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a b s t r a c t

Forecasting studies based upon Hubbert’s type multicyclic calculations indicate a progressive declining
of most of the fossil oil sources worldwide after reaching a production maximum [1]. In the near future
scenario the search of renewable alternate fuels sources will be of increasing importance, for example
agrofuels, which are fuel grade derivates of vegetable oils; thus, this work deals with newer catalysts for
selective hydrocracking of long hydrocarbons chains derived from safflower oil, i.e., heterogeneous cat-
alysts supported on mesoporous SBA-15 were prepared and tested for hydrocracking of the unsaturated
oil. For this, a series of catalysts based upon Ni–Mo, Ni–W carbides, Pt and triflic acid were characterized
by N2 physisorption (BET), X-ray diffraction (XRD), transmission electron microscopy (TEM) and pyridine
adsorption-DRIFTS. In parallel, their activity, selectivity and operation conditions were followed and the
BA-16 reaction products were analyzed by GC. The viscosity and API density of the liquid products thus obtained
were classed as products equivalent to medium crude oil fractions. Naphtha (C5–C9) was produced with a
total yield in the interval 15–30 wt.%, while light products represented less than 5 wt.%. Two outstanding
catalysts based upon trifluoromethanesulfonic acid produced naphtha and light compounds with a yield
higher than 30% and 15%, respectively, which indicates the strong influence of the surface acidic active
sites on the cracking reactions of long chain hydrocarbons derived from vegetable oils.
. Introduction

The progressive declining of oil production worldwide and strin-
ent environmental issues have motivated an increasing interest
nd new scientific research on alternative fuels recently. Statistical
alculations based upon Hubbert’s model indicate that 23 of the big-
er 44 fossil oil producers worldwide have overcome or are near to
ass over their maximum production point [1]. On the other hand,
ore environmental concerns have enforced laws which point out

he need of reducing or in some cases eliminate fuels emission con-
aminants such as SOx, NOx, aromatics and suspended particles, but
lobal greenhouse gas (CO2) emissions is becoming also of primary
oncern, as expressed recently in the Cancun summit [2]. In this sce-

ario, it has been postulated that a better balance could be attained
y the progressive substitution of “fossil fuels” by alternative fuels
erived from green plants, which tend to be considered already as
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commodities and valuable options to complement or even replace
those derived from petroleum [3]. In fact, commercial gasoline
containing ethanol is offered as “ecological fuel” (i.e., E10: 10%
ethanol–90% fossil fuel; E20: 20% ethanol–80% fossil fuel; and E30:
30% ethanol–70% fossil fuel). In this case ethanol is derived from
sugar cane, beet or corn. This fuel comply regulations about the
oxygen content of at least 2 vol.% and this seems to be more advan-
tageous than methyl-ter-butyl ether (MTBE), a current gasoline
additive that has been blamed to cause a negative environmental
impact on soil and underground water. Furthermore, pure “agro-
fuels” are almost sulfur-free. The high content of lipids in most
of vegetable oils arises from their fatty acid composition, either
saturated or unsaturated (i.e., mono-and-poly-unsaturated). The
saturated fatty acids are composed by hydrocarbons chains ranging
from 4 (butyric acid) to 35 carbons (ceroplaste acids) and the most
abundant ones have 14, 16 or 18 carbon atoms chains and are rather
stable (i.e., low chemical reactivity). In contrast, the unsaturated

fatty acids may have one to six double bonds along the chain and
for this reason are more reactive with respect to the saturated ones.
The most common structures of fatty acids are described in Table 1
with a nomenclature proposed in this work as follows: C18:2n-

dx.doi.org/10.1016/j.cattod.2011.01.026
http://www.sciencedirect.com/science/journal/09205861
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mailto:melobanda@yahoo.com.mx
dx.doi.org/10.1016/j.cattod.2011.01.026


A.E. Barrón C. et al. / Catalysis Today 166 (2011) 102–110 103

Table 1
Fatty acid compounds in natural products.

Structure Nomenclature Common name Natural source

OOH
C10:1 n-1 Capreol Ruminants milk

OOH
C12:1 n-3 Lauroleic Cow milk

OOH
C16:0 Palmític All fats

OOH
C16:1 n-7 Palmitoleic Nut and fish oil

OOH
C 18:1 n-9 Oleic Vegetable oil

OOH
C18:1 n-7 Vaccenic Ruminant fat

OOH

C18:2 n-6 Linoleic Vegetable oils (sunflower, corn, soy)

OOH
C18:2 n-3 Linolenic Soy and other vegetable oils

OOH
C20:0 Arachidiq Peanut oil
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OOH
C20:1 n-11

