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v-Al,03 supports with large pore size were prepared by using rod-like ammonium aluminum carbonate
hydroxide (AACH) as precursors. The textural properties of supports are dependent on the different
crystallinity of the as-prepared AACH. For investigating their catalytic performance, NiMo/vy-Al,03
hydrotreating catalysts were prepared by loading NiMo oxides on the supports and tested by using
vacuum residue as reactant, and the results show that both pore structure and surface acid property of
catalysts have significant influences on the catalytic activities for the hydrogenation and the removal of

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Because of continued depletion of conventional crude oil, new
resources are exploited for future energy supplies, such as biomass,
to fulfill the increasing worldwide energy consumption [1-3].
Currently, however, biofuels merely act as a supplement which
cannot replace fossil fuels for the primary energy production. Thus,
how to efficiently process and utilize existing petroleum resource,
especially in heavy oil, has attracted intensive attentions. Since
high contents of asphaltenes and metals (mainly Ni, V) exist in
heavy oil, the catalysts deactivate predominantly due to the pore
blocking resulted from the deposition of metal poisoners,
heteroatoms and asphaltenes [4,5], which increases the difficulty
of hydroprocessing heavy oil [6,7]. For avoiding this problem to
enhance the activity and prolong the life of catalysts, the supports
with relatively large pore size are required.

Generally, y-Al,03 is a common hydrotreating catalyst support
due to its special physicochemical properties and low cost [8-10].
However, traditional alumina usually has a broad pore size
distribution, and the pore size is below 10 nm, which limits their
catalytic applications in residue hydrotreating. Ammonium
aluminum carbonate hydroxide (AACH, with formula NH4A-
1(OH),C0s3) is constructured of the AlO,(OH),4 chains of octahedra
combined with NH4" and CO52~ groups [11-13]. Heated at high
temperature, AACH can be transformed to vy-Al,05. During this
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process, large amount of gas molecules (NHs3, CO,, and H,0) are
released, resulting in lots of mesopores and macropores in the
inter- and intra-particles. Thus, it can be used as a promising
precursor to prepare alumina support with large pore size and
volume.

Herein, we prepared NiMo/y-Al,05 hydrotreating catalysts by
using two types of AACH as the precursor of alumina supports, and
then examined their catalytic activities for vacuum residue. It is
found that the catalysts derived from AACH exhibit relatively high
hydrogenation activity for vacuum residue.

2. Experimental
2.1. Preparation of y-Al,03 supports

This process has been described previously in detail [14].
Firstly, 5.0 g of aluminum hydroxide xerogel (AHx) (Henghui
Chemical Engineering Co., Ltd., Shandong, China) was mixed with a
60 ml aqueous solution of NH4HCOs3, and the molar ratio of
NH4HCOs/Al was fixed at 7.0:1. The pH value of this system was
adjusted to be 10.5 using aqueous NH3-H,0. Secondly, the final
mixture was transferred into 100 ml TEFLON-lined stainless
autoclave and kept at 105 °C for 48 h. After that, white precipitate
was collected and washed with deionized water for several times,
and then dried under vacuum at 60 °C for 8 h. Thirdly, the obtained
dried precipitate was mixed with aqueous acetic acid solution
(20.0 wt.%) and then extruded into cylindrical particles with the
diameter of 1.6 mm. Finally, the extrudate was calcined in static air at
600 °C for 2 h. The obtained alumina support was denoted as “A-1".


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.materresbull.2013.07.041&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.materresbull.2013.07.041&domain=pdf
http://dx.doi.org/10.1016/j.materresbull.2013.07.041
mailto:liuyq@upc.edu.cn
http://www.sciencedirect.com/science/journal/00255408
http://dx.doi.org/10.1016/j.materresbull.2013.07.041

G. Li et al./Materials Research Bulletin 48 (2013) 4526-4530 4527

In addition, we used alumina (obtained by calcining the above
AHx at 500 °C for 2 h) as reactant instead of AHX, and then a similar
alumina support was prepared. This support was denoted as “A-2".
For comparison, a commercial alumina support (Condea Chemical
Co., Germany) was selected as a reference, donated as A-ref.

