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Abstract

This paper complements a previous one [1] about toluene adsorption on a commercial
spherical activated carbon and on samples obtained from it by CO; or steam activation.
The present paper deals with the activation of a commercial spherical carbon (SC)
having low porosity and high bed density (0.85 g/cm’) using the same procedure. Our
results show that SC can be well activated with CO; or steam. The increase in the burn-
off percentage leads to an increase in the gravimetric adsorption capacity (more
intensively for CO;) and a decrease in bed density (more intensively for CO,).
However, for similar porosity developments similar bed densities are achieved for CO,
and steam. Especial attention is paid to differences between both activating agents,
comparing samples having similar or different activation rates, showing that CO,
generates more narrow porosity and penetrates more inside the spherical particles than
steam. Steam activates more from the outside to the interior of the spheres and hence
produces larger spheres size reductions. With both activation agents and with a suitable
combination of porosity development and bed density, quite high volumetric adsorption
values of toluene (up to 236 g toluene/L) can be obtained even using a low toluene

concentration (200 ppmv).



1. Introduction

Volatile organic compounds (VOCs) are emitted as gases from different sources
and they have harmful effects on the environment [2,3]. Furthermore, they cause
alterations in the nervous system and are a source of risk for cancer [4] and mutations at
the genetic level [5]. Generally, VOCs are produced in gas phase ‘and at low
concentrations [6,7]. Hence, nowadays new technologies with high efficiencies that
seek to optimize the various existing methods for controlling VOC emissions have been

implanted [8].

Among all these techniques [9-13], adsorption is one of the most effective
methods and presents a great range of applicability in terms of concentrations and flow
rates. As an example, it can'be used for adsorption of gases at low concentrations with
low operation costs employing activated carbons (ACs) as adsorbents [6,7]. Activated
carbons are the most often used materials for this purpose due to their hydrophobicity

and high specific surface areas [14-16].

The morphology of the activated carbons is very important for their final
applications. For example, when ACs are used in fixed beds, spherical activated carbons
(SACs) have advantages over granular activated carbons due to better packaging and
lower pressure drop. Besides, an spherical activated carbon has other characteristics
which stand still more its potential advantages, such as high wear resistance, high

mechanical strength, good adsorption performance, high purity, low ash content,



smooth surface, good fluidity, high micropore volume and more controllable pore size
distribution [17,18]. All these advantages have allowed SACs to be used in several

applications, both in gas phase [1] and in solution [19-25].

These advantages make that SACs are being recently prepared from. several
methods and precursors. Thus, using polymerization methods, different precursors such
as aerogels [22], divinylbenzene-derived polymers [23] or urea/formaldehyde resin [24]
have been used. Using agglomeration methods, different bituminous coals have led to
the preparation of spherical carbons [25]. Also, spherical activated carbons have been
prepared from mixtures of resin and activated carbon [26] and, recently, hydrothermal
treatment of different lignocellulosic materials [27-29] or carbohydrates [30-33] has

been used.

In a previous paper [1] we selected a commercial spherical activated carbon
supplied by Kureha Corporation (KC) having a surface area of 1291 mz/g and a bed
density of 0.59 g/cm3 and we analyzed its further activation and the results were
analyzed on gravimetric and volumetric terms. [1]. The resulting samples were used in
toluene adsorption at low concentration (200 ppmv in air) [1]. As expected, the porosity
and surface area increased with the burn-off percentage, but the bed density decreased.
The highest toluene volumetric adsorption capacity (230 g toluene/L) was obtained for
the starting sample, which had the highest bed density (0.59 g/cm3), and not for the
sample having the highest porosity (2600 mz/g), for which its bed density was only 0.31

cm3/g.



According to these results, the present work analyzes a different precursor; a
dense spherical carbonized material (hereafter GE), with the purpose of obtaining

samples combining high porosities and high bed densities.

Two series of SACs have been prepared by physical activation of GE, one with
CO; and one with steam. SAC samples having similar burn-off percentages (obtained
using both a similar and a different activation rate) are compared to deepen into the
differences induced by both activating agents. Some of these SACs have been applied to
the adsorption of toluene at low concentration, analysing the results on a gravimetric

and volumetric basis.

