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a b s t r a c t

Activated carbon cloths (ACC) were prepared from lyocell, a novel regenerated cellulose nanofibre fabric,
by phosphoric acid activation in inert atmosphere at two different final thermal treatment temperatures
(864 and 963 ◦C). Benzene, toluene and n-hexane isotherms at 298 and 273 K were measured in order
to gain insight into the porous structure of the ACC and to evaluate their performance for the removal
of volatile organic compounds (VOCs). The Dubinin–Radushkevich equation was employed to evaluate
textural parameters of the ACC. The textural characteristics of the ACC were compared with those pre-
viously determined from nitrogen (77 K) and carbon dioxide (273 K) adsorption data. The samples were
icroporous materials
urface properties
olatile organic compounds adsorption
lectrothermal regeneration

essentially microporous. The textural parameters calculated from the hydrocarbon isotherms were in
good agreement with those evaluated from nitrogen isotherms for the ACC with the wider microporos-
ity. Additionally, the Freundlich model provided a good description of the experimental isotherms for
the three volatile organic compounds. The ACC obtained at the higher temperature exhibited a larger
adsorption capacity. The ACC were also electrically conductive and showed potential for regeneration
by the Joule effect, as determined from macroscopic electrical measurements before and after n-hexane

adsorption.

. Introduction

Volatile organic compounds (VOCs) are present in gas and liquid
treams of many industrial applications due to the high produc-
ion levels. Because they are hazardous to human health and the
nvironment, regulations to control their concentration in efflu-
nts are increasingly stringent. Accordingly, continuous research
s required to develop more efficient technologies to reduce emis-
ions of these noxious pollutants. Methods such as condensation,
bsorption, adsorption, catalytic oxidation, and incineration have

een employed for abatement of VOCs. Adsorption is by far the most
idespread technology applied because it provides an economical
ay to recover VOCs from a wide range of gaseous streams [1–7].
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Activated carbons have been employed for the efficient separa-
tion, purification, recovery, and storage of VOCs. Moreover, the use
of porous adsorbents to control the amount of hazardous air pollu-
tants can be envisaged not only in the elimination of these species,
but also in their monitoring. In the last years, activated carbon
cloths (ACC) have been increasingly investigated for this purpose
because they offer several technological advantages in compari-
son with the traditional forms of this widely used porous material.
These advantages include faster adsorption kinetics, higher effi-
ciency, and larger capacity for adsorption due to their higher surface
area and pore volume. Besides, micropores of the ACC are directly
connected to the external surface area, inducing a decrease in
the mass transfer resistance that leads to lower pressure drops in
flow units [6,8–15]. Furthermore, ACC are essentially microporous
materials which are relevant for the adsorption of VOCs in low con-
centrations in ambient air environments [4,16,17]. Emissions at low
concentration levels are quite typical during handling, storage, and

distribution of chemicals involving VOCs [3].

In order to develop an adsorption-based separation process,
equilibrium data of pure components and textural characterization
of the adsorbent are essential [5]. Besides, adsorption of organic
compounds with different sizes is a recognized way to character-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:analea@di.fcen.uba.ar
dx.doi.org/10.1016/j.jhazmat.2009.12.014
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Nomenclature

ABET specific surface area BET [m2 g−1]
E0 characteristic energy, Dubinin–Radushkevich

[kJ mol−1]
KF constant indicative of relative adsorption capacity,

Freundlich [mmol g−1 mbar−n]
KL constant related to the adsorption energy, Langmuir

[mbar−1]
L0 mean pore with, Dubinin–Radushkevich [nm]
n characteristic parameter related to the intensity of

adsorption, Freundlich
n0 micropore capacity [mmol g−1]
q volatile compound adsorbed at equilibrium per unit

weight of adsorbent [mmol g−1]
T0 reference temperature (273 K)
Vm molar volume [cm3 mol−1]
XmL monolayer adsorption capacity, Langmuir

[mmol g−1]

Greek letters
˛0 thermal coefficient at the reference temperature T0

[K−1]
�0 micropore volume, Dubinin–Radushkevich

[cm3 g−1]
�S micropore volume, ˛s model [cm3 g−1]
�T total pore volume [cm3 g−1]
� electrical resistivity [� m]
�0 electrical resistivity at the reference temperature T0

