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MESOSTRUCTURED MATERIALS
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Abstract Chemical activation of carbon xerogels syn-
thesized with different resorcinol/sodium carbonate molar
ratios (R/C) was performed using alkaline hydroxides
(KOH and NaOH). The effect of R/C and the type and
amount of alkaline hydroxide on the final properties of the
activated carbon xerogels were evaluated. It was found
that, in general, both hydroxides produce an increase in
microporosity regardless of the R/C value chosen, without
altering the meso/macroporosity developed during the
synthesis. KOH develops the microporosity of micro-
mesoporous carbon xerogels more efficiently than NaOH,
and for samples of large pore size (micro-macroporous
samples), a similar textural development was observed for
both hydroxides. However, when NaOH is used as acti-
vating agent, it is more difficult to eliminate residual Na
from the activated carbon xerogels.

Introduction

Carbon gels display very interesting structural and perfor-
mance characteristics. The resultant nanostructure is very
sensitive to the synthesis and processing conditions [1, 2].
This offers the possibility of designing and tailoring the
materials to fit specific applications. The effects of various
synthesis conditions have been tested, and it has been
shown that it is possible to tailor the mesopore and
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macropore structure of carbon gels [2, 3]. However,
microporosity, which is developed during the carbonization
step, is restricted by constant and rather low volumes
(~0.25 cm® g "). For some applications, such as hydrogen
storage or supercapacitors, it would be useful to be able to
increase and control microporosity development.

Chemical activation with alkaline hydroxides has been
established as a good method for many carbon materials
[4-7]. However, several works have shown that the nature
of the chemical activating agent may influence the devel-
opment of microporosity [8§—12] and that the selection of
alkaline hydroxide is highly dependent on the type of
carbon material used. In some cases, KOH is more active in
the production of microporosity than NaOH (i.e. anthracite
coals [4], carbon nanotubes [9]), or vice versa (i.e. isotropic
carbon fibers [8]). Consequently, in order to optimize the
development of microporosity by chemical activation of
carbon materials, the effect that the different alkaline
hydroxides have on these materials needs to be studied.

In this work, the chemical activation of carbon xerogels
employing two different alkaline hydroxides (KOH and
NaOH) was performed. The effect of the nature and
amount of activating agent used on two carbon xerogels
with different textural properties was studied. The aim of
this work was to determine the most suitable conditions
and procedures for increasing the micropore volume of
carbon xerogels.

Experimental
Synthesis of carbon xerogels

Aqueous organic gels were synthesized by polycondensa-
tion of resorcinol (R) with formaldehyde (F) in water (W)
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following a method already applied elsewhere [2]. Sodium
carbonate (C) was used as basification agent. All the gels
were synthesized in the following conditions: the R/F
molar ratio was chosen to be equal to the stoichiometric
value (0.5) and the dilution ratio, D (i.e., the total solvent/
reactant molar ratio), was fixed at 5.7. Note that “total
solvent” includes added deionized water, and the water and
methanol contained in formaldehyde solution, while the
“reactant” refers to resorcinol and formaldehyde. Metha-
nol is a stabilizer that prevents the formaldehyde molecules
from undergoing polymerization during storage. Two dis-
tinct organic gels were synthesized using different R/C
molar ratios: 300 and 1000, which correspond to meso-
porous and macroporous carbon xerogels, respectively [2].

Resorcinol (VWR International, 99 wt%) and sodium
carbonate (UCB, 99.5 wt%) were first solubilized in
deionized water in a sealed flask under magnetic stirring.
After dissolution, formaldehyde (Aldrich, 37 wt% in water,
stabilized by 10-15 wt% methanol) was added and the
mixture was stirred until a homogeneous solution was
obtained. The solution was then placed in an oven at 85 °C
for 72 h to undergo gelation (after 30 min to 2 h) and
ageing.

Afterwards, the obtained aqueous gels were dried by
vacuum evaporation without any pre-treatment. The
unsealed flasks were kept at 60 °C and the pressure was
progressively reduced from 10° Pa to 1.2 x 10° Pa. The
drying procedure was performed over a period of 20 h. The
samples were then heated to 150 °C at 1200 Pa and kept at
this temperature and pressure overnight.

