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ABSTRACT: Formaldehyde emissions are nowadays try-
ing to be reduced because of its atmospheric pollutant
character. Besides, it is encouraged the use of polymeric
materials synthesized from biomass wastes as row materi-
als. For this reason, furan resins would be an alternative
to phenolic resins, where formaldehyde is replaced by fur-
fural as a reactant. Regarding, the addition of nanopar-
ticles to the furan resin should enhance their performance
as metal coatings with good thermal and oxidative resist-
ance. The aim of this article is to study the influence of the

in situ addition of different type of nanoparticles on the
chemical reactions involved in the synthesis of a furan
resin. From the viscosity measurements it was observed
that the addition of the nanoreinforcements led to a higher
resin reaction rate. Differences in the final chemical struc-
ture among the materials were also observed by infrared
spectroscopy analyses. © 2010 Wiley Periodicals, Inc. ] Appl
Polym Sci 117: 1667-1673, 2010
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INTRODUCTION

During the last years, the global trends to ambient
protection as well as the new international regula-
tions have promoted the use of biomass wastes as
row materials for the development of new polymeric
materials.

Even though the use of biomass products is not
economically favorable nowadays because of the
dominant competition represented by the petrole-
um’s industry,’ the agricultural waste-based policies
have become very attractive.> Therefore, the govern-
ment, business, and scientific sectors are concerned
about the environmental, industrial, and financial
considerations related to the nonrenewable character
of petroleum derivatives.

Furfural is commercially obtained from a wide
range of agricultural or forestry wastes containing
pentoses® so that several polymeric systems based
on it constitute a serious alternative to materials
based on petroleum with numerous applications,
such as adhesives, molding compounds, coatings,
absorbing resins, abrasive surfaces, etc.
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Phenol-furfural resins are similar to phenol-form-
aldehyde resins as formaldehyde is replaced by fur-
fural. Given that formaldehyde is a dangerous
atmospheric pollutant, its replacement in paints and
coatings would decrease its potential emission.* For
this reason, it is worth proposing furan resins as
metal substrates coatings.

On the other hand, it has been reported that the
addition of low quantities of nanoparticles to a poly-
meric matrix displays sizeable properties improve-
ment and increases the technological interest.” These
nanocomposites tend to exhibit better mechanical
and barrier properties, as well as more thermal and
oxidative stability.® Regarding, an enhancement of
the thermal stability of polyfurfurylalcohol was
achieved by employing an in situ polymerization
with montmorillonite clay.”

The reactions involved in the synthesis of different
furan resins have been reported;8 however, nano-
composites based on furan resins were not chemi-
cally characterized yet. As coating properties will
depend on their chemical structure, it is significant
to understand the influence of the clay addition on
the synthesis reactions of the furan resin.

Then, the purpose of this research work is to
obtain a furan resin from phenol and furfural
and to follow the chemical reactions involved in
its synthesis. Thereafter, the variation in the
chemical structure of the furan resin with the
in situ addition of three types of montmorillonites
was investigated.
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TABLE I
Characteristic of the Cloisite® Clays

Clay Cloisite® Na* (CNa) Cloisite®30B (C30B) Cloisite®10A (C10A)
Organic modifier None H,C—CH,—OH H3C|)

HyC—N*—T HsC~T+—CHr©

H,C—CH,—OH HT

Modifier concentration - 125 meq/100 g clay 90 meq/100 g clay
Interlayer distance (doo1) [A] 11.7 18.5 19.2
pH (4 mg/mL) 9.90 8.46 8.30

EXPERIMENTAL
Materials—synthesis

Phenol (Anedra) was molten into a reactor supplied
with a refrigerant, a thermometer and constant me-
chanical stirring. The reaction media was adjusted
using an aqueous solution of K,CO; 40% wt/vol. Af-
ter heating to 135°C, furfural (Fluka) was dropt for
30 min in 1 : 1 molar ratio respect to phenol. The
temperature was maintained at 135°C for 4 h and
samples were taken every 30 min to follow the reac-
tion progress.