[� m]
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298 and 273 K were determined gravimetrically using a CI Elec-
tronics vacuum microbalance with a DISBAL control unit, with

T
E

ze porous structures of the adsorbents [18]. Regeneration of the
pent adsorbents is another critical factor that must be considered
n selecting an adsorbent. Desorption by hot gases leads to low con-
entrations of desorbed vapours. To avoid these inconveniences,
in situ” heating by the Joule effect could be an interesting alter-
ative for ACC. They are electrical conductive and, therefore, their
egeneration can be carried out by applying an electrical current
o the spent adsorbent and using its natural resistance to provide
eat. Besides, electrothermal regeneration of the saturated adsor-
ent can be performed in the same unit in which adsorption occurs
2,3,19–22].

Within this context, the aim of the present work was to
nvestigate the porous texture of activated carbon cloths (ACC)
ynthesized from lyocell fabric from the adsorption of three differ-
nt hydrocarbons. Benzene, toluene and n-hexane isotherms were
btained at 298 K and 273 K. The textural characteristics of the ACC
s evaluated from these isotherms were compared with those pre-
iously determined from nitrogen and carbon dioxide adsorption
ata. Moreover, conventional two-parameter models were applied
o calculate the adsorption capacity of the ACC for their potential
se in VOC removal. Finally, the electrical resistivity of the ACC

efore and after exposure to n-hexane, as model compound, was
etermined in order to evaluate the feasibility of in situ electrother-
al regeneration of the saturated adsorbents.

able 1
lemental composition and some characteristics of lyocell precursor.

Sample Specific mass (gm−2) Warp (yarn cm−1) Weft

Tencel® 200 39 24

a Calculated by difference.
s Materials 177 (2010) 175–182

2. Experimental

2.1. Synthesis of activated carbon cloths

Tencel®, a lyocell-based fabric, kindly provided by Santista Tex-
tile Group (Buenos Aires, Argentina), was used as precursor for
the preparation of the ACC. The elemental composition and some
characteristics of the precursor are given in Table 1.

Regenerated cellulosic strips previously weighed were impreg-
nated with H3PO4 acid (analytical grade) solutions of 10 wt%
concentration at 60 ◦C overnight. Then, they were dried and
weighed. The impregnated samples were thermally treated in a
tubular stainless steel reactor of horizontal configuration exter-
nally heated by an electric furnace under a N2 flow (100 mL/min).
The activated carbon cloths were heated at 5 ◦C/min up to two dif-
ferent final temperatures (HTT), 864 and 963 ◦C. They were labeled
as ACC 864 and ACC 963, respectively. Once the desired final tem-
perature was attained, it was held for 1 h. The thermal program
included an isothermal step at the initial cellulose decomposi-
tion temperature in order to improve mechanical resistance of the
ACC. Afterwards, the resulting cloths were cooled under N2 flow
and rinsed thoroughly with distilled hot water until neutral pH.
The products were then dried until constant weight. Yields were
calculated from weight differences. Details of the experimental
procedure have been reported earlier for ACC obtained from other
precursors [23,24].

2.2. Characterization of the activated carbon cloths

Porosity development of the ACC was evaluated from the
adsorption isotherms of nitrogen at 77 K determined on a CE Instru-
ments Sorptomatic 1990. The ACC were outgassed for 5 h at 423 K
under vacuum prior to testing. Narrow microporosity was assessed
from the adsorption isotherms of carbon dioxide at 273 K, by
using a classical manually operated manometric apparatus. The BET
model was employed to evaluate the specific surface area from N2
isotherms and total pore volumes (�T) were estimated from the
amount of N2 adsorbed at the highest relative pressure, near unity.
Nitrogen and carbon dioxide isotherms were analyzed by means
of the Dubinin–Radushkevich (DR) equation in order to obtain the
DR micropore volume (�0), characteristic energy (E0), and the mean
pore width (L0). The latter was estimated from the relationship [25]:

L0 = 10.8
E0 − 11.4

The vapour pressure and density of carbon dioxide were taken
as 26.126 bar and 1.023 g cm−3, respectively. The value used for the
CO2 affinity coefficient was ˇ = 0.35. The density of nitrogen was
taken as 0.808 g cm−3 and the affinity coefficient as ˇ = 0.34.