, means a molecule with 18 carbons and 2 unsaturated bonds,
hich are located every 6 carbons). A wide revision of the topic
as reported by Kubickova and Kubicka [4]; more specifically Ooi

nd Zakaria [5] studied the catalytic cracking of palm oil using alu-
ina catalysts and mesoporous materials (MCM-41), which gave
yield superior to 43 vol.% gasoline in a batch type reactor. Also,
harusiri and Vitidsant [6] studied the hydrocracking of vegetable
ils to produce liquid fuels using a catalyst based upon sulfated
irconium oxide, with a final conversion to gasoline of about 24%.
n the present work we considered the effect of the support pore
iameter on the catalytic hydrocracking of vegetable oils, which

s not only an important factor to promote optimal dispersion of
etals but also a means for increasing molecular diffusion through

he pores system, where most of surface active sites are located
7]. It was pointed out elsewhere that the number of carbons in
egetable oil hydrocarbon chains and its structure depend mainly
n the fatty acid content; for safflower oil the carboxylic acids C18
70–83%) predominate, i.e., C18:2 (from 9 to 20%); in turn, these
ydrocarbons chains have an adequate size for their use as feed-
tock for hydrocracking catalytic processes. Also, Egia et al. [8]
nvestigated the properties of NiMo sulfides supported on zeolites
Y for the hydroconversion of n-decane. They found a moderate
ressure effect at 3 MPa during the reaction but the catalysts were
eactivated in the first hour of reaction. Reyes et al. [9] found that
iMo carbides and Ni–W/alumina catalysts had better catalytic
roperties than some industrial catalysts based on NiMo/Al2O3,
ecause the NIMo carbides presented higher hydrodesulphuriza-
ion and hydrogenation rates. Barbosa and Carlota [10] studied the
ydrocracking of cumene in the presence and absence of quino-

ine using NiMo/AlMCM-41 catalysts, their results indicated that
hese catalysts are very resistant to poisoning by nitrogen and pre-
ented a high activity for hydrocracking. Also, Galiasso and Caprioli
11] studied the effects of Ni–Mo/Al2O3 catalyst deactivation in a
uidized bed type reactor for heavy residues hydrocracking and
he study demonstrated the formation of a coke layer both inside
nd outside the catalyst particles, which increases in thickness

ith the increase of the reaction temperature; a further charac-

erization of the catalyst particles indicated a coke layer formed on
he outer particle surface, which consists mainly of pre-graphitic
arbon. In turn, coke deposited inside the pores reduce the pore
Gadola Fish oil

structural ordering, thus decreasing the reaction rate and prevent-
ing the spreading out of liquid reactants, which tends to diminish
both conversion and selectivity. Also, the hydrocracking of long-
chain paraffins like n-decane was studied by Shuangqin and Juliette
[12] using Ni–W sulfides supported on Al-SBA-15; this catalyst is
more active and selective towards isomerization with respect to
commercial catalysts based upon silica–alumina. Similarly, Yori et
al. [13] compared the use of Ni and Pt as promoters of ZrO2–SO4
in hydroisomerization and hydrocracking of n-octane, where the
addition of Ni decreases the acid activity but increased selectiv-
ity to isoparaffins. The contribution of platinum does not seem to
change the selectivity but provided stability to the catalyst. Strausz
and Thomas [14] showed that a superacid catalyst based on boron
trifluoride in hydrofluoric acid (HFBF3) is highly effective for hydro-
cracking oil shale. Although most of the catalysts described above
have interesting properties for promoting the hydrocracking reac-
tions of long-chain paraffins, there are only few reports on the use
of those catalysts for vegetable oils hydrocracking, which is of great
interest for “agrofuels” production. That is the main contribution of
this work and it contributes further to understand how the support
porous structure effects the whole behavior of the active phases for
hydrocracking of vegetable oils, i.e., the use of mesoporous materi-
als like SBA-15 was introduced as a valid support for the safflower
oil hydrocracking. Also, this paper describes the effects of NiMo
and NiW carbides, platinum and trifluoromethane sulfonic acid
supported on SBA-15, on the hydrocracking type reactions using
vegetable oils feedstock.

