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A hydrocalumite-type material (HC) was synthesized by the co-precipitation method, mixing
Ca and Al nitrate solutions in a NaOH solution (pH = 11). This solid was characterized by using
different physico-chemical techniques such as: Fourier-transform infrared spectroscopy (FT-IR), X-ray
diffraction (XRD), temperature programmed reduction (TPR) and BET surface area measurements.
Then, a portion of as-synthesized solid was calcined at 420 °C (HC 420). Both calcined and pristine
solids were impregnated with Mo (15% w/w as MoO,). Ni or Co was also impregnated on Mo/HC or
Mo/HC 420 in 1(Co or Ni):3 (Mo) atomic ratios to get catalytic precursors. These solids were also
characterized by the above mentioned techniques. Catalytic precursors were tested in the thiophene
hydrodesulfuration reaction at 280 °C and atmospheric pressure. Cobalt promoted catalysts were
more active than those promoted with Ni. However, thiophene conversions were lower than that of a
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conventional CoMo/y-AlO, catalyst.
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1. Introduction

Hydrotreatment (HDT) is often used for reducing
heteroatoms and aromatics contents from fossil fuels.
Therefore, HDT catalysts play a very important role, both
in refining technology and for environment protection.
Effectiveness of these catalysts minimizes costs of
production of clean combustibles!'?.

New legislations have been advanced in order to impose
minimum sulfur contents in fossil fuels. A possibility to
produce better catalysts is the use of new supports which
should render more active and cheaper catalysts than those
currently employed?.

In this way, hydrotalcite-type materials, whose structure
is similar to hydrocalumite-types, have been studied as HDT
catalyst supports, especially, those synthesized with Al
and Mg*>; however, Ca-Al hydrocalumite-type solids have
not been documented for this purpose. Hydrotalcites and
hydrocalumite are two minerals closely related, belonging
to the layered double hydroxide family. Both structures are
based on positive brucite-like layers alternating with layers
containing anions and water molecules. Hydrotalcites-like
materials are far more common, while hydrocalumite
structure type is rare and less broad in composition*”.

Vieille et al.%, studied the phases obtained upon
dehydration and decomposition of hydrocalumites by using

*e-mail: clinares @uc.edu.ve

different techniques such as in situ (high temperature)
XRD and TGA. TGA analysis showed that this type of
solid undergoes to three-step decomposition on heating:
dehydration, dehydroxylation, and anion expulsion,
respectively, over the following temperature ranges:
25-250, 250-400, and >400 °C. Sharp phase transitions
were observed as a result of the ordered distribution of Ca
and Al atoms in the hydroxide layer and the well-ordered
interlayer structure.

On the other hand, Lépez-Salinas et al.”, studied
hydrocalumites in the isomerization reaction of 1-butene.
This solid was characterized by XRD, surface area and
pore size and CO, TPD. The layered structure of HC
collapses above 250°C yielding an amorphous material at
323°C, which upon calcination at 600-700°C transforms
into a mixture of CaO and mayenite (calcium aluminium
oxide of cubic symmetry, Ca Al ,O,,). The calcination
temperature has a marked effect in the formation of basic
sites. Thus for example, HC calcined at 800°C shows
90% of strong basic sites while they are absent in HC
calcined at 600-700°C.

This paper explores the hydrocalumite as support of
CoMo or NiMo oxides for use in the HDS reaction of
thiophene. Results were compared to a commercial CoMo/
alumina catalyst.
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2. Experimental

2.1. Synthesis of Hydrocalumite (HC)

Hydrocalumite was synthesized by the co-precipitation
method previously reported by Lépez-Salinas et al’. A Ca/Al
solution was prepared dissolving AI(NO,),-9H,0 (11.90 g)
and Ca(NO,),-4H,0 (14.90g) in distilled water. This solution
was added dropwise to 25 mL of a NaOH solution (25 g),
and kept under stirring in an inert atmosphere. The resultant
mixture was refluxed by using a glycerin bath at 80 °C for
12 h under constant agitation, inert atmosphere and pH=11.
Then, a white solid was filtered from the mixture, washed up
with abundant distilled water and dried at 100°C for 18 h.

