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Polygonal macro-networks of carbon in the form of films were synthesized by the
controlled pyrolysis of saccharose with or without potassium in the form of KOH. The
topological organization of these random two-dimensional networks differ significantly
from other two-dimensional cellular structures. The pentagon was the most abundant
polygon in the film networks, which had ring areas in the range of 4 to 12 mm?. In addition
to two-dimensional films, we also obtained irregular three-dimensional sponge-like balls
featuring a random network structure similar to that obtained in the films. These sponges
developed in the form of coiled tubes. We attribute the formation of these carbon
macro-coils to the presence of potassium particles inside the original carbonaceous matrix.
A study of textural changes of the macro-networks of carbon by activation under flow of N,
and CO, has shown that activated carbon with surface areas as high as 980 m?.g~" can be
obtained from non-activated macro-networks. From our study of textural changes, we
propose a detailed mechanism that explains the role of KOH as a catalysts for the activation
of the macro-networks of carbon. © 2004 Kluwer Academic Publishers

1. Introduction

Networks of cells having randomly distributed areas
and numbers of sides constitute a large class of nat-
ural materials including polycrystalline structures ob-
served in metals, ceramics, polymers, Langmuir mono-
layers, magnetic froths, flame cells, biological tis-
sues, soap froths, etc. [1-10]. On the other hand, well
defined, molecular networks such as fullerenes and
nanotubes have been some of the most remarkable re-
cent discoveries in the area of carbon research [11-—
17]. Another ill-defined type of carbon network, corre-
sponds to the microporous structure of activated car-
bons (a material with many applications [18]), as-
sumed to consist of polyhexagonal sheets of carbon,
forming micropores and mesopores of widths between
10 and 500 A [19, 20]. In addition, electron mi-
croscopy has revealed other networks in activated car-
bons [21]. In this case, the macropore (>500 A width)
structure observed originates from the preservation af-
ter carbonization of the biological tissue skeleton of
the raw material (wood, coconut shell, etc.). Thus,
at least three carbonaceous network structures form
at different length scales: the molecular (fullerenes,
nanotubes), the micro (microporous carbon), and the
macro (macroporous carbon). Despite extensive in-
vestigation [11-27] of synthetic routes to form both
molecular-network and micro-network carbon materi-
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als, few studies discuss the synthesis and characteri-
zation of macro-networks [28]. The study of the topo-
logical and textural characteristics of carbon films is of
considerable interest since they relate closely both to
the physical and chemical properties of these materials
[29].

We can consider carbon films to be two-dimensional
(2D) random cellular networks, which we treat as ran-
dom partitions of the plane into cells (two-dimensional
(2D) polygons with three or more sides) [1, 2, 5, 30].
The topology of natural and simulated cellular networks
constrains the possible configuration of the cells, since
an infinite space-filling two-dimensional network with
trigonal vertices obeys the Euler topological relation
[1,2,31-33]:

(n) =Y [np(n)] =6, 1)

for the first moment of the cell-side distribution, where
p(n) is the probability of ocurrence of a cell with n
sides, which corresponds to the trivial constraint on
probabilities, given by:

> loml=1 @
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References [3, 5-7, 34, 35] present detailed descrip-
tions of some of the concepts involved in the topological
definition of such random cellular structures.

This communication presents, first, the method of
synthesis and the resulting topological organization of
two carbonaceous macro-network 2D-films obtained
by a step-wise heat treatment of saccharose with or
without potassium hydroxide. Second, we study exper-
imentally the texture changes of these carbonaceous
network materials when activated at up to 800°C with
N, or CO», to elucidate the potential applications of
these carbonaceous materials. Our study addreses the
production of network films of activated carbon that
could serve as fixed co-adsorbents in heterogeneous
photocatalytic processes such as the photomineraliza-
tion reactions of organic pollutants in waste water [36].

2. Experimental

2.1. Network processing

We placed a solution of either 1 mL of water or I mL
of aqueous solution (34 wt%) of potassium hydroxide
(Merck, analytical grade) plus 2 g of D(+)-saccharose
(Merck, bacteriology grade) in a 50 mL pyrex beaker
and stirred it at 80°C until the solution became viscous
and light brown. Immediately, we remove the heat and
left the solutions until the saccharide recrystalized as
an homogeneous and transparent sheet at the bottom of
the beaker.