Additionally, and for comparison purposes, two high quality commercial samples
are used as references; a spherical activated carbon from Gun-ei Industry, referred to as
ACGE, and a well performing commercial activated carbon for evaporative emission
control from MeadWestvaco, referred to as WV A1100 which also was used as reference

in previous toluene adsorption studies [1,10,15,16,43].

2. Materials and methods
2.1.. Materials

A commercial spherical carbon obtained from a phenolic resin by the process
described in the Japanese Patent Publication (Kokoku) No. 62-11611 and supplied by
Gun-Ei Chemical Industry (Headquarters: Takasaki-shi, Gunma Japan) has been used as
the spherical carbon precursor of two series of SACs prepared by either CO; or steam

activation.



The two additional commercial samples used are a commercial spherical activated
carbon (ACGE, also supplied Gun-Ei Chemical Industry) and a granular activated

carbon (WVA1100 10 x 25 mesh, supplied by Mead Westvaco).

2.2. Methods

2.2.1. Activation procedure

SACs were prepared from GE by physical activation using. COy or steam. For
CO,, a horizontal quartz fixed bed reactor 2 m long and 0.07 m diameter was used and
the precursor to be activated was placed in a flat crucible. A precursor weight of 2 g, a
flow of 80 mL/min of CO,, a temperature of 880 °C and times of activation of 10, 15,
24 and 30 hours were used. For steam activation, a vertical quartz reactor with upward
flow was employed using a steam flow of 0.9 L/min, a precursor weight of 2 g, a final
temperature of 840 °C and activation times of 0.75, 2.0, 3.5, and 4 hours. At these flow
rates, fluidisation of the bed. takes place [32]. Under these experimental conditions
samples having comparable burn-off percentages have been obtained from both

activating agents but their activation rates are different.

To obtain with both activating agents SAC samples at similar activation rate,
thatis having similar burn-off percentages in a given activation time, e.g., about 3h, the
temperature of the CO, activation has been increased from 880°C to 970 °C. The
nomenclature of the different spherical activated carbons derived from GE can be
described as follows. Firstly, the precursor (GE) is indicated, secondly the BO

percentage and, finally, the type of activating agent used (C for CO; and S for steam).



2.2.2. Samples morphologies and bed densities

Morphology of the original GE and of the SACs prepared from it has been
studied using Scanning Electron Microscopy (SEM). Bed density (py; bulk or tap) was
measured using an experimental procedure similar to that described by the D2854-89
ASTM method (American Society for Testing and Materials). In our case, the density

measurement was performed with 0.5 g of sample using a 10 ml measuring cylinder.

2.2.3. Porosity characterization

The textural characterization of the samples was performed using N, adsorption
at -196 °C [34] and CO; at 0 °C [35] in a volumetric Autosorb-6B apparatus from
Quantachrome. Before analysis, the samples were outgassed at 250 °C for 4 hours. The
BET equation was applied to the nitrogen adsorption data to get the apparent BET
surface area (Sper) [36]. The Dubinin-Radushkevich equation was applied to the
nitrogen adsorption data to determine the total micropore volume (pores with size <2
nm) and to the carbon dioxide adsorption isotherms to determine narrow micropore
volumes (pores with size <0.7 nm) [37]. Pore size distributions were obtained applying
the non-local density functional theory (NLDFT) to the N, adsorption data at -196 °C

using the software provided by Quantachrome [38].

2.2.4. Oxygen surface characterization
The oxygen surface chemistry of all the samples was analyzed by means of
temperature-programmed desorption experiments carried out in a DSC-TGA equipment

(TA, SDT 2960 Simultaneous) coupled to a mass spectrometer (Balzers, OmniStar). In



these experiments, 10 mg of sample were heated up to 950 °C (heating rate 20 °C/min)

under a helium flow rate of 100 mL/min [39].