2. Experimental

2.1. Synthesis of the support

Mesoporous SBA-15 support was prepared using general
procedures reported recently [15,16], using a triblock co-polymer
(Pluronic 123) composed by chains of poly(ethyleneoxide)-
poly(propyleneoxide)-poly(ethyleneoxide) (EO20PO70 EO20),

which is the structure directing agent, plus tetraethyl orthosilicate
(TEOS) as the silica source. In a typical synthesis, 4 g of Pluronic
P123 is dispersed in 150 ml of HCl solution (0.5 M). Finally, 9 g of
TEOS are added to a homogeneous solution with strong stirring.
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symmetry p6mm. The more intense reflection due to (1 0 0) type
planes is characteristic of periodic pore arrays of SBA-15; the (1 1 0)
and (2 0 0) planes coincide with a hexagonal symmetry, which
indicates the 2D periodic arrangement of pores. The basal spac-
04 A.E. Barrón C. et al. / Catal

he mixtures were stirred at 318 K for 24 h. Then, the reaction
ixture was submitted to hydrothermal treatment (aging) at 363 K

or 24 h. The resulting solids were isolated by filtration, washed
ith deionized water and dried at 353 K for 12 h. The SBA-15
recursor was calcined in air at 823 K for 6 h, with a slow temper-
ture increase. Three different types of catalysts were obtained by
upporting different chemical species on the mesoporous SBA-15
upport, first bimetallic Ni–Mo and Ni–W carbides (i.e., atomic
atio of 0.5), with and without phosphorus (i.e., 1.5 wt.%), second
as triflic acid (TFA) impregnated in two different concentrations

y means of two methods, finally platinum salts were used to
mpregnate the support material with concentrations of 0.5 and
wt.%.

.2. Synthesis of Ni–Mo and Ni–W carbides

The metallic oxide precursors were obtained by means of the
ncipient wetness technique, using Ni(NO3)2 (Chemical Aldrich
o., 99.99%) and (NH4)6Mo7O24 4H2O (Chemical Aldrich Co.,99.5%)
ith an atomic ratio Ni/(Ni + M+) of 0.5 (2.8 Mo atoms/nm2, i.e.,
+ ∼ 15–18 wt.% (M+ = Mo or W) and Ni ∼ 7–11 wt.% loads, where

he surface area of the former support, before the reduction treat-
ents, was used to calculate the metal contents (according to a

pecific atomic ratio); both materials were successively incorpo-
ated using ethanol as a solvent; afterward, the materials were
ried at 393 K overnight. Phosphorus was incorporated using the
ame route with (NH4)2HPO4 (Chemical Aldrich Co., 99%) in order
o obtain 1.5 wt.% P loads. Later, the solids were dried at 393 K;
fterward, the final material was calcined at 723 K. These materials
ere treated with reducing agents such as an anhydrous combi-
ation of CH4/H2 = 2/1, which is a related to procedures reported
lsewhere [17,18]. After reduction, all the solids loaded with met-
ls were passivated under a mixture of a diluted flow of oxygen
O2: 1 vol.%) and helium (He), because some of them presented
yrophoric properties.

.3. Synthesis of Pt catalysts

The catalysts based upon Pt/SBA-15 were impregnated in situ
y co-condensation during the synthesis of SBA-15, according to
he procedure reported by Park et al. [19]. This consists in adding
solution of acetyl acetonate platinum (II) (Pt [C5H7O2], i.e., 2.97%

0.5 and 1 wt.%) and aging was followed during 30 min. Afterwards,
etraethylorthosilicate (TEOS) was used as the silica source and it
as added drop wise. The mixture was kept under stirring for 24 h

t T = 327 K. Finally, the mixture was aged at T = 363 K during 24 h.
ubsequently, the solid was filtered out and dried at 333–363 K.
inally, in order to remove the organic structuring agent the mate-
ials were calcined at 823 K in a dynamic air atmosphere for 6 h.

.4. Synthesis of TFA supported catalysts

The mesoporous support SBA-15 was impregnated with triflic
cid according to the method reported by Ramos [20]. First, the
esoporous support SBA-15 was suspended in a solvent (water or

cetone) using ratios of 1.5 g/20 ml, then the mixtures were stirred
or 1 h and 30 min, respectively. Later, trifluoromethane sulfonic
cid (TFA, CF3SO3H) was added to each solution with vigorous
tirring for 12 h. The acidification of silicate in each solvent was
alculated for obtaining a final content of 11 TFA mmol/g SBA-15).
.5. Characterization

The textural properties of the catalysts were characterized by
2 physisorption (BET method) using a Quantachrome Autosorb-1
day 166 (2011) 102–110

apparatus. The structural properties of those materials were deter-
mined by X-ray diffraction (XRD) using a Difractometer BRUKER
AXS D8 ADVANCE with a CuK� X-ray source. Transmission elec-
tron microscopy (TEM) images were collected on a FEI Tecnai G2

30 microscope operated at 300 kV.

2.6. Reaction tests

1 g of catalyst and 400 ml of safflower oil were placed in a batch
type stainless steel reactor (2 L, volume) which was heated by elec-
trical means. The reactor was pressurized with adding N2 inert
atmosphere. Once the reactor reached the reaction temperature,
N2 was vented and a new flow of H2–N2 was introduced (i.e., molar
ratio of 20–80, 10 kg/cm2 pressure). The gas samples were col-
lected in a gas camera bullet while the liquid fluid was kept in
a glass container for chromatographic analysis (GC). The analysis
of the reaction products was made using a Varian gas chromato-
graph model 3400, fitted with a flame ionization detector (FID)
and a SPBTM-5 capillary column of 30 m length, 0.53 mm internal
diameter and 0.5 �m thickness of a stationary phase.

