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Abstract: A series of y-alumina samples with different exposure ratio of {111} facet were synthesized by
an efficient hydrothermal method via adjusting the pH value of the gel precursor. The nanorod alumina
supported catalyst with the highest exposure of {111} facet exhibited the best hydrodesulfurization
(HDS) activities of both thiophene and dibenzothiophene (DBT). Characterization of the sulfided
NiMo/Al,Oj3 catalyst with preferential exposure of {111} facet showed that the MoS, nano slabs were
inclined to distribute in the direction along the edges of alumina nanocrystal in reduced stacking
layers. The selective exposure of {111} facet played a decisive role in obtaining alumina-supported
HDS catalysts with improved intrinsic activity. This work helps to better understand the relationship
between catalytic properties and varied support surfaces, which demonstrate a proper design of the
catalyst support morphology on the facet-level.

Keywords: Thiophene hydrodesulfurization; dibenzothiophene; alumina nanorods; {111} facet

1. Introduction

Recently, with increasing concern for environmental issues, high-quality ultra-clean fuel production
from heavy crude oils has been required to have more rigid regulations and has drawn more
attention in this domain. Among various proposed techniques for removing the sulfur contaminants,
catalytic hydrotreating is the most widely used method in the industry. Numerous studies in the
field of catalytic hydrotreating, including hydrodesulfurization (HDS), have been launched over the
past decades, mainly concentrating on the development of catalysts. Traditional HDS catalysts consist
mainly of active components MoS, or WS, promoted with Ni or Co loading on oxide support with
high surface area [1-3].

The catalyst support plays an important role in the distribution active phase and determining
catalytic performance. For the HDS catalyst, the most frequently used support is alumina [4-8]
owing to its tunable and stable mechanical characteristics and low cost, yet conventional alumina
interacts strongly with metal oxide precursors, which may affect their sulfidity [9]. Until recently,
the exact role of how oxide affects the activities of catalysts is still not entirely resolved [10]. Based on
progress in crystallization and characterization, faceted oxides crystals such as ZrO, and TiO, were
carefully prepared and investigated as catalysts or supports. Support was reported controlling the
orientation, growth, and shape of sulfides through a strong chemical bonding or interaction between
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MoS; clusters and the oxide support along the specific facet of supports [9,11]. Elongated MoS,
slabs are located parallelly or perpendicularly to the [001] and [110] direction due to the formation of
Mo-S(O)-Ti linkage on the TiO, surface [12,13], while MoS; slabs lie flatly on the planar rutile TiO,
(110) surface [14]. Besides, the ZnO (001) facet and (100) facet is also related to the polarity of supports
and corresponding catalysts presented desulfurization activity [15], which corroborated previous
studies on the TiO, that increasing (001) facet ratio led to an increase in the adsorption and catalytic
properties [16]. Sulfided Co3z0O,4 nanorods with a preferred growth direction along (110) exhibit much
higher HDS activity than nanopolyhedra enclosed by the (111) and (100) facets [17]. Above all, these
results demonstrated that the different exposed facets of support should be involved to explain the
distinct performance.

The MoS; slabs growth on conventional alumina has also been debated for decades and remains
an open question due to the alumina structure and poor contrast in TEM [18,19]. The discussions about
the properties of y-Al,O3 surfaces on a molecular level have been launched through both Density
Functional Theory (DFT) modeling [10,12,20] and experimental method [10,21]. It was difficult to
discriminate against the MoS, growth orientation and Al,O3 basal and edge-bonded MoS; in the
porous Al,O3 [22]. Hence, the y-Al,Ozfilms with (100), (110), and (111) plane [23,24] and well-defined
surfaces of x-Al,O3 [25] with different facets were synthesized. It was found that the facets of Al,O3
crystal not only determined the morphology, sulfidation rate, orientation, and reactivity of MoS,
nanoparticles, but also affected the surface acid/base properties [26]. Compared with « polymorphs,
v-Al;Oj is less straightforward and possess different surface OH speciation and surface properties [20].
Therefore, more work toward the effect of conventional y-Al,Osfacets on the interfacial Mo atoms and
the Mo-O-Al linkages is needed.

