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The specific adsorption of oxygenated and aliphatic gasoline components onto activated carbons (ACs)
was studied under static and dynamic conditions. Ethanol and n-octane were selected as target molecules.
Ahighly porous activated carbon (CA) was prepared by means of two processes: carbonization and chem-
ical activation of olive stone residues. Different types of oxygenated groups, identified and quantified by
TPD and XPS, were generated on the CA surface using an oxidation treatment with ammonium perox-
ydisulfate and then selectively removed by thermal treatments, as confirmed by TPD results. Chemical
and porous transformations were carefully analyzed throughout these processes and related to their VOC
removal performance. The analysis of the adsorption process under static conditions and the thermal
desorption of VOCs enabled us to determine the total adsorption capacity and regeneration possibilities.
Breakthrough curves obtained for the adsorption process carried out under dynamic conditions provided
information about the mass transfer zone in each adsorption bed. While n-octane adsorption is mainly
determined by the porosity of activated carbons, ethanol adsorption is related to their surface chemistry,
and in particular is enhanced by the presence of carboxylic acid groups.
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1. Introduction processes causing serious damage to health, materials and the envi-

ronment. Both destructive (oxidation) and recovery (adsorption,

The control of volatile organic compound (VOC) emissions is
today one of the most difficult environmental challenges. VOC
emissions are produced in many different industrial or domestic
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condensation) techniques are described in the bibliography [1-5]
depending on the source of the VOC and its concentration. Emis-
sions associated with the use of fuels in vehicles are of particular
importance and there is a clear need to develop effective technolo-
gies and strategies to improve the quality of the air we breathe.
A lot of research has been done for example on improvements to
tailpipes for exhaust gas decontamination [6,7]. Wang et al. [8]
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identified a total of 57 individual VOCs in the exhaust gas of gasoline
vehicles.

Historically, less attention has been paid to evaporative emis-
sions produced during fuel storage and/or transfer. Nevertheless,
a number of papers have been published also on this topic [9,10].
For example, Yamada quantified evaporative emissions as the sixth
highest source of VOCin Japan, with 4.6% of total VOC emissions [9].
Specific devices (canisters) for adsorbing VOCs have been devel-
oped, which mainly use activated carbons as the adsorbent [11-13].
Furthermore, the American Petroleum Institute (API) has continu-
ously pointed out the effects of these vapors on the environment,
health and safety [14], analyzing tank and pipeline regulations to
ensure the safe transport, storage and disposal of gasoline.

In recent years there has also been increasing interest in
ethanol-based fuels all over the world. The addition of ethanol to
gasoline is interesting from an environmental and economic point
of view since it can be produced from biomass. Moreover, ethanol
is added to gasoline as an anti-knock agent because it is less harm-
ful than MTBE and ETBE. However, the presence of ethanol in fuels
is the subject of controversy, since some studies have proved that
ethanol-based fuels produce larger quantities of evaporative emis-
sions [15,16].

Some empirical models have been developed in order to
estimate evaporative emissions from canister-equipped vehicles
[9-12]. These models considered several factors such as vehicle
design (tanks), ambient temperature, driving conditions, or gaso-
line volatility [13] but there is a lack of experimental confirmation
of the relationship between canister performance, gasoline com-
position and the characteristics of the adsorbent, as indicated by
Yamada [9]. Activated carbons (ACs) are the most widely used
adsorbent due to the fact that both their porous and chemical
nature can be easily tailored. Moreover, cheap ACs can be pro-
duced from raw materials such as agricultural residues [2,5,17,18].
In comparison, zeolites are about ten times more expensive [19].

In this work, we prepared a series of ACs from olive stones. We
developed the porous texture by chemical activation and modi-
fied the surface chemistry by means of a severe oxidation process.
After that, a selective removal of oxygenated surface groups was
performed in order to find out more about specific VOC-AC interac-
tions, which may affect the adsorption and regeneration capacities.
Ethanol and n-octane were selected as target VOCs because they
are the main components of gasoline and have different chemi-
cal natures (ethanol is hydrophilic and n-octane is hydrophobic).
Finally we correlated the evolution of porosity and chemical sur-
face characteristics for these activated carbons with their ethanol
and n-octane adsorption performance under static and dynamic
conditions.

