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Abstract

Carbon foams were obtained from several bituminous coalswith different plasticity and volatile matter
content by a two-stage thermal process. The first stage, a controlled carbonisation treatment under
pressure at 450-500 °C, isresponsiblefor thefinal textural propertiesof thefoam. In the second stage
the carbonisation product was baked at 1100 °C. The foams produced display a macroporous texture
with plasticity, volatile matter content and maceral composition of the precursor coals having an
influence on the apparent density and the pore size of the resultant porous products.
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INTRODUCTION

Carbon foams are lightweight (0.2-0.8 g cm®) and exceptionally strong cellular materials that have
thermal and el ectric conductivity adjustableby thefoaming thermal treatment. Their low production
costsand flexible physical properties make them ideal for awide range of applications, including
thermal management, el ectromagnetic interference, acoustic shielding and batteriesand fuel cell
components (Gallego and Klett, 2003; Jang et al., 2006; Min et a., 2007).

Carbon foams were first developed asreticul ated glassy carbons (Ford, 1964) from thermosetting
organic polymer foamsthrough athermal treatment. Inthe 1990’ s, research focused primarily on
producing carbonfoamsfromalternative precursorssuch aspitchesand coals. Graphitized carbon
foams are most appropriateto produce high strength and thermal and el ectrical conductivity because
of theinterconnected graphitic ligament network (Gallego and Klett, 2003; Jang et al., 2006; Klett
et al., 2000; Min et al., 2007). However, carbon foamsmadefrom coa have hardly been studied
(Calvo et al., 2005; Chen et al., 2006; Rogers et al., 2001), in spite of being an attractive more
economical alternativetotraditional materialssincetheir structural propertiesmadethem perfectly
useful innumerousapplications, whenvery high conductivity isnot required.

In thiswork, carbon foams were obtained from ten bituminous coal sthrough asimplethermal
procedure. Unlike previous works, not only high volatile bituminous coal swere used asfeedstock,
but also medium and low volatile ones. Neither previous modification of coals nor further
stabilization step of the green foamswas carried out. Thisleadsto afaster and cheaper production
process as compared to foams prepared from other feedstock. The aim of thisstudy isto find
correlations between the raw coal properties (including the maceral composition) and the
morphology and propertiesof carbon foam.



EXPERIMENTAL

Precursor characterization

Ten coals were used as precursors to produce carbon foams (Table 1). The Gieseler plasticity test
and the crucible swelling test were used to measure the fluidity and dilatation characteristics of each
precursor. Thermogravimetric analysiswas carried out withaTA Instruments equipment, Mod.
SDT 2960, at a heating rate of 2 °C min™ from ambient temperature to 1000 °C using 15 mg of
sample. Themeanrandomvitrinitereflectance measurement (%Ro) and maceral analysis (Table 2)
were carried out on aMPV-Combi Leitz microscopein accordancewith the SO 7404/05 and I SO
7404/03 standard procedures, respectively.

TABLE 1. Analytical data of the bituminous coa used as precursors for carbon foams.

Coal C1 Cc2 C3 C4 C5 C6 c7 C8 Cc9 C10
Gieseler Plagticity Test

Softening Temperatur e(°C) 414 388 441 387 380 393 432 446 389 393
Solidification Temp. (°C) 470 476 500 467 482 470 498 502 476 486
Plastic Range (°C) 56 88 59 80 102 7 66 56 87 93
Maximum Fluidity Temp. (°C) 444 436 474 427 442 438 470 475 436 439
Fluidity (ddpm) 43 1696 30 3019 26695 7307 80 15 11883 13037
Swelling Index 775 575 8 35 6.5 6 75 675 5 6.5
Volatile Matter (% d.b.) 341 266 178 345 325 348 190 176 341 308
Ash (% d.b) 574 528 97 75 84 6.6 7.0 5.6 6.1 6.1
ATG

Inicial Weight Loss Temp. (°C) 370 370 395 345 368 365 384 400 3B4 374
Max. Weight Loss Temp. (°C) 444 436 477 429 438 432 473 477 436 446
Final Weight Loss Temp. (°C) 537 540 571 558 522 525 626 585 552 525

TABLE 2: Petrographic anaysis data.

