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The aim of this paper is the characterization of a carbon felt (Le Carbone Lorraine, RVC 4002) to be used as three-
dimensional electrode. A wide range of very different techniques were used in the physical and structural
characterization of this material. Both structural (porosity, mean pore radius, specific surface area, tortuosity) and
physical properties (permeability, electrical resistance) were determined by using mercury porosimetry, adsorption
isotherm analysis, a filamentary analog procedure and liquid permeametry (pressure drop method). The results
obtained from the modelling of the hydrodynamic behaviour, from previous work, were also applied here. The
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carbon felt studied was found to have a porosity around 0.98, a specific surface area of 22100-22700 m ™",
2.7 x 1073 Q m electrical resistivity and a tortuosity between 5 and 6. The comparison of these results with those
found in the literature for other similar materials, used as three-dimensional electrodes, highlights the attractions of

this carbon felt as a three-dimensional electrode.

The increasing use of electrochemical technologies in a variety
of applications such as synthesis, energy storage and environ-
mental treatment is due, among other reasons, to the utilization
of porous materials as three-dimensional electrodes in the
design of electrochemical reactors. One of the main advantages
of this kind of electrode derives from the fact that it can
provide a more compact reactor for a given duty, together
with a high fractional conversion per pass.! From the kinetic
viewpoint (and in many cases from the beginning of the
process), the process will become controlled by the convection—
diffusion mass transport from the bulk solution to the electrode
surface. Under these conditions, the mathematical expression
for the process current is given by the limiting current [eqn.

(D]
I (t)=zFky,Ac(t) (1)

For a given fluid, the limiting current value depends on two
designable parameters, viz. the mass transport coefficient, k,,,
and the electrode area, A. Therefore, the limiting current can
be increased by (i) improving agitation inside the reactor (by
changing the reactor design, in a suitable way, in order to
increase k) or (ii) increasing the electrode area, by incorporat-
ing a three-dimensional electrode into the reactor. For this
second option, eqn. (1) is transformed into eqn. (2):

IL(1) =zFkynAVee (1) (2)

where A, is the specific surface area of the porous material
(m? m~3, surface-volume relationship for the electrode) and
V, is the electrode volume.? It is important to characterize the
intrinsic properties of the porous material when designing
electrochemical reactors with three-dimensional electrodes by
determining not only the structural properties (such as pore
size distribution, specific surface area, porosity, isotropy, tortu-
osity, etc.), but also its physical properties (such as hydraulic
diameter, electrical conductivity, permeability, etc.).

A survey of the literature shows a large number of papers
dealing with the characterization of several materials used as
three-dimensional electrodes, particularly metallic foams.3”’
However, we have found few papers dealing with the study of
the properties of carbon felt, in spite of its attractive character-
istics and applications®™'! (i.e. electrosynthesis,'? metal recov-

ery'?), probably due to the fact that the hydrophobic nature
and the compressibility of this material restrict its applications.

The influence of the (felt-reactor compartment) thickness
ratio on the hydrodynamic behaviour of a filter-press electro-
chemical reactor was studied in a previous paper.!* To com-
plete this previous study, the values obtained in the
characterization of a carbon felt (RVC 4002 supplied by Le
Carbone Lorraine) in this paper will be compared with those,
provided in the literature, for similar carbon felts and other
materials used as three-dimensional electrodes.

Experimental details
Porous material

In this study, the RVC 4002 carbon felt (0.01 m thickness,
100 kg m ~3 density, 96% carbon content, 1100 m? kg~ ! specific
surface area (N,) and electrical resistivity in the long direction
of 0.2 Q m and in the short one of 0.02 Q m, as supplied by
Le Carbone Lorraine was used.

The material is supplied in sheets of 10 mm thickness. A
first visual inspection shows the sheets are formed by other
thinner sheets bound together, so that a different texture is
presented as a function of the side observed. The thickness of
the three-dimensional electrode (8, 9, 10 and 13 mm) can be
increased by adding sheets or a thinner sheet obtained by
cutting an original sheet.