In this work, we aim to understand the relationship between alumina facets and catalytic
HDS performance over the NiMo/y-Al,Oj; catalyst. A series of y-Al,O3 nanoparticles with various
morphologies and different exposure ratios of {111} facet was synthesized by the hydrothermal method
via adjusting the pH of the gel. After the loading of the Ni and Mo components, their catalytic activities
were evaluated in HDS of thiophene and dibenzothiophene (DBT). The results show that the exposed
facet of alumina has an important influence on the HDS activities of NiMo/Al,O3 catalyst.

2. Results and Discussion

2.1. Preparation of the Alumina with Varied {111} Facet Ratios

The alumina samples were prepared by the hydrothermal process except for commercial support.
As shown in Figure 1, three pH values (pH = ca. 5,7, 10) were selected for alumina preparation as
the synthesis pH is a predominant factor in determining the ultimate morphology of the resulting
nanocrystals. When the gel was used as the seal for hydrothermal treatment without tuning the pH
by acetic acid or NH3, rod-like alumina formed under pH = 5 with an average length of 150 nm
and a width of 15 nm (Figure 1c,d). After calcination, mesopores emerged as dehydration occurred
between the layered structure of y-AIOOH [27]. When the synthesis pH was tuned to 7 by ammonia,
the nanocrystals tended to become hexagonal prisms (donated as AH) with a smaller length to width
values, indicating a relatively high sensitivity of the relative growth rates of different faces in this pH
regime. As the pH was tuned to over 10, the rhombohedral nanoparticles emerge (labeled as AR),
which were the most commonly viewed shape for conventional alumina and boehmite particles [20].
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Figure 1. TEM images of the y-alumina samples (a,b) CA; (c,d) AN; (e,f) AH; (g,h) AR.

In High Resolution Transmission Electron Microscope (HRTEM) images, the rod-like morphology
was similar to the previously reported nano-tubular structure with high-energy {111} facet as the
main external surface [28], while the corresponding lattice fringes of planes exhibited a d-spacing of
0.460 nm (Figure 1). The alumina prepared with initial gel tuned at pH = 7 and 13 were hexagonal
(Figure 1e,f) and rhombohedral (Figure 1g,h) platelets, respectively. The essential parameters for the
calculation of the facet ratio by HRTEM measurements were indexed in Scheme S1, where the two
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nanoplates prepared under pH at 7 and 13 could be regarded as nanorods with smaller length to
width (J/w) ratios. The average [/w ratio decreased with the elevation of pH, which was consistent
with the previous study [29]. In this research, only the {111} facet was calculated. The results showed
that the aspect of high-energy surface {111} decreased with increased pH (Table 1). In contrast,
the commercial alumina was observed to be consisting of irregular spheres with no obvious lattice
fringes detectable. (Figure 1a,b) The diffraction patterns of the three as prepared alumina samples
exposed higher diffraction intensity than the commercial sample, indicating higher crystallinity under
the aforementioned synthesis conditions. For the commercial alumina, the (110) facet was considered
to be the predominant surface [20]. This is because the domination of (010) facet on AIOOH owning to
its lowest interfacial tension independent of the pH, and the (010) facet on AIOOH correspondence
with (111) facet on y-Al, O3 in the topology [30].

Table 1. Texture properties and (111) facet portions of the alumina samples.

Samples Targeted a Surface Area Pore Volume Pore Size S d
P pH P (m2 g_l) (CmS g—l) (nm) (111)
AN 5 04°b 110.7 0.42 15.0 443
CA 11 0.1°¢ 254.8 0.68 7.5 254
AH 10 0.1b 1154 0.33 11.9 11.5
AR 13 0P 147.4 0.55 13.5 0

2 p is defined as the value of (111) facet proportion. b Experimental value. © Theoretical values [20]. d Say is
defined as the S(111) = (111) facet proportion*surface area.

Asis shown in Figure 2, the as-prepared alumina samples are all posing similar diffraction peaks in
XRD patterns, indicate highly crystalline and well-defined nanocrystals. The diffraction peaks at 19.8°,
31.9°,37.4°,39.7°,46.8°, and 66.9° can be indexed to typical y-Al,Os, which are in good agreement with
reference data (JCPDS 00-004-0875), while no peaks from other phases were observed, indicating the
high purity of the products. The diffraction patterns of the three as prepared alumina samples exposed
higher diffraction intensity than the commercial sample, indicating higher crystallinity under the
aforementioned synthesis conditions.
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Figure 2. XRD of the Al,O3 (left) and NiMo/Al, O3 (right) samples.

