows higher intensity due to
the increasing amount of ether bridges in the TBRE This
assumption could be confirmed noticing the increase of the
bands at around 1035 and 1010 cm™". These bands could be
attributed to C-O vibrations of (i) -C-O-C- ether bridges
in complex oxygen containing cyclic molecules and/or (ii)
=C-0-C= breathing in furanic moieties. The first confirmed

the presence of dimethylene-ether bridges obtained by the
condensation of two methylol groups, while the second
suggested a lower degree of furan ring opening when the PFA
polymerized in presence of tannin-formaldehyde at room
temperature. It is worth noting that the TF polymerized also
via methylol condensation, but due to the drastic polymer-
ization conditions (103°C for 24 hours) the higher majority of
the dimethylene-ether bridges evolved to methylene bridges
by releasing formaldehyde.

In the fingerprint region from 950 to 600 cm ™" the assign-
ments are very complicated but C-H bending of aromatic
(principally out of plane) occurs with high frequency. This
region can give immediate information about the degree
of compactness of the polymers. The more the polymer is
compactly networked, the less the absorption for out-of-
plane vibration will be due to the high steric hindrance. The
classic TBRF FT-IR spectrum presents intermediate com-
pactness between TF (highly interconnected) and PFA (less
interconnected). Distinct signals between TBRF and the two
basic polymers (PFA and TF) could be observed especially
at the wavenumbers 780 and 680 cm™'. The strong signal at



‘rews = § ‘wnipaw = A 981e[ =T

(18-doy-awre1y10a11p/uiq-189/sqps/df-odsre:qp-sqps//:dny) sg@s spunodwo)) osruediQ 10 aseqere [end2ds ay) 01 SurpIoddy

