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In catalysis processes, activated carbon (AC) and metal oxides (MOs) are used as catalysts and catalyst supports
because of their textural and chemical properties. A combination of AC andMO properties in a single catalyst en-
tails changes in the catalytic activity and behaviour which would redound to the number of applications. The
present study aims at preparing AC-MO hybrid catalysts by chemical interaction of MO precursors in aqueous
medium with AC and at carrying out the textural characterization of the samples. From a commercial AC and
six MO precursors (i.e. Fe3+, Al3+, Zn2+, SnCl2, TiO2, and WO4

2−), three series of hybrid catalysts were prepared
by wet impregnation and oven-drying at 120 °C and subsequent heat treatment of the resulting products at 200
or 850 °C in inert atmosphere. The samples were characterized texturally by N2 adsorption at−196 °C, mercury
porosimetry, and densitymeasurements. Therefore, the influence of theMO precursor and heating conditions on
the porous texture is studied. Yield varies more widely for the samples prepared at 120 °C and 850 °C than at
200 °C. The mass increase after oven-drying at 120 °C and the mass decrease after heating at 850 °C are much
greater for the Sn catalysts. Because of the support ofMO precursors on AC, in general,macro-, meso-, andmicro-
porosity significantly decrease. The effects on the texture of AC are by far more important for the Sn catalyst and
also, though less, for the Fe catalyst. However, they are weaker for the W and Ti catalysts. In general, the heat
treatment at 200 °C only causes small changes in the porous texture of the samples. By heating at 850 °C the
pore size distribution becomes more uniform in the three porosity regions. Microporosity develops chiefly for
the Sn catalyst, whereas mesoporosity does mainly for the Sn and Fe catalysts. The textural modifications have
been associated with mass, composition, and structural modifications.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Activated carbon (AC) is used as a catalyst on its own andmuchmore
frequently as a support for catalysts [1–6]. ACs are used as catalyst sup-
ports because, as unique virtues, they gather the possibility to tailor the
physical surface properties and tomodify the chemical surface properties
and the nature of the interactionwith the catalyst, and others [2,5]. Metal
oxides (MOs) represent one of themost important andwidely employed
categories of solid catalysts. As AC, theymay also be used either as the ac-
tive phase or as the support. Among the MO catalysts, those of transition
metals occupy a predominant place owing to their low-production cost,
easy regeneration, and selective action. MOs are utilized both for their
acid–base and red-ox properties [7–9]. In the last decade, however,
there has been a growing interest in the synthesis and applications of
mixed MOs [10,11]. From carbon molecular sieves, composite catalysts
constituted by inorganic oxides dispersed in a carbon matrix have also
been prepared [12]. AC-supported metal oxide catalysts have been used
34 924 271449.
.

for a great variety of chemical reactions, i.e. Fe2O3, ZnO and TiO2, degrada-
tion of organic compounds [13–20]; Fe2O3, hydroxylation of benzene [21,
22], dehydrogenation of propane [23], acylation of alcohols and amines
[24], and so forth;WO3, decomposition of isopropanol [25,26], isomeriza-
tion of 1-butene [27], decomposition of methanol and ethanol [28], com-
bustion of toluene [29], hydrogenation of ethylene [30]; SnO2, low
temperature oxidation of CO [31,32], AC-covered Al2O3, hydroprocessing
and hydrodesulfurization processes [33,34].

The use of AC as support for catalysts is mainly based on its porous
structure and surface functional groups. The porous structure controls
the availability of surface active sites and thereby the degree of catalyst
dispersion. In catalysis processes, the dispersion of the catalyst plays a
key role as it enhances its efficiency. To achieve a high degree of catalyst
dispersion, ACs are often used because of their high surface area. Anoth-
er important factor in such processes is the pore size distribution of AC.
ACs are characterized by a very broad pore size distribution ranging
from molecular dimension to several hundred nanometers. Depending
on the size of the reactant and of the productmolecules, the catalyst dis-
persed in small pores would be more or less effective. Therefore, the
pore size distribution is an important consideration when selecting
the appropriate carbon to use as a support [35], minimizing diffusion
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Table 1
Preparation of the metal oxide-AC catalysts. Sample codes.

Precursor Heat treatment temperature

120 °C 200 °C 850 °C

Al(NO3)3∙9H2O A120 A200 A850
Fe(NO3)3∙9H2O F120 F200 F850
SnCl2∙2H2O S120 S200 S850
TiO2 anatase T120 T200 T850
Na2WO4∙2H2O W120 W200 W850
Zn(NO3)2∙6H2O Z120 Z200 Z850
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limitations and catalyst deactivation [36]. Typical ACs are essentiallymi-
croporous materials and therefore may be texturally sensitive to the
support of catalysts on their surface. On the other hand, textural proper-
ties such as surface area and porosity have a remarkable impact not only
on the catalyst dispersion but also on the reduction of metal chemical
species on the surface of AC, especially when the conventional incipient
wetness impregnation technique is used in the preparation of the cata-
lysts ([37] and references therein). The surface functional groups, espe-
cially oxygen complexes, present on the carbon support can provide
anchorage sites for the catalyst precursor and act as active centres in
multifunctional catalysts due to their acid–base or red-ox properties [38,
39]. In addition to act as nucleation anchors, it has also been reported
that the surface groups can improve the access of metal solutions be-
cause of the decrease in the hydrophobicity of the carbon [37].