Apparatus

The scanning electron microscope (SEM) images were
obtained in a JSM-840 JEOL microscope.

Pressure drop measurements through the carbon felt were
carried out using the experimental set up shown in Fig. 1,4
with a filter-press electrochemical reactor as a test cell (0.008 m
compartment thickness). Taking into account the highly hydro-
phobic behaviour of the carbon felt, the specimens were
immersed in an ultrasonic bath with water for 2h to ensure
complete de-aeration and effective wetting before use. In order
to avoid gas occlusion into the porous medium, water was
also de-aerated before each experiment by N, bubbling.
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Fig. 1 Diagram of the 1, reservoir;

experimental
2, thermometer; 3, centrifugal pump; 4,test cell; 5, flow meters;
6, valve; 7, U-tube manometer; 8, nitrogen inlet; 9, heat exchanger;
10, pressure taps.

set-up:

Mercury porosimetry was carried out in a mercury
porosimeter Carlo Erba model 2000.

The helium density (true density) at room temperature was
determined in an automatic adsorption apparatus (Omnisorp-
100). This same machine was used to obtain the nitrogen
adsorption isotherms at 77 K which were analyzed by the BET
method®® to obtain the porosity parameters of the carbon felt.

The true density was also determined in a Mettler
Toledo AG204 (analytic scale) equipped with a density
determination device.

Experimental procedure

Drop pressure measurements. These were carried out with
the experimental arrangement shown in Fig. 1, equipped in
each case with different types of pressure gauge. The liquid
(water in this case) was fed into the reactor by a centrifuge
pump model MSE-EP-R (March May). Variable area flow-
meters and polypropylene membrane valves were used to
control the liquid flow. All-glass heat exchangers and Pt-100
probes were used to control the temperature during the drop
pressure measurements.

Electrical resistivity measurements. The apparent electrical
resistivity is obtained from the slope of the experimental
polarization curves. These plots were recorded for two perpen-
dicular directions employing air injection at 298 K. For one,
the current passes lengthways through the sample (from
10-35cm distance between the measurement points), and
current values ranging from 0.1-1.3 A were used to determine
the voltage. For the other direction, through the sample
thickness (1 cm), lower current values than in the former case
were used (/<0.25 A). We found contact problems, and some
other experimental difficulties, when measuring the electrical
resistivity through this short direction, generally due to the
small dimensions of the material.

Results
Structural properties

Structure and fibre size (SEM). The micrographs of the
carbon felt, Fig. 2, show an anisotropic medium constituted
by randomly dispersed fibres. The void space between fibres
is large (so that a high value of porosity can be expected) and
homogeneously distributed, with a geometrical shape quite
different from other materials currently used as three-dimen-
sional electrodes. Because of these characteristics, some proper-
ties such as pore diameter have no meaning from a geometrical
point of view. The single fibres observed have a flat, cylinder-
like shape, with shallow grooves along the long axis; a more
detailed inspection reveals each fibre is formed by a group of
thinner fibres, melted together lengthways. A value for the
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fibre diameter of d;=(19.04+0.2) x 10~® m was obtained from
the average dimensions taken from micrographs.

Porosity, ¢. Porosity was determined by using different
methods like density and modelling of residence time
distribution (RTD) methods.

Helium density and mercury porosimetry (density methods).
The apparent density of the felt, p,, was determined with a
dilatometer prepared for mercury porosimetry, placed in the
mercury filling unit, by using a slight modification of the
currently used procedure. Previously outgassed (at room tem-
perature and 1072 Torr), the dilatometer, containing the speci-
men, was filled under vacuum with mercury up to the calibrated
volume level. The pressure was then allowed to increase, under
control, up to atmospheric pressure, giving a macropore
volume (r,<25nm) of 1.8cm®g™! corresponding to a
macropore surface of 0.19 m? g™,

After that, the dilatometer, with felt and not refilled with
mercury, was reweighed in order to determine the density of
the uncompressed felt obtaining a value for the apparent
density of 0.351 gcm 3.

