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THE OXIDATION OF AN ASTURIAN BITUMINOUS COAL
IN AIR AND ITS INFLUENCE ON SUBSEQUENT
ACTIVATION BY STEAM
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Abstract—It is shown that the 0X1dation of an Asturian biluminous coal by alr, at 1307 and Z70°C, has
a considerable influence on the microporous struciure of the carbon obtained by subsequent carboniza-
tion and steam activation to 50% burn-off, The direct activation of the coal leads to an open micropore
sysein of 0.2 -;,.1113/5, with an avcrage pore siee agar 0.8 nm. On the other hand, much larger cyctems _uf
micropores can be obiained in the final products, depending on the temperature of pretreatment in air.
The oxidation at 270°C eventually leads to supermicropores (W, = 0.4 cm’/g) and 10 3 small system of
narrow micropares near {0, 3-0.5 nm. Malecular sieving experiments indicate that these micropores are part
of the constrictions leading into 50-60% of the larger pores.
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1. INTRODUCTION

It has been shown recently that various pretreatments
applied to cokes[1] and to anthracites{2] can influence,
o some extent, the physical properties of the material
obtained by subsequent activation by steam near
#£50°C_ In the case of an Asturian anthracite, for ex-
ample, preoxidation in air at 270°C improved the yield
of the active carbon, although it remained relatively
low. With rcspect to the carbon obtained from the
non-oxidized coal, the micropore volume and the ex-
ternal surface areas were, respectively, 20% and 30%
higher. Moreover, developrment of micropores smaller
than 0.4 nm was observed while the porosity in the
range of 0.4 to 0.6 nm was reduced.

As shown elsewhere[3,4], the coal oxidation process
influences markedly the development of the micro-
porous structure of the carbonized materials obtained
from bituminous coals. The coal oxidation tempera-
ture and time both allowed the size of the constrictions
al the entrahces of the micropores 1o be altered. In
this way, the micropores of chars from cxidized bitu-
minous coals were more accessible, in spite of being
narrower than those of the carbonized material ob-
tained from unoxidized coal. In the present study,
we show that in the case af a hituminons coal from
Asturias, preoxidation in air and, in particular, its
temperature, have a considerable influence on the mi-
croporosity of the carbon olbrained by subsogquent ac-
tivation with steam. As illustrated below, the physical
properties differ considerably from those of the car-
bon obtained by direct activation of the untreated
coal. These differences arc revealed by the use of com-
bined adsorption and immersion technigues developed
in our laberatory[5-8].

*On leave from Instituto Macional del Carbdn, Oviedo
{Spain}.

The theoretical background is provided by Dubinin’s
theory for the volume Milling of micropores[3,6,9]. It
makes a clear distinction between the micropore vol-
ume, W, and the external surface, 5,. The classical
BET surface area corresponds to the sum of 5, and
the monolayer equivalent of #g. The actual surface
area of the micropores, &, depend: on the averapge
pore width, L. It follows that S{BET) and 5,,; are of-
ten different.

2. EXPERIMENTAL

2.1 Raw materigf

A high-volatile bituminous coal from the Asturian
Rasin, [ieres (Morth of Spain), was used as the start-
ing material. The raw coal had the following chemi-
cal composilion: ash, 5.3% (d.b.); V.M., 41.4% (daf);
C, 85.0% (daf); H. 5.1% (daf); N, 1.7% (daf); 5,
0.6% (dafy; O{by diff.), 7.6% (daf). It is interesting
to point out the low ash yield of the raw material,
since it will increase markedly during the carboniza-
tion and activation processcs.

The coal was ground and sieved. the size fractions
of 125-180 and 710-1000 pm being used in parallel,
in order ta investigate the possible effect of the grain
sizc on the propertics of the subscquent meterials.

2.2 Sample preparation

£.2.1 Coal oxidationf3f. Uhe oxidation of the
coal (40 g) was carried out in an oven with forced cir-
culation of air at 270° and 150°C during 6, 12, and
72 hours.

