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A simple method to synthesize carbonaceous porous foams is described, forming simultaneously microp-
ores and macropores, by polymerizing in the external phase of highly concentrated water-in-oil (W/O)
emulsions, and pyrolizing the resulting macroporous polymer foam. Highly concentrated W/O emulsions
were prepared with 1,1-dichloroethene monomer in the external phase, which was polymerized at low
temperature by a redox initiator. Monolithic low-density macroporous foams were obtained after poly-
merization and purification by soxhlet extraction. These foams were mainly macroporous, with low sur-
face area (�28 m2 g�1) and negligible microporosity and mesoporosity, as expected. The size (2–10 lm)
and morphology of the macropores were consistent with the droplet size (2–10 lm) and shape (polyhe-
dral) of the highly concentrated W/O emulsions. Pyrolization of the macroporous polymer foams allowed
the formation of micropores while the macroporous texture was preserved, and consequently, dual
micro/macroporous carbonaceous monoliths were obtained, with a large surface area (>800 m2 g�1).
These materials were characterized by optical microscopy, scanning and transmission electron micros-
copy, N2 sorption isotherms, infrared absorption spectroscopy and elemental analysis. The influence of
pyrolysis temperature (300, 400 and 500 �C) was studied.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Porous carbon materials are presently very important from a
technological point of view. They are now extensively used as elec-
trode materials for batteries, adsorbents, and in novel applications
in supercapacitors, fuel cells, gas storage devices and supports for
many catalytic processes [1–4]. The reasons for these diverse tech-
nological applications are based on some excellent physical and
chemical properties, such as electrical and thermal conductivity,
chemical stability, low density and wide availability. Usually, por-
ous carbonaceous materials can be produced by pyrolysis of organ-
ic compounds, at high temperature under inert atmosphere [5].
Following methods based on this principle, porous carbon materi-
als are prepared by carbonization of various polymers [3,6]. More-
over, complex porous textures can be obtained by using a wide
variety of templates, classified into hard- or soft-templates [7].
The use of templates can allow a precise control of pore size and
morphology, which is a great advantage over conventional meth-
ods for the preparation of carbon aerogels [8].
Hard templates are usually solid-state materials with well de-
fined size and morphology, providing a rigid template for control-
ling porosity. Preparation of porous carbon materials has been
achieved by hard-template methods based on the preparation of
organic–inorganic composites, the pyrolysis of the organic polymer
and the removal of the inorganic rigid scaffold, which forms the
pores [9–12].

On the other hand, supramolecular self-assemblies, which are
usually formed in surfactant systems, can be used as soft-tem-
plates to obtain mesoporous carbonaceous materials. In this case,
the self-assembled structure is the sacrificial template, which is re-
moved during pyrolysis [3,13].

Soft- and hard-template methods can be combined in dual tem-
plating methods, obtaining carbonaceous materials with dual
porosity, that is, materials which simultaneously possess meso-
and macropores [14]. These materials with dual porosities can be
very efficient in catalysis and separation processes. However, the
preparation methods involve several processing steps, resulting
in complex and uneconomical processes. For example, the prepara-
tion of meso/macroporous carbons has been described by a
multi-step method based on the use of highly concentrated emul-
sions [15]. A dual meso/macroporous silica material was used as
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sacrificial template in an intermediate step. The porous structure of
the silica was filled with polyfurfuryl resin, which produced carbon
during pyrolization. Finally, the silica template was removed by
dissolving in hydrofluoric acid (HF) [15].

A drawback of these methods is their complexity and time-con-
sumption. Therefore, there is a great industrial interest in finding
simple methods for the preparation of dual micro/macroporous
carbonaceous low-density foams, which simultaneously possess
high surface area and large pore volume. In this context, a strategy
is the use of macroporous organic polymer foams, which can pro-
duce carbonaceous foams by pyrolyzation. It has been described
that highly porous carbonaceous materials can be obtained by pyr-
olyzation of organic polymer foams, which were synthesized by
polymerizing in the external phase of highly concentrated emul-
sions [16,17]. Different monomers could be used, such as styrene
[16] or resorcinol-formaldehide mixtures [17].