Nanocomposites were synthesized following the
same procedure but 2% wt/wt of clay was added
in situ to the melt phenol, and the mixture was
stirred during an hour before the addition of
furfural. The montmorillonite type clays used were:
a natural purified Cloisite® Na' and the organically
modified Cloisite® 30B and Cloisite® 10A (Southern
Clay Products), which characteristics are shown in
Table I. These were selected to promote the disper-
sion, because of the compatibility of their functional
groups with the matrix polymer.

At last, dark viscous resins were obtained. The
corresponding phenol/furfural resins were named: F
(without clay), FNa (with 2% of Cloisite® Na™), F30B
(with 2% of Cloisite® 30B), and F10A (with 2% of
Cloisite® 10A).

Methods

Samples were collected from the synthesis reactor
every 30 min and direct measurements of the viscos-
ity were performed during the prepolymer forma-
tion reaction in a Brookfield Cone/Plate Viscometer
(HBTDV - HCP) with Spindle CP-40, at 25°C. Direct
measurements of the refractive index in the initial
prepolymer were done using an Abbe Refractometer
NAR-2T (Atago®). Temperature cycles were con-
ducted in a stove from ambient temperature to
135°C until the mass remained constant, to deter-
mine the dissolved solid contents.

Fourier transform infrared (FTIR) spectra were
obtained in a Mattson Genesis II, transmission

mode. Spectra were scanned from 600 to 4000 cm ™',
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and the base line was manually corrected. Prepoly-
mer samples collected every 30 min were analyzed
to follow the chemical synthesis evolution. For com-
parison purposes, spectra were normalized with the
intensity of the band at 1595 cm ' in every case.
This band was assigned to the C=C benzene ring
stretching and its intensity was expected to remain
constant for all the samples.’

RESULTS AND DISCUSSION

From the viscosity measurements performed at 25°C
to the different fractions obtained during the pro-
gress of polymerization reaction, it was observed
that the addition of clays actually accelerates the
prepolymer formation. Similar results were reported
by Terenzi et al.'® with carbon nanotubes-epoxy
nanocomposites. They showed that the addition of
1% of double-walled carbon nanotubes speed up the
cure process of the epoxy resin by more than 40
min. In this case, Figure 1 evidences the dramatic ex-
ponential growth of viscosity, which happens faster
in the nanocomposites than in the furan resin. The
materials that showed a faster increment in the vis-
cosity are the ones with higher solid content, as
shown in Figure 2. The values corresponding to the
dissolved solid content as well as the refractive
indexes follow a similar tendency among them. As
2% of clay was added in the composites, a similar
increase in dissolved solid content among them was
expected. Nevertheless, some differences arisen in
the results. Then, it should indicate that a change in
the chemical structure was happened due to the clay
addition. The nature of the clay organic modifiers
then influences the chemical reactions that take place
during polymerization. So, a detailed FTIR analyses
was performed to understand those changes and
compare their chemical structures. FTIR spectrum
was scanned for each resin, and bands were
assigned to the corresponding chemical functional
groups. Firstly, the variation on the chemical struc-
ture of the neat furan prepolymer with time was an-
alyzed. Thereafter, the influence of the clay addition
on the chemical structure of the furan resin was also
studied.
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Figure 1 Time derivative of the viscosity during the pro-
gress of resins reaction.

Chemical reactions shown in Figure 3 lead to
interpret the proposed possible chemical changes
that take place during the synthesis'":

a. The initial addition of furfural to ortho and
para positions of phenol causes the diminution
of aldehyde functional groups (—CH=O) as
well as the increment of —CH—OH groups
content because of the formation of phenol-fur-
furylol all over the reaction.

b. These —CH—OH groups disappear when phenol-
furfurylol molecules react: (i) with each other,
leading to the formation of ether bridges or (ii)
with the free ortho and para positions of phenol.

c. Phenol activated hydrogen atoms allow the
process to keep on reacting. As a result, the
degree of the crosslinking is increased, in
agreement with a rise in aromatic ring substitu-
tion and bridge formation.

The band intensity of the characteristic functional
groups along the reaction time was evaluated in the
spectra of the furan resin and then, in its composites.

