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a b s t r a c t

Adsorption isotherms of chlorobenzene, chloroform and carbon tetrachloride vapors on undoped SiO2,
and metal-doped Ag/SiO2, Cu/SiO2 and Fe/SiO2 substrates were measured in the temperature range of
398–593 K. These substrates were prepared from a typical sol–gel technique in the presence of metal
dopants that rendered an assortment of microporous–mesoporous solids. The relevant characteristic of
these materials was the different porosities and micropore to mesopore volume ratios that were displayed;
this was due to the effect that the cationic metal valence exerts on the size of the sol–gel globules that
compose the porous solid. The texture of these SiO2 materials was analyzed by X-ray diffraction (XRD),
FTIR, and diverse adsorption methods. The pore-size distributions of the adsorbents confirmed the exis-
hloroform adsorption
arbon tetrachloride adsorption
etal-doped silica substrates
icroporous and mesoporous sol–gel

dsorbents
sosteric heat of adsorption

tence of mesopores and supermicropores, while ultramicropores were absent. The Freundlich adsorption
model approximately fitted the chlorinated compounds adsorption data on the silica substrates by reason
of a heterogeneous energy distribution of adsorption sites. The intensity of the interaction between these
organic vapors and the surface of the SiO2 samples was analyzed through evaluation of the isosteric heat
of adsorption and standard adsorption energy; from these last results it was evident that the presence of
metal species within the silica structure greatly affected the values of both the amounts adsorbed as well
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. Introduction

Chlorinated hydrocarbon compounds (CXHYClZ) such as
hlorobenzene, chloroform, and carbon tetrachloride, can repre-
ent hazardous or harmful substances. The effective trapping of
hese compounds in the pores of mesoporous and microporous
dsorbents represents a straightforward option to reduce the pres-
nce of these substances in the environment. The 2005 CERCLA
riority List of Hazardous Substances [1] ranks CHCl3 as 11th, CCl4
s 43rd, and C6H5Cl as 108th in view of their known or suspected

oxicities. CCl4 inhalation can cause degeneration of liver and
idneys, chronic CHCl3 exposure can induce severe liver damage
nd cardiac arrhythmia, and C6H5Cl contact can be responsible of
entral nervous system ill-effects and renal degeneration.

∗ Corresponding author. Tel.: +52 2222 29 55 00x7270; fax: +52 2222 29 55 17.
E-mail address: mighern@siu.buap.mx (M.A. Hernández).
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© 2008 Elsevier B.V. All rights reserved.

The adsorption extent of volatile molecules on the surface of
orous materials depends on the physicochemical characteristics
f these molecules as well as on the chemical nature and textural
roperties of the adsorbent substrate such as pore size and number
f interconnection paths between voids. If adsorption takes place
nside micropores smaller than twice the diameter of the adsorbate

olecule, the enhancement of the adsorption energy is caused by
he overlapping of the potential fields emanating from both sides
f the pore walls; i.e., a mechanism labeled as micropore volume
lling arises [2]. Due to this enhanced adsorption attribute (in com-
arison to typical mesoporous adsorbents) many solids with pores
f molecular dimensions (micropores) are often used as effective
dsorbents in industrial applications.
Adsorption isotherm analysis has provided supporting evidence
or the incidence of two main stages of micropore volume filling
3]: (a) a primary process involving enhanced adsorbent–adsorbate
nteractions in the so-called ultramicropores (i.e. voids smaller than
.7 nm), and (b) a cooperative (secondary) process that can occur

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mighern@siu.buap.mx
dx.doi.org/10.1016/j.jhazmat.2008.05.051
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interval of relative pressures, p/p0, extending from 10−5 to 0.995.
The saturation pressure, p0, was continuously registered in the
course of the adsorption–desorption measurements. Powder par-
ticle sizes corresponding to mesh 60–80 were sampled from all
M.A. Hernández et al. / Journal of H

n supermicropores (i.e. micropore voids of sizes between 0.7 and
.0 nm) by virtue of the cohesion forces developed between the
dsorbed molecules that are being captured inside the micropore
olume. The limiting width for primary micropore filling appears
o be little more than two molecular diameters of the adsorptive

olecule. Thus, the upper pore size limit for primary microp-
re filling by N2 is ∼0.7–0.8 nm (i.e. ultramicropores). In turn,
he upper limit for secondary micropore filling depends on the
dsorbate–adsorbate interactions and is probably in the region
f five molecular diameters (∼2 nm for N2). Having these limits
n mind, N2 primary micropore filling usually finishes at relative
ressures (p/p0, where p0 is the saturation vapor pressure of the
dsorptive substance) well before 0.01 at which point supermicro-
ore filling can already be taking place.