We then applied two consecutive heat treatments to
the sheets: first, a low temperature stabilization treat-
ment inside an oven (static air) at the following tem-
peratures: 60, 90, 110, and 130°C, for 10 min at each
temperature using heating rates between steps of about
3°C - min~'. This initial heat treatment aims to promote
very slow and homogeneous expansion of the saccha-
ride film along the beaker walls up to its exterior border,
since the final stabilization temperature corresponds to
the beginning of the glass transition of saccharose. The
second heat treatment consists of carbonization under
an inert flow of nitrogen (=100 mL - min~!) using the
following step temperatures: 50, 100, 150, 200, 250,
350°C, soaking 30 min at each temperature, and finally
1 hat450°C, using heating rates between steps of about
5°C-min~!. The final 450°C carbonization tempera-
ture is optimal for the production of low-temperature
(L-type) activated carbon from lignocellulosic raw ma-
terials [37, 38].

We denote these carbonaceous macro-network sam-
ples as Anw-1 and Anw-2, for the saccharose dissolved
in water or in the KOH solution, respectively.

2.2. Statistical characterization
of macro-network films

Our statistical analysis of photographs of the macro-
network films Anw-; and Anw-2 (three samples for
each set of conditions) is followed as in previous stud-
ies of other cellular structures [1, 2, 5]. We analysed a
total of 750 and 558 cells, respectively, for the Anw-1
and Anw-2 samples, and the error in measuring cell ar-
eas was less than 5%. We found polygonal cells with
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from three to nine sides. We measured the probability
of ocurrence of cells with n sides p(n), the distribu-
tion of areas of n-sided cells, p(A,), and the average
polygon areas for each topology (A,) by an analytical
method that we have previously employed [28]. We ob-
tained the average polygonal areas (A;) as the product
of the distribution of areas of n-sided cells p(A,) with
the actual geometric size of each of the photographed
samples according to the magnification factor of the
photographies.

2.3. Activation processing of the networks
Besides the macro-network films we also obtained
two types of carbonaceous three-dimensional (3D) net-
works, that we used to study textural changes dur-
ing activation processing. We performed the activa-
tions in a tubular furnace, under either inert N, flow
(=100 mL - min~") with several final residence times:
5, 60, 120 and 300 min at constant final tempera-
ture of activation equal to 800°C; or under CO, flow
(=100 mL - min~!) at the following temperatures of ac-
tivation: 700, 750 and 800°C, with a constant residence
time of 5 min.

2.4. Textural characterization
of the networks

We used N, adsorption at 77°K to characterize the tex-
ture of the macro-networks (Axw-; and Axw-2) and the
activated network materials in terms of the B.E.T. sur-
face areas. We measured the full isotherms in the range
0f0.03 to 630 Torr using an ASAP-2010 apparatus from
Micromeritics. For experimental details see [39, 40].

3. Results and discussion
3.1. Statistical analysis

of macro-network films
A previous communication [28] described the topolog-
ical organization of the Anw-; macro-networks. The
present work describes the topological organization
of both macro-networks films Anw-1 and Axw-2, but
shows photographs only for the Anw-2 samples.

In both samples, two- and three-dimensional macro-
networks were formed simultaneously during car-
bonization. The macro-network films adhered both to
the bottom and the cylindrical beaker walls, covering
approximately one third and one half of the beaker
height, respectively, for the Ayw-; and Anw-2 samples.
Fig. 1a shows a typical Anw-» macro-network, consist-
ing of arandom net of polygonal ring cells, each formed
by grains of carbonaceous material. Both Anw-; (not
shown) and Anxw-» (Fig. 1a) had polygons from three
up to eight or nine sides. After thermal treatment, the
AnNw-2 sample has carbonaceous material between the
cells while the Anw-1 film sample does not. The inside
of the ANw-2 network cells is not empty as in the Anw-1
films. Fig. 1b shows a particular Axw-, sample that has
“T” type vertices with an internal angle 6 = 180°.
In several types of random network, particularly so-
lidified polymer films with topological organization



(b)

Figure 1 Tmages of the carbonaceous macro-network film from the Anw-2 sample adhering to the pyrex beaker: (a) Typical random pattern showing
the predominance of five-sided cells and (b) A subsection showing the presence of “T” type vertices with internal angle 6 = 180°.

very similar to the present macro-networks, the 7-type  tagons most abundant and:
vertices results from the dynamics of cell formation

[1,2]. (n)anw-1 = 5.155 3)
Fig. 2 shows the abundance of r-sided polygons (n) Anw-2 = 5.161 4)

p(n) obtained from the statistical analysis of 750 and

558 cells, respectively, for Anw-1 and Anw-2 macro- Although the low value of (1) occurs in microscopic

network films. Both distributions are similar with pen-  solidified polymer films [1, 2], most macroscopic
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Figure 2 Polygonal distributions of the macro-networks from the ANw-1 (Sac-H20) and Anw-2 (Sac-KOH) films.

cellular structures have hexagon as the most abundant
polygon as shown in Table I.