The solid was divided in two portions. One of them
(identified as HC 420) was calcined by using a muffle at
420°C for 4h by using a heating ramp of 5°C/min from
room temperature. Another portion (HC) was not calcined.

2.2. Impregnation of hydrocalumite.

Both portions of hydrocalumite, before and after
calcination, were impregnated with Mo as active phase, and
Co and Ni as promoters. The impregnation was carried out
by using the incipient wetness method. Mo was impregnated
from an ammonium heptamolybdate solution, its content
was 15% w/w as MoO,; Co or Ni were impregnated from the
nitrate salts in a 1:3 Co(Ni):Mo atomic ratio. Impregnated
solids were dried at room temperature for 24 h, and calcined
up to 420°C for 4 h by using a heating rate of 5 °C/min.

2.3. Characterization of solids

As-synthesized hydrocalumite and catalytic precursors
were characterized by powder X-ray diffraction (Phillips
PW3710 CuK(a): 1,542). Fourier-transform infrared
spectroscopy (FT-IR) (Shimadzu 8400s FT-IR) by using
KBr as pellet forming agent. Spectra were recorded between
4000-500 cm™'. BET surface area measurements were
carried out by using a Micromeritics ASAP 2010 instrument
and N, gas as adsorbent molecule at a temperature —196°C
by using a 90/10 v/v ratio He/N,. Approximately, 50-100
mg samples were placed in a tube and heated to 250°C for
degassed under vacuum for 4 h. After outgassing, samples
were weighed to determine the actual sample weight.
Temperature programmed reduction (TPR), were carried
out in a Chemisorb Analizer 2900 from Micromeritics.
The samples were heated up to 1000°C under flowing H,/
Ar (10/90 v/v). A heating rate of 10°C/min and 20 mg of
samples were used during TPR experiments.

2.4. Catalytic activity

Co(Ni)/hydrocalumite catalytic precursors were tested
in thiophene HDS reaction, and compared to a commercial
CoMo/y-AlL O, catalyst (HR-306, 195 m*g). Thiophene
HDS was carried out in a continuous flow reactor working
at atmospheric pressure. All catalysts were presulfided prior
to catalytic tests using a CS, (10 v/v %, 10 mL.h"")/heptane
solution under H, stream (100 mL.min™') and kept at these
conditions at 400°C for 3 h. Samples were heated from room
temperature until 400° by using a heating rate of 10°C/min.
Then, the reaction took place on 200 mg samples of catalyst
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using a liquid feed (2.7 10 cm® s7') composed of 10 p/p % of
thiophene in n-heptane mixed with a H, stream (0.25 cm®s™")
at 280 °C. The inlet lines were covered with a heating mantle
(150 °C) in order to avoid any condensation of the reactants
and reaction products. Reaction products and unreacted feed
were analyzed with a Varian 3800 (AutoSystem XL) gas
chromatograph equipped with a flame ionization detector.

3. Results and Discusion

3.1. Characterization of hydrocalumite

Hydrocalumite (HC) was characterized by FT-IR
(Figure 1). According to Kok et al.®, NO, ion exhibits three
characteristic bands: v, in ~ 1380 cm™, v, in ~ 830 cm™'
and v, in 720-750 cm™ range, the last two bands showing
low intensity. Indeed, a band at 1381 cm™" can be observed
but v, and v, vibrational modes were not detected due to
their low intensity.

Bands at 3500-3700 cm™ were attributed to OH- groups.
Bands at 3639 and 3485 cm™ can be associated to surface
OH" groups of Ca(OH), present in the hydrocalumite-type
material’. The wide band in 3500-3600 cm™ can be also
associated OH- groups and/or to the v(OH) mode ascribed
to interlayer water molecules located in the hydrocalumite
interlaminar region'®. A band at 1622 cm™ confirmed the
water presence; while the band at 1022 cm™ has been
assigned to OH~ groups of Ca(OH), this band is more
pronounced when it is determined by Raman spectroscopy”.

Between 788-509 cm™!, A1-O vibrations of the
hydrocalumite structure were observed. A band at 1354 cm™
is characteristic of O-C-O vibrations of CO,* anions
adsorbed on the hydrocalumite!'!.