2.2.5. Adsorption of toluene

The starting material, five selected SACs derived from it and -the two
commercial samples have been tested for toluene adsorption in a reactor. (6 mm inner
diameter) coupled to a mass spectrometer (Balzers, OmniStar). The weight of adsorbent
was around 0.25 g and a flow of 90 ml/min with a toluene concentration of 200 ppmv
was used. Such toluene concentration was generated by bubbling air through a saturator
containing toluene placed in a thermostatized bath at -24 °C, and diluting it with a
suitable air flow rate. Concentration was checked using calibrated cylinders provided by
Carburos Metdlicos S.A. with 200 .ppmyv toluene in helium and comparing the
concentration of the prepared toluene air stream by mass spectrometry. The adsorption
temperature was 25 °C. Before adsorption, the AC samples were outgassed in helium at

250 °C for 4 h.

Through . the graphical representation of the outlet concentration of toluene
versus time the corresponding breakthrough curves are obtained. Toluene adsorption
capacity was obtained by numerical integration of the breakthrough curves, using the

following equation:

)



Where n,gs is the adsorption capacity in mol/g, Ci, and Coy the molar fractions of
toluene at reactor inlet and outlet, m is the absorbent weight, t, the saturation time and F
the gaseous molar flow rate. Toluene gravimetric adsorption capacity (g toluene/100 g
SAC) was calculated from n,gs using toluene molecular weight and expressing the
adsorption capacity per 100 grams of adsorbent. Volumetric adsorption capacities. (g

toluene/L. SAC) were calculated considering bed densities of the adsorbents.

3 Results and discussion

3.1. Samples morphologies.

The morphology of the original GE and of the SACs prepared from it with
different burn-off percentages has been studied by scanning electron microscopy and
particle size distributions have been obtained. As an example, Figure 1 presents the
results of the original GE and of two SACs having the same burn-off percentage (65%)
and prepared with both activating agents. For most samples particle size distributions
were obtained from one microscopy image, although three microscopy images were
analysed in sample GE and the obtained particle size distributions agreed very well with

the information presented in this paper, obtained using data of one microscopy image.

From it, it can be concluded that: i) the spherical morphology of the starting GE
precursor is maintained, ii) the mean particle diameter decreases after activation and iii)
steam activation produces a much larger mean particle size reduction than CO,. Thus,
the mean particle size of GE precursor (0.43 mm) decreases to 0.34 mm upon CO,
activation (sample GE65C; i.e., 21% reduction) and to 0.27 mm upon steam activation

(sample GE65S; i.e., 37% reduction). Larger mean size reductions with steam than with



CO, were also observed during the activation of the SAC precursor (KC) in our
previous publication, although in that case the diameter reductions were lower; 16 % for
CO; and 27 % for steam, for a 60 % burn-off percentage [1]. Attrition in the steam
fluidized bed system can be discarded since there was no particulate carbon found after

activation in the experimental system in any of the steam activations performed.
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Fig. 1. SEM images and particle size distributions of GE (a), GE65C (b) and GE65S (c).
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3.2. Samples characterization
3.2.1. Porous texture

Figure 2a presents the N, adsorption-desorption isotherms (at -196 °C) of the
prepared samples. From these isotherms it is worth noting: i) the marked microporous
character (isotherm type I [40]) of all the SACs obtained from GE, ii) that the changes
in the shapes of N, adsorption-desorption isotherms with the burn-off percentage of GE
are almost limited to the low relative pressure range (<0.2), iii) that the higher the burn-
off percentage, the wider the micropore size distribution for the prepared samples and
iv) that these series of isotherms clearly show that CO, always develops much higher

gravimetric adsorption capacity than steam for comparable burn-off percentages.

Table 1 compiles the characteristics of the samples prepared from GE by CO, or
steam activation and their porous-textural characterization; apparent BET surface area,
total micropore volume (calculated by nitrogen adsorption) and narrow micropore
volume (calculated by carbon dioxide adsorption). Table 1 also includes the textural
characterization for commercial samples ACGE and WVA1100. It can be seen that the
samples prepared by both activation processes have quite similar degrees of activation,
which will allow observing differences caused by both activating agents. It can also be
seen that these SACs have been prepared with different activation rates; their
temperatures and times of activation are very different (880 °C and times ranging from
10 to 30 hours for CO; activation and 840 °C and times ranging from 0.75 to 4 hours for
steam activation). As expected, in both activation series the burn-off percentage, and

hence the activation degree, increases with the activation time.
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Fig. 2. N, adsorption-desorption isotherms at -196 °C of GE and the SACs prepared
from it (a) and of the two commercial samples (b).