Several works dedicated to the above aspects were developed
y diverse authors [4–7], particularly the adsorption of N2 and CO2
n microporous SiO2 was investigated by Brinker et al. [8]. A few
tudies have been reported on the adsorption of butane and butene
9] on this type of solids. Limpo et al. [10] have characterized sil-
ca sol–gel materials synthesized from tetraethylorthosilicate and
alcined at several temperatures. Raman et al. [11] have studied
he porosity of silica solids. Hernández et al. [12,13] have pur-
ued studies on the adsorption of hydrocarbons on microporous
iO2. Meixner et al. [14] have investigated the adsorption of car-
on tetrachloride, trimethylbenzene and perfluorotributylamine
n microporous SiO2. Furthermore, it is advisable to evaluate the
echanism of micropore volume filling at low pressures through

he adsorption of different molecular probes [15].
Here, the results of a comparative study of this kind are reported

or the adsorption of chlorobenzene, C6H5Cl; chloroform, CHCl3;
arbon tetrachloride, CCl4) on a series of undoped (SiO2) and metal-
oped silica adsorbents (Ag/SiO2, Cu/SiO2, Fe/SiO2) prepared by the
ol–gel route. These substrates are endowed with micropores and
esopores. The corresponding adsorption isotherms are measured

y gas chromatography measurements.
The present manuscript is organized as follows. Experimental

etails are given below; these include: synthesis of undoped and
etal-doped SiO2 sol–gel materials, information about the instru-
ents employed for experimental characterization techniques and

XHYClZ isothermal adsorption determination by gas chromatog-
aphy retention time measurements. Several methods of analysis
or the determination of some pore structural parameters are suc-
inctly described. Finally, an evaluation of the characterization
esults in terms of the pore structure of the diverse SiO2 substrates
s presented.

. Materials and methods

.1. Materials

The adsorbents consisted of a series of undoped and metal-
oped silica gels (SiO2, Ag/SiO2, Cu/SiO2 and Fe/SiO2) prepared
y the sol–gel technique. Tetraethylorthosilicate (TEOS, Aldrich
8 wt.%) was chosen as the key reactant for the sol–gel synthe-
is of SiO2 porous substrates. Ethanol (J.T. Baker 99.9%, v/v) was
he liquid medium in which the sol–gel reactions took place.
gNO3 (J.T. Baker 99.7 wt.%,), Cu(NO3)2·2.5H2O (J.T. Baker 98 wt.%)
nd Fe(NO3)3·9H2O (J.T. Baker 98 wt.%) salts constituted the metal
opant sources. High-purity chlorobenzene (Aldrich 99.99 wt.%)

hloroform (Aldrich 99.9 wt.%), and carbon tetrachloride (Aldrich
9.9 wt.%) were used as adsorptives. All chemicals were employed
s supplied without further purification. High-purity helium and
itrogen gases (99.999%, LINDE) were used for GC and sorption
easurements.

F
q
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.2. Syntheses of undoped and metal-doped SiO2
icroporous–mesoporous samples

Porous silica monoliths were synthesized from reactant mix-
ures consisting of TEOS dissolved in ethanol; this solution was
ubsequently mixed with deionized water according to 1 TEOS:4
tOH:2.5 H2O molar ratios. The reactant mixture was prepared
nside a cylindrical glass column that was maintained at 303 K.
he resulting sol was kept undisturbed in the original column until
elation eventually occurred (i.e. a period of several months was
sually required). The ensuing gel was then dried in situ at 373 K
or 48 h so that a cylindrical monolith of microporous silica was
nally attained. The specimen prepared this way was labelled as
iO2. In turn, the Ag/SiO2, Cu/SiO2, and Fe/SiO2 substrates were
ynthesized in the following way. The required amount of AgNO3,
u(NO3)2, or Fe(NO3)3 in order to reach a SiO2 substrate con-
aining 0.15 wt.% Ag, Cu, or Fe, respectively, was added to the
olume of water involved in the SiO2 sol synthesis; otherwise, the
onditions selected for the preparation of these latter specimens
ere the same as those related to the production of metal-free

iO2.