2.2. Preparation of catalysts

The catalysts were prepared by incipient wetness impregnation
of alumina supports with an aqueous solution containing
ammonium heptamolybdate ((NH4)sMo,0,4-4H,0) and nickel
nitrate (Ni(NO3),-6H,0). The loading quantity of NiO and MoOs
was controlled to be 0.36 wt.% and 4.8 wt.%, respectively. The
impregnated supports were dried overnight in air at 80 °C and
calcined at 500 °C for 3 h. The corresponding catalysts were labeled
as C-1, C-2, and C-ref, respectively.

2.3. Characterization

The crystal structure of the products was detected on a
Panalytical X'Pert Pro MPD X-ray diffractometer (Netherlands)
using CuKa radiation of wavelength 1.5406 ?. The crystallite size of
aluminas was calculated through Scherrer formula (D=0.91/
B cos 6, where D, A, B, and 0 are crystallite size, wavelength, full
width at half-maximum intensity of diffraction peaks in radians,
and Bragg’s diffraction angle, respectively). The morphology was
observed on a JEM-2100UHR transmission electron microscopy
(Japan) with an accelerating voltage of 200 kV. The pore structures
of catalysts were measured through N, adsorption-desorption
isotherms on a Micromeritics Tristar Il 3020 surface area analyzer
and mercury intrusion method on a Micromeritics AUTOPORE
9500 porosimeter (USA), respectively. The acidity of the catalysts
was examined byNH3-TPD (temperature-programmed desorption)
measurements on a Quantachrome CHEMBET-3000 instrument
(USA). Additionally, H,-TPR measurement of catalysts was also
conducted on this device. 2’Al MAS NMR spectra were acquired on
a Bruker Avance 300 spectrometer (Switzerland).

2.4. Activity test

The catalytic activity was tested in a tank reactor. 1.25 g of fresh
catalyst was sulfided in situ for each activity test. In this stage,
10.0 g of vacuum residue from Saudi Arabian light crude was
diluted with 35.0 g of toluene. The resultant mixture was charged
into the reactor (100 ml capacity), and then 0.4 g of CS, was added
with fresh catalyst. The reactor was purged five times with H; to
exchange the air inside. The reaction mixture was heated to the
required temperature at a heating ramp of 3 °C/min. A two-step
temperature-raising process was applied so that the fresh catalyst
can be sulfided sufficiently. The sulfiding conditions were as
follows: H, initial pressure, 4.0 MPa; temperature, 200 °C for 4 h
and 300 °C for 2 h; stirring speed, 750 rpm.

Afterwards, the reactor was cooled down to room temperature
quickly. The reactor was then purged with H, to remove gas
impurities, and then heated to the reaction temperature. The reaction
conditions were as follows: H; initial pressure, 7.0 MPa; temperature,
380 °C for 2 h; stirring speed, 750 rpm. Products were separated
from the catalyst, and their components were analyzed with an
Analytik Jena CONTRAA 700 atomic absorption spectrometer.

3. Results and discussion
3.1. Crystalline structure

Fig. 1a shows the XRD patterns of fresh samples derived from
AHx and alumina. It was found that the diffraction peaks of the two
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Fig. 1. XRD patterns of (a) fresh and (b) calcined samples derived from AHx and
alumina.

samples can be indexed to the NH4AI(OH),CO5 phase (JCPDS 01-
076-1923). However, their crystallite sizes are different according
to the relative intensity of diffraction peaks. The size of AACH-2
(arises from alumina) is larger than that of AACH-1 (arises from
AHX). For instance, the crystallite sizes of AACH-2 and AACH-1
were estimated from the half-width of the (1 1 0) diffraction peak
by using Sherrer equation, and the corresponding values are 43.6
and 25.8 nm respectively. This may be due to that the crystallite
size of alumina is smaller than that of AHx. During hydrothermal
process, the dissociation and hydration of alumina generated many
Al(OH); nanocrystallites with relatively small size. These nano-
crystallites possess higher surface energy, which improves their
reaction with NH4HCOs; and the formation of well-crystallized
AACH-2.

After calcination, the two AACH can transform into y-Al,03
(JCPDS 00-010-0425). Due to the removal of NH4* and CO52~
groups combined with AlO,(OH), chains during the decomposition
of AACH, large amounts of spaces between AlO,(OH), layers were
generated, and thus the layer structures were destroyed, leading to
aluminas with weak crystallinity.

