Journal of Hazardous Materials 162 (2009) 254-263

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Contents lists available at ScienceDirect

Chlorobenzene, chloroform, and carbon tetrachloride adsorption
on undoped and metal-doped sol-gel substrates
(SiO-,, Ag/SiO,, Cu/SiO, and Fe/SiO,)

M.A. Hernandez®*, A.l. Gonzalez?, L. Corona?, F. Hernandez?,
F. RojasP, M. Asomoza®, S. SolisP, R. Portillo¢, M.A. Salgado®

a postgrado de Ciencias Ambientales and Departamento de Investigacion en Zeolitas, Instituto de Ciencias, Universidad Auténoma de Puebla,
Edificio 76, Complejo de Ciencias, Ciudad Universitaria, CP 72570 Puebla, Mexico

b Departamento de Quimica, Universidad Auténoma Metropolitana-Iztapalapa, P.O. Box 55-534, D.F. México, Mexico

¢ Facultad de Ciencias Quimicas, Universidad Auténoma de Puebla, Mexico

ARTICLE INFO

Article history:

Received 4 October 2007

Received in revised form 15 April 2008
Accepted 8 May 2008

Available online 16 May 2008

Keywords:

Adsorption of chlorinated compounds
Chlorobenzene adsorption
Chloroform adsorption

Carbon tetrachloride adsorption
Metal-doped silica substrates
Microporous and mesoporous sol-gel
adsorbents

Isosteric heat of adsorption

ABSTRACT

Adsorption isotherms of chlorobenzene, chloroform and carbon tetrachloride vapors on undoped SiO-,
and metal-doped Ag/SiO,, Cu/SiO, and Fe/SiO, 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 SiO, materials was analyzed by X-ray diffraction (XRD),
FTIR, and diverse adsorption methods. The pore-size distributions of the adsorbents confirmed the exis-
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 SiO, 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

as of the isosteric heats of adsorption.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Chlorinated hydrocarbon compounds (CxHyCly) such as
chlorobenzene, chloroform, and carbon tetrachloride, can repre-
sent hazardous or harmful substances. The effective trapping of
these compounds in the pores of mesoporous and microporous
adsorbents represents a straightforward option to reduce the pres-
ence of these substances in the environment. The 2005 CERCLA
Priority List of Hazardous Substances [1] ranks CHCl3 as 11th, CCl4
as 43rd, and CgHsCl as 108th in view of their known or suspected
toxicities. CCly inhalation can cause degeneration of liver and
kidneys, chronic CHCl3 exposure can induce severe liver damage
and cardiac arrhythmia, and CgHsCl contact can be responsible of
central nervous system ill-effects and renal degeneration.

* Corresponding author. Tel.: +52 2222 29 55 00x7270; fax: +52 2222 29 55 17.
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The adsorption extent of volatile molecules on the surface of
porous materials depends on the physicochemical characteristics
of these molecules as well as on the chemical nature and textural
properties of the adsorbent substrate such as pore size and number
of interconnection paths between voids. If adsorption takes place
inside micropores smaller than twice the diameter of the adsorbate
molecule, the enhancement of the adsorption energy is caused by
the overlapping of the potential fields emanating from both sides
of the pore walls; i.e.,, a mechanism labeled as micropore volume
filling arises [2]. Due to this enhanced adsorption attribute (in com-
parison to typical mesoporous adsorbents) many solids with pores
of molecular dimensions (micropores) are often used as effective
adsorbents in industrial applications.