2.2. Physiochemical Properties

The surface area and porosities of the alumina samples were investigated by N, adsorption—desorption
analysis and detailed texture parameters, including the surface areas from Brunauer-Emmett-Teller (BET)
analysis and the pore volumes from the Barrett-Joyner-Halenda (BJH) method are shown in Figure S1 and
Table 1. Tt can be noted that the commercial alumina exposed a rather large surface area (254.8 m? g™1).
In contrast, the as-synthesized alumina exhibit relatively low surface areas (110.7, 115.4, and 147.4 m? g_l,
respectively). The pore volume of commercial alumina is pretty large (0.68 cm® g™') compared to the
samples prepared under hydrothermal conditions, yet the average pore diameter is ca. 7 nm for the
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commercial sample, while the other three samples at ca. 17 nm. The type of N, isotherms for commercial
alumina was rather different from the as-prepared alumina samples. The type 1V isotherm suggests that
the commercial alumina was ascribed to typical mesoporous material, [31] and the type II isotherm for the
as-prepared alumina indicate the presence of relatively larger mesopores, which can be ascribed to the
piled pore system generated by the stacking particles. The hysteresis loops of the as-prepared alumina
samples also shift to a higher N, partial pressure compared to the commercial alumina, which is consistent
with the much broader pore size distribution [32].

The Ni/Mo oxides were loaded on the alumina samples via the impregnation method followed
by calcination in the air. The N; adsorption—desorption isotherms and pore diameter distributions
almost maintained after the loading of the active component, with a predictable shrinkage in specific
surface area and pore volume (Figure S1). As is shown in Figure 2, the corresponding XRD patterns of
the as-prepared catalysts also retained diffraction peaks at 19.8°, 31.9°, 37.4°, 39.7°, 46.8°, and 66.9°
for y-Al,Osphase. However, no XRD peaks corresponding to nickel and molybdenum species were
observed for the NiMo/AN and NiMo/CA samples, which could be attributed to the highly dispersed
nickel and molybdenum species. For comparison, small peaks arise on NiMo-AR and NiMo-AH
catalysts, which indicated the formation of nickel aluminum oxide. And for the sulfide catalysts,
broad peaks arising at 14.4, 33.5, 39.5, and 58.6°, which could be attributed to (002), (101), (103),
and (110) crystal planes of MoS, phase (JCPDS37-1492, Figure S2).

Hy-temperature-programmed reduction experiments were performed to investigate the
interactions between NiMo species and the support as well as their redox properties (Figure 3).
All the catalysts exhibit two main reduction peaks located at cal. 710 and 1100 K, representing the
partial reduction of Mo®*~-Mo** of the Mo species, and the second step of reduction of the Mo species,
respectively. The shoulder peak at cal. 900 K could be attributed to the reduction of Ni?* species on
the surface of alumina support [33]. Compared with the NiMo/CA samples, the reduction peaks of
NiMo/AN catalyst shift slightly to a lower temperature, indicating the Ni and Mo species were more
easily reduced on the AN. Moreover, the peak area for the partial reduction of Mo®* for NiMo/CA
is smaller than the other three samples, and the shoulder peak is located at a significantly higher
temperature region. The above results show that the Ni and Mo species on the nanorod alumina
that prepared under hydrothermal conditions were more easily reduced than that on the commercial
alumina. However, the NiMo/AH and NiMo/AR with a lower dosage of {111} facet exhibit reduction
region at a slightly higher temperature region, indicating relatively increased interaction between
metal and the support than the commercial alumina.

NiMo/CA

NiMo/AH

NiMo/AR N

—71ir ' r - tr - r°Trn°>T7rn 17717
400 500 600 700 800 900 1000 1100
Temperature (K)

Hydrogen Consumption (a.u.)