In view of the numerous reactions catalyzed by AC-MO catalysts and
of the essential role played by the porous structure not only in the prep-
aration of these hybrid catalysts but also in their subsequent use in ca-
talysis processes, the focus of the present study was on the
preparation and textural characterization of AC-MO hybrid catalysts.
In these catalysts, it can be regarded AC as aMO support whichmay fur-
ther behave at the same time as an active catalyst. Of course, the hybrid
catalysts are susceptible to be used in the same catalysis reactions (i.e.
with reactant in gas or liquid phase; red-ox, acid–base, etc.) as AC and
MOs separately, being then possible to diversify the applications of
such catalysts as compared to their AC andMO parents. The catalytic ac-
tivity for the hybrid catalysts will be determined not only by the specific
activities of AC and MOs but also by their contents in the samples. In
best a synergistic effect may occur for the hybrid catalysts.

Using a commercial AC and thewide series ofMOprecursors, AC-MO
hybrid catalysts are prepared and characterized texturally. Since cataly-
sis processes of industrial interest need to heat at relatively high tem-
peratures [4], at which physico-chemical properties of the catalyst
may undergo modifications and thereby influence the catalytic behav-
iour, three series of hybrid catalysts are prepared by heating under dif-
ferent conditions. The resulting samples are characterized in terms of
porous structure by gas adsorption at low temperature, mercury
porosimetry, and density measurements.

2. Experimental

2.1. Materials and reagents

A granular AC fromMerck® (Darmstadt, Germany), 1.5 mm average
particle size (Cod. 1.02514.1000), as received, was used as MO support.
For AC, the ash content is 4.72 wt.%, which is markedly lower than for
other activated carbons that may contain up to 15 wt.% of mineral mat-
ter (the nature and amount are a function of the precursor) [4]. Ashes
are composed of mullite and SiO2. The elemental composition (wt.%)
is: C, 86.5; H, 0.51; N, 0.26; S, 0.64; O, 7.37. pH of the point of zero charge
is 10.50.Metal nitrates,which are readily soluble inwater, as a rulewere
used as MO precursors. These were Al(NO3)3∙9H2O, Fe(NO3)3∙9H2O,
SnCl2∙2H2O, Na2WO4∙2H2O and Zn(NO3)2∙6H2O, all of them purchased
from Panreac® (Barcelona, Spain) and being of reagent grade. As an ex-
ception to the rule, anatase powder (Aldrich®; Steinheim, Germany)
was used as TiO2 precursor.

2.2. Preparation of hybrid catalysts

Most hybrid catalysts were prepared by the well-known method of
wet impregnation [40]. Around 25 g of AC were impregnated with
250 mL of an aqueous solution of the corresponding MO precursor,
using a precursor to AC ratio of 1:1. The impregnation system was
placed in a three neckedflask and heated at 80 °C under continuousme-
chanical agitation of 100 rpm for 5 h.Once this time had elapsed, the im-
pregnated products were first vacuum-filtered with aid of a water
pump and then oven-dried at 120 °C for 24 h.
The AC-TiO2 hybrid catalyst was prepared by slightly modifying the
method of impregnation at high temperature previously proposed by
Kahn [41,42]. In such a method, 25 g of AC were impregnated with
250 mL of an aqueous suspension containing 1.25 g of anatase powder,
by heating also at 80 °C for 5 h under continuous stirring of 300 rpm.
Then, after vacuum-filtration, the resulting solid in two successive
steps was thoroughly washed with deionised water until total colour
loss in the residual liquid and oven-dried at 120 °C for 24 h. Anatase
was selected as the catalyst precursor because the photocatalytic activ-
ity of TiO2 seems to be mainly associated with the anatase-type
structure [43].

Subsequently, the oven-dried products were calcined at 200 or
850 °C in a horizontal cylindrical furnace. About 2 g of product were
weighed in an analytical balance, placed in a small steel container, and
heated from room temperature up to the calcination temperature in
an inert atmosphere of high purity (i.e. N99.998 vol.%) nitrogen (flow
rate = 100 mL∙min−1). The heating rate was 10 °C∙min−1. The holding
time at maximum heat treatment temperature was 2 h. Next, the sys-
tem was allowed to cool down to room temperature under the same
flow of nitrogen. These experiments were carried out in duplicate or
in triplicate in order to obtain the required mass of each catalyst for
later studies. For comparison purposes, two samples were obtained by
heating only AC, in the absence of anymetal oxide, under the same con-
ditions as in the preparation of the hybrid catalysts.

The yield of the process of preparationof the catalyst sampleswas cal-
culated as (Mf/Mi) x 100, with Mi being the mass either of AC (i.e. 25 g)
used in the impregnation treatment or of the samples of series 1 used
in the subsequent heat treatment,whereasMf is themass offinal product
after oven-drying at 120 °C or heat-treating at 200 or 850 °C. As a whole,
three series of catalyst sampleswere prepared, i.e. three of these samples
with each MO, depending on heating conditions in the oven-drying and
calcination treatments. They are: series 1: 120 °C, 24 h; series 2: 200 °C,
2 h; series 3: 850 °C, 2 h. The codes assigned to the catalysts are shown
in Table 1. The samples prepared from AC are referred to in the text as
AC200 and AC850.