Fig. 3 shows the fraction of the total area in n-sided
cells p(A,) of both macro-networks. The distributions
are practically identical and at n = 5, p(As) > p(Ag).
Again, these results agree with microscopic polymer
films noted above [1, 2], and differ from those in
other micro- and macroscopic random networks, such
as polycrystalline SCN [3-6], polycrystalline metals
[4, 5], soap froths [7], flame cells [8], Langmuir mono-
layer [9], and magnetic froths [10]. Therefore, two-
dimensional carbon macro-networks geometric prop-
erties differ intrinsically from those in other types of
network.

TABLE I Comparison of peak values in cell-side distributions p(n)
for various materials

System Peak n-value  ps) £(6) Reference
ANW-1 5 0.334 0.206 Present work
ANW-2 5 0.353 0.233  Present work
Polymer polygrain 5 0.392  0.25 [1]

Flame cells 5.4 0.36 0.34 [8]

Soap froths 5.5 0.3 0.3 [7]
Langmuir monolayer 6 0.225 0345 [9]
Polycrystalline metal 6 0.267 04 [4]
Polycrystalline SCN 6 - - [3, 6]
Magnet froth 6 0.25 0.55 [10]
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Fig. 4 shows that for both macro-networks, the av-
erage cell areas of an n-sided cell, (A,), is linear in n
(with correlation coefficients close to 1 in both cases):

(Ay) = (0.007 mm?) + (1.235 mm?)n (5)
(Ap) = (—0.0011 mm?) 4 (1.2988 mm>)n  (6)

for ANw-1 and Anw-2, respectively. Although this lin-
ear behaviour is consistent with Lewis Law [1, 2, 41],
the constants in Equations 5 and 6, differ from those
reported for other types of random network [1-10].
Table IT shows that most cell areas fall inside the range 4
to 10 mm? and 4 to 12 mm?, for ANw-; and Anw-2, re-
spectively. Therefore, the average values, (a), for each
case are: 6.7993 and 7.7921 mm?, indicating that the
Lewis constants (A) for the present work are: 0.1816
and 0.1667, which are similar to the values reported
A=1/411,2,41].

3.2. Morphological characteristics
and chemical composition of the
carbonaceous macro-networks
In addition to two-dimensional films, irregular sponge-
like balls form in the bottom of the beakers. Fig. 5 shows
an image of a part of the carbonaceous bulk in an Axw-2



0.4

p(An)

0.1

—o—-Sac-KOH
- Sac-H20

Figure 3 Distributions of areas in the macro-networks from the Axw-; (Sac-H>0) and Anw-2 (Sac-KOH) films.

sample. Fig. 5a shows that this three-dimensional fea-
ture resembles the 2D random network in the same ma-
terial (Fig. 1), a random network of polygonal carbona-
ceous grains of different sizes. For both types of sample,
the sponges connect loosely to the film network. More-
over, the noticeable separation of the polygons (Figs 1
and 5) suggest weak linking, which most probably leads
to the easy disconnection of the sponge balls from the
films adhered to the beaker’s wall.

The carbonaceous grain structure observed in Fig. 5b
does not satisfy Lewis’ Law [2, 41], suggesting that
the nucleation time for the different grains in the ma-
trix is not the same. This is explained as follows: By
comparing several images of the two- and the three-
dimensional Anxw-» macro-networks, we found several
interfaces where the carbon grains developed into a con-
tinuous 3D polygonal net of macrotubes (Fig. 5b). Per-
haps the carbonaceous macro-networks, form in a way
similar to those of carbon nanotubes [42].