.3. Measurement techniques

X-ray diffraction (XRD) patterns were determined by means of
Siemens D-500 diffractometer employing a nickel-filtered Cu K�

adiation in the 2� diffraction angle range extending from 5 to 60◦,
ntensity values were read at �(2�) intervals of 0.02◦ employing a
tep time of 1.2 s. FTIR analyses were carried out in a Bruker Vector
2 spectrometer.

N2 adsorption isotherms were measured at the boiling point
f liquid N2 (76 K at the 2240-m altitude of Puebla City, Mex-
co) in an automatic volumetric adsorption system (Quantachrome
utosorb-1LC). N adsorption isotherms were determined in the
ig. 1. XRD patterns of undoped and metal-doped SiO2 sol–gel substrates. An �-
uartz crystalline diffraction pattern is included for comparison.
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matogram of each pulse was registered. Prior to the adsorption
Fig. 2. FTIR spectra of undoped and metal-doped SiO2 sol–gel substrates.

pecimens under analysis. Prior to the sorption experiments, every

ample was outgassed at 623 K during 20 h at a pressure lesser than
0−6 mbar. The BET and ˛S [16] surface areas of the SiO2 substrata
nder study were evaluated from the analysis of N2 adsorption data.
he total pore volume, V∑, was estimated through the Gurvitsch

e
5
i
t

Fig. 3. Nitrogen adsorption isotherms on undoped an
us Materials 162 (2009) 254–263

ule on the basis of the volume adsorbed at the relative pres-
ure p/p0 ∼ 0.95 and calculated as volume of liquid. Information
bout the pore size distributions (PSD) of the SiO2 under study was
btained from both the non-local density functional theory (NLDFT)
17,18] approach. The microporosity inherent to the SiO2 samples
as studied by way of the ˛S-plot method (˛S is Sing’s standard

educed parameter defined as the ratio of the volume adsorbed at
he current p/p0 to the volume adsorbed at p/p0 = 0.4); the non-
orous silica reference material employed to construct the ˛S-plot
as that of Gregg and Sing [16].

.4. CXHYClZ adsorption

Chromatographic adsorption measurements of C6H5Cl, CHCl3,
nd CCl4 were carried out in a GC-14A Shimadzu gas chromatograph
quipped with a thermal conductivity detector. The chromato-
raphic columns (i.d. = 5 mm, length = 50 cm) were made of glass
nd packed with 60–80 mesh silica grains. Adsorbate pulses of
ifferent intensities were injected into the packed silica columns
hat were kept at the chosen temperature, and the elution chro-
xperiment, adsorbents were pre-treated in situ under a He flow at
73 K for 8 h. Each chlorinated compound was injected separately
nto the appropriate chromatographic column in order to measure
he corresponding chromatogram.

d metal-doped SiO2 sol–gel substrates at 76 K.
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calculated from the Clausius–Clapeyron equation [20]:

−qst = R

[
∂ ln p

∂(1/T)

]
a

(3)

Table 2
Pore mode widthsa (W) on undoped and metal-doped SiO2 samples as calculated
through the NLDFT method of analysis from the ascending boundary (AB) isotherm

Adsorbent W (Å)

SiO2 60.4
Cu/SiO2 9.9, 48.7

T
P

A

S
A
F
C

A

m

ig. 4. Pore size distributions calculated through the NLDFT approach from adsorpt
etal doped SiO2 substrates. The inset in Fig. 3b is an enlargement of the supermic

.4.1. Calculation methods
C6H5Cl, CHCl3, and CCl4 adsorption data on undoped and doped

iO2 adsorbents were fitted to the standard Freundlich adsorp-
ion equation through linear regression. The Freundlich adsorption
quation [19] can be written as

= KFp1/n (where n > 1) (1)

here a is the amount adsorbed (mmol g−1) at pressure p, KF the
reundlich adsorption constant, and 1/n is an exponential factor.