2.3. Textural characterization study

The textural characterization of the samples was accomplished by
gas adsorption (N2 at −196 °C), mercury porosimetry, and helium and
mercury density measurements. The N2 adsorption isotherms were de-
termined using a semiautomatic adsorption apparatus (Autosorb 1),
Quantachrome®. About 0.10 g of sample was first oven-dried at 110 °C
overnight and then out-gassed at 120 °C for 12 h, at a pressure lower
than 10−3 Torr, prior to starting adsorption measurements under equi-
librium conditions. The out-gassing temperature was selected in accord
with the temperature of preparation of the catalyst samples of series 1.
TheN2 isothermprovides valuable information on thepore size distribu-
tion in the regions of micro- and mesopores (i.e. macropores are not
amenable to the gas-adsorption analysis), surface area, and pore vol-
umes. In relation to the various porosity regions it is relevant to point
out that a widely accepted classification of the pores by their average
width (w) is: micropores, w b ~20 Å; mesopores, ~ 20 Å bw b ~500 Å,
and macropores (w N ~500 Å) [44]. The pore size distribution in the
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Fig. 1. N2 adsorption isotherms at−196 °C (a) and micropore size distributions (b) of AC
and heat-treated AC samples.
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micropore rangewas calculated by the Horvath-Kawazoe (H-K)method
[45]. The theoretical background for microporosity characterization was
based on Dubinin’s theory. Thus, the analysis of the adsorption iso-
therms by Dubinin-Radushkevich (D-R) equation led to the micropore
volume,W0 [46]. From the characteristic energy E0 (kJ·mol-1), as obtain-
ed also from the slope of the D-R plot, the average micropore width (L0,
nm)was calculated [47]. The apparent surface area (SBET)was estimated
by means of the Brunauer, Emmett and Teller (BET) equation [48]. The
D-R equation and BET equation as a rule were applied in the P/P0 ranges
between 6.7 x 10−4 and 7 x 10−2 and between 0.05 and 0.35, respec-
tively. The linear regression coefficient (R2) was higher than 0.999 for
the D-R equation and than 0.99 for the BET equation.

Mercury porosimetry enables to characterize the macro- and
mesopore structures of porous solids. Mercury intrusion experiments
were carried out in a mercury porosimeter (PoreMaster-60),
Quantachrome®. The computational program of the porosimeter used
the values of surface tension and contact angle of 0.480 N∙m−1 and
140°, respectively. In mercury porosimetry, the volume of mercury
taken upby the solid ismeasured as the applied pressure is gradually in-
creased. Thepore size distribution curves are obtained bydifferentiation
of the curves of cumulative volume (Vcu) against pore radius (r) [44].
From the latter curves, macropore (Vma) and mesopore (Vme) volumes
were obtained as follows:

Vma ¼ Vcu r ¼ 250)
� � ð1Þ

Vme ¼ Vcu r b 20)
� �

−Vma ð2Þ

Mercury density (ρHg)wasmeasured just before starting themercu-
ry porosimetry experiment. About 0.3 g of sample was evacuated until
thepressure of 1.333Pawas reached in theporosimeter. Heliumdensity
(ρHe) was determined in a Quantachrome® steropycnometer, using
around 3 g of sample. From ρHg and ρHe, the total pore volume (VT)
was calculated by applying the expression (3) [49]:

VT ¼ 1
ρHg

− 1
ρHe

ð3Þ

For comparison purposes, the total pore volume (V’T) was also esti-
mated from W0, Vme and Vma by the following expression:

V0
T ¼ W0 þ Vme þ Vma ð4Þ

3. Results and discussion

3.1. AC and AC samples

The N2 adsorption isothermsmeasured for AC, AC200 and AC850 are
plotted together in Fig. 1(a), for comparison purposes. Such isotherms
by their shape closely resemble type I isotherm of the well-known
BDDT classification system [50] and therefore AC and both AC-derived
samples are mainly microporous solids. Furthermore, the steady but
non-regular increase of the N2 adsorption with the gradual rise of P/P0

between 0.0 and 1.0 indicates that the carbon samples possess a very
broad pore size distribution in the regions of micro- and mesopores,
with predominance of narrow and wide pores, respectively [51]. More-
over, the large adsorption of N2 at very low P/P0 values (see the great
slope of the ascending branch at P/P0≈ 0.0 in the adsorption isotherms)
proves a great presence of narrowmicroporosity in the samples. Finally,
the open knees of the adsorption isotherms at higher P/P0 indicate that
wider micropores of varying size are present in the samples.