Fig. 5b shows a surprising morphology. Some of the
cells have coiled shapes [26, 43, 44] (denoted mcs in
Fig. 5b). Several authors have described the formation
of coiled carbon tubes and their growth mechanism
[26, 43, 44]. Carbon tube nano-coils form due to the
presence of iron or indium and tin oxide films acting
as catalysts, mainly in thermal chemical vapor depo-
sition. Certain metal species tend to migrate through
carbonaceous deposits formed during catalytic vapor-
chemical decomposition of hydrocarbons to produce
carbon nano-tubes, filaments and vapor-growth fibers
[45]. We attribute our carbon macro-coils to the pres-
ence of potassium microparticles in the carbonaceous
matrix, indirectely confirmed by the absence of macro-
coiled carbon filaments in the Anw-; sponge which
lacks potassium [28]. In macroscopic morphology the
Anw-1 sponge [28] resembles typical reticulated glassy
carbon foams with a pentagonal dodecahedron struc-
ture as those obtained in polystyrene and polyurethane

TABLE II Average areas of n-sided cells, (Ay), of the ANw-1 and Anw-2 macro-network films as a function of n

n sided-cells n=3 n=4 n=>5 n==o6 n=7 n=238 n=9
[{An)] for Anw-1 (mm?) 3,708 4,948 6,186 7,416 8,656 9,882 -2
[{Ap)] for Anw-2 (mm?) 3,896 5,194 6,493 7,792 9,090 10,39 11,69

2Polygonal cells of 9-sides were not present in the ANw- sample.

3709



14

—e— Sac-KOH
-&- Sac-H20

<An> (mmz)

Figure 4 Average polygonal areas in the macro-networks from the Axw-1 (Sac-H,0) and ANw-2 (Sac-KOH) films.

foam insulations [46] or from thermal processing of
mesophase pitches [47].

Compairing Figs 1 and 5, shows that 3D cells have
void spaces between cells indicating that the bulk of
the material was consumed by pyrolysis because the
adhesion forces to the pyrex wall reduced volatilization
in the 2D films.

During carbonization the material volume increases
remarkably, particularly, in the saccharose sample dis-
solved in KOH solution (Anw-2). Table III shows that
the large increase in volume during carbonization in the
3D Anw-2 sample results in a lower density than for the
Anw-1 sample (0.0156 g/cm? against 0.0223 g/cm?).
We estimated the apparent densities in Table III from
the ratio between the weights of different masses of
the samples (mechanically compressed into a graduated
cylinder) and their volume after substracting the theori-
cal remnant weight of potassium (as K, O) in the Anw-2

TABLE 111 Apparent density, papp, of the 3D Anw-1 and Anw-2
macro-network materials

Network Papp (g/cm3)
ANW-1 0.0223 £ 0.0009
ANw-2 0.0156 £ 0.0006
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sample. As we described above, for 1 mL 34 wt% of
aqueous KOH solution, the weight of K,0 is 0.4501 g.

Since our carbonaceous materials are a complex
biphasic arrangement of crystalline lamellar and amor-
phous phases, we expect topological effects at bound-
aries between crystalline-crystalline and crystalline-
amorphous phases [2]. Since the present networks are
saccharose-based carbons, we expect textural changes
during thermal activation at temperatures higher than
those employed for the carbonization [27, 48].

Several results of Laine and co-workers [28, 38, 49]
reinforce the above suggestion. Thus, elemental analy-
sis of the “blank™ macro-network (Anw-1) has shown
[28] a chemical composition of: C = 61%, O = 36%,
and H = 3% (wt%), which corresponds to CgH4Oy,.
Compared to the saccharose base Ci,H,01; the hy-
drogen and oxygen decrease by 4 and 12 wt% respec-
tively, and the carbon increases by 16 wt%. On the
other hand, nitrogen adsorption in the ANw-; and Anw-2
macro-networks was undetectable, indicating negligi-
ble B.E.T (Brunauer-Emmett-Teller) surface areas [28],
unlike activated carbon which normally has around
1000 m2/g surface area [18]. As will be seen below, the
present 3D macro-networks have relatively large cells
which are more than 100 times wider than the macrop-
ores found in carbons derived from lignocellulosic raw



Figure 5 Image of bulk carbonaceous macro-network from the ANw-2 sample: (a) 3D random structure of a subsection of the sponge and (b) Subsection

showing macrocoil shapes (mcs).

materials (agreeing with the B.E.T. surface areas for
Anw-1 and Anw-2 samples listed in Table V). Finally, a
temperature programmed reduction (TPR) analysis of
the network blank material [28, 49] has shown a TPR
trace resembling those reported [38] for L-type acti-
vated carbons; i.e., those prepared by low temperature-