3.2. Morphology

The morphologies of the as-prepared AACH and corresponding
alumina are shown in Fig. 2. Two AACH samples are composed of
rod-like particles with large aspect ratio. After calcination, rod-like
morphology was preserved, suggesting their excellent thermal
stability. Because of the decomposition of AACH, large amounts of
mesopore with small size appeared in intra-particles, as shown in
Fig. 2, inset. Moreover, the diameter of AACH-1 rod-like particles is
larger than that of AACH-2. It is believed that the porosity of
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Fig. 2. TEM images of the two AACH and alumina samples (inset).

alumina materials mainly derived from the space between
adjacent particles. Large particles are favorable to form larger
pores. Thus, the pore volume of support A-1 is relatively large (see
Table S1 in Supplementary data).

3.3. Textural properties

The textural properties of the three catalysts were detected
with N-sorption measurement, and the results are shown in
Fig. 3a. It can be seen that their isotherms types are different. For
catalyst C-1, the isotherms are of type II, suggesting the presence
of large mesopores or macropores. For catalyst C-2, the
adsorption process has two steps, which means that the porosity
exhibits a bimodal distribution. The adsorption quantity
increases rapidly when the relative pressure (p/po) exceeds
0.8. The shape of this part is similar to that of C-1, which
indicates that C-2 also has large mesopores or maropores. The
isotherms for catalyst C-ref are of type IV, which is characteristic
of mesoporous material. According to our previous results [14],
the relatively high specific surface areas (SSA) of support A-1 and
A-2 are attributed to the decomposition of AACH. Since AACH
with higher crystallinity may release more gas molecules per
unit mass (see Fig. S1 in Supplementary data), the SSA of support
A-2 is higher than that of A-1 as well as the corresponding
catalysts.

To further investigate and characterize the larger mesopores
and macropores of the three catalysts, mercury intrusion
measurements were carried out, as shown in Fig. 3b. Apparently,
their pore volume decreases in order. The pore size of catalyst C-
2 and C-ref mainly locates at 40 and 6 nm, respectively. Catalyst
C-1 has two types of pores, small pores with 5.5 nm; large pore
beyond 100 nm. The size of AACH-2 particles is more uniform
than that of AACH-1, which leads to a narrow pore size
distribution for catalyst C-2.
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Fig. 3. Pore structure of the catalysts. (a) N, adsorption-desorption isotherms and
their specific surface area; (b) pore size distribution and pore volume from mercury
intrusion curves.

3.4. Acidity of catalysts

Fig. 4 shows the NH5-TPD curves of catalysts. Only one peak at
~180 °Cwas found in all the curves, which leads to the assumption
that only weak acid sites exist in the three catalysts. Considering
that the amount of active components loading on the supports is
low, and only Lewis acid sites exist on the surface of alumina [15],
most of acid sites on catalyst surface belong to Lewis acid site.
Furthermore, the peak area under the TPD curves represents
adsorption quantity of NH3, and thus the total acid amount of
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Fig. 4. NH3-TPD curves of the as-prepared catalysts.
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Fig. 5. 2’Al MAS NMR spectra of the supports.

catalyst C-1 and C-2 is higher than that of C-ref. Because of the
same loading amounts of active components, these additional acid
sites are contributed by the supports.

Fig. 5 shows the 2’Al MAS NMR spectra of three supports. It is
evident that both support A-1 and A-2 contain five-coordinated
aluminums [16], but not for A-Ref. This is related to the poor
crystallinity of A-1 and A-2, because five-coordinated aluminum is
considered to be present in alumina’s amorphous domains [17].
The population of different AlO, species can be estimated by fitting
Lorentzian lines to each peaks and calculating the area under the
peaks. For A-1 and A-2, the populations of AlOs species are 17.6%
and 7.2%, respectively. Since the coordinately unsaturated surface
(CUS) aluminum cations are the origin of Lewis acid sites locating
on the surface of alumina, we believed that the additional acid
sites of catalyst C-1 and C-2 arise from five-coordinated aluminum
of supports; in addition, A-1 could supply more Lewis acid sites
than A-2.