More recently, preliminary results have shown that highly con-
centrated emulsions, consisting of oil droplets dispersed in furfuryl
alcohol (oil-in-alcohol emulsions) can be used to obtain carbona-
ceous low-density foams, with high surface area, by a simple meth-
od based on polymerization in the external phase of the emulsion,
followed by pyrolyzation of the resulting polymer foam [18]. How-
ever, furfuryl alcohol is rather hydrophilic, leading to unstable
emulsions, and consequently a precise control of the pore size
can be difficult. In any case, highly concentrated emulsions can
be used to prepare carbon foams with very high pore volume
and large surface area, given that the polymer produces an accept-
able yield on carbonization [16–18].

Highly concentrated emulsions, often designated as high inter-
nal phase emulsions (HIPEs), are characterized by having a volume
fraction of the disperse phase larger than 0.74, which is the maxi-
mum packing fraction for monodispersed spherical spheres
[19,20]. Because of this large volume fraction, highly concentrated
emulsions consist of polyhedral and/or polydisperse droplets sep-
arated by a thin film of continuous phase [21,22]. Highly concen-
trated emulsions have stimulated research because of their
remarkable (rheological, optical) properties, useful in practical
applications such as cosmetics, foods, pharmaceuticals, aviation
fuels, emulsion explosives, etc.

A very interesting application of highly concentrated emulsions
is their use as templates for the preparation of low-density macro-
porous polymer foams. Since the first report by Bartl and Von Bo-
nin [23] and the results of Barby and Haq [24], highly concentrated
emulsions have been used to prepare a wide variety of different
macroporous polymer foams [15–17,25–27]. The common strategy
for the preparation of these polymeric foams is to polymerize in
the continuous phase, followed by the removal of the disperse
phase. The resulting materials can possess densities lower than
0.05 g mL�1 and total pore volumes larger than 20 mL g�1, depend-
ing on the volume fraction of the emulsion-dispersed phase. As a
result, a renewed interest is triggered in formulation of highly con-
centrated emulsions.

In the present study a simple method, based on using highly
concentrated emulsions as templates, has been used for the prep-
aration of carbonaceous foams, which simultaneously have high
pore volume and large surface area. Vinylidene chloride (1,1-
dichloroethene, abbreviated DCE) was used as the constituent of
the oil phase because decomposes on heat treatment to produce
carbon and hydrogen chloride, with an acceptable yield on carbon
formation [5,28–30]. Other advantages of using DCE are the low
carbonization temperature, since about 95% of the available hydro-
gen chloride is released on heating at 400 �C, and the absence of
large quantities of heteroatoms [28,29]. Moreover, another advan-
tage of DCE is its high hydrophobicity and thus water-in-monomer
emulsions can be much more stable than using polar monomers
such as resorcinol [17] or furfuryl alcohol [18]. In addition, dis-
solved surfactants in hydrophobic monomers can forms micelles.
The presence of these self-aggregates, which is less favored when
using polar monomers such as furfuryl alcohol, may have a benefi-
cial effect for mesopore formation.

In the present work, water-in-DCE highly concentrated emul-
sions were prepared. These emulsions were characterized by opti-
cal microscopy and the polymer foams have been studied by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Fourier transform infrared (FTIR) absorption
spectroscopy and nitrogen sorption. The final pyrolyzed carbona-
ceous materials have been characterized by SEM, TEM, nitrogen
sorption and elemental analysis. The thermal effects on the mor-
phology of the carbonaceous materials have also been analyzed.
2. Experimental section

2.1. Materials

Pluronic surfactant P123 (EO20-PO70-EO20, Mw = 5750 g mol�1)
was a gift from BASF, Germany. Monomer 1,1-dichloroethene
(DCE, 99 wt.%) was a product from Sigma–Aldrich. The redox initi-
ator was a mixture of potassium persulfate (K2S2O8, 99 wt.%) sup-
plied by Merck and iron sulfate (FeSO4, 99 wt.%) by Sigma–Aldrich.
Purified Milli-Q water was used for sample preparation.
2.2. Methods