Figure 3. Hy-temperature-programmed reduction (TPR) profiles of the NiMo/Al,Oj3 catalysts.
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The XPS spectra of the sulfurized catalysts were collected in Figure 4 to characterize the bonding
state of the NiMo/Al,O3 samples. For the NiMo series catalysts in the sulfided state, the sulfidation
degree of Mo and the formation of the NiMoS phase are considered to be vital in determining their
HDS performance. Therefore, the deconvolution results of Mo 3d and Ni 2p spectra are also well
documented. According to previous studies, the binding energy of MoV (3ds)) located at 228.8 + 0.2 eV
can be attributed to the disulfide phase (MoS,). For the Mo oxide species (Mo"!3ds),), the binding
energy is located at 232.6 + 0.2 eV. An intermediate phase (Mo" 3ds),) were found to be located at
230.6 + 0.2 eV, which can be identified as MoOxSy species. The peak centered at 226.0 eV is assigned to
the 5 2s [31,34]. The atomic fraction for the sulfided phases of MoS, is 88.3%, 87.2%, 85.0%, and 80.8%
for NiMo/AN, NiMo/CA, NiMo/AH, and NiMo/AR catalysts, respectively. Compared with the other
three catalysts, the Mo sulfidation and reduction is promoted for NiMo/AN sample, which can be
attributed to the relatively weak interaction between Mo species and the alumina support. Moreover,
the surface Mo/Al of all the catalysts obtained by XPS is higher than the Mo/Al obtained by XRF
(Table 4), suggesting that the Mo species was well dispersed on the surface of Alumina support.

a b
NiMM\ NiMo/AN
==
NimmM\ NiMo/AH
NiMC‘M\ M
MiMo/ AR

236 234 232 230 228 226 224 222 885 880 875 870 865 860 855  B50
Binding Energy (eV) Binding Energy (eV)

Figure 4. Mo 3d (a) and Ni 2p (b) XPS spectra of the alumina supported NiMoS samples.

Ni 2p spectra are showed in Figure 4b. The binding energy of the NiMoS phase is located at
853.7 + 0.2 eV, and the binding energy for NiSy species is located at 853.0 + 0.1 eV. The peak at
856 + 0.2 eV is assigned to NiO spices. As a supplement, the remaining two broad peaks are satellite
lines of the corresponding Ni species. The fraction of NiMoS phase for NiMo/AN is higher than the
other three samples, in accordance with the fitting result of the atomic fraction for the Mo IV phase
(Tables 2 and 3). For the three supports prepared under different pH, the fraction of the MoS, phase
decreased with increased pH value, meaning that the sulfidation degree is promoted with increased
{111} surface exposure. This can be rationalized that for the alumina surfaces, the capacity of Mo
atoms and the sulfidation rate are relatively higher on {111} facet of y-Al,O3 [10]. In previous research,
the {111} facets on y- Al,O3 was recognized as an analog to the (0001) surface of x-Al,O3 base on their
similar array of Al and O atoms [35]. In our research to study interactions between support and active
phases, however, the A (1 150) and M (1010) surfaces of «-Al,Oj3 are considered as better models for
the (100) and {111} facets of y-Al,O3 owing to the similarity in surface OH species [9]. The results
coordinate well with the {111} facet portion calculated by TEM measurement.

The dispersion of MoS; is further determined by HRTEM measurement (Figure 5). The results
were summarized in Table 4. The MoS; clusters can be observed in all the sulfided catalysts, with 6.2 A
interplanar distance and mostly stacked up 1 to 3 layers. The lengths and stacking numbers of the
MoS, nano slabs on the sulfided catalysts were quantified. The statistical analyses were based on at
least 20 images of 300—400 slabs (Figure 6) from varied parts of each catalyst.
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Table 2. Fractions of Mo species in the sulfided catalysts by XPS analysis.

Mo(IV) Mo(V) Mo(VD)
Catalysts
BE(eV) %/atm. BE(eV) Y%/atm. BE(eV) %/atm.
NiMo/AN 228.8 88.3 230.5 49 2324 79
NiMo/CA 228.7 87.2 230.5 8.4 232.5 44
NiMo/AH 228.8 85.0 230.6 5.9 232.5 9.1
NiMo/AR 228.8 80.8 230.6 10.0 232.5 9.2

Table 3. Fractions of Ni species in the sulfide catalysts by XPS analysis.