For further understanding the effect of support on the
interactions between Ni, Mo and the supports, H,-TPR measure-
ments were carried out, as shown in Fig. 6. All catalysts exhibit
similar TPR curve, which has two reduction peaks in 400-900 °C
region. The first peak at low temperature can be attributed to the
partial reduction of Mo®* to Mo** of amorphous and defective Mo
oxides [18,19]. The second peak in high temperature region
comprises the deep reduction of all Mo species, including highly
dispersed tetrahedral Mo species [20,21]. The loading amount
of Ni is very low, therefore the reduction peak of Ni species
cannot be observed. Comparing the three curves, the reduction
peaks for Mo species shifted to lower temperature gradually
(876 °C > 866 °C > 858 °C), indicating that there are more easily
reducible Mo species in the C-1 and C-2. The results also suggest
that the interaction between the Mo species and the as-prepared
supports is weaker than that between the Mo species and reference
support. This will affect the transformation of Mo species from
oxidic state to sulfidic state and subsequent hydrogenation
activity.
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Fig. 6. H,-TPR curves of the as-prepared catalysts.
3.5. Catalytic activity

The hydrotreating activities of catalysts were studied for
vacuum residue from Saudi Arabian light crude, and the test
results are listed in Table 1. It can be seen that both catalyst C-1 and
C-2 exhibited better hydrogenation capability than C-ref according
to the ratio of H/C of corresponding products after reaction. It has
been reported that Lewis acid site is crucial to the hydrogenation of
olefin and aromatic ring [22-24], thus the hydrogenation capability
of catalyst C-1 and C-2 is better than that of C-ref. This is also relative
to the interaction between Mo species and support. Based on the TPR
results, this interaction for C-refis stronger than that for C-1 and C-2.
Stronger interaction may limit the transformation of Mo species
from oxidic state to sulfidic state, which will consequently lower the
hydrogenation activity of catalyst.

In terms of heteroatoms removal, the catalysts C-1 and C-2
exhibit an obvious advantage relative to C-ref. This is mainly
attributed to their more acid sites and larger porosity, which are
favorable for the diffusion and conversion of large residue
molecules containing heteroatoms. For C-1 and C-2, although
the hydrogenation capability of C-1 is better than that of C-2 as
mentioned above, the activity, especially hydrodemetallization
performance of catalyst C-1 is lower than that of C-2. Thus, it was
believed that this difference is related to their surface area and
pore size. The intrinsic activity of the hydrodemetallization
catalyst is proportional to its surface area [25]. High surface area
favors the adsorption and deposition of metal on the catalyst.
Besides, large pore size can increase diffusion rate of residue
molecules in the catalyst, which protects the porosity from
blocking. Comparing the two catalysts, C-2 possesses larger surface
area and pore size. Despite there are pores larger than 100 nm in
the C-1, the pores less than 5 nm are still predominant, whereas
most of pores of C-2 centralizes on 40 nm. As a result, C-2 exhibits
relatively excellent hydrogenation performance.

This work indicates that an optimal activity for catalysts is a
combination of proper textural properties and surface acidity.
Furthermore, removing heteroatoms depends simultaneously on
the hydrogenation and hydrogenolysis active sites of catalyst.
Thus, to further improve hydrotreating performance, more active
components are required.

Table 1

The properties of feedstock before and after reaction.
Property Feedstock C-1 C-2 C-ref Removal percentage C-1 C-2 C-ref
Ratio of H/C 1.422 1.454 1.441 1.429
S (wt.%) 4.64 4.14 3.91 4.54 S% 10.8 15.7 2.2
N (wt.%) 0.32 0.22 0.23 0.31 N% 31.3 28.1 3.1
Ni (ng/g) 31.0 229 17.0 25.2 Ni% 26.1 452 18.7
V (ng/g) 59.8 29.4 18.1 33.0 V% 50.8 69.7 44.8
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4. Conclusion

In this study, NiMo/vy-Al,03 hydrotreating catalysts with large
pore size were prepared by loading NiMo oxides on rod-like
alumina supports, and their hydrogenating performances toward
vacuum residue were investigated. The results indicate that more
AlOs species may induce more Lewis acid sites that are favorable
for the hydrogenation of residue molecules. The weak interaction
between Mo species and support is propitious to the sulfuration of
Mo species, which promotes hydrogenation reaction. In addition,
large mesopore and high surface area are favorable for the removal
of heteroatoms, particularly for Ni and V. Since the supports
obtained here possess large porosity and high SSA, they display a
good application prospect for heavy oil upgrading.
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