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ABSTRACT

The addition of expanded graphite (EG) on environmentally friendly polymer matrix was systematically studied to pro-
duce carbon-polymer porous composite. Firstly, an appropriate EG was produced by monitoring the time and temperature
of intercalated graphite thermal expansion while poly(furfuryl alcohol) (PFA) resin was obtained from the furfuryl alco-
hol polymerization. After PFA synthesis, different EG amounts of 0.2, 0.5, and 1.0 wt% were added in the resin and
evaluated by viscosimetry and differential scanning calorimetry that showed EG helped in the crosslink formations de-
creasing the onset and endset temperatures. PFA resin kept a good fluidity, even for 1.0 wt% EG ensuring its homogene-
ous impregnation on the polyurethane foams. FTIR analyses confirmed the presence of functional groups on EG, which
would contribute to the resin impregnation on the foam porous structure without changing the thermal resistance of the
final product.
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1. INTRODUCTION

Considering the high demand for nanomaterials manipulation, carbon nanostructure represents an extremely
attractive material due mainly to its high-performance for carbon-based devices not to mention its low cost
and harmless behavior. Particularly, carbon/polymer composites have effectively been studied by combining
their electrical and mechanical properties[1]. They are multi-phase materials, which associate polymer resins
with reinforcing fillers by enhancing the composite properties due to the synergism between both their con-
stituent materials. Also, carbon conducting fillers are very attractive mainly due to their low cost, high elec-
trical conductivity, low density, and chemical stability. Thus, different fillers have been studied such as car-
bon nanotubes and graphite because of their ability to increase the mechanical, thermal, and electrical proper-
ties of native polymers [2-4].

Recently, P. Pokharel et al. have conducted a study related to how carbon nanomaterials can be com-
bined with polymers to improve the mechanical and electrical properties of resultant composites [5]. They
discussed the particle size and aspect ratio, filler morphology, and filler amounts as a conductive network in
the polymer matrix. Besides, this composite synthesis demands a conductive nanofiller appropriate to the
polymer matrix with a friendly interface between them. Therefore, graphite appears as a suitable filler not
only due to its mechanical and electrical properties, but also to its easy processing. Nevertheless, for an effi-
cient application, the graphite layers must be partially separated. These layers are separated by the addition of
intercalants and give rise to the known intercalated graphite (IG) [6] which presents chemical groups increas-
ing the chemical and/or physical interactions between the IG and the resin. Also, graphite as well as IG can
be transformed into expanded graphite (EG) with an interlayered structure [7, 8], and its interlayer distance
may be controlled by various methods [9]. NOH et al. [3] have compared the thermal conductivity of poly-
meric compounds filled with different carbon fillers such as carbon black, multi-wall carbon nanotubes,
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graphene nanoplatelets, graphite, carbon fibers, and EG [3, 7]. They concluded that EG was the most appro-
priate material for this study.

On the other hand, among several thermosetting resins available, the most used for the production of
advanced carbonaceous materials are phenolic and poly(furfuryl alcohol) (PFA) resins. This is due to their
high crosslink density when cured, as well as to their fixed carbon content of around 40% by mass. When
compared to phenolic resins, PFA has some advantages: good mechanical and chemical resistance; possibil-
ity of a more controlled curing process, and mainly its production from renewable sources [10]. PFA bio-
based resin has been attracting massive attention in recent years because of its low cost, polar structure, and
high compatibility with hydrophilic nanoparticles. Several studies on the PFA resin pot life, curing kinetics,
thermal treatment can be found [11-14] and are subjects of great interest. In this sense, due to the great im-
portance of obtaining the PFA resin with uniform quality, our group has already worked on the optimization
of PFA resin synthesis to assist in the porous carbon manufacture [15, 16].

Non-covalent approaches to produce carbon nanomaterial/polymer composites have been used due to
their easy operation to synthesize them without changing the chemical structures of the constituent materials
by a mixing process [17]. Also, this is a way to keep the intrinsic filler properties such as high electrical con-
ductivity, optical properties, and mechanical strength. Thus, the driving forces to keep carbon nanomaterials
and polymer molecules bonded are weak intermolecular forces including - interactions and electrostatic
attractions [18-20].