NiMoS Phase NiSy Phase NiOy Phase
Catalysts
BE(eV) %/atm. BE(eV) Y%/atm. BE(eV) %/atm.
NiMo/AN 853.7 61.4 853.0 1.3 855.9 37.3
NiMo/CA 853.7 58.4 853.0 5.9 856.0 35.7
NiMo/AH 853.6 58.0 853.0 7.7 855.9 34.3
NiMo/AR 853.6 57.1 853.0 1.2 856.0 41.7
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Figure 5. (a) Length and (b) stacking distribution for MoS, slabs over sulfided NiMo/Al,Oj catalysts.

Table 4. Typical properties of the NiMoS catalysts.

Catalysts Ls (nm) 2 Ng b fmo € Mo/Al 4 Ni/(Ni+Mo) 4 Mo/Al ¢
NiMo/AN 6.14 1.96 0.13 0.077 0.45 0.046
NiMo/CA 3.75 2.32 0.17 0.073 0.49 0.047
NiMo/AH 3.35 2.31 0.18 0.069 0.49 0.048
NiMo/AR 3.87 2.53 0.17 0.068 0.53 0.046

2 average slab length of MoS; nano slabs;  average slab length of MoS; nano slabs; © calculated dispersion of MoSy;
4 molar ratios obtained by XPS; ¢ molar ratios obtained by XRF.
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Figure 6. Typical HRTEM images of sulfided (a,b) NiMo/CA, (c,d) NiMo/AN, (e f) NiMo/AH,
(g,h) NiMo/AR catalysts.

The average slab length (Ls) and stacking number (N;) were calculated based on the

following equations.
X X
Lo=Y xli/ ) %, (1)
1 i=1

i=
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Y Y
Ns = Z yinN;/ Z Yis )
i=1 i=1

where /; stands for the length of slab 7, N; is the layer number of slab i, x; stands for the slab number
with a length of /;, and y; stands for the number of slabs with stacking numbers of #;. The results of
length and stacking conditions for the MoS, crystallites over the sulfided catalysts are summarized in
Table 4. Usually, the average fraction of Mo atoms located on the edge of the crystallites (donated as
fMo) is determined to indicate the dispersion of reactive surface on the active phase. Assuming the
MoS, slabs were perfect hexagons, the value of fyy, is defined with the following Equation (3) [36]

t

fmo = 2(6”1'—6)/ .

i=1 i=1

-

(3n? = 3n; + 1), 3)

where the 1; (determined by the length of MoS; slabs, L = 3.2(2n; — 1) A) represents the number of Mo
atoms located along one edge of a single MoS, nano slab, and f represents the total number of MoS; slabs
observed from TEM images. The results in Table 4 show that no significant difference was observed
in the average slab length (Ls) and stacking number (Ns) of MoS; over the NiMo/CA, NiMo/AH,
and NiMo/AR catalysts (Ls = ca. 3~4 nm, Ns = ca.2.3~2.6). Especially, the Ls for NiMo/AN catalyst
shows a significantly larger value (6.14 nm), while its” N value is relatively low (1.96). Therefore,
the NiMo/AN sample presents the lowest calculated dispersion among the relevant catalysts.

By observing on TEM images together with the calculated parameters, it can be concluded that
the MoS, crystallites formed on CA, AH, and AR are similar in length as well as stacking numbers.
In contrast, the average length of MoS; on AN is much longer than the other catalysts. Most of the
MoS; nano slabs are located along the long side of the rods, or intersections of the rods. The MoS,
nanocrystslites, grown along the rods tend to form long nano slabs with low stacking numbers (mostly
1 stack, Figure 6d), indicating a relatively weak interaction between the active phase and the support,
which result in longer crystal length and high sulfidation degree. This result is different from previous
reports about MoS, over commercial alumina.