From Table 1 also several points merit to be commented: 1) the adsorption

capacities (apparent BET surface areas and total micropore volumes) develop

13



considerably with the burn-off percentage, whereas narrow micropores especially
develop at low burn-off percentages; 2) for large BO percentages, much larger
porosities are achieved with CO; activation than with steam (compare, as an example,
samples GE65S and GE65C, with the same burn-off percentage) and 3) the spherical
carbon precursor used (GE) can easily be activated with CO, or steam allowing to
prepare spherical activated carbons with a wide range of adsorption capacities that
might reach outstanding values in comparison with published data [41,42]. For
example, Baghel et al. obtained spherical activated carbons from polystyrene with BET
surface areas ranging between 243 m*/g and 976 m*/g (for burn-off percentages between
50 and 66 %) [41]. Tennison also obtained spherical activated carbons from phenolic
resin with BET surface areas between 691 mz/g and 1284 mz/g [42] and in our previous
study, we studied the activation with CO, and steam activation of a dense commercial
spherical activated carbon (KC) with an apparent surface area around 1300 m%g,

leading to SACs with surface areas up to 2600 m2/g [1].

Figure 2b presents the N, adsorption isotherms of the two commercial samples
used. Sample. ACGE has a marked microporous character and high gravimetric
adsorption capacity, lower than samples GE65C and GE77C, but similar to sample
GES80S. Such similarity seems to indicate that this commercial sample may have been
prepared with steam and presumably with a similar burn-off percentage. The
commercial sample WVAI100 from MeadWestvaco has a different porosity
distribution; in addition to a well-developed microporosity, it presents an important
slope at relative pressure higher than 0.2 and a hysteresis cycle, indicative of a well-

developed mesoporosity.
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Table 1. Summary of the preparation of SACs from GE (experimental conditions and
burn-off percentage (BO)), bed densities (pp) and textural characterisation of the SACs
and of the two commercial samples.

Sample Time Temperature BO Pb Sger VorNz'  VprCOZ?

(h) °C) (%) (glem®) (m%g) (em’lg) (cm’lg)
GE - - - 0.85 180 0.07 0.21
GE31C 10 880 31 0.62 1065 0.53 0.47
GE65C 24 880 65 0.39 2426 1.05 0.63
GE77C 30 880 77 0.29 2874 1.12 0.65
GE28S 0.75 840 28 0.69 839 0.41 0.37
GEG65S 3.5 840 65 0.49 1891 0.83 0.54
GES80S 4.0 840 80 0.46 2035 0.90 0.60
ACGE - - - 0.45 2060 0.86 0.62
WVAI1100 - - -- 0.29 1757 0.67 0.36

1VDRN2 includes pore size <2.0 nm, 2VDRC02 includes pore size <0.7 nm.

3.3. Bed densities

Bed density is an important variable for-adsorption applications in which the
volume occupied by the adsorbent has.to be considered. Hence it is important to obtain
materials which have, besides good textural properties, high bed densities. Table 1
compiles the bed density of the precursor and the prepared samples and Figure 3a shows
the changes observed in the bed density as a function of the burn-off percentage (BO
%). As expected bed density decreases with the increase in the burn-off percentage,
existing a-well-defined relationship between both parameters. It is important to note
that: i) the bed densities of these samples are higher than those previously prepared in
[1] using other precursor, and ii) depending on the activating agent used the slopes of
these relationships are different; larger bed densities are achieved when steam is the
activating agent. This can be well observed comparing two samples having similar
burn-off percentages (e.g., 65%); samples GE65S and GE65C, for which their bed

densities are 0.49 g/crn3 for steam activation and 0.39 g/cm3 for CO; activation.