3. Results

3.1. X-ray diffraction

Fig. 1 shows the X-ray diffraction pattern of the mesoporous
support SBA-15 after calcination at 823 K. The main peaks cor-
responding to (1 0 0), (1 1 0) and (2 0 0) planes fit the hexagonal
Fig. 1. X-ray diffraction patterns of support (SBA-15) and supported catalysts.
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ig. 2. X-ray diffraction pattern of the Ni–Mo carbide phases. Notice the typical
raphitic component and separated (Mo,Ni)C phases.

ng is equal to 9.8 nm, which is typical of SBA-15. Similarly, the
iffraction patterns of 1.0Pt/SBA-15 catalysts (with and without
.5 wt.% phosphorus) are described in Fig. 1, where one observes
hat the three characteristic peaks of SBA-15 (i.e., approximately
.86, 1.6 and 1.8◦ in 2� scale) are not affected by the presence
f platinum but the catalysts containing phosphorus (Pt/SBA-15-
) shows less intensity but still Pt/SBA-15 catalysts are stable and
rdered materials. The contribution of Pt and P to the XRD pattern
s very low at the concentration used in the Pt catalysts, especially
ecause these elements are highly dispersed over the support sur-
ace. Also, Fig. 1 shows the X-ray diffraction pattern of the trifflic
cid impregnated catalysts, where one observes the permanence
f the hexagonal porous arrangement after the acidic treatment
ith TFA aqueous solution, but the TFA in acetone solution (i.e.,

FA11/SBA-15k) caused a destructive effect on the hexagonal pore
rrays. In contrast, the peak appearing at or near to 9◦ in the 2� scale
or TFA11/SBA-15 Water catalyst indicates a preservation of the
exagonal pores array. However, these materials exhibit an extra
eak at 0.58◦ (2�), which is a broad and less intense peak, which
ould indicate the development of another pore system into the
ame catalyst; the new XRD peak has a basal spacing of 15.2 nm,
hich could be attributed to a second order or a pore system with
iameters greater than the original pore diameter (i.e., 9.8 nm). The
RD pattern of TFA11/SBA-15-Water shows a weak peak at about
◦ (2�), this represents a shrinking decrease of about 0.5 nm of the
asal spacing of the catalyst pores, with respect to the pores of
he support. The XRD peaks of some catalysts (i.e., CNM and CNW)
how a significant decrease of the hexagonal pore ordering after
etals impregnation (Figs. 2 and 3). The XRD pattern of TFA11/SBA-

5-Water shows a weak peak at about 2◦ (2�), this represents a
hrinking decrease of about 0.5 nm of the basal spacing of the cat-
lyst pores, with respect to the pure support. This is attributed
o the prevailing conditions during synthesis (i.e., near to 973 K),
nd high metal loads within the pores (i.e., approximately 15% Ni,
0% Mo and 30% W); metal and metal carbides might undergo at
artial oxidation conditions that generate a heat release at a local

evel, within the catalyst pores, which may destroy the hexagonal
ore symmetry and cause additional erosion to the pore system.
lthough the carburization process takes place at a temperature
uch higher than oxidation, the collapse of the hexagonal struc-

ure could occur during the formation of the metal oxides, because

his reaction is exothermic and might release large heat bursts,
hich could provoke the collapse of the pore structure; in con-

rast, the carburization process is endothermic and occurs at high
Fig. 3. X-ray diffraction pattern of the (Ni,W)C catalysts. Notice the peaks corre-
sponding to (Ni,W) separated phases.

temperature, which could be enough to activate the reaction. This
is confirmed even before the carburization of the catalyst by the
appearance of a peak at 0.8◦ (2�), which disappears during the for-
mation process of Ni–Mo bimetallic oxides (Fig. 3). In the angular
range 10–70◦ (2�) there are some characteristic peaks correspond-
ing to segregated phase carbides, i.e., MoC, Mo3C2, Mo2C, NiC and
Ni3C, in the case of bimetallic carbides of Ni–Mo (Fig. 2), and com-
pounds like NiC, Ni3C WC carbides in the case of bimetallic carbides
of Ni–W (Fig. 3). All the carbide type catalysts report the presence
of graphitic material with an intense peak near to 26◦ (2�), which
is attributable to deposition of carbon during CH4 dehydrogena-
tion, whereas the presence of the phosphorus compounds was not
detected by XRD due to its low concentration on the solids surface.