2.2.1. Preparation of highly concentrated emulsions
Highly concentrated W/O emulsions, consisting of water drop-

lets dispersed in DCE monomer, were prepared through the con-
ventional method [31], which consists in stepwise addition of
water, with vortex-mixing, to the previously prepared mixture of
surfactant (P123) and oil (DCE). The surfactant/monomer weight
ratio was fixed at 10/90 and the temperature was kept constant
at 25 �C. A typical final composition consists of 2 wt.% P123 surfac-
tant, 80 wt.% H2O and 18 wt.% DCE.
2.2.2. Polymerization of DCE in highly concentrated emulsions
Poly(1,1-dichloroethene), abbreviated as polyDCE, monoliths

were prepared by polymerizing in the continuous phase of highly
concentrated water-in-monomer emulsions. Polymerization was
performed during 48 h at 25 �C, lower than the boiling point of
DCE monomer (32 �C). For the same reason, a low-temperature re-
dox initiator was added to water, consisting of a mixture of
1.5 wt.% K2S2O8 and 0.5 wt.% FeSO4 (concentrations referred to
the monomer).
2.2.3. Purification and pyrolysis of synthesized monoliths
The impurities (surfactant, residual monomer and initiator)

were removed by soxhlet extraction with ethanol for 12 h. After-
wards, the materials were dried at room temperature until con-
stant weight. Pyrolysis was carried out at 300, 400 or 500 �C, in a
carbolite GHA 12/450 furnace, under nitrogen atmosphere and
increasing the temperature at 2 �C/min, and keeping constant tem-
perature for 4 hours.
2.2.4. Fourier transform infrared absorption spectroscopy
The polymerization process was confirmed by using a Nicolet

510 FTIR spectrophotometer. Spectra were collected at 4 cm�1 res-
olution with 64 averaged scans. Solid samples were ground with
dried KBr and the pellets were prepared by compression in a
mould.
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2.2.5. Microscopy
Highly concentrated emulsions were observed by optical

microscopy, in a Leica Reichert Polyvar 2 microscope. The topogra-
phy of porous materials was observed by SEM, using either a JEOL
JSM-6500F field emission or a HITACHI-2300 instrument. Surface
treatment by sputtering was not needed for SEM observations,
since the materials were already conductive. The nanostructure
was observed using a Hitachi H-7000 TEM. Samples for TEM were
placed on a carbon-coated copper grid, also without any further
treatment.

2.2.6. Thermogravimetric analysis (TGA)
10 mg samples were introduced into platinum capsules, which

were heated from 25 to 800 �C, at 10 �C/min, under N2 atmosphere.
Weight was monitored with a TGA/SDTA581 (Mettler Toledo)
instrument.

2.2.7. N2 sorption isotherms
Nitrogen adsorption and desorption isotherms were deter-

mined at 77.3 K using a Quantachrome Autosorb-iQ apparatus.
The specific surface area (SBET) was calculated applying the
Brunauer-Emmet-Teller equation to the adsorption isotherm over
the relatively low-pressure range (0.05–0.3 p/po). Mesoporosity
was analyzed from the desorption curve of the isotherms, using
two different calculation methods; Barrett-Joyner-Halenda (BJH)
method was used for non-pyrolyzed materials and Non Local
Density Functional Theory (NLDFT) method [32] was applied to
pyrolyzed materials, since NLDFT is appropriate for microporous
materials. The micropore volume (Vmicro) and the micropore area
(Smicro) were estimated using the t-plot equation, according to
the method described by de Boer [33].

The total pore volume, Vp, which included all pores, was calcu-
lated directly from the monolith weight and volume (Eq.(1)),

Vp ¼
ðVT � M

qÞ
M

ð1Þ

where VT is the monolith volume, M is the weight and q is the
density of non-porous carbon, assumed to be 2.0 g mL�1, which is
the density of graphite. This simple method was used instead of
Hg porosimetry, which could damage the samples.

2.2.8. Elemental analysis
Chemical compositions (C, H and Cl) were determined using

either a Flash 1112 elemental analyzer, for carbon and hydrogen
contents, or a Titrando 808 instrument, for chlorine concentrations.