When the hydrocalumite is calcined (HT 420), the FT-IR
spectrum is changed. Bands at: 3639, 3485 and 1022 cm™!
corresponding to OH" groups from Ca(OH), and observed
in HC, disappeared during the calcination procedure (HC
420). This is product of dehydration of hydrocalumite®.
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Figure 1. FT-IR spectra of as-synthesized hydrocalumite (a) and
hydrocalumite calcined at 420°C (HT 420) (b).
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On the other hand, a wide band placed between 3500
and 3600 cm™ and a low band at 1646 cm™ observed in
HC 420 correspond to water molecules physisorbed on the
HC 420 surface.

A broad band placed around 1446 cm™ is due to
carbonate species which should be different from those
existing in hydrocalumite’. These carbonate species could
be associated to formation of surface CaCO, due to exposure
to an air atmosphere (atmospheric CO, and humidity) and
basicity of solid!!. A main band at 834 cm™, absent in
the spectrum of hydrocalumite, and a broad band around
550 cm™!, are due to the major changes originated by the
phase transformations during the calcination process. They
are due to metal-oxygen bonds’.

By examining the results of Vieille et al.b,
Lépez-Salinas et al.” and Campos-Molina et al.'?, it can
be concluded that the transformation of hydrocalumite
during the calcination occurs in three steps: in the first
one (25-200°C), the physisorbed water is lost from the
hydrocalumite structure. The second (200-400°C) and
third steps (400-800°C) correspond to dehydroxylation
and expulsion of anions. An exact sequence has not been
established, however, it was reported that the material still
losses water from dehydroxilation at temperatures above
600°C'2. This could explain water molecule bands of the
material observed on HC 420 (Figure 1b).

A clear identification of hydrocalumite phases was
done by using XRD. Figure 2 shows the XRD pattern of
HC and HC 420.

Characteristic intense peaks at 10, 20 and 29 degrees
(260), and also other less intense bands belonging to HC®
were found in the corresponding sample; moreover, a
small amount CaCO, phase (JCPDS: 85-1108) could
be also identified. The basic conditions of synthesis of
hydrocalumite, permitted the formation CaCO, due to
absorption of atmospheric CO,.

The calcination of HC produced the formation
of different phases such as: CaO (JCPDS: 17-0912),
Ca ,Al ,O,, mayenite (JCPDS: 48-1882) and CaCO,
(JCPDS: 85-1108) (Figure 2). According to Lépez-
Salinas et al.”, the calcination of HC at 500°C produces
CaO, while calcination at higher temperatures (upon 600°C)
produces CaO and Ca,Al O,,.

BET surface area measurements were also carried out.
One can see that for HC 420 (17 m*/g), the surface area is
diminished in 23% in comparison with that of HC (22 m?%/g).
This could be associated to the higher size of crystallites.
Lopez-Salinas et al.’, showed that calcination of HC between
400-500°C produced surface areas between 34-26 m?/g, in
agreement with the lower crystallinity of their solids.

Figure 3 shows the XRD patterns of CoMo/(HC or
HC 420) catalytic precursors. Several oxidic phases such
as MoO, (JCPDS: 85-2405), scheelite CaMoO, (JCPDS:
85-1267), CaO (JCPDS: 17-0912), mayenite Ca Al O,
(JCPDS: 48-1882) and CaCO, (JCPDS: 85-1108) were
identified.

MoO, is produced by oxidation of the impregnated
molybdenum precursor. Phases containing Co oxides were
not detected for CoMo/(HC or HC 420). This result could
be due to the low Co concentration or to Co oxide crystals
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being amorphous. Similar results were obtained for NiMo/
(HC or HC 420). (Figure 4)

XRD patterns of CoMo and NiMo supported on HC or
HC 420 were quite similar. Therefore, from this technique
point of view there are not differences due to the additional
calcination procedure.

Table 1 shows the BET surface areas measurements of
studied catalytic precursors. An increase of BET surface area
from 38 to 43 m?*/g was observed when comparing CoMo/
HC with CoMo/HC 420. In similar way, for NiMo/HC 420
was observed an increase of 37 % with respect to NiMo/HC.
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Figure 2. Powder XRD patterns of HC and HC 420.
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Figure 3. Powder XRD patterns of CoMo catalytic precursors
supported on HC and HC 420.
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Figure 4. Powder XRD patterns of NiMo catalytic precursors
supported on HC and HC 420.
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It could be speculated that micropores could be obtained in
the supported oxide phases (see below).