Adsorption isotherm analysis has provided supporting evidence
for the incidence of two main stages of micropore volume filling
[3]: (a) a primary process involving enhanced adsorbent-adsorbate
interactions in the so-called ultramicropores (i.e. voids smaller than
0.7 nm), and (b) a cooperative (secondary) process that can occur
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in supermicropores (i.e. micropore voids of sizes between 0.7 and
2.0nm) by virtue of the cohesion forces developed between the
adsorbed molecules that are being captured inside the micropore
volume. The limiting width for primary micropore filling appears
to be little more than two molecular diameters of the adsorptive
molecule. Thus, the upper pore size limit for primary microp-
ore filling by N, is ~0.7-0.8 nm (i.e. ultramicropores). In turn,
the upper limit for secondary micropore filling depends on the
adsorbate-adsorbate interactions and is probably in the region
of five molecular diameters (~2nm for N;). Having these limits
in mind, N, primary micropore filling usually finishes at relative
pressures (p/p®, where pO is the saturation vapor pressure of the
adsorptive substance) well before 0.01 at which point supermicro-
pore filling can already be taking place.

Several works dedicated to the above aspects were developed
by diverse authors [4-7], particularly the adsorption of N, and CO,
on microporous SiO, was investigated by Brinker et al. [8]. A few
studies have been reported on the adsorption of butane and butene
[9] on this type of solids. Limpo et al. [10] have characterized sil-
ica sol-gel materials synthesized from tetraethylorthosilicate and
calcined at several temperatures. Raman et al. [11] have studied
the porosity of silica solids. Herndndez et al. [12,13] have pur-
sued studies on the adsorption of hydrocarbons on microporous
SiO,. Meixner et al. [14] have investigated the adsorption of car-
bon tetrachloride, trimethylbenzene and perfluorotributylamine
on microporous SiO,. Furthermore, it is advisable to evaluate the
mechanism of micropore volume filling at low pressures through
the adsorption of different molecular probes [15].

Here, the results of a comparative study of this kind are reported
for the adsorption of chlorobenzene, CsHsCl; chloroform, CHCls;
carbon tetrachloride, CCl4) on a series of undoped (SiO; ) and metal-
doped silica adsorbents (Ag/SiO,, Cu/SiO-, Fe/SiO, ) prepared by the
sol-gel route. These substrates are endowed with micropores and
mesopores. The corresponding adsorption isotherms are measured
by gas chromatography measurements.

The present manuscript is organized as follows. Experimental
details are given below; these include: synthesis of undoped and
metal-doped SiO, sol-gel materials, information about the instru-
ments employed for experimental characterization techniques and
CxHyCly isothermal adsorption determination by gas chromatog-
raphy retention time measurements. Several methods of analysis
for the determination of some pore structural parameters are suc-
cinctly described. Finally, an evaluation of the characterization
results in terms of the pore structure of the diverse SiO, substrates
is presented.

2. Materials and methods
2.1. Materials

The adsorbents consisted of a series of undoped and metal-
doped silica gels (SiO,, Ag/SiO,, Cu/SiO, and Fe/SiO,) prepared
by the sol-gel technique. Tetraethylorthosilicate (TEOS, Aldrich
98 wt.%) was chosen as the key reactant for the sol-gel synthe-
sis of SiO, porous substrates. Ethanol (].T. Baker 99.9%, v/v) was
the liquid medium in which the sol-gel reactions took place.
AgNOs (J.T. Baker 99.7 wt.%,), Cu(NOs),-2.5H,0 (J.T. Baker 98 wt.%)
and Fe(NOs3)3-9H,0 (J.T. Baker 98 wt.%) salts constituted the metal
dopant sources. High-purity chlorobenzene (Aldrich 99.99 wt.%)
chloroform (Aldrich 99.9 wt.%), and carbon tetrachloride (Aldrich
99.9wt.%) were used as adsorptives. All chemicals were employed
as supplied without further purification. High-purity helium and
nitrogen gases (99.999%, LINDE) were used for GC and sorption
measurements.