The refilling with mercury up to the calibrated volume level,
at atmospheric pressure, will give rise to a density higher than
that of the uncompressed material, because the carbon felt has
a large volume of macropores, and it is also compressible. The
refilling with mercury, at atmospheric pressure, causes the
decrease in void volume, not only by filling the large macropore
volume with mercury, but also by decreasing the size of the
specimen by compression, as a consequence of the mercury
column weight. In this case, the application of the conventional
determination procedure results in mercury occupying the
larger pores, giving a value for the apparent density of
0.95 g cm 3, higher than that obtained for the uncompressed
felt.

The determination of the volume of smaller pores was
carried out in the mercury porosimeter after refilling with
mercury. The pore volume obtained for this range of pore size
(3.5<r,<15nm) was 0.7cm?® g~' corresponding to a total
area of 176 m? g~'. Fig. 3 shows the size distribution curve
for this porosity range. There are two well-defined pore ranges,
mesopores between 3.5 and 20 nm (3.5-20 x 1073 um) and
macropores with pore radius higher than 5000 nm (5 pm).

The true density of the sample, pr, was determined by using
helium, a monoatomic gas, small enough to be accessible to
the lowest size micropores (=2 A) in the material. The
obtained value was 2.17 gcm 3, which is close to that of
graphite (2.25gcm™3). This fact shows that carbon is the
main component of the material (according to the 96% carbon
composition, supplied by the manufacturer) and there is no
helium adsorption.

Porosity, ¢, can be calculated from the values of apparent
and true densities, according to eqn. (3):

BZ(PR—PA) (3)
Pr

giving a value of 0.84.

Modelling of RTD. The carbon felt presents an uncommon
property compared to other materials used as three-dimen-
sional electrodes: its compressibility. Because of this, the
addition of carbon felt sheets to obtain a geometrical volume
higher than that of the compartment in the electrochemical
reactor is possible, without any physical damage resulting for
the felt. This fact provides several advantages for its appli-
cation, i.e. giving rise to a good electrical connection between
the collector and the felt. Besides, despite the hydrophobic
nature of the carbon felt, its use provides a more efficient
percolation of the fluid, without by-pass channelling between
walls and porous material. These aspects were discussed in the
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Fig. 2 SEM photographs of the carbon felt taken at various magnifications for the two different sheet orientations. (a) x 20, (b) x 100, (c) x 500,

(d) x5000; sideways (e) x 20, (f) x50.
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Fig. 3 Cumulative pore volume (left scale) and pore size distribution
(right scale) vs. pore radius for RVC 4002 carbon felt electrode from
mercury porosimetry.

previous paper,'* analyzing the experimental residence time

distribution, RTD, for different thickness ratios (felt/compart-
ment) by simulating with models. One of the parameters
optimized with these models was the porosity of the medium,
¢. The results obtained for different thickness ratios were 0.984
(8/8), 0.980 (9/8), 0.976 (10/8) and 0.970 (13/8).

Specific surface area, 4, (m*> m~?). The value of specific
surface area of a porous material seems to be dependent on
the method used!® for its determination. We can find very
different methods in the literature, such as (i) structural
methods: the filamentary analog procedure,’ (ii) physical
methods: physical adsorption of gases,’ permeametry,’” mer-
cury porosimetry!” and (iii) electrochemical methods.'® These
provide a wide range of results and thus the evaluation of the
true interfacial area available for reaction is uncertain. The
choice of a suitable method is conditioned by the nature of
the specific surface area to be quantified and, because of that,
the more suitable strategy will be to perform a comparative
study of several techniques.
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Filamentary analog. This method considers fibres as long,
smooth, perfect non-porous cylinders. The specific surface
area is related to the diameter of the fibre, d;, and to the
porosity of the material, ¢, following eqn. (4). Nevertheless,
examination under the SEM revealed some external roughness
on fibres so that the validity of the specific surface area
determined by this method is far from proven.