After drying, the gels were pyrolyzed at 800 °C under
nitrogen flow in a tubular oven; the procedure was the same
as that used in previous works [2, 3]. The following heating
program was employed: (i) ramp at 1.7 °C min~' to 150 °C
and hold for 15 min; (ii) ramp at 5 °C min~" to 400 °C and
hold for 60 min; (iii) ramp at 5 °C min~"' to 800 °C and hold
for 120 min; and (iv) cool slowly to room temperature.

Activation of carbon xerogels

Carbon xerogels, which are the carbon precursors, were
activated chemically with KOH or NaOH. In order to study
the effect of the amount of the activating agent, four values
of activating agent/carbon precursor mass ratio, A/P, were
used: 1, 2, 3 and 4 g/g. The activating agent and carbon
precursor were mixed by the wet impregnation method.
Thus, 3.75 g of carbon precursor was mixed by magnetic
stirring with a solution of 3.75, 7.5, 11.25 and 15 g of KOH
or NaOH in 94 cm? of water in order to obtain the required
A/P mass ratio (i.e. 1, 2, 3 and 4 g/g, respectively). The
mixtures were stirred continually at 85 °C until the water
was eliminated and then carbonized at 750 °C under
nitrogen flow. The heating rate was 5 °C min~' and the
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nitrogen flow rate was fixed at 0.6 mmol s~'. The samples
were maintained at the maximum temperature for 2 h and
then were allowed to cool down slowly by natural
convection.

The samples were then washed. First, the solid was
immersed in HC1 5 M solution and the mixture was heated
at 85 °C for 30 min. Then, the acid solution was removed
by filtration, after which the solid remaining in the filter
was rinsed with distilled water until the pH of the drained
solution was 6. Finally the samples were dried at 110 °C
overnight.

Sample designation

Throughout the text, the samples are denoted as follows: in
the case of the activated samples, the first letter refers to the
type of activating agent (K for KOH and Na for NaOH);
this is followed by the value of the R/C molar ratio and
finally the A/P ratio. For example, sample Na-300-1 cor-
responds to the following sequence: the chemical activa-
tion of carbon xerogel synthesized with R/C molar ratio of
300, using NaOH with A/P = 1. In the case of the unac-
tivated samples, the carbon xerogels synthesized with an
R/C molar ratio of 300 and 1000 are denoted as CX-300
and CX-1000, respectively.

Characterization of the carbon samples

Textural characterization of the samples was carried out by
carbon dioxide adsorption—desorption at O °C in a TriStar
3000 from Micromeritics. The nitrogen adsorption—
desorption isotherms were performed at —196 °C in a
Sorptomatic Carlo Erba 1900 from Fisons Instruments. The
use of carbon dioxide adsorption at 0 °C for the textural
characterization of the narrow micropores has been estab-
lished as an effective procedure [13, 14]. Carbon dioxide
adsorption occurs in pores smaller than 0.7 nm, while
nitrogen does not easily enter such small pores. A combi-
nation of nitrogen and carbon dioxide adsorption isotherm
data provides interesting complementary information about
the entire micropore range. The Dubinin—Radushkevich
(DR) method [15] was applied to the carbon dioxide and
nitrogen adsorption isotherms in order to obtain the narrow
micropore volume, Vpup_co,, and the wide micropore
volume, Vpup-n,, respectively. The BET surface area,
SgeT, Was also evaluated from the nitrogen adsorption
isotherms [16]. The maximum pore diameter, dj, max (i.€.,
the pore diameter limit below which pores represent 95%
of the total pore volume), was deduced from the pore size
distribution by applying the Broekhoff-de-Boer method to
the adsorption branch of the nitrogen isotherm [17]. The
pore volume at saturation, V,, was also calculated. In
the case of the microporous and/or mesoporous materials,
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Fig. 1 Crystallographic parameters dyp, L, and L. of a carbon
crystallite

