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Abstract—An Asturian anmhracite has been subjected 1o different precreauments and subsequently acri-
vated by eteam at #5050 to a total burn-off of 55 percent. The physical properties (micropore gizes and
distributions, external surface areas, etc.) of the solids are compared with those of the carbon ohained
by direct activaiion. Although the vield is generally low, it appears that betier results are obtained by ac-
tivation fallowing preoxidation in air at 270°C for 3 davs, In the case of pretreaiments with a mixture of
nitkoden, air, and water vapor an 450°C, the subsequent activation is less efficient, The micropore vol-
umes and the pore size distributions are similar to those observed for soft precursors, but at a much lower

degree af burn-off
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L. INTRODUCTION

Activated carbons are materials with large adsorption
capacities from the gas phase and solution, as a result
of their well-developed porous structures and the
chemical nature of their surfaces. The characteristics
of these carbons are affected by the type of raw ma-
terial and the manufacturing conditions]1]. By choos-
ing the starting material correctly, the preliminary
treatiments, and the activation conditions, the voliime
and size of the pore system can be controlled and
adapted 1o a given application[2].

Many carbonaceous materials are used for the
manufacture of activated carbons (for example, agri-
cultural byproducts, petroleum coke, ec.), but coals,
mainly low-rank coals, are one of the most important
sources for the production of these carbons|1]. How-
ever, the use of anthracites as starting materials is not
very common. These materials present a higher degres
of orientation of the carbonaceous lamellaes than the
low-rank coals[3]. As a result, the diameter and the
aceessibility of the pores of the anthracites decrease.
and their physical activation is difficult.

As reported by different authors, the porosity of
Activaled carbons 1S drongly influencad by thelr inieil
treatment. Thus, it was observed that coal preoxidation
with air at temperatures between 100 and 270°C pro-
duces a marked increase in the pore volume of both
chars and active carbons obtained from coals with
plastic properties(4,53]. On the other hand, as shown
previously[6], at 450°C a mixture of air and water vapor
i a stream of nitrogen induces cthe development of a
significant external surface area, and of some micro-
porosity in an acetyvlene coke. Both low-temperature
treatmers also create favorable conditions for acri-
vation by steam around 800°C,
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As described below, these pretreatments were ap-
plied 10 a typical Asturian anchracite, prior 1o steam
activation, The resulting active carbons were subjected
to a full characterization by adsorption and immersion
techniques developed in this laboratory[2,7-9). This
provides a good insight into the effect of the pretreat-
memt on the development of microporosity at a final
weight loss of 55%, relative to the dry and ash-ree
starting material.

1. EXPERIMENTAL

2.1 Raw material

In this study. an anthracite from the Asturian Ba-
sin {Morth of Spain}, Cotg Minero Marcea, has been
used as starting material. The chemical composition
of raw coal was: ash, 4.0%(d.b.y; V.M., 5.1%(dar);
C. 91.6%(dal); H, 2.1%(daf); N, 0.3%{dal); 5,
1.2%(dafy OGhiff. ). 4.2%0daf). Its density in helium
is found to be 1.54 g/em?, which is relatively low and
indicates the presence of closed porosity. The raw ma-
rerlal was crushed and sieved, 1o obiain partiches sizes
between 1 and 1.3 mm, and subjected to three differ-
ent treatments.

2.2 Sample preparation

2.2.) Dvrect aogivation, The anthraciee (3 g) was
treated at B30°C with a stream of nitrogen {flow rate
of 2.5 |/min) saturated with water vapor provided by
a bath at 70°C ( p= 233.7 mmHg). The equipment is
described in detail elsewhere[9). One obtains sample
Ch-A,

2.2.2 Coal preoxidation followed by steam
activation. Approximately 20 p of anthracite was
placed in a square tray, with a bed height of 3 mm.
The sample was heated 1o 270°C, for 3 days, in an
cven with Nomesd-ain vonveclion. L a sooomd stage, the
oxidized solid was activated by steam to a burn-off of
55T (sample CMOP-A).
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Fig. |. D-R plot for the adsorption of THCly vapour at
293 K by samples CM20 (@) and CM20-A (D).