2.2.2 Carbonizationf3f. The fresh and oxidized
coal ramples (4 g) were pyrolyzed in a tubular quarts
reactor under a stream of My at 350°C. The heating

rate was around 100°C/min, with a soaking time of
1 hour, Finally, the samples were cooled in Ny o
room temperature.



2.2.3 Activarionf!,2,8]. The carbonized mate-
rials were treated in batches of 2 g at 850°C in a stream
of Mz (0.5 1/min} with water vapor {29% vol.} pro-
vided by a bath at 70*C. The activation took approx-
imately 1.5 hours and the final degree of burn-off,
relative to the nsh-froc char, wos around 50T for all
samples.

2.3 Sampfe characterizatfon

The main characteristics of the carbonized mate-
rials have already been discussed elsewhere[3] and, for
the sake of clarity, they are shown in Table 1. In the
present study, we also determined the enthalpies of im-
mersiom into henzene and warer ar 2931 K

The different active carbons prepared in this study
were characterized as described in detail previously[2,
5-7). The techniques include the adsorption of CHCl,
vapour at 293 K and immersion calorimetry, at the
same temperature, using molecular probes of differ-
ent critical dimensions: dichloromethane (0.33 nm),
benzene (0.41 nm), carbon tetrachloride (0.63 nmy),
tetrabutylurea (0.93 nm), and tri-2, 4-xylylphosphate
(1.50 nm). Immersion into water provided further
information about the hydrophilic/hydrophobic char-
acter of the carbon surface. As shown below, the com-
bination of these techniques, based on Dubinin's
theory and its extensions[5,6.9]. provides useful and
complementary information on the structure of the
carbons (micropore volume W, average micropore
width L; external, microporous, and total surface areas
Sen 8,00 and 5.0

The propertics of the solids, given in Table 2, corre-
spond to | ¢ of the material as received (carbon 4 ashes)
and no correction was made. This means that scaling
factors have to be applied to obtain the values for | g
of the pure active carbons. These factors are 1.1 for
sample LoBC-A, 1.2 for samples L4-A, L4DM-A,
L4D3-A, and L4BC-A and 1.4 for L4B3-A. The pore
widths and specific enchalpies of immersion into wa-
ter (h{J/m*) = Ak;(1/2)/ 5, (m*/g)) are not affected
by this scaling.

3, RESULTS AND DISCUSSION

The direct activation of the carbonized bituminous
coal by steam at 850°C to 50% burn-off leads to a typ-
cal active carbon (sample L4-A). The vicld is relatively
low in comparison with other precursors[8]. However,

the development of microporosity is better than that
observed for the Asturian anthracite examined previ-
ously[2] or obtained from bituminous coals with a
lower volatile matter content[10]. Different activation
conditions can also play a role[8,11]. The Dubinin-
Radushkevich plot, shown in Fig. 1, leads to B —
0.24 cm*/g and to an average pore width of 0.8 nm.
derived from Ej; (The so-called characteristic energy
£y of the swstem 15 refated to the average micropore
width(5,7]). From the enthalpies of immersion Ak,
inta liquids of different molecular sizes £, it is pos-
sible to derive the limiting micropore volumes
Hy( L) filled by the praobes, as shown in Fig. 2. The
profile for sample Ld-A suggests that the average mi-
cropore size should be around 0.8-0.9 nm, in agree-
ment with the wvalue derived from the CH,Cl.
isotherm. This agrecimeinl alsyo indicates the absenos of
“gate™ effects at the entrance of the larper pores.

The specific enthalpy of immersion into water,
0.045 J/m?, is typical for carbons activated without
preliminary treatment[1,2].

The oxidation of the coal in air at 150°C during 12
and 72 hours, followed by carbonization and steam ac-
tivation, l=ads to samples L4DM-A and L4D3-A. The
former is similar to the active carbon obtained with-
out preoxidation, as suggested by the data of Table 2
and by the accessibility of the micropore volume
shown in Fig. 2. The only difference is a downward
deviation in the D-R plot at low pressures (Fig. 1),
which indicates the presence of some constrictions in
the microporous system of this sample.