2. Materials and methods
2.1. Activated carbon synthesis by KOH activation

Olive stones were milled and sieved to 1.0-2.0 mm, treated with
sulfuric acid (1N) in order to remove any remains of the pulp
and then washed until all sulfates had been removed. A two-stage
activation procedure was designed: initially, olive stones were car-
bonized at 400 °C for 2 h under a nitrogen flow (300 cm® min~!)and
then the char obtained was chemically activated using a mixture of
char and KOH in a 1:7 mass ratio. This mixture was treated under
nitrogen flow (300 cm3 min—1) for 2 h at 350°C followed by 3 h at
850°C (heating rate 10°Cmin—1). The sample was kept under nitro-
gen atmosphere while it was cooled to room temperature. Finally,
it was treated with HCl and HF, which also removed the excess
base (KOH), washed with distilled water till all chlorides had been

removed and dried in an oven at 110 °C for 24 h before storage. This
sample was called CA.

2.2. Chemical surface modifications

Ammonium peroxydisulfate ((NH4),S,0g) was chosen as the
oxidizing agent [20]. CA was mixed with a saturated solution of
this salt on H,SO4 1M. After 24h under stirring at room tem-
perature, oxidized carbon was filtered and washed with distilled
water several times until all sulfates had been removed. This mate-
rial was dried at 110°C and labeled as CAOX. Thermal treatments
under nitrogen atmosphere (150 cm? min—1) at 300°C, 500°C and
700°C (10 min, 20°Cmin~!) were carried out on different por-
tions of CAOX in order to selectively remove oxygenated surface
groups (OSG). These samples were labeled as CAOX300, CAOX500
and CAOX700.

2.3. Textural characterization

The corresponding N, and CO, adsorption isotherms at —196 °C
and 0°C were obtained using an AUTOSORB 1 (QUANTACHROME
Ins.) instrument. Parameters such as BET surface area, micropore
volume (Wp) and micropore mean width (Ly) were calculated
by applying BET, Dubinin-Radushkevich and Stoeckli equations
to isotherms [21,22]. Pore size distribution (PSD) curves were
obtained by DFT or BJH derived methods [23,24]. Mesopore vol-
ume (Vimeso) Was estimated considering the total pore volume as
the volume of nitrogen adsorbed at a relative pressure P/Py=0.95
(Vo.95)- Therefore, Vipeso Was obtained from the difference between
Vo.g5 and Wy (N3). Mercury pycnometry was carried out in order
to determine the apparent density of samples. In preparation for
this procedure, samples were previously degasified at 110 °C under
dynamic vacuum (103 Torr).

2.4. Chemical characterization

Thermal Programmed Desorption (TPD) curves of carbon
monoxide and carbon dioxide were recorded. The analysis of TPD
profiles enabled us to quantitatively determine the total oxy-
gen content and the number of different oxygenated groups.
The assignment of these groups was based on the bibliography
[25-28]. Experiments were carried out by heating around 150 mg
of sample at 50 Kmin~! up to 1273 K using He as the carrier gas
(60 cm?3 min~1). The analysis of desorbed gases was performed with
a Mass Spectrometer model Prisma (Pfeiffer).

X-ray photo emission spectra (XPS) were recorded using a
Kratos Axis Ultra-DLD spectrometer. As a radiation source this
instrument uses MgKo (hv=1253.6 eV) and a hemispheric electron
analyzer operating at 12 kV and 10 mA. Since we wanted to quan-
tify total oxygen content, we analyzed regions for C;5 and O¢s. The
deconvolution of spectra and the assignment of bands were also
performed according to the bibliography [28,29].

Zero-point charge pH (pHzpc) of samples was determined with
the method proposed by Leon et al. [30]. Approximately 250 mg
of each sample were suspended on 4 mL of distilled water pre-
viously degasified. Suspensions were stirred and thermostated at
25°C measuring the pH periodically until readings were constant.
The final pH obtained this way was considered as the pHzpc for each
sample.