A _4 1 4
=g (1=0) “)

By using this equation with both porosity values obtained
experimentally (from density and modelling methods), the
specific surface area values deduced differ by a factor of 10.
With the porosity value from the density method, the specific
surface area gives rise to a value of 33684 m? m 3, in contrast
with 2269 m? m 3 obtained by using the porosity value from
modelling. '

Pressure drop method (permeametry). The pressure drop, as
a function of the linear behaviour of the fluid velocity, has
been analyzed by the Ergun equation, which describes the
dissipation of mechanical energy in the flow through a porous
medium:*°

AP
— =M+ Ny (5)
L
where L is the porous material length in the flow direction
and v is the linear velocity of the fluid when the test cell is
empty. The first term on the right side of eqn. (5), proportional
to the square of the velocity, represents the contribution from
turbulence flow and is due to inertial forces and direction
changes of the fluid streams. The second term, proportional
to the fluid velocity, represents the contributions from laminar
flow and it is related to the viscous resistance at the porous
material. Several flow regimes in porous media are proposed
in the literature,?® these regimes being characterized by the
interstitial Reynolds number Re;:

pvd,
=

where d,, is the pore equivalent diameter and p and p are the
fluid density and the dynamic viscosity of the fluid, respectively.
The four regimes are: (i) Darcy or creeping flow regime,
Re;<1 (when viscous forces dominate); (ii)inertial flow
regime, showing a non-linear relationship between pressure
drop and flow rate; from Re;=1-10 to 150 (steady non-linear
laminar flow characterized by more pronounced boundary
layers and early inertial nuclei); (iii) unsteady flow regime, Re;
between 150 and 300; and (iv) chaotic regime, Re;>300.

In our experimental conditions, with carbon felt (Re;<15),
creeping flow and inertial flow regimes dominate. The empirical
constants M and N, depending on geometrical and physical
parameters of the system, can be correlated to a specific
surface area per volume unit of solid, 4, [related to A, through
A.,=A,(1—¢)], and to the mean tortuosity, 7, by means of
the following expressions:*!

4:N3(0.096Lp)2 &
P MP(SpuLl)y’ (1—e)
M?*SyuL

Té——— 3 8
N(0.096pL ) ®)

Re; (6)

(7

where 7 is the circularity factor of the pores. A value between
1 and 1.5 times some geometric sections of the pore is suggested
in the literature. Here, a factor of 1.25 has been applied
because it has no great influence on the final result.

Fig. 4 shows the AP/Lv versus v plot for different thickness
ratios. The specific surface area resulting from the application
of the Ergun method, by using the porosity values obtained
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Fig. 4 Ergun plots for the carbon felt/compartment thickness ratios:
(+) 8/8; (<) 9/8; (1) 10/8; (O) 13/8.

from simulation for the different thickness ratios, were 13300
(8/8), 15900 (9/8), 22700 (10/8) and 22100 (13/8). Note that,
for ratios up to 10/8, the higher the thickness ratio, the greater
the value of the specific area is, tending to reach a constant
value when going from 10/8 to 13/8 ratios.

Mercury porosimetry. Mercury porosimetry gives a
macropore surface value of 0.19 m? g~ !. Taking into account
the apparent density of 0.351 gcm 3, also determined by this
method, a specific surface area of 6.65x10* m>m™3 is
obtained. On the other hand, a calculated area for mesopores
of 176 m? g~ ! gives rise to a specific surface area of 6.18 x 107

m? m ™3 that, obviously, is excessively high.