2.2. Syntheses of undoped and metal-doped SiO,
microporous—mesoporous samples

Porous silica monoliths were synthesized from reactant mix-
tures consisting of TEOS dissolved in ethanol; this solution was
subsequently mixed with deionized water according to 1 TEOS:4
EtOH:2.5 H,0 molar ratios. The reactant mixture was prepared
inside a cylindrical glass column that was maintained at 303 K.
The resulting sol was kept undisturbed in the original column until
gelation eventually occurred (i.e. a period of several months was
usually required). The ensuing gel was then dried in situ at 373 K
for 48 h so that a cylindrical monolith of microporous silica was
finally attained. The specimen prepared this way was labelled as
SiO,. In turn, the Ag/SiO,, Cu/SiO,, and Fe/SiO, substrates were
synthesized in the following way. The required amount of AgNOs,
Cu(NO3),, or Fe(NOs3)3 in order to reach a SiO, substrate con-
taining 0.15wt.% Ag, Cu, or Fe, respectively, was added to the
volume of water involved in the SiO, sol synthesis; otherwise, the
conditions selected for the preparation of these latter specimens
were the same as those related to the production of metal-free
Si0;.

2.3. Measurement techniques

X-ray diffraction (XRD) patterns were determined by means of
a Siemens D-500 diffractometer employing a nickel-filtered Cu Ka
radiation in the 26 diffraction angle range extending from 5 to 60°,
intensity values were read at A(20) intervals of 0.02° employing a
step time of 1.2 s. FTIR analyses were carried out in a Bruker Vector
22 spectrometer.

N, adsorption isotherms were measured at the boiling point
of liquid N, (76K at the 2240-m altitude of Puebla City, Mex-
ico) in an automatic volumetric adsorption system (Quantachrome
Autosorb-1LC). N, adsorption isotherms were determined in the
interval of relative pressures, p/p°, extending from 10~ to 0.995.
The saturation pressure, p°, was continuously registered in the
course of the adsorption-desorption measurements. Powder par-
ticle sizes corresponding to mesh 60-80 were sampled from all

o-quartz

Fe/SiO,
w/SiO
Py

Ag/SiO,

Fig. 1. XRD patterns of undoped and metal-doped SiO, sol-gel substrates. An a-
quartz crystalline diffraction pattern is included for comparison.
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Fig. 2. FTIR spectra of undoped and metal-doped SiO, sol-gel substrates.

specimens under analysis. Prior to the sorption experiments, every
sample was outgassed at 623 K during 20 h at a pressure lesser than
106 mbar. The BET and «s [16] surface areas of the SiO, substrata
under study were evaluated from the analysis of N, adsorption data.
The total pore volume, VZ, was estimated through the Gurvitsch
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rule on the basis of the volume adsorbed at the relative pres-
sure p/p®~0.95 and calculated as volume of liquid. Information
about the pore size distributions (PSD) of the SiO, under study was
obtained from both the non-local density functional theory (NLDFT)
[17,18] approach. The microporosity inherent to the SiO, samples
was studied by way of the as-plot method (o5 is Sing’s standard
reduced parameter defined as the ratio of the volume adsorbed at
the current p/p® to the volume adsorbed at p/p®=0.4); the non-
porous silica reference material employed to construct the as-plot
was that of Gregg and Sing [16].

2.4. CxHyCly adsorption

Chromatographic adsorption measurements of CgHsCl, CHCl3,
and CCl4 were carried outin a GC-14A Shimadzu gas chromatograph
equipped with a thermal conductivity detector. The chromato-
graphic columns (i.d.=5mm, length=50cm) were made of glass
and packed with 60-80 mesh silica grains. Adsorbate pulses of
different intensities were injected into the packed silica columns
that were kept at the chosen temperature, and the elution chro-
matogram of each pulse was registered. Prior to the adsorption
experiment, adsorbents were pre-treated in situ under a He flow at
573 K for 8 h. Each chlorinated compound was injected separately
into the appropriate chromatographic column in order to measure
the corresponding chromatogram.
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Fig. 3. Nitrogen adsorption isotherms on undoped and metal-doped SiO; sol-gel substrates at 76 K.
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Fig. 4. Pore size distributions calculated through the NLDFT approach from adsorption boundary (AB) and desorption boundary (DB) N, isotherms at 76 K on undoped and
metal doped SiO, substrates. The inset in Fig. 3b is an enlargement of the supermicropore region of sample Cu/SiO,.