Standard adsorption energies (−�U0) can be found from the
emperature dependence of Henry constants KH (at low pressures
H ≈ KF), a relationship that is assumed to be consistent with a
raditional van’t Hoff form:
∂ ln KH

∂T
= �U0

RT2
; KH = K0 exp

(−�U0

RT

)
(2)

here �U0 = �H0 + RT; �H0 is the standard adsorption enthalpy,
the universal gas constant, and K0 is van’t Hoff’s pre-exponential

F
A

able 1
ore structure parameters of undoped and metal-doped SiO2 sol–gel samples as calculate

dsorbent ABET (m2 g−1) A˛S (m2 g−1) V∑ (cm3 g−1)

iO2 511 560 0.564
g/SiO2 345 253 0.204
e/SiO2

a 553 381 0.269
u/SiO2 718 604 0.617

BET, is the BET surface area, A˛S is the external surface area calculated from the ˛S plot, V

icropore volume calculated from the ˛S plot, and W0/V∑ is the micropore to mesopor

a The micropore volume of the Fe/SiO2 was obtained from the NLDFT-PSD.
undary (AB) and desorption boundary (DB) N2 isotherms at 76 K on undoped and
region of sample Cu/SiO2.

actor. The isosteric heat of adsorption of each SiO2 sample was
e/SiO2 10.5, 25.7
g/SiO2 10.6, 37.7

a The existence of two values in a given cell indicates a bimodal PSD.

d from N2 adsorption data

ε W0 (cm3 g−1) W0/V∑ 4V∑/ABET (Å)

0.554 0.011 0.019 44.2
0.310 0.062 0.304 23.7
0.372 0.126 0.468 19.5
0.576 0.042 0.068 34.4∑ is the total pore volume determined at p/p0 ∼ 0.95, ε is the porosity, W0 is the

e volume ratio.
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Fig. 5. Adsorption isotherms of CHCl3 on un

here p is the equilibrium pressure for reaching a particular surface
overage a and T is the temperature.

. Results and discussion

.1. Characterization of SiO2 substrates

XRD analysis of SiO2 adsorbents (see Fig. 1) rendered typical
atterns related to amorphous SiO2 materials. The amorphous SiO2
tructure of the synthesized SiO2 adsorbents was confirmed by the
ide diffraction pattern that was displayed by these materials; in

ontrast the crystalline lattice of an �-quartz SiO2 material depicted
succession of sharp peaks.

.2. FTIR of SiO2 substrates

The FTIR spectra of the pure and metal-doped SiO2 adsorbents
Fig. 2) show a rather broad band centered at about 3450 cm−1;

his signal is due to adsorbed or hydrogen-bonded water molecules
21]. The peak appearing at 1640 cm−1 is due to flexion vibra-
ions of the O–H groups of water molecules. The bands existing
t 1100, 798, and 446 cm−1 correspond to the stretching vibra-
ions of the mesoporous framework (Si–O–Si) bridges. These

3

a
a

d and metal-doped SiO2 sol–gel substrates.

hree bands represent the symmetric and asymmetric stretch-
ng vibration modes of the Si–O–Si bonds as well as the bending
ibrations of the silica network structure. The signal located at
49 cm−1 can be assigned to the stretching vibrations of the Si–OH
ilanol groups. Finally, the small band found at approximately
384 cm−1 has been suggested to reflect the Ag–O bond vibration
22].

From the above information about the presence of certain sur-
ace groups, it is likely that the adsorption of C6H5Cl, CHCl3, and
Cl4 molecules depends to some extent on the dipolar moments
1.01 D for CHCl3, 0 D for CCl4, and 1.6 D for C6H5Cl). Due to the
xistence of silanol (i.e. oxygenated) groups on the surface of the
ilica adsorbents, it is then possible that the adsorption of chlori-
ated compounds onto the silica surface is somewhat influenced by
he formation of weak hydrogen bonds between the chlorine atoms
f the chlorinated molecules and the hydrogen atoms of surface
ilanol groups.
.3. N2 sorption isotherms

Nitrogen sorption isotherms for the set of the SiO2 precursory
nd doped (Ag, Fe and Cu) SiO2 samples are shown in Fig. 3 (rel-
tive pressure p/p0 vs. adsorbed N2 volume in cm3 STP per gram
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Fig. 6. Adsorption isotherms of CCl4 on un

f adsorbent). This figure portrays the particularities of each one
f these N2 isotherm shapes. The SiO2, and Cu/SiO2, and Ag/SiO2
ubstrata render IUPAC Type IV isotherms, while an IUPAC Type I
sotherm is proper of the Fe/SiO2 specimen.