Adsorption isotherms. Physical gas adsorption isotherm is a
common method used to determine the specific area of porous
solids. The apparent surface area of carbon was obtained from
N, (77K) adsorption isotherms by applying the BET
method.!’ Fig. 5 shows the N, (77 K) adsorption isotherm of
carbon felt. This isotherm corresponds to type II of the
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Fig. 5 Adsorption isotherm of N, at 77K on RVC 4002 carbon
felt electrode.



Brunauer, Deming, Deming and Teller (BDDT) classifi-
cation,?? typical of non-porous solids where a weak gas—
adsorbent interaction is present. Because of the practical
absence of microporosity, the isotherm obtained is linear.
From this, the monolayer volume of N, adsorbed of
1.84 cm® g~ !is obtained, corresponding to an apparent surface
area of 8 m? g !, which means a specific surface area of
8 x10° m?> m 3.

Tortuosity. The tortuosity values for carbon felt obtained
by using the Ergun method were 4.95 (8/8), 6.35 (9/8), 5.07
(10/8) and 6.04 (13/8). Tortuosity is a measure of the fluid
path length through the porous material relative to the actual
path length through the carbon felt.>* From the experimental
values observed, 5-6, there is no clear dependence on the
compression to which the carbon felt was submitted.

Average pore diameter. It is evident that the concept of
average pore diameter for a porous material, constituted by a
framework of fibres, has no physical meaning. Nevertheless,
the estimation of this allows us to establish the value of certain
useful parameters (i.e. Re;) for this comparative study. The
average pore diameter can be obtained from the results of the
Ergun equation or by the filamentary analog method. The
average pore diameters obtained for the different thickness
ratios used were (3-2) x 10~* m from the Ergun method and
1x1073(8/8),9x107%(9/8), 8x107*(10/8) and 6 x 10" *m
(13/8) from the filamentary analog method. These values
obtained from the filamentary analog method are greater than
the fibre gap by one order of magnitude, as it can be
appreciated in SEM micrographs, for a thickness ratio of §/8.

Physical properties

Permeability. Permeability, /N, defined based on the Darcy
law, is the velocity of a fluid, through a volume unit of a
porous medium, per unit of differential pressure. As long as it
is exclusively dependent on the porous media properties, the
value of the permeability coefficient is frequently used to give
an indication of the ease of passing a fluid through a porous
material. In the literature>* some values of permeability
coefficient for different particulate beds can be found, showing
that the permeability coefficient can vary over a wide range of
values. From those values one can deduce that the higher the
porosity, the easier the fluid flows through a porous material,
so that the permeability coefficient will increase with porosity.

The permeability values for carbon felt obtained by using
the Ergun method were 2.93 x 10719 (8/8), 1.23 x 10719 (9/8),
9.35x 107! (10/8) and 6.90 x 10~ m? (13/8). As expected,
the permeability coefficient values found in this work for the
carbon felt increase as the thickness ratio decreases or, in
other words, when the felt compression decreases.
Nevertheless, they are lower than those found in the litera-
ture,?* in spite of the very high porosity in this case. The
highly hydrophobic nature of carbon materials, which differs
from that of the other materials used in the literature, could
account for this behaviour.

Electrical resistivity. The polarization curves through the
large direction were highly reproducible for different distances
between probes. The electrical resistivity values obtained were
2.67x1073, 2.71 x 1073 and 2.70 x 103 giving a mean value
of 2.7x 1073 Q m, quite different from those supplied by the
manufacturers.

The values obtained (2.4 x 10~! Q m) through the sample
thickness were quite non-reproducible and they differ from
that obtained through the sample length, and those from the
manufacturer. Note that both values obtained here are quite
different from the electrical resistivity of other porous materials
found in the literature.’ This reveals the high isotropy of the

carbon felt, higher than that observed for other porous
materials such as Ni foam.

