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EXECUTIVE SUMMARY

Energy-saving technologies are in increasingly high demand in all sectors of processing and
manufacturing. The use of catalysts is a key to sustainable development as they significantly
reduce the temperature and pressure requirements and allow for process miniaturization and
environmental care. The more active the catalyst is in any process, the lower the greenhouse
gas emissions and the higher the economic benefits are. Their use in fossil fuel industries is
indispensable and will further augment as we search for more environmentally friendly and
economically viable technologies, addressing at the same time the problem of the worsening
quality of the feedstocks.

This NSERC-CRD project resulted in the development of multifunctional Earth-abundant
catalysts with the potential to a paradigm shift in partial upgrading of bitumen. The catalysts
combine the functions that are currently performed by two different types of catalysts (metallic
and acidic); one of the functions requires significantly lower temperatures than the current
catalysts and does not lead to the product loss to light fractions. We also gained mechanistic
insight into the currently practiced upgrading operation that potentially can further reduce the
energy requirements.

The studies were performed using a model feed with sulfur, nitrogen and olefin compounds.
Several catalysts were identified for further exploration in a real feed. The catalysts rely on the
use of hydrogen gas, although potentially may be extended to other hydrogen donors.

Three young researchers have been trained in this project in the area of chemical and materials
engineering and are currently employed in industry and academia. Two manuscripts were
published (ACS Catalysis and ACS Applied Nano Materials) and one more is to be submitted to
the Chemical Engineering Science.
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1 INTRODUCTION
1.1 Project objectives

The project addresses the development of a multifunctional catalyst for the upgrading of a
complex model feed via hydrodesulfurization (HDS), hydrodenitrogenation (HDN),
hydrogenation (HYD) and hydrocracking (HCK). The suggested catalyst, based on scarce
literature data, is based on niobium (Nb) because its sulfide and oxide are acidic and were
shown to be highly active in the above-mentioned hydrotreating model reactions. However,
bulk Nb oxide is a highly thermodynamically stable compound, and harsh sulfidation conditions
were needed to synthesize the active sulfided form. This was believed to prevent Nb use in
hydrotreating operations.

In the proposal, based on thermodynamic considerations, we suggested using a copper (Cu)
promoter to synthesize the required Nb active sites. Fig. 1(a) demonstrates how Cu addition
removes the thermodynamic limitations for the Nb sulfide formation.

The overarching project objective was not to find the replacement for commercial Co-Mo or Ni-
Mo catalysts but to exploit their alternatives possessing different functional abilities and
evaluate if such catalysts could provide some benefit for alternative hydrotreating applications.
The fundamental objective, which can be applied to the general catalysis field, was to
demonstrate that a properly selected promoter can catalyze synthesis of required active sites.
The set objectives were achieved, mostly, as expected, based on theoretical predictions from
our proposal, with some findings that may affect the low-temperature hydrotreating process
development in partial upgrading.

Fig. 1. (a). Theoretical prediction of how Cu addition to Nb,Os removes thermodynamic
limitations of its sulfidation; (b) experimental proof of the hypothesis: X-ray diffraction pattern
of the sulfided catalysts: note that no NbS; peaks are present for the Nb-only sample. Reprinted
with permission from A. Mansouri, N. Semagina, ACS Catalysis 2018, 8, 7621. © 2018 ACS

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019
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1.2 Progress made towards these objectives as a result of the grant

Promotion of active site synthesis. The foremost objective was to demonstrate a rather new
concept in catalysis that a promoter is not necessarily needed to affect the catalytic function
but rather to serve as a catalyst for active site synthesis. This was achieved in the project. In
addition, what we did not expect, but it was a fascinating discovery, is that at a certain ratio,
this promoter was only a spectator during the catalytic performance. At its lack, the active sites
formation was not achieved, while its excess led to the active site blockage and activity loss.

We demonstrated that Cu addition during Nb,Os sulfidation results in the formation of sulfided
Nb that is active in all four reactions of interest (HDS, HDN, HYD, and HCK). The thorough
catalyst characterization before and after sulfidation was performed for different Nb/Cu ratios.
We used a variety of state-of-the art methods to prove the required phase formation. Fig. 1(b)
shows X-ray diffraction patterns demonstrating the copper effect. It is important that the
sulfidation occurred at industrially relevant conditions of 400 °C, instead of 700 °C as other
authors demonstrated earlier as a required temperature for Nb,Os to NbS; sulfidation. The
detailed report can be found in Section 2.

HDS, HYD and HCK performance of bulk catalysts. The HDS performance of different
synthesized catalysts were shown for a model feed containing dibenzothiophene (DBT) at 325
°C and 3 MPa H;. We indeed observed an enhanced desulfurization product yield for some
NbCu catalysts. Fig. 2 shows the yield of S-free and hydrocracking products for various catalysts.
The hydrocracking occurred to monocyclic hydrocarbons, and no lights formation (at least on
the bench-scale) was observed. The NbCu catalyst surpassed the HDS activity of unpromoted
MoS,, which is often reported as a catalyst for slurry hydrotreaters, thus, the former material
can be recommended to replace MoS:. It could not, however, surpass the HDS activity of
promoted CoMo conventional catalysts, but was different from CoMo as it enhanced the DBT
hydrocracking to benzene and toluene (with no lights formation).

Potentially, the Nb and/or NbCu catalysts could be beneficial for hydrotreatment of high
molecular-weight feeds due to their enhanced cracking and hydrogenating ability, as opposed
to CoMo and Mo. The detailed report can be found in Section 2.

Carbon-supported catalysts for HDS, HYD and HCK. To increase the catalyst activity per Nb
atom, carbon-supported catalysts were synthesized. The use of an oxalate precursor lessened
the thermodynamic complications connected to the bulk Nb,Os oxidation, and NbS; phase
formation was achieved without the use of Cu. In this case, Cu blocked the active sites, as seen
in Fig. 3.

The carbon-supported catalysts were rather unusual in their behavior. Most likely due to the
lower active particle size and the higher fraction of Nb oxides, they possessed a significantly
enhanced cracking activity at 325 °C (again, no lights formation was observed, but only
monocyclic semi-hydrogenated hydrocarbons), in addition to the sulfur removal ability. In
comparison, the carbon-supported Mo only and MoNi catalysts showed cracking selectivity
below 5%. The detailed report can be found in Section 4.

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019
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Fig. 2. Weight-time product yields in HDS of DBT at 325 °C and 3 MPa H; after 24 hours on
stream. The subscript in the catalyst notation refers to the Cu/Nb atomic ratio. The number
after the dash shows the surface area of the materials after sulfidation (where omitted, the
areas were < 10 m?/g). HHDBT and THDBT are S-containing hydrogenation products. Reprinted
with permission from A. Mansouri, N. Semagina, ACS Catalysis 2018, 8, 7621. © 2018 ACS

Fig. 3. Direct desulfurization (DDS), hydrogenation (HYD) and cracking to monocyclic
hydrocarbons (HCK) using carbon-supported Nb and Nb-Cu catalysts with different Nb loading
during HDS of DBT at 325 °C and 3 MPa H; after 24 hours on stream. Reprinted from A.
Mansouri, Ph.D. Thesis, University of Alberta, 2017.

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019
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Colloidal catalysts for HDS, HYD and HCK. Another way to lessen the thermodynamic
constraints of bulk Nb>Os oxidation is to use the approach of colloidal nanoparticle synthesis.
The colloidal NbS; catalysts could also be beneficial if slurry hydrotreatment is targeted. We
developed a versatile procedure to synthesize a variety of colloidal NbS, nanoparticles (Fig. 4),
and tested them in the HDS of DBT. The electron microscopy images of the spent catalysts after
24 h of HDS revealed the structural stability of the nanostructures with no signs of aggregation
and deformation. As shown in Table 1, the highest HDS activity was obtained by NbS;
nanohexagons, followed by nanorods, nanospheres, and single-layer nanosheets. Although the
nanospheres possessed a smaller size (25 nm), the nanohexagons delivered higher activity,
which can be attributed to the enhanced fraction of corner and edge active sites. The HDS
reaction rate and the sulfur-free yield delivered by the nanohexagon catalyst were about an
order of magnitude higher than that of Nb-based bulk catalyst discussed above. The detailes
report can be found in Section 3.

Table 1. HDS of DBT over supported NbS;
catalysts at 325 °C and 3.0 MPa after 24 h.

A hanosheet nanosheet Vield of sulf
ield of sulfur-
Activit
e 5 y free products
Catalyst (10 molpsr 10 -5 mol molwe-
A mOINb_l S—l) 15_1) Nb
L] Zonm Single-layer 7 6
nanoplate nanohexagon nanorod nanosheets
Multilayers
y 4 2
nanosheets
Nanohexagon 98 49
Nanorod 61 40
Nanosphere 33 26

CS;(mmol)

Fig.4. NbS; structure dependence on the molar ratio of

OAc to OAm (oleic acid and oleyamine used for synthesis)

and the amount of CS,. Reprinted from A. Mansouri, N. Semagina,
ACS Applied Nano Materials 2018, 1, 4408. © 2018 ACS

Nitrogen effect on the HDS. The bulk catalysts were also demonstrated to perform the
hydrodenitrogenation of quinoline at 325 °C. The nitrogen compound, as expected, inhibited the
sulfur removal and cracking performance.

Without quinoline, DBT was converted by hydrogenation and direct desulfurization path rather
equally. Quinoline completely suppressed the hydrogenation path of DBT conversion, but not the
direct desulfurization path. Quinoline was mostly hydrogenated with some N removal. A rather
similar N effect on active sites was observed at lower temperatures, as shown below.

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019
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Table 2. HDS of DBT (1,000 ppm S) and HDN of quinoline (Q, 300 ppm N)
over bulk NbCug s catalyst at 325 °C and 3 MPa.

HDS of DBT HDN of Q
DBT BP Q Denitroge- | Hydrogenated
conversion | selectivity | conver- nation Q
sion selectivity | intermediates
selectivity
14% 94% 33% 26% 74%

Low-temperature low-pressure hydrotreating (Fig. 5, 6). We assessed a variety of catalysts for
hydrogenation of internal conjugated diolefin 2,5-dimethyl-2,4-hexadiene in the presence of
dibenzothiophene (up to 1,000 ppm S) and quinoline (up to 250 ppm N) at mild conditions (150
— 180 °C and 10— 20 bar H). The approach is not new, and it is practiced to hydrogenate olefins
over a conventional Ni-Mo catalyst after thermal cracking prior feeding to the naphtha
hydrotreater. The purpose is to remove diolefins to avoid addition and condensation reactions
and prevent fouling. The process is also of interest for partial upgrading, to meet the pipeline
specifications for olefin content.

In the past few years, the reaction kinetics, catalyst deactivation, and reactor fouling during
(di)olefin hydrogenations were mostly assessed from the viewpoint of (di)olefin conversion only,
with and without added sulfur in the feed. The assessed catalyst had been a conventional
hydrotreating sulfided Ni-Mo catalyst. In this project, we assessed how the presence of a basic
nitrogen compound (quinoline) affects the hydrogenation of refractory internal conjugated
diolefins for a variety of catalysts. The main potentially valuable finding was not only that N
significantly inhibits diolefin hydrogenation with no paraffin formation, but also that the use of a
sulfided nickel-only catalyst may provide increased hydrogenation ability as compared to the
typically used Ni-Mo catalyst. Note that the used Ni-Mo catalyst was prepared in-house and may
not show the same behavior as the commercial Ni-Mo catalyst.

Fig. 5 demonstrates the N poisoning effect on a variety of non-precious metal catalysts. As it is
seen on the reaction schematic for this model feed, no DBT conversion occurs, quinoline is
hydrogenated and diolefin is hydrogenated to internal olefins. No alkane formation was observed
(the products were identified by gas chromatography-mass spectrometry). Thus, although the
diene number can be decreased, the process is limited to decrease the olefin number for
monoolefins with an internal double bond.

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019
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NiS7.6 £ 1.0 nm
® .

o
* 4 6 81012
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Fig. 5. An example of a synthesized catalyst (Ni sulfide) and the activity of sulfided catalysts in
the hydrogenation of diolefin in the presence of quinoline and DBT. Feed: 0.5 wt% diolefin, 300
ppm S (0.17 wt% DBT) and 100 ppm N (0.09 wt% Q), balanced in decalin with n-Cy; internal
standard.

The reaction kinetics was evaluated for the most active NiS catalyst (Fig. 6). Without nitrogen
presence, diolefin hydrogenation follows an expected 1% order (not shown here). In the presence
of quinoline, diolefin hydrogenation demonstrates 0™ order with respect to diolefin and -1%t order
to the total nitrogen concentration. The quinoline and its hydrogenation product apparently
poison one of the two types of active sites available for diolefin hydrogenation, which can explain
the shifting reaction order assuming the Langmuir-Hinshelwood reaction mechanism. This
hypothesis is in line with the 0™ order to quinoline hydrogenation (Fig. 6c). In-house “near-
conventional” Ni-Mo sulfide catalyst shows much lower activity than the Mo-free catalyst. The
detailed report can be found in Chapter 5.

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019
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(c)

Fig. 6. Kinetic study of 2,5-dimethyl-2,4-hexadiene hydrogenation over 3 g of NiS/y-Al,O3
catalyst at 150 °C, 10 bar H,, with the presence of 1000 ppm S (5.8 wt% DBT) and 0 — 250 ppm
N (0.23 wt% Q). (a,b) diolefin and quinoline conversions vs time; (c,d) rate constants and a
graphical evaluation of reaction orders to quinoline and diolefin.

Deviations from the original objectives.

There were no significant deviations, except that we used different nitrogen and olefin model
compounds that were more representative of the real feed. The quinoline choice and model
compound concentrations were recommended by the project stewards.

Highly qualified personnel trained (HQP).
Three young researchers have been trained in this project in the area of chemical and materials
engineering and are currently employed in industry and academia (Canada and Germany).
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Scientific and/or engineering significance of the results achieved.

The primary scientific significance is that we suggested and demonstrated a concept that a
promoter may catalyze synthesis of active sites. During the catalytic action, the promoter
behaves only as a spectator, unless it is used at high surface concentrations. We proved the
concept for the sulfided catalysts, but it can be applied for other catalysts that could not be
synthesized otherwise because of thermodynamic limitations.

In terms of applied knowledge, we identified Nb-based catalysts as materials with similar HDS
and HDN functions as conventional CoMo or NiMo catalysts, but in addition, they possess high
hydrocracking activity towards monocyclic hydrocarbons, with no lights formation. Potentially,
the Nb catalysts could be beneficial for hydrotreatment of high molecular-weight feeds due to
their enhanced cracking and hydrogenating ability, as opposed to CoMo and Mo.

The Nb catalysts could also be used for low-severity hydrotreatment, but they were surpassed
by more active and less expensive NiS. The latter demonstrated the higher activity to diolefin
hydrogenation than the conventional NiMo catalyst (prepared in-house). None of the open
studies, to our knowledge, had addressed the effect of basic nitrogen compounds on
olefin/diolefin hydrogenation and catalyst deactivation during low-severity hydrogenations. The
nitrogen presence not only suppresses the hydrogenation rate but also changes the reaction
order. These findings must be beneficial to practitioners working on olefin hydrogenation of the
thermally cracked feed. We recommend comparing the industrial NiMo catalyst with NiS only, as
the in-house catalysts showed the superior ability of the Ni-only catalyst for conjugated diolefin
and quinoline hydrogenation.

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019
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2 PROMOTION OF NIOBIUM OXIDE SULFIDATION BY COPPER AND ITS EFFECTS
ON HYDRODESULFURIZATION CATALYSIS

This Section was published as

Mansouri A., Semagina N. Promotion of niobium oxide sulfidation by copper and its effects on
hydrodesulfurization catalysis, ACS Catalysis, 8, 7621-7632 (2018).

It is reprinted here with the permission from American Chemical Society, the permission is
attached to the report.

2.1 Abstract

Niobium sulfide (NbS;) has shown a promising performance in versatile applications, but its
formation from Nb oxide is thermodynamically limited, which hinders its usage. We predicted,
based on thermodynamic calculations, and experimentally verified that the addition of copper
(Cu) to niobium promotes Nb oxide sulfidation at practical temperatures. A series of bimetallic
bulk NbCu structures at varying Cu/Nb molar ratios were synthesized via a coprecipitation
technique. X-ray photoelectron spectroscopy (XPS) and temperature-programmed reduction
(TPR) results revealed that copper facilitated sulfidation and reduction of niobium oxide. The
synthesized NbCu catalysts were evaluated in hydrodesulfurization (HDS) of dibenzothiophene
(DBT) at 325 °C and 3 MPa. Copper promotes sulfidation but does not change the turnover
frequency of surface NbS, and behaves as a spectator. The optimal Cu/Nb molar ratio was
found to be 0.3, below which there is not enough Cu to ensure maximum sulfidation and above
which copper segregates to the catalyst surface and blocks NbS; active sites. The weight-based
sulfur-removal activity of the optimal catalyst was doubled in the presence of copper. This
study demonstrates that the bimetallic earth-abundant NbCu catalyst could be a promising
candidate for hydrotreating catalysis. Since Cu-promoted NbS; was found more active than
molybdenum sulfide per mass and surface area, the copper addition may be recommended for
thermodynamically limited

niobium oxide sulfidation to

promote NbS; formation as a

potential alternative to MoS; for

a variety of emerging

applications with transition

metal sulfides. The study also

demonstrates that the concept

of promotion in catalysis can be

extended to the assisted

increase of the number of active

sites, with no effect on their

performance during catalysis.
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2.2 Introduction

Transition metal sulfides (TMS) are known as efficient catalysts in the production of fuels from
petroleum-based feedstocks, renewable bio-oils, and syngas.'™ The tunable structural and
electronic properties of TMS also make them attractive and versatile for optoelectronics,!°
energy storage materials,'™13 and solar cells,'**> and as photo- and electro-catalysts for
hydrogen evolution®*® and CO, reduction?®?, For instance, ultrathin layered niobium disulfide
(NbS;) behaves as a semiconductor,?? while bulk NbS; is known for its superconductivity at low
temperatures.? The interest in TMS has been ignited for the purpose of fuel upgrading and coal
liquefaction.?* For decades, molybdenum sulfide-based catalysts have been used in petroleum
hydrotreating units for removing heteroatoms such as nitrogen, oxygen, and sulfur;125-33
however, other TMS across the periodic table from Group IVB to Group VIIIB also have shown
HDS activities better than MoS,.34 Lacroix et al.3® investigated HDS of DBT and hydrogenation of
biphenyl (BP) for the first- and second-row unsupported TMS. Following noble metal sulfides,
NbS; was the highest intrinsically active TMS, more active than MoS; and WS; catalysts. Among
the TMS examined, NbS; hydrocracked BP to single-ring products that revealed the particular
cracking and isomerization properties of an Nb species.3>3¢ Nb-based catalysts are acidic in
sulfide and oxide states.3>37:38 The higher HDS activities of niobium sulfides were further
verified in several studies.3%4% Niobium as dopant improved the DBT HDS and tetralin
hydrogenation activities of an industrial NiMo/Al,O3 catalyst.*! Opposed to the strong effects of
H.S on the performance of conventional HDS catalysts, the activity and durability of NbS; was
found insensitive to H,S partial pressure.364243 Moreover, Nb made the MoS,/Al,0; catalyst
insensitive to the H,S partial pressure as compared to NiMo/Al,03.#* Nb is 16 times more
abundant than Mo in the Earth’s crust® and, thus, represents a competitive alternative to MoS;
in affected applications.