.4. Pore-size distributions of undoped and metal-doped SiO2
ubstrates calculated by the NLDFT approach

The distributions of pore sizes in the SiO2 adsorbents were
pproximated by the NLDFT approach [23]. Actually, this proposal
s only exactly applicable to pores of single, idealized shapes, such
s cylindrical, spherical, or slit-like voids. The NLDFT treatment
akes into account all kind of solid–fluid and fluid–fluid interac-
ions according to the pore geometry; the ultimate goal is to find the

inimum of the so called grand potential functional for a fluid con-
ned in a pore at a given chemical potential and temperature. This
ondition allows to find the liquid–vapor meniscus shape and the
ressure at which a vapor–liquid transition is occurring; in other
ords, a theoretical isotherm can be obtained for a given pore of
given shape and size. Having a set of isotherms for pores of the

ame shape but of different size allow the fitting of the experimen-
al isotherm by the weighted superposition of the model isotherms.
he weighing factors then lead to the determination of the PSD.

The pores of the undoped and metal-doped SiO2 materials have

o idealized shapes but correspond to voids between packed glob-
les of varied sizes. The presence of polydisperse globules is proper
f the sol–gel route. In our case, there exist two kinds of pores:
hroats (windows) and cavities [24]; each cavity is surrounded by a
umber of throats depending on the number of nearest neighbours

o
i
a
u
v

and metal-doped SiO2 sol–gel substrates.

hat each globule has. When a condensing vapor surrounds the
ores, capillary condensation first occurs in throats, i.e. around the
addle points existing between two contiguous spheres; afterward,
ondensation takes place in the cavities either by a vapor–liquid
ransition that occurs inside or by the advance of menisci that pro-
eed from the surrounding throats.

In the present work, one can approximately assume that
ore throats are in control of both capillary condensation and
vaporation processes and that an elementary shape for them can
e thought as short tubular (cylindrical) passages that surround
pheroidal cavities. Therefore, by applying the NLDFT approach
o our SiO2 adsorbents, one could acquire a semiquantitative idea
bout the real pore sizes. Fig. 4 depicts the PSD curves obtained
rom the adsorption boundary (AB) and desorption boundary (DB)
sotherms that delimit the sorption hysteresis loops of the diverse
ubstrates.

The appearances of the N2 sorption isotherms of SiO2 undoped
nd metal-doped substrates primarily suggest pore structures con-
isting of either solely micropores (Fe/SiO2) or purely mesopores
SiO2, Cu/SiO2, Ag/SiO2); in reality, most of these samples con-
ist of a combination of micropores and mesopores, as is evident
rom the PSD results obtained from the NLDFT approach. The pores
n these substrates appear as voids between globules; the size of
hese globules has been largely determined by the electrovalence

f the metallic dopant species; the largest the electrovalence of the
onic species the smaller the size of the resultant sol–gel globules
nd, therefore, of the pore sizes between these grains. While the
ndoped SiO2 substrate can be classified as mostly mesoporous by
irtue of the associated Type IV isotherm and Type H2 hysteresis
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Fig. 7. Adsorption isotherms of C6H5Cl on u

oop, the remaining doped structures involve different micropore
o mesopore content ratios.

Table 1 shows values of some important textural parameters
btained from the analysis of the N2 sorption isotherms, such as
urface areas total pore volumes, V∑, calculated according to the

urvitsch rule [16] (applied at p/p0 = 0.95). The micropore uptake
apacities for each adsorbent and the ratios of the micropore-filling
apacity to the total pore volume, W0/V∑, are also included in

able 1. The PSD calculations were performed from the adsorption
oundary (AB) and desorption boundary (DB) branches of the N2

sotherms by using the NLDFT cylindrical pore model. The NLDFT
pproach can discern between supermicropores and mesopores,
ig. 4. The NLDFT results suggest that the dopant metals that are
ncorporated into the SiO2 samples favor the formation of narrower
ores if compared to those of the undoped silica substrate. Table 2

ists the pore size modes determined from the PSD proceeding from
he AB isotherm. Each PSD case requires clarification in order to
isualize the characteristics of the diverse pore structures assumed
y the SiO2 metal-doped and undoped adsorbents.