2.5. VOC adsorption

2.5.1. Static adsorption

Ethanol and n-octane static adsorption experiments were car-
ried out by exposing 0.050g of each sample, previously dried
at 110°C, in a desiccator containing ethanol (absolute ethanol,
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Fig. 1. (a) Mass flux controllers for He and air flows, (b) VOC reservoir, (c) cryostat,
(d) AC column, (e) gas chromatograph and (f) waste trap.

Panreac) or n-octane (octane >99% GC, Sigma-Aldrich) at room
temperature (~25°C) (Pg=57 and 16 Torr respectively). In these
experiments, samples were placed in a saturated atmosphere of
the organic vapor until equilibrium was reached, and then the total
adsorption capacity of the samples was determined [3,4]. Samples
were weighed daily till constant weight by using a Denver Instru-
ments SI-234 balance with an accuracy of 0.1 mg. VOC desorption
was studied by DSC and TG with a METTLER-TOLEDO TGA/DSC1,
heating VOC-saturated samples under N, flow (60 cm3 min—1!) to
500 and 950°C respectively (10°Cmin~'). Desorbed amounts of
VOC and desorption energies were determined and correlated with
the textural and chemical characteristics of the samples.

2.5.2. Dynamic adsorption

Breakthrough curves were determined by using the instru-
mental set-up described in Fig. 1. Breakthrough columns consist
of a U-shaped reactor (0.4cm inner diameter) containing 0.1g
of adsorbent fixed bed. ACs were pretreated at 200°C under He
flow (60cm3 min~!) for 1h, and then, breakthrough adsorption
curves were obtained at controlled temperature by changing from
a He flow to an air/VOC flow (60 cm3 min—1, 480 ppm n-octane or
560 ppm ethanol). VOC concentration was fitted by bubbling the
air flow through liquid VOC at 0 °C and diluting with pure air in the
appropriate proportion. VOC concentration was determined by a
Gas Chromatograph CP-3800 (VARIAN) equipped with a Carbowax-
20 M column and FID detection.

The analysis of breakthrough curves was performed using the
mass transfer zone (MTZ) concept [31,32]. Different parameters
may be determined from the analysis of breakthrough curves:
breakthrough (Vj02) and saturation (Vygg) points that are defined
as eluted volumes when the VOC concentration at the column
exit reached values of 2 and 90% of the initial VOC concentra-
tion (expressed as time on stream or volume treated), the amount
adsorbed at these points Xg g and Xggo, the mass transfer zone
height (Hyrz) and the rate at which MTZ moved forward (Ryrz).

The mass transfer zone (MTZ) and the mass transfer zone height
(Hwmtz) are defined as the region of the bed within which the adsorp-
tion process is taking place. MTZ is therefore located between the
saturated part of the bed and the clean part. This means that there
is a VOC concentration gradient which moves with the MTZ along
the adsorbent bed to the end column. Diffusion and adsorption are
happening at the same time. Therefore, values of Hyrz are smaller
for rapid adsorption than for slow adsorption. The calculation of
this parameter was carried out by applying the following equation
described in the bibliography [33]:

Vo.90
Hztm = h ( VO-9O — VOAOZ ) _ M
Vo.02 + ¢(Vo.90 — Vo.02) Co(Vo.90 — Vo.02)

where Vj gy and Voo have been already defined, h is the height of
the adsorption bed and ¢ is the fractional capacity which is related
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Fig. 2. Pore size distributions obtained by applying the QSDFT method to the
corresponding N, adsorption isotherm. CA (blue), CAOX (red), CAOX300 (green),
CAOX500 (black), CAOX700 (brown). (For interpretation of the references to color
in figure legend, the reader is referred to the web version of the article.)

to the efficiency of the adsorption process within the MTZ and is
calculated using the equation shown above on the right.

As adsorption occurs, part of the adsorbent is saturated and the
MTZ moves forward, so enabling us to calculate the mass transfer
zone displacement rate (Ryrz). This is done by multiplying Hyrz by
the flow rate and then dividing by the difference between break-
through and saturation volumes.