The three maxima shown by the H-K plots in Fig. 1(b) at 8, 10–12
and 14 Å pore diameters denote that the porosity distribution is three-
modal in the samples. From peak intensities it follows that micropores
are less abundant as the pore size increases. Also notice that the smallest
size micropores undergo a slight widening when heating at 850 °C,
whereas the intermediate size micropores narrow with increasing
heat treatment temperature above 120 °C. These heat treatment
temperature-dependent effects on the microporous structure of AC
are attributable to the occurrence of mass loss and pore shrinkage. The
yield of the process of preparation of AC200 and AC850 is 97 and
95 wt.%, respectively. Therefore, it is probable that the mass loss is
mainly due to the removal of hydration water for AC200 and not only
to dehydration but also to the removal of carbon-oxygen surface func-
tional groups for AC850. The presence of hygroscopic water and of oxy-
gen surface groups in AC can be accounted for by the high adsorption
capacity and tendency to oxidation exhibited commonly byAC. Amicro-
porosity decrease at high heat treatment temperature has been fre-
quently reported elsewhere [52–54] and connected with lateral
growth and increase in planarity of layer planes [55]. However, the L0
values in Table 2 show that the average size of the micropores remains
practically unaltered after the heat treatment of AC at 200 or 850 °C. It
also applies to the micropore volume (see the W0 values in Table 2),
which is in line with the area under the H-K curves in Fig. 1(b).

As far as mesoporosity is concerned, Fig. 1(a) also shows a slight ad-
sorption increase in the P/P0 range from 0.1–0.2 to 0.8–0.9 and a much
more pronounced slope increase at higher P/P0 values. Accordingly, it
becomes apparent that mesoporosity is heterogeneous in the analyzed
samples, with the mesopores of larger sizes being predominant. A het-
erogeneous porosity not only in the region of mesopores but also in
the region of macropores is also shown by the curves of mercury



Table 2
Textural data for AC and heat-treated AC samples.

Sample SBET
(m2 · g−1)

W0

(cm3 · g−1)
L0
(nm)

Vme

(cm3 · g−1)
Vma

(cm3 · g−1)
VT’

(cm3 · g−1)
ρHe
(g · cm−3)

ρHg
(g · cm−3)

VT

(cm3 · g−1)

AC 711 0.36 1.00 0.15 0.21 0.72 2.03 0.89 0.63
AC200 745 0.37 1.00 0.14 0.18 0.69 2.03 0.94 0.57
AC850 746 0.37 1.00 0.14 0.20 0.71 2.01 0.75 0.83
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intrusion in Fig. 2(a). Thus, the cumulative pore volume varies almost
linearly with pore radius. Furthermore, the derivative curves in
Fig. 2(b) feature a great slope branch at pore radii smaller than 40 Å
and three maxima centred at 80, 250 and 2500 Å. Notice that peak in-
tensities are somewhat lower for AC200 and AC850 than for AC, which
indicates surprisingly that the heat treatment of AC at 200 and 850 °C
caused slight meso- and macroporosity reductions.

From the obtained W0, Vme and Vma values (data in Table 2) it be-
comes apparent that the pore structure is tri-disperse in AC, AC200,
and AC850. The pore volumes in the three ranges of pore sizes are in
line with those for typical activated carbons [56]. As expected, W0 is
higher than Vme and Vma. In fact, W0 is equal to Vme plus Vma. Further-
more, Vma is markedly higher than Vme. Moreover, W0 is only slightly
higher for AC200 and AC850 than for AC. However, Vma and Vme are
somewhat lower for the couple of heat-treated samples. As a guide,
the pore volumes vary by 14% for Vma at most. Also, VT’ is rather similar
for the three carbon samples. Therefore, the heat treatment of AC at 200
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Fig. 2. Cumulative pore volume versus pore radius (a) andmeso- and macropore size dis-
tributions (b) of AC and heat-treated AC samples.
or 850 °C does not result in significant changes in the pore volumes, as
measured by N2 adsorption and mercury porosimetry. However, VT is
0.63 cm3 · g−1 for AC and varies widely between 0.57 cm3 · g−1 for
AC200 and 0.83 g · cm3 for AC850. In view of the ρHe and ρHg values
listed in Table 2, the opposite variation of VT for AC200 and AC850
seems to arise from ρHg rather than from ρHe. If so, the porosity decrease
and increase for AC200 and AC850, respectively, would concern poros-
ity made up of smaller pores than the molecule of gas heliumwith a di-
ameter of approx. 2.3 Å [56]. Finally, it should be mentioned that the
SBET values in Table 2 indicate that the carbon samples possess a well-
developed surface area, which is slightly increased for AC200 and
AC850 as compared to AC.

In brief, the textural modifications originated as a result of the heat
treatment of AC at 200 or 850 °C are of little significance. Therefore,
the textural changes produced in the preparation of the hybrid catalysts,
if any, will be mainly due to the chemical and heat treatments effected
in the preparation of the hybrid catalyst samples.

3.2. Series 1

For the hybrid catalysts of series 1, yield (data in Table 3) varies by
S120 ≫ F120 N W120 N T120 ≈ Z120 N A120 and in the very wide
range between 149 wt.% for S120 and 102 wt.% for A120. Furthermore,
it is relatively high for F120 and, though less, for W120. For A120,
T120 and Z120, yield presents close values and is only slightly above
100 wt.%. The N2 adsorption isotherms in Fig. 3(a), in general, are very
similarly shaped to the isothermmeasured for AC in Fig. 1(a). Therefore,
the impregnation of ACwith theMOprecursors containing aqueous sys-
tems and subsequent oven-drying at 120 °C as a rule does not bring
about strong changes in the micro- and mesopore size distributions of
AC. As the only different features, the isotherms of AC and hybrid cata-
lysts clearly show that the adsorption of N2 at very low P/P0 is signifi-
cantly lower for a large number of samples (i.e. W120, A120, Z120 and
F120) and that it decreases drastically over the P/P0 range for S120. Con-
versely, adsorption slightly increases above P/P0≈ 0.1 for T120. Accord-
ingly, it seems first that the support of most of theMO precursors on AC
produces a significant micropore blockage and as a last resort porosity
closing for most of the catalyst samples. The relative position of the ad-
sorption isotherms in Fig. 3(a) indicates that the effect of microporosity
loss varies by F120 N Z120 ≈ A120 N W120. Second, such an effect is
much stronger and embraces not only micropores but also mesopores
for S120. Third, the incorporation of TiO2 (anatase, powder) to the AC
support gives rise to the creation of a small fraction of mesopores, with-
out affecting the measurable microporosity.