NbS; and niobium trisulfide (NbSs) are the most common structures of niobium sulfides. NbS,
exhibits the same structural features as MoS,, a lamellar arrangement of trigonal prisms
[NbSe]*®4” in which metal layers are sandwiched between two sulfur layers within a hexagonal
cell.*® Mean sulfur bond energy in NbS; is 66 kcal/mol, which is similar to that of MoS; at 60
kcal/mol. Both elements have high energy of sulfur extraction;* however, the d-band filling of
NbS; is different than that of MoS;.*° NbSs consists of the same prismatic units, but the infinite-
fiber Nb-S slabs are formed by sharing the triangular face of [NbSe] prisms.3° NbSs is more active
in HDS than NbS,, which is likely due to the presence of anionic vacancies functioning as active
sites;3>36:3950 however, in general, the thermal stabilities of trisulfide structures (NbSs, MoSs,
WSs3) are low, and they transform to disulfides (NbS;, MoS,, WS;) under hydrotreatment
conditions, depending on reaction temperature, H>S partial pressure, and the textural
properties of the material.3>3¢

Despite the above-mentioned benefits of Nb-based catalysts, sulfidation of niobium oxides is
not as facile as sulfidation of MoO3 and W03.373951 The high affinity of niobium to oxygen
results in extremely stable niobium pentoxide (Nb,Os) and niobium dioxide (NbO2) compounds
with heats of formation at -380 and -395 kJ/mol, respectively, which are greater than MoOs (-
248 kJ/mol) and W03 (-279 kJ/mol).?? Reportedly, the hydrogen reduction of bulk Nb2Os
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initiates at 800 °C, which reduces to bulk Nb,O4 at 1300 °C.>? The Gibbs free energies for the
sulfidation of NbO; and Nb,Os with H,S at 600 K are positive, AG°= +82 and +108 kJ/mol,
respectively, as compared to MoOs (AG°= -119 kJ/mol);>* however, bulk NbSx can be obtained
from the elemental mixture of niobium and sulfur at elevated temperatures (i.e., 700 °C for
NbSs3 and above 800 °C for NbS;), which leads to sintering and low surface area (less than 3
m?/g).22:3646:50 Sych a high reduction/sulfidation temperature in a reductive atmosphere is not
industrially operable that hinders the usage of NbSy-based catalysts in many applications. It is
important to note that a strong metal-support interaction between Nb and oxide supports
further impedes its sulfidation.39°%°153 Allali et al.3° reported that a higher sulfidation of Nb
and, thus, HDS activity was obtained on carbon support as compared to alumina.

The objective of the present work was to demonstrate that the concept of promotion in
catalysis can be extended to the assisted increase of the number of active sites, with no effect
on their performance during catalysis. Herein, the sulfidation extent of Nb,Os at a practically
relevant temperature was increased with the addition of a promoter, copper being selected
based on thermodynamic calculations. The synthesized bulk catalysts were evaluated in HDS of
DBT (Scheme 1) at 325 °C and 3 MPa. The addition of copper led to higher Nb sulfidation, DBT
conversion, and improved sulfur extraction from hydrogenated sulfurous intermediates, and it
doubled the weight-time yield of sulfur-free products. Up to a certain Cu/Nb ratio, copper
promotes sulfidation but does not change the turnover frequency of surface NbS; and behaves
as a spectator. Above the optimal ratio, copper segregates to the catalyst surface and blocks
NbS; active sites. This is the first report on bimetallic NbCu as an HDS catalyst and as a
promotion of Nb>Os reduction and sulfidation by copper addition.

Scheme 1. DBT hydrodesulfurization pathways. A similar product distribution was reported
earlier.>*
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2.3 Experimental

2.3.1 Materials

Copper (ll) nitrate trihydrate, Cu(NOs)-3H,0, ammonium niobate (V) oxalate hydrate
(C4aHaNNbOg-xH;0), niobium (V) chloride (NbCls), ammonium heptamolybdate tetrahydrate
(H24Mo07N6024.4H,0), and cobalt (I1) nitrate hexahydrate (Co(NOs),.6H,0) from Sigma—Aldrich
were used for catalyst preparation. Pluronic P123 triblock co-polymer ((EO)20(PO)70(EO)20,
ethylene oxide (EO), propylene oxide (PO), MW= 5800, from Sigma Aldrich) was employed to
synthesize high surface area catalysts. Gamma-alumina (y-Al,O3, 150 mesh, 100 um diameter,
average pore diameter of 58 A, BET=155 m?/g) from Sigma-Aldrich was used as the catalyst
support. Ammonium hydroxide (50 vol. %) from Ricca Chemical Company was used as a
precipitating agent. 1000 ppmw sulfur as dibenzothiophene (DBT, C12HsS, Sigma-Aldrich) was
dissolved in n-decane (Fisher Scientific) as a solvent with 3.5 wt% n-dodecane (Sigma-Aldrich) as
the internal standard, and it was used as a model fuel for HDS reaction. Carbon disulfide (CS;,
Sigma-Aldrich) was dissolved in n-decane at 10 wt% and was used for sulfidation. Ultra-high
purity (99.999%) argon and hydrogen gases were purchased from Praxair Canada.

2.3.2 Catalyst preparation

A series of bulk bimetallic NbCuy catalysts (x represents the molar ratio of copper to niobium)
catalysts were prepared via a coprecipitation method using oxalate species and ammonium
hydroxide as the precipitating agents. Ammonium niobate (V) oxalate hydrate and niobium
chloride were used as the niobium precursors. The former precipitates copper species without
using external precipitant.>> Ammonium hydroxide was used as the precipitant in the case of
niobium chloride precursor. High surface area catalysts were prepared via a soft-templating
approach.

Preparation of low surface area catalysts (BET below 10 m?/g): The low BET surface area
catalysts were prepared using niobium oxalate species. Typically, to synthesize NbCug 3, about
18.8 mmol of niobium precursor would be dissolved in 20 ml of distilled water to reach a clear
solution; however, the copper-containing solution was prepared by dissolving 4.6 mmol of
Cu(NOs)2:3H,0 in 5 ml of distilled water. Next, the copper solution was quickly injected into the
niobium solution while mixing vigorously, which led to the formation of a blue precipitate. The
slurry was mixed for 30 min to achieve a homogeneous mixture, and then it was dried at 110 °C
for 24 h without filtration. The synthesized catalysts were calcined in static air at 400 °C for 4 h
before characterization and reaction (based on the TGA profile, Figure S1 in Supporting
Information). Monometallic Nb, Cu, and Mo catalysts were prepared by calcination of a
corresponding dried precursor (110 °C, overnight) at 400 °C for 4 h.

Preparation of high surface area catalysts (BET above 10 m?/g): Pluronic P123 triblock co-
polymer was used to increase the BET surface areas of the bulk catalysts. The high BET surface
area catalysts are labelled as NbCux-M where M represents the value of BET surface area

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019



2015-03 Upgrading catalysts Page 16 of 126

measured after sulfidation at 400 °C for 20 h. The amount of P123 in the synthesis solution was
optimized to achieve the highest BET surface area for NbCug.3 sample, as the best Nb-based
bimetallic catalyst in HDS catalysis. To synthesize NbCuo3-51 catalyst (BET=51 m?/g), 28.2 mmol
of NbCls was dissolved in 20 ml of ethanol in which 6.9 mmol of Cu(NOs);:3H,0 was then added
resulting in the formation of a green solution with no precipitation. The obtained solution was
added dropwise into 50 ml ethanol containing 3.5 g P123. After 1 h of mixing at room
temperature, ammonium hydroxide was added dropwise to form a blue precipitate at the pH of
11.0. The slurry was mixed for 1 h at room temperature and then at 50 °C for 24 h. Similarly, in
the case of oxalate precipitation, 28.2 mmol of niobium oxalate in 20 ml distilled water was
added into 50 ml ethanol containing P123. After 1 h mixing, the copper solution was added to
form a blue precipitate; however, the humidity of the slurry was kept consistent by adding ~40
ml of distilled water. Monometallic Mo-19 catalyst was prepared by dropwise addition of an
aqueous solution of molybdenum 2 M in 50 ml ethanol containing P123. Bulk CoMo-14 was
prepared by incipient wetness impregnation (IWI) of calcined Mo-19 with an aqueous cobalt
solution to reach Co/Mo molar ratio of 0.3. All the synthesized catalysts were dried at 65 °C and
then 110 °C for two successive days followed by 4 h calcination in static air at 400 °C.

Conventional Al;Os-supported CoMo catalyst (CoMo/y-Al,03, 12.0 wt% Mo and 2.0 wt% Co)
was synthesized via a successive IWI method (first Mo and then Co) with interval drying at 100
°C and 4 h calcination at 500 °C. Before each HDS test, the catalysts were grounded and sieved
to 125 um particle size.

2.3.3 Catalyst characterization

High-resolution transmission electron microscopy (HRTEM) and scanning transmission electron
microscopy (STEM) coupled with energy dispersive X-ray spectroscopy (EDS) analyses were
conducted using a JEOL JEM-ARM200cF S/TEM, which is equipped with a cold Field-Emission
Gun (cFEG) and a probe Cs corrector. EDX maps were acquired on the gold TEM grids using a
Silicon Drift (SDD) EDS detector at an acceleration voltage of 200 kV. Field Emission Scanning
Electron Microscopy (FESEM) images coupled with energy dispersive X-ray spectroscopy (EDS)
were recorded using a scanning electron microscope (Zeiss Sigma FESEM/ EDS & EBSD).
Silicon wafer was used for EDS analysis. XPS analyses were performed with a Kratos Axis 165 X-
ray photoelectron spectrometer using a Mono Al Ka source that operates at 14 kV and 15 mA.
Angle-resolved XPS analyses at 0 and 60 degrees were acquired on thin pelettized forms of
samples. Peak analyses were performed using a CasaXPS software package, and the XPS spectra
were corrected with C 1s at 284.8 eV. X-ray diffraction (XRD) patterns were recorded using a
Rigaku Ultima IV diffractometer equipped with a D/Tex detector, iron filter, and Co Ka radiation
(A=1.78899 A). The diffraction patterns were collected from 5 to 90 degrees on a continuous
scan at 2 degrees 2-theta per minute with a step size of 0.02 degrees. Data interpretation was
performed using JADE 9.6 with the 2016 ICDD and 2016 ICSD databases. Specific surface area
(BET) analyses were conducted using an Autosorb-iQ Quantachrome. About 0.3 g of sample was
degassed under vaccuum at 130 °C for 2 h before each analysis. Hydrogen temperature-
programed reduction (H2-TPR) was performed using a Micromeritics Autochem Il 2920
apparatus equipped with a thermal conductivity detector (TCD). About 100 mg of the calcined

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019



2015-03 Upgrading catalysts Page 17 of 126

catalysts were degassed by helium (He) at 150 °C for 1 h. TPR analysis was performed using a 10
ml/min of 10 mol% H, in argon (Ar) at the heating rate of 10 °C/min from room temperature up
to 900 °C. Ammonia (NH3) chemisorption analyses were performed using the same device. The
sulfided sample was treated with He at 120 °C for 1 h and then cooled down to 100 °C. Next, a 5
mol% NH3/He was micropulsed to determine the amount of adsorbed NHs. Diffuse-reflectance
infrared Fourier-transform (DRIFT) spectra of the calcined samplese were collected using NEXUS
670 FT-IR fitted with a smart diffuse reflectance accessory. About 50 mg of the sample was
mixed with 500 mg of dried KBr for each measurement. DRIFT spectra were recorded three
times against a KBr standard with 256 scans and a resolution of 4 cm™. The resolution
enhancement and data processing were performed with OMNIC software. Thermogravimetric
analysis (TGA) was performed using a Mettler Toledo TGA/DSC1 STARe System. About 20 mg of
the dried sample was loaded in an alumina crucible, and the temperature was increased to 700
°C at a rate of 10 °C/min under 50 ml/min nitrogen gas.

2.3.4 Catalytic experiments

HDS of DBT was conducted at 325 °C and 3.0 MPa hydrogen pressure using a fixed-bed plug-
flow reactor (stainless steel, L=22", i.d.=0.5"). The catalysts were diluted with silicon carbide
(mesh 120, 14:1 weight ratio) to achieve isothermal plug-flow conditions in the reactor. The
effects of the reactor wall and axial dispersion were calculated as negligible.>® The absence of
external and internal mass transfer limitations was verified by Mears and Weisz-Prater criteria,
respectively. The heat transfer limitations were found to be negligible by Mears criterion.>” The
calculation procedure was explained elsewhere.’® The catalysts were sulfided in situ before
each HDS reaction. The sulfidation method was optimized to achieve the highest HDS activity at
practical operating conditions. Typically, the pressurized reactor (with pure hydrogen gas at 3.0
MPa) was heated at a rate of 8 °C/min up to 175 °C where the sulfidation feed (10 wt% CS; in n-
decane) was introduced into the reactor downward at 0.05 ml/min using a Series Il high-
pressure pump. The amount of CS; in n-decane during sulfidation corresponded to pH.S/pH: of
0.01. The liquid feed was pre-mixed with 100 ml/min hydrogen gas before it was fed into the
reactor. Then, the temperature ramped at 5 °C/min up to 400 °C, where it was maintained for
an additional 20 h. After cooling down the system to 325 °C under sulfidation conditions, a
model liquid fuel containing 1000 ppmw sulfur as DBT in n-decane (as solvent) with 3.5 wt% n-
dodecane as the internal standard was then introduced into the reactor at 0.05 ml/min. The
liquid feed was mixed with 100 ml/min hydrogen gas to reach the hydrogen-to-liquid molar
ratio of 16. The used WHSV are listed in the Supporting Information (Table S1). All the HDS
experiments were performed for 24 h on-stream with overnight stabilization to reach the
steady-state conditions. The difference in conversion between 6 and 24 h on-stream was below
5%. During the HDS reaction, the pH.S/pH, was adjusted at 2.55x10 using the concentration of
DBT in the feed stream to stabilize the structure in its sulfide state. This ratio is 7 orders of
magnitude higher than the required thermodynamic value as shown below.>?

Indentification of the reaction products was carried out off-line by a gas chromatography
coupled with mass spectrometry (GC-MS) using a Hewlett Packard G1800A GCD GC-MS
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equipped with a DB5-MS column (25 m, 0.25 mm, 0.25 pum film thickness) and an enhanced
ChemStation G17001AA, version A.03.00. The quantitative analyses of DBT and the reaction
products were performed using the internal standard in the feed with a calibrated Agilent
7890A gas chromatograph equipped with a H-PONA Agilent capillary column (50 m, 0.25 mm,
0.25 um film thickness) with a flame ionization detector. No cracking of the solvent and internal
standard alkanes was observed by GC-MS. The carbon mass balance was above 96%.
Selectivities were reported on molar basis as a fraction of mole of product per mole of all
reaction products. As indicated in Scheme 1, the reaction products were categorized into direct
desulfurization (DDS), hydrogenation (HYD), and hydrocracking (HCK). The selectivity to the
direct desulfurization (DDS) path was the selectivity to biphenyl. The selectivity to the HYD path
was the summation of selectivities to cyclohexylbenzene (CHB), bicyclohexyl (BCH),
tetrahydrodibenzothiophene (THDBT), and hexahydrodibenzothiophene (HHDBT). HCK
selectivity includes benzene and cyclohexane. For the reaction rate calculation, rate constants
were calculated from exit conversions based on a first-order rate law, followed by the constant
multiplication by the initial concentration of DBT in the feed. The reported conversions are
subject to 10% experimental error. For selectivities, two standard deviations were 3%.

2.4 Results and discussion

2.4.1 Thermodynamics of niobium oxide sulfidation

The target was to overcome the thermodynamic limitations of the NbSx phase formation by
alloying with another metal sulfide in such a way that the resulting structure would maintain
similarities with a catalytically active NbSy edge. To achieve this, the second metal should have
a significantly low negative Gibbs free energy (AG®) of sulfidation to offset the high positive AG®
of Nb,Os sulfidation. Furthermore, the promoter should possess lower surface free energy than
niobium and should form sulfide that is less stable than NbSx. This way, the promoter would
concentrate on the surface of Nb and provide active sites for S activation through H,S
dissociation. Once the sulfur is adsorbed on the promoter, its migration to Nb should be
favored, which is possible if Nb sulfide free energy is lower than the promoter sulfide free
energy. As an example,®® when sulfur adsorbs on Pt, it stays on its surface instead of migrating
into the bulk because of the much lower surface free energy of sulfur than Pt. On the other
hand, Cu and Zn have lower surface free energies than Pt when they concentrate on the
surface, but Zn does not promote Pt sulfidation. This is due to the much stronger Zn-S bond
that prohibits the migration of sulfur from the surface into the bulk of Pt; whereas, the Cu-S
bond is less strong than the Pt-S bond at facilitating sulfur migration into Pt bulk.>®

According to the above-mentioned criteria, we investigated several metal sulfides as an alloying
component for Nb, such as Cu, Fe, Co, Mo, V, Cd, Cr, Zn, W, and Mn. We excluded Pt-group
metals in this study because of their high cost and limited availability in nature. Based on the
thermodynamic data,>! Fe, Co, Ni, Cr, Zn, and Mn have a positive or not low enough negative
AG° of sulfidation to promote Nb,Os sulfidation. Vanadium sulfide was found to be more stable
than niobium sulfide. The stability of MoS, and WS; are slightly lower than that of NbS;,>* which
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may not provide a sufficient driving force for sulfur migration from Mo or W to niobium.
Overall, only Cu and Cd satisfied the selection criteria; however, Cd is one of six hazardous
materials listed in the Restriction of Hazardous Substances Directive adopted in 2003 by the
European Union. This leaves Cu as the potential candidate to promote niobium oxide
sulfidation.

Literature indicates that CugesNbS; is the most abundant Cu-Nb-S species.®%®! Its preparation
from individual oxides is described below:

0.65 CuO(s) + 0.5 Nb2Os(s) + 2 H2S(g) + 1.15 Ha(g) < CuossNbSz(s) + 3.15 H20(g) (1)

The Gibbs energy of formation of Cuo.esNbS; from elements can be calculated based on the
approach proposed for mixed sulfides from individual sulfides (i) based on the assumption of
ideal mixing. Ni is the mole fraction of a component sulfide in the formation reaction, which is
0.65/2 for CuzS and 1 for NbS; %2

Figure 1a shows the Gibbs free energies of formation of mono- and bimetallic sulfides from
corresponding oxide structures using H,S and H; as a function of temperature in the range of
300-650 °C. The thermochemical analysis reveals that the addition of Cu to Nb,Os removes the
thermodynamic limitation for sulfidation of Nb,Os. The large difference between the stability of
NbS; (AG®), 600 k = -330 kJ/mol) and CuzS (AG®s), 600 k = -56 ki/mol) should promote sulfur
migration from copper sulfide to NbOy species. Figure 1b displays the required HS to H; partial
pressure ratios for the stability of the alloyed sulfide NbCu structure as a function of
temperature. The low ratio in the order of 10 indicates that the sulfide will be stable under
typical hydrotreating conditions.

The structure of CuossNbS; was described previously.®%6! Niobium ions are present in the
centers of the trigonal prisms of sulfur ions that are similar to NbS,, which may provide a similar
performance in catalytic reactions. However, the stacking of copper-intercalated NbS, differs
from the pure NbS; crystal, which may provide synergistic or antagonistic effects as compared
to the pure NbS.. Besides, the lower surface energy of copper may prevent its migration to the
bulk of the Nb material and can even block niobium active sites. Thus, in the following
experimental work, we synthesized, characterized, and evaluated the HDS activity of NbCu
materials with different Nb/Cu ratios.
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Figure 1. (a) Gibbs free energy of formation of metal sulfides from oxide structures using HS
and Hy; (b) required H,S/H; partial pressure for stability of bimetallic NbCu sulfide as a function

of temperature.
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2.4.2 Catalyst characterization

Table 1 illustrates the physicochemical properties of the synthesized mono- and bimetallic
catalysts. The surface areas were measured after sulfidation under pH,S/pH, of 0.01 and 400 °C
for 20 h. The adsorption-desorption isotherms are shown in the Supporting Information.
Precipitation using oxalate species resulted in the low surface area materials (below 10 m?/g),
which is in agreement with previous studies for the Nb materials.?23%4650 The surface areas
were improved up to 53 m?/g using a Pluronic P123 template. The highest BET surface area
obtained for Mo-based sample was 19 m?/g which reduced to 14 m?/g after the addition of
cobalt. Table 1 also lists the amounts of chemisorbed ammonia, as an indication of the acidic
properties of the sulfided catalysts. Niobium-based catalysts exhibited the higher ammonia
uptakes per surface area as compared to the Mo and CoMo catalysts, which agrees with the
acidic nature of the oxidized niobium.3>3738 The addition of copper reduced the amount of
ammonia uptakes concomitant with the sulfidation degree and surface blockage by copper, as
demonstrated below in the XPS section.

Table 1. Physicochemical properties of the synthesized catalysts.

Metal loading* P123/Nb | Suurt Chemisorbed NH;

Catalyst (wt%) (mol) (m?/e)

Nb Cu umolyus/geat | UMolyns/m?