Vitrinite M aceral composition (%)
Reflectanc Coal
Carbon e (%Ro) Rank  Vitrinite  Liptinite  Inertinite  Mineral Matter

C1 0.90 HVM 83.3 2.3 34 110
C2 0.97 HVM 73.7 9.0 137 3.6
C3 149 LVM 714 0.0 235 51
C4 0.73 HVM 36.8 10.5 45.7 7.0
C5 0.89 HVM 64.7 6.6 241 4.6
C6 0.86 HVM 64.1 8.8 22.0 5.1
Cc7 143 MVM 711 0.1 24.8 4.0
C8 157 LVM 75.2 0.0 210 3.8

C9 0.88 HVM 62.8 1.7 236 5.9



C10 0.99 HVM 66.3 34 24.4 5.9

Foaming process

In these experiments, the precursor coal (80 g), pulverized at < 212 um, was pressed into a cylinder
and fed into a 50 x 100 mm stainless steel reactor. Then, it was purged with argon to provide an
inert atmosphere and heated at 2 °C min™ up to thetemperature of highest volatile matter rel ease
(470 °C for C2 and C4, and 450 °C for therest), that was held for 2 h. The pressurewaskept at 1
bar until thehighest volatilerel ease starting temperaturewasreached (Table 1) by leaving the outlet
valve open. At that moment, the valve was closed and the pressureincreased due to the release of
volatile matter. Thegreenfoamsthusobtained were carbonized under argonflow at 1100°C with a
heating rate of 1°C min™ and asoaking time of 2 h. Thefinal carbon foamsare designated with an
F followed by the same number as the precursor coal .

Carbon foams characterisation

The foams were analysed by scanning el ectron microscopy (SEM) using a Zeiss microscope, Mod.
DSM-942, provided with an EDS detector OXFORD, Mod. Link-Isis 1. The true density,
determined by He displacement, was measured by using a pycnometer, Accupyc 1330 from
Micromeritics. Apparent density and pore volume distributions were evaluated with a mercury
porosimeter (AutoPorelV, fromMicromeritics), which providesamaximum operating pressureof
227 MPa. The percentage of open cells was calculated by equation [1], where € is the open
porosity (%), and p.g and py. are the apparent and true densities (g cm®) determined in Hg and He,
respectively. Similarly, thetotal open porevolume, Vr, was obtained by equation [2].

g =(1— p“9’)100 [1]
P He
Phg  Phe [2]

RESULTSAND DISCUSSION

Visual examination revealsthat al the precursor coals produced good quality foams except C3 and
C8. Foams F3 y F8 exhihit several cracks, maybe due to anincomplete agglomeration. In fact,
these are the coals with the lowest fluidity (30 and 15 ddpm, respectively, Table 1) and without
liptiniteintheir maceral composition (Table?2).

The properties of the carbon foams carbonized at 1100 °C arelisted in Table 3. Apparent density
ranges from 0.50 to 0.87 g cm>. Previous results (Calvo et al., 2005) indicate that the bulk density
of the foam decreaseswith the increasing fluidity of the precursor coal. The results of this study
follow the sametrend, but only if low and high fluidity coals are considered separately. Figure 1
displaystwo bulk density vs. fluidity plots: one for the coals with fluidity >3000 ddpm (high and
medium volatile bituminouscoals) (Figure 1A) and the other for those with values <100 ddpm (low
volatile bituminous coals) (Figure 1B). In both cases, the bulk density of the resultant foam



decreasessignificantly withtheincreasing fluidity of theprecursor coal, reachingaplateau at high
fluidity values. Thedropismore pronounced inthelower rank coals(Figure 1A), with bulk density
decreasing from 0.87 to 0.61 g cm™ asfluidity rises from 3000 to 27000 ddpm.