The micropore size distributions for selected samples of series 1, as
calculated by means of the H-K method, are shown in Fig. 3(b). As ex-
pected, it is by far different only for S120, as shown by the absence of
the peaks at 14 and 10–12 Å from the S120 plot and also by the weaker
peak at 8 Å in such a plot than in theAC plot. From the curves ofmercury
intrusion in Fig. 4(a) and their derivative curves in Fig. 4(b) it is also ev-
ident that for S120 a great mesoporosity decrease occurs, mainly
concerning narrow and wide mesopores. Notice that the maximum at
225 Å in the AC curve is completely missing not only from the S120
curve but also from the F120 and T120 curves, which proves that wide
mesopores are also absent from F120 and T120. Macroporosity un-
dergoes a marked decrease for S120 and F120, the effect of porosity
loss being much weaker for the rest of the samples.



Table 3
Textural data for catalysts of series 1.

Catalyst Yield (wt.%) SBET
(m2 · g−1)

W0

(cm3 · g−1)
L0
(nm)

Vme

(cm3 · g−1)
Vma

(cm3 · g−1)
VT’

(cm3 · g−1)
ρHe
(g · cm−3)

ρHg
(g · cm−3)

VT

(cm3 · g−1)

A120 102 597 0.31 1.05 0.14 0.18 0.63 2.01 0.78 0.78
F120 114 574 0.29 0.99 0.12 0.14 0.55 2.15 0.90 0.64
S120 149 278 0.14 0.92 0.08 0.14 0.36 2.24 1.44 0.25
T120 103 780 0.35 1.00 0.13 0.18 0.66 2.11 0.80 0.77
W120 106 615 0.32 0.99 0.13 0.20 0.66 2.06 0.79 0.78
Z120 103 608 0.30 1.02 0.14 0.19 0.63 1.97 n.d. n.d.
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The textural data obtained for the hybrid catalysts of series 1 are listed
in Table 3. As expected, SBET and pore volumes are lower for the catalyst
samples than for AC. It is particularly so for samples such as F120 and
very especially for S120. Exceptions to the rule are the SBET increase for
T120 and the VT increase for a number of catalyst samples. L0 only varies
slightly for most catalyst samples. However, it markedly increases for
A120 and decreases for S120. From data in Table 3 it follows that the ef-
fect on porosity is stronger for S120 and weaker for W120. In the case of
S120, it does by microporosity N mesoporosity N macroporosity. The re-
duction of porosity is also high in the three regions of pore sizes for F120.
For this sample, however, it is much lower than for S120 and varies by
macroporosity N mesoporosity N microporosity. For A120, the porosity
decrease is noticeably lower than for F120, regardless of the porosity re-
gion. For T120, conversely to S120, microporosity remains nearly un-
changed and surface area increases slightly. However, meso- and
macroporosity decrease by 13.3 and 14.3%, respectively.
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Fig. 3.N2 adsorption isotherms at−196 °C (a) andmicropore size distributions (b) of cat-
alysts of series 1.
Probably, the most important factor with influence on the porosity
of the hybrid catalysts is the diffusion of the catalyst precursor in
pores of AC during the impregnation treatment because of the control
of the accessibility to the surface active sites of AC and thereby the ex-
tent towhich the impregnation process occurs, amount ofMOprecursor
supported on AC, and dispersion of the metal catalyst on the surface of
AC. If a particular precursor has not access to microporosity of AC,
which is where most surface area mainly concentrates for microporous
solids, its support onACwould be then greatlymitigated. Diffusionmust
be mainly dependent on the relative size of the MO precursor and AC
pores. For the here used MO precursors, size is a function of whether
they are found as a metal cation (Al3+, Fe3+, Sn2+, Zn2+) or anion
(WO4

2−) or as a colloidal particle (TiO2, particle size lower than
44 μm) in the impregnation aqueous system. Under such an
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Fig. 4. Cumulative pore volume versus pore radius (a) and meso- and macropore size dis-
tributions (b) of catalysts of series 1.



Table 4
Textural data for catalysts of series 2.