2.3. VOC adsorption isotherms

The adsorption isotherms of n-hexane, benzene and toluene at
pressure measurement by means of Edwards Barocel 600 capac-
itance manometers. The temperature was controlled within ±0.1 K
using a LTD Grant thermostat. Organic liquids were outgassed by

(yarn cm−1) N (%) C (%) H (%) Oa (%)

0.2 42.4 5.9 51.5



M.E. Ramos et al. / Journal of Hazardous Materials 177 (2010) 175–182 177

Table 2
Vapour pressure, density, affinity coefficient, MW and boiling point of the three adsorbates used.

Adsorbate Collision diametera (nm) MW (g mol−1) Density (g cm−3) Saturation pressure (mbar) ˇ

298 K 273 K 298 K 273 K

n-Hexane 0.591 [27] 86.18 0.6563 0.6789 201 60 1.31
Benzene 0.527 [27] 78.11 0.8729 0.8974 127 35 1.00
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Toluene 0.665 [28] 92.14

ird et al. [27], Halpern and Glendening [28].
a Calculated from the Lennard–Jones potential energy model.

epeated freeze-thaw cycles. The ACC samples were outgassed at
73 K under vacuum prior to determination of the isotherms. The
ensitivity of the weight measurements was 0.01 mg. The adsorp-
ion equilibrium for the organic compounds could be reached
ithin 10 min. Total pore volume was calculated as the amount

f hydrocarbon adsorbed at the highest relative pressure, using
density calculated from equations recommended in the litera-

ure [26]. Vapour pressure, density, affinity coefficient, molecular
eight (MW) and collision diameter for the different adsorbates

re listed in Table 2.
Textural parameters were calculated from the adsorption

sotherms of the organic compounds, applying the DR equation.
oreover, the experimental adsorption equilibrium data for the

OCs on the ACC were fitted to the Langmuir and Freundlich models
n order to examine their potential for VOC removal from gaseous
ffluents. The Langmuir isotherm model is applicable for monolayer
dsorption on a homogeneous adsorbent surface with negligible
ntermolecular forces [29]:

= XmL
KLp

1 + KLp

here q is the amount of the volatile compound adsorbed per
nit weight of adsorbent (mmol g−1), p, the equilibrium pressure
mbar), XmL, the monolayer adsorption capacity (mmol g−1), and
L (mbar−1), a constant related to the adsorption energy. The Fre-
ndlich model is widely used for adsorption onto activated carbons
ith heterogeneous surfaces [29]:

= KFpn

here KF is an empirical constant, indicative of the relative adsorp-
ion capacity (mmol g−1 mbar−n), and n, a characteristic parameter
elated to the intensity of adsorption.

.4. Electrical resistivity of the ACC

Determination of the electrical characteristics of the adsorbents
s the preliminary stage to study desorption by the Joule effect. The
rocedure has been described for other ACC samples [21,23,24].
riefly, rectangular ACC samples were assembled between two
opper electrodes. A standard DC method in a four probe config-
ration was employed. Measurements were carried out in ambient

ir and in the warp direction. The temperature at the center of the
amples’ surface was measured with a copper-constantan thermo-
ouple. The ACC samples were dried during 48 h and the electrical
easurements were performed. For each sample, different voltages
ere applied and the current and temperature were recorded after

able 3
ield and textural characteristics obtained by application of the DR and BET methods to N2

loths.

Sample Yield (%) Nitrogen

�T (cm3 g−1) ABET (m2 g−1) �0 (cm3 g−1)

ACC 963 19.8 0.67 1705 0.64
ACC 864 26.9 0.52 1229 0.48
0.8647 0.8872 38 9 1.19

5 min. The electrical resistance of the ACC samples was calculated
by Ohm’s law. The electrical resistivity (�) was evaluated account-
ing for the dimensions of the ACC probe. To evaluate the electrical
resistivity parameter (�0) and thermal coefficient (˛0) of the ACC, a
decreasing linear dependence of the resistivity on the temperature
was applied to fit the experimental data. It is given by

�

�0
= 1 + ˛0(T − T0)

where � is the electrical resistivity (� m) at the temperature of
the activated carbon cloth surface (T), �0, the electrical resistivity
(� m) at the reference temperature T0 (273 K), and ˛0, the thermal
coefficient (K−1) at the reference temperature T0.