3. Results and discussion
3.1. Textural characterization

The textural characteristics of the samples were determined
by analyzing N, and CO, adsorption isotherms. The results are
summarized in Table 1 and the PSD obtained from N, adsorption
isotherms (QSDFT analysis) is shown in Fig. 2. The high KOH:carbon
ratio led to a high activation degree (44% wt.). The original CA
therefore showed a high micro/mesopore volume and surface area
values (Table 1). CA oxidation led to the destruction of about 50% of
porosity (Vp.gs5). This explains the big difference in apparent density
between the two samples (CA, 0.20 g cm~3 and CAOX, 0.41 gcm3).
After thermal treatments this parameter slowly decreased.

Textural transformations clearly took place above all within the
mesopore range (Fig. 2 and Table 1). The original PSD of the CA sam-
ple presents a maximum for mesopores with diameters between
2.8 nmand 3.0 nm and a maximum for micropores of around 0.8 nm
in diameter, indicated in the latter case by the small peak of the PSD
curve.

Original mesopores were destroyed by the oxidation process
and transformed into macropores (not detected by N, adsorption).
The pore destruction becomes progressively smaller as pore size
decreases: Vineso decreases by 52% and, at the micropore range, Wy
(N3) decreases by 32% while the narrowest micropores, Wy (CO3),
determined by CO, adsorption [34], increase by around 10%. This
pore volume reduction also leads to a drastic reduction of Sggr from
2387 to 1661 m2g-1.

Nevertheless, not only pore destruction occurred. Oxygen sur-
face groups (OSG) were also partially blocking the porosity in the
same range (large micropores and mesopores), thus after pro-
gressive thermal treatments at 300, 500, and 700°C, carried out
to selectively remove these OSG, as will be described below, W
(N3), Wy (CO3) and Vipeso increased, leading also to a simultaneous
increase in Sggr. Thus there is a pore widening associated with the
release of the OSG favoring large micropores and mesopores, which
again shifts the PSD to the mesopore range. However, mesoporosity
in the original pore range was never recovered (Fig. 2).
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Table 1

Textural properties of samples obtained by gas (N, and CO,) adsorption.
Sample Sger (m?g~") Wo (N2) (cm® g~") W (COz) (cm®g1) Vogs (cm®g1) Vimeso (cm?® g~1)
CA 2387 0.92 0.39 2.23 1.31
CAOX 1661 0.63 0.43 1.07 0.44
CAOX300 1686 0.63 0.44 1.10 0.47
CAOX500 1696 0.68 0.48 1.18 0.50
CAOX700 1972 0.78 0.48 1.34 0.56

Table 2

Chemical characteristics of samples from TPD, XPS and pHzpc analyses.
Sample WL (%) CO (pmolg1) CO, (pmolg) Orpp (%) Oxps (%) pHzpc
CA - 1160 150 23 1.7 7.5
CAOX - 3680 3010 15.5 9.3 24
CAOX300 20 5070 2110 14.9 7.0 2.9
CAOX500 24 6030 1370 14.0 5.6 3.0
CAOX700 40 680 110 14 1.4 7.8

3.2. Chemical characterization

In addition to porous texture, surface chemistry will also deter-
mine the nature and extent of interactions with target VOCs. We
therefore extensively analyzed the surface chemistry of ACs using
XPS, TPD and pHzpc experiments. The results are summarized in
Table 2. Particularly noteworthy is the sharp increase in CA oxygen
content after oxidation to CAOX, which also produced a strong acid-
ification of the carbon surface as denoted by the variation in pHzpc
values. Oxygenated surface groups are located inside pores (mainly
large micropores and small mesopores, as previously commented)
and thus %O1pp > %Oxps. By weighing each sample before and after
thermal treatments, we observed a significant total weight loss due
to the release of gases, reaching as high as 40% at 700 °C, responsible
for the surface development and pore widening described above.