Catalyst Yield (wt.%) SBET
(m2 · g−1)

W0

(cm3 · g−1)
L0
(nm)

Vme

(cm3 · g−1)
Vma

(cm3 · g−1)
VT’

(cm3 · g−1)
ρHe
(g · cm−3)

ρHg
(g · cm−3)

VT

(cm3 · g−1)

A200 93 556 0.27 1.06 0.13 0.16 0.56 2.05 0.91 0.61
F200 94 618 0.29 1.02 0.13 0.14 0.56 2.17 0.90 0.65
S200 96 302 0.15 1.11 0.08 0.13 0.36 2.30 1.06 0.51
T200 96 776 0.35 1.12 0.13 0.19 0.67 2.06 0.97 0.55
W200 96 646 0.32 1.04 0.15 0.17 0.64 2.09 0.70 0.95
Z200 91 651 0.31 0.97 0.18 0.20 0.69 2.07 n.d. n.d.
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assumption, the precursor size (Å) would vary by TiO2 NWO4
2− N Sn2+

(0.93) N Zn2+ (0.83) N Fe3+ (0.67) Al3+(0.57) [57]. However, it must
be taken into account that most metal cations in aqueous solution are
found as aquo-complexes, [M(H2O)x]n+, which hydrolyze by (5)

½MðH2OÞx�nþ þ yH2O ¼ ½MðH2OÞx�yðOHÞy�ðn�yÞþ þ yH3O
þ ð5Þ

giving hydroxo-aquo complexes, Mn+(H2O)x(OH)y](n-y)+with
[M(H2O)x-y(OH)y](n-y)+; such that depending on a number of factors in-
cluding the chemical nature of themetal ion and solution concentration
and pH, equilibriumwill bemore or less displaced toward the left or the
right side. For Al3+, Fe3+ and Zn2+, the tendency to form hydroxo-aquo
complexes at lower pH values varies by Fe3+ N Al3+ N Zn2+ [58]. Re-
placement of water molecules with hydroxo groups from the coordina-
tion sphere of a metal ion-aquo complex will result in a size decrease as
the size of the ligand group is smaller for –OH than for H2O. Depending
on concentration, SnCl2 may be also prone to hydrolysis, decomposing
to the basic salt Sn(OH)Cl [59]. However, in the presence of activated
carbon it undergoes autoxidation at a reaction rate that is dependent
on the activation temperature between 350 and 850 °C in the prepara-
tion of the carbon [60]. The resulting Sn4+ ion in thepresence ofwater is
hydrolyzed to a considerable degree, substantially according to reaction
(6) [59]

Sn4þ þ 2H2O ¼ SnO2 þ 4Hþ ð6Þ

The tungstate ion (WO4
2−) occurs in water only above pH 8–9. As the

pH decreases and hydrogen ions are added toWO4
2, slow polimerization

takes place [58] and WO4
2−, HWO4

− and probably W2O7
2−, HW2O7

− and
H2W2O7 solvated species may be found in aqueous solution [61]. From
theWO4

2− ion in aqueous solution,WO3·nH2O (n= 1 or 2)may formed
on the surface of AC [62]. Finally, TiO2 is not soluble in water and there-
fore the colloidal particles (particle size lower than 44 μm) should
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Fig. 5. N2 adsorption isotherms at−196 °C of the catalysts of series 2.
remain in suspension in the aqueousmediumbecause of the electrostat-
ic interaction with water molecular dipoles. The size of the TiO2 precur-
sor may further increase by formation of large aggregates, provided that
the surface charges of the particles are not neutralized at the pH of the
TiO2 aqueous suspension.

By taking into account not only the presumable size of the MO pre-
cursor in the impregnation system but also the yield of the impregna-
tion process it becomes apparent then that diffusion of the MO
precursor in pores of AC is markedly more favourable for Sn(OH)Cl
and also, though less, for the Fe3+ complexes and that it results in the
support of a larger amount of precursor and in a greater microporosity
decrease. Furthermore, such precursors should become concentrated
in meso- and macropores and these pores are lost as well from AC
after the preparation of S120 and F120. Perhaps, the porosity blockage
at micropore entrances by a small amount of precursor propitiates its
concentration in larger size pores. Consistent with precursor sizes are
also the lower detrimental effects on the porous structure for A120
than for F120. TiO2 should have a more restricted access to AC porosity,
which is in linewith the textural effects of the TiO2 support on AC poros-
ity. Likely, microporosity is not affected because of the colloidal size of
TiO2 which would prevent it from entering small size pores of AC. The
slight development of mesoporosity, as inferred from the results of N2

adsorption at−196 °C (notice that a 6.7% decrease is obtained bymercu-
ry porosimetry) as a result of the support of TiO2 on surface of ACmay be
associatedwith narrowing of larger size pores due to the accumulation of
TiO2 on pore walls. On the other hand, for W120 it is possible that the
yield of thepreparationprocess is over-weighted because of the highden-
sity ofW (19.3 g·cm-3) and its compounds. The opposite applies to A120
as Al is a lightmetalwith a density as low as 2.7 g·cm-3. Probably, In com-
parative terms, the amount of metal present in the hybrid catalyst is
smaller and higher for W120 and A120, respectively, than as may be re-
flect by yield values.
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Fig. 6. Cumulative pore volume versus pore radius of the catalysts of series 2.



Table 5
Textural data for catalysts of series 3.