Ascoal isheated under inert atmosphere, cracking reactions producing freeradicalstake place, but,
simultaneously, some of thelatter areinvolved in the condensation of aromatic molecules. The
hydrogen rich species present in the coal are able to stabilise the fragments and convert theminto
“solvating” species, whichmakelarger sizemol eculesdissol veeasi er withaconcomitant increaseof
fluidity. If thereisnot enough hydrogen avail able, theradical fragmentsjoin each other generating
larger molecules and, then, high density foams. However, conversely to the expected, the low
volatile bituminous coals produce the lowest-density foams, despite having very low fluidity.

TABLE 3: Properties of carbon foams

Major pore
Truedensit Apparent density Open por osity Total porevolume size

Foam (pHe, gCM ) (pHg, gCm’) (e, %) (vr,em’ g (um)
F1 184 0.51 723 142 19
F2 181 0.84 53.7 0.64 97
F3 1.70 0.56 67.4 121 21
F4 1.70 0.87 485 0.56 132
F5 1.82 0.61 66.6 1.10 107
F6 184 0.71 61.4 0.86 107
F7 174 0.50 712 142 4
F8 164 0.60 63.6 1.06 11
F9 171 0.63 62.9 0.99 108
F10 1.79 0.67 62.5 0.93 60
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FIGURE 1: Variation of the apparent density of the carbon foams with the fluidity of the precursor coas. A) Low-
rank coals, B) High-rank coals.



Liptiniteisthemaceral groupwiththehighest hydrogen content, then, itisexpected that coal swith
more liptinite show morefluidity and produce lower density foams. However, C1, C3, C7 and C8,
in spite of having very low contents of liptinite macerals intheir composition and displaying low
fluidity, produce foamswith the lowest apparent density. Liptinite, consisting mainly of aliphatic
compounds, contributemoretothevolatilized fractionthantothefinal structureof thefoamsand,
therefore, to theincrease of pressurein thereactor during thefoaming. Aspressureincreases, the
volatile matter will be released with more difficulty than at the beginning of the heating process. Asa
consequence, polymerization reactionswill occur inalarger extent and high-density foamswill be
generated. (Figure 2).
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FIGURE 2: Variation of the apparent density of the carbon foams with the liptinite content of the precursor coal.

Table 3 shows the most abundant pore diameter of every foam, obtained from the pore size
distribution graphicsdetermined by mercury intrusionupto 227 M Pa. Onthewhole, carbonfoams
have quite ahomogeneous cell size, spherical structureand open interconnected poresin most of the
cells. Most of the samples display macropores of around 100 ym, except F1, F3, F7 'y F8, whose
pore size is closer to 20 ym. These samples also present high values of open porosity and total pore
volume. All of that iscorroborated by the SEM microphotographsdisplayedinFigure 3).

It was found atrend between the pore size and the liptinite content (Figure 4). High liptinite content
coals seem to produce higher macropore diameter foams. This can be explain if we consider that, as
itwasmentioned above, compoundsthat makeupliptinitegroup makelargesizemol ecul esdissolve
easier and, in addition, the pore coalescence, eased by the fluidity increase, is at least partially
responsible for the growth in pore size.



FIGURE 3: SEM microphotographs of the carbon foams obtained from the different coals.
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FIGURE 3 (cont.): SEM microphotographs of the carbon foams obtained from the different coals.
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FIGURE 4: Variation of the pore size of the carbon foams with the liptinite content of the precursor coal.

CONCLUSIONS

Carbon foams have been obtained from several coals ranging from high-volatile to low-volatile
bituminouscoals. Thetextural characteristicsof theresultant foams are influenced by the properties
of theprecursor coals, with fluidity and maceral composition playingasignificant roleindetermining
the density, the pore size and the pore volume of the products. Theincreasing fluidity givesriseto
foamsof lower apparent densitieswhen considering coal sof similar volatilematter content. Thehigh
hydrogen content of theliptinitemaceral group promotesanincreaseof theporesize, but, also, an
increase of the apparent density asaconsequence of condensation reactions being favoured by the
increased pressure.
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