Journal of Spectroscopy

*sonewore pajedn(uo) “yajams auerd-ur Jurr H-H-0 ‘sjorpauaeyjydeu ‘wernjAyIaN S 059
1] (09) wiuids ‘ouoAR[j ¢ 9pk ¢ <
streyd Jo-n0 “puaq H-0 “orens sueid-ut 8t H-0-0 T T “UI)ed OpAYIPIeZUq OUIIOSIT [OUYJ 1 089
'soTueIny os[y *[8¢] "uruwiAs ‘Torredo14d
sue[d-jo-1no ‘puaq H-) “wwiks ‘puaq urr D-H-0 ‘eanyany IaY2 [AINJInJIp oyod[e [AZUaq [OUI0sY s 0eL
‘sorureany pajeSn(woos suerd Jo-jno snewrore ‘puaq -0 ‘ausreyydeu ‘uenjozuag 1 08~
‘urwifs aueqd-Jno onewore ‘puaq H-D "UIYd3Jed ‘[oYode [AZudg S 018
*[8¢] wise sue[d-no sryewore puaq H-D ‘forreSoi4d ‘eanying ‘oyoore [Azuaq OUIOSY S N 0¥8
‘sorueany osfe “widse auefd-no ‘puaq -0 ‘[OUBAR] “UIYD)LD “[OYOD[e [AINJINJ [eINyIng [OuUdyJ S N W 088
l67 5z ¢ D”MHM% \MM MM“WMMH”MHMJHMMHW %lcum “UIYD3Jed [OY0d[e [AINJINJ ‘URINJ [OUIDIOSIY W 046
“UOTJRAI}OR
Axoouwr pue sa3priq 1oyje-audAiyjour ‘spunoduiod "UBINJOZUI(Q [OY0d[e [AINJINg [ernying 1 W S 0101
srpeworeoxo guryjearq *[£1] YoIens =D-0-D=
spunoduo> uBIjoOZUAY g 1 S SE0T
sneworeoxo Juryjearq 8z ‘£z] Y2ens =D-0-D=
‘[T 21] yoroms “[OUOAR[J “UTYD3JEd [OY0de
=D-0-D= {67 ‘87] sprouoaey jo g Sutr os[e ‘puaq H-D [Amyang qenyiny OpAyap[ezuaq [OUIIOSI TOUJ S 1 0801
[£2] "s28p1iq 1oye-aus[yyowr Oneydiy yojens O-D “[OUOAR]J ‘UTYD3TEd [oderens Iy [AYIAIp oueyIN S W 0CI1
‘[sz] g Sury "pusaq D-D—H SOTUBIN OS[e pue ‘lorreSoi4d ‘uernjozuaq ‘oyoore
SPIOUOAR]) JO ' SULI OS[e [£Z ‘GZ] SoNeWOIY "Y2321s O [Amyany qeanyng ‘ueiny qoderens ouIdI0sAI [OUIYJ W " 1 s oot
‘uonjewrIojop auefd-ur ‘puaq H-O ‘[ouoae[j ‘ooerens oyoore [Azuog S S W 0121
‘[62] (sprouoae; ‘[ouoAe
Jo g Suwr osye) [sz] (D9) wuﬁmEo\r ._suuwbm Ouw curypayed ‘[orreSoikd “yaprezuaq »ﬁoEBom&_ﬂﬁo:usw W W S W o6zt
‘sauoqydeq rowk[od jo saouanbas ‘[ouoaefj ‘urydayed qorredorkd
pajeSn(uod onewore suerd-ur ‘ww4s pusaq H-D ‘UBINJOZUA( ‘[OYOd[e [AINJINJ eInjIny oyod[e [Azuag S 09¢t
D=0 ‘sonewore gurureuods-O QEMMQ‘MWMW@MUMWM duerpawAuaydip ouoaey [oyodre [Amying S (1471
‘[£1] (D9) snEWOIY "YIaMs O-D “suerpowAuaydip ouoaey urydaes orredordd
‘[62] sprouoaeyj os[e [87 ‘z¢] onewoIe ‘wikse ‘puaq H-D ‘[eanyang ‘OpAyap[ezudq [OYod[e [AZUIq [OUIOSNY 1 1 1 0s¥1
os[e [£z] (sued-ur) onewrore ‘wkse ﬂwﬁm_m HM:USHM ‘[0Y0dTe [AINJINJ ‘UeInjozuaq Joderens ouayq W W S S0ST
os[e [97] (aued-ur) snewore ‘urwAs HMMHMM ”M:”MMN ‘sueylow uaydIp ‘UeINJOZUI] OUOAR TOYOI[E [AInjIng W 09ST
. . sueyowuaydip qouoaeyy
‘[se] sprowoavy ose (57 7z] (D9) somewory Y1ans 5=0 UBINJOZUIQ “UIYDAJLD TOYOD[E [AZUd] [OUII0SAI [OUdYJ 1 1 W 1 0@
‘e pojeanoe ‘ueInjozuaq Joyodre _\C:.f:c ‘ueany .w?EuEmN:um 1 1 1 1 OIZ1
apAyaprewioy «(3uruado 3urr ueiny) yojens 0=
. . “suerowAuaydip uryoayes
[cc] soneqdily g8 H-D [oyooTe [AInJIng qoYod[e [AZuaq IaYId [AYIAIp [OULYIDN N W W W Ocee
dueyiow usydIp [OUOAR[j ‘URINJOZUD
[22] Vild Os[e sonewory y21ans 1-0 ‘[oyoore TC:HE %ﬁ:“&mwwfmgwgun_ nwonmgw $ oote
‘[ouoAefj ‘urydajed ‘qorredorkd
PRHESHO ‘[oyoo[e [AInyIng [OYod[e [AZUaq OUIIOSIT [OUYJ 1 1 1 0sze
y2ens H-O ‘forre8o14d qoyoore Limyang ‘ernying 1 SOvE-SHSE
syuawrussy ,spunoduwoo aerdway, mmd.mwMMWMmmESm J94.L o18seD A_Mwmw__ﬁwm_o“m op >%M%w”m“wﬂﬂc«,ﬁ (;_w) syeaq

‘s1owk[od orueiny pue uruue) 3y jo spueq uondiosqe J[-1. :¢ A14V],



Journal of Spectroscopy

O

(1) Diels-Alder
(2) Aromatization

HOH,C

FIGURE 3: Formation of benzene ring via the Diels-Alder and aromatization reactions joining the two polyfurfuryl alcohol chains.
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FIGURE 4: ATR FT-IR spectra of classic (blue) and formaldehyde-free (brown) tannin based rigid foam.

780 cm™" of PFA which can be attributed to the conjugated
polyheteroaromatic furan ring decreased due to the limited
amount of ring opening. Classic TBRF showed a strong
absorption at 680 cm ™" referring to the C-C~C ring in-plane
stretching and C-H out-of-plane bending of the benzene
rings. Comparing the TF and classic TBRE some of the
tannin-formaldehyde copolymers in classic TBRF were inter-
acted with the terminal methylol groups of PFA (Figure 3)
which separated the tannin-formaldehyde copolymers from
each other. This orientation reduced the compactness of
polymers arrangement in classic TBRF that made the C-
C-C stretching and C-H bending occur more easily. The
tannin-formaldehyde copolymers in TE, however, had higher
compact arrangement that hindered these vibration modes.