Keeping in mind the above considerations, the production and characterization of carbon-polymer po-
rous composites from a mixture of expanded graphite addition on furfuryl resin were studied. Firstly, the ap-
propriate EG was produced by monitoring the time and temperature of intercalated graphite thermal expan-
sion and characterized by field-emission gun scanning electron microscopy, Raman spectroscopy, and X-ray
diffraction. After PFA processing, different EG amounts of 0.2, 0.5, and 1.0 wt% were ultrasonically dis-
persed in PFA resin. Modified PFA-EG resins were characterized by viscosimetry, differential scanning calo-
rimetry (DSC), thermogravimetric analyses (TGA), and Fourier transform infrared spectroscopy (FTIR).

2. MATERIALS AND METHODS

2.1 Expanded graphite (EG)

EG was obtained from intercalated graphite (1G) Grafexp 95200-110, provided by Nacional de Grafite LTDA.
The intercalated graphite was expanded by thermal treatment in a muffle for 10, 15, and 20 min at 500 °C. I1G
and EG images were obtained using a field emission gun scanning electron microscopy (FEG-SEM) Tescan
Mira 3. Raman spectra were carried out from a LabRAM HR evolution Horiba Scientific equipment using
514.5 nm argon laser beam. X-ray diffractograms were obtained from PANanalytical model X'Pert Pro MPD
diffractometer with CuK radiation.

2.2 Synthesis of poly(furfuryl alcohol)
The synthesis of PFA resin was carried out in a 2000 mL three-necked round-bottom flask, water bath at
32 °C, magnetic stirring, and a reflux system. 600 mL of distilled furfuryl alcohol was heated until 32 °C.
Then, 85 mL of 0.5 mol L™ sulfuric acid solution (P.A. FMaia reagent, 95-98%) was added as a catalyst. The
reaction was controlled not exceed 60 °C, due to the reaction exothermy. After 1 h reation time, the PFA res-
in was obtained with viscosity of 300 mPa.s and subsequently neutralized until pH 5 value by adding concen-
trated sodium hydroxide solution (2 mol L™) directly on the resin. This pH value was considered suitable to
minimize continuous polymerization improving carbon microstructure [21]. The resin was distilled on a rota-
ry evaporator to reduce its moisture up to 2%. The moisture content was determined after resin distillation
using a Karl Fischer Titrino plus 870 titrators from Metrohm Pensalab.

Viscosity control of PFA and PFA with 0.2, 0.5, and 1.0 wt% of EG additions was analyzed by using
a Brookfield viscometer, model RV DV-II + Pro, spindle SC4-27. Modified PFA resins with different EG
amounts were characterized by thermal analyses using a pressurized differential scanning calorimetry
(PDSC) from TA Instruments DSC 2910, at a heating rate of 10 °C min™, in a temperature range from 30 to
250 °C, under nitrogen pressure of 2.1 MPa. PFA and PFA_EG cured samples were analyzed by thermogra-
vimetry in a Seiko equipment, model TG/DTA 6200, at a heating rate of 10 °C min™ and under constant ni-
trogen flow (100 mL min™) with a temperature ranging from 25 to 1000 °C.
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2.3 Processing of carbon-polymer porous composite

EG additions of 0.2, 0.5, and 1.0 wt% were dispersed in PFA resin using an ultrasonic tip for 30 min. Polyu-
rethane foams with 70 pores per inch were impregnated with PFA and PFA_EG resins catalyzed by the addi-
tion of 3% (w/w) of p-toluenesulfonic acid aqueous solution (p-TSA; 60% w/v). The impregnated foams
were cured in an oven for 1h in each threshold temperatures of 50, 70, 90, 110, and 130 °C. The morphology
of cured samples was evaluated by FEG-SEM from Tescan Mira3 after metal coating.