15



a 09

Y
on
£
Q
S~
0N
p—
>
N
7
c
3
= 03 - o Precursor (GE)
A 0o © SACs activated with H20
) @ SACs activated with CO2
0.1
0 I I A "l
0 20 40 60 80
% BO
b 0.9 -~
0.8 -
& 0.7
g
gﬁ 0.6
N e N > GE60C
>~ 054 N
A N s > GE68C
& 04 ¢
O
g 03 - O Precursor (GE) *
Q 0.2 © SACs activated with H20
A 0. & SACs activated with CO2
0.1 -
O T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500
2
Sger (M*/g)
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area (b). Filled markers are samples activated with CO, and empty markers are samples
activated with steam. Also, samples activated with CO, at 970 °C and activation times
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Depending on the activating agent used (CO, or steam) the properties of the
resulting SACs such as porosity, mean sphere diameter reduction and bed density
change in a different manner. In summary, steam, in comparison with CO,, reduces the
sphere diameter more, reduces the bed density less and develops less the sample
porosity. All these changes are reasonable considering what has been published before,
giving insight and confirming the different ways by which these two activating agents
work. In fact, we have observed a similar behaviour during CO, and steam-activation of
a SAC [1] and carbon fibres [43,44]. In both cases these results were analysed and
explained according to different activation mechanisms; CO, penetrates easier inside the
particles, reduces the particle sizes less and develops the porosity more than steam. The
fact that steam activation is more focused outside the particles causes more pronounced
particle size reduction, lower porosity development and, hence, leads to higher bed

density than CO,, as it has also been observed in this study.

From these results it can be concluded that steam activation presents the
advantage of producing SACs with higher bed densities but has the inconvenient, for a
comparable burn-off percentage, of developing less porosity than CO,. To evaluate both
parameters simultaneously, Figure 3b presents the changes observed on the bed density
as a function of the samples porosities (e.g., apparent BET surface area). A very good
correlation is observed, which clearly shows that the advantage of the steam activation
of producing samples with higher density is no more evident and it is a consequence of
also producing lower porosity development than CO, activation. In summary, the
activation with CO, offers advantages in relation to steam activation since for similar

burn-off percentages produces larger porosity developments than steam.
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3.4 SACs prepared using the same activation rate

The results of CO, and steam activation discussed up to now have been obtained
using different activation rates; much higher for steam than for CO,. To confirm that
these observations are not dependent on the different activation rates used, two new
CO; activated samples have been prepared with a similar activation rate than that used
for steam activation. To get it, CO, activation was carried out at a temperature of 970 °C
using 3.0 and 3.5 h. These two new samples (GE60C and GE68C) can be compared
with two steam activated samples (GE57S and GEG65S), that have similar burn-off
percentages and have been prepared using the same activation time. Figure 4 shows

their N, adsorption isotherms and Table 2 their corresponding characterization results.
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Fig. 4. N, adsorption-desorption isotherms at -196 °C of the SACs prepared with similar
activation times, 3.0 and 3.5 h.
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Interestingly, Figure 4 and Table 2 confirm that the above conclusions are

independent of the activation rate used (i.e., CO, develops more porosity than steam and

produces lower bed density), as it can also be seen in Fig 3a and b, where these two new

CO; activated samples are also included.

Table 2. Preparation conditions, bed densities and textural properties of GE65C and

GE68C samples.

Sample Time Temperature BO Pb Seer  VprNz2. VprCO»

(h) °C) (%) (g/em®) (m’/g) (cm¥/g) (cm’/g)
GE60C 3.0 970 60 0.44 2092 0.85 0.56
GE57S 3.0 840 57 0.56 1327 0.63 0.48
GE68C 3.5 970 68 0.39 2327 0.96 0.60
GE65S 3.5 840 65 0.49 1891 0.83 0.54

From a comparative analysis of samples GE65C and GE68C, both activated with

CO,, the former using a low activation rate (24 h activation time) and the latter a high

activation rate (3.5 h activation time) it can be deduced that both present the same

properties independently of the activation rate used. However, a closer look to the knee

of the isotherms of these two samples at relative pressures lower than 0.3 (Fig. 3 for

GE65C and Fig. 4 for GE68C) permits to conclude that the use of a lower activation

rate (24 h activation time) produces a narrower pore size distribution than when using a

higher activation rate (3.5 h activation time). That is, a faster activation rate widens the

isotherm knee and leads to a wider pore size distribution, as it is shown in Figure 5.
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-196 °C)