In the case of sample L4D3-A, on the other hand,
the micropore volume obtained for the same degree
of burn-off (507 is larger (0.43 cm®/z as received,
or theoretically 0.51 cm*/g of pure carbon), This in-
dicates a strong influence of the 72-hour pretreatment
on the structure of the precursor and, consequently,
on the course of subsequent activation. Moreaver, as
shown in Fig. 3, the D-R plot of the CHLCL, isotherm
is slightly curved, which corresponds te a Dubinin-
Astakhov egn. [5,6,9) with 7 = 1.7, This behaviour re-
flects a relatively broad micropore distribution around
1.2 nm, as confirmed by the variation of the accessi-
ble volume HL(L.) shown in Fig. 2.

The larger microporosity of the active carbons, re-
sulting from the preoxidation stage, can be related to
earlier observations on the properties of the Lieres
coal(2]. It has been shown that, during the pyrolysis

Table 1. Main characteristics of the carbonized materials (350°C), following preoxidation in air[3] {The data correspond
to dry ash-free material)

Coal oxidation temperature No treatment

Coal oxidation time

Wy (em?ig) (CO,; 273 K)

L {am) (Ey of €0,; 271 K)

S (MY ED 2
—af {CeHe) (178)

—ah; (Hy0) (3/g)

QNE*G
P P

150°C 270
12 hours 72 hours & hours 72 hours
017 018 0,21 0.24
L] L% 0.0 0.8
425 4350 467 533
I 1 3 7
0.3 29.6 6.7 47.4
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Fig. 1. -R plot for the adsorption of CHyCly vapour ai
I93 K by samples Ld-A (@) and L4DM-A (W}

step, the untreated coal displays thermoplastic prop-
erties. As a consequence, the carbonized material has
some microporosity around 1.2 nm, as indicated by
the adsorption of CO, at 273 K (see Table 1). How-
ever, as suggested by the low adsorption of N, at
77 K and by the low enthalpy of immersion into ben-
zene Am(CqHg), the micropore system is virtually in-
accessible, owing (o the presence of constrictions.
Water, itself, has a limited interaction with the solid,
as suggested by Ak (H,0) = 6.6 ]/g.

On the other hand. the preoxidation of the coal re-
duces its thermoplasticity during the carbonization
stage and one observes a larger micropore sysiem
{(C0y, at 273 K). lts accessibility also increases, as in-
dicated by nitrogen adsorption and by the enthalpies
of immersion into benzene and water. As shown in
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Fig. 2. The micropore volume (L ) of samples Ld-A,
LADM-A, LAD3-A, L4BC-A, L4B3-A, L6BC-A filled by
lqulds with different molecular sizes .Lt =
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Fig. 3. D-R plot for 1the adsorption of CHACls vapour at
2931 K by sample L4D3-A.

Table 1, these effects increase with the time and the
temperature of oxidation. The initial porosity and its
increaging acesssibility provide better conditions for
the subsequent activation of the chars by water,
The effect of a longer preoxidation in air is clearly
shown in the case of samples L4BC-A and L4B3-A,
where pretreatment was carried out at 270°C for 6
and 72 hours, respectively. The micropore volumes are
similar to that of sample L4D3-A {pretreatment at
150°C for 72 hours), but an important modification,

probably due to the higher témperature. is observed in
the microporous structure. As illustrated in Figs, 4=5,
the D-R plots of the CH4Cls isotherms display two
sections. As discussed elsewhere[12], this situation
may correspond either to the coating of the walls of
large micropores or to the primary filling of small mi-
cropores[13] (sectlon 1), followed by the filling of a
distinct system of larger micropores (section ).