3.2. Morphological properties

The SBA-15 support was characterized by scanning electron
microscopy (SEM). Fig. 4 shows the morphology of the mesoporous
silicate particles as synthesized, where one observes clearly a num-
ber of individual particles and aggregates with hexagonal prismatic
form of about 1 to 2 �m length.

3.3. Structural properties

The transmission electron micrographs exhibit a fine structure
in most of the catalytic materials. Fig. 5 illustrates the hexago-
nal pore arrays and pores have a diameter of about 4 nm and a
wall thickness of 7 nm, approximately. Also, a side view of the
particle is observed with a spacing between lamellar planes of
about 6 nm. Fig. 6(a) and (b) shows the micrographs of the catalyst
TFA11/S15H, and it is observed that a part of the hexagonal pore
structure remains under synthesis conditions (i.e., plane (1 0 0)),
while other areas are rather damaged by trifflic acid, which in turn
promotes the formation of large pores and less ordered (left image)
pore structures; this is reflected through the presence a less intense
XRD peaks at 0.58◦ (2�). Fig. 6(c) and (d) shows small particles of
NiC/SBA-15 and MoC/SBA-16 respectively.

3.4. Physical adsorption of N2
Table 1 exhibits the results on the textural properties of cata-
lysts and supports. The characteristic properties of SBA-15 show
a surface area of about 900 m2/g and average pore diameters
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Fig. 4. SEM micrographs of the SBA-15 support. The typical morphology of the SBA-15 aggregates is evident, which is induced by the agitation pattern.
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ig. 5. TEM micrographs of the SBA-15 support. (a) The hexagonal arrays of pores a

nd wall thickness of 4 nm and 8 nm, respectively. Most of the
ynthesized catalysts show a high surface area in the interval
00–800 m2/g, except NiMo and NiW carbides, which exhibit a
ubstantial decrease of about 80%, and this is related to a loss of
rdering in the porous materials (Fig. 3); Table 2 illustrates that
bout 2 to 5% of the total area of the materials count for the outer
rea, while over 90% is the inner surface area inside pores. Even
n those cases the surface area is about 180 m2/g. For the series
f catalysts Pt/SBA-15 the surface area is comparable with the
BA-15 support but their average pore diameter (up to 5.5 nm)
s slightly higher as compared with the support (i.e., 4 nm). This

s possibly produced by the pore space created within the cluster
C5H7O2)2, which is present in the platinum salt used in the cata-
yst synthesis. The incorporation of phosphorus in these catalysts
rovokes a slight decrease in the average pore diameter, together

able 2
tructural and textural properties of catalytic materials.

Materials d1 0 0 (nm) ao (nm) At (m2/g) An (m2/g) Aext (m2/g)

SBA-15 9.8 11.3 892.5 871.5 21.0
CNM/S15P 9.6 11.0 187.0 180.8 06.2
CNW/S15P 9.3 10.7 173.6 168.6 05.0
0.5Pt/S15 9.8 11.3 750.2 718.5 31.7
0.5Pt/S15P – – 558.0 538.9 19.1
1.0Pt/S15 10 11.5 819.5 782.3 37.2
1.0Pt/S15P 9.6 11.0 571.3 550.6 20.7
ATF7/S15 – – 709.3 692.5 16.8
ATF11/S15 9.3 10.7 669.8 653.0 16.8
arly observed on the tip of a small particle. (b) Side view of a SBA-15 particle.

with a slight increase in wall thickness. The TFA/SBA-15 catalysts
showed a slight decrease in the total surface area and wall thickness
after impregnation, with respect to the support alone, whereas,
those impregnated with acetone showed extremely lower areas
(about 50 m2/g) and destruction of the pore hexagonal symme-
try. These results led us to conclude that catalysts TFA/SBA-15A
were not adequate. Fig. 7 illustrates the typical isotherms show-
ing adsorption–desorption curves corresponding to the support
SBA-15. The curves are typical of a type IV isotherm with H1
hysteresis type, which corresponds to a mesoporous solid with
cylindrical channels having a uniform shape and size, thus confirm-

ing the observations made by transmission electron microscopy
(Fig. 5). Also, Fig. 8 presents the pore diameter distribution of the
support, where a unimodal type distribution is predominant at
about 5 nm.

Vn (cc/g) Vt (cc/g) Dp (nm) Dn (nm) DBJH (nm) Hw (nm)

0.72 0.86 3.8 3.3 5.0 8.00
0.24 0.35 7.6 5.3 – 5.69
0.25 0.31 7.1 5.9 – 4.77
0.67 0.77 5.6 5.0 5.5 6.30
0.66 0.79 4.1 3.8 5.0 –
0.73 0.84 5.7 5.1 6.5 6.40
0.70 0.81 4.1 3.8 5.2 7.20
0.62 0.80 4.5 3.6 3.8/5.5 –
0.63 0.8 4.7 3.9 3.8/5.5 6.82
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ig. 6. Transmission electron micrograph of (a) and (b) TFA11/S15W. This material w
nd (d) Molybdenum carbide supported on SBA-16.

