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Abstract. A need for an elaboration of the methods for synthesis and characterization of activated carbons with a
requisite porous structure has existed for a long time. One of the methods giving possibility for creating controlled
mesopore_and micropore structures deals with the steam gasification of various carbon materials. In this work
the effects of calcium catalyst on the catalytic steam gasification of active carbons from plum stones and porous
polymers are presented. Determination of micropores capacity and specific adsorption in mesopores have been
performed by means of the o; method, but adsorption on the heterogeneous solids was described by the integral
equation with various local isotherms. This equation has been solved by the regularization method. Based on this
method the changes in structural parameters of active carbons depending on the amount of calcium catalyst were

estimated.
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Introduction

Activated carbons are mainly used in adsorption
processes both from the gas and liquid phases and
their behavior as adsorbents strongly depends on their
porous structure (Jankowska et al., 1991; Belyakov,
1991; Wigmans, 1986; Rodriguez-Reinoso, 1986;
Linares-Solano, 1986; Capelle and de Vooys, 1983;
Mattson and Mark, 1971; Matisova and Skrabakova,
1995). For various purposes, less (Matisova and
Skrabakova, 1995; Rudziriskietal., 1995; Unger, 1983;
Vissers et al., 1988) or more (Jankowska et al., 1991;
Belyakov, 1991; Wigmans, 1986; Mattson and Mark,
1971; Matisova and Skrabakova, 1995; Rundling,
1987; Matisova et al., 1995) microporous carbon adsor-
bents are required. Therefore, it is necessary to work
out the conditions to prepare the adsorbents of desired
porous structure (Jankowska et al., 1991; Wigmans,
1986; Matisova and Skrabakova, 1995; Unger, 1983;

Vissers et al., 1988; Matisova et al., 1995; Leboda
and Dabrowski, 1996) or the methods of modification
of commercial active carbons enabling creation of a
controlled structure in them (Wigmans, 1986; Leboda
et al., 1993).

One of the methods enabling development of a meso-
porous system in the porous structure of carbon adsor-
bents is the partial gasification of carbon materials by
means of water vapor in the presence of various cat-
alysts (Czechowski et al., 1993; Leboda et al., 1990;
Leboda et al., 1993).

Carbon gasification reactions catalyzed by ¢alcium
compounds were reported in several interesting papers
(e.g., Cazarola-Amords et al.,1993; Cazarola-Amords
et al., 1994; Pérez-Florindo et al., 1993; Linares-
Solano et al., 1990).

In these papers the factors influencing the catalytic
activity of calcium in the carbon-gas reactions were
investigated, e.g., the effect of the heating rate, the
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mechanism of calcium sintering during the gasification
process and the effect of the chemical state of calcium
on the sintering rate.

On the other hand, the mechanism for describing
calcium catalysis behavior was proposed when spent
activated carbon experiences oxidation by steam and
CO, (Canon et al., 1994).

As these problems are not the subject of our paper,
we will use the term “calcium catalyst” in further con-
siderations, not going into a question of carbon gasifi-
cation reactions.

This paper presents the results of studies on the in-
fluence of the calcium catalyst amount deposited on the
active carbon surface on the effects of its porous struc-
ture modification during the partial gasification with
water vapor.

Using calcium as a catalyst of active carbon gasi-
fication reaction proved affective creating a mesopore
system. Contrary to other catalysts developing a meso-
pore system, e.g., ZnCl, (Wigmans, 1986), this catalyst
is not hazardous for the natural environment and proves
to be effective even in small quantities.

The studies were carried out using the carbons ob-
tained from various raw materials. Original structure
of initial raw materials, their texture and porosity
can play a significant part in the gasification pro-
cess and finally in creation of new porous structure
of modified material. Therefore the active carbon
prepared from the natural raw material, i.e., from
plum stones (PSAC) and the synthetic active carbon
(SAC) prepared from the synthetic polymers were
used in our studies. Preparation of active carbons
from fruit stones and their modification were the sub-
ject of many papers (Lussier et al., 1994; Rodriguez-
Reinoso, 1986; Leboda and Dabrowski, 1996; Leboda
et al.,, 1993; Iiey et al., 1973; Marsh et al., 1975;
Lopez-Gonzales et al., 1980). Application of such
adsorbents in practice was described, among others,
in the papers (Rodriguez-Reinoso, 1986; Leboda and
Dabrowski, 1996; Leboda and Lodyga, 1991; Leboda
et al., 1990).