3. RESULTS AND DISCUSSION

3.1. EG preparation and characterization

The more appropriate expansion condition from IG to EG was achieved by varying different thermal expan-
sion times. This procedure followed the paper of Gulnura et al. which optimized the heat treatment in muffle
for IG expansion at 500 °C, starting from the natural graphitic material added with metallic particles [22].
Therefore, we studied the 1G expansion at 500 °C for 10, 15, and 20 min. The expansion time choice was
based on the obtained results by physical and observable characterizations, such as mass loss and apparent
volume (not shown). In this work it was observed that the thermal expansion reaction resulted in an apparent
volume 5 times greater for all times, in comparison to that of starting material (1G) and weight loss up to 20%.
This behavior can be explained by the intercalant decomposition from the starting material.

IG and EG SEM images for different thermal expansion times of 10, 15, and 20 min are shown in
Figure 1 (A-D), respectively. The images depict that the expansion process promotes a larger surface area in
these structures, and consequently, a possible reaction area where the graphene sheets are more exposed. In
fact, the thermal expansion technique allows visualizing morphological changes from IG to EG, also ob-
served by SENGUPTA et al. [23]. From images (A) to (D) a graphene cluster of IG packaged layer assembly
was expanded by thermal treatment in short times. During the heat treatment, its intercalating component (in
general sulfuric acid) is eliminated at 500 °C resulting in an increase in the vertical spacing among these gra-
phene planes of 1G flake. The additional images (insets) show each morphology at higher magnification, al-
lowing the expanded flake to be well observed. EG obtained for 10 min is not very expanded, clearly ob-
served in the inset of Figure 1B. On the other hand, for EG 20 min the graphene layers were open, but a
strong surface etching occurred defined as a deep hole in the image D. In fact, image (C) depicts a suitable
morphology, obtained at 15 min with uniform and homogeneous open graphene sheets like an accordion car-
bon foam. This microstructure basically defines a honeycomb planar network. Therefore, EG obtained at 15
min was chosen as a filler of the polymeric matrix.
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Figure 1: FEG-SEM images of IG (A) and EG obtained at (B) 10; (C) 15, and (D) 20 min.

The structural analyzes were accomplished by Raman and XRD spectra. IG and EG first and second-
order Raman spectra are shown in Figure 2. The first-order spectra from 500 to 2000 cm™ are characterized
by D and G bands at around 1350 and 1580 cm™, respectively. G band is present in every form of sp® connec-
tion regarding the C = C bonds and it is originated from this bond stretching, which is a criterion for graphitic
material identification [24]. On the other hand, D band is caused by the material structure disorder [24]. Also
observing the first-order region, D' band presence at around 1600 cm™ is noticeable, which is a little more
defined in the EG spectrum, also induced by the disorder [25]. G band definition reflects an organized struc-
ture and it is coincident for IG and EG samples, suggesting that the treatment at 500 °C did not modify their
structure.
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Figure 2: First and second-order Raman spectra of EG and IG.

In the second-order spectra from 2000 to 3500 cm™, G* and G' bands, located approximately at 2430
and 2720 cm™, respectively, were also identified [24]. G' band refers to a double resonance, attributed to the
breathing mode of sp®aromatic rings. This band is related to the stacking of graphene sheets and for EG sam-
ple it is slightly displaced concerning the graphene Raman (2700 cm™), which may suggest that there is less
interaction between two subsequent carbon layers, since EG looks like a spaced multilayer structure. Also,
bands at 2900 and 3250 cm™ are related to D+D’ and 2D, respectively. Both are associated with disordered
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structures and D+D’ presents only a small contribution better observed in EG spectrum. Summarizing, no
significant changes can be observed between IG and EG Raman features, except for G’ that may be associat-
ed with two components for graphite structures [26].