Nb 70 0 0.0 3 10 3.3
NbCuo.1 65 6 0.0 3 9 2.8
NbCuo 3 61 10 0.0 6 14 2.3
NbCug s 54 18 0.0 4 10 2.6
NbCui,o 44 30 0.0 6 13 2.2
Nb-53 70 0 0.75 53 192 3.6
NbCuo 3-28 61 10 1.50 28 7 2.7
NbCug3-39? 61 10 0.05 39 97 2.6
NbCug3-512 61 10 0.75 51 130 2.6
Mo 0 0 0.0 10 9 0.9
Mo-19° 0 0 1.50 19 18 11
CoMo-14° 0 0 1.50 14 14 1.0
CoMo/Al,05° 0 0 - 94 198 2.1

aprepared by Nb chloride precursor; ® Mo loading 67%; < Mo loading 12 wt% and Co loading 2 wt%; 4 metal loadings
balanced with oxygen in the calcined samples; ¢ BET surface areas of sulfided catalysts.

Figure 2 exhibits the TPR profiles of selected calcined catalysts. The amount of monometallic Nb
and Cu catalysts corresponds to the niobium oxide (Nb,Os) and copper oxide (CuO) content of
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the NbCuos sample. The reduction of monometallic bulk niobium oxide (Nb,Os) and copper
oxide (CuO) occur at around 730 °C and 350 °C, respectively, which is in agreement with
previous studies.>>%3 For bimetallic catalysts, the reduction peak of Nb,Os shifted to lower
temperatures in the presence of copper and partially merged with the CuO reduction peak. The
small peak at 585 °C disappeared when Cu/Nb was increased. This finding indicates the
facilitative effect of copper on the reduction of Nb,Os and suggests the formation of a
bimetallic CuxNb,O; structure. A decrease in the reduction temperature of CuO in the bimetallic
catalysts that is lower than bulk Cu catalyst also could be due to the formation of dispersed CuO
species in the presence of niobium.%*

Figure 2. TPR profiles of calcined catalysts. The inverted TCD signal reflects hydrogen
consumption. The amounts of monometallic Nb and Cu catalysts corresponds to the Nb2Os and
CuO content of NbCuo.s sample.

XPS analyses of calcined and sulfided catalysts are shown in Figure 3 and Table 2. The high-
resolution XPS spectrum of bulk calcined Nb shows two peaks at the BEs of 207.3 and 210.1 eV,
respectively, which corresponds to Nb 3ds/2 and Nb 3ds/2 core levels of Nb>* in Nb20s.55%¢ These
peaks shifted to the lower BEs in the calcined bimetallic samples, which correlated to the Cu/Nb
molar ratio (Figure 3a). For instance, the Nb 3ds/, peak moved from 207.3 eV in Nb to 207.0 and
206.7 eV in the case of the NbCuo.s and NbCu1 0 samples, respectively. On the other hand, the
Cu 2p core levels in bimetallic materials shifted to the higher BEs as compared to bulk Cu
(Figure 3c). This reveals the charge transfer between niobium and copper species and the
formation of bimetallic CuxNbyO, structure, in agreement with the TPR results (Figure 2).
Compared to the calcined samples, the Nb 3d peaks of sulfided catalysts shifted to the lower
BEs at 203.7 eV and 206.5 eV where the BEs of niobium disulfide (NbS2) occur?%®’ (Figure 3b
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and Table 2). This also correlates with the Cu/Nb ratio in the sample and implies the facilitative
effects of copper on niobium oxide sulfidation. The Cu 2p doublets in the XPS spectra of
sulfided samples negatively shifted toward the BEs of copper sulfide (Figure 3d). The S 2ps2and
S 2p1/2 peaks at BEs of 162.0 and 163.1 eV further confirms the formation of NbS; (Figure 3e).®”
Note that the NIST XPS database does not contain information on the CuxNb,S, materials. The
Nb 3ds/, peak of niobium carbide and metallic niobium at BEs of 202.5 eV and 202.2 eV,
respectively, were not observed in the XPS spectra of the sulfided materials.®>®

Table 2. Binding energy values of Nb 3d and Cu 2p in selected sulfided catalysts.

Binding Energy (eV)
Sample NbS; NbOy Nb,Os
Cu 2p3); Cu 2p1/2
Nb3ds, | Nb3ds, | Nb3ds2, | Nb3ds, | Nb3ds; Nb 3d3/2
Nb 203.9 206.7 205.2 207.9 208.0 210.7 - -
NbCuo.1 203.8 206.6 205.1 207.8 207.3 210 932.5 952.3
NbCuo.3 203.8 206.5 204.7 207.6 207.0 209.6 932.7 952.6
NbCug s 203.7 206.4 204.6 207.4 206.8 209.5 932.6 952.5
NbCui,o 203.7 206.4 204.5 207.3 206.6 209.3 932.5 952.4

Figure 3. XPS spectra: Nb 3d core levels of (a) calcined and (b) sulfided samples; Cu 2p core
levels of (c) calcined and (d) sulfided materials; (e) S 2p core levels of sulfided samples, and (f) O
1s core levels of sulfided catalysts; sulfidation at 400 °C for 20 h.

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019



2015-03 Upgrading catalysts Page 24 of 126

Deconvolution of the XPS spectra revealed that oxide and sulfide phases are simultaneously
present in the sulfided samples (Figure 4a and Table 3). The Nb sulfidation ratio (fraction of
NbS;in the sample) was calculated based on the area of deconvoluted peaks that correspond to
NbS;, unreduced Nb;Os, and partially reduced Nb2Os shown by NbOy. Most likely, Nb2Os
undergoes a reduction process to form niobium oxides with lower oxidation states (a mixture of
NbO, and NbO shown by NbOy) and then transforms to the NbS; structure.

Niobium sulfidation increased with the sulfidation temperature and duration (Figure 4b) as well
as operating pressure; however, it was more sensitive to temperature, while sulfidation time
was only pronounced at low temperatures below 400 °C. For example, a 50-degree increase in
the sulfidation temperature from 350 to 400 °C led to a 33% enhancement in the niobium
sulfidation ratio. Unlike sulfidation at 350 °C, no significant difference was observed in Nb
sulfidation at 400 °C between 4 h and 20 h. On the other hand, pressurizing the system from 0.1
to 3.0 MPa at 400 °C promoted niobium sulfidation by around 20%. The highest Nb sulfidation
was obtained above 400 °C, in agreement with a previous study?® in which the highest HDS
activity of carbon-supported niobium catalyst was obtained by sulfidation at 400 °C. No
appreciable sulfidation enhancement was observed by increasing the sulfidation temperature
from 400 °C to 450 °C (Figure 4b), and given that higher temperatures approach the
autoignition temperature of hydrogen, temperatures above 450 °C were not assessed. The BET
surface area had a minor effect on the sulfidation ratio of niobium. Increasing the surface area
of NbCuo 3 sample from 6 to 28 m?2/g only enhanced the fraction of NbS; from 60 to 68 %.
Chlorine species were not identified in the XPS spectra, confirming a complete decomposition
of NbCls precursor during calcination and sulfidation. The sulfidation ratio of bulk Mo under
identical conditions was 74% (Figure S3, Supporting Information), which is close to Mo-19 and
CoMo-14 samples with 80 % MoS; fraction. Allali et al.3° reported that the highest niobium
sulfidation ratio at 400 °C using H,S was obtained over the Nb-based catalyst that dried at room
temperature. Here we found that the dried NbCuo s sample exhibited a negligible sulfidation
ratio. The formation of NbS; also grew when increasing copper content of the materials. It
maximized at around 64% for the Cu/Nb molar ratio of 0.5 and then leveled off for higher
copper content in the catalysts (Figure 4c and Table 3).

Elemental surface composition obtained by angle-resolved XPS (Table 3) shows that the surface
composition of sulfided NbCuo.3 and NbCu1,0 materials is similar to the bulk composition and
does not change with a depth between 0 and 60 degrees acquisition angles that approximately
correspond to top 8 and 4 nm.%° On the other hand, copper was more concentrated on the
surface of the NbCuo s catalyst, even though this catalyst was supposed to reflect the desired
Cuo.65sNbS> material described in section 3.1. This could be due to the higher surface free energy
of copper versus niobium.
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Figure 4. (a) Deconvoluted XPS spectra of sulfided NbCuo s (sulfidation at 400 °C, 20 h); (b)
effects of temperature and duration on Nb sulfidation ratio (sulfidation was performed for 20 h
unless otherwise specified); (c) fraction of NbS; and Nb,Os as a function of Cu/Nb molar ratio in
the catalyst sulfided at 400 °C for 20 h.

Table 3. Surface amounts of sulfided, partially reduced, and unreacted Nb,Os in the sulfided
catalysts calculated by the areas of corresponding deconvoluted peaks; and elemental surface
composition in sulfided samples determined by angle-resolved XPS at 0 and 60'.

Surface atomic composition .
sulfided Amount in the sample (%) (%) at 0 Surface ratios at 0 and 60
samples NbS; | NbO, | NbOs | Nb Cu s c“é[\'b' c“6/ (')\fb' S/ gfb' Ségf"
Nb 39 10 51 51 - 49 - - 0.96 -
NbCuo.1 54 15 31 32 11 57 0.34 - 1.8 -
NbCuo.3 60 21 19 37 9 54 0.24 0.26 15 13
NbCuo s 64 20 16 24 21 56 0.87 0.98 2.3 2.0
NbCui,o 64 20 16 22 19 59 0.86 - 2.7 -
Nb-53 44 10 46 52 - 48 - - 0.92 -
NbCuo 3-28 68 11 21 32 9 59 0.28 - 1.8 -
NbCug3-39 52 10 38 39 4 57 0.10 - 15 -
NbCug3-51 51 10 37 40 5 55 0.12 - 14 -

The XRD patterns of sulfided bimetallic samples in Figure 5 show the formation of copper
niobium sulfide (Cuo.ssNbS;) crystallite along with the presence of copper sulfide (Cu,S) in
bimetallic samples. The XRD peaks of bimetallic samples can be indexed with the hexagonal
Cuo.6sNbS; structure (PDF 00-015-0409, space group: p63/mmc). The structure also was
identified in the XRD patterns of high surface area NbCuo 3 sulfide materials (Figure S3 in the
Supporting Information). Monometallic sulfided Nb catalysts were found amorphous
irrespective of the utilized synthesis techniques, niobium precursors, and the BET surface area.
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Figure 5. XRD patterns of calcined (a) and sulfided (b) samples; peaks assignment according to
the PDF 00-015-0409 for Cuo.ssNbS; and 97-010-0333 for Cu,S.

The XRD patterns of calcined samples (Figure 5a) show the significant suppression of
monometallic CuO peaks when Cu is added to the amorphous NbO,. The possible formation of
CuxNb,O; structures, which was also seen from the XPS and TPR results (Figures 2 and 3), was
further verified by DRIFTS of the calcined samples. The bimetallic calcined NbCuy materials do
not show characteristic bands of the calcined Cu, while the peaks of calcined Nb were
significantly affected (Figure 6). Such intimate degree of interaction between Nb and Cu in the
calcined samples may be beneficial for the further copper-assisted sulfidation, but at the same
time may affect the properties of required Nb sulfide phase, which will be assessed in the
catalytic section 3.3.

Figure 6. DRIFT spectra of calcined catalysts with the enlarged hydroxyl region ca. 3500 cm™.
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Figure 7 shows the typical surface views of the mono- and bimetallic catalysts after calcination
and sulfidation at 400 °C. The addition of copper promoted the formation of small flake-like
structures in the sulfided state. According to the FESEM-EDS mapping analysis (Figure 8) these
structures are rich with copper that could be copper sulfide (Cu,S) structure as identified in the
XRD patterns. This is also in line with the XPS tilting experiment, revealing that copper species
are concentrated on the surface of NbCuos sample (Table 3). These isolated small flakes may
behave as spacer between the sulfided layers, leading to the BET surface area enhancement as
observed in the case of NbCug 3 catalyst.

HRTEM image of sulfided Nb and bimetallic NbCuo 3 catalysts (high- and low-surface areas)
along with their STEM-EDS analyses are shown in Figure 8 and Figure S4 (Supporting
Information). Monometallic Nb and Nb-53 catalysts were found amorphous (Figure 8a and
Figure S4), which agrees with the XRD data; however, the layered NbS; phase partially formed
after sulfidation with an interplanar spacing of 7.0 A corresponding to the (002) plane of NbS,.
On the contrary, bimetallic NbCuo.3 samples were crystalline with hexagonal fast Fourier
transform (FFT) patterns and fringe spacings of 2.9 A, 3.2 A, and 6.6 A that can be attributed to
the (100), (004), and (002) planes of Cuo.ssNbS; structure, respectively (Figure 8b and Figure
S4b-c), which also agrees with the XRD data (Figure 5b and Figure S3). The EDS elemental
mappings of bimetallic NbCu samples exhibit a homogeneous association between niobium,
copper, and sulfur, suggesting the formation of bimetallic structures (Figure 8c and Figure S4b-
c), with some copper segregation to the surface (Figure 8c).

Figure 7. FESEM images of selected materials: calcined Nb (a), NbCuo3 (b), and NbCuo:s (c)
catalysts; sulfided Nb (d,g), NbCuo s (e,h), and NbCuos (f,i) samples. High-magnification FESEM
images of sulfided Nb (g), NbCuo 3 (h), and NbCugs (i).
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Figure 8. HRTEM images of Nb (a) and NbCuo 3 (b) catalysts; (c) FESEM-EDS mapping of NbCuo 3
catalyst; all after sulfidation at 400 °C; inset in (b): fast Fourier transform (FFT) pattern.

Thus, the characterization results revealed that the copper addition to Nb promoted its
sulfidation and led to the formation of Cuo.ssNbS, material, with some Cu,S crystallites
concentrated on the surface, depending on the synthesis method, and residual unsulfided
NbOx.

2.4.3 Catalytic performance in HDS of DBT

The catalytic properties of the synthesized catalysts were assessed in the continuous HDS of
DBT at 325 °C and 3.0 MPa for 24 h on-stream (Figure 9, Table S1). The catalysts were
presulfided in situ at 400 °C for 20 h before each HDS test. The amount of sulfur in the feed
during sulfidation and reaction was 9 and 7 orders of magnitude higher than the required ratio
of partial pressure of pH,S/pH; to stabilize NbS,, respectively (Figure 1b). Figure 8a compares
the DBT consumption rates of sulfided Nb, NbCu and Mo catalysts at the same amount of
niobium (or molybdenum) in the reactor. A negligible conversion obtained over a reduced
unsulfided Nb catalyst (around 1% DBT conversion after 24 h) confirmed the necessity of Nb
sulfide for the HDS catalysis and relative inactivity of NbOx for hydrocracking. Sulfided Nb
exhibited a higher activity than the Mo catalyst consistent with previous studies,*>>*° even
though Mo sulfidation extent was found to be similar to the NbCu materials (74%, Figure S5).
Figure 8a exhibits the reaction rates as a function of Cu/Nb molar ratio, calculated based on the
first-order reaction at the initial concentration of DBT in the feed. The activities are normalized
per molar amount of Nb and fraction of NbS; (or MoS,) in the catalysts determined from XPS
spectra (Table 3). Compared to the monometallic Nb, the addition of copper enhanced the HDS
activity per total Nb loading in the reactor (Figure 9a), while monometallic Cu catalyst was
found inactive. The reaction rate depends on the Cu/Nb molar ratio following a volcano trend;
it increased with the copper loading in the sample and maximized at Cu/Nb molar ratio of 0.3
and then decreased for the higher Cu/Nb ratios (Figure 9a,b).

The characterization results showed that copper addition resulted in the increased amount of
sulfided Nb. To assess whether the sulfidation promoter has any effect on the intrinsic catalytic
activity of sulfided Nb, turnover frequencies (TOF) were calculated based on the reaction rates
of DBT consumption. The amounts of the active sites (sulfided Nb) were calculated from the
total Nb content in the sample normalized per catalyst surface area (Table 1) and per molar
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fraction of the sulfided Nb in the uppermost surface layer as determined from XPS with 60°
tilting (Table 3). For the three samples of Nb, NbCuoz and NbCug s, such normalization resulted
in the same TOF of (3.6+0.4)-10® molosr/(m?2nbs2-s). Selectivities to DDS and HYD paths remained
unchanged at similar DBT conversions (Table S1). The increased sulfur extraction from sulfurous
intermediates in the presence of copper (Figure 9c) may also be ascribed to the increased
sulfidation degree. This indicates that copper presence does not affect the electronic properties
of sulfided Nb for HDS of DBT and copper behaves as a spectator.

The volcano trends observed in Figures 9a-d can be explained by the increased amount of
sulfided Nb active sites in the presence of copper, that above a certain point (Cu/Nb ratio of
0.3) segregates to the catalyst surface (as seen from XPS, Table 3, and EDS mapping, Figure 8c)
and blocks active sites. This site blockage also manifests itself in the drop of catalyst acidity as
measured by NHs chemisorption (Table 1) and suppressed contribution of the DBT
hydrogenation path versus direct desulfurization (Scheme 1). Thus, at high concentrations,
copper becomes detrimental to the catalyst performance and serves as a textural negative
promoter.

To increase the mass-based catalyst activity, relatively high surface area materials were also
prepared. Their catalytic behavior is summarized in Figures 9e,f and Table S1 (Supporting
Information). As expected, an order-of-magnitude higher surface area resulted in the similar
increase of mass-based rates and weight-time yields. The catalyst activities surpassed those of
sulfided Mo and approached the activity of a promoted CoMo bulk catalyst.

Figure 9. Reaction rates and products yields in HDS of DBT at 325 °C and 3.0 MPa after 24 h on-
stream for (a-d) low-surface-area and (e-f) high-surface-area materials. The samples were
presulfided in situ at 400 °C, 20 h.

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019



2015-03 Upgrading catalysts Page 30 of 126

For a reference, the total catalyst mass-based activity of a supported CoMo/Al,Os3 catalyst (12
wt.% Mo, 2 wt% Co) was 7-fold higher than the activity of bulk NbCu3-39 sample (Table S1). In
the present report, we did not aim to complete the development of a supported catalyst to
surpass the activity of industrial CoMo/Al,Os catalyst. Our objective was to demonstrate the
concept of a promoter selection for the otherwise thermodynamically-unfavorable preparation
of transition metal sulfides. In terms of a practical application of the developed bulk materials,
the NbCuo s sulfide surpasses the HDS activity of unsupported MoS; (Figure 9a, e) and may be
recommended to replace the latter in relevant applications, such as in slurry hydrotreaters and
bitumen partial upgrading.’®’!

2.5 Conclusions

Sulfidation extent of Nb oxide to HDS-active NbS; was improved by the addition of copper that
removes the thermodynamic limitations of the sulfide phase formation. A series of bulk
bimetallic sulfided NbCu catalysts at Cu/Nb molar ratios of 0, 0.1, 0.3, 0.5, and 1.0 were
prepared. The formation of a CuossNbS; structure and an increased degree of Nb sulfidation in
the presence of copper was confirmed by XRD, TEM, and XPS. The Cu/Nb molar ratio of 0.3
showed the highest activity of DBT HDS, which could correlate with the fraction of sulfided
niobium. Copper surface segregation at the Cu/Nb ratio of 0.5 was observed by angle-resolved
XPS, which resulted in the activity loss. The copper presence did not affect the intrinsic activity
of available surface sulfide Nb and copper behaves as a spectator. However, the copper excess
above Cu/Nb ratio of 0.3 results in activity loss due to active site blockage, where copper can be
regarded as a textural negative promoter. The weight-time yield of the sulfur-free products for
the optimal NbCuo s catalyst exceeded the value for the Mo catalyst, at the same catalyst mass
loading in the reactor. The study demonstrates that an earth-abundant NbCu structure could be
a promising candidate for hydrotreating technologies. Copper addition may be recommended
for thermodynamically-limited niobium oxide sulfidation to promote NbS, formation as a
potential alternative to MoS; for a variety of emerging applications.
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2.7 Supporting Information

Figure S1. TGA profiles of Nb oxalate hydrate (fresh Nb) and dried CuNbo ;s material performed
under 50 ml/min N2 from 30 °C to 700 °C on 10 °C/min.
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Figure S2. Nitrogen adsorption-desorption isotherms of the sulfided catalysts; sulfidation at 400
°C for 20 h.
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Figure S3. XRD patterns of sulfided NbCuo.3 and NbCup3-28 (both prepared from Nb oxalate),
and NbCuo 3-51 (prepared from Nb chloride); peaks assignment according to the PDF 00-015-
0409 for Cup.esNbS, and 97-010-0333 for CusS.

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019



2015-03 Upgrading catalysts Page 38 of 126

Figure S4. TEM, HRTEM, and STEM-EDS images of sulfided catalysts: (a) Nb-53, (b) NbCuo3-28,
and (c) NbCup3-51.