3. Results and discussion

3.1. Preparation and characterization of highly concentrated
emulsions and polymer foams

Highly concentrated emulsions were prepared by using the con-
ventional method that consists of stepwise addition of water, con-
taining the initiator K2S2O8 + FeSO4, to the surfactant/monomer
mixture, as described in the experimental section. Fig. 1a shows
a microscopic image of the highly concentrated W/O emulsion, be-
fore polymerization. This emulsion has the typical structure of a
large volume fraction of disperse phase, which exceeds the maxi-
mum close packing of spherical particles (>74 vol.%) [19–22]. The
droplet size distribution seems rather polydisperse and droplet
size varies from �2 to �10 lm. A film of continuous phase, which
is mainly composed of DCE monomer, separates the adjacent aque-
ous droplets in these W/O emulsions.

Polymerization of DCE was carried out in the continuous phase
of highly concentrated W/O emulsions at 25 �C, as it was described
in the experimental section. The redox initiator, dissolved into the
aqueous droplets, induced polymerization by radical opening of
double bonds. Afterwards, polyDCE monoliths were extracted from
the moulds, and macroporous foams were obtained after washing
(Soxhlet method) and drying. Fig. 1b shows the SEM image of poly-
DCE. The size of macropores (�2–10 lm) is approximately the
same size as the W/O emulsion droplets. Consequently, the archi-
tecture of the porous polymer foam replicates the morphology of
the initial emulsion, indicating that the system was stable during
polymerization, as described with other monomers [11].

The visual aspect of macroporous polyDCE monoliths is shown
in Fig. 1c. Monoliths with controlled macroscopic shape (in the
centimeter range) were obtained, depending on the mould, indi-
cating that polymerization took place.

The polymerization reactions were confirmed by FTIR (Fig. 2).
The spectrum shows two characteristics bands for DCE monomer
at 3026 cm�1 (weak peak), attributed to the @C–H stretching mode
and at 1620 cm�1 (sharp peak) for the C@C stretching mode
(Fig. 2). These bands are not present in the spectrum of polyDCE
obtained after polymerization, indicating that the reaction was al-
most complete. A sharp band appeared at 1356 cm�1 in the poly-
DCE spectrum, can be attributed to CH2 wagging mode [34]. This
band associated to CH2 groups was absent in the monomer spec-
trum, and it was observed only after polymerization, as expected.

From the above results, it can be concluded that the redox ini-
tiator (K2S2O8 + FeSO4) is able to polymerize at a temperature of
25 �C, facilitating the preparation of porous materials with the vol-
atile DCE monomer.

The polymerized low-density foams were purified by soxhlet
solvent extraction, with ethanol, during 12 h. It was observed that
ethanol was able to penetrate rapidly inside the monoliths and the
polyDCE monoliths sank, due to its higher density. This indicated
that the pores were connected each other and most of air could
be removed easily.

3.2. Pyrolysis of polyDCE and characterization of porous carbonaceous
materials

Thermogravimetric analysis of polyDCE under N2 atmosphere
was performed from 25 to 800 �C, in order to interpret the pyroly-
sis process and to select the most appropriate pyrolysis tempera-
ture. The TGA data is presented in Fig. 3a.

The TGA results, as a function of pyrolysis temperature, indicate
a small weight reduction up to 200 �C, probably due to the removal
of moisture and solvent. A remarkable weight loss (�50 wt.%) oc-
curred from 200 to 300 �C, indicating the thermal decomposition
of the polymer, probably by removal of HCl(g), and leading to a car-
bon enriched material [5]. A further thermal decomposition (reach-
ing a total loss around 80 wt.%) was observed at higher
temperatures (between �300 and �600 �C) and the remaining
weight at 800 �C was rather low, around 12 wt.%. Therefore, inter-
mediate pyrolysis temperatures were selected, between 300 and
500 �C, under nitrogen atmosphere.

Low-density carbonaceous monoliths with an intense black col-
or were obtained at all temperatures. The bulk density of the sam-
ple pyrolyzed at 400 �C, which retained a pristine cylindrical shape,
was approximately 0.25 g mL�1. The porous texture of the carbona-
ceous materials, treated at different pyrolysis temperatures
(300 �C, 400 �C and 500 �C), is shown in Fig. 3b–d. The SEM image
of the carbonaceous materials pyrolyzed at 300 �C (Fig. 3b) indi-
cates no severe damage of the macropores structure, since the pore
size distribution cannot be distinguished from that observed in the
non-pyrolyzed macroporous foam (Fig. 1b).