The synthetic active carbons have some advan-
tages over other types of carbon adsorbents owing to
some properties, characteristic for this type of car-
bons like: high mechanical strength and sorption ca-
pacity as well as a regular spherical shape of gran-
ules (Kartel et al., 1991, Puziy, 1995; Puziy et al.,
1995). So far, very few papers have been published
on modification of porous structure of this type of
adsorbents.

Experimental
Initial Adsorbents

Two active carbons of similar porous structure param-
eters were chosen for our studies. They have similar
sizes of specific surface area calculated formally using
the BET method (Sggr), slightly different sorption ca-
pacities of pores (V,,), and also similar means of pore
diameters, 7 (Table 1). Mean pore radii were calcu-
lated assuming their cylindrical shape by means of the
formula: ¥ = 2V, /Sger.

The initial active carbon (PSAC) was obtained from
the Wood Dry Distillation Works in Hajnéwka, Poland.
This active carbon has been prepared by granulation,
carbonization at elevated temperatures (823-873 K)
and activation (1173-1273 K) with water vapor as a
basic activating agent.

Surface contaminations with mineral matter and,
where necessary, poorly carbonized parts of the par-
ticles were removed from the commercial active car-
bon by the process described previously (Leboda and
Lodyga, 1991). In this method an appropriate mix-
ture of a mineral acid and an organic solvent was used.
Such adsorbent was the initial material for subsequent
studies. Synthetic active carbon (SAC) applied in the
present study was prepared from porous copolymers
of vinylpyridine and styrene with divinylbenzene by
carbonization at 1173 K followed by water vapor acti-
vation (973 K) (Puziy et al., 1995).

Impregnation with the Catalyst

Catalytic gasification of the initial active carbons was
undertaken as described previously (Leboda et al.,
1993). The adsorbent surface was impregnated with
0.25, 0.5, 1.0, 1.5, 2.0, 2.5% w/w of calcium cata-
lyst. The percent in the weight concentration of cal-
cium catalyst (% w/w) indicate the percent contribu-
tion of the calcium Ca(II) catalyst with reference to the

Table 1. Essential information about active carbons studied.

SBET Vp r
Adsorbent m¥g cm’/g nm Source
PSAC 1138 0.68 1.2 Plum stones
SAC 1126 0.74 1.3 Porous copolymer of

styrene-divinylbenzene




weight of active carbon samples. An aqueous solution
of Ca(CH3COQ), from POCh Gliwice, Poland, was
used. Excess moisture was removed by drying under
mild conditions.

Adsorbent Activation

Activation of initial active carbons and those with the
calcium catalyst was carried out in the quartz fluid
reactor at 1073 K for 1.5 h. The quartz reactor was
placed in the electric oven enabling the temperature
control. In the reactor 10g of adsorbent was placed
which was then heated in the stream of deoxidized ni-
trogen (flow rate 200 cm?/min) till the conditions of
isothermal activation (1073 K) were reached. Then the
nitrogen flow was stopped and water vapor was passed
through the reactor. Water was provided into the reac-
tor through the boiler proper at 573 K using a pump of
MASTERFLEX type (Cole-Parmer Instrument Com-
pany, USA). The rate of water bathing was 0.6 cm*/min.
After the isothermal activation the reactor was cooled
in the stream of deoxidized nitrogen.

Adsorbent Testing

After gasification, calcium catalyst was removed from
the prepared samples of active carbons using 6% HCI
in the extraction columns. The calcium Ca(II) content
in the filtrate was analyzed using an atomic absorption
spectroscopy ASA-3 (Carl Zeiss-Jena, Germany) with
a hollow-cathode lamp.

Nitrogen adsorption and desorption were studied on
all adsorbents, using the Sorptomat 1900 (Carlo-Erba
Co., Milan, Italy). The surface areas, Spgr, were cal-
culated according to the BET method, using 0.162 nm?
as the coverage area per nitrogen molecule.