Figure S5. Deconvoluted XPS spectrum of Mo after sulfidation at 400 °C for 20 h.
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Table S1. Products distribution in HDS of DBT at 325 2C and 3.0 MPa after 24 h on-stream

WHSV' | Mass Rate* Selectivity (mol %)
of cat. DBT
Catalyst (h*) conversion | (10° | DDS HYD HCK
(9) (%) Smolpet

kgeac' s) | BP |[BCH [CHB |HHDBT [THDBT | BZ | CH
Nb 75 0.3 32 2.5 49 | 7 | 26 1 12 |5 |<1
NbCuo. 70 | 0322 41 3.2 48 | 3 | 2] « 2 4 | <1
NbCuos 65 | 0.343 50 4.0 50 | 3 |4 | <« 1 4 | <1
NbCuos 58 | 0.388 34 2.1 58 | 2 |35 | <1 3 1| <1
NbCux.o 4.8 0.47 12 0.6 70| 3|11 <« 6 | 3
Mo 75 0.3 16 1.1 s4 | 2 | 25 1 16 | 1| <1
NbCuoz-28 | 90 0.05 37 378 |81 | 1 |15 <« 2 | <1<«
NbCuoz-39 | 90 0.05 52 605 | 71 | 3 |21 | <« 2 3 | <1
NbCuos-51 | 90 0.05 49 554 | 75 | 2 |20 | <« 2 1|«
Mo-19 90 0.05 24 27 | 9 | <] 2 1 2 5 | <1
CoMo-14 | 360 | 0.025 24 9.0 | 9% | <1 | 2 <1 2 <1 |«
CoMo/ALO; | 360 | 0.025 73 4310 | 95 | <1 | 4 <1 <4 | <1<«

* Based on rate constant calculated from a first-order rate law and initial concentration of DBT
in the feed.
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3 COLLOIDAL SYNTHESIS PROTOCOL OF SHAPE- AND DIMENSIONALLY-
CONTROLLED TRANSITION-METAL CHALCOGENIDES AND THEIR
HYDRODESULFURIZATION ACTIVITIES

This Section was published as

Mansouri A., Semagina N. Colloidal synthesis protocol of shape- and dimensionally-controlled
transition-metal chalcogenides and their hydrodesulfurization activities, ACS Applied Nano
Materials, 1, 4408-4412 (2018).

It is reprinted here with the permission from American Chemical Society, the permission is
attached to the report.

3.1 Abstract

We present a single-step ligand-directed colloidal synthesis protocol for a selective growth of
dimensionally- and shape-controlled niobium disulfide (NbS,) nanostructures. A systematic
modulation of the reaction conditions resulted in the development of monolayer nanosheets,
which alternatively grew as laterally confined (< 100 nm) 2D nanostructures using an
appropriate mixture of coordinating ligands with different functional groups. The lateral size
reduced to ~50 nm by increasing

the amount of chalcogen source

(CS2), which promoted the planar

growth to form 0D nanohexagons

and 1D hexagonal nanorods. A

non-coordinating solvent

suppressed anisotropic growth

and resulted in the formation of

0D nanospheres. Nanohexagons

with the highest fraction of

corner and edges active sites

delivered the highest activity in

dibenzothiophene

hydrodesulfurization
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3.2 Introduction

Two-dimensional (2D) transition-metal dichalcogenides (TMDCs) are of particular interest due
to their numerous exotic properties, especially when present as a single- or few atomic layers.'~
10 The lamellar van der Waals force allows the stabilization of single layers,®%'2 which, opposed
to inert graphene, exhibit a tunable chemical versatility in catalysis, energy storage materials,
and (opto)electronics.”!! The synthesis of such nanomaterials relies on the anisotropic growth
of nanocrystals, which is attributed to the surface energy difference between the edge and
planar facets.!? Therefore, it is a challenging task, particularly when controlling the shape, size,
and thickness is desired. Compared to the mechanical exfoliation and chemical vapor
deposition methods,*8 colloidal synthesis provides promising advantageous, such as relative
simplicity and a good control of the crystallinity and monodispersity of TMDCs.1%4713
Moreover, utilizing capping ligands with different electronic and geometric properties in the
solution facilitates the size and structure control via tuning the thermodynamics and kinetics of
crystallographic planes’ growth.>1°722 Despite a great progress in this field, the size- and shape-
controlled colloidal preparations of TMDCs are not well established and remain as a challenge
of paramount importance.

This study demonstrates a reproducible ligand-directed synthesis protocol for a selective
growth of shape-controlled 2D, 1D, and OD TMDC colloids at mild conditions (Scheme 1). We
chose niobium as a representative case because of its difficult gas-solid sulfidation that requires
high-temperature (>750 °C) to produce NbS,.182324 Herein, the 0D-2D classification is based on
the number of dimensions which exceed 100 nm (i.e., are outside of the nano-size range). We
discovered that, besides the amount of sulfur, a modulation between the capping ligands,
possessing amine and carboxylic acid functional groups, directs the growth of nanocrystals and
thus the dimension and shape evolution of NbS,. An increased fraction of oleic acid (OAc) in
oleylamine (OAm) promoted the formation of ultrathin nanosheets, whereas shape- and
laterally confined 2D nanostructures were obtained at a reduced OAc content. The amount of
CS, was found to be important to determine the lateral size, planar growth, and the final shape
of nanostructures. To the best of our knowledge, this is the first report on the formation of a
variety of 0D-2D TMDC nanostructures using a ligand-directed approach.

Scheme 1. Schematic illustration of colloidal synthesis protocol of NbS; nanostructures.
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3.3 Experimental

The NbS; nanosheets were synthesized according to the procedure described previously with
some modifications.'?* Briefly, 8 mmol of carbon disulfide (CS;) was injected into a mixture of
OAm and 0.23 mmol NbCls stirring at 300 °C under an argon atmosphere. OAm may serve as a
solvent, surfactant and a reducing agent depending on the conditions.?® Its reaction with CS;
results in in situ H,S generation for sulfidation of a transition-metal chloride.?

3.3.1 Materials

Niobium (V) chloride (NbCls, 99%), oleylamine (OAm, 298 %), oleic acid (OAc, Technical grade,
90%), 1-octadecene (ODE, Technical grade, 90%), and carbon disulfide (CS,, 299.9%) all from
Sigma-—Aldrich were used as received. 2-propanol (anhydrous 99.5%), ethanol (anhydrous,
90%), and n-hexane were purchased from Fischer Scientific. Gamma-alumina (y-Al,O3 powder,
Sasol CATALOX SBa-200, BET=200 m?/g) was used as a support material. Dibenzothiophene
(DBT, C12HsS, Sigma-Aldrich), n-dodecane (Sigma-Aldrich), and n-decane (Fischer Scientific)
were used as a model fuel for HDS reaction. Ultra-high purity (99.999%) argon and hydrogen
gases were purchased from Praxair, Canada.

3.3.2 Synthesis of NbS; nanosheets

In a three-neck flask, 0.23 mmol of NbCls was dissolved in 20 ml of OAm. The solution was
degassed using ultra-high purity argon gas at 100 °C for 15 min while mixing rigorously. Next,
the mixture was heated up to 300 °C at 5 °C/min where 8 mmol of CS; was injected into the
solution, generating hydrogen sulfide (H.S) in situ to form NbS; nanosheets. This is indicated by
an instant color change from yellow to dark brown. The sulfidation reaction was prolonged up
to 15 min, 30 min, and 3 h. The obtained solution thickened during the synthesis procedure,
which initiated after 30 min, correlating with the synthesis time. For OAc containing solution,
OAc was added to OAm at an OAc/OAm molar ratio of either 0.3 or 0.6 and then the above-
mentioned synthesis procedure was followed. The synthesized NbS; nanosheets were isolated
by adding an excess mixture of ethanol and 2-propanol (1:3 volume ratio) to the synthesis
solution followed by centrifugation at 8500 rpm for 5 min. The obtained nanosheets were then
dispersed in n-hexane and then the vial was kept in an ultrasonic bath to obtain a
macroscopically homogeneous solution. Next, the excess mixture of ethanol and 2-propanol
was added again followed by centrifugation at the same conditions. This procedure was
repeated twice after a quick removal of supernatant. Finally, the sample was washed with
ethanol. For the OAm-containing solutions, the samples were washed six times following the
same procedure.

3.3.3 Synthesis of the NbS; nanoplates

5 ml of OAc was mixed with 15 ml of OAm containing 0.23 mmol of NbCls. The solution was
stirred under argon gas at 100 °C for 15 min and then heated up to 300 °C. After that, 8 mmol
CS, was injected into the stirring solution while being purged with argon gas. The color of the
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solution slowly changed to dark green. The difference in the color of the solutions between the
nanosheets and the nanoplates indicates the different coordination of Nb ions. After 2 h, the
mixture was cooled down to room temperature. The obtained colloids were macroscopically
homogeneous. The nanoplates were collected using a mixture of ethanol and 2-propanol (1:3
volume ratio) and a centrifuge, as described in 3.3.2.

3.3.4 Synthesis of the NbS; nanohexagons

Similar to the synthesis procedure of the nanoplates, but 16 mmol of CS; was injected into the
stirring solution at 300 °C while being purged with argon gas. The color of the solution slowly
changed to brown. The mixture was clear and macroscopically homogeneous with no
precipitation after 2 h. The obtained nanohexagons were collected using a mixture of ethanol
and 2-propanol (1:3 volume ratio) and a centrifuge.

3.3.5 Synthesis of the NbS; nanorods

Similar to the synthesis protocol of the nanohexagons, 0.23 mmol of NbCls was dissolved in a
mixture of OAc and OAm (5:15 ml). Once the temperature of the stirring solution reached 300
°C, 32 mmol of CS; was injected into the stirring solution, changing the color to brown. The
obtained colloids were clear and macroscopically homogeneous with no signs of precipitation
after 2 h of sulfidation reaction at 300 °C. The synthesized nanorods were mixed with a mixture
of ethanol and 2-propanol and then isolated by centrifuge, , as described in 3.3.2.

3.3.6 Synthesis of the NbS; nanospheres
A total of 0.23 mmol of NbCls was dissolved in 5 ml of OAc and then mixed with 15 ml of ODE.
After degassing at 100 °C for 15 min, the solution was heated up to 325 °C, at which point, 16
mmol of CS; was injected in the mixture, changing the color to dark red. After refluxing for 2 h,
the obtained colloidal nanospheres, clear and macroscopically homogeneous, were collected
using a centrifuge and a mixture of ethanol and 2-propanol, , as described in 3.3.2.

3.3.7 Al,O3-supported NbS; nanostructures
The colloidal solution of the synthesized nanostructures was mixed with 2 g of alumina support
and an excess of ethanol and 2-propanol (1:3 volume ratio) at room temperature. The
nanostructures were extracted from the synthesis solution and homogeneously deposited on
the support. The obtained materials were dried at 80 °C overnight under a vacuum before the
catalytic experiments.

3.3.8 Catalyst characterization
High-resolution transmission electron microscopy (HR-TEM) images were recorded using a JEOL
JEM2100 device operating at 200 kV. The energy-filtered TEM image for niobium was acquired
in a range of 195-215 eV with a slit width of 20 eV. The synthesis solution was washed three
times with a mixture of ethanol and 2-propanol and then twice with pure ethanol to remove
the ligands. Next, the centrifuged sample was dispersed in ethanol for TEM analysis. The
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washed nanostructures were embedded in Spurr’s resin at 70° C followed by being split into
100 nm sections using Ultramicrotome Leica EM UC6. Scanning transmission electron
microscopy (STEM/EDX) analysis was performed on a JEOL JEM-ARM200cF S/TEM, which is
equipped with a cold Field-Emission Gun (cFEG) and a probe Cs corrector. EDX maps were
acquired with a Silicon Drift (SDD) EDX detector at an acceleration voltage of 200 kV. XRD
patterns were recorded on a continuous scan at 2 degrees 20 per minute with a step size of
0.01° using a Rigaku Ultima IV diffractometer equipped with a D/Tex detector, ad Fe Filter, and
Co Ka radiation (A = 1.78899 A). Data interpretation was done using JADE 9.6 with the 2016
ICDD and 2016 ICSD databases. The AFM images were taken on a Bruker Dimension Edge
system using the tapping mode. The cantilever is from Ted Pella TAP-300. The silicon wafer was
covered with a 5 nm carbon film before deposition of NbS; nanosheets. XPS analyses were
performed using the Kratos Axis 165 Xray photoelectron spectrometer and using the Mono Al
Ka source, operating at 14 kV and 15 mA. The measured XPS doublets were calibrated with C 1
s at 284.8 eV and then analyzed using CasaXPS software. Raman spectra were recorded using a
Thermo Scientific DXR2 Raman microscope with a 532 nm laser with a high-resolution grating
(wavenumber resolution is about 2 cm™). The spectra were taken from different regions of the
sample at 10-times exposures and 10 second exposure time. The UV-vis absorption spectra of
colloidal nanostructures dispersed in ethanol were collected with a Varian Cary 50 Scan UV-
visible spectrophotometer with 1 cm quartz cuvette. The elemental analyses of the supported
catalysts were performed using an ICP-MS Perkin Elmer’s Elan 6000 at ICP RF power of 1300 W.

3.3.9 Hydrodesulfurization (HDS) experiments
The synthesized catalysts were tested in HDS of DBT at 325 °C, 3.0 MPa H; in a packed-bed
reactor. About 0.25 g of catalyst diluted with 4 g of silicon carbide (mesh 150) was used for
each HDS test. Before each measurement, the catalysts were subjected to 3 h in situ sulfidation
at 325 °C under 3.0 MPa of hydrogen using a 0.05 ml/min flow of 10 wt% of CS; in n-decane
premixed with 100 ml/min of H,. Neither a longer sulfidation pretreatment (20 h) nor higher
sulfidation temperature (400 °C) improved the catalytic performance. The feed for the catalytic
experiments contained 1000 ppmw S as DBT with 3.5 wt% of n-dodecane (internal standard) in
n-decane as a solvent. The feed was introduced at 0.05 ml/min mixed with 100 ml/min of H,
(H2-to-liquid molar ratio of 16). The pH,S/pH; ratio of approximately 10 was used (using DBT)
to stabilize the sulfided state. Quantification of DBT and the reaction products were performed
offline using a calibrated Agilent 7890A gas chromatograph. The carbon balance was within
95%. The catalytic activity was calculated according to the first-order reaction, as described
below.
Rate constant for the first-order reaction

1
2 ) P () ®
CDBT X My, ' kgcat. .S
Fosr is the molar flow rate of DBT in the feed, mol/s; mcat is the mass of the catalyst in the
reactor, kgcat; Xpsr is the conversion of DBT after 24 h of HDS, Cpgr is the concentration of DBT in
the feed stream, mol/L; Reaction rate (at the initial DBT concentration in the feed):

_ molDBT
—rppr = Kppr X CppT) (kgcat .S (2)

Kppr =
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3.4 Results and discussion

The formation of nanosheets was confirmed by STEM-EDS analysis (Figures 1 and S1) and
asymmetric XRD peaks>?’ (Figure S2). XPS showed Nb 3d binding energies centered at 203.0
eVand 205.8 eV?42829 which are characteristic of NbS; (Figure 1b and Figure S3). Deconvolution
of the Nb 3d spectra collected ex situ after 180 min sulfidation showed that 67 at.% of surface
Nb was sulfided as NbS,, with the residual equally divided between Nb,Os and partially oxidized
NbOx (Figure S3b). The oxides may form from the moisture-sensitive NbCls precursor, as well as
during the sulfided sample storage. The contribution of Nb,Os diminishes with the sulfidation
time (Figure 1b). Figure 1d illustrates the TEM image of the single-layer NbS; nanosheets and
their structural transformation as the sulfidation reaction proceeds. Monolayer nanosheets
with a thickness of 1.0 nm were formed within 15 min of sulfidation (Figure 1d, images on the
left side). The XRD pattern of the corresponding sample showed no c-axis peaks (Figure S2),
which is a characteristic pattern of monolayer nanosheets.>?2 The d-spacing of the single-layer
nanosheet was determined to be 58 A (Figure S4). The atomic force microscopy (AFM) analysis
in Figure 1c and Figure S5 show the lowest topographic height of ca. 1.0 nm, as a typical
thickness of single-layer NbS,.3° According to the determined heights from AFM images (Figure
S5), the synthesized nanosheets after 15 min sulfidation consist of one or two layers of NbS,.

Figure 1. Characterization of the NbS; nanosheets synthesized in OAm at 300 °C using 8 mmol
CS»: (a) STEM-EDS mapping (oxygen mapping in shown in Figure S1 in the Supporting
Information); (b) XPS Nb 3d spectra of the NbS; nanosheets synthesized at 30 min and 180 min
sulfidation times and bulk niobium oxide (Nb,Os) prepared by calcination of Nb precursor at
400 °C for 4 h in static air; the deconvolution can be found in Figure S3; (c) AFM image of single-
layer nanosheets collected after 15 min sulfidation (additional images are in Figure S5 in the
Supporting Information); (d) low- and high-magnification TEM images of the nanosheets
collected at different sulfidation times; (e) energy-filtered TEM image of the overlayered
monolayer nanosheets acquired for niobium after 180 min sulfidation; (f) Raman spectra of the
nanosheets collected at different sulfidation times.
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Stacking of the layers into multilayers nanosheets and a lateral size increase occurred when the
sulfidation time was prolonged up to 180 min resulting in the formation of a flower-like
structure (Figure 1d), as reported previously for WS, and the NbS; nanosheets;>?> however,
monolayers were observed in the edge areas (Figure S6). The energy-filtered TEM image of the
edge area acquired for niobium (in the range of 195-215 eV, slit width of 20 eV) visualizes the
overlaying of single-layer nanosheets (Figure 1e). We also characterized the optical properties
of the nanosheets using Raman and UV-vis absorption spectroscopies, showing thickness-
dependent features. As the Raman spectra in Figure 1f show, A; phonons stiffened with a
positive shift by the number of layers in the nanosheets, while E; phonons softened and
negatively shifted, which is in line with former reports.3132 The UV-vis spectra exhibited a red
shift from ca. 262 to 278 nm with the number of layers (Figure S7), which agrees with previous
findings.222833

The addition of OAc into OAm led to the significant structural changes, depending on the
OAc/OAm molar ratio (Figure 2). We discovered that there is a threshold concentration of OAc
in OAm under which shape-confined 2D nanostructures with a remarkably reduced lateral size
(<100 nm) developed instead of nanosheets. OAc/OAm above 0.6 formed ultrathin (a single-
and a few layers thick) nanosheets with a reduced lateral size after 180 min sulfidation (Figure
2, top left). Moreover, the formation of the flower-like structure was suppressed. The XRD
intensities diminished remarkably with no c-axis peaks (Figure S8). This lateral and planar
confinement can be attributed to the monomers’ reactivity change during the nucleation and
growth period?®=2! and a diffusion barrier that prevents the active monomers from reaching the
crystal’s surface.3* Similarly, a former study showed that pure OAc stabilized laterally grown
monolayer MoSe; and WSe; nanosheets compared to OAm and oleyl alcohol.?? In contrast, the
OAc/OAm of 0.3 developed single crystalline hexagonal nanoplates of 106 nm lateral size and
9.5 nm thickness (Figure 3a-d). As the side-view TEM image in Figure 3d shows, the ligand-
removed nanoplates assembled along the c-axis into stacked nanostructures with a d-spacing of
3.2 A, attributing to the (002)
plane of NbS,. Carboxylic acid
and amine have different
binding affinities toward the
reactive edge facets.??
Therefore, aside from
providing the diffusion barrier
for active monomers, the
synergism between OAc and
OAm explains the preferential
growth of crystallographic
facets and shape confinement.