Comparing the BET surface area of solids, HC and HC
420, and those reported on Table 1, we can observe that the
BET surface area of HC is decreased when the support is
calcined. The decrease in surface area of HC upon increasing
calcination temperature (below 300°C) is opposite to
the behavior of hydrotalcite!*!*. According to Lépez-
Salinas et al.”, mesopore diameter of HC is increased as the
calcination temperature increases which could decrease the
BET surface area. Moreover, the expulsion of anions and
water from HC and the formation of a dense phase could
also decrease the BET surface area in these solids.

On the contrary, the surface area of supported oxides
is increased when these are calcined. Impregnated oxides
(CoMoO_ and NiMoO ) or mixed phases formed with the
hydrocalumite components (CaMoO,) could produce a
microporous surface structure on the HC phase.

The nature of molybdenum and cobalt species on HC and
HC 420 was determined from the TPR profiles. For CoMo/
HC catalyst (Figure 5) it was observed a complex pattern
consisting of three peaks. The first one, of low intensity
and located between 300 and 400°C, could be ascribed to
partial reduction of a small amount of octahedral polymeric
molybdenum species whose reducibility is increased by the
promoter as compared to unpromoted polymolybdates!'>!7.
This TPR peak has been correlated to the catalytic activity
displayed by promoted, molybdena-based catalysts'®!”. An
intermediate temperature signal between 450 and 700°C

Table 1. BET surface area of catalytic precursors.

Samples BET surface area (m%g)
CoMo/HC 38
CoMo/HC 420 43
NiMo/HC 43
NiMo/HC 420 59
12
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Figure 5. TPR profile of CoMo and NiMo supported on HC or
HC 420.
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could include further reduction of the above species plus
the partial reduction of additional unpromoted octahedral
supported phases, and of tetrahedral Mo species from
CaMoO,. Itis worth mentioning that TPR peaks of alkali and
alkali-earth metal molybdates appear at higher temperatures
(usually above 700°C), and that they have been found to be
incompletely reduced under the dynamic conditions of TPR
at temperatures well in excess of 1000°C'*!. However, the
presence of Ni and Co helps in attaining higher rates (TPR
peaks at lower temperatures) and extents of reduction (more
intense peaks) of these phases®*. Finally, a wide signal
between 800 and 1000°C could be a combination of the
further reduction up to Mo metal of all molybdena containg
phases plus that of the spinel-like phases of the promoters Co
(and Ni) associated to the support. It is possible, however,
that the reduction is not completed at the highest temperature
of the present experiments.

Likewise, CoMo/HC 420 showed also three reduction
zones (Figure 5), the main difference being that the first
one corresponding to promoted octahedral polymeric
molybdenum species was less pronounced than CoMo/
HC and slightly shifted to higher temperatures, suggesting
decreased reducibility, which could be due to loss of the
promoter from the surface by reaction with the support
during calcination. The rest of reduction zones were quite
similar to CoMo/HC.

Previous studies have shown that the lower temperature
peaks of unsupported NiMoO,* as well as Ni promoted
Mo-based catalysts supported on alumina'®, silica'® or
silica-alumina®, among other materials, appear always at
lower temperatures than the corresponding Co containing
solids. Thus, it is striking that the catalysts prepared in the
present study show the opposite behavior, i.e., the intensities
of the first signal assigned to promoted polymolybdates
are lower and the peak temperatures of the same signals
are higher for Ni promoted samples (Figure 5). For the
second peak there is also decreased intensity of the Ni
containing catalysts at the lower temperature side of the
peaks. This could be interpreted as due to Ni ions being
interacting strongly with calcium oxides from the support,
and thus being less available to increase the reducibility
of supported polymolybdates. As in the case of the CoMo
samples, the second and third peaks of the reductograms
do not show significant differences between NiMo/HC and
NiMo/HC 420.