Results

Parameters of porous structure of carbon adsor-
bents under investigation were estimated from low-
temperature (77 K) adsorption isotherms of the nitro-
gen. The most characteristic adsorption-desorption ex-
perimental isotherms are presented in Figs. 1-4. The
isotherms for the initial adsorbents (PSAC—TFig. 1;
SAC—Fig. 3) are of type H4 according to the clas-
sification of hysteresis loops recommended by IUPAC
(Sing et al., 1985). The other isotherms (Figs. 2 and 4)
are similar, but closer to type H3. These adsorption
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Figure 1. Low-temperature adsorption-desorption isotherms of ni-
trogen determined for the following adsorbents: PSAC initial (1),
PSAC-0.5% (2), PSAC-2.0% (3), PSAC-2.5% (4) (see Table 2).
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Figure 2. Low-temperature adsorption-desorption isotherms of ni-
trogen determined for the following adsorbents: PSAC:0% (1),
PSAC-1.5% (2) (see Table 2).

isotherms are typical for microporous adsorbents. In
all cases, adsorption hysteresis which is always repro-
ducible was observed. It is known (Sing et al., 1985)
that H3 loop is observed with aggregates of plate-like
particles giving rise to slit-shaped pores, but H4 hys-
teresis loop is associated with narrow slit-like pores.
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Figure 3. Low-temperature adsorption-desorption isotherms of ni-
trogen determined for the following adsorbents: SAC-initial (1),
SAC-1.5% (2), SAC-2.5% (3) (see Table 3).
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Figure 4. Low-temperature adsorption-desorption isotherms of ni-
trogen determined for the following adsorbents: SAC-0.25% (1),
PSAC-1.0% (2) (see Table 3).

Computation Procedure

The main characteristics of the carbon porous struc-
ture, which defines its adsorption properties are the ad-
sorption capacity and size of micropores as well as the
surface area of mesopores. The model of slit-shaped

micropores was used in the present study and the size of
micropores has been determined from the half-width of
the slits. Because of highly disordered structure of the
microporous carbons, they are best characterized by a
distribution of the half-widths. The main parameters
of the distribution function are the average half-width
() and its variance (c2).

Determination of the adsorption capacity of micro-
pores and the surface area of mesopores from nitro-
gen adsorption isotherms was performed using the o,
method (Gregg and Sing, 1982). Adsorption on the
heterogeneous microporous solids was described by
the common integral equation (Jaroniec and Madey,
1988; Rudziriski and Everett, 1992):

Xmax

®mj(p,T)=f o(x, p. TIF()dx (1)

Xmis

where @ni(p, T) is the relative filling of the microp-
ores at a given adsorptive pressure p and temperature
T (77 K); 6(x, p, T) is the local relative filling of mi-
cropores with a half-width x, as described by Dubinin-
Astakhov equation (Dubinin et al., 1979); Xmin and Xmax
are the minimum and maximum half-widths of micro-
pores and F(x) is the normalized distribution function
of the half-width. We used xpijn = 0.24 nm and xpx =
2.64 nm, because these limits are determined by the di-
mension of the N; molecule (0.225 nm) and transition
of the volume-filling mechanism in the micropores to
the layer-by-layer adsorption mechanism in the meso-
pores at p/p, > 0.4 for nitrogen adsorption (Dubinin.,
1979). Equation (1) was solved by the regularization
method (Tichonov et al., 1990; Puziy et al., 1995).

Preliminary computations show, that the use of
Dubinin-Radushkevich equation (Dubinin, 1979) for
the kernel in Eq. (1) leads to significant deviation of
calculated isotherms from the experimental in their ini-
tial part. Minimum deviations were obtained atn = 3.
This value of exponent in the Dubinin-Astakhov equa-
tion was used in all computations. In this equation
the half-width of the micropore is connected with en-
ergy constant Eg as x = k/Ep, where the constant
k = 12 kJ nm mole~! for the N, adsorption. The rel-
ative limit of the validity of experimental point on the
adsorption isotherm, S; = 0.01, was employed in cal-
culation of the distribution curves by the regularization
method.