V,, corresponds to the total void volume of the material, V..
However, in the case of the macroporous samples, nitrogen
adsorption is not accurate enough to obtain the real total
pore volume, due to the large error margin at p/pg = 1. In
this case, mercury porosimetry was used to determine the
total void volume, and the maximum pore size was
deduced from Washburn’s equation [18]. The measure-
ments were performed in a Carlo Erba Porosimeter 2000
after outgassing at 10> Pa for 2 h. However, Hg mea-
surements are limited to pores larger than 7.5 nm. Since the
volume of pore sizes ranging from 2 to 7.5 nm was quite
low in all macroporous samples (<0.1 cm®/g), the total
pore volume, V,, was taken to be equal to the sum of Vi,
and VDUB—N2~

The morphology and structure of the samples was
evaluated by X-ray diffraction. The X-ray diffractograms
were collected by a Bruker D8 Advance diffractometer
equipped with a Gobel mirror and a Cu Ko radiation tube
(4 = 0.15406 nm). Scherrer’s equation [19] was used to
calculate the different crystallographic parameters (i.e. L,
doo> and L,, see Fig. 1). L., the layer dimension in the
direction perpendicular to the carbon basal planes, and
dooa, the interlayer distance, were obtained from the (002)
diffraction peak. L,, the layer dimension in the direction
parallel to the basal planes, was calculated from the (101)
diffraction peak.

The chemical composition of the samples was measured
by elemental analysis using combustion/pyrolysis pro-
cesses and element detection by infrared. The ash content
of the carbons was obtained by weighting after complete
combustion in air.

Results

Table 1 shows the textural properties of the carbon xero-
gels activated by means of NaOH and KOH. In general,
chemical activation of carbon xerogels by means of alkali

hydroxides leads to development of microporosity: Sggr
and the micropore volume, Vpyp-n,, increase, as does
Vbue—co,- However, Table 1 shows that when low
amounts of activating agent are used (A/P < 2) the values
of Sger decrease for some activated carbon xerogels. This
was only observed in carbon xerogels with a mesopore size
of around 10 nm (i.e. K-300-2, Na-300-1 and Na-300-2),
their surface areas decreasing from 640 (CX-300) to 450,
470 and 300 m? g~' respectively. In addition, the increase
in Sggr With the A/P ratio is limited: in some cases, a slight
decrease in Sggt is observed when the A/P increases from
3 to 4 (K-300-3 and K-300-4: 1540 and 1390 m* g~ ';
Na-1000-3 and K-1000-4: 1720 and 1430 m* g~ ).

Figure 2 shows the N, adsorption—desorption isotherms
of activated carbon xerogels synthesized with R/C = 300
and 1000, and activated with NaOH or KOH at A/P = 3.
As discussed above with reference to Table 1, the iso-
therms show that, when activated by these hydroxides, the
micropore volume increases, as the volume of N, adsorbed
at low relative pressure increases. However, the mesopo-
rosity developed during the synthesis step, and present in
the material after drying and pyrolysis, remains intact. This
is confirmed by the shape of the N, isotherms which
remains unaltered: type IV isotherm with hysteresis [20]
in the case of the carbon xerogels synthesized with
R/C = 300 corresponding to the mesoporous materials (see
Na-300-3 and K-300-3 in Fig. 2a) and type II isotherms
[20] in the case of the carbon xerogels synthesized with
R/C = 1000 corresponding to the macroporous materials
(see Na-1000-3 and K-1000-3 in Fig. 2b). However, in
order to confirm whether the macroporosity remains intact,
the use of N, adsorption is not enough and characterization
by Hg porosimetry should also be applied. Table 1 shows
the macropore sizes evaluated from the Hg porosimetry
curves for samples activated with NaOH and KOH. The
macropore size remains quite similar for A/P = 0, 1, 2 and
3 for both activating agents. However, increasing A/P up to
4 leads to an increase of the macropore size and size range
(120-400 nm), indicating that too high amounts of acti-
vating agent lead to a degradation of the carbon 3D
network.

With respect to the nature of the activating agent, it can
be seen that the development of porosity is similar when
NaOH or KOH is used. In general, when mesoporous
carbon xerogels (series with R/C = 300) are activated with
KOH, samples with larger specific surface areas (i.e. more
developed microporosity) are produced. In contrast, in the
case of macroporous carbon xerogels, activation with
NaOH produces in some cases activated carbon xerogels
with a more highly developed microporosity than that of
KOH (i.e. Na-1000-2, Na-1000-3).