At higher temperatures, 400 and 500 �C (Fig. 3c and d), the mac-
ropores greatly increased size (from �10 lm at 300 �C to >100 lm
at 500 �C) and became highly polydisperse. This increase in pore



Fig. 1. (a) Morphology of highly concentrated emulsion observed by optical microscopy, (b) texture of the polyDCE foam observed by scanning electron microscopy and (c)
image of the polyDCE monolith.

Fig. 2. FTIR absorption spectra for DCE monomer and polyDCE polymer. For clarity,
the IR absorbance of polyDCE was multiplied by an arbitrary factor.

Fig. 3. (a) TGA analysis of pyrolyzed polyDCE under N2 atmosphere; SEM mi
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size is certainly huge (more than one order of magnitude), and it is
the opposite as described by other authors, who reported that the
sizes of macropores [35,36] and mesopores [37] decreased due to
shrinkage during pyrolysis. The hypothesis could be that macro-
pore size increases by pore coalescence, with rupture of pore walls.
The polyDCE organic polymer is probably rather soft and deform-
able at high temperature (melting point �200–210 �C [38]). More-
over, another factor to be considered is the influence of the release
of a large volume of volatile vapors during polyDCE decomposition.
For example, it has been described that HCl(g) produced during
pyrolysis could build up a high internal pressure that breaks the
polymeric foam [5,29]. In any case, TGA determination (Fig. 3a)
shows that carbonization is produced at approximately the same
temperature (around 200 �C) and therefore it could be presumed
that DCE foams do not collapse into a polymer melt because car-
bonization occurs simultaneously with melting.

Pyrolyzation is a rather complex process. It has been described
that highly unsaturated polyene molecules are formed during
pyrolysis [5,39], when HCl(g) is eliminated from polyDCE. These
crographs of polyDCE pyrolyzed at (b) 300 �C, (c) 400 �C and (d) 500 �C.
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polyenes cross-link and condense with neighboring chains, pro-
ducing aromatic cores, which continue to grow edgewise and even-
tually form dense graphite layers [40], at temperatures around
1000 �C. In the present work, the pyrolysis temperature is lower
and probably carbon remains amorphous. The samples were ob-
served by TEM, and a disordered texture could be seen (Fig. 4).

The allotropic structure was also studied by X-ray diffraction
(XRD). The typical peaks of graphite are absent in the spectrum
(shown as supporting information, Fig. S1), confirming the amor-
phous structure of the carbonaceous materials.
3.3. N2 isotherms of both non-pyrolyzed and pyrolyzed materials

Nitrogen isotherms were used to study the porosity of both
non-pyrolyzed and pyrolyzed materials, for different temperatures
(300 �C, 400 �C and 500 �C) and the data is presented in Fig. 5a. The
non-pyrolyzed material shows the typical adsorption and desorp-
tion isotherms of a purely macroporous foam (type II isotherm,
according to IUPAC classification) with a hysteresis loop at high
relative pressure and a small adsorbed volume at low relative pres-
sure, which indicates absence of both micropores and mesopores.
The BET surface area of this non-pyrolyzed material is 28 m2 g�1

with a good fit to the BET equation (0.9999 correlation coefficient).
The size distribution of the pores was calculated using BJH

method (for non-pyrolyzed material) and NLDFT method (for pyro-
lyzed carbonaceous materials) and the data are shown in Fig. 5b.
The non-pyrolyzed material showed a small volume of mesopores,
confirming that this material is mainly macroporous.

The surface area greatly increased during pyrolysis from
28 m2 g�1 (non-pyrolyzed) to 854 m2 g�1 (pyrolyzed at 500 �C).
The results on surface area, considering the total area calculated
by BET method and the micropore area estimated from the t-plot
[33], are presented in Table 1. The increase in surface area can be
attributed to the formation of micropores, since the micropore area
is rather high and similar to the total surface area. The volume of
micropores is also listed in Table 1. The large micropore volume
is evidenced by the huge N2 adsorbed volume (>50 mL g�1, STP)
Fig. 4. Example of TEM image, obtained from the carbonaceous material treated at
400 �C. The scale bar indicates 100 nm.
at very low pressure (p/po � 0.001) (Fig. 5a) and confirmed by a
good t-plot fit (Fig. 5c). The presence of micropores is not surpris-
ing, since thermal decomposition of organic polymers usually leads
to the formation of microporous carbons, as it is well known in the
literature [5,41].