In order to evaluate the feasibility of regenerating the ACC
loaded with VOCs by the Joule effect, macroscopic measurements of
the electrical resistance of the ACC after n-hexane adsorption were
also carried out. For this purpose, ACC were exposed in n-hexane
saturated ambient for 48 h, in order to reach saturation capacity.
Finally, the electrical resistivity of the ACC loaded with n-hexane
was determined following the procedure described above.

3. Results and discussion

Nitrogen adsorption/desorption isotherms for the ACC have
been previously reported [30]. They exhibited a typical type I
isotherm according to the IUPAC classification, which is indicative
of essentially microporous materials, and were reversible [23,24].
The ACC developed at the higher temperature presented a larger
N2 adsorption capacity and a higher mean pore width.

Yield and textural parameters calculated from the nitrogen and
carbon dioxide isotherms are summarized in Table 3. The results
in the table indicate that increasing the HTT induced a decrease
in ACC yield due to a larger release of volatile compounds during
thermal treatment [23,24] which is favoured at the higher temper-
ature. The derived ACC presented high surface areas and total pore
volumes. Higher activation temperature led to a larger adsorption
capacity and a wider microporosity development. Specific surface
area (ABET), micropore volume, �0(N2), and the mean pore width
increase with activation degree. Increasing the final temperature
also promotes widening of micropores and changes in the pore size

distribution, as inferred from comparison of the values of �0(CO2)
and �0(N2). As may be noticed, the former remained almost con-
stant, while the latter increased. The lower values of L0(CO2) in
comparison with L0(N2) for these samples is also an indication of
the presence of some wider microporosity.

and CO2 adsorption isotherms determined for the lyocell-derived activated carbon

Carbon dioxide

E0 (kJ mol−1) L0 (nm) �0 (cm3 g−1) E0 (kJ mol−1) L0 (nm)

21.3 1.09 0.41 24.3 0.84
24.2 0.84 0.45 25.9 0.75
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Fig. 1. Hexane adsorption/desorption isotherms obtained at 298 and 273 K for the
ACC developed at the two different temperatures. Open symbols: adsorption; filled
symbols: desorption.
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Fig. 4. Benzene adsorption isotherms at low relative pressures for the ACC obtained
at the two different temperatures.

Table 4
Textural parameters of the lyocell-derived ACC as calculated from adsorption
isotherms of the different organic molecules.

ACC 963 ACC 864

298 273 298 273

n-hexane
�T (cm3 g−1) 0.66 0.66 0.46 0.46
�0 (cm3 g−1) 0.63 0.63 0.40 0.39
E0 (kJ mol−1) 22.9 23.0 24.8 24.6
L0 (nm) 0.94 0.93 0.81 0.82

Benzene
�T (cm3 g−1) 0.67 0.66 0.47 0.47
�0 (cm3 g−1) 0.64 0.64 0.42 0.43
E0 (kJ mol−1) 23.1 24.0 24.7 25.5
L0 (nm) 0.92 0.86 0.81 0.77

Toluene
�T (cm3 g−1) 0.66 0.66 0.43 0.44
ig. 2. Benzene adsorption/desorption isotherms obtained at 298 and 273 K for the
CC developed at the two different temperatures. Open symbols: adsorption; filled
ymbols: desorption.

Hexane, benzene and toluene adsorption isotherms obtained at
98 and 273 K for the two ACC samples are depicted in Figs. 1–3.
ll the isotherms (Figs. 1–3) showed a plateau over a wide range of
elative pressures which is characteristic of microporous materials,

n agreement with nitrogen adsorption data [30]. For the sample
btained at the higher final temperature, there is an opening of
he knee which points to a widening of microporosity with the
egree of activation. A larger specific surface area resulted in a

ig. 3. Toluene adsorption/desorption isotherms obtained at 298 and 273 K for the
CC developed at the two different temperatures. Open symbols: adsorption; filled
ymbols: desorption.
�0 (cm3 g−1) 0.64 0.64 0.41 0.41
E0 (kJ mol−1) 23.3 23.6 24.4 24.7
L0 (nm) 0.91 0.88 0.83 0.81

higher adsorption capacity of the different adsorbates employed
over the whole experimental range. As expected, the uptake of each

organic compound increased at the lower temperature employed
for isotherm determination, since adsorption is an exothermic pro-
cess and the system is in equilibrium. Mean pore radii were higher
than the molecular size of the adsorbates, as estimated from the