Figure 2. NbS; structure
dependence on the OAc/OAm
molar ratio and the amount of
CS,.
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Figure 3. (a-d) TEM images of NbS, nanoplates and size distributions obtained by counting 200
nanoplates from different synthesis batches; (e-i) TEM images of nanohexagons; insets: fast
Fourier transform (FFT) patterns
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Apart from the capping ligands, the amount of CS; affected the selective evolution of
nanocrystals, as observed before.3>3 Increasing CS; from 8 to 32 mmol in the synthesis of
the nanosheets in OAm resulted in multilayers nanosheets along with the flower-like structure
within the early stage of sulfidation (30 min) (Figure S9). In contrast, OAc at the OAc/OAm of
0.6 confined the number of layers and the lateral size even after 3 h of sulfidation with 32 mmol
of CS; (Figure 2 and Figure S10). Interestingly, completely different structures were formed at
the reduced OAc/OAm of 0.3. 16 mmol CS; promoted the vertical growth of the nanocrystals
and transformed the nanoplates into the corner- and edge-abundant single crystalline
nanohexagons with eight facets, as evidenced by TEM tilting experiments (Figure 3e-i).
Compared to the nanoplates, the lateral size decreased from 106 to 55 nm while the planar size
multiplied (Figure 3c,f), however, the d-spacing remained constant (Figure 3d, i). The side facets
of nanohexagons are larger than the diameter, but the precise measurement was not possible
due to the low contrast of the side facets under the electron microscope. An increased
sulfidation temperature of 325 °C had no influence on the size and morphology of the
nanohexagons.

A further increase of CS; to 32 mmol converted nanohexagons into 1D nanorods with a
hexagonal cross-section, according to the TEM images of oriented and cross-sectioned samples
(Figure 4). The obtained nanorods are a single crystal with a fringe size of 3.5 A, ascribing to the
(004) plane of NbS,. Similar to the nanohexagons, the nanorods possess an average diameter of
55 nm but with an increased length of 127 nm. The TEM image after 15 min of sulfidation
(Figure S11) revealed that Nb species nucleated as near-spherical seeds and then evolved into a
hexagonal nanostructure with a thickness correlating with the CS; amount. This suggests that
an enhanced amount of sulfur accelerates the kinetics of anisotropic crystal growth vertically,
which is attributed to the presence of various crystallographic facets in nanocrystals with
different surface energies and levels of reactivities toward sulfur.3:3>3¢

When OAm was replaced with a non-coordinating and non-reducing solvent 1-octadecene
(ODE) in nanohexagon synthesis procedure, single-crystalline OD nanospheres with an average
size of 24 nm and fringe spacing of 3.2 A were formed after 2 h of sulfidation at 325 °C (Figure
5). OAm addition to the mixture of OAc and ODE at the OAc/OAm of 0.3 changed the
morphology of the nanospheres into a non-defined shape structure with an increased size and
fraction of corners and edges, but it was different from the nanohexagons (Figure $12). This
shows that OAm suppresses the nucleation via reaction with CS;%7 and acts as a coordinating
solvent directing the anisotropic growth of nanostructures. Similarly, a previous work showed
that OAm promoted the growth of FePt nanowires while its dilution with ODE facilitated the
formation of spherical nanoparticles.3” OAm, as a coordinating agent, preferentially binds to
distinctive crystallographic facets, restricting the extent of precursor supersaturation and
crystallographic planes growth.2%38
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Figure 4. TEM images and size distributions of hexagonal NbS, nanorods (a, b) and (c) cross-
sectional TEM images of the nanorods prepared by microtome sectioning; insets: FFT patterns.

Figure 5. The TEM, HRTEM, and particle size distribution of NbS; nanospheres; inset: FFT
pattern.
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The synthesized colloidal nanostructures were precipitated on a y-Al,O3 support, using a
mixture of ethanol and 2-propanol, and then evaluated in hydrodesulfurization (HDS) of
dibenzothiophene (DBT, Scheme $13°) at 325 °C and 3.0 MPa in a packed-bed reactor. The TEM
images of the spent catalysts after 24 h of HDS revealed the structural stability of the
nanostructures with no signs of aggregation and deformation (Figure S13). As shown in Table 1
and Table S1, the highest HDS activity was obtained by NbS; nanohexagons, followed by
nanorods, nanospheres, and single-layer nanosheets. Although the nanospheres possessed a
smaller size (25 nm), the nanohexagons delivered higher activity, which can be attributed to the
enhanced fraction of corner and edge active sites. The HDS reaction rate and the sulfur-free
yield delivered by the nanohexagon catalyst were about an order of magnitude higher than that
of Nb-based bulk catalyst tested under the same conditions in our previous work.?*

Table 1. Catalytic performance of Al,O3-supported NbS; catalysts in HDS of DBT at 325 °C and
3.0 MPa after 24 h on stream.

Reaction rate Sulfur-free yield
Catalyst 10 > mol molny s
atalys (lo_SmOIDBT mOINb_IS_l) g)o Mol MOInb ~S
single-layer nanosheets?® 7 6
multllayersb 4 5
nanosheets
nanohexagon 98 49
nanorod 61 40
nanosphere 33 26

@ after 15 min sulfidation in OAm
b after 180 min sulfidation in OAm

3.5 Conclusions

In summary, we reported a facile ligand-directed colloidal synthesis technique for the formation
of a variety of shape-controlled NbS; nanostructures. A coordinating solvent is required for an
anisotropic growth of nanostructures. Aside from the type and amount of capping ligands that
control the growth, and, thus the dimensionality of nanocrystals, the sulfur content was found
to be critical to directing the growth direction and thus the shape and size of nanostructures.
The synthesized NbS; nanohexagons with the highest fraction of corners and edges active sites
exhibited the highest activity in dibenzothiophene hydrodesulfurization. The study provides an
insight into the selective growth and dimensionally-controlled formation of TMDC.
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3.7 Supporting information

Figure S1. STEM-EDS oxygen mapping of the corresponding NbS; nanosheet in Figure 1a. The
composition was determined as 46 at.% Nb, 37 at.% S and 17% O.
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Figure S2. The XRD patterns of the NbS, nanosheets synthesized in OAm at 300 °C collected at
different sulfidation times. The peaks could be indexed in the Rhombohedral R3m group 160
(PDF #00-038-1367), shown by a bar chart. The asymmetric peaks are typical for nanosheets,
whose intensities increase by the sulfidation time. The XRD pattern of single-layer nanosheets
obtained after 15 min of sulfidation shows no c-axis peak, but multilayer nanosheets obtained
after 30 min and 180 min of sulfidation reaction exhibit this (003) peak, however, the high-level
background masks this peak.
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b)

Figure S3. a) Nb 3d and S 2p XPS spectra of the NbS; nanosheets synthesized in OAm collected
after 30 min and 180 min of sulfidation reaction at 300 °C; b) deconvolution of Nb 3d spectra
after 180 min sulfidaiton
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Figure S4. HRTEM analysis of a single layer nanosheet, synthesized in OAm for 15 min
sulfidation at 300 °C.
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Figure S5. AFM images of the NbS; nanosheets collected after 15 min sulfidation in OAm. The
lowest height of 1.0 nm suggests the formation of single-layer nanosheets which agrees with
the TEM analysis (Figure 1d in the main text). The layer thickness deviation (+ 0.4 nm) in some
images could be due to the presence of residual oleylamine.
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500 . 300 nm

Figure S6. The TEM images of different edge areas showing single-layer nanosheets
(synthesized in OAm at 300 °C for 3 h using 8 mmol CS,).

Figure S7. The UV-vis absorption spectra of the NbS2 nanosheets synthesized in OAm at 300 °C
using 8 mmol of CS2 at different sulfidation times. The nanosheets were dispersed in ethanol as
solvent. Ethanol spectrum was subtracted. A shift toward a higher wavelength is observed by
increasing the number of layers in the nanosheets.
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Figure S8. The XRD patterns of the colloidal NbS; nanosheets synthesized in OAm after 15 min
sulfidation reaction and in a mixture of OAm and OAc at the OAc/OAm molar ratio of 0.6 after 3
h sulfidation reaction, both at 300 °C using 8 mmol CS;. The XRD pattern shows no c-axis-
related (003) peak and the peaks’ intensities significantly reduced in the presence of OAc.

Figure S9. The TEM images of the NbS; nanosheets synthesized in OAm at 300 °C for 30 min
using 32 mmol of CS,. The number of layers increased compared to the single-layer nanosheets
prepared by 8 mmol of CS,.
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Figure S10. Raman spectra of the NbS; nanosheets synthesized in the mixture of OAm and OAc
(OAc/OAmM molar ratio of 0.6) after 3 h of sulfidation at 300 °C using 32 mmol of CS,. The
number of layers is less than in the sample prepared in OAm, which used less CS; (8 mmol), for
30 min of sulfidation.
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Figure S11. The TEM image taken after 15 min of sulfidation at OAc/OAm of 0.3.

200 nm

Figure S12. The TEM image of the NbS; nanospheres prepared in the mixture of OAm and OAC
(OAc/OAm of 0.3) in ODE as a solvent.
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Figure S13. TEM images of the spent Al,Os-supported NbS; catalysts: (a, b) nanohexagons, (c)
nanorods, and (d) nanospheres; all after the HDS reactions at 325 °C and 3.0 MPa for 24 h on
stream.
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Scheme S1. DBT Hydrodesulfurization Pathways. Modified from Infantes-Molina, A.; Romero-
Perez, A.; Finocchio, E.; Busca, G.; Jimenez-Lopez, A.; Rodriguez-Castellon, E. HDS and HDN on

SBA-supported RuS; catalysts promoted by Pt and Ir. J. Catal. 2013, 305 101-117. Copyright
2013, Elsevier, Amsterdam.

Table S31. Catalytic performance of Al,Os-supported NbS; catalysts in HDS of DBT at 325 °C and
3.0 MPa after 24 h on stream.

Selectivity (mol %)

Nb DBT Reaction rate?
catalyst | loading® |conversion |(10°molpgr moln, s | DDS HYD HCK
(Wt%) (%) D)
BP |BCH |CHB |HHDBT |THDBT |Total | BZ | CH |Total
Monolayer |, o7 9.6 74 62 | 2 | s 2 21 | 33| 4 | 1|5
nanosheet
Multilayer | o, 4.6 35 6 | 7 | 5 0 1 | 23| 2 |9 |1
nanosheet
nanohexagon| 0.96 74.0 98.2 80 3 13 0 1 17 3 0 3
nanorod 1.00 55.3 60.7 96 <1 2 0 1 3 <1 0 0
nanosphere 1.00 36.5 33.1 76 4 16 0 3 23 1 0 1

2 after 15 min sulfidation in OAm
b after 180 min sulfidation in OAm
¢ measured by inductively coupled plasma mass spectrometry (ICP-MS)
d rates were calculated based on the first order reaction as described in Experimental

Section
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4  SUPPORTED COPPER-NIOBIUM SULFIDE LAYERED STRUCTURE AS
HYDRODESULFURIZATION CATALYSTS

This section was published as a chapter of Ph.D. Thesis of Ali Mansouri.

4.1 Introduction

Two-dimensional transition metal sulfides (TMS) with a general formula of MS; have attracted
significant attentions for their versatile striking properties in catalysis, energy storage, and
electronic devices.'™ In contrast to graphene that is chemically inert, TMS exhibited activities in
a wide range of applications while providing the benefits of dimensionality and tunable
electronic structure simultaneously. TMS are dominant as layered structures in which packed
layer of earth-abundant metal atoms such as Mo, W, and Nb covalently sandwiched between
two layers of sulfur atoms.®1° The weak van der Waals forces between the layers allow the
stabilization of single layers as in graphene.® TMS can catalyze a wide range of reactions such as
oil hydroprocessing!™* hydrogenation of olefins, ketones, and aromatics, dealkylation, ring
opening of aromatics, isomerization of paraffins, Fischer—Tropsch, alcohol synthesis, and direct
coal liquefaction.? In addition, the tunable structural and electronic properties of layered TMS
make them attractive in optoelectronic,'® energy storage materials,3 solar cells,’*8 and
recently as photo- and electrocatalyst for hydrogen evolution®!%2% and CO, reduction®’.
Molybdenum sulfide (MoS;) as the most commonly used TMS also exhibited a promising
performance in bio-oil upgrading.?! However, to maintain the catalysts active during the
reaction, an appropriate amount of sulfur (i.e., H:S) should be added to the feed, which
deprives the advantage of bio-oil low-sulfur content.?! Therefore, the research for alternative
TMS delivering a higher activity while requires lower sulfur in the feed is always underway.

Niobium sulfide (NbS;) with similar layered feature as MoS; but different d-band filling could be
a promising candidate. The required pH,S/pH, to stabilized NbS; is around 101!, three orders of
magnitude lower than the required value for MoS; (10®).22 NbS; has also exhibited exotic
properties not shown by other TMS.1023-25 For instance, previous studies revealed that NbS; is
intrinsically more active than MoS; and WS, in HDS of dibenzothiophene (DBT)?%?° and
hydrogenation of biphenyl (BP)?’. It should be noted that MoS; it is not able to meet the
current stringent environmental regulations, minimizing the sulfur content of fuels to 10 ppmw,
even after being promoted with either cobalt or nickel species.111226:39-36 Moreover, in contrast
to the conventional NiMo HDS catalysts, the activity and durability of Nb-based catalyst were
not diminished by H.S as a side product of HDS reaction.3?3738 Nonetheless, NbS; catalysts have
not found many catalytic applications because of stability of niobium oxides, Nb,Os and NbO>,
against reduction/sulfidation with the heats of formation of —380 and —395 kJ/mol,
respectively.?® The Gibbs free energies of sulfidation of NbO2 and Nb,Os using H>S at 600 K are
+82 and +108 kJ/mol, respectively.?? This causes the reduction/sulfidation of niobium oxides
occurring above 800 °C, which is not feasible industrially.3%
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We showed above that copper facilitates the reduction and sulfidation of niobium oxides.
However, for the supported niobium oxides, the sulfidation and reduction behavior (kinetic and
thermodynamic) are strongly influenced by the nature of the support material 26224243 |n
particular, in the case of basic materials in which Nb>* strongly incorporates into the support.*®
For instance, Nb,Os supported on Al;0s3 and ZrO, showed no redox properties whereas trace
and significant redox products were observed in the case of TiO; and SiO>, respectively.**4* A
higher degrees of niobium oxides sulfidation and thus HDS activity was achieved when carbon
employed as a support instead of alumina.?®4? These behaviors are due to the weak metal-
support interactions between niobium species and supports such as silica and carbon.
Furthermore, niobium trisulfide (NbSs) that is more active but less stable than NbS; under
hydrotreatment conditions only detected on a carbon support using, not alumina.26:27:37
Carbon-supported NbS; catalyst exhibited higher thiophene HDS activity than MoS; on the
same support revealing higher intrinsic activity of supported NbS; than MoS,.2°

Cracking is an intrinsic property of oxidized and sulfided Nb-based catalysts.?”#* Lacroix et. al.?’
observed that among the first- and second-row transition metal sulfides, only NbS, promoted
the hydrocracking reaction in the low-temperature hydrogenation of biphenyl. Bulk and
supported niobia (Nb2Os) were found exclusively acidic. Bulk Nb,Os is well known for its
Brgnsted acid sites but when supported on oxides exhibited Lewis acid properties as
coordinatively unsaturated sites.? Besides the effects of support material, the surface coverage
of Nb species on the support strongly affects the formation of different types of niobium oxides
with various acidic and catalytic characters.*14346=48 Jehng and Wachs? reported that niobium
oxides at low loading behaved as coordinatively unsaturated Lewis acid sites (CUS). The number
of these Lewis acid sites decreased by surface coverage of the niobium oxide overlayers
achieved at increased Nb loadings.**>° At a very high loading above monolayer coverage, bulk
niobia with Brgnsted acid sites forms on the surface. This also affects the reduction and
sulfidation properties of layered transition metal oxides. For example, an increased metal
loading (number of layers) promoted sulfidation and reduction of tungsten and nickel oxides.>?
The structure of niobia on oxide supports has been studied extensively. Nonetheless, the
literature on niobium supported on carbon-based materials is rare.

In this contribution, we present the sulfidation and HDS performances of niobium supported on
mesoporous carbon via impregnation at different Nb loading of 2.0, 6.0, and 12.0 wt%. The
catalysts were also promoted with copper at various Cu/Nb ratios. We observed that addition
of copper facilitated the reduction and sulfidation of niobium oxides over the entire range of
metal loadings and Nb sulfidation increased by Cu/Nb ratio. Nb sulfidation varied by Nb loading
and a high sulfidation degree was only obtained at the highest Nb loading of 12.0 wt%. Raman
spectroscopy showed that various niobium oxide species formed at different Nb loadings;
distorted NbOg at low loading (2.0 wt% as Nb/C) and bulk-like niobia (amorphous with some
degrees of crystallinity) at the highest Nb loading (12.0 wt% as Nb1,/C). These structures
showed different catalytic performance. The former compound with the lowest degree of
sulfidation functioned as coordinatively unsaturated Lewis acid sites in the HDS of DBT and
delivered the highest activity per mole of Nb as compared to Nb species in Nbs/C and Nb1,/C
catalysts. The high acidity of Nb,/C catalyst resulted in an unprecedented hydrocracking (HCK)
selectivity of around 70 % while Nbg/C and Nb12/C showed 40 % and 25 % at similar
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conversions, respectively (Scheme 1). Copper enhanced the DDS selectivity and reduced the
HCK selectivity in all synthesized catalysts at different loadings. However, it was more
pronounced in the case of Nb,/C in which HCK selectivity was reduced from 70 % to around 15
% and DDS improved from about 18 % to more than 60 %. Kinetic studies at different weight
times showed that bimetallic NbCu catalyst performed better, in terms of DDS selectivity and
sulfur removal, under severe conditions (high feed flow rates).

Scheme 1. Reaction pathway and product distribution of DBT hydrodesulfurization.

4.2 Experimental

4.2.1 Materials

Copper (ll) nitrate trihydrate (Cu(NOs),.3H20), ammonium niobate (V) oxalate hydrate
(C4aHaNNbOg-xH,0), nickel (ll) nitrate hexahydrate (Ni(NOs),.6H,0), and ammonium
heptamolybdate tetrahydrate ((NH4)sM07024.4H,0) all from Sigma—Aldrich were used as
precursors. Oxalic acid ((COOH),.2H0, from Caledon) and distilled water were used as
received. Mesoporous carbon (Nano powder, <500 nm particle size, from Sigma-Aldrich) and
alumina were used as the catalyst support. Different types of alumina such as gamma-alumina
(y-Al,03, CATALOX SBa-200, BET=200 m?/), theta-alumina (6-Al.03, PURALOX TH 100/90,
BET=103 m?/g), and alpha-alumina (a-Al03, PURALOX SCCa-25/5, BET=7 m?/g) were provided
by Sasol. delta-alumina (6-Al>03) was prepared by calcination of y-Al;Os in static air at 950 °C
for 5 h. 1000 ppmw sulfur as dibenzothiophene (DBT, C12HsS, Sigma-Aldrich) was dissolved in n-
decane (Fisher Scientific) as a solvent containing 3.5 wt% n-dodecane (Fisher Scientific) as the
internal standard and was used as a model fuel for HDS reactions. Carbon disulfide (CS;, Sigma-
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Aldrich) was dissolved in n-decane at 10 wt% and used for sulfidation of the catalysts. Ultra-
high purity (99.999%) argon and hydrogen gases were purchased from Praxair.

4.2.2 Catalyst preparation

Mono- and bimetallic NbCu catalyst supported on either mesoporous carbon (C) or different
phases of alumina (Al,O3) were synthesized using incipient wetness impregnation (IWI) method.
For a typical synthesis of bimetallic catalyst, niobium and copper solution were prepared
separately in two vials to prevent precipitation of copper with oxalate species of niobium
precursor. The total volume of both solutions together equals to the support pore volume
except for the mesoporous carbon support. Next, niobium and copper solutions were added
dropwise to the support simultaneously. For monometallic catalysts supported on carbon at the
metal loading of below 2 wt%, the pH of impregnation solution was adjusted at 1.0 using oxalic
acid, similar to the concentrated solution used for higher loadings. The synthesized catalysts
were dried at room temperature for 2 h and then in static air at 70 °C overnight followed by
calcination in a continuous flow system using pure helium at 400 °C for 4 h.