3.5. Toluene adsorption

Several samples have been selected for toluene adsorption experiments; the
pristine precursor, the two commercial samples, and five SACs. These selected SACs
include samples that have been prepared with both activating agents, have different
properties and have been prepared using similar activation rates (GE60C and GE57S) or
different  activation rates (GE65C and GEG65S). Figure 6 shows, as an example, the
breakthrough curves of three samples (GE, WVA1100 and GE65S). Similar curves have
been obtained for the other samples. The breakthrough curves of all the studied samples
have been used to calculate their adsorption capacities by numerical integration of their
areas. Table 3 compiles the total oxygen contents of the samples (determined from the

amounts of CO, and CO evolved from TPD runs) and their toluene adsorption

20



capacities, expressed both per gram of sample and per bed volume (using the samples

densities).
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Fig. 6. Breakthrough curves for toluene adsorption plotted versus time on three samples
used as examples.

In relation to the oxygen contents, it can be observed that: i) most of the SACs
have low surface oxygen contents, many of them even lower than pristine GE,
especially those activated with CO,, ii) steam produces higher surface oxygen contents
than CO,, iii) two of the samples with highest oxygen contents are the two commercial

samples and iv) toluene adsorption results are not influenced by the oxygen surface
contents.

As expected, toluene adsorption capacities increase with the degree of activation
of the samples, varying from 31 to 46 g toluene/100 g AC, or in a volumetric basis from

90 to 236 g toluene/L. AC. These values are much larger than those achieved with the

21



carbonized GE precursor (3 g toluene/100 g or 26 g toluene/L GE), as it is shown in

Table 3.

It must also be remarked that, after exhaustion, these samples can be fully

regenerated using an helium flow of 90 ml and 400°C temperature, held for four hours.

Table 3. Total oxygen content, gravimetric and volumetric adsorption capacities for
toluene when processing an air stream that contains 200 ppmv. toluene.

Sample Total oxygen Gravimetric Volumetric .
content* adsorption capacity adsorption capacity | Fioluene
g toluene g teluens W)
(umol/g) ( 100 g AE’) (r AC bed AE) pR=TE
GE 684 3 26 0.16
GE31C 385 38 236 0.91
GE65C 304 46 179 0.82
GE65S 3015 40 196 0.83
GES7S 1180 40 224 0.94
GE60C 390 46 203 0.92
ACGE 1472 43 198 0.78
WVAI1100 2707 31 90 0.97

* Total oxygen content = CO.+ 2CO,.
88 Ve m Vllma oF toluars adrorbed ar a Hould

Previous papers [1,44,45] have shown that the adsorption at low concentration of
benzene or toluene (especially for the former) correlates much better with the narrow
micropore volume (VprCO,) than with the apparent BET surface of the sample studied.
Results in Table 3 and Figure 7 confirm these observations. Thus, it can be seen that the
toluene gravimetric adsorption capacities of the samples correlate much better with their
narrow micropore volumes (Figure 7b) than with their apparent BET surface areas
(Figure 7a). In summary, the narrow micropore volume controls the toluene gravimetric

adsorption capacity; the highest toluene gravimetric adsorption capacity corresponds to
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sample GE65C, which has the highest narrow micropore volume (0.63 cm3/g), whereas
sample WVA1100, having the lowest narrow micropore volume, presents the lowest

toluene gravimetric adsorption capacity.

Furthermore, the ratio of the volume of toluene adsorbed as liquid (considering
toluene density of 0.862 g/cm3) to the volume of the narrow micropore (<0.7 nm) for all
the samples (except for GE, which is a carbonized material with a poor developed
porosity) is in all the cases near 1, especially for similar burn-off percentages (see Table
3). This indicates, and confirms, that toluene is basically adsorbed in these narrow

micropores (< 0.7 nm) and fills most of them.
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narrow micropore volume (b). In Figure 7b the regression line passes through the origin.
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As stated before, the gravimetric adsorption capacities increase (e.g., VprCO»)
with the increase in the burn-off percentage, but the samples bed densities decrease,
which will affect the resulting toluene volumetric adsorption capacity of the samples.
Thus, in terms of volumetric adsorption capacity, Figure 8a shows that narrow
microporosity is not the only parameter affecting the performance of the samples. This
plot and data of Tables 1 and 3 permits to observe that samples with low-moderate
porosity development present the largest toluene volumetric adsorption capacity. Figure
8b, that presents the volumetric toluene adsorption capacities as-a function of the
samples densities, allows to confirm the strong influence that the samples bed densities

have on the volumetric adsorption capacities.