Only the sample pyrolyzed at 300 �C may have a significant
amount of mesopores, since a large hysteresis loop is observed in
the isotherms and the BET surface area of this sample increases
to 357 m2 g�1. The hysteresis loop could be due to the existence
of ink-bottle pores, with narrow necks, since the desorption branch
of the isotherm is not close to the adsorption branch at low pres-
sure, because of the obstruction by capillary condensation in the
pore necks, as described by McBain [42]. In the present sample,
the pores could be interconnected with a three dimensional net-
work and a wide size distribution, producing a pore morphology
similar to ink-bottle structures, and hence pore blocking could oc-
cur and a large hysteresis cycle in a wide range of relative pressure.
The isotherms were not studied in more detail, at very low pres-
sures, due to instrumental limitations and also because of the
deflection from the scope of the present paper.

In any case, the adsorption isotherm resulting from the sample
treated at 300 �C can be classified as a Type I isotherm, according to
IUPAC, clearly indicating the existence of microporosity. The ad-
sorbed nitrogen volume seems to reach a limiting value at the
highest pressure (constant adsorption when p/po ? 1), which is
typical for activated carbons, where the maximum adsorption
could be dependent on the accessibility to micropores [43].

Regarding the sample pyrolyzed at 400 �C, the adsorption iso-
therm showed a type I isotherm with a very small hysteresis loop
between the adsorption and desorption curves. Consequently, this
sample is mainly microporous, since the small loop indicates little
existence of mesopores [43]. Microporosity can be the principal
contribution to the total surface area, as shown in Table 1, where
the area attributed to micropores is 733 m2 g�1 and the overall sur-
face is 782 m2 g�1 (Table 1). Consequently, this sample has a dual
micro/macroporous structure.

The total pore volume (3.5 mL g�1) of the monolith obtained at
400 �C was calculated from its bulk density (0.25 g mL�1), applying
Eq. (1), since this monolith had a regular cylindrical shape. The va-
lue of the total pore volume is much larger than the micropore vol-
ume. Consequently, macroporosity is the main contribution to the
overall pore volume, as expected, whereas microporosity is the
main contribution to the surface area.

The hysteresis loop is even smaller, almost no visible within the
experimental error, for the sample pyrolyzed at 500 �C. This sam-
ple also produced a clear type I adsorption isotherm, and its total
surface area, 854 m2 g�1, was the highest among three samples.
Therefore, this sample also had a dual micro/macroporous struc-
ture, with a more evident microporous texture and negligible exis-
tence of mesopores.

3.4. Elemental analysis of non-pyrolyzed and pyrolyzed materials

For technological applications of the materials, it is necessary to
control the chemical composition. The carbon content increases
with the pyrolization temperature. However, the yield decreases,
as indicated by TGA results. Fig. 3a showed that the residue was
only around 12 wt.% after reaching a pyrolysis temperature of
800 �C. Therefore, the temperature should be optimized, searching
for the conditions in which it is possible to obtain both acceptable
carbon content and yield. The chemical compositions of the non-
pyrolyzed and pyrolyzed materials were determined and com-
pared to the theoretical value of a non-pyrolyzed sample (Table 2).

The chemical formula of the polymer is [CH2CCl2]n, and there-
fore, the theoretical element composition is 24.8 wt.% C,
73.1 wt.% Cl and 2.0 wt.% H. A similar composition was found in



Fig. 5. (a) Nitrogen adsorption and desorption isotherms (at 77 K) of non-pyrolyzed and pyrolyzed materials, (b) pore size distributions (expressed as incremental volume per
differential pore diameter dV/dD) calculated from the desorption curve by applying BJH method (for the non-pyrolyzed material) and NLDFT method (in the case of pyrolyzed
samples) and (c) t-plot for the pyrolyzed materials, showing the linear fit used to estimate the volume and surface area of micropores.