“chemical’-activation, a synthesis method that uses
a chemical additive (normally H3PO,4, ZnCl,, KOH,
etc.). In that work, after a first positive peak in the
TPR spectrum attributed to H,-reduction of the car-
bonaceous material (consumption of hydrogen), a high
temperature negative peak (which is not observed in
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TABLE IV Summary of the experimental conditions employed for the study of texture changes of the 3D macro-networks under activation by Ny

and CO,

Activation Activation
Networks temperature (°C) residence time(min) Other experimental conditions
AN,-2 800 60 Njy-activated from Anw-1, without H>O pre-washing
Aco,-2 800 60 CO;-activated from Anw-1, without HoO pre-washing
AN,-3 800 60 Nj-activated from Anw-2, with H,O pre-washing
Aco,-3 800 60 CO;-activated from Anw-2, with HyO pre-washing
AN,-4A 800 60 Nj-activated from Anw-2, without HyO pre-washing
AN,-4B 800 120 Nj-activated from Anw-2, without HoO pre-washing
AN,-4C 800 300 Nj-activated from Anw-2, without H,O pre-washing
AN,-4D 800 5 Nj-activated from Anw-2, without H, O pre-washing
Aco,-4A 800 60 CO;-activated from Anw-2, without H,O pre-washing
Aco,-4B 800 5 CO;-activated from Anw-2, without H>O pre-washing
Aco,-4c 750 5 CO;-activated from Anw-2, without HoO pre-washing
Ac0,-4D 700 5 CO;-activated from Anw-2, without H>O pre-washing

H-type activated carbons; i.e., those prepared by high
temperature-“physical’-activation) was assigned to hy-
drogen evolution from the macro-network material [28,
49].

The earlier results indicate activating the Anw-; and
Anw-2 samples is possible to obtain activated carbons
showing large B.E.T. surface areas but also that they
might be usable for hydrogen storage [45].

3.3. Textural changes in the networks
caused by activation

3.3.1. General discussion

To confirm that high temperature heat treatments

change the topology and texture of carbon macro-

networks we studied activation with N, and CO, of

both 3D networks. Table IV summarizes the samples

and experimental conditions.

The first section of Table IV, includes two samples of
Anw-1 activated under N, (ANZ-Q) or CO, (AC02—2) at
800°C for 1 h. Since Anw-1 has no potassium the blank
was not washed with H,O before activation.

The second section of Table IV includes two samples
with potassium (Anw-2) activated under N, (An,-3) or
CO; (Aco,-3) at 800°C for 1 h. Before activating ANw-2
we washed it with H,O until it reached a neutral pH.
To compare the An,-3 and Aco,-3 samples with the
AN,-2 and Aco,-» samples, we substract the potassium
originally in the ANw-; carbonaceous matrix.

The third section includes four samples with potas-
sium (Anw-2) activated under N, at 800°C for different
activation times (5, 60, 120, and 300 min). We des-
ignate these samples An,-4i. To study the influence of
the potassium in activation, we did not wash the Anw-»
with H,O before activation.

Finally, the last section of Table IV shows four sam-
ples with potassium (Anw-2) activated under CO, at
activation temperatures from 700 up to 800°C and with
activation residence times from 5 to 60 min. We desig-
nate these samples as Aco,-4i. As in the previous Sec-
tion, to study the influence of potassium on activation,
we did not wash with H,O before activation. We hope
to compare the influence of both the choice of gas and
of potassium on total burn-off of saccharose and the
B.E.T. surface in the two types of activation.
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TABLE V Total burn-off of saccharose and B.E.T. surface areas of
the 3D networks

Saccharose burn-off 2 B.E.T. surface area

Networks (%) (m? g1
ANW-1 85 10
ANw-2 66 15
ANy-2 92 8
Aco,-2 91 270
Any-3 70 79
Aco,-3 72 137
AN,-4A 72 558
Aco,-4A 100 -b

“Except for the values for An,-3 and Aco,-3 which were washed with
H,O, all the saccharose burn-off (%) values were estimated after sub-
tracting the theoretical reminant weight of potassium as KO (0.4501

2).
bThe B.E.T. surface area of the Aco,-4A sample is not included since it
was totally pyrolyzed.

The B.E.T. surface areas of the Ayw-1 and Anw-2
samples listed in the Table V (10 and 15 m? - g~ !) sug-
gest a non-porous texture, in line with the morphology
observed in Fig. 5, which shows that the 3D macro-
networks of carbon have relatively large cells more
than 100 times wider than the macropores found in car-
bons derived from lignocellulosic raw materials. The
optimum temperature for L-type activated carbon syn-
thesis is 450°C [37, 38], which is the same final tem-
perature we employed to prepare our macro-network.
Table V shows that the burn-off in our experiments
was relatively high (about 85%) for Axw-; compared
to normal chemical activation (40-60%). However,
the burn-off (Table V) in the Anxw-» sample (with
potassium) is only slightly higher than normal (about
66%).