2.4.1. Calculation methods

CgHsCl, CHCl3, and CCl4 adsorption data on undoped and doped
SiO, adsorbents were fitted to the standard Freundlich adsorp-
tion equation through linear regression. The Freundlich adsorption
equation [19] can be written as

1/n (1 )

where a is the amount adsorbed (mmolg~1!) at pressure p, K¢ the

Freundlich adsorption constant, and 1/n is an exponential factor.
Standard adsorption energies (—AUy) can be found from the

a=Kgp (where n > 1)

factor. The isosteric heat of adsorption of each SiO, sample was
calculated from the Clausius—Clapeyron equation [20]:

B dlnp
‘q“‘R[a(l/nL

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

(3)

temperature dependence of Henry constants Ky (at low pressures Adsorbent W (A)
Ky ~Kg), a relationship that is assumed to be consistent with a Si0, 60.4
traditional van’t Hoff form: Cu/Si0; 9.9,48.7
9 K AU Al Fe/SiO, 10.5, 25.7
n _ )
= H _ RTZO; Kt = Ko exp ( - o) ) Ag/Si0y 10.6, 37.7
2 The existence of two values in a given cell indicates a bimodal PSD.
where AUg=AHy+RT; AHy is the standard adsorption enthalpy,
R the universal gas constant, and Ky is van't Hoff's pre-exponential
Table 1
Pore structure parameters of undoped and metal-doped SiO, sol-gel samples as calculated from N, adsorption data
Adsorbent ABET (m2 gfl ) ADts (m2 g71 ) VZ (cm3 g71 ) & Wo (Cl’l‘l3 g71 ) WO/VZ 4VZ /ABET (A)
Si0, 511 560 0.564 0.554 0.011 0.019 442
Ag/SiO, 345 253 0.204 0.310 0.062 0304 23.7
Fe/Si0,? 553 381 0.269 0.372 0.126 0.468 19.5
Cu/Si0; 718 604 0.617 0.576 0.042 0.068 34.4

Aggr, is the BET surface area, Ay is the external surface area calculated from the s plot, V;

micropore volume calculated from the «s plot, and Wy/V:

2 The micropore volume of the Fe/SiO, was obtained from the NLDFT-PSD.

is the total pore volume determined at p/p® ~ 0.95, ¢ is the porosity, Wy is the

is the micropore to mesopore volume ratio.
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Fig. 5. Adsorption isotherms of CHCl3 on undoped and metal-doped SiO, sol-gel substrates.

where p is the equilibrium pressure for reaching a particular surface
coverage a and T is the temperature.

3. Results and discussion
3.1. Characterization of SiO, substrates

XRD analysis of SiO, adsorbents (see Fig. 1) rendered typical
patterns related to amorphous SiO, materials. The amorphous SiO,
structure of the synthesized SiO, adsorbents was confirmed by the
wide diffraction pattern that was displayed by these materials; in
contrast the crystalline lattice of an a-quartz SiO, material depicted
a succession of sharp peaks.

3.2. FTIR of SiO, substrates

The FTIR spectra of the pure and metal-doped SiO, adsorbents
(Fig. 2) show a rather broad band centered at about 3450 cm™!;
this signal is due to adsorbed or hydrogen-bonded water molecules
[21]. The peak appearing at 1640cm~! is due to flexion vibra-
tions of the O-H groups of water molecules. The bands existing
at 1100, 798, and 446cm~! correspond to the stretching vibra-
tions of the mesoporous framework (Si—O-Si) bridges. These

three bands represent the symmetric and asymmetric stretch-
ing vibration modes of the Si-0-Si bonds as well as the bending
vibrations of the silica network structure. The signal located at
949 cm~! can be assigned to the stretching vibrations of the Si—-OH
silanol groups. Finally, the small band found at approximately
1384cm~1! has been suggested to reflect the Ag-O bond vibration
[22].