Fig. 5. Log–log plot for the two ACC employed for all the organic adsorbates. Val-
ues corresponding to adsorption of nitrogen (77 K) are included (�, ACC 963; �,
ACC 864).
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enhancing the adsorption capacity at low relative pressure [33].
ig. 6. Comparison between experimental and predicted VOCs adsorption
sotherms at 298 K for the ACC 963: (a) n-hexane; (b) benzene; (c) toluene.

ollision diameter, pointing to negligible activated entry effects
Tables 2 and 3).

The benzene isotherms (Fig. 2) presented a hysteresis loop,
haracteristic of slit-shaped pores of size close to the minimum
olecular dimension of the adsorbate [31,32]. This loop becomes
ider and shifts to lower relative pressures for the isotherms deter-
ined at 273 K. In order to better observe the differences in the

ata at the lower p/p0 region, Fig. 4 shows the benzene adsorption
sotherms, expressing the relative pressure p/p0 in a logarithmic
orm.
The results show that, for the two ACC, the adsorption capacity
f benzene at high relative pressures was higher than for the other
rganic compounds (Figs. 1–3). At low relative pressures, adsorp-
ion affinity was dependent on the temperature of the isotherm and
Fig. 7. Comparison between experimental and predicted VOCs adsorption
isotherms at 298 K for the ACC 864: (a) n-hexane; (b) benzene; (c) toluene.

on the porous material. With regard to benzene adsorption in the
low pressure region (p/p0 < 2 × 10−3), the uptake was higher at the
higher temperature used (Fig. 4). The trend may possibly be related
to constrictions in pore entrances and pore shape. Benzene is a disc-
like molecule which is different from the molecular structure of the
other compounds. The rise in temperature seemed to facilitate the
diffusion of benzene molecules through narrow constrictions, thus
The adsorption isotherms of the organic compounds were sat-
isfactorily represented by the DR equation (R2 > 0.99). The range of
relative pressures considered for data fitting was 0.01–0.1 for all the
samples. The parameters �0, E0, L0, and the total pore volume (�T)
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Table 5
Estimated parameter values of the Langmuir and Freundlich models for VOC adsorption onto ACCs.

ACC 963 ACC 864

273 K 298 K 273 K 298 K

n-Hexane Langmuir XmL (mmol g−1) 5.11 4.91 3.56 3.44
KL (mbar−1) 5.57 2.57 5.21 2.87
R2 0.944 0.857 0.734 0.687

Freundlich KF (mmol g−1 mbar−n) 4.62 4.25 3.21 3.01
n 0.029 0.034 0.030 0.032
R2 0.999 0.995 0.995 0.998

Benzene Langmuir XmL (mmol g−1) 7.45 7.17 5.09 4.94
KL (mbar−1) 5.64 1.85 6.80 1.77
R2 0.970 0.923 0.887 0.877

Freundlich KF (mmol g−1 mbar−n) 6.61 5.86 4.39 3.81
n 0.04 0.05 0.06 0.07
R2 0.999 0.996 0.999 0.996

Toluene Langmuir XmL (mmol g−1) 6.23 5.99 4.09 3.95
KL (mbar−1) 79.54 12.76 39.6 6.6
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R
Freundlich KF (mmol g−1 mbar−n)

n
R2

alculated from the adsorption at the maximum relative pressure,
re listed in Table 4.

As can be seen in Table 4, the micropore volumes obtained
or the different organic adsorbates agree within the limits of
xperimental error. The temperature used for the isotherm deter-
inations did not exert by itself a strong influence on the textural

arameters. The E0 values suggested the existence of a stronger
dsorbate–adsorbent interaction in the ACC having narrower pores
32,34]. In the case of ACC 864, the nitrogen volume adsorbed
ear saturation was on average 10% higher than the total volume
btained by using the organics as adsorbates, likely due to constric-
ions in some pore entrances. This effect could not be attributed
nly to an influence of the lower temperature used for nitrogen
dsorption, since the total pore volume of the sample ACC 963 is
lmost identical for all the adsorbates employed and very similar
o those obtained with nitrogen. Otherwise the higher micropore
olume given by N in comparison with the values obtained for
2
he organic adsorbates could indicate that the density of N2 may
e higher than the normal liquid density in narrower pores [35] or
hat the nitrogen molecule adapts rapidly to the shape of the pore
ntrance [36].

able 6
dsorption capacity of different carbon-based adsorbents.