X-ray diffraction is used as an important structural analysis for carbon materials as it considers a large
sample volume. IG and EG XRD patterns present the peaks at 20 = 26.5 © and 54.6 ° which represent the
crystalline phase of (002) and (004), respectively, already discussed by other authors [27, 28], characteristic
of graphitic material as shown in Figure 3. Also, the phase (100) at 20 = 42 ° was observed. The interplanar
distance (d002) was calculated from Bragg's Law while the pilling up width (Lc) and crystallite size (La)
were also evaluated from the Scherrer formula [29]. The calculations were performed by pattern deconvolu-
tions according to Manoj and Kunjomana (2012) [30] and they are presented in Table 1 for IG and EG sam-
ples. The Lc values were 12.15 and 15.55 nm for IG and EG, respectively, which show an increase in the
stacking of graphene sheets for EG. This Lc increase may be related to the elimination of intercalating com-
pounds, which in high concentrations cause a steric resistance between two subsequent graphene sheets and
make the stacking more difficult [31]. The interplanar distance between the graphene sheets, calculated for
both materials, was 0.338 nm and it is in accordance with the theoretically expected value and with that ob-
served by other authors [32, 33].

These results suggest that the I1G heat treatment to produce EG did not change the structure among the
layers. However, for the crystallite size a decrease occurred from 51.91 to 18.95 nm with the IG expansion.
This behavior can be attributed to the breakdown of the graphene planes during the heating process. Nonethe-
less, due to the peak at 26.6° appearance for both samples, it is estimated that the structure remained in its
minimum configuration and that the carbon crystal did not change.
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Figure 3: First and second-order Raman spectra of EG and IG.
Table 1: Results obtained from IG and EG XRD patterns.
XRD 20 (002) 20 (100) dooz2 (NM) Lc (nm) La (nm)
IG 26.40 42.27 0.34 12.15 51.91
EG 26.40 42.34 0.34 15.55 18.95

3.2. PFA resin with different EG amounts: production and characterization
PFA resin synthesis requires a controlled furfuryl alcohol polymerization reaction due to its exothermic pro-
cess. Taking into account the methodology used in previous study related to this reaction [21], PFA resin was
obtained with pH ~5, moisture content of around 2%, and viscosity around 300 mPa.s. This viscosity value
is required for making easier the filler dispersion as well as the material impregnation on PU foam. In this
context, Y. Li et al. have reported that when carbon nanotubes are used as filler on polymer matrix their con-
tent was controlled up to 10 wt% due to a significant viscosity increase, which leads to the poor processabil-
ity and inferior quality of the final composite material [1]. Thus, purity, integrity, content, filler dispersion in
addition to polymer type can be pointed out as critical factors that influence the composite properties, such as
their electrical and mechanical performances.

The more appropriated processing parameters of the resin cure are supported by its thermal and rheo-
logical behaviors and are related to physical-chemical resin characteristics. Among them, viscosity is an im-
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portant parameter because its suitable control facilitates the volatile release and favors an efficient PU im-
pregnation. Regarding a rheological study of PFA resin with different EG amounts Figure 4 shows the vis-
cosity variation as a function of the temperature increase using p-TSA catalyst for PFA resin composites. As
expected, the resin viscosity value increased with the EG addition increase, but presented similar profiles.
Nonetheless, for the sample preparations, the resin fluidity was kept suitable in this EG addition range, which
was very important for the posteriori PU foam impregnation. For 1.0 wt% addition, the viscosity profile pre-
sented a considerable change, where T(gel) was anticipated and at this point the viscosity value increased at
around 50%. This can also be seen in Table 2 analyzing the reduced crosslinking time by comparing
PFA 1% EG and pure PFA. This performance indicated that small EG addition caused fast polymeric chain
increase at which the polymer became solid and no longer flows resulted in a crosslinking process. Consider-
ing this approach, J.M. Sadler et al. have discussed that the dominating factor for crosslinking and molecule
weight increase for PFA is the chain branching formation [34]. Viscosity increases is related to the increase
of molecular weight. However, once the concentration of oligomer reaches a critical point, chain branching
occurs rapidly increasing the resin viscosity. This factor may be related to the EG addition as solid dispersed
nanoparticles in the resin forming a network among them which may facilitate the branch pathway when al-
ternative structures are formed. This behavior is clear because in the heating range studied the resin gelifica-
tion became faster and faster as the EG addition increased. Table 2 shows the viscosity, where the samples
were analyzed at 27°C to determine the initial viscosity values, T(gel), and total time to reach T(gel) values
for resins with different EG wt%, considering the heating rate used of 2.0 °C/min. This performance is con-
firmed by the analysis of the region of minimum viscosity that was also altered. From 35 to 41 °C, the EG
presence gently shifts the minimum viscosity value, where the minimum of pure PFA sample is at 40.97 °C
with a viscosity value of 270 mPa.s. The subsequent values are: for 0.2% EG from 36.90 to 38.90 °C (300
mPa.s), for 0.5% EG from 37.02 to 40.01°C (347.5 mPa.s), and for 1.0% EG from 35.02 to 35.50°C (497.5
mPa.s). This fact is a significant indicator to favor the resin impregnation in its matrix foam in addition to the
anticipation of the curing process, as shown in the Table 2, keeping a good dispersion over the matrix, even
for a sample with 1.0% EG.
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Figure 4: Viscosity variation vs. increasing the temperature of the PFA resin with different amounts of EG.