2.2.3 Low-temperature pretreaiment jfol-
fowed by steam activation. The anthracite (12 g)
was treated at 430°C with a mixture of nitrogen (2.25
I/min) and air (0.25 /min) containing water vapor
produced at T0°C. We obfained samples CM20 and
Chid3, corresponding 1o welght losses of 20% and
43%, In a second stage, these solids were activated by
steam, as in (2.2.1), the final degree of burn-off be-
ing 55% with respect to the original material. The re-
sulting active carbons are CM20-A and CM43-A. We
alsu examined an acetylenc coke used In a previous
study (low-temperature treatment followed by steam
activationitl), with a total mass-loss of 42%. This pro-
vided an interesting clue as to the influence of the pre-
cursor itself.

2.3 Somple characterization

The microporosity of the samples was characterized
by the adsorption of CTH,Cl; vapors at 293 K and by
immersion calorimetry into dichloromethane, benzene,
carbon terrachloride, tetrabuiylures, and =2 ,4-xviyl-
phosphate at the same temperature. Information
about the hyvdrophilic/hydrophobic character of the
carbon surface was obtaimed from immersion in water.

The adsorption isotherms were analyzed by apply-
ing the Dubinin-Redushkevich egquation (D-R)(2, 10].
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Fig. 2. D-R plot for the adsorption of CHyCly vapour at

293 K by samples CM43 (@) and CM43-A7(0). Note the
downward deviation in the case of Chi43.

Classical D-R plots, shows inn Figs. | and 2, Jead to
parameters By, the volume of the micropores and Ey,
the characteristic energy. As shown elsewhere[B], the
average mictopore width L can be caleulated from the
characteristic energy E;, (in kJ/mol) by the expression

L (nm) = 10.84E, — 11.4) {n

The serface of the micropore walls was calculated as
deseribed in a previous paper[#].

As shown elsewhere]z, 11], the enthalpy of immer-
sion of a porous carbon into an organic liquid, whose
vapor follows the Dubinin-Radushkevich equation, is
given by

AR (1) = —AEW, w31 + aT) 2V, + K5, ()

where o and V., are the thermal expansion coefficient
and the molar volume of the liquid filling the micro-
pore system, 7 is the affinity coefficient of the liquid,
h; represents the specific enthalpy of immerslon of
the open surface (Table 1), and 5, is the external sur-
face area. For a liquid having a critical dimension £,
and acting as a molecular probe, the micropore vol-
ume W{L.) filled by it can be caleulated using the
EAPression

Tahle 1. Characteristics of the liquids at 293 K21

Liguid L, {nm) a [0 K=Y ¥, fem?/mal) a —&, (1/m?)
THchlormmethane .33 1.34 ad o LN .15
Benzene 0.41 1.24 B8.91 1.00 0114
Carbon tetrachloride 0.63 1.22 0F.50 1.05 115
Tetrabutylurea 0.93 .85 283.34 3.50 0.118
Tri-2,4-xylylphosphat= 1.50 0.66 360,04 4.05 0.160




Table 2. Main characteristics of the camplec obtained from Coto Minera MNareea anthracine

Sample O 20 Ch43 CM2-A CMd3-A CM-A CMOP-A

Burn-off {%) 20 43 55 55 55 55

Wy tem™ /e 0035 0,056 012 (.04 0.15 018

Ey (kI mol) 28.0 EA N | 232 23.8 236 234

L {nmj (&8 0.6] 0,92 087 .88 0.50

£ imi g 108 184 261 209 341 400

S nn (mig) kL] 41 at 5 i) o)