Authors Adsorbate Adsorbent

Oh et al. [16] Toluene Activated carbon nanofibers
Cardoso et al. [8] n-Hexane Activated carbon
Ramirez et al. [39] Benzene Activated carbon fibres

Singh et al. [6] n-Hexane Activated carbon fabric
Benzene

Huang et al. [40] Benzene Activated carbon fibers
Benkhedda et al. [41] Toluene Activated carbon

Cal et al. [15] Benzene Activated carbon cloth

Present work n-Hexane ACC-864
ACC-963

Benzene ACC-864
ACC-963

Toluene ACC-864
ACC-963

a, not available.
0.988 0.975 0.984 0.900
5.98 5.47 3.87 3.53
0.029 0.035 0.039 0.038
1.000 1.000 1.000 0.999

Fig. 5 shows a log–log relationship between the micropore
capacity of each ACC (n0/mmol g−1) and the molar volume of the
adsorbate at the isotherm temperature (Vm/cm3 mol−1). It can be
seen in Fig. 5 that there was a linear relationship between log(n0)
and log(Vm) in agreement with other reported results [36]. In draw-
ing the lines, the points corresponding to nitrogen adsorption were
not considered. The ACC 963 showed a closer behaviour to the
Gurvitsch rule, showing a slope near unity (0.98). It indicates that
the quantity adsorbed by a porous material is independent of the
adsorbate [4]. For those adsorbents, the amount adsorbed at high
pressures is independent of the nature of the adsorbate. It could be
related with a wider microporosity. On the other hand, the nitrogen
value did not agree with the other adsorbates in the case of ACC 864,
and the slope was less than unity (slope ∼0.90) which could be
associated with the presence of constrictions in pore entrances
[36].

The adsorption isotherms obtained at 298 K and predic-

tions of the Langmuir and Freundlich models are shown in
Figs. 6 and 7(a–c). The corresponding characteristic parameters
of the models along with the correlation coefficients are given in
Table 5.

SBET (m2 g−1) �T (ml g−1) �0 (ml g−1) Adsorption capacity
(mmol g−1)

DR Freundlich

1403 0.65 0.505 7.0 –
1336 na 0.56 4.4 –
1604 na 0.73 8.1 –

1565 0.65 na – 1.3
– 0.7

1680 na 0.43 8.3 –
1300 na na – 2.4

1330 0.694 na 7.8 –
1860 1.023 na 6.2 –

1229 0.52 0.48 3.1 3.0
1705 0.67 0.64 4.8 4.3
1229 0.52 0.48 4.7 3.8
1705 0.67 0.64 7.2 5.9
1229 0.52 0.48 3.9 3.5
1705 0.67 0.64 6.0 5.5
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Table 7
Electrical resistivity (�0) and thermal coefficient (˛0) of the lyocell-derived ACC
before and after n-hexane adsorption.

ACC ˛0 × 103 (K−1) �0 × 103 (� m)

ACC 963 −4.5 20.7
ACC 963 la −3.0 17.6
ig. 8. Electrical resistivity as a function of the surface central temperature for the
CC obtained at the two different final temperatures before and after n-hexane
xposure.

As inferred from Figs. 6 and 7, the Freundlich adsorption
sotherm satisfactorily described the experimental data, while the
angmuir model failed to represent the results over the whole range
f pressures. The observations agree with the higher R2 values
btained for the former (Table 5). The Langmuir equation gives a
ood fit at the low pressure range; it is attributed to low interactions
etween the molecules due to low surface coverage [5].