4.2.3 Catalyst characterization

High-resolution (scanning) transmission electron microscopy (HRSTEM) images coupled with
energy dispersive X-ray spectroscopy (EDS) were recorded using a JEOL JEM-ARM200CF (probe
aberration-corrected S/TEM with a cold field emission gun (cFEG)) operating at 200 kV. Nickel
TEM grid was used for EDS analysis. Powder X-ray diffraction (XRD) patterns of calcined and
sulfided catalysts were recorded using ex-situ Rigaku Ultima IV diffractometer equipped with a
D/Tex detector, an Fe Filter, and Co Ka radiation (A = 1.78899 A). The diffraction patterns were
collected over 5° to 90° on a continuous scan at 2 degrees 20 per minute with a step size of
0.02°. Data interpretation was done using JADE 9.6 with the 2016 ICDD and 2016 ICSD
databases. X-ray photoelectron spectroscopy (XPS) of the calcined and sulfided catalysts (after
the sulfidation at 400 °C) was performed using Kratos Axis 165 X-ray photoelectron
spectrometer using Mono Al Ka source operating at 14 kV and15 mA. Background subtraction
and peaks analysis were performed using CasaXPS software package. All the XPS core—level
spectra were corrected with C 1s at 284.8 eV. Specific surface area (BET) and pore size
distribution (BJH) analyses were conducted using an Autosorb-iQ Quantachrome. About 0.3 g of
sample was degassed with Ar at 120 °C for 2 h before each analysis. Temperature-programmed
reduction (TPR) was performed using Micromeritics Autochem Il 2920 apparatus equipped with
a TCD detector. About 100 mg of the calcined catalysts were degassed by helium at 350 °C for 1
h. TPR analysis was performed after cooling down the sample to room temperature using a 10
ml/min of 10 mol% Hy/Ar at the heating rate of 10 °C/min from room temperature up to 900 °C
where remained for 10 min. Raman spectra were recorded using a Thermo Scientific DXR2
Raman microscope at 532 nm laser with a high-resolution grating (wavenumber resolution is
about 2 cm™?). The spectra were taken using 10-times exposures and 10 second exposure time.
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4.2.4 Catalytic experiments

Hydrodesulfurization of dibenzothiophene (DBT) was conducted at 325 °C and 3 MPa hydrogen
pressure using a fixed-bed plug flow reactor (stainless steel, L=22", i.d.=0.5"). The catalysts
were diluted with silicon carbide (mesh 120, 15:1 weight ratio) to achieve isothermal plug-flow
conditions in the reactor. The effects of reactor wall and axial dispersion were negligible.>? Heat
transfer limitations, external and internal mass transfer limitations were not present as verified
by Mears and Weisz-Prater criterion. The calculated values of 6.9x10* for heat transfer and
6.9x107° for external mass transfer limitations are much lower than Mears criterion of 0.15.

The catalysts were sulfided in situ before each HDS reaction. Briefly, the pressurized reactor
under pure hydrogen gas at 3 MPa was heated up to 175 °C at a heating rate of 8 °C/min where
the sulfidation feed (10 wt% CS; in n-decane) at 0.05 ml/min pre-mixed with 100 ml/min
hydrogen was introduced into the reactor using a Series Il high-pressure pump. Then, the
temperature ramped at 5 °C/min up to 400 °C for 20 h. Next, the system cooled down to 325 °C
while flowing sulfidation feed and hydrogen. A model liquid fuel containing 1000 ppmw sulfur
as DBT with 3.5 wt% n-dodecane as the internal standard in n-decane (as solvent) was then
introduced into the reactor at 0.05 ml/min. The liquid feed was mixed with 100 ml/min
hydrogen gas to reach the hydrogen-to-liquid molar ratio of 16. All the HDS experiments were
performed for 24 h on-stream including overnight stabilization to reach the steady-state
conditions. During the HDS reactions, the pH.S/pH, was adjusted at 2.55x10* using the
concentration of DBT in the feed stream to stabilize the structure in its sulfide state. This ratio is
seven orders of magnitude higher than the required thermodynamic value.??

A series of HDS experiments were performed over sulfided catalysts at different weight-times
but at a constant ratio of liquid to hydrogen flow rates similar to what reported previously with
some modifications.>® Weight time in this study is the ratio of the catalyst weight to the liquid
molar flow. Right after sulfidation, the catalyst was subjected to 24 h stabilization at the highest
weight time (5.7 g h/mol) which was the lowest flow rate. Then, experimental data were
collected at different points while decreasing the weight times (increasing liquid and hydrogen
flow rates at a constant ratio). Each sample point was taken after reaching steady state
conditions within several hours. Although the system stabilized in 4-5 h after changing the
weight time, we let the system to treat 45 ml of sulfur-containing feed for each point and then
started collecting the samples. This is to ensure that the off-line sample represents the new
weight time. Several samples were collected for each measuring point at different times. During
the sampling, a parallel condenser was used in order to prevent pressure fluctuations and
disruption of the steady state conditions.

The reaction products were identified out off-line by gas chromatography-mass spectrometry
(GC-MS) using a Thermo Scientific Trace GC Ultra, equipped with a Thermo Scientific TR-5
column (30m, 0.25mm, 0.25um, um film thickness) as described previously. DBT and reaction
products were quantified using a calibrated flame ionization detector (Agilent 7890A gas
chromatograph) equipped with a H-PONA Agilent capillary column (50 m, 0.25 mm, 0.25 um
film thickness) using the internal standard present in the feed. As shown in Scheme 1, the molar
selectivity to the direct desulfurization (DDS) path was calculated based on the amount of
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biphenyl (BP) formation divided by the amount of converted DBT. Selectivity to hydrogenation
(HYD) path is the summation of selectivities to cyclohexylbenzene (CHB), bicyclohexyl (BCH),
perhydro-dibenzothiophene (PHDBT), hexahydro-dibenzothiophene (HHDBT), and
tetrahydrodibenzothiophene (THDBT). Hydrocracking selectivity (HCK) includes single-ring
products such as benzene, cyclohexane, cyclopentane, and methylcyclopentane. The reported
conversions are subject to 15% experimental error. Two standard deviations in selectivities are
3%. The carbon mass balance was above 95%. Integral activity refers to the activity based on
conversion and flow rate, which is different from the reaction rate. More details can be found
in the Supporting Information.

4.3 Results and Discussion

4.3.1 Catalyst characterization

Table 1 shows the physicochemical properties of the synthesized catalysts. The BET surface
areas were measured after calcination and sulfidation at 400 °C. As can be seen, the surface
areas of sulfided catalysts dramatically decreased compared to the area of the carbon support,
correlating with the total metal loading (Nb and Cu). However, the pore diameter did not
change (adsorption-desorption data in Figure S1, Supporting Inofrmation).

Table 1. Textural properties of the synthesized catalysts.

R T I e
Nb Cu (m*/g) (nm)
Nbi/C 12.0 0.0 - -
Nb1,Cus/C 12.0 1.0 - -
Nbs12Cu,/C 12.0 2.0 08 7.0
Nb1,Cus/C 12.0 4.0 - -
Nbs12Cus/C 12.0 8.0 - -
NbsCu1/C 6.0 1.0 119 7.0
Nb2Cuo3/C 2.0 0.3 135 7.0

BET surface area of mesoporous carbon = 205 nm?/g

Figure 1 shows the electron microscopy analyses of sulfided Nb12Cu,/C and Nb,Cug.3/C catalysts
(sulfidation at 400 °C for 20 h). The bright-field TEM image in Figure 1.a shows the
homogeneous distribution of carbon particles supporting non-spherical nanostructures as
shown in the dark-field image of Figure 1a. The EDS mapping analysis acquired on the sulfided
Nb1,Cu,/C catalyst confirmed the spatial association of niobium, copper, and sulfur elements on
the carbon support (Figure 1b). However, EELS or Auger electron spectroscopy analysis should
be used for a detailed surface quantification. A typical layered structure including disordered
stacked planes was observed in the HRTEM images of both low- and high-loading samples
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(Figure 1a,c). Similar stacking slabs structure of NbS; supported on alumina was observed in a
previous study?® analogous to WS, and MoS,. The number of overlayers in Nb12Cu,/C was
higher than that of Nb2Cuo3/C catalyst. The maximum stacking number in Nb12Cu,/C catalyst
was 13 and the longest slab was around 15 nm (Figure S2a, Supporting Information). On the
other hand, the number of slabs decreased remarkably in Nb2Cuo3/C to a maximum of seven
(Figure S2b, Supporting Information).

The interplanar spacing of 0.65 nm seen in the HRTEM images of both samples can be assigned
to the (002) basal plane of Cuo.ssNbS; (according to the PDF no. 00-015-0409). This value is
higher than that of (002) plane in monometallic NbS; (0.59 nm, PDF no. 00-041-0980)
suggesting the incorporation of copper atoms in niobium structure (Cu intercalated NbS; as
Cuo.65NbS;).>* Accordingly, the fringe size of 0.28 nm can be attributed to the (101) plane of
Cuo.65NbS;. For Nb,Cug3/C, the fringe size of 0.33 nm can be assigned to the (004) plane of
Cuo.6sNbS; (PDF no. 00-015-0409). The formation of such crystalline bimetallic phases was
further confirmed by XRD analyses (Figure 1d). However, Nb1,/C was mostly amorphous even
after sulfidation. We also identified the d-spacing of 0.25 nm and 0.32 nm in a close proximity
of the layered Nb structure of both catalysts. Unambiguous assignment of these fringes is
difficult since they can be attributed to the bimetallic Cuo.ssNbS; structure or residual copper
species unreacted with niobium and present as copper sulfide (CuS).
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Figure 1. Textural analyses; (a) TEM and HRTEM images (bright- and dark-field TEM images on
top left and righ, respectively); (b) STEM-EDS mapping of sulfided Nb1.Cu,/C; (c) HRTEM image
of Nb,Cuo3/C, and (d) XRD patterns of monometallic Nbi12/C and bimetallic NbCu sulfide

catalysts at different Cu/Nb ratios; all samples were sulfided at 400 °C for 20 h before analysis.

Figure 2 shows the TPR profiles of calcined mono- and bimetallic catalysts supported on carbon
and different phases of alumina. The ratios of Nb loading to BET surface area were constant for
all the samples. The reduction temperature of alumina-supported Nb was higher than that of
bulk niobia (730 °C)*°, which is due to the strong metal-support interactions. Except for the
alpha phase of alumina (a-Al,03), no reduction peak was observed below 800 °C on oxide
supports. Note that spinel AINbOs structure did not form as its formation occurs beyond 850
°C.> The reduction profiles of carbon-supported catalysts are shown in Figure 2b. The reduction
of monometallic catalyst (Nb12/C) occurred at around 650 °C, which is lower than the reduction
temperature of bulk niobia. Nevertheless, the temperature is still very high for many
applications.*! Addition of copper to Nb catalysts shifted the reduction peak of Nb,Os to lower
temperaturesto around 350-450 °C suggesting the formation of bimetallic NbCu structures.
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Increasing the Cu/Nb ratio reduced more niobia species as its reduction peak merged with the
reduction peak of CuO at a high Cu content.

Figure 2. TPR profiles: (a) calcined Nb catalyst supported on different alumina phases, and (b)
carbon-supported mono- and bimetallic catalysts.

XPS spectra were acquired on the fresh calcined and sulfided catalysts in which the effects of
Cu/Nb ratios and total metal loading on the sulfidation behavior of Nb were investigated
(Figure 3). The Nb 3d binding energies (BEs) of the monometallic Nb1,/C catalyst at 208.2 and
211.0 eV, corresponding to niobia®®, negatively shifted by around 0.7 eV in bimetallic CuNb
samples (Figure 3a). The same amount of shift was observed when the Nb loading in the
bimetallic catalysts decreased to 6.0 and 2.0 wt% (Figure 3b). This indicates the charge transfer
between copper and niobium species and formation of bimetallic structures irrespective of the
metal loading. Compared to the calcined fresh samples, the Nb 3d peaks in the XPS spectra of
the sulfided catalysts (at 12.0 wt% Nb loading) shifted to the lower BEs (Figure 3c) and a new
peak at around 204.1 eV appeared. This new peak corresponds to the formation of niobium
disulfide (NbS;).3%°7 The area and intensity of this peak increased by an addition of copper to
the catalyst correlating with the Cu content (Figure 3c, 4a, Table 3). Surprisingly, the same
behavior was not observed when the total metal loading decreased to 7.0 wt% (NbsCu1/C) and
2.3 wt% (Nb2Cug3/C) at the same Cu/Nb ratio of Nb12Cu,/C sample. Only a negligible shift in
niobia BEs was detected besides the formation of a very low amount of NbS; (less than 5 % as
shown in Table 3). S 2p core levels in Figure 3e showed the different type of sulfur-niobium
interaction at high and low metal loadings. The BE of 162.2 eV, corresponding to NbS;,” only
observed in the XPS of Nb12Cuz/C. Nevertheless, copper species were found in their reduced
state in all samples at different loadings (Figure 3f). The XPS data clearly reveal that Nb
sulfidation directly depends on the Nb loading in the catalyst. A higher Nb sulfidation was only
obtained at a high Nb loading. The same behavior was reported in the literature in the case of
supported tungsten (W) and nickel (Ni) layered structures in which higher W and Ni sulfidation
was achieved at increased metal loading.>!
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Table 2. Binding energy values of Nb 3d in the sulfided catalysts.

Binding Energy (eV)

Sample NbS; NbO, Nb,Os
Nb3ds;, | Nb3ds, | Nb3ds, | Nb3ds>2 | Nb3ds, Nb 3ds/2
Nb1,/C 204.2 206.9 206.0 208.8 207.9 210.7
Nb1,Cu,/C 204.1 206.8 205.6 208.3 207.9 210.7
Nb12Cus/C 204.0 206.8 205.1 205.8 208.0 210.7

Figure 3. XPS spectra: Nb 3d core levels of (a) fresh calcined samples at different Cu/Nb ratios,
and (b) at different total metal loading at constant Nb/Cu ratio; (c, d) Nb 3d core levels after
sulfidation at 400 °C for 20 h; (e) S 2p core levels of sulfided samples; (f) Cu 2p core levels of the
sulfided materials.

Deconvoluted XPS spectra of bimetallic catalysts (12.0 wt% Nb) at different Cu/Nb molar ratios
revealed that Nb sulfidation (fraction of NbS; in the sample) linearly increased with the copper
content of the catalyst (Figure 4a,b, Table 3). The surface concentration of copper also
enhanced by the Cu/Nb ratio. In addition, copper enhanced the fraction of partially reduced
niobium oxide (NbOy), which is a mixture of NbO, and NbO (Table 3). However, in contrast to
the bulk materials, niobium oxides are dominated in the sulfided samples, especially in the case
of low loading materials, which are highly resistant to sulfidation (Figure 4c and Table 3). These
findings suggest the presence of different niobium oxide species at low and high Nb loadings
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that exhibited various sulfidation behaviors. In fact, there is a threshold Nb loading (humber of
overlayers) that essentially requires achieving a considerable level of Nb sulfidation.

Table 3. Amount of sulfided, partially reduced and unreacted Nb,Os in the sulfided catalysts
calculated by the areas of corresponding deconvoluted peaks; elemental surface composition of
the sulfided samples.

fraction in the sample surface composition
sample (%) (atomic %)
NbS; NbOx Nb2Os Nb Cu S

Nb12/C 20 7 73 41 - 59
Nb1,Cu,/C 32 5 63 33 6 61
Nb1>Cus/C 47 11 42 26 9 65
NbgCus/C 4 0 96 23 8 69
Nb,Cuo3/C 2 0 98 44 6 50

The ambient Raman spectroscopy was performed on calcined and sulfided catalysts at different
metal loadings to obtain fundamental information on the molecular structures of surface
species (Figure 5). Raman spectra of calcined monometallic catalysts are presented in Figure 5a.
The spectrum of bulk amorphous niobia was also shown for comparison in which three strong
bands exhibited at 257, 630, and 980 cm™ consistent with a previous work.>® Such multiple
Raman bands indictes the presence of various niobia species with different reactivities in the
reaction.? The Raman spectra of supported catalysts were clearly distinguished from bulk niobia
revealing the formation of surface two-dimensional niobium oxide species.>® As-received
carbon support did not show any Raman bands within the measured range but the carbon
impregnated with oxalic acid followed by annealing in inert at 400 °C exhibited two strong
bands at 558 and 1095 cm™. No significant difference was identified in the Raman spectra of
the monometallic Nb,/C and Nbg/C (Figure 5a). A major Raman band at around 803 cm™!
besides two weak peaks at ~950 and ~990 cm™ occurred in the spectra of both Nb,/C and Nbg/C
samples. In contrast, increasing the Nb loading to 12.0 wt% (Nb12/C) resulted in additional
Raman bands at ~235 and ~675 cm™ besides a shoulder at ~¥315 cm™. However, the peak at 558
cm® overlapped with the one at 675 cm difficult to discriminate any peaks within this region.
Almost the same peak positions were observed in the case of niobia supported on alumina and
silica. In addition, increasing Nb loading on alumina and silica resulted in a new peak at ~680
cm®and ~647 cm, respectively.>®
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Figure 4. (a) Deconvoluted XPS spectra of the sulfided catalysts; (b) effect of Cu/Nb molar ratio
on Nb sulfidation ratio; (c) fraction of NbS, and Nb,Os in the sulfided samples as a function of
total metal (Nb+Cu) loading at constant Nb/Cu ratio; sulfidation of all samples at 400 °C for 20

h.

Figure 5. Raman spectra of (a) calcined and (b) sulfided monometallic catalysts at different Nb
loadings; (c) calcined bimetallic catalysts at different metal loadings (at constant Cu/Nb ratio).
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In literature, the Raman bands above 800 cm™ were assigned to the surface niobium oxide and
the ones between 600-700 cm™ corresponed to either bulk or hydroxyl-coordinated niobium
oxide surface species.? Terminal Nb=0 bond occurs at around 850-1000 cm™ and Nb—O bonds
between 500-700 cm™.#* The Raman spectra of the synthesized catalysts are different from fully
hydrated niobia (Nb20s. nH,0).5961 Accordingly, the weak bands at ~950 and ~990 cm™ can be
attributed to mono-oxo Nb=0 stretching mode of highly distorted octahedra NbOs species with
different niobium—oxygen bond lengths.243>9 NbOs occurs at low Nb loading in which each Nb
atom is coordinated with six ogygen atoms and one oxygen atom in the corner connects two
adjacent NbOg.%* A weak metal-support interaction between Nb and carbon especially at high
Nb loading might have promoted the level of distortions through tilting two adjacent NbOg.%>°
The Raman band of Nb1,/C was not perfectly matched with amorphous niobia with some
changes toward crystalline niobia consistent with the formation of T or TT-Nb,Os. Therefore,
the bands at ~235 and ~675 cm™ in the spectrum of Nb12/C can be assighed to the amourphos
niobia with bending mode of Nb—O—-Nb linkages that partially transformed to T or TT-Nb,Os
(low-temperature crystal phase of Nb,0s).%°861-64 These bands occured at high loading on oxide
supports when Nb exceeds monolayer surface coverage.>®>°

After sulfidation (Figure 5b), the peaks at ~¥803 cm™ in the spectra of calcined Nb,/C and Nbs/C
slightly shifted to the lower wavenumber at 795 cm™® with no significant changes in the position
of other bands. A weak peak at this position also appeared in the spectrum of Nb1,/C. This
negative shift could be due to the partial reduction or sulfidation of niobium oxides leading to a
lower metal—-oxygen bond order (i.e. from Nb=0 to Nb—0).%! Furthermore, the intensities of the
peaks assigned to bulk niobia at 675 and 235 cm greatly decreased upon sulfidation suggesting
that niobia sulfidation was more significant at enhanced Nb loading, which is consistent with
the XPS data. The addition of copper to calcined Nb,/C changed the Raman feature in the
region above 750 cm® (Figure 5c). The peak at ~803 cm™ shifted to a higher wavenumber (~850
cm) in Nb2Cuo3/C and the weak peak at 950 cm™ disappeared while a new shoulder at 1040
cm® appeared. NbgCu1/C only exhibited a negative shift from 803 to 790 cm™. The peaks at 675
and 235 cm™ were not observed in the spectrum of Nb12Cu,/C. The peaks corresponding to
copper (oxides)® were not identified in the Raman spectra of bimetallic samples. These
changes in the presence of copper can be attributed to the incorporation of acidic Nb* into
basic copper oxide species and formation of bimetallic CuNb structures.>®

Accordingly, there are different types of niobium oxides on the carbon surface at different Nb
loadings. Jehng and Wachs? reported that niobium oxides at low loading (distorted NbOg
possessing Nb=0 bonds) exhibited Lewis acid properties serving as coordinatively unsaturated
acid sites (CUS). These Lewis acid sites on the oxide supports only formed below ~1/3
monolayer coverage.®* The HDS performance of catalyst towards alkyl DBTs was improved
through increasing the concentration and intensity of Lewis acid sites.®® CUS of CoMo sulfide
also exhibited Lewis acidity, changed by metal loading, and promoted hydrocracking and HDS
activity.®’ Therefore, an increased HDS activity and hydrocracking selectivity at low Nb loadings
is expected. It was also found that the most active acid sites on the oxide supports were the
ones highly resistant to reduction.®* A decreased in the number of Lewis acid sites by increasing
the Nb loading on oxide supports (above 5.0 wt%) was observed in previous works attributed to
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the surface coverage of the metal oxide overlayer, not strucutral changes.*°° However, on the
other hand, increasing niobia overlayers to the bulk niobia increases the number Brgnsted acid
sites (—OH).