The performance of sample WVAI1100 merits an additional comment. In
principle, the data of this sample-appears somewhat unexpected; it follows the same
trend as the other samples in Figure 7b, but performs considerably different that other
samples in Figure 8a-and b. This apparent anomaly can be explained considering its
different porosity; it has, in addition to microporosity, an important contribution of
larger pores (especially mesopores). Consequently, its density, for a comparable
micropore volume (Figure 8a and b), is much lower than those for the spherical

activated carbons.

Considering all this it can be stated that the combination of both parameters,
narrow micropore volume and bed density, determines the toluene volumetric
adsorption capacity of the samples, as it can be clearly shown in Figure 8c, where both

parameters (micropore volume and bed density) have been considered. Activation leads
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to a more pronounced bed density decrease, in comparison with the increase in the
narrow micropore volume, therefore being bed density importantly determining

volumetric adsorption capacity.

In summary, our results clearly show that samples combining high narrow
micropore volume and, especially, high bed density maximize volumetric toluene
adsorption at low concentration. Thus, the best SAC sample studied in this work from
the point of view of its volumetric adsorption capacity (236 g toluene/L) is GE31C,
which has Sger of 1065 m?/g, VprCO, of 0.47 cm’/g and bed density of 0.62 g/cm’.
This volumetric adsorption capacity value is somewhat higher than the best one
prepared from the activation of a commercial SAC, which was 230 g toluene/L and
corresponded to a sample having Sper = 1291 m*/g, VprCO, =0.42 cm3/g, and bed

density of 0.59 g/cm’ [1].
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8b R? regression was calculated avoiding WVA1100 sample and regression line does
not pass through the origin. In Figure 8c the regression line passes through the origin.

4. Conclusions

From a selected high density and low porosity commercial spherical carbon a
series of spherical activated carbons have been prepared. Two activating agents (steam
and CO;,) have been used and compared using similar and/or different activation rates
and keeping comparable the burn-off percentages. The selected spherical carbon can be
well activated with by both activating agents although their porosity developments
differ. Thus, for a similar burn-off percentage, CO, activation leads to larger porosity
developments, penetrates more inside the spherical particles and hence produces a lower
mean particle size reduction than steam activation which steam activates more from the
outside to the interior of the spheres. For a comparable burn-off percentage, steam

allows to prepare samples with higher densities but with lower porosities than CO,.

The activation rate has been analysed using two different rates and the activation
results have been compared (CO; vs CO; and steam vs COy). The activation rate affects
the pore size distribution (higher rate produces wider pore size distribution) but neither

the porosity development, nor the sample density.

The importance of the narrow microporosity and bed density on toluene
adsorption capacity at low pressure has been confirmed. Thus, in general an increase in
the burn-off percentage leads to a porosity development, which is beneficial for toluene
adsorption capacity. However, bed density lowers as a result of the activation, what is

detrimental for toluene volumetric adsorption capacity, and therefore for optimizing
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volumetric adsorption capacity both parameters, porosity and bed density of the

adsorbent, have to be taken into account.

The prepared SACs have suitable characteristics for toluene adsorption at low
concentrations; they have both high microporosity and high bed density. Spherical
activated carbons with high adsorption gravimetric capacity have been prepared, leading
to adsorption capacities as high as 38 g toluene/100g for GE31C and 46 g toluene/100g
for GE60C. From the point of view of the volumetric adsorption capacity, it should be
highlighted that the obtained values are quite high, especially for the GE31C sample
(236 g of toluene/L), and that a combination of a narrow micropore volume and a large

bed density is desirable.
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