Figure 6 shows the catalytic behavior of CoMo and
NiMo supported on HC or HC 420. A CoMo commercial
catalyst was tested for comparison. As can be seen, the
commercial catalyst was more active than CoMo and NiMo
supported on HC and HC 420.

Initially (15-30 min of time on stream) the CoMo/HC
conversion was 40 %. Then, this value dropped down to
a 2.5 % conversion at 85 min of reaction time and kept
essentially constant up to 240 min. On the other hand,
CoMo/HC 420 showed a very low conversion (~0.9 %)
during the full range of reaction time.

In order to better compare the activities of the
samples, it was calculated the catalytic activity of catalysts
determined as: converted thiophene moles/(time*surface
area) (Table 2). It can be seen that the CoMo/HC catalysts
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Figure 6. Thiophene conversion on a commercial CoMo/y-Al,O, catalyst and NiMo (a) or CoMo (b) supported on HC and HC 420.

Table 2. Catalytic activity of the thiophene HDS reaction in
presence of synthesized Co(Ni)Mo/(HC or HC420) catalysts.

Samples Activity x 10° (Converted
thiophene moles/(s.m?)
CoMo/y-alumina 6.57
CoMo/HC 7.22
CoMo/HC 420 1.80
NiMo/HC 2.10
NiMo/HC 420 0.92

shows a higher activity than the commercial catalyst. This
result demonstrates that the intrinsic activity of the active
sites of the CoMo/HC supported sample are quite similar
or even higher than that of sites of the commercial catalyst.

Figure 6 shows the catalytic behavior of NiMo/HC
and NiMo/HC 420. Both catalysts showed a very small
thiophene conversion during the whole reaction time
(~0.9 % and ~0.7 % respectively). Their activity calculated
in terms of the surface area (Table 2) is also lower for NiMo
samples than for the CoMo ones, which again could be the
result of the higher interaction of Ni promoter with the HC
support as compared with Co.

Calcination effect (after and before impregnation) did
not show a marked effect on the thiophene conversion for
most of these catalysts, although in both cases the activity
of phases supported on HC is higher than on HC-420. As
the active phases of both promoted and unpromoted Mo
catalysts consist of sulfides of the metals, mainly Mo, it
can be assumed that the interaction with HC and the other
phases observed (e.g., scheelite), render the Mo-containing
phases very difficult to be sulfided, as was confirmed in
TPR profiles. In particular, alkali and alkaline-earth metal
molybdates have been shown to be much less reducible
(and thus, probably less sulfidable) than MoO, and/or
mixed Co- and Ni-molybdates'®*'. However, for CoMo
catalyst supported on non calcined HC the conversion was
very high at the start of reaction and kept higher at the end
than that on the calcined support. Probably in this instance,
the interaction between the supported phases and the HC

support was lower, allowing the initial formation of the
active sulfides, which suffer a slow reorganization with
time, leading to the final observed conversion. Likewise,
TPR profiles confirmed that CoMo/HC catalysts should be
more active than those CoMo/HC-420 catalysts because
they showed a higher presence of octahedral, promoted
Mo species.

BET surface area did not play an important role between
synthesized catalysts. The catalytic activity was quite similar
among catalytic precursors of similar composition (Table 2).
However, CoMo/HC catalysts, whose surface area was
lower than CoMo/HC-420, 38 vs 43 m?/g, showed a higher
activity. This result could be associated again to a less strong
interaction between the metal promoter and support in the
case of the uncalcined support.

Thus, the low observed conversions in Figure 6 could be
associated to the low surface area shown by these catalysts.
Moreover, hydrocalumites have showed a basic behavior,
where basic sites strength increases with the calcination
temperature’ and which could influence the activity for the
HDS reaction.

4. Conclusions

Hydrocalumite was synthesized and characterized
by different techniques such a as FT-IR and XRD. These
analyses showed the formation of CaCO, as a collateral
phase. When hydrocalumite was calcined, different phases
such as CaO and mayenite (Ca,,Al ,0,,) were obtained.
CoMo and NiMo supported on HC, before and after
calcination, showed a conversion generally negligible in
thiophene HDS reaction. These results could be associated
to strong interaction of the supported Mo and Co/Ni oxides
with the HC and/or Ca oxides phases, to the low surface area
or to the strong basicity showed by these catalysts.
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