Table 1
Surface area by BET method (SBET) and from t-plot (Smicro) for the non-pyrolyzed and
the pyrolyzed samples. The micropore volume (Vmicro) obtained from the t-plot, is
also shown.

Pyrolyzation temperature/�C SBET/m2 g�1 Smicro/m2 g�1 Vmicro/mL g�1

Non-pyrolyzed 28 �0 �0
300 357 252 0.11
400 782 733 0.29
500 854 804 0.35

Table 2
Elemental analyses of the non-pyrolyzed and pyrolyzed materials.

Pyrolyzation temperature/�C C/wt.% Cl/wt.% H/wt.% C/H molar
ratio

Non-pyrolyzed Theoretical 24.8 73.1 2.1 1/1
Experimental 26.4 65.7 2.4 0.9/1

Pyrolized 300 �C 60.7 23 1.4 3.6/1
400 �C 62.2 20 1.5 3.5/1
500 �C 75.9 8.5 1.1 5.8/1
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the experimental non-pyrolyzed sample (26.4/65.7/2.4 mass ra-
tios) but with a slightly smaller chlorine content, which could be
due to monomer impurities.

Table 2 clearly reveals that carbon content greatly increased
with pyrolyzation, from 26.4 wt.% (non-pyrolyzed sample) to
75.9 wt.% (sample pyrolyzed at 500 �C). Consequently, the C/H mo-
lar ratio increased from the theoretical value of 1/1 to –5.8/1 at
500 �C, and therefore the materials were greatly enriched in car-
bon. Regarding chlorine content, it decreased down to 8.5 wt.% at
500 �C. These values are similar to those already described by
Marsh and Wynne-Jones [28], who pyrolyzed poly(1,1-dichloro-
ethene) by increasing temperature at 5 �C/min rate and maintain-
ing the final temperature for 10 h.

Some impurities could be present in the sample, since low-
intensity peaks in the XRD spectrum (Fig. S1, supporting informa-
tion) were observed. These peaks were consistent with KCl, which
could form during pyrolyzation. It is widely known that the use of
K2SO8 as initiator leads to formation of [CH2CCl2]n

�SO4
�K+ sulfate

terminal groups, covalently linked to the polymer after double
bond opening, propagation of radicals and polymerization. There-
fore, the pyrolyzation of such terminal groups would produce
KCl. However, Fe, K and S (all from the redox initiator) were not de-
tected in any sample by elemental analysis, and consequently, the
concentration of impurities is probably low. In any case, a micro/
macroporous carbonaceous material with large surface area
(854 m2 g�1) and high carbon content (�76 wt.%) was obtained,
which could be useful in many industrial applications such as sep-
aration and catalytic processes.
4. Conclusions

A facile method for the preparation of dual micro/macroporous
carbonaceous foams has been developed, by polymerizing in the
external phase of highly concentrated emulsions and carbonizing
the macroporous polymer foam. The non-pyrolyzed polymer foam
was essentially macroporous with a low surface area (�28 m2 g�1).
The size of the macropores was very similar to the size of the emul-
sion droplets, which were used as templates. Carbonization of the
macroporous foams was carried out by thermal treatment under
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nitrogen atmosphere between 300 and 500 �C. The polymeric foam
pyrolyzed at low temperature (300 �C) possessed a macropore
structure similar to the non-pyrolized monoliths. However, macro-
pore size greatly increased after pyrolyzation at higher tempera-
ture, along with presence of very large pores (>100 lm) probably
due to pore coalescence. Pyrolyzation also induced the formation
of micropores, which were produced by the thermal decomposi-
tion of the organic polymer. As a result, surface area greatly in-
creased up to around 850 m2 g�1 at 500 �C. Elemental analysis
indicated that the carbon content increased as a function of tem-
perature, as expected. Relatively large carbon content, up to
�76 wt.%, was obtained at 500 �C with a C/H molar ratio of 5.8.
The procedure described in the work has indicated that the pyroly-
sis of macroporous foams is a simple method for the preparation of
dual micro/macroporous carbonaceous low-density materials.
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