The pore size of the SiO2 materials should be linked to the par-
icle size of these substrates. For SiO2 the average pore diameter
p calculated from the formula dp = 4V∑/ABET renders 4.42 nm

see Table 1), while for Ag/SiO2, Cu/SiO2 and Fe/SiO2 this dp
alue becomes 2.37, 3.44, and 1.95 nm, respectively. On the basis
f elementary concepts about the stability of colloidal disper-
ions, it would be expected the undoped silica substrate to be
he adsorbent with the largest particles, followed (in a decreas-
ng order) by Ag/SiO2, Cu/SiO2 and Fe/SiO2; this sequence is
d and metal-doped SiO2 sol–gel substrates.

ctually in accordance with the Schulze-Hardy rule [25] stating
hat the critical coagulation concentration for a lyophobic sol is
xtremely sensitive to the valence of the counter-ions (higher
alence means a lower critical coagulation concentration). The
chulze-Hardy cation concentration required to provoke the floc-
ulation of colloidal dispersions approximately follows a 1/z2 molar
atio sequence, i.e. 1:1/4:1/9 for monovalent, divalent and trivalent
ons, respectively. With the exception of the Cu/SiO2 specimen the
verage pore size resulted as predicted by the above rule.

Interesting textural characteristics of the SiO2 substrates can be
nferred as follows from the diverse isotherm and PSD shapes:

The porosity figures, ε, listed in Table 1 indicate adsorbents
endowed with fair amounts of total pore volumes in order to
catch chlorinated vapors. In fact, typical porous silica adsorbents
correspond to microporous–mesoporous substrates with poros-
ity values ranging between 0.39 and 0.45 [13]; the ε, values of
the doped and undoped silica samples thus allow to have enough
room for the storage of chlorinated compounds. Highly porous sil-
ica corresponds to aerogel structures with porosities going up to
more than 0.9 [26]; however, the handling and brittleness of these
porous systems is troublesome if compared to xerogel substrates
in the form of monoliths or granular solids.
The SiO2 and Cu/SiO2 materials are mostly mesoporous struc-

tures; the micropore volumes of these substrates calculated
from the PSD-NLDFT treatment accounts for only 0.011 and
0.042 cm3 g−1 of micropore volume (the smallest values of
all), respectively. Additionally, the total pore volumes of these
materials are the highest of all. The isotherm of the Cu/SiO2
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Fig. 8. Freundlich plots for the adsorption of C6H5Cl on undope
sample indicates a vapor percolation phenomenon at a certain
relative pressure range (i.e. 0.42–0.46) which is indicative of the
sudden creation (and ulterior abrupt escape) of bubbles in the
interior of the pores containing condensate (i.e. a cavitation phe-

able 3
reundlich parameters for adsorption of C6H5Cl, CHCl3 and CCl4 on SiO2 sol–gel substrate

dsorbent T (K) KF C6H5Cl (×103 mmol g−1 Torr−1) nC6H5Cl KF CHCl3 (×
iO2 398 101.7 1.73 28.9

423 – – 23.0
448 37.35 1.65 14.2
473 29.61 1.80 9.224

g/SiO2 398 131.3 1.30 32.7
423 77.45 1.35 –
448 40.69 1.35 24.7
473 22.77 1.38 25.4
498 – – 20.8

u/SiO2 513 11.91 1.20 3.70
533 7.38 1.19 3.91
553 3.66 1.14 3.84
573 5.58 1.39 4.17
593 2.55 1.16 3.52

e/SiO2 513 6.31 1.10 7.10
533 4.17 1.17 4.17
553 2.35 1.10 1.29
573 2.23 1.17 3.61
593 5.08 1.70 5.31
metal-doped SiO2 sol–gel substrates at different temperatures.
nomenon [27] is taking place). This cavitation phenomenon is
somewhat less intense in the SiO2 sample. The BET area of the
Cu/SiO2 specimen accounts for 718 m2 g−1, while the cumula-
tive surface area of supermicropores of sizes 9–19 Å is equivalent