Table 2: Viscosity and gel temperature of PFA resin with different percentages of EG.

PFA_%EG 1] (mPa.s) T gel(°C) Time (min)
0 303 4541 11.21
0.2 313 42.89 9.92
0.5 356 43.55 9.93
10 468 38.84 7.32

PDSC technique was used in this work in order to evaluate the cure behavior of PFA resin. PDSC
thermograms of PFA resin prepared with p-TSA catalyst at 3 wt% at heating rates of 10 °C/min, are dis-
played in Figure 5. In general, all curves present an exothermic peak with a weak endothermic peak in the
range of 130-180 °C that was associated with water evolved from the condensation reaction [35]. Nonethe-
less, the higher the EG addition the lower the Tonset and Tendset, as expected. This behavior corroborates
with the viscosity measurement results. Also, can be observed a small variation concerning the thermal be-
havior involving neat resin and the PFA resin with EG, showing that the cure kinetics probably is modified
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with the adding of EG.
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Figure 5: Results of the PDSC of furfuryl resin with different percentages of EG.

In fact, before discussing some specific features of each thermogram, some assumptions related to
these EG filler properties must be highlighted. Firstly, EG was obtained by thermal treatment in air atmos-
phere which probably introduced oxygen-containing functional groups increasing its hydrophilic behavior.
Thus, the oxygen-functional groups are important for the curing process in these carbon-polymer composites.
M.A. VARGAS-HERNADEZ et al. [35] have discussed that when GO was used as filler in PFA resin the
higher the number of GO surface oxidized groups major catalytic activity was observed.

Table 3: Onset, peak, and endset temperatures variations of PFA resin with different percentages of EG.

Samples Tonset (°C) Tpeak (°C) Tendset (°C)
PFA_0% EG 40.90 78.24 177.01
PFA_0.2%EG 39.45 80.83 174.63
PFA_0.5%EG 39.36 77.31 165.74
PFA_1%EG 38.05 78.80 168.37

From Figure 5 the curing of the neat resin presents a flatter peak and higher initial and final curing
temperatures than those of PFA_EG composites where the first exothermic peak at around 77 °C was be-
coming narrower and more pronounced as the EG addition increased proving that even a small EG amount
was significant to decrease the resin cure time with a minimal Tendset for PFA with 0.5 wt%, although this
peak improved its definition, width, and height for EG 1.0 wt%. This behavior may be related to the pres-
ence of oxygen-functional groups on the EG surface to promote faster reactions, consistent with strong ma-
trix—particle interactions. Table 3 shows Tonset, Tpeak, and Tendset variations from PDSC curves.