The consumption of furfural was evidenced by the
variation of typical bands in the furan prepolymer
spectra. The decrease of the band corresponding to
the s-cis C=0 stretching at 1692 cm™' is shown in
Figure 4. In addition, the furfural bands related to
the C=C in phase-stretching have a specific position
if the double bond is conjugated to a carbonyl group
(C=C=0) at 1470 cm '; or to a saturated group
(C=C—CH—) at 1512 ecm .'? As furfural reacts, is
notable the increment of the last band along the pro-
gress of the reaction, in Figure 4.

The growing substitution extent on the benzene
ring of phenol is evidenced. The FTIR spectra shown
in Figure 5 are examples of these changes in the
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furan resin. The reduction of mono-substituted rings
with the advancement of reaction because of the
higher substitution extent is evidenced by the
intensity decrease of the corresponding band at
690 cm . Besides, it is notable the intensity
enhancement of the bands associated to di- and tri-
substituted rings in positions 1,2- and 1,2,6-
(736 cm™ ') and, 14- and 1,24- (840 cm !),"® as
shown in Figure 6. It seems, from the relative height
of the bands, that the addition was more easily pro-
duced in the ortho than in the para position of the
benzene ring with the advancement of the reaction.

Ether bridges formation was corroborated by the
growth of the bands related to the symmetric
and antisymmetric C—O stretching at 1105 and
1094 cm ™!, respectively, with reaction time (Fig. 6).

The bands at 1440 cm ' and 1456 cm ' were
assigned to the para-para’ and ortho—ortho” —CH,—
bridges between phenols in phenolic resins.” Similar
bridges are formed during the polymerization reac-
tions of furan resins. It was observed an increment
in the intensity of these bands with reaction time
(Fig. 7), and it is consistent with the reactions that
are expected to take place. All the results above con-
firm that the synthesis reaction is being developed
consistently with the chemical reactions proposed
above in Figure 3.

The evolution of the functional groups was also
followed for the nanocomposites to compare their
behavior with the furan prepolymer without the
addition of clay.

The variation on the height of the bands indicating
the diminution of furfural group in the different
samples is showed in Figure 8. The highest and fast-
est variation was observed for the nanocomposite
containing CNa. The other two composites showed a
slightly difference compared to the neat furan resin.
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Figure 2 Dissolved solids content (/) and refractive
index (e) of the resins.
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Figure 3 (a) Initial addition of furfural to phenol forming phenol-furfurylol; (b) Reaction of phenol-furfurylol molecules
with: (i) each other, (ii) phenol free positions; (c) Posterior crosslinking. (Idem susbstitutions occurs in the ortho position

of the phenol ring).

The bands indicative of the benzene ring substi-
tution were also compared among the samples
(Figs. 9-11).

This comparison leads to deduce that the benzene
rings were more easily substituted in the ortho posi-
tion (736 cm™ ') in the presence of CNa than in the
others samples due to the higher relative value all
over the reaction time. Benzene ring substituted in
the para position (840 cm™') grows faster at the be-
ginning in the CNa samples but the quantity was
similar at the final of the reaction in all the samples.
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Similar results were obtained in phenol/formalde-
hyde resins where substitutions in the benzene ring
were favored in the presence of Na™ due to the for-
mation of chelates.'* Tt was also observed that the
presence of modified clays do not modify signifi-
cantly the quantity of ortho substituted rings com-
pared to the neat resin. However, the quantity of
para substituted rings was slow diminished in the
presence of C10A at the early stages.

Formation of bridges is indicative of the occur-
rence of the condensation reactions showed in
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Figure 4 Relative intensity of the bands at 1692 and 1512
cm ' that characterize the consumption of furfural with
reaction time in the furan resin.

Figure 3. The relative quantity of methyl bridges in
the different resins is showed in Figures 12 and 13.
It was observed that the ortho-ortho’ bridges forma-
tion is favored over the para—para’ bridges. Addi-
tionally, the composite containing CNa showed the
largest quantity of both of them from the beginning
of the reaction. This result is in accord to the one
obtained for the relative quantity of substituted ben-
zene rings, because while a methyl bridge is formed,
a position in the ring is substituted.