The mesopore size distributions in terms of their
radii were calculated using the mode! of the cylindri-
cal pores and the method developed by Dollimore and
Heal (Dollimore and Heal, 1970).
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Tuble 3. Basic characteristics of porous structure of SAC active
carbon. :

Adsorbent
calcium Vmic Vo VoVimic Smes  Smie P
catalyst (%) cm?/g cm/g cmilg m¥g mig %

Adsorbent
calcium Vmic Vp Vo-Vaic  Smes  Smic !&mﬂk

catalyst (%) cmi/g cm’lg cmP/lg mig mig %

PSAC initial 046  0.68 0.21 8 885 676
PSAC-0% 055 081 0.26 110 1038 679
PSAC-025% 045 086 0.41 225 833 3523
PSAC-0.5% 042 098 0.56 289 764 42.8
PSAC-1.0% 0.41 115 0.74 380 732 356
PSAC-1.5% 0.40 1.36 0.96 427 784 294
PSAC-2.0% 043 1.37 0.94 424 741 314
PSAC-2.5% 0.44 1.43 0.99 461 733 30.8

SAC initial 0.46 0.74 0.28 56 1045 622
SAC-0% 0.53 0.82 0.29 60 1039 64.6
SAC-025% 0.40 1.27 0.87 318 755 315
SAC-0.5% 0.45 0.88 0.43 109 1000 51.1
SAC-1.0% 0.42 1.04 0.62 156 913 404
SAC-1.5% 0.43 1.30 0.87 164 843 33.1
SAC-2.0% 0.46 1.26 0.80 128 868 36.5
SAC-2.5% 0.54 1.55 1.01 234 806 34.8

Table 2 presents the basic characteristics of porous
structure of active carbon prepared from plum stones
(PSAC). From the analysis of the data in Table 2 it
follows that gasification of the initial PSAC without a
catalyst causes the increase of the total sorption capac-
ity of pores, V), by about 19%. This increase is caused
mainly by development of a microporous system in the
modified adsorbent. However, the global microporos-
ity of the adsorbent expressed by the quotient Vi / V),
(%) does not change due to simultaneous small devel-
opment of mesopores which is smaller than creation
of micropores. It follows from the comparison of the
suitable values of Spes and Sy (see Table 2). The
Smic values were calculated using the following for-
mula (Stoeckli et al., 1989):

Smic = 2Vmic/d ()

where 4 is the width of slit-like micropores expressed
in nm, but Vi is the total volume of micropores ac-
cessible to the adsorbate.

Appearance of the calcium catalyst on the surface of
the modified adsorbent changes the direction of porous
structure development during its gasification. First of
all, the mesopore surface area, Spes increases which
is accompanied by the increase in the total sorption
capacity, V,. At the minimum amount of the cata-
lyst used for the gasification reaction, i.e., in the range
0-0.25%, the volume V. does not change practically,
but Spes increases over two and half times compared
with Spes Of the initial active carbon. Therefore micro-
porosity of the obtained product decreases to 52.3%.
The increase of catalyst amount in the range 0.5-2.5%
does not cause essential changes in the sorption ca-
pacity of gasified carbon micropores. However, the
increase of catalyst amount over 0.25% causes from 3

to over 5 times increase of mesoporous system share
in the global porous structure of the modified material.
A systematic increase of V), and decrease of microp-
orosity of individual samples are observed (Table 2).

Table 3 presents the effects of initial synthetic ac-
tive carbon (SAC) gasification and those of the ad-
sorbent impregnated with the calcium catalyst. This
adsorbent behaves similarly to PSAC, though a careful
analysis of the data in Table 3 indicates some differ-
ences. This can be seen comparing the characteristics
of the carbons impregnated with 0.25% w/w catalyst.
Greater changes in the porous structure parameters are
observed for the synthetic active carbon than for the
PSAC adsorbent. A greater decrease of Vi, and in-
crease of V}, and Spes results in a significant drop in mi-
croporosity. The application of twice as large amount
of the calcium catalyst, i.e., 0.5% causes even the in-
crease of the gasified product microporosity (Table 3,
SAC-0.5%). However, with the further increase of the
deposited catalyst (1-2.0% w/w), the extent of mi-
croporosity decreases in comparison with the initial
material, but practically within the individual samples
(SAC-1.0; 1.5; 2.0 w/w catalyst) it changes slightly.
The other structural parameters (Viic, Vp, Smes» Smic)
behave in a similar way. Using a large amount of the
catalyst (2.5% w/w) in a gasification reaction causes
great changes of porous structure parameters ( Vmic, Vp,
Smes) whose values increase. Proper changes in the
micro- and mesopore system develop.distinctly during
the catalytic gasification.