s

103 mmol g−1 Torr−1) nCHCl3 KF CCl4 (×103 mmol g−1 Torr−1) nCCl4

1.50 29.0 1.60
1.51 22.5 1.54
1.54 12.4 1.59
1.86 7.30 1.70

1.76 32.4 1.94
– 29.9 2.37
2.30 27.2 2.93
2.77 24.9 3.15
4.20 23.1 3.61

1.19 3.68 1.17
1.32 2.95 1.16
1.33 3.83 1.44
1.48 2.96 1.20
1.53 3.82 1.41

1.49 10.3 1.77
1.07 10.3 1.25
1.14 3.75 1.04
1.30 2.73 1.01
1.39 2.34 1.50
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Table 4
Standard adsorption energies (−�U, kJ mol−1) of C6H5Cl, CHCl3 and CCl4 on SiO2,
Ag/SiO2, Cu/SiO2, and Fe/SiO2 substrates

Adsorbent/Adsorbate C6H5Cl CHCl3 CCl4

SiO2 26.46 24.28 29.34
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F

3

centrations of the adsorbed molecules; under this circumstance
the adsorbate–adsorbate interactions can be neglected in favor of
the adsorbate–adsorbent interactions. The behavior of the isosteric
heat of adsorption of the chlorinated compounds on the SiO2 adsor-
bents is shown in Fig. 9. For each adsorptive, the qst values observe
g/SiO2 36.83 6.81 5.66
u/SiO2 42.70 0.28 −0.79
e/SiO2 45.36 100.22 53.22

to 141 m2 g−1. The difference between the last two areas, i.e.
577 m2 g−1, can be assumed as the area of the mesopores existing
in this sample. The ˛S area proceeding from the corresponding
plot corresponds to 604 m2 g−1 (Table 1), which is roughly the
mesoporous contribution to the total surface area of the Cu/SiO2
sample. The NLDFT-PSD plot of sample Cu/SiO2 indicates micro-
pores of sizes between 9 and 19 Å; these voids correspond to
supermicropores (i.e. hollows in the range 7–20 Å [28]) and are
recognized to be filled with N2 at p/p0 values below 0.01.
The Ag/SiO2 and Fe/SiO2 have more definite contributions of
micropores in their structures; these micropores coexist with
mesopores according to different volumetric ratios, i.e. 0.304 and
0.468, respectively. The total pore volumes of these two sam-
ples account for the smallest values of the adsorbent series. The
Ag/SiO2 substrate appears to be microporous but there still exists
a certain mesopore contribution; it is for this reason that a narrow
hysteresis loop [29] appears at p/p0 ∈ [0.4,0.6].

The shape of the N2 sorption isotherm related to the Fe/SiO2
aterial is IUPAC Type I; nevertheless this isotherm is the result of a

ombination between supermicropores and small mesopores. The
e/SiO2 sample possesses equivalent volumes of micropores and
esopores: the NLDFT-PSD-DB result accounts for 12.6 mm3 g−1 of
icropores having sizes in the range 9–19 Å, while 12.9 mm3 g−1 is

elated to mesopores of sizes 20–60 Å.

.5. CXHYClZ adsorption

Adsorption isotherms of C6H5Cl, CHCl3, and CCl4 measured at
ifferent temperatures on the different SiO2 adsorbents are shown

n Figs. 5–7. For all adsorptives, the linearity of the graph log a versus
og p represents an acceptable indicator of the applicability of the
reundlich equation. With the exception of CHCl3 adsorbed at 473 K
n SiO2, Ag/SiO2 and Cu/SiO2 as well as for CCl4 adsorption at 513
nd 593 K on Fe/SiO2, the rest of the adsorption systems render
ood linear fittings to the Freundlich equation; Fig. 8 illustrates, for
he case of C6H5Cl adsorption, the quality of this Freundlich linear
tting.

The adsorption isotherms of chlorinated compounds on SiO2
dsorbents exhibit a Type I shape therefore reflecting a rela-
ively strong interaction between the surface of the adsorbents
nd the chlorinated molecules. The Freundlich parameters, KF
nd n, for the adsorption of chlorinated compounds on undoped
nd metal-doped SiO2 adsorbents are presented in Table 3. The
reundlich exponents, 1/n, show a temperature dependence for
ll the adsorption systems. For all adsorptives, the adsorption
ata could not be fitted to the Langmuir adsorption model, thus

ndicating a relatively broad (inhomogeneous) energy distribu-
ion of adsorption sites. This could be caused by the fact that
he chlorinated adsorptive molecules have different characteris-

ics (size, molecular mass, volume, and even dipole moments).
he obtained values of the standard adsorption energies (−�U0)
f C6H5Cl, CHCl3, and CCl4 on SiO2, Ag/SiO2, Cu/SiO2 and Fe/SiO2
re reported in Table 4, the (−�U0) magnitudes show the follow-
ng sequence: (−�U0,C6H5Cl): Fe/SiO2 > Cu/SiO2 > Ag/SiO2 > SiO2;