As shown below, il appears that section 1 corre-
sponds to a mechanism of primary micropore filling.
The presence of two distinct systems of micropores is
relatively rare, but it has been observed and investi-
gated by Dubinin ef al. [9,14-16]. Under these cirewm-
stances, the overall adsorption isotherm is a sum of
contributions from scctions 1 and 2,

W= W,, expl —(A/BEy Y | + Wy expl —{A/BE))
iy
It follows that the enthalpy of immersion of the car-
bon into various liguids is given by
—ah; (1/e)
= (Eg Wy, + EaWa)B(1 + aTyx “2/2V,, — b, Se
{2}

provided that volumes Wy, and Wy are both accessi-
ble to the molecular probe.
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Fig. 4, D-R plot for the adsorption of CHCly vapour at
293 K by sample L4BC-A.

For the carbons derived from our bituminous coal
treated at 270°C, the first system has micropore widths
in the range of 0.3-0.5 nm. The second system, on the
other hand, corresponds to supermicropores with an
average width around 2 nm (this dimension is an ap-
proximation, since these pores are not necessarily slit-
shaped).

As shown by immersion colorimetry into lquids of
different molecular dimensions, active carbons with
average pore widths beyond 1.2-1.5 nm no longer
display molecular-sieve effects and the enthalpies of
immersion are numerically similar[6]. However, in
the present case, the values obiained for tetrabutyl-
urea (TBU) and tri-2,4-xylyl phosphate (TXP) are
low {Table 2, which indicates a gate effect for these
imelecinles.
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Fig. 5. D-R plot for the adsorption of CHLCl; vapour at
293 K by sample L4B3-A,

Equation {2) can be used first to calculate S, from
the data obtained for CH,ClL. In a second stage, one
obtains the micropore volumes (L) filled by the
larger molecules (it is assumed that the first system is
not accessible to TBU and TXP). As shown in Fig. 2,
in the casc of samples L4BC-A and L4B3-A these mol-
ecules only fill a fraction of Wy, The cut-off begins
near L7 nm, whereas the average pore size suggested
by the charactenstic energy £y|7] is around 2 nm.
Therefore, the profiles shown in Fig. 2 do not reflect
the real microporosity, but the molecular-gieve effect
resulting from constrictions at the entrance of the
supermicropores. These constrictions may be repre-
sented, partly at least, by the smaller micropore sys-
tem. As a conscquence, only half of the volume Mg,
15 accessible 1o larger molecules.

Since the initial microporosity in the chars increases
with the coal oxidation temperature (see Table 1 and
refs. [3,4]), the subsequent activation process may pro-
duce a larger and wider porosity in activated carbons
derived from the coal oxidized at 270°C than that ox-
idized at 150°C.

As illustrated by the data of Table 2, the effect of
the particle diameter of the bituminous coal on pre-
treatment is negligible and one obtains a similar be-
haviour for the D-R plot of sample L6BC-A (particles
of T10-1000 pm}. Moreover, the enthalpies of immer-
sion of samples L6BC-A and L6B3-A into the differ-
ent liquids, including water, are also similar to those
of samples L4BC-A and L4B3-A. The Hy{L.) profile
of sample L6BC-A shown in Fig. 2 is similar to that
of the samples obtained with particles of 125-180 wm.

The increasing values of Ah,{H,0) and. in partic-
ular, of the specific enthalpy of immersion, &;(H,O),
are also a clear reflection of the effect of oxygen on
the final carbons. As shown in Table 2, &,(H.0) in-
creases from 0.045 J/m?* for active carbon L4-A (di-
rect activation of the bituminous coal) to 0.0%8 J/m?
in the case of carbon L4B3-A, where the coul has been
treated at 270°C for 72 hours. In spite of the 50% ac-
tivation by steam at 850°C, the effect of preoxidation
(shown in Table 1) is still observed in the final prod-
uct. This cotnparison also illustrates the advantage of
immersion calorimetry in the study of a series of re-
lated carbons.