.5. Catalytic properties

The catalytic reactions were performed and compared with

espect to an industrial catalyst based upon Ni–Mo/�-Al2O3 (i.e.,
ommercial name: DSD3+). Fig. 9 clearly shows the distribution of
roducts at different reaction temperatures using this catalyst; it is
bserved that at 623 K there is no significant increase in the prod-

Fig. 7. N2 adsorption–desorption isotherm at 77 K of SBA-15 support.
nthesized under stirring using water solvent. (c) Nickel carbide particles on SBA-15

ucts distribution but at higher temperatures there occurs a constant
decrease of the heavy residues, which is mainly due to the genera-
tion of incondensable light gases; at this point it was decided to set
the optimal reaction temperature at 613 K. Fig. 10 shows the evolu-
tion of the products distribution with time at constant temperature.
As observed, after 180 min of reaction, no significant changes occur
in the products distribution; for this reason it was decided to con-

duct all subsequent reactions at a setting time of 3 h and all the
tests were conducted under these conditions. The reaction prod-
ucts were identified by prefixing the name of the HC catalyst used

Fig. 8. Pore size distribution of the SBA-15 catalyst support.
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Fig. 9. Distribution of hydrocraking products obtained from green oil at different
reaction temperatures, using a commercial catalyst, i.e. (NiMo/�-Al2O3 (DSD3+)).
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ig. 10. Evolution of the principal product distribution for hydrocraking of green oil
t 623 K, using a commercial catalyst (NiMo/�-Al2O3 (DSD3+)).

n each reaction, and the hydrocarbons fractions were identified

nd were defined as: lights (C1–C4), naphtha (C5–C9), kerosene
C10–C14), gasoil (C15–C23) and heavy residue (>C24), according
o the nomenclature reported by Chow [21].

ig. 11. Product distribution of the principal hydrocarbon fractions obtained from
he hydrocracking on bimetallic carbides.
Fig. 12. Distribution of principal hydrocarbon fractions from the hydrocracking
reaction using platinum catalysts.

Fig. 11 shows the hydrocarbons products distribution, which
is normalized to 100%; in general the differences in the products
distribution exist but are not exceptional when carbides type cat-
alysts are used; however, the phosphorus-doped catalysts showed
a conversion to naphtha fraction higher than their counterparts
without phosphorus. The products obtained with the CNW/S15-
P catalysts showed a (naphtha)/(heavy residue) ratio greater than
1, whereas others showed a ratio of less than 1. Fig. 12 shows
the normalized distribution of hydrocarbons products that were
obtained with platinum catalysts (series Pt/S15), which exhibited a
low activity for the formation of light products (i.e., 0.5Pt/S15 and
0.5Pt/S15-P catalysts), while the selectivity to naphtha was similar
than bimetallic carbides, except that there is a marked increase of
the selective formation to kerosene and reduced diesel. The best
catalyst for this series is 1Pt/S15-P, which showed a higher naph-
tha/(heavy residue) ratio as compared to other platinum catalysts.
The catalysts impregnated with aqueous solutions of “trifflic acid
(TFA/S15H series) showed a slight increase towards the production
of naphtha and a marked reduction of heavy residuum fraction, but
the amount of light hydrocarbons was increased by 5%, reaching
values close to 20% (see Fig. 13). The TFA11/S15H catalytic materi-
als showed a higher conversion towards the production of naphtha.
The best catalysts for each series were compared with industrial
catalysts under the same operating conditions. Also, a reaction was
performed without catalyst, in order to check the thermal effect on
breaking C–C and C=C bonds. The results are displayed in Fig. 14,
which shows that the heating effect is insufficient to break down
heavier hydrocarbon molecules, thus generating a large amount of

diesel and heavy residue. The industrial catalyst showed a lower
production of heavy residues as compared with platinum catalysts
and bimetallic carbides; its selectivity was oriented towards the
formation of diesel while naphtha production barely exceeds 10%.

Fig. 13. Distribution of principal hydrocarbon fractions from the hydrocracking
reaction using catalysts impregnated with trifflic acid.
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Table 3
Fatty acid content in vegetable oil and hydrocracking products.