5, (m/g) 147 125 292 214 4 49

- 4h; (CHLCLy) (1/8) 13.5 223 128 28.3 519 50.4

= Ads, (T ML 15 g) 10,7 17.9 13.2 20.4 47.0 50.9

—aky, (CCL) (1/g) 4.9 6.8 227 6.4 8.7 46.4

— ARy, (tetrabutylurea) (1/g) 4.6 7.1 3.4 [3.9 306 43.2

—ah, (irinylylphosphate) (1/g) 4.3 19 1L.5 B.2 18.3 26.4

—Ah. (HaO) (Jig) 10.0 12.9 1.4 .3 16.2 15.6

—&; (H O {1/m?) 0.068 0,088 0.039 0043 0,040 0.038
WiL.) [Ah(exp) — 5,28, o CH,ClL, and water. On the other hand, the low he-

iy

BENI + aT)yw

FE, is the characteristic energy obtained from the ref-
erence isotherm of a small adsorbate (in the present
case, CH-Cl,) and £_ is the smallest migropore width
accessible 1o the molecules of the liquid. Since Ej it-
self Is a funcrlon of the average micropore width, a
correction should be applied to £, as [, increascs.
However, it docs not modify significantly the histo-
grams derived from egn (3).

The external (or non-microporous) surface area of
Lhe carbons, 5., can be obiained cither from egon (2),
provided that the term &, 5, is not too small, or by
different mathematical treatments of the isotherm (de-
composition[2,12] and.for the use of comparison plots
based on non-porous carbons(13,14)).

3. RESULTS AMD DISCUSSION

Tahle 2 provides an overall view of the data ob-
tained for the various samples, with the exception of
the starting material. The latter shows no open poros-
ity, as suggested by its low enthalpy of immersion in
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Fig. 3. The micropore vodume W, of sample CMOP-A
filled by Hguids with different critical dimensions,

lium density (1,54 g/em?) indicates the presence of in-
ternal poarosity.

As illustrated by Figs. | and 2, the D-R eguation
is followed over a wide range of relative pressures,
with the exception of sample Ch43. In this case, the
downward deviation at low pressures probably reflects
molecular sieve effects, the average misropore size be-
ing the smallest for the carbons under investigation
{0.61 nm).

From the enthalpies of immersion in various or-
ganic liquids, it is possible to derive the micropore vol-
umes M4, { L.} filled by the molecules with critieal
dimension L_. Therefore, as illustrated by Fig. 3 for
sample CMOP-A, HL(L.) represents the volume of
the pores with entrances wider than £... The data for
Wy (L) leads to the micropore distribution shown in
Figs. 4-9 (histograms of AW, AL versus L). As il-
lustrated below, this type of representation is more
convenient 10 compare carbons of a given series and
their evolution, than the representation of HW,{L.)
versus £,

Az mentioned in the introduction, H{ (L.} is cal
culated from eqn (3) by using E,{CH,Cl,), and a
correction must be applied to take into accoumt the
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Fig. 4. The micropore digtribution in cirbon CM-A obtained
from maolecular-sieve experiments,
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Fig. 5. The micropore digtribution in carbon CMOP-A.

fact that E; varies with the average micropore width
L. However, as discussed elsewherefl 5], this correc-
tion does not change the histogram significandy.

Our experiments show that the direct activation of
the Asturian anthracite by steam to a burn-off of 55%
{sample CM-A) has limited success. The micropore
volume of 0.15 em?/g and the profile of the pore size
disrribution (Fig. 4) correspond 1o those observed for
other precursors at an carly stage of activation (15%
to 25% burn-off)[9,11]. The enthalpy of immersion
in benzene (47.0 1/g) is also small, as it represents one
fifth of the value observed by Stoeckli and Ballerini[9)
for “sofl™ precursors actlvated o 30%-60% burn-oft,
and for which the micropore volume Wy is around
0.40-0.50 ¢cm*/g. The initial part of the distribution
{0.35=0.55 nm) probably reflects the original micro-
porosity, but it does not exclude this sample contain-
ing constrictions ar the entrance of wider pores. As
shown elsewhere[$,11], the smaller porosity tends (o
disappear as the degree of burn-off increases. At the
same time, the carbons become heterogeneous and the
average mictopore width increases,
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Fig. 6. The micropore distribution in carbons CM20 | —)
and CM43 (-—-).
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Fig. 7. The micropore distribution in earbon CM20-A.