4. CONCLUSIONS

The present study shows that, in the case of the
Asturian bituminous coal, the pregxidation in air can
influence in two ways the microporous structure of the
carbons obtained by subsequent carbonization and ac-
tivation with steam. The temperature plays the key
role in the process. First, a mild treatment around
150°C increases the yield in micraporosity, with re-
spect to the direct activation, but retains a relatively
open structure. Secondly, a treatment at a higher tem-
perature {270°C) also inducca a change in the struc-
ture, leading finally to supermicropores and to a
considerable “gate” effect. This corresponds, in fact,
to a potential molecular sieve carbon with a relatively



large micropore volume W, (approximately 0.50
em’/g of purc carbon at a 50% burp-off). At the
present time, the manufacture of this type of carbon
requires the development of the microporosity and the
subsequent reduction of the width at the entrance of
the pores. The latter is typically achieved by carbon
deposition resulting from the pyrolysis of hydrocar-
bons adsorbed in the solid[17,18]. As a result, the pore
slze decreases, as well as the pore volume, and a sub-
stantial fraction of the adsorption capacity is lost. This
suggests that it may be more convenient o produce
carbon molecular sieves by the controlled treatmem
outlined in the present paper.

Ackrowledgermentis—T. A. Centene wishes to express her
thanks to Consejo Superior de Investigaciones Cientificas for
a grant.

REFERENCES

1. F. Swoeckli and . Huguenin, Fuel T3, 1929 (1994).

2. T. A. Centeno and F. Stoeckli, Carbon 32, 1463 (1954).

3. T. Alvarez, 1. ). Pis, A. B, Fuertes, 1. B. Parra, and
1. A, Pajares, Studies in Surface Science and Catalysis
(Edited by J. Rowquerol, F. Rodrigoez-Reinoso, K. 5, W,
Sing, and K. K. Unger). Vol. 87 p. 651, Elsevier, Am-
sterdam [1994).

. T. Alvarez, A, B. Fuertes, 1. J. Pis, I. B. Parra, and
1. A, Pajares, Fuel 73, 1358 (1994).

. K. C. Bansal, . B. Donnet, and H. F. Stoeckli. Acrive
Carbon. Margel D:kktr, Mew York (1988).

. H. F. Stoeckli, in Porosity in Carbons (Edited by 1,
Patrick), Chapter 3. Edward Arnold, London (1995},

« F Swoeckli, P, Rebeteing and L. Ballerini, Carbos 28, 907
11990).

. F. Stoeckli and L. Ballerini, Fuef 70, 557 (1991).

. M. M. Dubinin, Carbon 17, 457 (1989},

. 1L Pis, A. B. Fuertes, A, 1. Pérez, I, ]. Lorenzana, 5.
Mendioroz, and 1. A. Pajares, Fuel Proc. Technol, 24,
305 (1990).

. 1. A. Pajares, 1, 1. Pis, A. B, Fuertes, J. B. Parra, M,

Mahamud, and A. 1. Pérez, in Preparauion of Cataly-
sis ¥ [Edited by G. Poncelet, P. A Jacobs, P. Grange,
and B, Delmon), p. 439, Elsevier, Amsterdam (194913,

. F. Swoeckli, Iv. Huguenin, and A, Greppi, . Chemn. Sec.
Faraday Trans, 89, 2055 (19593).

. P oM. Carrot, M. L. Ribeiro, and R. A. Robernis, Col-
foicds Surf, 58, 185 (1991).

. M. M., Dubinin, Zh. Fiz. Khimii 39, 1305 (19658),

. M. M. Dubimin, G. M. Plavnik, and E. [}, Zaverina,
Carlrarr 2, 261 (1964),

. . M, Dubinin, G. M, Plavnik, and E. [0, Zaverina,
Carbon 6, 183 (196B).
5. K. Verma angd P. I
{1992),

. 5. K. Verma and P, L. Walker, Ir., Cardor 31, 12043
(1993),

Walker, Ir,, s m_ R0



	1.pdf
	2.pdf
	3.pdf
	4.pdf
	5.pdf
	6.pdf