The total burn-off obtained in the An,-2 and Aco,-2
samples is slightly higher (respectively, 92 and 91%)
than that of Anw-1 (85%). In addition, the total burn-off
for the An,-3 and Aco,-3 samples is slightly higher (re-
spectively, 70 and 72%) than that of Anw-2 (66%), only
slightly higher than the normal range for chemical acti-
vation. This is in line with reports by Laine and cowork-
ers [20, 21, 38, 39, 50] which propose that the chemical
activator (H3PO,4 and/or KOH) supresses volatilization
and pyrolysis that would destroy the fine microporous



which causes the high surface area of L-type activated
carbon. In high oxidation activation with CO; (Aco,-2
sample) the B.E.T. surface area obtained from Anw-1
was moderate (270 m?-g~!) while it was negligible
when activated with N, (An,-» sample). However, the
B.E.T. surface areas for the An,-3 and Aco,-3 sam-
ples show a different trend. Activation of Anyw-2 un-
der N; (An,-3) produced a higher B.E.T. surface area
than for the An,-» sample obtained from Anxw-1 (79
against 8 m?- gfl). Activated under CO,, the Aco,-3
sample produced a lower B.E.T. surface area than did
the Aco,-» sample (137 against 270 m? - g~1). These
surface areas seem to indicate that although the Axw-2
sample was previously washed with H,O, it still con-
tained a small amount of potassium, sufficient to inhibit
excesive pyrolysis and hence to increase the B.E.T. sur-
face area for activation under nitrogen compared to ac-
tivation of Anw-; under N (79> 8 m? - g_l). In other
words, KOH is an effective catalyst for the activation
of the carbonized Anw-2 macro-network, both in the
presence of N, and COs.

KOH at the surface of the carbonized lignocellulosic
material decomposes according to the reaction [50]:

2KOH — K,0 + H,0, 7

producing gaseous water that due to its small weight
and molecular diameter diffuses easily into the carbon
pores, contributing to gasification. The basic reaction
of carbon with water vapor is endothermic and of the
following stoichiometry [21, 51]:

AH = +117 kJ - mol~".
(®)

H,O + C — CO + Hy,

In addition, the abundant oxygen available from the
carbonaceous matrix can consume the yield products
of Equation 8 (CO + Hy):

CO + H, +20 — CO; + H,0, 9

further increasing the concentrations of activators (CO,

Yuhn and Wolf [52] have shown that other metal
alkaline salts, like sodium nitrate and hydroxide, in-
teract with carbon to form surface carbonate species.
Accordingly, the formation of a layer of oxides (sim-
ilarly to the layer of polyphosphate reported by Laine
and Calafat [50]) over the developing pore structure
could prevent the excessive gasification found for catal-
ysis with potassium hydroxide, due to interaction with
gaseous COs.

Like the gasification reaction of Equation 8, the re-
action of carbon with carbon dioxide can be expressed
as:

CO, +C — 2CO, AH = +159kJ-mol~!. (10)

On the other hand, above 800°C the water-gas shift
reaction is at equilibrium [51]:

CO + H,0 = CO, + H; an

with an equilibrium constant between 0.5 and 1. Both
reactions (8) and (10) are important. Though super-
heated steam is usually the primary activater, it is not
in our case, so we suggest that reactions (7) to (9) pre-
dominate during activation of macro-networks with N>,
while reactions (7) to (11) and particularly reactions
(10) and (11) are all involved during the activation of
macro-networks with CO,.

The last section of Table V (An,-4a and Aco,-4a Sam-
ples), suggest that this mechanism not only is in line
(via reactions (7) to (9)) with the moderate burn-off of
saccharose (72%) and relative high surface area (558
m? - g~ !) of the ANw-» sample (with potassium) acti-
vated with N; at 800°C for 1 h (An,-44), but also, (via
reactions (10) and (11)) with the maximum burn-off
of saccharose (100%) observed for the Anw-» sample
(with potassium) activated with CO, at 800°C for 1
h (Aco,-4a). In neither An,-4a and Aco,-4a Wwas the
macro-network (Anw-2) washed with water before ac-
tivation so they contained all the remnant potassium.
The last section of Table V suggest that the presence
of potassium as KOH initiates, by means of reaction
(7), the catalytic activation of the carbonaceous net-
work. This effect is stronger for the sample activated
under CO; (Aco,-4a) Where the macro-network sam-
ple (Axw-2) was totally pyrolyzed probably by the in-
creased amounts of activators (CO, + H,0) produced
by reaction (11).