After characterizing the PFA resins with different EG percentages the PU foams were impregnated
with them using p-TSA catalyst at 3 wt% to be submitted to the curing process, as described in the methodol-
ogy. The thermogravimetric analysis allows us to know the mass loss behavior of the resin with the different
EG addition when this material is exposed to temperature. These measurements were obtained for PFA and
PFA_EG composites impregnated on PU foam after cure process. The weight loss and derivative weight re-
sults for the sample set are shown in Figure 6. In a general view, for the degradation, the EG increase did not
change the mass loss profile in a drastic way. At 900 °C, a small variation with respect to the residual mass
was observed from 54.4% (pure resin) to 55.7% (EG 0.2 wt%).
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Figure 6: TGA results of PFA_EG composites.

In order to assess the functional groups presented in IG and EG, the FTIR technique was applied as a
complement to study these graphitic materials, since it provides information on the interactions between mol-
ecules or atoms through magnetic radiation by a process of molecular vibration. Both IG and EG spectra are
shown in Figure 7 with an enlarged region from 2200 to 3600 cm™ for EG, which is a characteristic stretch
region attribute to carboxyl bonds (RCOOH) [36]. Besides being a region where hydroxyl stretching would
be present, its peaks are superimposed. The broadband at around 3400 cm™ for the hydroxyl indicates the
presence of oxygen containing, such as carbonyl, carboxylic, epoxy, and hydroxyl groups [37]. Peaks at 2922
and 2840 cm™ are attributed to methane [38, 39] and are present in both samples, as well as the peaks of 1582
and 1622 cm™ slightly offset from 1580 and 1636 cm™ are present, but they are not well defined [39, 40].
Knowing that each organic function presents in the spectrum is in the range from 900 to 1300 cm™, the simi-
larity of the two samples of IG and EG is clear taking in mind that the original carbon structure was main-
tained for both. Also, the peak at 1067cm™ is slightly offset to 1054 cm™and represent C-O stretching vibra-
tions while 1240 cm™ is assigned to C-OH stretch, also found in graphite oxides [41].

Considering the cured PFA and PFA_EG composites the FTIR technique was applied as additional in-
formation related to their functional groups. Figure 7 presents FTIR spectra of cured PFA and cured PFA_EG
composites. The spectra show intense peaks at ~ 2862 and 2923 cm™ that are attributed to symmetry and
asymmetry CH, stretching [10]. Other considered bands are: 784, 1011, 1615 and 3120 cm™, corresponding
to—-C = C-and = C - O - C =, characteristics of the furan group of furfuryl alcohol as a resin precursor. A
band at 1714 cm™ can be attributed to the ring rupture during the curing process [21], whereas an aliphatic
resin chain appears in the band at 2923 cm™. Some bands are superimposed by others or appear more promi-
nently in the resin spectrum, such as 1120 cm™, attributed to C-O or C-OH band stretching [21, 39]. Other
important peaks are depicted in Table 4.

In view of the different EG wt% additions the spectra show significant variations in the region from
650 to 859 cm™, where the peak intensity is relatively reduced in cured PFA_EG samples. Bearing in mind
that the peak at 784 cm™ is related to the C = C bonds of the furan ring, EG may interact with the resin struc-
ture, replacing the double bond. In the region from 900 to 1250 cm™, the lower peak intensity is also noticed
when comparing the pure resin with samples containing EG. The peak at 1154 cm™, related to the C-O graph-
ite stretch [42], has the lowest energy to be observed in FTIR and its signal decreased for PFA_EG 1 wt%.
From 1500 t01750 cm™, a significant peak is observed at 1554 cm ™, characteristic of the C = C vibration,
which appears due to the interconnection of a furan-CH,-furan group by a condensation reaction, which is in
agreement with the polymerization process, being more intense in the pure PFA sample [43, 44].
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Figure 7: FT-IR spectra of IG, EG and cured PFA with EG additions.