Compounds Reactant AV-CAO Product HC–CNiW/S15 Product HC–Pt/S15 Product HC–TFA11/S15

(mg) wt.% (mg) wt.% (mg) wt.% (mg) wt.%

C16:0 0.51 6.34 0.61 20.47 1.2 19.93 N.D. 0
C18:2 0.66 8.20 0.07 2.35 0.38 6.31 N.D. 0
C18:1 6.63 82.36 1.82 61.07 3.57 59.30 N.D. 0
C18:0 0.2 2.48 0.43 14.43 0.76 12.62 0.07 100
C20:1 0.03 0.37 0 0.00 0.01 0.17 N.D. 0
C20:0 0.02 0.25 0.05 1.68 0.1 1.66 N.D. 0
Total 8.05 100.00 2.98 100.00 6.02 100.00 0.07 100
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Fig. 16. Selectivity for the best catalysts series.

Table 4
Physical properties of the reaction products.

Sample Specific gravity (d20
4 ) ◦API Viscosity (cp)

HC–0.5Pt/S15 0.9220 21.3 469
HC–0.5Pt/S15P 0.9196 21.7 269
HC–1.0Pt/S15 0.9143 22.6 219
HC–1.0Pt/S15P 0.9114 23.1 193
HC–CNM/S15 0.9202 21.6 375
HC–CNM/S15P 0.9196 21.7 263
HC–CNW 0.9178 22.0 261
HC–CNW/S15P 0.9155 22.4 207
HC–TFA7/S15H 0.9016 24.8 34
HC–TFA11/S15H 0.8965 25.6 24
Light oil(1 0 2) 0.8409 36.0 8
Medium oil(1 0 2) 0.9019 24.7 73

(1 0 2)
ig. 14. Selectivity comparison of the best catalysts for hydrocracking of green oil
T = 623 K, t = 3 h reaction time).

hese results contrast with those obtained with the synthesized
atalysts, where the conversions are close to 20% for the production
f the fraction C5–C10.

A catalyst was used for the conversion of fatty acids to hydro-
arbons but there was a better selectivity towards the naphtha
nd kerosene fractions. There are only few differences in the cata-
ysts selectivity belonging to the same series, thus suggesting that
heir total conversion can be considered as very similar. Table 3
eports the content of fatty acids within three reaction products
i.e., HC–CNW/S15-P, HC–1.0Pt/S15-P and TFA11/S15H) and within
he initial reactant (AV-CAO), while Fig. 15 shows the conversion
or each reaction, which was calculated from the amount of fatty
cids remaining in each product, as compared to the amount of fatty
cids present in the initial reactant.
Fig. 16 shows the total distribution of products in the reactions
erformed with the use of nonmetallic TFA11/S15P, CNW/S15P and
.0Pt/S15P. The selectivity reported in Fig. 16 was calculated after
he total conversion and products distribution, using hydrocarbon

ig. 15. Conversion percentage for hydrocracking reaction of green oil on the best
atalysts at 613 K.
Heavy oil 0.9632 14.8 859
Diesel – – 3.16
Gasoline – – 0.18

standards, which allowed a more precise evaluation of the selec-
tivity for each catalyst leading to the naphtha fraction. Clearly,
the trifflic acid catalyst showed the best performance towards the
fraction C5–C10 (more than 30%), while the platinum supported
catalyst had a very low yield, no larger than 10 wt.% with respect
to the total products yield.

Also, Table 4 reports some of the most important physical
properties of the reaction products, for different types of oil and
commercial fuels. The values of density and viscosity for the reac-
tion products are consistent with the composition of the samples.
For example, the API gravity of most of the reaction products
was very close to 22.3◦ API, which corresponds to the boundary
between a medium and heavy crude. Only samples of the series
HC–TFA/S15H have a viscosity and density corresponding to aver-
age crudes and this is consistent with the compositional analysis.

4. Discussion and conclusions
A dozen of SBA-15 supported catalysts were synthesized and
were classified into three series according to the supported active
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hase: (1) Bimetallic Carbides (i.e., Ni–Mo and Ni–W), (2) trifluo-
omethanesulfonic (trifflic) acid, which was impregnated into the
upport from aqueous solutions and acetone and (3) Platinum. The
tructural properties of both, support and catalysts, were charac-
erized by X-ray diffraction and transmission electron microscopy,
hile the textural properties were determined by N2 physical

dsorption (BET’s method). The main XRD peaks of the SBA-15
upport were verified at low Bragg angles, i.e., corresponding to
1 0 0), (1 1 0) and (2 0 0) planes, which are compatible with the
exagonal symmetry of the pore arrays. After impregnation struc-
ural modifications of the porous structure occur but he supported
latinum and the trifflic acid catalysts prepared from aqueous
olutions retained the SBA-15 porous structure; in contrast, the
ore hexagonal arrays of catalysts impregnated with trifflic acid