2.3. HDS Performance of Thiophene and Dibenzothiophene over NiMo/Al,O3 Catalysts

The catalytic behavior is determined by the structural and chemical features of the catalysts.
A thiophene HDS test over the sulfided NiMo/Al,O3 catalysts was carried out at 523 K under
atmospheric conditions. The proposed reaction network (Scheme S2) shows that HDS of thiophene
occurs through two parallel pathways involving direct desulfurization (DDS) to butadiene and n-butene
and sequential hydrogenation (HYD) to dihydrothiophene and then tetrahydrothiophene followed by
sulfur removal, and finally, n-butane was formed. The as mentioned four NiMo catalysts show stable
conversion at 60-80% throughout the whole evaluation process, and the thiophene conversion increased
in the following order: NiMo/AN > NiMo/CA > NiMo/AH > NiMo/AR (Figure 7). Interestingly,
despite presenting the largest surface area (254.8 m?/g) and pore volume (0.68 cm3/g), which were
considered of great importance in previous research, the NiMo/CA sample was less effective than the
NiMo/AN sample in the conversion of thiophene, which can be rationalized by the higher exposure of
high-energy external {111} surface on NiMo/AN. As discussed in previous sections, the AN sample with
higher exposure of {111} facets, which can accommodate more Mo atoms with higher sulfidation degree.

In order to evaluate the {111} facet exposure of 'y-alumina support on the HDS activity, a factor of
S(111) was defined to minimize the effect of the difference in surface area. Also, the turnover frequency
(TOF) was calculated by using the f)1, acquired by HRTEM analysis and the concentration of MoS,
phase by XPS analysis. It can be seen from Figure 8 that the calculation of turnover frequencies for
HDS of thiophene increased exponentially with the increasing value of S(111), where S(111) = Sper*p
has been calculated and p represents the proportion of {111} facet (Table 1). The result shows the
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great contribution of {111} facet on the activity of HDS reactions of thiophene, which can be tuned by
controlling the morphology of the alumina support.

100

80

G NiMo/AN
@ NiMo/CA
@l NiMo/AH

20
P NiMo/AR
4 1 v 1 v 1 4 L] v I v I ' 1 v I v I
80 100 120 140 160 180 200 220 240
Time on Steam (min)

Conversion (%)

Figure 7. Hydrodesulfurization (HDS) of thiophene under atmospheric pressure at 525 K (red:
NiMo/AN, black: NiMo/CA, green: NiMo/AH, pink: NiMo/AR).
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Figure 8. Average turnover frequency (TOF, s™!) of thiophene HDS activity over sulfided NiMo/Al,O3
catalysts as a function of an increased portion of (111) facets.

Finally, the bulkier sulfur-containing compound dibenzothiophene (DBT, which also occurs
through two parallel routes), was also selected as a model compound to evaluate the HDS activity
of these catalysts. The HDS reaction of DBT was tested under 533 K with an Hj/oil ratio of 600/1
(v/), a liquid hour space velocity (LHSV) of 4 h™!, and a total pressure of 1.5 MPa. The results
revealed that HDS activities towards DBT over different catalysts were ranked in the order of
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NiMo/AN > NiMo/CA > NiMo/AH > NiMo/AR, which is in accordance with their thiophene HDS
activity. The product distribution and HYD/DDS ratio for the sulfided catalysts were further compared
in Table S1. The selectivity of biphenyl (BP) (which is generated via the DDS pathway) reached over
85% for all the catalysts, much higher than the products formed through the HYD route. All the
catalysts show a similar HYD/DDS ratio. The results demonstrate that the NiMo/AN catalyst exhibit
the best HDS catalytic performance towards DBT and thiophene, and also the crucial of {111} facet on
the HDS catalytic reaction over y-Al,O3. The correlation of {111} facet ratio and HDS reaction activity
over v-Al, O3 provide direct evidence for the positive role of {111} facet on HDS reaction.

3. Experimental Sections

3.1. Materials

All of the materials used were purchased from Sinopharm Chemical Reagent Co. (Shanghai, China)
and were used without further purification, except that the dibenzothiophene (DBT) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). In addition, the commercial alumina support (denoted as
CA) used as a control was obtained from the Fushun Research Institute of Petroleum and Petrochemical,
SINOPEC (Fushun, China).