The peaks at 2922 and 2858 cm™ can be attributed to the intense vibrations of the methane group di-
rectly related to the graphitic component, explaining its better definition for the sample with 1.0 wt% EG [38].
According to Goudarzi et al., EG shows a peak at 1620 cm™ referring to the carboxyl functional group, like
780cm™, present at the edges of the modified graphite [40, 45]. The furan ring vibration at 780 cm™* can be
indicative of 2-mono substitution on the furan ring [45]. It appeared with a small shift displaced and low in-
tensity at 1613 cm™ [38, 40, 43]. The region around this peak, at 1270 and at 1795 cm™ shows a transmit-
tance intensity reduction when we compare the PFA spectrum with those of PFA_EG composites. The peak
at 1460 cm™ becomes present only in the sample with 1.0 wt % EG and is related to the symmetrical stretch-
ing of the C-C-C carbon chain, which suggests that the sample with the highest EG content may be more or-
ganized, since EG Raman spectrum presented a high carbon ordering higher than that of 1G. A comparison of
peaks found in each sample studied can be seen in the Table 5. However, no sharp differences were observed
in the analyzed spectra, which may be related to the low concentration of the reinforcement in the matrix. In
addition, the intensities of the graphite molecule vibrations are less pronounced in FTIR compared to those of
PFA resin, due to the dipole of the typical aromatic ring bonds in the graphitic material. This effected also
influenced the decrease in peak intensities in the spectra as the EG amount increased in the PFA_EG compo-
sites.

Table 4: FTIR bands attribution to IG, EG, and cured samples of PFA and PFA_EG composites.

PFA PFA PFA 1% .
EG PFA Peak Assignments Ref
0.2%EG 0.5%EG EG
785 783 782 779 788 -C=C- connections [21]
868 900 1016 1014 1014 1014 1008 Isopropyl group [46, 47]
1102 1070 1151 1155 1157 1178 1154 Elongation of C-O [39, 42]
C-0 alcohol or C-O-C of
1243 1243 1222 1214 1218 1214 1220 . [21]
the furan ring
Deformation of aromatic
1311 1295 i [48]
rings
1350 1376 1354 1374 1377 1360 Stretch C-C or CO [21]
1417 1421 1417 1419 1430 Aliphatic tracking [10, 21]
Carboxyl groups and Axial
1552 1529 1500 1506 1507 1466 1506 deformation of the furan [21, 39, 48]
ring
Elongation of C=C in the
1613 1557 1564 1555 1555 1565 L [38, 40, 43]
aromatic ring
1897 1715 1712 1712 1715 1711 1715 C=0 of carboxylic acid [21, 46, 47]
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and rupture of the furan
ring
2852 2866 2851 2853 2850 Enlongation of CH, [49]
Enlongation of CH; and
2928 2929 2924 2924 2920 L . [49]
aliphatic chain
2840 2976 2962 2959 2963 Stretch C-H [39, 48]

Figure 8 shows SEM images of impregnated foams with neat PFA and PFA_EG 1 wt% after cure. The
homogeneous impregnation even after EG addition is clear, as a result of the suitable viscosity with good
fluidity. The inset shows the stem surface with higher magnification where EG presence can be associated
with the surface roughness, while the surface of neat PFA is smoother. These images show that EG can be
considered a good filler for the production of porous composites and can be easily dispersed with amounts up
to 1.0 wt%.

Figure 8: FEG-SEM images of impregnated foams with (A) neat PFA and (B) PFA_EG 1 wt% after cure.

4. CONCLUSION

Carbon-polymer porous composite was produced and characterized with success. EG filler and PFA constitu-
ent materials were explored taking into account their suitable proportion to optimize the composite pro-
cessing assured by their morphological and structural characterizations. The addition of up to 1.0 wt% of EG
kept the resin fluidity not drastically altering the viscosity which contributed to an appropriated impregnation
of the polyurethane foams. Viscosimetric and differential scanning calorimetry techniques showed that EG
addition contributed to the crosslinking formation, decreasing the onset and endset temperatures due to the
presence of functional groups on its surface that acted as catalysts. FTIR analyses confirmed the presence of
functional groups on IG and EG. On the other hand, the thermogravimetric analysis did not show any signifi-
cant changes caused by EG addition.
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