Catalyst Yield (wt.%) SBET
(m2 · g−1)

W0

(cm3 · g−1)
L0
(nm)

Vme

(cm3 · g−1)
Vma

(cm3 · g−1)
VT’

(cm3 · g−1)
ρHe
(g · cm−3)

ρHg
(g · cm−3)

VT

(cm3 · g−1)

A850 90 759 0.34 1.32 0.14 0.19 0.67 2.07 0.91 0.62
F850 81 694 0.31 1.11 0.17 0.18 0.66 2.19 0.74 0.89
S850 68 680 0.33 1.13 0.16 0.18 0.67 2.25 0.82 0.78
T850 98 847 0.37 1.35 0.14 0.20 0.71 2.08 0.72 0.90
W850 95 741 0.35 1.14 0.15 0.20 0.70 2.13 0.70 0.96
Z850 84 834 0.32 1.08 0.15 0.18 0.65 2.06 n.d. n.d.
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3.3. Series 2

Regarding the hybrid catalysts of series 2, yield (see data in Table 4)
varies in the narrow range of 91 wt.% for Z200 and 96 wt.% for S200,
T200 and W200. Since yield is 97 wt.% for AC (data in Table 2), it is
clear that the subsequent heat treatment of the samples of series 1 at
200 °C only causes a small mass decrease, which is not very different
for the various samples of series 2. Nevertheless, it is worth noting
that the mass loss is substantially higher for A200, F200 and Z200 than
for the rest of the samples. These samples have been prepared from
A120, F120 and Z120 (i.e. the products obtained by impregnation of
AC with the Al3+, Fe3+ and Zn2+ ions in the nitrate aqueous solutions)
and therefore it is likely that the mass loss produced when they are
heat-treated at 200 °C is due to the removal of coordination water of
the metal ions remaining in the samples after oven-drying at 120 °C. It
is supported by the significantly higher mass loss for Z200 than for
A200 and F200 since, as seen above, the aforesaid coordination sphere
should be made up of a larger number of water molecules for the
Zn2+ ion than for the Al3+ and Fe3+ ions, provided that the coordina-
tion number is the same for the three metal ions.

As compared to the isotherms for the catalysts of series 1 in Fig. 3(a),
the adsorption isotherms for the hybrid catalysts of series 2 in Fig. 5 dis-
play very similar shapes. Accordingly, the heat treatment at 200 °C does
not produce significant changes in themicro- and mesopore size distri-
butions of the samples of series 1. A different feature for both bunches of
isotherms is the noticeably lower N2 adsorption for A200, which is
worth noting. On the other hand, the curves of mercury intrusion for
both series of hybrid catalysts in Figs. 4(a) and 6 reveal that the influ-
ence of the chemical nature of the catalyst precursor on the meso- and
macropore size distributions is significantlymoremarked for the hybrid
catalysts of series 2.

Likewise, the values of SBET and pore volumes listed in Tables 3 and 4
show that the changes produced in the surface area and porosity of the
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Fig. 7. N2 adsorption isotherms at−196 °C of the catalysts of series 3.
samples of series 1 as a result of the heat treatment at 200 °C are also
generally of little significance. SBET only increases slightly for most sam-
ples. For A200, it undergoes a small decrease. W0 does not undergo sig-
nificant changes, except for A200. However, L0 usually increases and is
12.0 and 20.6% higher for T120 and S120, respectively. Vme and Vma re-
main almost unchanged formost samples. In the case of Z200, however,
Vme increases by 28.6%. Vma decreases by 15% for W200. Finally, it
should be mentioned that the values of VT may be influenced by the
density of themetal precursor. As a guide, notice that VT is much higher
than VT´ for W200. However, they are much closer for A200, which is in
line with the low Al density.

The aforementioned textural changes must be associated with com-
position and structuralmodifications produced in the hybrid catalysts of
series 1 after heating at 200 °C. The removal of water from the samples
should give rise to porosity development. After the support of the cata-
lyst precursors on AC, surface amorphous pseudo-metal hydroxides,
oxy-hydroxides and oxides are likely found in the carbon. A general re-
action for the thermal decomposition of metal hydroxides is

OHð ÞnM OHð Þ2 þ Δ→ OHð ÞnMO þH2O ð7Þ

In connection with the removal of water from the samples it should
be borne in mind that they were first heat-treated at 200 °C in their
preparation and then out-gassed at 120 °C prior to effecting adsorption
measurements. Therefore, the presence of water in the samples after
out-gassing at 120 °C to some extent will depend onwhether the dehy-
dration process at 200 °C is reversible or not. The strongest effect on
mesoporosity for Z200 is consistent with the highest mass loss pro-
duced in the preparation of this sample, as shown by the yield values
collected in Table 4. As an opposite effect to that of the dehydration pro-
cess, crystallinity may also increase and therefore an increased crystal-
lite size should result in a decreased porosity of the samples. If so, in
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view of the textural data (Table 4) it seems that both effects on porosity
balance for most samples.

3.4. Series 3

For this series of hybrid catalyst samples (data in Table 5) yield
varies by the sequence T850 N W850 N A850 N Z850 N F850 N S850
and widely between 98 wt.% for T850 and 68 wt.% for S850. It is low
not only for S850 but also for F850 and Z850. The mass loss caused by
the heat treatment of the samples up to 850 °Cmust be due to dehydra-
tion and dehydroxilation processes at low temperatures and also to the
carbothermic reduction of MOs at higher temperatures. The later reac-
tion gives rise to the formation of gaseous products and of elemental
metals which suffer evaporation provided that melting point is below
850 °C. From metallurgy sources concerning the blast furnace perfor-
mance iswell known that various iron oxides are reduced by coke at dif-
ferent temperatures and that elemental iron as a last resort and carbon
monoxide are formed. ZnO [63] and SnO2 [64] are reduced by

ZnO þ C ¼ Zn þ CO ð8Þ

SnO2 þ C ¼ Sn þ CO2 ð9Þ
Reaction (8) is very slow even at 900 °C and reaction (9) occurs

above 630 °C. Furthermore, the melting point of Zn is 419.7 °C and of
Sn (white) is 231.9 °C Also, Al melts at 660.5 °C. WO3 transforms to el-
emental W and metal carbides, giving off CO [26,65]; the melting point
of W being however as high as 3407 °C [57].