It was observed that the relative quantity of
bridges with time is in accordance to the measures
of viscosity performed (Fig. 1). The nanocomposites
clearly showed a faster increment in the quantity of
—CH— bridges up to ~100 min, which is the time

Normalized absorbance

Wavelenght (cm'1)

Figure 5 Relative intensity of the bands corresponding to
the substituted benzene rings in the furan resin at different
reaction times.
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Figure 6 Variation of substituted benzene rings and ether
bridges with time in the furan resin.

when their viscosity suddenly grows up. The furan
resin showed a change in the slope of the bridges
curve at ~200 min, in accordance to their later incre-
ment in the viscosity. These results would indicate
that the presence of the clay favors the advancement
of the reactions because the appearance of products
occurs faster in the prepolymers containing the
nanoreinforcements. The differences among the dis-
tinct nanocomposites could be related to the type of
organic modifier that is able to interact with the
chemical groups of the furan resin. This interaction
may modify the phenol/furfural molar ratio outside
and inside the galleries. Additionally, the pH of the
clays were measured (Table I), and it would be pos-
sible that it modifies the medium conditions and
then, altering the reactions and consequently the
final chemical structure of the materials.
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Figure 7 Relative intensity of the bands assigned to the
—CH— bridges in the furan resin with reaction time.
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Ether bridges are the other type of functional
group that appear during condensation. Figure 14
shows the relative quantity of the ether groups
formed along the reaction time. It was observed that
the presence of clay favors their formation compared
to the neat resin. At the early stages, the bridges are
easily formed in presence of C10A but at the end of
the reaction, the quantity is similar among the com-
posites. In general, the quantity of methyl bridges
was more than twice of the ether bridges.

The relative quantity of —CH— and ether bridges
measured in this work is similar to that previously
reported for high ortho novolak resins obtained in a
weakly acid medium." It was stated that the quan-
tity of ortho—ortho’ —CH— bridges was ~ 45% while
that of the para—para’ was only 5%. The preference
for the ortho position was attributable to structural
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Figure 9 Diminution of monosubstituted benzene rings
quantity with time, in the furan resin and their compo-
sites, at 690 cm L.
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Figure 10 Relative intensity of FTIR band at 736 cm ™' as
function of time, in the different samples.

intramolecular interactions. The ortho intermediates
form four to six-membered ring structures through
intramolecular hydrogen bond interactions. In addi-
tion, the ether bridges in novolak resins were
reported to be formed in a lesser quantity than the
methylene bridges, as it was observed in this work.

CONCLUSIONS

Furan resin and nanocomposites were successfully
obtained by the in situ addition of three different
montmorillonite clay types. The FTIR analysis per-
formed indicated that the proposed reactions are
consistent with the structural chemical changes in
the functional groups during the synthesis reactions.
Indeed, the consumption of free furfural as well
as the formation of bridges and the growing
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Figure 11 Relative intensity of 840 cm~ ! FTIR band ver-
sus time, in each material.
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Figure 12 Relative height of the FTIR band at 1440 cm '
versus time, in the resin and composites.

substitution extent of the benzene rings are the most
significant evidences that the reaction was in fact
developed by the described path.

It can be concluded that the clay addition to the
furan resin accelerates the reaction of prepolymer
formation. Regarding to this, the viscosity exponen-
tial growth during the synthesis correlates with rela-
tive quantity of the characteristic functional groups
analyzed by FTIR. Anyway, differences between
each nanocomposite were detected in relation to the
final chemical structure of each material. For
instance, FNa showed the most advanced reaction
rate evidenced by the most rapid disappearance of
free reagents as well as the earliest increase of func-
tional groups characteristic of the reaction products
and a major rate of benzene substitution. So, it
seems that the CNa is the reinforcement that leads
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Figure 13 Relative intensity of 1456 cm ™! FTIR band ver-

sus time, in the different samples.
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Figure 14 Relative intensity of 1105 cm™ ' FTIR band as
function of time, in the resin and composites.

to the more reacted material. The differences on the
rate and extent of reaction between the materials
may be due to the chemical nature of the clay or-
ganic modifier as well as the pH of the medium.
The chemical functional groups of the modifiers are
compatible with the furan resin, so the clay type
added has a notable influence in the polymeric
chemical structure obtained.
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