Several studies have compared NaOH and KOH as
activating agents for a wide range of different carbon
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Table 1 Textural

2 1 3 1 3 —1 3 1
characterization of different Sample fffg (m™g ) ::%USINZ (em™g ) iv()(g;n g) i”l‘“‘”‘ (nm) i%USICOZ (em™g )
carbon xerogels . . .
CX-300 640 0.26 0.58 10 0.26
CX-1000 660 0.27 2.2% 150° 0.28
K-300-1 680 0.29 0.65 10 0.29
K-300-2 450 0.23 0.75 9 0.40
e K-300-3 1540 0.69 0.94 11 0.45
SgeT specific surface area,
Vbus_n, micropore volume K-300-4 1390 0.58 0.87 10 0.43
calculated applying Dubinin— K-1000-1 660 0.26 2.20* 150° 0.50
Raduskevich equation to N K-10002 1170 0.48 2.50" 150° 0.41
adsorption isotherm, V, total . .
pore volume, dy pqx Maximum K-1000-3 1400 0.57 3.20 150 0.46
meso/macropore size, Vpug—co, K-1000-4 1650 0.65 3.70° 370° 0.51
micropore volume calculated Na-300-1 470 0.19 0.49 9 0.24
applying Dubinin—Raduskevich Na-300-2 300 012 048 10 0.19
equation to CO, adsorption ’ ’ ’
isotherm Na-300-3 1200 0.53 091 10 0.32
® Macroporous sample: V, = Na-300-4 1450 0.63 1.16 10 0.35
Vit + Voug-n, (0.1 em® g7™)  Na-1000-1 610 0.25 2.12° 150° 0.30
® Calculated from mercury Na-1000-2 1360 0.56 2.80% 150° 0.42
porosimetry: 10 nm Na-1000-3 1720 0.68 3.08" 150° 0.44
© Large pore size distribution Na-1000-4 1430 0.57 2.92° 370° 0.49
(120400 nm)
Fig. 2 N, adsorption— 1000
1
desorption isotherms of @) -+ CX-300 (b) 000
activated carbon xerogels - CX-1000
i i = —~ Na-300-3
synthesme.d (a) with R/C = 300 a “& Na-1000-3
and (b) with R/C = 1000 and 750 4 O K-300-3
activated with NaOH or KOH at T Rt o 7907 -e K-1000-3
AlIP =3 = =
w w
‘I_CD ‘I_CD
™ @ 500 1
IS S
o o
(2} (2}
% o
~ N
250

materials and it has been concluded that the differences
between these two activating agents are related to the
structural order of the carbon materials [8, 9, 12]. This is
determined by the dimensions of the layer in the direction
perpendicular to the carbon basal plane (L), the interlayer
distance (dogp) and the dimensions of the layer in the
direction parallel to the basal plane of carbon materials
(L,). Table 2 shows the crystallographic parameters of the
unactivated carbon xerogels used in this work. It can be
seen that the values obtained are very similar for both
carbon xerogels independently of the R/C molar ratio used
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Table 2 Crystallographic parameters of carbon xerogels

Sample doos (A) L. (A) L, (A)
CX-300 3.89 10.84 40.66
CX-1000 3.87 10.04 47.43

doo, interlayer distance, L. layer dimension perpendicular to the basal
plane, L, layer dimension parallel to the basal plane