The electrical resistivity, rg;, of a porous material can also
be calculated from eqn. (9):°

4
T )

where r, is the electrical resistivity of the electrode material.
Because of the great number of different carbon types, a wide
range of electrical resistivity values for carbon can be found
in the literature, but all of them fall between 4 x 103 and
6.5x 10735 Q m. In this work, we have obtained rg,; values
ranging from 1x1072 to 1.63x1072 Q m by using the r,
values found in the literature in eqn. (6) (¢=0.984, calculated
by simulation for the 8/8 thickness ratio). From this, it is
deduced that experimental values found for both current
pathways are in the theoretical range.

Discussion

Table 1 summarize the results obtained in this work together
with other data from the literature, in order to discuss the
next properties of the materials used as three-dimensional
electrodes.

Porosity, ¢

Nearly all researchers estimate the porosity of the three-
dimensional electrode from the material (r,) and porous
medium (7, in this case) density throughout the geometrical
volume of the specimen. This method gives good values for
Ni foam but, since it is difficult to determine the true dimen-
sions of a compressible specimen, it would seem quite inad-
equate to apply this method to carbon felts. Other authors
prefer to use apparent (mercury) and true (helium) density for
porosity calculations. In this method, both the true dimensions
and the fibrous structure of the felt will be modified—Dby the
static pressure of mercury and by the mercury intruded—
giving rise to a unrealistic value for the apparent density.
Neither of these methods seems to be quite suitable for
compressible materials such as carbon felt. With this in mind,
the wide range of porosity values found in the literature is
easily understandable. Moreover, carbon felt shows a fila-
mentary microscopic structure, of approximately 20 um of
fibre diameter, and it would be unreasonable if it had a
porosity lower than Ni foam which has larger skeleton
dimensions.

In contrast with the results reported by using the above
methods, simulation yielded porosity values higher than 0.97.
The most noticeable feature of this is that, as a hydrodynamic
method for the determination of the porosity of a porous
medium, porosity values are obtained in situ, i.e. in a similar
situation to where an electrode will be used in a practical
application. Moreover, the simulation method yields the
porosity of the porous medium as a function of the thickness
ratio, which makes these results very suitable for use in the
design of some aspects of the reactors in electrochemical
engineering applications.

Specific surface area, A, (m*> m~?)

Specific surface area data for some porous materials used as
three-dimensional electrodes in the literature and those
obtained in this work are summarized in Table 1. Specific
surface area values found in the literature have been obtained
almost exclusively by using the filamentary analog for carbon
felts, although this method involves inadequate approxi-
mations. From SEM micrographs, the fibres constituting the
carbon felt can not always be considered like cylinders with a
smooth surface and having no surface porosity, as happens in
this particular case. Moreover, the value obtained for the
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specific surface area depends on the porosity, which is difficult
to determine because of the compressibility of the porous
medium. In spite of this, we have calculated the specific surface
area by using the filamentary analog for two porosity values
obtaining quite different results. We have also used mercury
porosimetry and gas adsorption isotherms to determine the
specific surface area, regardless of the reasons for which the
results of these methods are unsuitable for use. With compress-
ible materials, the first provides unrealistic results as we
commented in the porosity discussion. And the results of the
second are not suitable in electrochemical applications for the
following reasons.

Isotherm adsorption techniques provide specific surface area
results by mathematical treatment of the experimental data by
calculating pore volumes. The assessment of the porosity of a
solid needs to use different techniques depending on the pore
size range (each one based on a different theoretical approach).
Besides, the fluid used (gas, in the isotherm experiments or
liquid in the adsorption from solution isotherms) to determine
the porosity depends on the pore size range covered by the
fluid. In this way, the interaction nature (solid/liquid) or
(solid/gas) will determine a different extent of pore ranges;
because of this the specific surface area values will correspond
to different sample domains.

Attending to the type of interaction in electrochemical
processes and in adsorption isotherm from solution, the latter
will be the more suitable method to determine the true specific
surface area; but this kind of technique requires very long
equilibration times, which make its use very impractical.
Because of this we decided to use the variation in the mercury
porosimetry technique, resolving the compressibility problems,
so that the pore size range measured in each case is nearly
the same.