F
a
s

us Materials 162 (2009) 254–263

−�U0,CHCl3 ): Fe/SiO2 > SiO2 > Ag/SiO2 > Cu/SiO2 and (−�U0,CCl4 ):
e/SiO2 > SiO2 > Ag/SiO2 > Cu/SiO2.

.5.1. Isosteric heats of adsorption (qst, kJ mol−1)
Isosteric heats of adsorption are usually determined at low con-
ig. 9. Variation of the isosteric heat of adsorption (−qst, kJ mol−1) of C6H5Cl, CHCl3,
nd CCl4 with adsorbate loading on undoped and metal-doped SiO2 sol–gel sub-
trates.
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he following decreasing order:

6H5Cl : Fe/SiO2 > Cu/SiO2 > Ag/SiO2 > SiO2;

HCl3: Fe/SiO2 > SiO2 > Ag/SiO2 > Cu/SiO2;

Cl4: Fe/SiO2 > Ag/SiO2 > SiO2 > Cu/SiO2

There exists an almost total concordance between the tenden-
ies of the qst and −�U0 values for each adsorptive. The adsorption
eats of chlorinated compounds on the SiO2, Ag/SiO2, Cu/SiO2,
nd Fe/SiO2 materials increase (not all, but in general) with the
urface coverage thus indicating that the gas-solid adhesive inter-
ctions prevail at low pressures while the adsorbate–adsorbate
ohesive interactions start to dominate at higher pressures. Part of
he solid–adsorbate interactions can be associated to the attrac-
ive forces (i.e. weak hydrogen bonds) existing between the Cl
toms of the chlorinated compounds and the silanol groups
Si OH) attached to the silica surface. It is observed that the
urfaces of the metal-doped SiO2 substrates present, in general,
maller energy heterogeneities than those associated to the mate-
ial made of pure silica, since it is known that in homogeneous
urfaces qst steadily decreases with increasing surface coverage
30].

. Conclusions

Based on the texture analysis as evaluated from N2 adsorp-
ion at 76 K, it can be concluded that the sol–gel silica adsorbents
epresent different valuable options for the effective capture of
azardous chlorinated compounds. The parent SiO2 sol–gel adsor-
ent is basically mesoporous and depicts the largest total pore
olume of all; nevertheless, the inclusion of metallic dopants within
he amorphous silica structure usually involves stronger attractive
nteractions (i.e. larger qst and −�U0 values) with the adsorbate

olecules thus increasing the trapping efficiency with respect to
hat of the undoped silica material.

Despite their lower pore volumes (if compared to the SiO2 mate-
ial), the Fe/SiO2, Ag/SiO2 and SiO2 substrates represent useful
icropore–mesopore adsorbent options for the capture of chlo-

inated vapors, even at relatively high temperatures. On the other
and, the Cu/SiO2 adsorbent is mostly a mesoporous solid. The N2
esorption isotherm of this sample indicates the presence of some
avities surrounded by narrow necks. The coexistence of microp-
res and mesopores in the Fe/SiO2 and Ag/SiO2 specimens offers an
dditional advantage: a rapid transport of molecules through the
esopore channels and a strong retention of the adsorbate within

he micropores. The SiO2 material is devoid of this micropore-
esopore coexistence.
The adsorption isotherms obtained experimentally for the sil-

ca substrates (SiO2, Ag/SiO2, Cu/SiO2 and Fe/SiO2) are adjusted to
he adsorption pattern predicted by the Freundlich equation. The
sosteric heats of adsorption in the silica materials are associated to
he interactions existing between the molecules of the chlorinated
ompounds and the silanol groups (Si OH) linked to the surfaces
f silica. The adsorbent surface when doped with metals presents
maller energy heterogeneity if compared to that of the pure silica
dsorbent.
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