Information about the chemical nature of the OSG present in
each sample was obtained by analyzing TPD profiles (Fig. 3). This
is because OSG are evolved at different temperature ranges and
can therefore be identified and quantified (Table 2). The highest
peak in the CO, profile of sample CAOX is located at 278 °C and
is attributed to the release of carboxylic acid groups. The strong
shoulder at 450 °C and the long tail of the CO,-profile indicate that
other CO,-evolving groups, such as anhydrides and lactones, are
present. Anhydrides may be formed from the dehydration of two
neighboring carboxylic groups. Maximum CO-desorption takes
place at 555 °C, but this peak is very wide and has a long tail. This
means that different CO-evolving groups may also be present.
According to previous studies, phenols [25-27] evolve between
600°C and 700°C, ether groups at around 700°C, carbonyls
between 800 °C and 900°C and more stable chromenes at around
1000°C. However, Marchon [35] tentatively assigned different
peaks and the CO-profile shoulder to semiquinone functional
groups on energetically different sites.

As published in a previous paper [27] oxygenated surface groups
are selectively removed at different temperature ranges, and the
oxygen content decreases linearly as the treatment temperature
increases. Nevertheless, it is important to note the exceptional
behavior of CAOX after treatments between 300°C and 500°C.
Thus, as can be seen in Table 2, %Oxps progressively decreases in
contrast to %Orpp, which remains practically unchanged at this
temperature range. After treatments at 700 °C, the oxygen content
fell sharply and CAOX700 showed a similar surface chemistry to
the original CA. Therefore, there is a dramatic reorganization of
OSG inside the pores in the 300-500 °C range. It is remarkable that
even at the lower temperature (300°C), the treatment is strong
enough to completely eliminate the carboxylic acid groups present
in the CAOX sample (Fig. 3). CO, evolved in this process from
both CAOX300 and CAOX500 is mainly reincorporated forming

CO-evolving groups (semiquinone) that are also progressively more
stable, as indicated by the CO-peak shifting to higher temperatures.

3.3. Adsorption of n-octane and ethanol

3.3.1. Static adsorption

The objective of this study was to develop specific traps for VOCs.
Adsorption capacities determined under static conditions at 25°C
are summarized in Table 3. Results are expressed as liquid vol-
ume, considering n-octane and ethanol density values as 0.703 and
0.791 gcm3 respectively, to facilitate correlations with pore vol-
umes. It is interesting to note that these adsorption values are a
very good match for the total pore volume (Vj g5 ) of the samples. It
is also noteworthy that the adsorption values for our samples are
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Fig. 3. TPD curves for CO; (a) and CO (b). CA (blue), CAOX (red), CAOX300 (green),
CAOX500 (black), CAOX700 (brown). (For interpretation of the references to color
in figure legend, the reader is referred to the web version of the article.)
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Table 3

Adsorbed amounts of ethanol and n-octane at saturation under static conditions and the amounts desorbed by thermal treatments.
Sample Ethanol n-Octane

Adsorbed (cm?g~1) Desorbed (cm3g1) Ed (kJ mol-1) Adsorbed (cm?g~1) Desorbed (cm3g1) Ed (kJ mol-1)

CA 235 2.04 61.1 2.60 1.99 235
CAOX 1.61 137 62.3 1.22 1.18 7.5
CAOX300 1.07 1.05 48.2 0.86 0.85 18.8
CAOX500 1.11 1.18 49.2 0.85 0.81 19.9
CAOX700 1.28 1.31 38.1 1.12 1.11 125

significantly higher than for other adsorbents [36], including acti-
vated carbons [37]. Thus, for example, BASF activated carbon with
a micropore volume of 0.39cm3g~! and a macropore volume of
0.31cm?3 g~! has an ethanol adsorption capacity of 0.43 cm3 g1 at
a relative pressure of 0.9 and 25°C [37]. In our case, the ethanol
adsorption capacity of CA was enhanced by the presence of meso-
pores (instead of macroporosity on BASF carbon), in agreement
with previously observed results [3] for toluene adsorption. The
developed porosity of the CA sample favors both the higher adsorp-
tion capacities and the desorption energies (Eq), determined from
DSC-experiments, of the samples series (Table 3). n-Octane adsorp-
tion seems to be favored compared to ethanol adsorption by the
mainly hydrophobic character of the carbon surface, which means
that Eg4 is smaller.