From the above information about the presence of certain sur-
face groups, it is likely that the adsorption of CgH5Cl, CHCl3, and
CCl4 molecules depends to some extent on the dipolar moments
(1.01 D for CHCl3, 0 D for CCly, and 1.6 D for CgH5Cl). Due to the
existence of silanol (i.e. oxygenated) groups on the surface of the
silica adsorbents, it is then possible that the adsorption of chlori-
nated compounds onto the silica surface is somewhat influenced by
the formation of weak hydrogen bonds between the chlorine atoms
of the chlorinated molecules and the hydrogen atoms of surface
silanol groups.

3.3. N, sorption isotherms

Nitrogen sorption isotherms for the set of the SiO, precursory
and doped (Ag, Fe and Cu) SiO, samples are shown in Fig. 3 (rel-
ative pressure p/p9 vs. adsorbed N, volume in cm3 STP per gram
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Fig. 6. Adsorption isotherms of CCl4 on undoped and metal-doped SiO, sol-gel substrates.

of adsorbent). This figure portrays the particularities of each one
of these N, isotherm shapes. The SiO,, and Cu/SiO,, and Ag/SiO,
substrata render IUPAC Type IV isotherms, while an IUPAC Type |
isotherm is proper of the Fe/SiO, specimen.

3.4. Pore-size distributions of undoped and metal-doped SiO,
substrates calculated by the NLDFT approach

The distributions of pore sizes in the SiO, adsorbents were
approximated by the NLDFT approach [23]. Actually, this proposal
is only exactly applicable to pores of single, idealized shapes, such
as cylindrical, spherical, or slit-like voids. The NLDFT treatment
takes into account all kind of solid-fluid and fluid-fluid interac-
tions according to the pore geometry; the ultimate goal is to find the
minimum of the so called grand potential functional for a fluid con-
fined in a pore at a given chemical potential and temperature. This
condition allows to find the liquid-vapor meniscus shape and the
pressure at which a vapor-liquid transition is occurring; in other
words, a theoretical isotherm can be obtained for a given pore of
a given shape and size. Having a set of isotherms for pores of the
same shape but of different size allow the fitting of the experimen-
tal isotherm by the weighted superposition of the model isotherms.
The weighing factors then lead to the determination of the PSD.

The pores of the undoped and metal-doped SiO, materials have
no idealized shapes but correspond to voids between packed glob-
ules of varied sizes. The presence of polydisperse globules is proper
of the sol-gel route. In our case, there exist two kinds of pores:
throats (windows) and cavities [24]; each cavity is surrounded by a
number of throats depending on the number of nearest neighbours

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

In the present work, one can approximately assume that
pore throats are in control of both capillary condensation and
evaporation processes and that an elementary shape for them can
be thought as short tubular (cylindrical) passages that surround
spheroidal cavities. Therefore, by applying the NLDFT approach
to our SiO, adsorbents, one could acquire a semiquantitative idea
about the real pore sizes. Fig. 4 depicts the PSD curves obtained
from the adsorption boundary (AB) and desorption boundary (DB)
isotherms that delimit the sorption hysteresis loops of the diverse
substrates.

The appearances of the N; sorption isotherms of SiO, undoped
and metal-doped substrates primarily suggest pore structures con-
sisting of either solely micropores (Fe/SiO,) or purely mesopores
(Si05, Cu/SiO,, Ag/SiO;); in reality, most of these samples con-
sist of a combination of micropores and mesopores, as is evident
from the PSD results obtained from the NLDFT approach. The pores
in these substrates appear as voids between globules; the size of
these globules has been largely determined by the electrovalence
of the metallic dopant species; the largest the electrovalence of the
ionic species the smaller the size of the resultant sol-gel globules
and, therefore, of the pore sizes between these grains. While the
undoped SiO, substrate can be classified as mostly mesoporous by
virtue of the associated Type IV isotherm and Type H2 hysteresis
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Fig. 7. Adsorption isotherms of CgH5Cl on undoped and metal-doped SiO, sol-gel substrates.

loop, the remaining doped structures involve different micropore
to mesopore content ratios.