This result indicates that the internal porosity of the
precursor, suggested by its low density {1.54 g/cm?),
COrresponds more 10 macro- and mesopores, than to
potential micropores. The micropores of the precur-
sor are inaccessible to the gaseous reactant, which re-
sults in development of the meso- and macroporous
structure only during activation. This may explain,
partly ar least, the relatively important extetnal suf-
face, 5, = 60 m/g, with respect to the internal sur-
face area, 5., = 341 m*/g. An initial section of the
H,0 adsorption isotherm shows a Langmuir type,
which indicates the presence of oxygen complexes in
sample CHMOP-A.

The influence of the pretreatments of the original
anthracite on the final product is shown by the com-
parison of samples CM20-A, CM43-A, and CMOP-4
with CM-A, Their common feature is the average mi-
cropore width L, around 0.% nm, and the specific en-
thalpy of immersion in water, Ak, (H0)/5,,,, which
iz close to 0.040 J/m?.

It appears that preoxidation of the starting mate-
rial in air at 270°C improves the vield of the sub-
seqjuent activatlon by steam to a burn-off of 55%
(sample CMOP-A), although it remains low. With re-
spect to CM-A, the micropore volume W and the cx-
ternal surface area of sample CMOP-A are respectively
20%% and 30% higher. The comparison of Figs. 4 and
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Fig, 8 The micropore distribution in carbon CM43-A,
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Fig. % The micropore distribution In an acetyleng coke
pretreated and subseguently activated by steam 1o a 42%
burn-off.

5 shows that the volume of the smallest micropore
(L = 0.4 nm} is larger, whereas the porosity in the
range of 0.4 to 0.6 nm is reduced. This probably re-
flects the effect of the pretreatment on the anthracite,
the two carbons having the same depree aof harn-off
It is well known that air pretreatment of bituminous
coals destroys their thermoplasticity[5], and thereby
increases the volume and the accessibility of the pores
of the carbonized materials. However, the advantage
of air pretreatment in anthracite activation is not re.
lated to reduction of the coal plasticity. 1t is believed
that a selective reactivity increase of the edge atoms
of the microcrystallites by rormation of oxygenated
groups is achieved, which enhances the removal of the
pore ennsttictions. Tn the case of low temperature
treatment by air, nitrogen, and water, applied success-
fully to acetylene coke[6], the results are less encour-
aging tor the present anthracite. 'The pretreaiment
itself produces some degree of mictoporosity and an
external surface area (as shown in Fig. &, samples
CM20 and CM43 have a narrow microporosity, in the
range of 0.35 to 0.6-0.7 nm). It is also found that the
specilic enthalpies of immersion in water are relatively
high (0.068 and 0.088 ¥F¢m*), which indicaies the
presence of nxygen complexes. As shown in Tahle 2,
this pretreatment has an adverse effect on subsequent
activation by steam o a total bum-off of 55%. The
resulting micropore volumes and external surface arcas
of samples CM20-A and CM43-A are smaller than

those of CM-A and CMOP-A, and they decrease with
the extent of the pretreatment. The micropore distri-
butions, shown in Figs. 7 vs 4 and 8 vs 5, are similar
1o that of sample CMOP-A, but the total micrapore
volumes, Mf, are smaller.

It ix interesting to point ant that in the case of the
acetylene coke described earlier[6], the same pretreat-
ment to a 10% weight loss, followed by activation with
steam 1o a total burn-off of only 42%, produces better
results than for the Asturian coal (sample CM20-A).
Oine obtaing W, =0.17 rmtig, Fy = 213 k1/mal or
L =110 nm, S, = 101 m*/g, and h,({H,0) = 0.043
J/m?. The corresponding micropore distribution,
shown in Fig. 9, is similar to that observed for the an-
thracite (samples CM20 and Chia3, shown in Fig. 6).

The present study shows that in the case of the
Asturian anthracite “Coto Minero Narcea,” pretreat-
ment in air at 270°C produces a slightly beiter active
carbon than direct activation by steam. However, the
vield is generally low and the properties of the resuli-
ing carhons correspond to those nf snft precursors at
much smaller degrees of burn-off.
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