The adsorption capacity decreases for both ethanol and octane
after oxidation due to the huge porosity destruction mentioned ear-
lier. The hydrophilic surface of CAOX now favors ethanol adsorption
relative to n-octane, Eg4 takes the maximum value of the samples
series for ethanol adsorption, and the minimum value for n-octane
adsorption. Curiously, sample CAOX presents a higher adsorption
capacity (for both ethanol and octane) than CAOX300. Given that
they have similar textural properties (Table 1), the decrease in
adsorption capacity must therefore be associated with chemical
transformations (i.e. the release of carboxylic acid groups). Simul-
taneously, there is a sharp fall in the ethanol desorption energy
(Eq), while the contrary effect is observed for octane. Thus car-
boxylicacids clearly favor interactions with ethanol and make those
with n-octane more difficult. The CAOX300 and CAOX500 samples
showed quite similar adsorption/desorption characteristics based
on a similar total oxygen content (%Otpp) and pHzpc. This means
that despite the substantial reorganization of OSG that takes place
in these samples (decomposition of labile CO,-evolving groups and
formation of more stable CO-evolving groups, Table 2), interactions
between adsorbates and these new OSG are less specific than those
previously commented for carboxylic acid groups. When the treat-
ment temperature is increased to 700 °C, the pore opening and the
increase in surface area again enhance the adsorption capacity of
the samples.

There is also a good match between the adsorbed and desorbed
amounts. This shows that the thermal regeneration of samples is
effective and consequently that they can be reused in subsequent
adsorption-desorption cycles. VOC desorption was carried out by
heating during TG-experiments, and as a result OSG were simul-
taneously evolved, which could influence these results. In order
to avoid these interferences, we also analyzed fresh samples, and
the VOCs desorbed in the temperature range in fresh samples were
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Fig. 4. TG profiles of fresh (dash line) and VOC-saturated (a, b, ¢, d - ethanol, e -
octane) samples (solid line). (f) DSC curves for ethanol desorption.

shown to be thermally stable in terms of weight loss. Fig. 4 shows
some of the TG profiles for VOC desorption including the corre-
sponding fresh samples.

As can be observed in Fig. 4, the CA samples saturated with
ethanol (Fig. 4a) and with n-octane (Fig. 4e) both suffer a severe
weight loss (WL) at low temperature, followed by a large plateau.
Fresh CA shows good thermal stability up to around 550°C. The
amount of CO, released is low and the observed WL above this
temperature is due mainly to the release of CO-evolving groups
(Fig. 3), with the two curves more or less parallel. VOC desorption is
therefore associated exclusively with the first part of the TG profile,
where the WL is not influenced by OSG release. Consequently, the

Table 4

Parameters obtained from the analysis of n-octane breakthrough curves.
Sample Bed height (cm) Voo2 (L) Xooz2 (mgg™") Voo (L) Xogo (mgg™") Hwrz (cm) Rurz (cmh1)
CA 6.7 439 206.3 52.0 223.8 0.34 0.15
CAOX 4.2 9.0 43.7 38.8 99.0 1.73 0.21
CAOX300 4.2 13.1 62.5 53.2 146.6 1.57 0.14
CAOX500 4.1 13.9 66.9 51.9 158.5 1.37 0.13
CAOX700 4.1 271 130.0 67.6 198.7 1.17 0.10
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Fig. 5. Breakthrough curves in dry air (a) n-octane and (b) ethanol. CA (¢), CAOX (A), CAOX300 (O), CAOX500 (1), CAOX700 (x).

Table 5

Parameters obtained from the analysis of ethanol breakthrough curves.
Sample Vo2 (L) Xoo2 (mgg) Vo.go (L) Xogo (mgg™") Hyrz (cm) Rz (cmh~1)
CA 1.2 5.0 4.1 10.7 2.80 3.48
CAOX 4.6 26.5 15.6 53.4 1.72 0.56
CAOX300 0.9 5.2 14.0 284 3.02 0.83
CAOX500 1.5 8.0 111 25.5 2.53 0.95
CAOX700 0.2 1.2 7.0 12.0 3.80 3.80