during the synthesis and do not correspond to highly
ordered carbon materials (i.e. graphite: dyp, = 3.35-3.37
A, L. =91-398 A and L, = 55-690 A) [21].
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isotherms of activated carbon (b) o CX-300
xerogels synthesized with e NALA0O.
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Figure 3 shows the CO, adsorption isotherms of the Table 3 Chemical characterization of carbon xerogels
ca.rbonl xerogels synthesized with R/C = 3OQ and activated Sample Ultimate analysis (wi%, on dry basis)
with different types and amounts of hydroxide. In the case
of KOH (Fig. 3a), the CO, adsorption capacity of the c H 0 Ash
samples at p/py < 0.03 increases as the (A/P) mass ratio  x_300 96.9 0.8 22 0.3
increases, indicating that the narrow micropores develop as  ~x_1000 95.6 0.4 32 03
the amount of activating agent increases up to A/P = 3. K-300-1 94,1 05 50 0.7
However, when NaOH is used (Fig. 3b), as in the case of ¢ 3504 938 0.4 53 0.0
SBET, the use of low amounts of NaOH leads to a decrease K-1000-1 90.6 05 75 14
in.COZ adsorption and therefor.e the volume of the narrow g _1000-4 9.8 04 71 0.0
micropores decreases. When hlgher amounts of activating Na-300-1 90.6 05 5.9 23
ggent are.used, the narrow micropore volume'starts 00 Na3004 0.5 03 58 18
increase (1.e: AIP = 3.). As can be seen from Fig. 3, the Na-1000-1 90.5 04 77 28
CO, adsorption capacity at p/py < 0.03, and therefore the Na-1000-4 3.8 0.6 74 04

narrow micropore volume, is always lower when NaOH is
used for activated samples synthesized with R/C = 300. In
the case of samples with R/C = 1000, a similar volume of
narrow micropores is obtained with both activating agents.
If the samples activated with the same hydroxide are
compared, it can be seen that carbon xerogels with R/C =
1000 always display a higher narrow microporosity
development (Table 2).

With respect to the chemical composition of the samples,
Table 3 shows that the activated carbon xerogels obtained
display a high carbon content (>90 wt%). The oxygen
content of the samples increases during the activation pro-
cess, from 2.2 wt% (CX-300) to around 5-6 wt% (K-300-1,
K-300-4, Na-300-1 and Na-300-4), in the case of the carbon
xerogel synthesized with R/C = 300, and from 3.2 (CX-
1000) up to 7-7.7 wt% (K-1000-1, K-1000-4, Na-1000-1
and Na-1000-4) in the case of the carbon xerogel synthe-
sized with R/C = 1000. However, the most significant
difference between the composition of the carbon xerogels
activated with KOH and NaOH is the ash content (Table 3).
The carbon xerogels activated with KOH present low ash

content (i.e., from O to 1.4 wt%). In contrast, the ash content
of the samples activated with NaOH, are systematically
higher (from 1.8 to 9.4 wt%). Since the washing conditions
were the same in all cases, these results indicate that the
residual products generated during chemical activation with
NaOH are more difficult to eliminate than those generated
by KOH activation.

Note that the reproducibility of the activation method
was tested by repeating the activation/washing process for
several fractions of the same carbon precursors. The
repeatability was found to be quite good, differences in
specific surface areas and ash content being lower than 5%,
whatever the carbon chosen and the activation conditions.

Discussion

The initial carbon xerogel prior to activation is com-
posed of interconnected near-spherical nodules forming a
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three-dimensional network; the mesopores or macropores
correspond to the voids between the nodules, while the
micropores correspond to the voids inside the nodules
[2]. After chemical activation, this structure remains
intact, independent on the amount of activating agent or
type of hydroxide used. The activation process does not
alter the characteristic interconnected structure of carbon
gels. The reactivity of alkaline hydroxides with carbon
xerogels is not high enough to alter significantly the
mesoporosity (except for macroporous samples at high
A/P values) but it is sufficient to increase the micropo-
rosity inside the nodules. The activation process may
also increase the roughness of the nodules by remov-
ing the carbon, thereby contributing to an increase in
microporosity.

Table 1 shows that in activated carbon xerogels syn-
thesized with R/C = 300 (i.e. micro—mesoporous materi-
als), the values of Sggr are higher for KOH than for NaOH.
However, when carbon xerogels synthesized with R/C =
1000 (i.e. micro—macroporous materials) are activated,
NaOH is generally more effective in developing the
microporosity.