Structure of Mesopores

Figure 5 presents the distribution curves of the meso-
pores radii for the carbon samples included in Table 2.
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Figure 5. Mesopore size distributions for the following adsorbents: PSAC initial (1), PSAC-0% (2), PSAC-0.25% (3), PSAC-0.5% (4),
PSAC-1.0% (5), PSAC-1.5% (6), PSAC-2.0% (7), PSAC-2.5% (8) (see Table 2).

As can be seen the radii of the pores corresponding
to the maximum of curves for all samples have simi-
lar values (rmax =~ 2 nm). However, individual curves
differ in shape, showing different asymmetry which
is connected with the geometric structure of formed
mesopores.

The changes of the values of the areas below the in-
dividual curves are well correlated with the changes of
Smes of individual samples (Table 2). Asymmetry of
differential curves (Fig. 5) indicates geometrical het-
erogeneity of mesopore sizes. The initial PSAC and
the same adsorbent partially gasified in the absence
of a catalyst possess a uniform mesoporous structure.
Generally speaking, gasification of PSAC in the pres-
ence of a catalyst causes creation of additional meso-
pores of differentiated sizes. The larger amount of the
calcium catalyst was used in the gasification reaction,
the more mesopores were created and the more geo-
metrically heterogeneous they were.

Another situation is presented by the distribution
curves of mesopores radii for the initial synthetic

active carbon and the products of its gasification
(Fig. 6). All samples of these adsorbents (Table 3) are
characterized by smaller geometrical heterogeneity of
mesopores than the corresponding samples included in
Table 2. The gasification process of SAC both in the
presence and absence of the catalyst causes both the
increase of the amount of mesopores of a dominant
radius (value r in the maximum of distribution curve)
in the initial sample as well as development of new
mesopores of the radius greater than the dominant one.

Structure of Micropores

Table 4 presents the parameters of microporous struc-
ture of PSAC active carbons obtained from the numeri-
cal analysis of nitrogen adsorption isotherms by means
of the regularization method (Tichonov et al., 1990;
Puziy et al., 1995). The calculated micropore distri-
bution curves possess one maximum characterized by
a practically constant value x; = 0.32 nm for all the
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Figure 6. Mesopore size distributions for the following adsorbents: SAC initial (1), SAC-0% (2), SAC-0.25% (3), SAC-0.5% (4), SAC-1.0%

(5), SAC-1.5% (6), SAC-2.0% (7), SAC-2.5% (8) (see Table 3).

studied samples. The parameter 0;2 characterizes struc-
tural heterogeneity of micropores and shows the scatter
of the size x. As follows from the analysis of the val-
ues of this parameter presented in Table 4, modification
of the porous structure of the initial PSAC active car-
bon carried out both in the presence and absence of the
catalyst causes the increase of the micropore geomet-
rical heterogeneity (except the sample PSAC-1.0%),
the evidence of which are the quantities x which differ
significantly from the corresponding quantities x; .
The parameters of microporous structure for the ini-
tial and modified SAC active carbons analogous to
those discussed above are presented in Table 5. The
analysis of these data indicates main differences in
the effects of microporous structure modification com-
pared with the PSAC adsorbent. Generally speak-
ing, the calculated curves of pore size distribution for
the SAC samples (except SAC-2.5% w/w catalyst) are
characterized by a smaller scatter of x (smaller orfz)
and the smaller average micropore size x. That means
that gasification of SAC prepared from the porous

Table 4. Microporous structural barameters of
PSAC active carbon computed by means of regu-
lariztion method.

z 2 2

Adsorbent rom gy nm i om
calcium catalyst (%) Si=1.10"2
PSAC initial 0.60 0.145 0.32
PSAC-0% 0.66 0.190 0.32
PSAC-0.25% 0.61 0.151 0.32
PSAC-0.5% 0.64 0.183 0.32
PSAC-1.0% 0.61 0.127 0.35
PSAC-1.5% 0.64 0.152 0.32
PSAC-2.0% 067 0160 032
PSAC-2.5% 0.67 0.186 0.32

polymer in the presence of the calcium catalyst pro-
vides the samples possessing a homogeneous microp-
orous structure. The optimal amounts of a catalyst to
obtain such adsorbents are in the range 0.5-2.0% w/w
(Table 2). However, for the active carbon from plum
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Tuble 5. Microporous structural parameters of
SAC active carbon computed by means of regulari-
zation method.