3.2. Preparation of y-Alumina Support

A series of Al,O3 nanoparticles were prepared based on previous reports with slight
modification [37]. A typical preparation process was as follows. 9.66 g of AlCl3-6H,0O was dissolved
into 20 mL of distilled water. 60 mL of an aqueous solution of ammonia (1 M) was added into the
solution dropwise under drastic stirring until the pH = 5. Then the obtained slurry was aged at room
temperature for 2 h. The resultant was centrifuged at 10,000 rpm and the remaining gel was adjusted
to targeted pH (depicted in Table 1) by ammonia or acetic acid solution. The gels were then sealed in a
Teflon-lined stainless steel autoclave heated at 473 K for 24 h. After the autoclave was cooled down to
room temperature, the samples were collected and washed with distilled water. After being dried at
393 K overnight, the samples were calcined in a muffle furnace at 823 K for 4 h at a heating rate of 2 K
per minute.

3.3. Preparation of HDS Catalysts

The HDS catalysts were prepared by loading the precursors of active components (Ni and Mo
salts) on the alumina via the simultaneous incipient wetness impregnation method. The precursors
((NH4)Mo070,4-24H,0 and Ni(NOs3),-6H,0O) were mixed and well dispersed in deionized water.
After impregnation, the catalysts were then dried at 393 K overnight and calcined in flowing air at
773 K for 3 h. The final loading amount is 3.0 wt. % of NiO and 12.0 wt. % of MoOj for each catalyst.

3.4. Characterization

The N; adsorption—desorption measurements of the composite were performed on a Micromeritics
Tristar 3020 adsorption automatic instrument. Before the measurement, the samples were pretreated
at 573 K for 3 h in vacuum to remove the adsorbed impurities. The specific surface area and pore
volume of the catalysts were calculated from nitrogen adsorption—desorption isotherms using the
Brunauer-Emmett-Teller (BET) and Barrett—Joyner-Halenda (BJH) methods. Powder X-ray diffraction
(XRD) characterization was carried out over a RigakuUltima IV automatic powder diffractometer
(Rigaku Co., Ltd., Tokyo, Japan) operated at 40 kV and 30 mA using Cu K« (A = 0.15406 nm)
monochromatized radiation with a scan speed of 10° per minute. After acquiring the profiles,
the JCPDS file database was used for peak identification. Regular transmission electron microscopy
(TEM) images were obtained by a JEM-1400 (JEOL Ltd, Tokyo, Japan) at 100 kV, and high-resolution
transmission electron microscopy (HRTEM) images of the samples were obtained using a Jeol JEM-2100F
Field Emission Electron Microscope (JEOL Ltd, Tokyo, Japan) operating at 200 kV. The composites to
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be measured were ultrasonically dispersed in ethanol, and the dispersed suspensions were dropped
onto carbon-coated copper grids before TEM observation.

Temperature-programmed reduction (TPR) of the catalysts in oxidation state was performed on a
GC-TPR apparatus. Then, 50 mg of the catalyst was pre-purged with an argon stream at 30 mL min~!
at 573 K for 1 h and then cooled to 325 K. The sample was then heated to 1173 K at a rate of 10 K min~!
under a 5% Hy/Ar flow (50 mL min™1).

X-ray Fluorescence (XRF) analyses were performed on an Amptek X-123 X-ray spectrometer
(Amptek, Inc., Bedford, MA, USA) with Si-PIN photodiode. The X-ray spectrometer contains a
solid-state detector, a digital pulse processor, and a multichannel analyzer, which are interfaced with a
computer for data acquisition and analysis. A 25 um thick silver filter and a 250 pm thick aluminum
filter were simultaneously used to reduce background and improve the signal-to-noise ratio (SNR) in
the energy region (10-30 keV) of the XRF spectrum.

The X-ray photoelectron spectroscopy (XPS) measurements were performed with a MultiLab 2000
spectrometer (Thermo Electron Co. (Thermo Nicolet), Madison, USA) using Mg Ka radiation under
vacuum (<107 mbar). The as-prepared sulfurized samples were kept in a nitrogen atmosphere to
prevent oxidation prior to XPS analysis. The C 1s peak at 284.6 eV was used as an internal standard to
compensate for sample charging. To quantify the Niand Mo species contents, the XPS spectra were fitted
using XPSPEAK software (XPSPEAK 4.1). The background was subtracted according to Shirley and
quantification was performed using the sensitivity factors reported by Wagner et al. [38] The Mo3d and
Ni2p spectra were deconvoluted by fitting the experimental spectra to a mixed Gaussian-Lorentzian
function in which the Lorentzian function takes a fraction of 70-80%. Moreover, the XPS uncertainties
are about 5%.