3.3.2. Influence of the activation time

Fig. 6 shows the B.E.T. surface areas and the to-
tal burn-off of saccharose estimated after substracting
the theoretical remnant weight of potassium as K,O
(=~0.4501 g). Anw-2 samples activated under Nj at

1000 100
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N’
< 600 - 1 60 &
o =
s =
[} 1
& 3
5 S
w400 {40
&
=
=

200 4 20

0 1 1 1 1 1 0
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Time (min)

Figure 6 Surface B.E.T. areas and burn-off behaviour of networks acti-
vated with N; (at 800°C) as a function of residence time.
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800°C as a function of the residence activation time
were designated An,-4i. The burn-off tends to increase
with the activation time, a well-known trend reported
for several types of lignocellulosic materials [53-60].
The burn-off of the An,-4i samples shown in Fig. 6 in-
creases from 68% at 5 min to close to 80% at 300 min,
principally through reactions (7) to (9). The quantities
of activators (CO, + H;0O) produced by reaction (9),
may increase strongly at longer activation times leading
to greater activation and more pyrolysis of the saccha-
rose. The B.E.T. surface areas for the A,-4i samples,
in Fig. 6 show that the texture of the macro-network
(Anw-2) changes as a function of the residence time,
the surface area increasing from 565 m? - g~! at 5 min
(AN,-4p) to a value of 558 m? - g~ ! at 60 min (A, _ 4a)
to a maximum of 850 m? - g’1 at 120 min (An,-45); then
drastically falling to 540 m?- g~! at 300 min (An,-4c).
For activation times longer than 2 h, activation seems to
became less efficient, probably due to the well-known
destruction of the fine micropore structure which pro-
duces the high surface area of L-type activated carbons
[20, 21, 37, 38]. The results in Fig. 6 agree with this
mechanism, soreactions (7) to (9) are probably the main
cause of texture changes during activation of the Anw-2
macro-network under N, at 800°C.

3.3.3. Influence of the activation
temperature

We now discuss the Anw-» macro-network samples
designated Aco,-4a activated for 5 min under CO; as
a function of the activation temperature. Fig. 7 shows
their B.E.T. surface areas and total burn-off of saccha-
rose. The burn-off tends to increase with the activating
temperature. This burn-off dependence resembles the
ence of the temperature on yields of carbons produced
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Figure 7 Surface B.E.T. areas and burn-off behaviour of networks acti-
vated with CO; (by 5 min) as a function of temperature.
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from different lignocellulosic materials [37, 38, 55-57,
59]. The saccharose burn-off increases from a moder-
ate value of 72% at 700°C (Aco,-4p) to a high value of
94% at 750°C (Aco,-4c) up to a maximum of 100% at
800°C (Aco,-4p)- This trend is in line with the mecha-
nism suggested above using reactions (7) to (11). The
most important reactions are Equations 10 and 11, par-
ticularly the last, which begins to be important when the
activation temperature approaches 800°C. The higher
the activation temperature the more saccharose pyrol-
ysis. In line with this behaviour, the B.E.T. surface
area should decrease with increasing final activating
temperature. Fig. 7, shows that these values decreases
from 981 m? - g~! at 700°C (Aco,-4p) to 717 m?-g ! at
750°C (Aco,-4c) to zeronear 800°C (Aco,-4) when the
macro-network pyrolyzes completely. This drastic tex-
tural change shown in B.E.T. surface area results from
the destruction of the micropore texture created during
the initial stages of activation by the strong oxidation
conditions. The presence of potassium as KOH (that
produces H,O via reaction (7)) and the high tempera-
tures (via reaction (11) which promotes the production
of CO;) both increase this destruction. Both oxidizing
agents and activators (H,O and CO;) can pyrolyze the
carbonaceous matrix via the two gasification reactions
(8) and (10).