Most of the works that compare the effectiveness of
NaOH and KOH as activating agents of carbon have con-
cluded that KOH is a better activating agent for carbon
materials with a high structural order, whereas NaOH is
more effective for materials that have a low structural order
[9]. As a first hypothesis, the different porosity develop-
ment obtained by both hydroxides could be due to the
differences in structural order of the carbon gels synthe-
sized at different R/C. Carbon xerogels have a nanocrys-
talline structure which is closer to activated carbons than
graphite. This means that this structure is less ordered than
graphite, which displays a low dy, value and high L. and
L, values (dop» = 3.35-3.37 A, L.=91-398 A and
L, = 55-690 A). However, small ordered domains can be
observed: these ordered domains are larger than in most
activated carbons, which usually present lower values of
crystallographlc parameters L.and L, (i.e. d002 = 3.7-3.8
A, L. =89-10.7 A and L, = 31.3-39.8 A) [20]. Due to
this characteristic structure of carbon xerogels, both
hydroxides produce an increase in porosity in the carbon
xerogels. However, as the interconnected structure of car-
bon gel is not altered during the activation, the reactivity of
these hydroxides cannot be very high. The quantitative
values of the interlayer distance (dg,), the dimensions of
the layer in the direction perpendicular to the basal planes
(L.) and the dimensions of the layer in the direction parallel
to the basal planes (L,) are shown in Table 2: it can be seen
that the crystallographic properties of the two carbon
xerogels are very similar. Consequently, the structural
order does not explain the different behavior of the two
hydroxides.
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Most studies that compare KOH and NaOH as activating
agents of carbon materials use the activating agent/carbon
precursor mass ratio (A/P) in order to compare the effect of
the amount of activating agent used on the chemical acti-
vation reaction and the effectiveness of the alkaline
hydroxide [8, 9, 12]. For the purpose of comparing our
results with those published in the literature, we considered
the same variable in this work. However, taking into
account the fact that the chemical activation of carbon
materials consists in a chemical reaction between KOH or
NaOH and carbon, it would seem more appropriate to study
the effect of the amount of activating agent in terms of the
molar ratio. The molecular weight of K is higher than that
of Na. Therefore, if the effectiveness of alkaline hydroxide
in developing the porosity of carbon materials is compared
at a constant (A/P) mass ratio, the amount of moles of KOH
is lower than that of NaOH. The most useful variable to
consider in the chemical activation of KOH and NaOH is
the (A/P) molar ratio rather than the (A/P) mass ratio. So, in
order to compare accurately the effectiveness of the two
activating agents, the comparison needs to be based on the
results obtained at a constant (A/P) molar ratio.

The relationship between the mass and molar (A/P)
ratios is given by:

KOH KOH

[11_4’] mass __ Mxon [A] mol ( 1)
NaOH ~— NaOH

[%] mass MN OH [P} mol

where Mxon and My,on are the molar mass of KOH and
NaOH (i.e. 56 and 40 g mol ™' respectively). At a constant
(A/P) molar ratio, the following relationship is obtained:

{ A} NaOH g { A} KOH 5 { A} KOH

P

5 2)

Iz o~

mass

mass MKOH 3 mass

This shows that when the comparisons are based on mass
ratios, the differences in the surface areas of the samples
activated with different hydroxides are overestimated. For
this reason, the carbon xerogels activated with NaOH and a
(A/P) mass ratio of 2 need to be compared with the samples
activated with KOH and a (A/P) mass ratio of 3 (i.e.
K-1000-3 and Na-1000-2). The specific surface areas, Sggr,
of these two samples are very similar (1400 and 1360 m?
g~ ! respectively). However, for the same samples, if the
same A/P mass ratio is used as a reference of comparison,
NaOH seems to be more active: K-1000-2 and Na-1000-2
have a specific surface area of 1170 and 1360 m?> g_l,
respectively, whereas the surface areas of K-1000-3 and
Na-1000-3 are 1400 and 1720 m? g~', respectively.
Another example is provided by the carbon xerogel acti-
vated with KOH and a (A/P) mass ratio of 4 (K-1000-4). In
this case, the comparison in terms of molar ratio needs to
be carried out using samples activated with NaOH and
a (A/P) mass ratio between 2 and 3 (Na-1000-2 and
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Na-1000-3, respectively). The specific surface area of
K-1000-4 (Sger = 1650 m? gfl) lies between the values
obtained for Na-1000-2 and Na-1000-3 (Sggr = 1360 and
1700 m> g™, respectively). When the molar ratio is used,
the differences between both activating agents are insig-
nificant for R/C = 1000: the two alkaline hydroxides give
rise to a very similar textural development. However, the
comparison in terms of the (A/P) molar ratio shows that, in
the case of mesoporous samples (R/C = 300), KOH is
more efficient than NaOH: although fewer moles of KOH
are used in the chemical activation reaction, KOH produces
samples with a higher specific surface area than NaOH.