Table 1 shows values of some important textural parameters
obtained from the analysis of the N, sorption isotherms, such as
surface areas total pore volumes, VZ, calculated according to the

Gurvitsch rule [16] (applied at p/p®=0.95). The micropore uptake
capacities for each adsorbent and the ratios of the micropore-filling
capacity to the total pore volume, Wy/V, are also included in

Table 1. The PSD calculations were performed from the adsorption
boundary (AB) and desorption boundary (DB) branches of the N,
isotherms by using the NLDFT cylindrical pore model. The NLDFT
approach can discern between supermicropores and mesopores,
Fig. 4. The NLDFT results suggest that the dopant metals that are
incorporated into the SiO, samples favor the formation of narrower
pores if compared to those of the undoped silica substrate. Table 2
lists the pore size modes determined from the PSD proceeding from
the AB isotherm. Each PSD case requires clarification in order to
visualize the characteristics of the diverse pore structures assumed
by the SiO, metal-doped and undoped adsorbents.

The pore size of the SiO, materials should be linked to the par-
ticle size of these substrates. For SiO, the average pore diameter
dp calculated from the formula dp=4V<~/Ager renders 4.42 nm

(see Table 1), while for Ag/SiO,, Cu/SiO, and Fe/SiO, this dp
value becomes 2.37, 3.44, and 1.95 nm, respectively. On the basis
of elementary concepts about the stability of colloidal disper-
sions, it would be expected the undoped silica substrate to be
the adsorbent with the largest particles, followed (in a decreas-
ing order) by Ag/SiO,, Cu/SiO, and Fe/SiO,; this sequence is

actually in accordance with the Schulze-Hardy rule [25] stating
that the critical coagulation concentration for a lyophobic sol is
extremely sensitive to the valence of the counter-ions (higher
valence means a lower critical coagulation concentration). The
Schulze-Hardy cation concentration required to provoke the floc-
culation of colloidal dispersions approximately follows a 1/z2 molar
ratio sequence, i.e. 1:1/4:1/9 for monovalent, divalent and trivalent
ions, respectively. With the exception of the Cu/SiO, specimen the
average pore size resulted as predicted by the above rule.
Interesting textural characteristics of the SiO, substrates can be
inferred as follows from the diverse isotherm and PSD shapes:

e The porosity figures, &, 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 &, 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 SiO, and Cu/SiO, materials are mostly mesoporous struc-
tures; the micropore volumes of these substrates calculated
from the PSD-NLDFT treatment accounts for only 0.011 and
0.042cm3g-! 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/SiO,
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Fig. 8. Freundlich plots for the adsorption of CgH5Cl on undoped and metal-doped SiO, sol-gel substrates at different temperatures.

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-
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nomenon [27] is taking place). This cavitation phenomenon is
somewhat less intense in the SiO, sample. The BET area of the
Cu/SiO, specimen accounts for 718 m2 g-1, while the cumula-
tive surface area of supermicropores of sizes 9-19 A is equivalent

Freundlich parameters for adsorption of CgHsCl, CHCl3 and CCl4 on SiO; sol-gel substrates

Adsorbent T (K) Krcghgal (x10% mmol g=! Torr—1) NegHscl Krcuci (x 10> mmol g=! Torr—1) Nepcly Krccl, (<10 mmol g=! Torr~1) neey,
Si0y 398 101.7 1.73 28.9 1.50 29.0 1.60
423 - - 23.0 1.51 22.5 1.54
448 37.35 1.65 14.2 1.54 12.4 1.59
473 29.61 1.80 9.224 1.86 7.30 1.70
Ag/SiO, 398 131.3 1.30 32.7 1.76 324 1.94
423 77.45 1.35 - — 29.9 2.37
448 40.69 1.35 24.7 2.30 27.2 2.93
473 22.77 1.38 254 2.77 249 3.15
498 - - 20.8 4.20 231 3.61
Cu/SiO, 513 11.91 1.20 3.70 1.19 3.68 1.17
533 7.38 1.19 3.91 1.32 2.95 1.16
553 3.66 1.14 3.84 1.33 3.83 1.44
573 5.58 1.39 417 1.48 2.96 1.20
593 2.55 1.16 3.52 1.53 3.82 1.41
Fe/Si0, 513 6.31 1.10 7.10 1.49 10.3 1.77
533 417 1.17 417 1.07 10.3 1.25
553 2.35 1.10 1.29 1.14 3.75 1.04
573 2.23 1.17 3.61 1.30 2.73 1.01
593 5.08 1.70 5.31 1.39 234 1.50
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Table 4
Standard adsorption energies (— AU, k] mol~1) of CgH5Cl, CHCl3 and CCly on SiO5,
Ag/Si0,, Cu/SiO,, and Fe/SiO, substrates