saturated sample can be regenerated at low temperature. It should
also be pointed out however that the CAOX sample has the weak-
est OSG and the strongest interactions with ethanol. This sample is
only stable up to around 200 °C, from which the WL observed for the
fresh sample (Fig.4)is primarily due to the elimination of carboxylic
groups (Fig. 3). Nevertheless, ethanol desorption clearly finished
before the carboxylic groups were eliminated (Fig. 4b), and the
TG profile of the saturated sample shows a small plateau between
150°C and 200°C. The amount of ethanol desorbed from the CAOX
sample decreases compared to that from CA, as mentioned above.
Nevertheless, desorption occurs within a large temperature range,
as a consequence of interactions between EtOH-carboxylic acid
groups. In this case, the sample regeneration should be carried
out carefully at temperatures of less than 200°C in order to pre-
serve carboxylic groups which, as previously described, enhance
the EtOH adsorption capacity. The small plateau detected for satu-
rated CAOX becomes progressively larger when the pretreatment
temperature increases (Fig. 4cand d), and in all cases, the WL curves
associated to the OSG run quite parallel to each other in fresh and
saturated samples. DSC profiles for the ethanol desorption from
certain selected samples are also included in Fig. 4. The desorption
process is obviously endothermic, the DSC-peak of CAOX satu-
rated samples shows a long tail at higher temperatures, due to the
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Fig. 6. Variation of n-octane adsorption capacity, Xoo2 (®), Xooo (#) and Hyrz (a)
with the micropore volume of samples Wy (N3).

interaction of ethanol with carboxylic groups, which falls signifi-
cantly after the treatment at 300 °C (CAOX300).

3.3.2. Dynamic adsorption

In Fig. 5, the behavior of samples as n-octane (Fig. 5a) and
ethanol (Fig. 5b) adsorbents under dynamic experimental condi-
tions is presented by the corresponding breakthrough curves. The
parameters obtained from the analysis of these curves are summa-
rized in Tables 4 and 5 for n-octane and ethanol respectively. The
contrasting behavior of these samples when adsorbing the alkane
or the alcohol is easy to observe. This behavior is related to the
evolution of the textural and chemical properties discussed earlier
and coincides with results obtained under static conditions. Pre-
vious studies of ACs and carbon fiber ethanol adsorption showed
that the adsorption rate is determined by diffusion processes [38]
and that the adsorption kinetics could be fitted to empirical corre-
lations showing the influence of adsorption temperature and VOC
concentration [39,40]. In a previous article [3] we pointed out the
strong influence of mesoporosity in carbon aerogels used as toluene
adsorbents under static and dynamic conditions.

Clearly, within these experimental conditions the series of sam-
ples prepared is more specific for the adsorption of n-octane than
of ethanol. Thus, in the worst case 43.7mgg~" of n-octane are
adsorbed as compared to the 26.5mgg~! of ethanol adsorbed in
the best case at the breakthrough point. Under these experimental
conditions, the porosity involved in the adsorption processes is dif-
ferent than under static conditions, because of the smaller P/ Py, thus
the volume of n-octane adsorbed approximately matches Wy(CO;)
for CA and CAOX700 samples. These results agree with those
observed by other authors [2]. The adsorption capacity strongly
decreases for CAOX and gradually recovers after thermal treat-
ments (Table 4). In the case of ethanol adsorption, the volume of
ethanol adsorbed is significantly smaller than the micropore vol-
ume in all cases. The fact that more ethanol was adsorbed in the
CAOX sample despite it having the smallest pore volume denotes
that in this case adsorption is enhanced by chemical interactions.

After oxidation, the hydrophilic character of the CAOX sur-
face increases [40,41], which favors ethanol adsorption but makes
n-octane adsorption more difficult. Thus, the corresponding break-
through curves appear before and after the original CA adsorption
curve for n-octane and ethanol respectively. There is also an
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up to 300°C.

important change in terms of the curve shapes. For both pollut-
ants the difference between breakthrough and saturation points
increased compared to CA, and the curves showed important slope
changes indicating changes in the accessibility of the pores and/or
interactions with the carbon surface. After removing the OSG,
breakthrough curves tended to return to the shape and position
of the original CA curves.