n acetone solution collapsed, as well as those corresponding to
imetallic carbide catalysts, i.e., the XRD peaks at 0.9◦, 1.6◦ and
.8◦ (2 ) are absent. The surface area of the SBA-15 support was
bout 900 m2/g; after impregnation of the catalytic active phases
he surface area decreases down to about 200 and in some cases
00 m2/g. Only TFA/S15A type catalysts (trifflic acid impregnated
n SBA-15 in acetone solution) showed areas too low to work with.
n general, the average pore diameters of the support and sup-
orted catalysts showed values between 4 and 7 nm, which falls

nto the range of mesopores. The transmission electron micro-
raphs confirmed the XRD and N2 physical adsorption data. The
FA11/S15H catalyst showed pore diameters and a basal spacing
arger than original support, which is probably due to the abra-
ive effect of trifflic acid. The destruction of the pore system is
xpressed on the XRD patterns as widening of the original peaks,
eak shifts towards the lower Bragg angles and appearance of new
eaks, which indicates that bigger pores might result from coa-

escence of smaller pores. The FTIR and non-diffuse reflectance
tudies showed the presence of Lewis type acid sites in the plat-
num (1.0%) and Ni–W carbide catalysts doped with phosphorus.
nly catalysts impregnated with trifflic acid in aqueous solution
resented Bronsted type acid sites. The reaction temperature at
13 K was chosen in function of the nature of chemical species in the
eaction mixture; comparatively, commercial catalysts are effec-
ive above 673 K for the hydrocracking reaction and some modeling
orks with medium size linear paraffins, i.e., n-heptane, have used

ower hydrocracking temperatures, down to about 490 K [22,23].
lso, one observes that the catalysts with a low surface area (i.e.,
oth industrial and bimetallic carbide catalysts) show a greater
electivity towards the formation of diesel and mid-cut products.
he catalysts of the series TFA/S15H showed a greater selectivity
owards the formation of naphtha (>30%), while the HC–CNiW/S15
nd HC–Pt/S15 catalysts showed higher selectivity towards gasoil
nd a lower conversion of fatty acids into hydrocarbons, with resid-
als of fatty acids ranging from 30 to 70%. The viscosity and API
ravity of the reaction products was measured and compared with
edium and heavy crude oil, commercial diesel and gasoline. Most

f the reaction products showed properties closer to heavy crude
ut the series of products obtained with the HC–TFA/S15H cata-

ysts presented some characteristics of average crude. This catalyst
howed a selective behavior towards medium size chain hydrocar-
ons, i.e., C18:0, while the HC–CNiW/S15 and HC–Pt/S15 catalysts
ere more selective towards the C18:1 type products. The distinct

ature of the catalysts emphasizes the mono- and bifunctional cat-
lysts character, i.e., HC–CNiW/S15 and HC–Pt/S15 are expected to
romote hydrogenation-dehydrogenation reactions on the “metal”
ype sites while cracking of the olefin intermediaries is expected

[
[
[
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to occur on the acid sites via a carbenium ion mechanism. How-
ever, the HC–TFA/S15H catalysts should act only via acid sites,
without previous dehydrogenation leading to olefins, as no metal
sites are present. It was reported previously that pure acid sites
may generate carbenium ions from olefin by proton transfer, then
this carbenium ion cracks an it is hydrogenated afterwards. The
question is how the HC–TFA/S15H catalysts act in hydrocrack-
ing type reactions when no metal phase is present. The cracking
of linear paraffins has been studied extensively and it has been
verified that the rate of cracking increases with molecular chain
length and one possible initiation step is carried out on Lewis type
sites [24,25], which might promote carbenium ions formation by
hydride abstraction from the paraffin [26,27]. Another possible ini-
tiation mechanism that is energetically more favorable involves
the proton insertion to form penta-coordinated carbonium ions
that crack similarly to carbenium ions [28,29]. Initial ions formed
from olefins and paraffins are not the same, even if a carbenium
ion is formed in both cases, i.e., the ion of olefins is formed on a
Bronsted site (proton insertion) while ions formed from paraffins
require a Lewis type site (hydride abstraction). Previous works [30]
on HZSM5 type zeolites have led to conclude that the initiation pro-
ceeds either via a carbonium ion formed on a Bronsted site or a
carbenium ion formed on a Lewis type site. For the present case,
the product distribution obtained with catalysts having a “metal-
lic” character, i.e., HC–CNiW/S15 and HC–Pt/S15, is different to
the one obtained with acidic catalysts without metal phases, i.e.,
HC–TFA/S15H. The selectivity of the formers tends to favor gasoil
formation and heavy residues (Fig. 14), while the selectivity of the
non-metallic catalysts tends to form naphtha products preferen-
tially, with no heavy residuals.
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