As compared to the hybrid catalysts of series 1, for the samples of se-
ries 3 (see the N2 adsorption isotherms in Figs. 3(a) and 7) the adsorp-
tion of N2 increases. Furthermore, the isotherm shapes aremore similar.
It also applies to the curves of mercury intrusion plotted in Fig. 8. More-
over, the estimated values of SBET and pore volumes (data in Table 5) as
a rule are higher. This is particularly so for S850 as SBET, W0, Vme and VT´
increase in turn by≈ 145, 136, 100, and 29%. Then, the porosity devel-
opment is larger by micropores N mesopores N macropores. For sam-
ples other than S850, the increase produced in SBET and pores volumes
is much smaller. For F850, it is 21, 7, 42 and 29%, being then higher for
Vme. In general, L0 markedly increases. The L0 increase varies between
6% for Z850 and 35% for T850, being also greater for A850 (26%). De-
creased pore volumes are very rarely observed, i.e. only Vma for Z850
and VT for A850. In brief, from the results obtained in the textural char-
acterization of the hybrid catalysts of series 3 it becomes apparent that
by heating at 850 °C porosity develops and the pore size distribution be-
comes more uniform in the three porosity regions for all catalyst sam-
ples. As compared to AC and AC850, a significantly decreased W0 is
observed for a large number of samples. As an exception to the rule,
W0 is 0.37 cm3 · g−1 for T850 and AC850. As shown by theN2 isotherms
(Fig. 7), mesoporosity undergoes an important development for A850,
Z850 and T850. However, Vme is higher for F850 and S850. Usually,
Vma only decreases slightly.

In connection with the textural changes produced by heating at
850 °C it should befirst borne inmind that it causesmass loss and there-
by porosity increase. Second, the heat treatment at high temperature
may also originate composition, structural and textural changes in the
carbon support and the supported catalysts with influence on porosity
of the hybrid catalysts. In the case of S850 and F850, as two examples,
as a result of the reaction of ACwithMOs the porositywould be affected
by the gasification of carbon atoms and also on account of the formation
of smaller atomic/particle size metals as compared to their respective
MOs. In the case of catalyst samples such as S850, the evaporation of
metal from themeltwould render thewidening andopening of porosity
feasible. These effects on porosity are reflected by the L0 values obtained
for various catalyst samples. Regarding the supported catalyst, the com-
position and structural changes concern phase transitions, crystallinity,
and so on. Finally, contributions to the adsorption of N2 due to support-
ed catalyst particles have also been reported in the literature for TiO2

[43].

4. Conclusions

• The AC used as MO support is mainly a microporous carbon. The heat
treatment of the carbon at 200 or 850 °C only originates slight changes
in the porous texture of the material.

• The yield of the process of preparation of the hybrid catalysts depends
on the chemical nature of the MO precursor and on heating condi-
tions. It is very sensitive to the MO precursor when oven-drying at
120 °C and heat-treating at 850 °C. For the resulting series of samples
yield varies by S120 ≫ F120 N W120 N T120 N Z120 N A120 and by
T850 N W850 N A850 N Z850 N F850 N S850. The mass changes are
much stronger for S120 and S850.

• The wet-impregnation of AC and subsequent oven-drying of the
resulting products at 120 °C as a rule cause a significantmicroporosity
loss which is higher for F120 and in special for S120. Meso- and
macroporosity may also markedly decrease. For S120, porosity is re-
duced by 61.1, 46.7 and 33.3% for the micro-, meso- and macropores.
Conversely, the effects of porosity loss are frequently weaker for
W120. For T120, impregnation has a weak beneficial effect on surface
area.

• For the AC-MO hybrid catalysts prepared at 200 °C, the MO precursor
influences the pore size distribution in the regions of micro- and
mesopores. The changes produced in the surface area and pore vol-
umes are generally of little significance. The average size of micro-
pores (L0) usually increases. The textural effects have been
connected with the removal of water and an increased crystallinity
because of the heat treatment of the samples at low temperature.

• By heating at 850 °C the pore size distribution becomes more uniform
for the hybrid catalysts, AC and AC850. Microporosity pronouncedly
increases, the effect beingmuch stronger for the Sn catalyst. However,
the micropore volume as a rule is significantly lower for the catalyst
samples than for AC and AC850. Mesoporosity develops chiefly for
the Sn and Fe catalysts. The textural changes have been associated
with mass, composition and structural modifications.

• The method of wet-impregnation of AC with the six MO catalyst pre-
cursors in aqueous solution/suspension and oven-drying at 120 °C
and subsequent heat treatment of the resulting samples at 200 or
850 °C enables to prepare hybrid catalysts with a different chemical
composition, catalyst content, and porous texture.
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