On the other hand, we have found no specific surface area
values obtained by permeametry in the literature. This tech-
nique submits the sample to very similar conditions (percolate
by liquid) to those in electrochemical applications as three-
dimensional electrodes. We should also take into account the
thickness ratio. Therefore we decided to apply the Ergun
method to the experimental data found for the carbon felt
studied here. The previous hydrodynamic study in the litera-
ture!* confirmed that there are no practically dead zones or
wall effect in the system used, at thickness ratios of 10/8 to
13/8. This feature permits us to suspect that the results of
specific surface area measurements in this range of thickness
ratios are representative for this material.

It is also interesting to note the consistency between the
porosity and specific surface area results obtained from a
combination of the Ergun method and simulation. The combi-
nation of both the values of porosity and specific surface area
obtained by the Ergun method with those from simulation in
eqn. (10) provides permeability coefficient values very similar
to the experimental ones obtained in the present work.
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where K" is the Kozeny constant [for media with high porosity
(6>0.98), it takes a value of 32.8%4].

Tortuosity

The value of tortuosity obtained in this work for the carbon
felt is 4.95, very different from the tortuosity values reported
in the literature for Ni foam (1.15-1.20). As can be seen, the
carbon felt shows values 5-6 times higher than the Ni foam
but they fall into the common range 2-6.%

Average pore diameter

Table 1 shows a summary of the average pore diameters
obtained for the carbon felt used in this work and those found
in the literature for other carbon felts and three-dimensional
electrodes. In some cases, we have calculated the parameter
by using the filamentary analog with the data provided by
other authors. Our results obtained from Ergun’s method are
in agreement with the results calculated by other authors, in
spite of the differences in porosity and fibre diameter values.
However, the results obtained here from filamentary analog
disagree with our other results.

Apparent electrical resistivity

Table 1 shows a summary of the values for apparent resistivity
obtained in this work and those from the literature and, as
can be observed, they are in good agreement for similar
materials. On the other hand, it is important to note that the
apparent electrical resistivity of carbon felts and, in general,
of carbon three-dimensional electrodes, has values 100 times
higher than metallic three-dimensional electrodes. This fact is
of particular interest because the distribution of the potential
inside the three-dimensional electrode depends on the electrical
conductivity of both the porous medium and the solution.?®

Conclusions

In the present work we have compared a wide variety of
experimental techniques, with different theoretical approaches,
and we have also reported unpublished data from the charac-
terization of carbon felts. This permits us to point out that
permeametry, with the help of additional information (i.e.
RTD modelling), provides good values for the structural
parameters of compressible materials, carbon felts in this case.
Therefore, we proposed the combined application of drop
pressure measurements and RTD modelling as a new approach
to study structural parameters of problematic compressible
materials. This technique is particularly suitable for problem-
atic materials such as carbon felt, which presents compress-
ibility and a structural geometry with no simple symmetry
(fibres with smooth cylinder-like shapes). The consistency of
the interrelation between the values obtained for the different
properties reinforces the validity of this method based on the
study of fluid flow against other methods based on physical
measurements such as the BET approach.

On the other hand, mercury porosimetry indicates that the
carbon felt has a bimodal pore size distribution (mesopores
and macropores), with a narrow macropore size distribution.
And, although some mesoporosity exists in the carbon, its size
is relatively small and its amount is not relevant. Also, the N,
(77 K) adsorption isotherm indicates the absence of micro-
porosity in the carbon felt and a weak adsorbate—adsorbent
interaction.

From a structural point of view, the results found in this
work for the characterization of a carbon felt (porosity 0.984,
specific surface area 22100-22700 m? m ™3, tortuosity 5-6,
apparent electrical resistivity 2.4 x 1071-2.7 x 1073 Q m), show
this is a suitable material to be used as three-dimensional
electrodes in electrochemical applications.
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