PFA also showed small absorption at 680 cm™" due to the
formation of small amount of benzene rings from the Diels-
Alder and aromatization reactions between the PFA chains.
In summary, the vibrations of the classic TBRF could be
obtained as a mix between the tannin-formaldehyde copoly-
mer and the polyfurfuryl alcohol for all over the middle
infrared region. It was possible to consider two extreme
scenarios: (i) the two basic polymers were not competitive
and developed in a parallel way without copolymerizing each
other and (ii) the three monomers mixed intimately but
maintained the structure similarly arranged to the two basic
copolymers. Due to the fact that only a few “partially new”
bands were observed (1120, 1035, and 1010 cm ™), it could be
more logical to consider scenario (i) as the one occurring



Tannin chain

(a)

Journal of Spectroscopy

d@;\“ Tannin chain

HO
o)
HO
O Tannin chain
Tannin chain OH p : CH, O
Tannin chain
@ ST
Tannin chain O
OH
oo
OH

(b)

FIGURE 5: Proposed tannin-furanic interactions in formaldehyde-free TBRF (a) and classic TBRF (b).

to the higher extent. But considering the fast kinetics of the
formation of furanic polymers, it is senseful to imagine that
a certain amount of tannin molecules incorporated into the
network of the polyfurfuryl alcohol can create some covalent
bonded tannin-furanic adducts preferentially via dimethy-
lene ether (-CH,-O-CH,-) bridges. The FT-IR investigation
of the tannin foams showed that the MALDI-TOF investi-
gations are mostly confirmed: even if a certain amount of
units in which furanics and flavonoids are combined, most
of the copolymers are constituted of tannin-formaldehyde or
polyfurfuryl alcohol fractions. These considerations become
more interesting when formaldehyde-free tannin foams are
investigated.

Indeed, when the spectra of classic TBRF and formal-
dehyde-free TBRF are compared (Figure4), it is possi-
ble to notice that from 4000 until 1200cm ™" the spectra
overlap almost perfectly. Due to the lack of formalde-
hyde, the signal at 1700 cm ™" could have been significantly
decreased for formaldehyde-free TBRE, but no evidence of

this phenomenon occurs, because the carboxyl group was
predominantly derived from the incomplete scission of the
furfuryl alcohol’s units.

Conversely, a certain difference takes place in the
wavenumber region between 1200 and 600 cm™'. The main
difference can be attributed to lack of the band at 1010 cm™
and the decreasing intensity of the bands at 1120, 1080,
810, and 680 cm™" for formaldehyde-free TBRE. The band at
1010 cm™" could be attributed to the bending of dimethylene-
ether bridges formed when the tannin reacted with the
formaldehyde. This band was strongly decreased in the
formaldehyde-free TBRF spectrum. This first observation
combined with the decreasing of the band intensity at
1120cm™" suggested that dimethylene-ether bridges were
strongly diminishing in formaldehyde-free TBRE. The pres-
ence of this signal, even if to a small extent, suggested that
other ether bridges could occur also from the tannin-furanic
interaction as shown in Figure 5(a). Finally further evidence
occurring in the formaldehyde-free TBRF is the reduced
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intensity of the band at 1080 cm™' which corresponds to

the =C-O-C= breathing of the furanic ring and suggested
that the furfuryl alcohols, when polymerized at higher
temperature (120°C), have a higher tendency to break their
ring structure. Much weaker bands at 810 and 680 cm™
suggested less aromatic C-H out-of-plane vibration. This
could be due to the more compact tannin-furanic network in
formaldehyde-free TBRF which hindered this kind of C-H
vibration.

Generally, it can be assumed that formaldehyde-free
TBRF and classic TBRF present different polymerization
systems. For formaldehyde-free TBRE, the furanic rings were
more easily opened to reveal the reactive sites (C=0 groups),
creating certain amount of flavonoid-furan interconnections
which were structurally close to each other so that the
aromatic parts of the polymer had higher difficulties in
vibrating (Figure 5(a)). As for the classic TBRE the methylol
groups of tannin polymers could be reacted with the free
hydroxyl groups at both terminal ends of the benzene linked
PFA chains giving greater space among the aromatic parts
(Figure 5(b)). This molecular arrangement suggested that the
formaldehyde-free TBRF was even more brittle and hence less
mechanically performing.

4. Conclusions

Infrared spectroscopy has shown to be a very good method
for the investigation of tannin based rigid foams. In particular
it was possible to confirm the MALDI-TOF study for the
classic TBRF in which the presence of a majority of tannin-
formaldehyde and polyfurfuryl alcohol with which only some
evidence of simultaneous presence of the three constituents
was detected.

The formaldehyde-free TBRF can be discriminated from
the classic TBRF by ATR FT-IR spectroscopy. The finger-
print region (between 1200 and 600cm™') of their FT-IR
spectra offered small but significant differences. The higher
temperature at which the formaldehyde-free TBRFs were
produced allowed more furanic units to open their rings,
increasing the amount of branches from the tannin-furanic
interactions. Tannin-furanic interactions in formaldehyde-
free TBRF created more compact polymeric system which
involves a more rigid structure compared to the classic TBRE.
This evidence explains the weaker mechanical properties of
formaldehyde-free TBREF.
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