The BET surface area drops by 32% from CA to CAOX, however,
n-octane adsorption capacity decreases by about 78% at the break-
through point and 56% at the saturation point, which shows the
influence of surface chemistry. The smaller n-octane-adsorbent
interaction after oxidation is also indicated by an increase in the
Rwmtz, which leads to an increase in the Hyrz of 500% with regard to
the CA sample. Opposite effects are observed for ethanol adsorp-
tion: the increase of the adsorption capacity by a factor of four
and the six-fold decrease of the Ryirz are indicative of stronger
ethanol-adsorbent interactions. These results are also in line with
those previously obtained in static conditions and related with Eg4
variations (Table 3).

After treatment at 300°C, the release of carboxylic groups
strongly decreases the adsorption of ethanol while enhancing that
of n-octane. The specificity of these groups for ethanol adsorp-
tion is pointed out by the variation of the breakthrough point,
Xo.02, which decreases about fivefold (Table 5). It is also impor-
tant to note that at this point ethanol adsorption is favored in the
case of CAOX500 compared to CAOX300. This is probably due to
the stronger regeneration capacity at this temperature of the car-
boxylic acid groups evolving at 280 °C (Fig. 3a). Smaller differences
were observed at the saturation point, Xgg¢ decreases by a half
after treatment at 300 °C, and only drops slightly after treatment at
500°C, in spite of the OSG reorganization mentioned earlier. This
fact also highlights the unspecific character of CO-evolving groups,
in contrast to that of carboxylic groups. For CAOX700 both Xy 2
and X oo decrease in spite of the higher Sggt. The low affinity of the
CAOX700 surface for ethanol is highlighted by the sharp increase
in INVivAS

n-Octane adsorption is progressively enhanced with the elim-
ination of oxygenated surface groups, although the n-octane
adsorption capacity of CA is not recovered. The adsorption of n-
octane is mainly determined by textural characteristics (Fig. 6)
while ethanol adsorption is more influenced by surface chemistry
(Fig. 7a), namely, by the presence of carboxylic acid groups (Fig. 7b).
The stronger the interaction, the smaller the Ryrz and Hyz in the
corresponding fixed bed columns. Therefore, because the perfor-
mance of the trap will depend on the nature and concentration of
the VOCs and on the activated carbon porosity and surface chem-
istry, the preparation of traps for gasoline vapors based on mixtures
of adsorbents could be an appropriate approach. We are currently

studying this question in our laboratory, along with those of com-
petitive adsorption and the influence of humidity in the stream.

4. Conclusions

A highly porous activated carbon (CA) was obtained by means of
chemical activation of carbonized olive stones. The surface chem-
istry was modified with an oxidation treatment (CAOX) reaching
an oxygen content of 16% wt. Different types of oxygenated surface
groups were identified by TPD and selectively removed by heating
CAOX sample proportions at different temperatures. Treatments up
to 500 °Cdid not produce any significant changes in the oxygen con-
tent (determined by TPD) but OSG varied from CO, to CO-evolving
groups. Treatment at 700°C prevented this OSG reorganization,
since these groups are no longer stable at this temperature, and
as a result the oxygen content fell sharply and pHzpc returned to
basic values for CAOX700.

All samples performed well as ethanol and n-octane adsorbents,
under both static and dynamic conditions. Nevertheless, the two
compounds have different requirements. ACs working at a high rel-
ative pressure of VOCs under static conditions (such as in a canister
connected to the car tank) can be saturated at room temperature
using the complete porosity. Under these conditions, in spite of the
fact that surface chemistry (carboxylic groups) enhances the inter-
actions with ethanol, the main factor is clearly its highly developed
meso-microporosity. TG experiments showed that spent adsor-
bents can be regenerated with oxygenated or aliphatic VOCs for
these kind of samples below 200 °C.

The development of traps working in a stream of polluted VOCs
at low concentration (ppm) requires only highly microporous sam-
ples. The surface functionalization favors ethanol adsorption, but
makes octane adsorption more difficult. Of the different OSG ana-
lyzed by TPD, carboxylic acid groups were shown to produce a
specific effect on ethanol adsorption, although adsorption capac-
ity depends on the total oxygen content (hydrophobicity) of the
carbon surface. The stronger the interaction, the smaller the Ryrz
and Hyrz in the corresponding fixed bed columns.
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