In the case of the mesoporous samples (R/C = 300), low
amounts of activating agent lead to a decrease in porosity.
When a low R/C (i.e. 300, mesoporous carbon xerogels)
and low (A/P) ratios are used, both in the case of NaOH
and KOH, the specific surface area increases slightly or
decreases. In addition, the narrow microporosity is always
higher in samples where R/C = 1000. This decrease in
microporosity when R/C = 300 may be caused by the
partial blockage of the micropores due to the fact that not
all the alkaline compounds are removed. Carbon xerogels
synthesized when R/C =300 are micro—mesoporous
materials with a mesopore size of about 10 nm. In contrast,
the carbon xerogels synthesized with R/C = 1000 are
micro—macroporous materials with a macropore size close
to 150 nm. It can be inferred, therefore, that the porosity of
the carbon precursor may have an influence on the removal
of the residual Na and K species formed during activation.

Table 3 shows that the ash content decreases when a
higher amount of alkaline hydroxide is used, from 0.7 wt%
to zero in the case of samples K-300-1 and K-300-4,
respectively, and from 2.3 to 1.8 wt% in the case of sam-
ples Na-300-1 and Na-300-4, respectively. This suggests
that some of the residual alkaline compounds might be
trapped when the pore size is not large enough, leading to
the partial blockage of the final microporosity. However,
when a higher amount of hydroxide is used, the micropore
size increases and the residual K and Na compounds are
probably more easily removed, leading to a good textural
development. On the other hand, when carbon xerogels
with R/C = 1000 are synthesized, the voids between the
carbon nodules are larger, which facilitates the diffusion of
residual metallic compounds. This may explain why the
microporosity always increases with A/P in the case of
macroporous carbon xerogels.

Finally, NaOH appears to be more difficult to remove
from the samples, independently on the pore texture.
This is confirmed by the ash content of the samples (see
Table 3) and by the more pronounced decrease in spe-
cific surface area in the case of the mesoporous samples
(R/C = 300) when NaOH is used: sample Na-300-2
has a specific surface area of 300 m”> g~' while the

unactivated sample (CX-300) and the sample activated
with KOH (K-300-2) have a specific surface area of 640
and 450 m* g~', respectively. In addition, with low
amounts of NaOH, the narrow microporosity -either
increases slightly or decreases. However, this does not
occur for KOH, probably because sodium is smaller than
potassium and can therefore diffuse more easily into the
microporosity of the samples when the precursor is
soaked in the hydroxide solution. This could also make
it more difficult to eliminate the residual compounds
during washing.

Conclusions

By chemically activating carbon xerogels with alkaline
hydroxides it is possible to develop microporosity without
altering the meso/macroporosity. The meso/macropore
size can be tailored by modifying the resorcinol/sodium
carbonate molar ratio (R/C), while chemical activation is
being applied to increase the microporosity. Thus, by
applying a combination of different synthesis and acti-
vation conditions, a wide range of activated carbon
xerogels with different properties can be obtained. In order to
compare the effectiveness of KOH and NaOH, the use of the
(A/P) molar ratio seems preferable to the (A/P) mass ratio.
KOH is a more efficient activating agent for samples syn-
thesized with R/C = 300 (micro—mesoporous carbons); in
the case of carbon xerogels synthesized with R/C = 1000
(micro—macroporous carbons) both hydroxides produce
samples with a very similar textural development.

The subproducts generated during the activation with
NaOH are more easily trapped inside the microporosity of
the samples (especially when texture is not very well
developed) and therefore they are more difficult to remove
during the washing step, leading to partial blockage of the
final microporosity. For this reason, in certain applications
where materials free of all mineral content are required,
KOH would seem to be the preferable option in order to
avoid long washing treatments necessary with NaOH.
However, NaOH has the advantage to be a cheaper acti-
vating agent.
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