Adsorbent/Adsorbate CgHs5Cl CHCl3 CCly

Si0, 26.46 24.28 29.34
Ag/[SiOy 36.83 6.81 5.66
Cu/SiO; 42.70 0.28 -0.79
Fe/SiO; 45.36 100.22 53.22

to 141 m?g-!. The difference between the last two areas, i.e.
577 m? g1, can be assumed as the area of the mesopores existing
in this sample. The «s area proceeding from the corresponding
plot corresponds to 604m? g1 (Table 1), which is roughly the
mesoporous contribution to the total surface area of the Cu/SiO,
sample. The NLDFT-PSD plot of sample Cu/SiO; indicates micro-
pores of sizes between 9 and 19A; these voids correspond to
supermicropores (i.e. hollows in the range 7-20A [28]) and are
recognized to be filled with N, at p/p® values below 0.01.

The Ag/SiO, and Fe/SiO, 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/SiO, substrate appears to be microporous but there still exists
acertain mesopore contribution; it is for this reason that a narrow
hysteresis loop [29] appears at p/p° €[0.4,0.6].

The shape of the N, sorption isotherm related to the Fe/SiO,
material is [IUPAC Type I; nevertheless this isotherm is the result of a
combination between supermicropores and small mesopores. The
Fe/SiO, sample possesses equivalent volumes of micropores and
mesopores: the NLDFT-PSD-DB result accounts for 12.6 mm? g~ of
micropores having sizes in the range 9-19 A, while 12.9 mm3 g~ is
related to mesopores of sizes 20-60 A.

3.5. CxHyClz adsorption

Adsorption isotherms of CgHs5Cl, CHCl3, and CCl4 measured at
different temperatures on the different SiO, adsorbents are shown
in Figs. 5-7.For all adsorptives, the linearity of the graph log a versus
log p represents an acceptable indicator of the applicability of the
Freundlich equation. With the exception of CHCl3 adsorbed at 473 K
on Si0,, Ag/SiO, and Cu/SiO, as well as for CCl4 adsorption at 513
and 593K on Fe/SiO,, the rest of the adsorption systems render
good linear fittings to the Freundlich equation; Fig. 8 illustrates, for
the case of CgH5Cl adsorption, the quality of this Freundlich linear
fitting.

The adsorption isotherms of chlorinated compounds on SiO,
adsorbents exhibit a Type I shape therefore reflecting a rela-
tively strong interaction between the surface of the adsorbents
and the chlorinated molecules. The Freundlich parameters, Kg
and n, for the adsorption of chlorinated compounds on undoped
and metal-doped SiO, adsorbents are presented in Table 3. The
Freundlich exponents, 1/n, show a temperature dependence for
all the adsorption systems. For all adsorptives, the adsorption
data could not be fitted to the Langmuir adsorption model, thus
indicating a relatively broad (inhomogeneous) energy distribu-
tion of adsorption sites. This could be caused by the fact that
the chlorinated adsorptive molecules have different characteris-
tics (size, molecular mass, volume, and even dipole moments).
The obtained values of the standard adsorption energies (—AUp)
of CgHs5Cl, CHCl3, and CCl4 on SiO,, Ag/SiO,, Cu/SiO, and Fe/SiO,
are reported in Table 4, the (— AUy) magnitudes show the follow-
ing sequence: (—AUg cgHscr): Fe/SiOz > Cu/SiO; > Ag/SiO; > SiOz;

(_AUO,CHC13 ): Fe[SiO, >SiO, > Ag/SiO, > Cu/SiO, and (_AUO,CC14):
Fe/SiO; > Si0, > Ag/Si0; > Cu/SiO,.