4.3.2 Catalytic Performance

The synthesized catalysts were evaluated in HDS of DBT at 325 °C and 3 MPa. The catalysts
were sulfided in situ before the HDS reaction at 400 °C for 20 h. The amount of sulfur in the
feed as DBT was adjusted to achieve a partial pressure p(H2S)/p(H2) of 2.55x10* stabilizing Nb
and Cu in their sulfide phases (required p(H2S)/p(H2) for Nb and Cu are 10''and 107,
respectively).? Figure 6a shows the DBT conversions and activities of the carbon-supported Nb-
based catalysts. We also measured the activity of monometallic molybdenum (Mo) catalyst
supported on carbon at 12.0 wt% Mo loading (Mo12/C). DBT conversion on reduced Nb-based
catalyst without prior sulfidation (400 °C, 20 h) was only 6.3 % revealing the importance of
sulfidation pretreatment for Nb. Sulfided Nb1,/C exhibited a higher DBT conversion than
Mo1,/C catalyst consistent with previous studies?’?° and bulk catalysts discussed above. In
contrast, copper did not improve the activity of Nb as opposed to the bulk materials. The DBT
conversion decreased from 78 % for Nb12/C to 69 % for Nb1,Cu,/C (with 3% experimental
deviation in conversion). However, the conversion at the highest Cu content (8.0 wt%)
suppressed dramatically to around 35 % likely due to the surface segregation of inactive copper
sulfide that cover Nb active sites.

We also investigated the HDS performance of Nb supported on different phases of alumina,
carbon nanotube (CNT), and graphene (Table S1, Supporting Information). Nb supported on
mesoporous carbon delivered the highest HDS activity (per mole of Nb and mass of catalyst)
due to the weak metal-support interactions between Nb and carbon. In addition, Nb supported
on alpha-alumina (a-Al,03) showed more activity (per mole of Nb) than other phases of
alumina. However, the activity per mass of catalyst was lower than y-Al,O3 and carbon-
supported catalysts. The activities of Nb-based catalysts supported on carbon and y-Al>O3
showed different trends over time-on-stream (Figure 6b). Carbon-supported Nb catalysts
(mono- and bimetallic catalysts) exhibited an increasing conversion over time, while y-Al,0z-
supported catalysts gradually deactivated especially in the presence of copper. The activity of
Nb-based samples per mass of catalyst, per mole of Nb, and per BET surface area were higher
than Mo-based (Mo12/C) except for the bimetallic NbCu with 8.0 wt% Cu (Figure 6c¢).
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Figure 6. (a) DBT conversion after 24 h on stream for carbon-supported catalysts, and (b) at
different time-on-stream and support materials; (c) integral activities after 24 h on-stream per
mole of Nb (Mo) and total mass of catalyst; (d) activities per BET surface area of the sulfided
catalysts The catalysts were pre-sulfided in situ at 400 °C for 20 h.

According to the HDS reaction mechanism (Scheme 1), there are three major reaction products
including biphenyl as direct desulfurization (DDS) route, hydrogenation products, and sulfur-
free hydrocracking compounds with 5- and 6-membered rings. Figure 7 shows the selectivities
and products yields obtained at 325 °C and 3MPa. In contrast to Mo12/C with a high HYD
selectivity of 53 %, monometallic Nb1,/C was more selective to HCK and DDS (Figure 7a). The
higher intrinsic activity and DDS selectivity of the Nb catalyst than Mo one were already
reported in HDS of thiophene.*? In addition, Nb catalysts in both oxide and sulfide phases are
acidic.?”* According to the fraction of Nb,Os determined by XPS (Table 3), one can find a
correlation between the HCK selectivity and unreduced niobium oxides in the sample. Adding
copper to Nb12/C changed the selectivity significantly. Similar to the bulk catalysts, DDS
selectivity increased by the Cu content, from ~39 % in Nb12/C to 66 % in Nb1,Cus/C for the DBT
conversions of ~78% and ~35 %, respectively. On the other hand, HCK selectivity decreased
from 25.1 to 8.5 % for the same materials. In addition, copper decreased HYD selectivity from
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36.2 to 25.3 %. Accordingly, the selectivity towards CHB, as one of the main HYD products,
decreased for bimetallic NbCu catalysts as compared to monometallic Nb12/C and Mo12/C
(Figure 7b). This behavior is different from what observed for the bulk catalysts in which there
was a volcano trend versus Cu/Nb ratio for the HYD selectivities and CHB formation. However, a
decreasing trend of BCH selectivity is similar to the bulk catalysts. The selectivities to sulfur-
containing molecules such as HHDBT and THDBT (from HYD route) were almost unchanged in
the presence of copper. On the contrary, the selectivities toward these compounds over
Mo12/C were one order of magnitude higher than Nb-based samples. The S-free selectivity was
87 % on Mo1/C as compared to around 98 % for the Nb-based sample. This reveals a higher H,S
resistance of the Nb catalysts that delivered a higher level of sulfur removal.323738 Among
different Cu/Nb ratios, the catalysts with 2.0 and 4.0 wt% copper loading delivered a better
performance; however, Nb12Cu2/C showed the highest activity. Therefore, we chose this sample
for additional experiments.

Figure 7. Selectivity and yields: (a, b) selectivity as a function of Cu/Nb molar ratio at the
conversions reported in Error! Reference source not found.a (in range between 61 and 79%
except 35 % for Nb12Cus/C and 49 % for Mo12/C); (c) yield (mole of products per mole of active

Natalia Semagina, 780-492-2293, semagina@ualberta.ca October 31, 2019



2015-03 Upgrading catalysts Page 80 of 126

metal), and (d) mass of products per mass of catalyst; all after 24 h on stream at 325 °Cand 3
MPa; the catalysts were sulfided in situ at 400 °C for 20 h.

A series of HDS reactions were performed at different weight times (catalyst weight to the total
liguid molar flow rate) over Nbi2/C, Nb12Cu2/C, Mo12/C, and nickel-promoted Mo1,/C catalysts
(Mo12Ni>/C). Each sample point was taken after reaching steady state conditions within several
hours which correspond to treating 45 ml of sulfur-containing feed. Figure 8 displays the DBT
conversion at different weight times. As can be seen, the activities of Nb-based catalysts
outperformed monometallic Mo-based catalyst (Mo1,/C) over the entire range of weight times,
however, lower than that of NiMo catalyst supported on carbon (Mo12Ni>/C). Considering 3 %
error in the conversion, Nbi2/C and Nb12Cu,/C both delivered the same level of catalytic
activities.

Figure 8. DBT conversion at different weight times at 325 °C and 3MPa.

Figure 9 exhibits the selectivities at different weight times. Nb12/C and Mo12/C catalysts showed
the same level of DDS selectivities. The copper addition as Nb1,Cu,/C improved the DDS
selectivity over the whole weight time range with an increasing trend by lowering the weight
time. On the contrary, Mo1,/C showed higher HYD selectivities than Nb-based catalysts at the
weight times higher than 1.16 g h/mol. HYD selectivity is defined as the summation of
selectivities to BCH, CHB, and sulfur containing intermediates such as THDBT and HHDBT,
termed as S-HYD in Figure 9. The fully hydrogenated intermediate perhydro-dibenzothiophene
(PH-DBT) was not detected most likely because of its slow formation and high reactivity. As can
be seen, in contrast to Nb-based catalysts, Mo1,/C is highly selective to S-HYD products
especially at low weight times. This implies the weaker capability of Mo for sulfur removal
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compared to Nb. Furthermore, Mo1,/C showed the lowest BCH selectivity among the measured
catalysts revealing the poisoning of hydrogenation active sites by H>S. On the other hand,
Nb1,/C showed the highest BCH selectivity that decreased by feed flow rates. This reveals the
presence of hydrogenation active sites that poisoned at low weight times. However, a high
intrinsic acidity of Nb promoted the transformation of HYD products to HCK species over the
whole range of measurement with a similar trend to BCH vs. decreasing the weight time.
Besides improving the DDS selectivity of Nb, copper remarkably changed the hydrogenation
and hydrocracking activity of Nb. It suppressed the HCK selectivity of Nb12/C, i.e. from 25.1 to
12.4 % at the highest weight time. With no significant changes at high weight times, copper
reduced the HYD selectivity of Nb12/C from 35.7 to 24.6 % when we increased the feed flow
rate to the maximum value. Various behaviors were observed for HYD products at different
weight times. Similar HCK, copper reduced BCH selectivities. More importantly, the selectivity
of Nb1,/C to sulfur-containing hydrogenation intermediates (S-HYD) sharply increased by
decreasing the weight time whereas Nb1,Cu,/C showed a significant improvement, i.e. from
22.2 t0 10.0 % at the highest feed flow rate.

Figure 9. Selectivities at different weight times; all at 325 °C and 3 MPa.

The yields of reaction products at different weight times are shown in Figure 10. In general,
bimetallic NbCu performed better than Nb1,/C at low weight times. Biphenyl (BP) as the DDS
product was the major product over all the catalysts. The formation of BP occurred easily as the
yield increased at the low weight times. The DDS yields of Nb-based catalysts were higher than
Moi2/C. Moreover, the addition of copper to Nb1,/C enhanced the formation of BP, especially
when the feed flow rate increased. However, in contrast to the bulk catalysts, copper did not
improve the hydrogenation performance of Nb supported on carbon. The second major
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product was cyclohexylbenzene (CHB) followed by bicyclohexyl (BCH). The superior formation
of DDS and CHB than BCH suggests that the synthesized catalysts are highly active and selective
to DDS instead of HYD, which facilitates the low-pressure operation of HDS reaction. Nb1,Cu,/C
diminished the formation of hydrogenated intermediate (CHB and BCH) as compared to Nb12/C,
except for the lowest weight time. HYD and DDS occur via two different chemisorption modes
of o and mtin which DBT adsorbs on the active site through the sulfur atom and flat-lying
benzene ring, respectively.®® Accordingly, this difference suggests that copper changed the
adsorption mode of DBT on Nb active sites probably by changing the d-band filling of Nb.

As discussed before, Mo12/C showed the highest S-HYD selectivity. Accordingly, Mo highly
yielded S-HYD compounds over the measured weight times increased exponentially by feed
flow rate. Nb-based catalysts showed an increasing trend as well. However, excluding the
highest weight time, Nb1,Cu,/C decreased the S-HYD vyields. The yield of sulfur free products (S-
free) was enhanced on Nb-based catalysts compared to Mo12/C revealing the better
performance of Nb catalysts in desulfurization than Mo.

We also studied the effect of metal loadings on the HDS performance of the synthesized
catalysts. As explained in the Experimental part, we prepared monometallic Nb/C at Nb loading
of 2.0 wt% (Nb2/C) and 6.0 wt% (Nbe/C). In addition, we synthesized bimetallic NbgCu1/C and
Nb2Cuo.3/C counterparts at constant Cu/Nb ratio analogous to Nb1,Cu,/C. Figure 11 shows the
performance of the catalysts. Different amount of catalyst was loaded into the reactor to
achieve comparable DBT conversions for a reliable comparison of the selectivities. As can be
seen, the catalytic activity per mole of Nb increased by when the Nb loading decreased from
12.0to 2.0 wt%. Copper slightly reduced the activities and conversions but remarkably
improved the selectivities. In general, the effects of copper on selectivities were greater at the
lower Nb loadings. For example, the DDS selectivity in the case of Nb,/C catalyst increased from
~15 % to ~60 % by adding 0.3 wt% of copper (Nb,Cuo.3/C catalyst), while increased from 34.8 in
Nbe/C to ~52 % in NbsCu1/C, and from 39 in Nb12/C to 52 % in Nb12Cu,/C. With no improvement
in the HYD selectivity at 12.0 wt% Nb loading (Nb12Cu2/C vs. Nb12/C), copper enhanced the HYD
selectivities of low loading catalysts. For instance, the HYD selectivity of Nb,/C increased from
~14 % to ~27 % in Nb2Cuo.3/C. More importantly, the HCK selectivity of Nb,/C reduced from ~72
% to 13 % in the presence of copper. Interestingly, the HCK selectivity did not exceed 15 % in
the bimetallic CuNb even at different weight times. This indicates that copper deactivated the
HCK active sites. The HCK product distribution exhibited a significant difference at different Nb
loadings. As shown in Table 4, high Nb loading (both 6 and 12 wt% Nb) promoted the formation
of six-member-ring products such as benzene. On the other hand, low-loaing Nb (2 wt%)
remarkably enhaned the formation of (alkyl-substituted) five-member-rings such as
cyclopentane and methylcyclopentane. Interestingly, the selectivity to benzene decreased from
~19 % in the case of Nbg/C to less than 1 % in Nb,/C. This suggests the higher acidity of the
active sites in Nb,/C rather than other samples promoted the isomerization of benzene to CP
and MCP.
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Figure 10. Product yields at different weight times at 325 °C and 3 MPa.
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According to the Raman data, niobium oxides at low Nb loading (highly distorted NbQOs)
functioned as coordinatively unsaturated Lewis acid sites (CUS)? that promoted hydrocracking
and HDS activity.®®®’ They were highly resistant to sulfidation as the sulfidation ratios of less
than 5 % were obtained in the case of Nb,Cuo.3/C and NbsCu1/C as compared to 32 % in
Nb12Cuz/C. Note that the DBT conversions on reduced Nb;Cuo.3/C and Nb12Cuz/C samples (only
reduction at 400 °C for 20 h) were below 10 %, implying the importance of sulfidation
pretreatment before HDS reaction irrespective of Nb loading. The higher HDS activity of
Nb2Cuo.3/C than NbsCu1/C can be attributed to the higher dispersion of Nb species (increased
fraction of corners and edges). Copper reduced the HCK selectivity probably through an acid-
base interaction with highly acidic Nb species which also changed the electronic properties of
Nb active sites (d-band filling) that led to a DDS selectivity improvement. Sulfidation of high
loading catalyst resulted in a high stacking of NbS; slabs as showed by HRTEM which could
reduce the accessibility of the active sites.

Figure 11. Activity and selectivities at different metal loadings (constant Cu/Nb ratio) of
Nb2Cuo.3/C, NbeCu1/C, and Nb12Cu/C; all after 24 h on stream at 325 °C and MPa; the catalyst
were sulfided at 400 °C for 20 h; the amount of the catalysts in the reactor was adjusted to
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achieve comparable conversions in a range between 64 % to 87 %. We loaded 0.09 g, 0.18 g,
and 0.27 g for respectively Nb12/C, Nbe/C, and Nb>/C and their bimetallic counterparts.

Table 4. Product distribution (mol. %) of the catalysts at different Nb loadings; X represents DBT
conversion; the amount of the catalysts in the reactor was adjusted to achieve comparable
conversions.

catalyst X(%) | CP | MCP |Benzene| CH BCH | CHB BP | HHDBT | THDBT
Nb1,/C 78.5 5 4 14 2 5 30 39 <0.1 1
Nb1,Cuy/C | 69.2 4 2 5 1 3 31 53 <0.1 1
Nbs/C 87.6 8 6 19 7 5 19 35 <0.1 1
NbsCus/C | 63.7 4 1 7 3 3 27 53 <0.1 2
Nb,/C 74.7 41 28 1 2 <1 12 15 <0.1 1
Nb,Cuo3/C | 63.8 5 4 4 1 2 23 60 <0.1 1

4.4 Conclusions

A series of bimetallic NbCu catalysts at different Cu/Nb ratios were supported on mesoporous
carbon and different phases of alumina via incipient wetness impregnation method. The
synthesized catalysts were assessed in HDS of DBT at 325 °C and 3 MPa. Electron microscopy
data showed that copper and niobium sulfide species formed layered structures as Cuo.ssNbS,
as revealed by XRD. Copper decreased the reduction and sulfidation temperature of niobium
oxide species correlating with the copper content. However, copper segregated on the surface
at a high Cu/Nb ratio reduced the catalytic activity. Raman spectroscopy showed that various
niobium oxide species formed on the carbon support at different Nb loadings with different
sulfidation and catalytic behaviors. Niobium species at low loading of 2.0 wt% showed the least
sulfidation degree (less than 5 %) which increased to 20 % at the Nb loading of 12.0 wt%. The
former compound with the lowest degree of sulfidation functioned as coordinatively
unsaturated Lewis acid sites in the HDS of DBT and delivered a higher HDS activity as compared
to Nbe/C and Nb12/C catalysts. The high acidity of Nb,/C catalyst resulted in an unprecedented
hydrocracking (HCK) selectivity of around 70 % while Nbs/C and Nb1,/C showed 40 % and 25 %,
respectively. Low-loading Nb (Nb/C) promoted five-member-ring products such as (methyl)
cyclopentane through isomerization of six-member ring as benzene. Copper significantly
improved the direct desulfurization selectivity and reduced the hydrocracking selectivity in all
synthesized catalysts at different loadings.
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4.6 Supporting Information

Figure S1. Adsorption-desorption data on sulfided catalyst.
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Figure S2. HRTEM image of sulfided (a) Nb12Cu,/C and (b) Nb,Cuo3/C with the highest length and
stacking number.

Figure S3. STEM-EDS of sulfided Nb;>Cu,/C; second region.
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Table S1. Catalytic activity of Nb catalysts supported on y-Al;03, 8-Al,03, and a-Al,O; (at constant Nb
loading/BET ratio) in HDS of DBT at 300 °C and 30 bar H, after 24 h on stream. Sulfidation at 300 °C for 4
h. Dried samples were used without calcination.

Selectivity
Catalyst W | o || pumolonfmolels (mo )

DDS HYD HCK
Nba,/y-Al0; - dried 0.34 | 40.8 17.4 7.7 69.2 21.4 | 9.4
Nb1,/y-Al;03 - calcined | 0.29 | 34.8 114 6.0 65.1 22.6 12.3
Nbgs/6-Al,03- dried 0.6 | 40.8 30.2 13.5 59.6 26.2 14.2
Nbg.a/a-Al,0s- dried 2.0 8.0 18.2 41.5 60.7 26.3 13.0
Nb1.s/a-Al,0s- dried 2.0 30 45.2 27.4 50.8 35.2 14.0
Nb1.s/a-Al,0s- dried 2.0 30 28.2 17.2 43.7 414 13.9
Nbi2/MesC-dried 0.15 | 18.0 37.6 38.0 45.6 36.2 18.2
Nb12/CNT-dried 0.15 | 18.0 23.6 23.8 47.5 28.7 23.8
Nb1,/Graphene-dried 0.15 | 18.0 19.3 19.5 52.5 19.7 27.7

HDS experimental setup and reaction procedure

A continuous fixed-bed flow reactor was used in this work to evaluate the catalytic activity and
kinetic study of the synthesized catalysts in hydrodesulfurization process under industrially
relevant operating conditions. Scheme S1 shows schematic of the experimental setup for the
HDS reaction. A LabVIEW program was designed to control the reaction from start to finish.
Two liquid containers were considered for sulfidation and main liquid feed streams.
Identification and quantification of the reaction products was performed off-line by gas
chromatograph (GC) equipped with a mass spectrometry and a calibrated FID detector. All the
HDS tests were studied for at least 18 h including overnight stabilization at reaction conditions.
Two parallel stainless steel condensers were used to collect liquid samples for quantification
analyses. In this way, pressure fluctuations inducing system instability were prevented during
sampling. For each point, we let the system to treat at least 40 ml of the liquid feed to make
sure that the sample is taken at new condition.
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Scheme 1. Hydrodesulfurization (HDS) experimental setup.

Sulfidation procedure

A solution of 10 wt% CS; in n-decane at 0.05 ml/min was used as sulfidation feed under the
desired reaction conditions with 100 sccm ultra-high purity hydrogen gas. The sulfidation
procedure was optimized to achieve the highest activity in HDS of 1000 ppmw S as DBT at 325
°C and 3 MPa hydrogen pressure. For a typical sulfidation method, the loaded catalyst inside
the pressurized reactor is heated up to 170 °C at 8 °C/min under hydrogen flow rate of 100
sccm. Then, CS; solution was injected into the reactor at 0.05 ml/min, and then the
temperature increased to 400 °C at 5 °C/min and kept at this temperature for 20 h.