3.5. Catalytic Performance Evaluation

Thiophene HDS activity of NiMoS catalysts was measured in a fixed-bed flow microreactor at
atmospheric pressure with a thiophene/H; molar ratio of 1/10 and a ratio of thiophene molar flow
to catalyst mass 2.8 x 107 mol g~ s™!. For each run, 200 mg of the catalyst with 40-60 mesh of
particle size was diluted with quartz pellets to a constant volume of 0.5 mL before being placed in the
quartz reactor. The sample was presulfurized in situ at 673 K for 2 h under a 15 vol% H,S/H, flow
and then was reduced to the targeted temperature at 525 K. The products were analyzed using an
on-line gas chromatograph equipped with an FID detector. The thiophene conversion was calculated
by measuring the mole ratio between butane in the product and total thiophene in the feedstock.

The dibenzothiophene (DBT) hydrodesulfurization activity of the catalysts was evaluated in a
high-pressure fixed-bed continuous-flow stainless steel reactor, using 2.0 wt. % DBT in cyclohexane as
a model compound. For each run, 100 mg of the catalyst (2040 mesh particle size), which was diluted
with 400 mg quart pellets, was presulfided at 673 K at a flow rate of 40 mL min~?! of 15% H,S/H, under
atmospheric pressure. The tests were stabilized at 533 K with a total pressure of 1.5MPa, a liquid
hour space velocity (LHSV) of 4 h™!, and an Hy/oil ratio of 600/1 (v/v). The liquid products were
collected and analyzed by a gas chromatograph (GC-9560) equipped with an FID detector and SE-30
capillary column. The reaction products were identified by matching their retention times with those
of the commercial standards together with GC/MS analysis using a Finnigan Trace DSQ. The rate of
thiophene transformation was calculated as R = (F/m)X, where R is the specific rate expressed as moles
of thiophene transformed per second and per gram of catalyst, F is the molar flow rate of thiophene,
m represents the mass of the catalyst, and X is the fractional conversion of thiophene. TOF (turnover
frequency) is defined as the number of reacted thiophene molecules per second and per Mo atom at
the edge surface [36], which can be determined by fys, and the surface concentration of the MoS; phase
(obtained from XPS results).
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3.6. Calculation of the Facet Ratio by TEM Measurements

The length and thickness of alumina nanoparticles were measured on TEM images of 50 particles
for each pH condition. Usually, the main facets are discussed based on (100), (110), and (111) facets [39].
The calculation of the facet ratio was done based on the measured parameters which are described in
Scheme S1.

3.7. Calculation of the Slab Length (Ly,s) and Stacking Numbers (Najos2) of MoS, Nanoslabes by TEM
Measurements

The dispersion of MoS, nano slabs in sulfided catalysts was measured by HRTEM observation.
For each sample, ca. 300 MoS; nano slabs in about 30 HRTEM images were obtained to calculate slab
length (L) and stacking numbers (Sy) [40].

4. Conclusions

In this work, in exploring adequate alumina support for highly active HDS catalysts, a sample
with varied exposure of high-energy {111} facet is successfully prepared via hydrothermal synthesis.
The alumina nanorods support with the highest dose of {111} constituent, though low in total surface
area, is more active than other counterparts in HDS reactions of thiophene and dibenzothiophene.
These intriguing results also demonstrate the adequate control of morphology and exposed facets have
an important influence over the HDS activities of NiMo/Al,O3 catalyst and provide guidance in the
rational design of hydrotreating catalyst support on the facet scale.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/11/1254/s1,
Scheme S1: Schematic description of y-Al,O3 with the indexing of the dimensional parameters, Scheme S2:
Proposed reaction network of thiophene over HDS catalysts through DDS (direct desulfurization) and HYD
(hydrodesulfurization) pathways, Figure S1: N, adsorption-desorption isotherms and pore size distribution
curves for (a) y-aluminas and (b) NiMo/ y-alumina catalysts., Figure S2: XRD of the NiMoS/Al,O3 samples,
Table S1: HDS of DBT under 1.6 MPa at 525 K, Table S2: Texture properties of as prepared alumina after loading
with Ni and Mo.
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