3.5.1. Isosteric heats of adsorption (qst, k] mol=1)

Isosteric heats of adsorption are usually determined at low con-
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 SiO, adsor-
bents is shown in Fig. 9. For each adsorptive, the gs; values observe
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2 AYE e/SiO,
T 204
o
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Fig.9. Variation of the isosteric heat of adsorption (—gst, k] mol~1) of CgH5 Cl, CHCls,

and CCl4 with adsorbate loading on undoped and metal-doped SiO, sol-gel sub-
strates.
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the following decreasing order:

CeHsCl:  Fe/SiO > Cu/SiO > Ag/SiO; > SiOy;
CHCls3: Fe/Si0; > SiO; > Ag/SiO; > Cu/SiO5;
CCly:  Fe/SiO, > Ag/SiO; > Si0y > Cu/SiO,

There exists an almost total concordance between the tenden-
cies of the g5t and — AUy values for each adsorptive. The adsorption
heats of chlorinated compounds on the SiO,, Ag/SiO,, Cu/SiO,
and Fe/SiO, materials increase (not all, but in general) with the
surface coverage thus indicating that the gas-solid adhesive inter-
actions prevail at low pressures while the adsorbate-adsorbate
cohesive interactions start to dominate at higher pressures. Part of
the solid-adsorbate interactions can be associated to the attrac-
tive forces (i.e. weak hydrogen bonds) existing between the Cl
atoms of the chlorinated compounds and the silanol groups
(Si—OH) attached to the silica surface. It is observed that the
surfaces of the metal-doped SiO, substrates present, in general,
smaller energy heterogeneities than those associated to the mate-
rial made of pure silica, since it is known that in homogeneous
surfaces g steadily decreases with increasing surface coverage
[30].

4. Conclusions

Based on the texture analysis as evaluated from N, adsorp-
tion at 76K, it can be concluded that the sol-gel silica adsorbents
represent different valuable options for the effective capture of
hazardous chlorinated compounds. The parent SiO, sol-gel adsor-
bent is basically mesoporous and depicts the largest total pore
volume of all; nevertheless, the inclusion of metallic dopants within
the amorphous silica structure usually involves stronger attractive
interactions (i.e. larger gst and —AUj values) with the adsorbate
molecules thus increasing the trapping efficiency with respect to
that of the undoped silica material.

Despite their lower pore volumes (if compared to the SiO, mate-
rial), the Fe/SiO,, Ag/SiO, and SiO, substrates represent useful
micropore-mesopore adsorbent options for the capture of chlo-
rinated vapors, even at relatively high temperatures. On the other
hand, the Cu/SiO, adsorbent is mostly a mesoporous solid. The N,
desorption isotherm of this sample indicates the presence of some
cavities surrounded by narrow necks. The coexistence of microp-
ores and mesopores in the Fe/SiO, and Ag/SiO, specimens offers an
additional advantage: a rapid transport of molecules through the
mesopore channels and a strong retention of the adsorbate within
the micropores. The SiO, material is devoid of this micropore-
mesopore coexistence.

The adsorption isotherms obtained experimentally for the sil-
ica substrates (SiO,, Ag/SiO,, Cu/SiO, and Fe/SiO,) are adjusted to
the adsorption pattern predicted by the Freundlich equation. The
isosteric heats of adsorption in the silica materials are associated to
the interactions existing between the molecules of the chlorinated
compounds and the silanol groups (Si—OH) linked to the surfaces
of silica. The adsorbent surface when doped with metals presents
smaller energy heterogeneity if compared to that of the pure silica
adsorbent.
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