inm  oinm?® x nm
Adsorbent ul
calcium catalyst (%) Si=1- 102
SAC initial 0.44 0.069 0.32
SAC-0% 0.56 0.103 0.32
SAC-0.25% 0.56 0.105 0.33
SAC-0.5% 0.48 0.070 032
SAC-1.0% 0.51 0.079 0.32
SAC-1.5% 0.57 0.079 0.35
SAC-2.0% 0.54 0.060 0.35
SAC-2.5% 0.77 0.252 0.32

stones (PSAC) this amount equals to 1.0% w/w of the
catalyst.

Conclusions

The final porous structure of the carbon adsorbent de-
pends on the initial material used for production of ac-
tive carbons. Effectiveness of porous structure changes
in the studied active carbons depends on carbon mat-
ter reactivity. Active carbons produced from vegetable
materials are well gasified. In the crystallographically
heterogeneous structure of such carbons, besides dis-
ordered structures, more or less ordered graphite struc-
tures are found (Jankowska et al., 1991; Wigmans,
1986; Rodriguez-Reinoso, 1986).

Active carbon gasification reactions are of a
topochemical character. Therefore morphology of
gasified carbon grains plays an important part in their
porosity creation. Disordered structures are most ac-
tive in the activation process and they undergo gasifica-
tion as the first. The modified active carbon becomes
“enriched” in graphite-like phases which are less re-
active (Leboda et al., 1993). Morphology of the SAC
adsorbent studied by us is more homogeneous which
results from the controlled and more explicitly deter-
mined chemical mechanism of preparation of the initial
raw material, i.e., porous polymer used for synthetic
carbon production than in the case of carbonization of
carbons prepared using agriculture by-products. Ow-
ing to such homogeneous morphology of synthetic ac-
tive carbon, more homogeneous geometric structures
of micro- and mesopores were obtained than in the case
of carbon from plum stones.

Application in the gasification reaction of small
amounts (up to 2.5% w/w) of a calcium catalyst made
it possible to develop the mesoporous system in both
types of active carbons and to increase pore sorption
volume as well as to decrease microporosity. Catalytic
gasification of synthetic active carbon (SAC) in the
presence of calcium catalyst gives smaller changes of
Smes> V) and microporosity compared with the active
carbon obtained from plum stones (PSAC); however,
modified carbon samples possess more homogeneous
micro- and mesoporous structure than the samples of
gasified carbon from plum stones. The differences
in the porous structure modification of the active car-
bons studied result probably from their distinct original
structure which is more homogeneous in the case of the
synthetic active carbon. Another important factor, de-
termining these differences, can be different topogra-
phy of the calcium catalyst on the surface of both mod-
ified carbons. This results from the fact that despite
the approximate quantities of the parameters Sger V),
and 7 (Table 1) both initial carbons differ in micro-
and mesoporous structure parameters significantly
(Tables 4, 5 and also curve 1 and Figs. 5 and 6).

Considering the advantages of synthetic active car-
bons like hardness, controlled porosity and spherical
shape of grains, further studies of such adsorbents are
advisable.

Nomenclature

d  width of slit-like micropore
F(x) distribution function of the half-width
p vapor pressure of sorbate
p/ps relative pressure
PSAC Plum Stone Active Carbon
F average pore radius, nm
S; relative limit of the validity of
experimental point on the adsorption
isotherm in the computations by means
of regularization method
SAC Synthetic Active Carbon
Sger  specific surface area calculated by means
of BET method, m%/g
Smes mesopore surface area, m2/g
Smic micropore surface area, m?/g
T  absolute temperature, K
Vies  SOTption capacity of mesopores, cm?/g
Viic  sorption capacity of micropores, cm*/g
V, sorption capacity of pores, cm3/g
w/w  weight in weight concentration



x  half-width of slit-like micropore, nm
x1  maximum of half-width of micropore
slit, nm
x  average half-width of slit-like micropore,
nm

Xmins Xmax  integration limits of the x

Greek Letters
o? variance of average half-width of slit-like

micropore, nm?

6 local relative filling of micropores
O total relative filling of micropores
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