The parameters related with the adsorption capacity of ACC 963
t the two temperatures were higher than those obtained for the
CC 864 (XmL and KF, Table 5). Accordingly, ACC 963 would be more
fficient for VOC removal from gaseous effluents. With respect
o the adsorption of the different organic compounds onto each
CC, XmL and KF values were higher for the adsorption at 273 K.
mong the adsorbates tested, benzene exhibited the highest rela-

ive adsorption capacity (KF, Table 5), while n-hexane showed the
inimum KF value. This trend could be related to dispersive �–�

nteractions between the aromatic compounds and the � system
f pseudographitic planes of the ACC [37]. On the other hand, it
as been shown that flat molecules are better adsorbed between
he basic planes of the activated carbons. The shape and size of ben-
ene allow an easier diffusion in the narrow ultramicropores of ACC
14,38].

Meaningful direct comparisons with results of adsorption
apacity of different carbon materials published in the literature
re difficult due to different experimental conditions employed.
evertheless, taking into account reported isotherms measured
nder quite similar experimental conditions to those employed

n the present work, adsorption capacity values estimated accord-
ng to Freundlich or DR equations are presented as an approach in
able 6. As may be appreciated, the adsorption capacity values of
he developed ACC were comparable to those obtained for other
arbon-based adsorbents.

Fig. 8 shows values of the electrical resistivity (�) as a func-
ion of the central temperature measured at the surface of the
CC obtained at the two different final temperatures, before and
fter n-hexane adsorption. The characteristic parameters, �0 and
0, as obtained by linear regression analysis with high correlation
oefficients (R2 ≥ 0.98), are reported in Table 7.

It can be seen from Fig. 8 that the ACC obtained at the two
ifferent temperatures, before and after n-hexane exposure, were

lectrically conductive, showing a semiconductor behaviour. Com-
arison of the electrical behaviour of the ACC samples before
-hexane adsorption indicates that increasing the final ther-
al treatment temperature-induced decreases in �0. It may be

ttributed to porosity development which could cause discontin-
ACC 864 −3.3 11.0
ACC 864 la −2.8 10.2

a Sample saturated with n-hexane.

uous jumps in the electrical flow and reduction of the effective
cross-section.

The adsorption of n-hexane onto both ACC reduced the elec-
trical resistivity and the thermal coefficient of the samples (Fig. 8,
Table 7). The ACC 963 showed a greater reduction of the electri-
cal parameters, probably due to the higher amount of n-hexane
adsorbed on this sample. This behaviour was also observed for acti-
vated carbon monoliths at different uniform loadings with toluene
[2]. For these samples, resistivity seemed to decrease as the load-
ing increased. Electrical conductivity in semiconductors depends
on the creation of positive holes in the valence band due to the pro-
motion of an electron to the conduction band. Adsorbed molecules
could interact with electrons and reduce their mobility. This phe-
nomenon would decrease recombination processes and increase
the number of holes, thus enhancing the conductivity [2].

Additionally, all the samples were heated by the Joule effect,
being the range of measured temperatures comprised between 300
and 400 K for voltages between 10 and 20 V. The ACC showed a
rapid rate of heating. Different central surface temperatures were
achieved in a very short time (less than 30 s). The ACC pre-saturated
with n-hexane were weighed before and after the electrical mea-
surements. The samples presented a high level of regeneration
(95.6% for ACC 864 and 97.5% for ACC 963) without appreciable
changes in surface properties. Accordingly, the heat generated has
potential for in situ regeneration of the ACC loaded with VOCs and
for recovery of these compounds.

4. Conclusions

Adsorption isotherms of n-hexane, benzene and toluene onto
activated carbon cloths developed from a novel fabric precur-
sor at two different final thermal treatment temperatures were
measured. The isotherms of the three VOCs exhibited a classical
type-I shape, characteristic of microporous adsorbents. The tex-
tural parameters calculated from the hydrocarbon isotherms by
applying the Dubinin–Radushkevich model were in good agree-
ment with those evaluated from nitrogen isotherms for the ACC
with the wider microporosity. Experimental adsorption data for
all the volatile organic compounds employed were also satisfac-
torily fitted to the Freundlich model over the whole equilibrium
pressure range. The adsorption capacity of the ACC obtained at
964 ◦C was 1.5 times higher than those developed at 864 ◦C. This
result is attributed to the higher specific surface area, average pore
diameter and large micropore volume shown by the former. More-
over, the electrical behavior of the ACC indicated that they have
great potential for electrical applications and, particularly, for in
situ regeneration of the spent adsorbents after being used for VOC
removal by the Joule effect.
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