3.3.4. Influence of the KOH concentration

Finally, we discuss the influence of the KOH concen-
tration on the textural changes of the macro-networks
(Anw-2) activated under N at 800°C for 1 h. Fig. 8
shows the B.E.T. surface areas obtained from the ad-
sorption isotherm of N, at 77°K and the total burn-off of
saccharose estimated after substracting the theoretical
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Figure 8 Surface B.E.T. areas and burn-off behaviour of networks acti-
vated with Ny (at 800°C, by 1 h) as a function of KOH concentration.



remnant weight of potassium as K;O, as described
above. Fig. 8 shows that the burn-off decreases mono-
tonically from a maximum of 87% at 1 wt% of KOH to a
minimum of 72% at 34 wt% of KOH and then slightly
increases to 76% at 67 wt% of KOH. This burn-off
behaviour is very similar to that reported by Do and
Ahmadpour [54] for the preparation of activated car-
bon from Macadamia nutshells by chemical activation
with ZnCl,. Fig. 8 also shows that the B.E.T. surface
areas for the activated macro-networks have a volcano
shaped dependence on the KOH concentration. This
profile shows a low B.E.T. surface area of 96 m? - g~!
for 1 wt% of KOH, in line with the water washed macro-
networks Ay, -3 under the same experimental activation
conditions (N,, 800°C, 1 h) with a B.E.T. surface area
of around 79 m? - g~! (Table V). This result suggests
that at least, some potassium as KOH is required to
catalyse macro-network activation. For KOH concen-
trations higher that 1 wt%, the B.E.T. surface areas of
the activated macro-network increase exponentially up
to a maximum value of 558 m? - g~! at 34 wt%. Coinci-
dentally, this point corresponds to the concentration of
KOH which has the minimum saccharose burn-off. For
KOH concentrations higher than 34 wt%, the B.E.T.
surface area decreases drastically to a moderate value
of 276 m?>-g~! at 67 wt% of KOH.

These results are in line with the mechanism pro-
posed above via reactions (7) to (9). The presence even
of very low concentrations of potassium as KOH in-
hibits the pyrolysis of the macro-network, indepen-
dently of the concentration of the hydroxide. In terms
of the B.E.T. surface areas, the texture changes in the
activated macro-networks in which the microporosity
at low KOH concentrations increases to a maximum
with increasing KOH then decreases for higher con-
centrations of KOH, results from the stronger oxida-
tion conditions, favoured by very high concentrations
of potassium as KOH. As reaction (7) indicates, KOH
thermally decomposes to produce K,O + H;O, and
gaseous water is a very efficient activator that via re-
action (8) gasifies the macro-network. Another expla-
nation of the loss of B.E.T. surface area in Fig. 8 is
the well-known capacity of the alkali metals, in par-
ticular potassium, to intercalate between the parallel
planes of graphite-type carbons [61-63]. Given the ini-
tial macroscopic morphology of the non-activated net-
works (Fig. 5), high concentrations of KOH may favour
the intercalation of potassium into the macro-network
sheets during activation, concominantly blocking mi-
cropores and so decreasing the surface areas as in Fig. 8.
In addition, potassium-intercalation in graphite influ-
ences its hydrogen adsorption capacity [63] in line
with the results in Section 3.2, that the temperature
programmed reduction profile of the present macro-
network of carbon shows a large negative peak at very
high temperatures that is due to hydrogen evolution
[28].

4. Summary and conclusion

In summary, controlled pyrolysis of saccharose pro-
duces polygonal macro-network films adhering to the
bottom and walls of pyrex flasks. Our data, analysis

and correlations indicate that the topological proper-
ties of these random 2D networks, composed princi-
pally of carbon aggregated grains (carbon polygrains),
differ significantly from other two-dimensional cellular
structures. The pentagon was the most abundant poly-
gon in the films, with ring areas in the range of 4 to
10 mm? and 4 to 12 mm?, for networks originating
from saccharose pre-dissolved in water or in aqueous
solution of 34 wt% KOH, respectively.

Irregular 3D sponge balls with random network
structures similar to those in the films also formed at the
bottom of the beakers for both samples. These sponges
are assemblies of carbonaceous grains of different sizes
with an interface where the carbon grains develop into
a continuous 3D net of macrotubes with coiled shapes,
due to the presence of potassium microparticles in the
original carbonaceous matrix. The properties of these
sponges indicate that they might be useful for hydrogen
storage.

The activation process we present can produce ac-
tivated carbons with B.E.T. surface areas as high as
850 and 981 m? - g~! for activation with N, and CO,,
respectively, corresponding to surface areas 85 and
98 times higher than those of non-activated macro-
networks. We propose that KOH catalyzes the activa-
tion of macro-networks.

Future work, identifying the effects of sample prepa-
ration, molecular weight and chemical composition of
the saccharide precursors on the random cell structures
of these materials will enhance our understanding of the
physics of carbon networks, and probably such studies
may permit us to find some connection between the
topological and texture properties.

Since activated carbon materials can induce photo-
catalysis [64—68], and since our carbon films are trans-
parent, we are testing the influence of our carbonaceous
macro-networks on titania-photocatalyzed reactions.
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