Calculations of initial rates and turn over frequency (TOF)

Following equations have beed used to calculate initial rates and TOF.
Rate constant for the first order reaction:
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1
ln (55) x Fi x 1000 ( L ) o
' Ci X Mat, ' kgcat. .S .

F: molar flow rate , m: mass of catalyst , X: conversion (mol), C: initial concentration, i: DMDBT or BP

Initial rate:
_ mol;
r; = ki X Ci , ﬁ (22)
cat. -
TOF;:

oo r; X MWpq ( mol; ) (2.3)
! Wt%pd ’ molpd . S '
TOF = Fpmper X MOlpq ( mOlpupr ) mol CO = mol surf. Pd (2.4)

DMDBT molcg "\molgyrf pg- S/’ ) )
r'spx Mol mol
TOFgp= i Pd ( i ) , mol CO=mol surf. Pd (2.5)
molco MOlgyrf. pg - S
TOFDDS ,TOFHYD:
v _ XpmpeT X FpmpeT X SpMBP < molpyvpp ) (2.6)
bDs InOlsurf. Pd ' InOlsurf. Pd- S
* S: selectivity (mol %)
v _ XpmpeT X FpmpeT X SHYD < molyyp ) 2.7)
AYD InOlsurf. Pd ' InOlsurf. Pd- S
v _ Yhyp < molyck ) (2.8)
HCK 2 "\molgyf pq- S )
Ypps X TOFpmpgT molpyvpp
TOFDDS = B < 1 ) (29)
Yuyp + Ypps + Yuck  \MOlgyrf pg - S
TOF _ (Yuyp + Yuck) X TOFpmpgT < molyyp ) (2.10)
HYD Yuyp + Yops + Yuck "\molgyrf pqg - S .

Verification of kinetic regime and plug-flow behavior in HDS reaction

Mass and heat transfer limitations play an important role in heterogeneous catalysis. The
reaction rate is influenced by diffusion or mass transfer of species (reactants or products)
involved in the reactions. The reaction competes with internal diffusion and external mass
transfer inside the pore and outer layer of solid catalysts, respectively. To be in the kinetic
regime, mass transfer from the bulk to the particle surface and diffusion from the surface to the
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pore should be very fast as compared to the reaction rate. Table S2 shows the equations to
verify the absence of diffusion, heat, and mass transfer limitations as well as axial dispersion
and wall effects. The calculations were provided for an exemplary catalyst (see PhD thesis of Ali

Mansouri, Chapter 4).

Table S2. Calculations on the absence of internal and external mass and heat transfer limitations

- calculated value for
Phenomenon criterion .
the criterion
external heat transfer —Ta(obs) X Pb X RX Ey X (—AHy,)
ATer = < 0.15 2.6x10°<0.15
limitations® film Ry x h x T? 8
external mass transfer Y R X1 X
-r n
limitations (Mears A(Obf{) c Pb < 0.15 7.8x10%<0.15
X
criterion)? ¢ 7 4Ab
internal mass transfer
limitations (Weisz- —r x R% %
o Alobs) Pe < 03 0.03<0.3
Prater criterion for the Dy X Cag
1%t order reaction)?!
dy
d_ > 8.0
plug-flow behavior (no P 127.0>8.0
axial dispersion and L
2,3 bed
wall effects)” 3 > 50.0 800.0> 50.0
p

Table S3. Parameters used to estimate heat and mass transfer limitations for an exemplary catalyst.

Parameter Definition and Unit Equation and Value
1
K Observed rate constant @ 623 K and Xpwmpsr = Ln (H) X Fj 5
i(obs) L= i _ -
35.9 % [L/kg.s] kj=—F—""—"=2.06%x10
& ' Ci X Mg,

Observed reaction rate @ 623 K and Xpmper =

-I'A{obs) 35.9 % [mol/kg.s] —Ta@obs) = Ki X C; = 3.5 x107°
Mcat. Weight of catalyst [g] 0.18
Fi DMDBT molar flow rate [mol/s] 1.41 x 10
Ci Initial concentration of DMDBT [mol/L] 0.017
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e Catalyst density [kg/m?3] 4000
) Bed porosity 0.4
Po Catalyst bed density [kg/m3] p, = (1 —¢) xp_ = 2400
R Catalyst particle radius [m] 0.00005
H H st
E, Activation energy f'or the 1% order gas phase 200 [1]
reaction [kl/mol]
Heat of reaction calculated from the
AHpn enthalpies of formation of each compounds -148.5
in Scheme 1 provided in ref. [4], [kJ/mol]
Rg Universal gas constant [J/mol.K] 8.314
T Reaction temperature [K] 623
dp Catalyst particle diameter [m] 0.0001
Pq Density at 623 K and 30 bar [kg/m3] 1.17
i Viscosity at 623 K [kg/m.s] 1.42 x 10°
Reynolds number at 623 K for the fluid Uxp, xd
Re velocity of 0.022 m/s (in the reactor i.d. 0.5”) Re = % =0.18
assuming the bed porosity of 0.4 A-¢)xu
Sh, Nu Sherwood and Nusselt numbers 2.0
K Thermal conductivity of hydrogen at 623 K, 0.5
"2 [W/mK] :
Nu X kg,
h Heat transfer coefficient [kW/m?2 K] = B =15
P
Reaction order, HDS of 4,6-DMDBT on Pd-
n based catalyst is known to follow a pseudo- 1.0
first-order kinetics®
Cas- Cas Bulk D'MD'BT gas phase concentratlgn 0.107
considering hydrogen gas [mol/m?]
M DMDBT molecular weight [g/mol] 212.3
Estimated gas phase DMDBT diffusivity in H, 10-3 75 [ 4 1 0.5
D at 623 Kand 30 bar [m?/s]; the molar volumes |  ~_ [M_A g —261x10-6
A of H, and 4,6-DMDBT are 7.07 and 271.76 s 1/3 1/37?
3 H P (Zvi ) + (Zvi )
cm?/mol, respectively. A B
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D,g X Sh
ke Mass transfer coefficient [m/s] k. = d— = 0.05
p
dpore Catalyst pore diameter [nm] 5.8
Knudsen diffusivity [m?/s] T -7
Dy Dy =485 X dpgpe X ﬁ =48x10
1 1\7!
Dpore Diffusivity in a pore [m?/s] Dyore = <— + —) =4.1x%x10""
’ Dap Dx
S BET surface area [m?/g] 155
Sxp xd
€ Particle porosity g, = ¢ Poe_ g9
4
T Tortuosity 3.9
ep XD
De Effective diffusivity [m?%/s] D¢ = LR 95 %1078
T
dt Reactor diameter [m] 0.0127
Lbed Catalyst bed length [m] 0.08

Mass spectrometry (GC-MS)

Hydrocracking products identified by GC-MS are shown in Figure S4.

(1) Fogler, H.S. Elements of chemical reaction engineering, 4™ Ed., Prentice Hall, 2005.R.E.
(2) Perez-Ramirez, J.; Berger, R.J.; Mul, G.; Kapteijn, F.; Moulijn, J. A. Catal. Today 2000, 60,
93-109.

(3) Le Page, J.F. Applied heterogeneous catalysis, TechniP, 1987.

(4) Q.Yu,Q.;Zhang, L.; Guo, R.; Sun, J.; Fu, W.; Tang, T.; Tang, T. Fuel Process. Technol. 2017,
159, 76-87.

(5) Niquille-Rothlisberger, A.; Prins, R. J. Catal. 2006, 242, 207-216.
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Figure S4. Hydrocracked products identified in HDS of 4,6-DMDBT on Pd/Al,03 catalyst.
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5 NITROGEN INHIBITION OF LOW-TEMPERATURE DIOLEFIN HYDROGENATION

J. Shen, N. Semagina. This section is intended for submission to Chemical Engineering Science
(2020) subject to the approval for the release of information.

5.1 Introduction

Bitumen from Canadian oil sands is too viscose and dense for pipeline transportation. Its partial
upgrading is an alternative approach to the dilution; one of the practiced technologies involves
thermal cracking, which, in addition to desirable fractions, yields olefins and conjugated
diolefins (24 wt.%) [1-4]. They must be removed before a hydrotreater to prevent fouling and
catalyst deactivation. From the transportation viewpoint, pipeline specifications mandate a
maximum of 1 wt.% of the olefins the feed. Thus, before the transportation or further
upgrading, naphtha needs to be hydrogenated at rather low temperatures (below 250 °C).
Conjugated diolefins with internal double bonds are more difficult to be saturated than those
with terminal double bonds; the addition of branches at double bonds in olefins could lead to a
significant drop in their hydrogenation reactivity. Conventional hydrotreating catalysts (sulfided
NiMo and CoMo) are typically used [1].

Olefin and diolefin hydrogenations have been addressed in literature over metal sulfides
catalysts [2-8], as well as metal phosphides [9-11]. The reactivity of olefin/diolefin depends
strongly on the structure of the olefinic hydrocarbons [2,4,7,8]. In the study of reactivity of C4 —
C6 olefins, Magyar et al. concluded that olefin hydrogenation rate decreases with increasing
carbon number in linear olefins; while terminal olefins are readily converted to olefin isomers
to an equilibrium composition [8]. Olefins with internal double bonds are more difficult to be
saturated than those with terminal double bonds. Xin et al. compared the reactivities of
different olefinic compounds; 1,3-hexadiene, with one C=C bond at the terminal position, is
more reactive than 2-methl-2-pentene [2]. The addition of branches at double bonds in the
olefin/diolefin molecules leads to significant drop in its hydrogenation reactivity. It has been
found that hydrogenation rate of 2,5-dimethyl-2,4-hexadiene is several times lower than that of
the 1-heptene, due to the steric hindering effect [12]. Hydrogenation product distribution
depends strongly on reaction temperature and catalyst [8]. Karakhanov et al. observed high
selectivity toward alkene and isomerized alkene yields (total 98 — 99%) during 2,5-dimethyl-2,4-
hexadiene conversion over Pd catalysts at 70 °C [13]. For the same branched alkadiene
structure, however, Alzaid et al. observed a 93% selectivity to full hydrogenation product at 180
°C, over a sulfided NiMo catalyst [4]. In an early work, Bond and Wells found that Ni, Pd and Fe
have higher tendency to isomerize olefinic hydrocarbons than Pt and Ir [14].

Transition metal sulfides, particularly NiMo and CoMo, are effective catalysts for
hydrogenation, hydrodesulfurization, hydrodenitrogenation and hydrodemetallation [1]. In a
US patent, sulfided NiW catalyst could hydrogenate C3 and C4 diolefins at 100 — 200 °C and 150
— 200 psig, with the presence of sulfur contamination in feed stream [5]. Other than the
expensive Pd [12,13,15,16], Ni-containing catalyst is accepted as the most active olefin
hydrogenation catalyst [15]. In a kinetic study of olefin hydrogenation over sulfide NiMo and
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CoMo catalysts, Badawi et al. observed stronger olefin adsorption/less steric hindrance on
NiMo than that over CoMo, with nearly no influence by the olefinic structure, which supported
the observed faster olefin conversion rates over sulfide NiMo catalyst [6]. Other transition
metal sulfides, such as Co, Fe, Co and Nb have all shown relatively good activities toward
olefin/diolefin hydrogenations [15,17-20]. Among them, Nb-containing metal sulfides are
considered as a potential alternative to Mo, because hexagonal NbS; exhibits similar overall
features as MoS; [21].

Non-Pt-group transition metals allow for a relatively high sulfur tolerance [22]. The naphtha
product derived from thermal cracking contains high concentrations of S and N contaminates,
for instant, 1.68 wt% S and 237 ppmw N, reported by Syncrude’s R&D [23]. Toba et al.
investigated the activity of various olefins in the HDS of FCC gasoline [7]. An interesting finding
is that the C6 olefin conversion increased with the increment of sulfur content from 61.8 ppm
to 1982.6 ppm in the feedstock [7]. The author discussed that H,S (from HDS) reacts with
olefins to form thiols that is further desulfurized and produced saturated hydrocarbons, same
as olefin hydrogenation products [7]. This is in agreement with Kirsch and Shull’s observation
during the selective hydrogenation of butadiene over a sulfide CoMo catalyst; it is suggested
that adding sulfur is essential to preserve the activity and selectivity of metal sulfide catalysts
[24]. According to literature, the effect of S compound on olefin hydrogenation is minor over
metal sulfide catalysts; instead, Hatanaka observed that thiophene HDS is strongly retarded by
only 1 mol% olefinic hydrocarbon due to competitive adsorption of olefins on active HDS sites
[25]. Comparing to sulfur, nitrogen compounds are a much stronger inhibitor in hydrotreating
processes, by competitive adsorption on active sites of catalysts. Few studies have focused on
the inhibiting effect by quinoline on hydrogenation [26-28]. Jacobsen et al. performed
simultaneous catalytic HDS, HDN and HYD reactions over various transition metal sulfide
catalysts at high T (300 — 375 °C) and high P (50 bar). The hydroprocessing reaction rate follows
the order of naphthalene HYD < DBT HDS < indole HDN, for all studied sulfided catalysts [19].
However, a majority of N inhibiting effect was performed at temperatures above those used for
olefin hydrogenation.

The present work is focused on the development of cost-efficient catalysts for partial upgrading
process to reduce diolefin content from naphtha feedstock, as well as on the kinetic study of
the nitrogen inhibiting effect. A conjugated diolefin with steric hindrance at its internal double
bonds, 2,5-dimethyl-2,4-hexadiene, was hydrogenated in the presence of dibenzothiophene
(DBT) and quinoline (Q) inhibitors. We investigated hydrogenation activities of the synthesized
transition metal nanocatalysts, at 150 — 180 °C and 10 — 20 bar, in presence of up to 1000
ppmw S and 250 ppmw N to mimic the S and N levels in naphtha feedstock. Sulfur and nitrogen
inhibiting effects on a promising sulfide Ni catalyst were examined. Diolefin and quinoline
hydrogenation rate constants were determined over a NiS catalyst. Issue with catalyst
deactivation due to catalyst structure change and N-poisoning were also addressed.
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5.2 Experimental
5.2.1 Materials

Nickel(ll) acetylacetonate (Ni(acac),, 95%, Sigma Aldrich), Cobalt(ll) acetylacetonate (Co(acac),
97%, Sigma Aldrich), iron(lIl) acetylacetonate (Fe(acac)s, 97%, Sigma Aldrich), niobium
pentachloride (NbCls, 99%, Sigma Aldrich), copper(ll) acetate hydrate (Cu(AcO), - xH,0, 98%,
Sigma Aldrich), nickel(Il) acetate tetrahydrate (Ni(AcO), - 4H,0, 98%, Sigma Aldrich), cobalt(ll)
acetate tetrahydrate (Co(AcO) - 4H,0, 298%, Sigma Aldrich), iron(ll) acetate (Fe(AcO)z, 99.99%,
Sigma Aldrich), polyvinylpyrrolidone (PVP, MW 29 000, Sigma Aldrich), thiourea (99%, Sigma
Aldrich), oleylamine (OAm, technical grade, 70%, Sigma Aldrich), oleic acid (OAc, technical
grade, 90%, Sigma Aldrich), trioctylphosphine (TOP, 97%, Sigma Aldrich), 1,2-tetradecandiol
(technical grade, 90%, Sigma Aldrich), sulfur (99.5 — 100.5%, Sigma Aldrich), benzyl ether (BE,
98%, Sigma Aldrich), 2-propanol (IPA, 299.5%, Fisher Chemical), hexanes (Fisher Scientific),
acetone (Fisher Scientific), gamma-aluminum oxide (2-Al,Os, particle size 150 mesh, average
pore size 58 A, surface area 155 m?/g, Sigma Aldrich), 2,5-dimethyl-2,4-hexadiene (diolefin,
96%, Sigma Aldrich), dibenzothiophene (DBT, 98%, Sigma Aldrich), quinoline (98%, Sigma
Aldrich), dodecane (299%, Sigma Aldrich), and decahydronaphthalene (decalin, 299%, Sigma
Aldrich). Milli-Q water was used throughout the work. Ultra-high purity (99.999%) nitrogen and
hydrogen gases were purchased from Praxair Canada.

5.2.2 Catalyst preparation

NiS, CoS, FeS, and NbS nanoparticles were synthesized in oleylamine, which acts as a surfactant
and reducing agent [29]. Additional capping agent and reducing agent were introduced in the
synthesis, depending on the specific metal nanoparticles being synthesized. The final metal
sulfide nanoparticles were achieved by “hot-injection” of OAm-sulfur solution, which provides
the sulfur source for sulfidation. Upon heating to certain temperatures, the sulfide ions react
with excess amine to generate H,S that combines with the metal nanoparticles to form metal
sulfide [30].

NiS. In a 250 mL three-neck flask, 0.6 mg of Ni(acac), and 8 mL of OAm were dissolved in 60 mL
BE. The mixture was stirred and purged by Ar for 5 min, and then followed by the addition of 5
mL TOP under Ar environment. The mixture was heated to 230 °C with a heating rate of 5
°C/min, and stayed at 230 °C for 15 min to form Ni nanoparticles [31]. Then 10 mL of OAm
solution containing 0.107 g (3.337 mmol) elemental sulfur (S/Ni molar ratio = 1.5) was rapidly
injected into the hot Ni nanoparticle solution. After 1 h reaction at 230 °C, homogenous
solution of NiS nanoparticles were obtained without any precipitation. After cooling down to
room temperature, NiS nanoparticles were collected by adding 60 mL ethanol, followed by
centrifugation (8500 rpm, 10 min). The black precipitates of NiS nanoparticles were further
washed 3 times by redispersing in minimum volume of hexane (< 5 mL), and then precipitated
by adding 30 mL ethanol, followed by centrifugation. The cleaned NiS nanoparticles were
deposit on y-Al,03 support (target loading 0.5 wt% Ni) through sonication of the nanoparticle
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and y-Al;O3 support in hexane/acetone mixture (volumetric ratio of 1/1). The final NiS/y-Al,O3
sample was further purified 2 times by redispersing and precipitation in hexane/acetone
mixture to get rid of oleylamine completely. Finally, NiS/y-Al,Os catalyst was dried in an oven at
60 °C for overnight under static air environment.

CoS. CoS/y-Al;03 catalyst was prepared by the same experimental procedures as described for
NiS/y-Al,0s sample above, except 0.6 g of Co(acac), was used as metal precursor.

FeS. In a 250 mL three-neck flask, 0.706 g of Fe(acac)s, 2 mL OAm, 1.92 mL OAc, and 2.3 g 1,2-
tetradecandiol were dissolved in 25 mL BE at room temperature. After purging Ar for 10 min,
the solution was heated up to 215 °C, and stayed for 30 min; the mixture was further heated to
265 °C and stayed for another 30 min [32,33]. Then 10 mL of OAm solution containing 0.096 g
elemental sulfur (3 mmol, S/Fe molar ratio = 1.5) was rapidly injected to the hot FeOy solution;
the reaction continued at 265 °C for 30 min tom complete sulfidatin. FeS nanoparticles were
collected, washed, and deposit on y-Al,03 support according to the same procedures as
described for NiS/y-Al,03 sample.

NbS. NbS/y-Al,03 catalyst was prepared by the same method as FeS/y-Al,03, except 0.540 g of
NbCls was used as metal precursor.

M (M = Ni, Co, Cu, Fe)-doped NbS nanocatalysts were prepared using hydrothermal method,
according to method published by Liu et al. [34]. For example, for the synthesis of Cu-NbS
catalyst, 0.040 g (0.2 mmol) of Cu(OAc): - H20, 0.050 g of PVP (MW = 29 000, PVP/Cu molar
ratio = 2.25), 0.036 g thiourea (thiourea/Cu molar ratio = 2.36), and 0.050 g NbS (pre-
synthesized according to NbS method described above) were mixed in 50 mL of 30 vol%
IPA/water solution. A homogeneous solution was obtained by sonication for 10 min. The
solution was then transferred to an autoclave, followed by hydrothermal treatment at 160 °C
for 24 h. After reaction, the precipitate was collected by centrifugation (8500 rpm, 10 min), and
washed three times by water. The washed Cu-NbS sample was then deposit on y-Al,Os by dry
impregnation, with desired Nb and Cu loadings of 0.7 wt% and 0.254 wt%, respectively. Ni, Co,
and Fe-doped NbS catalysts were prepared using the same synthesis method as described for
Cu-NbS sample.

A Ni/MgAl,04 catalyst contains metallic Ni nanoparticles (10 nm diameter, 6.5 wt% Ni loading
by NAA) was prepared by deposition precipitation technique using urea as precipitation agent.
Detailed experimental procedures can be found in our previously published work [35].

A MoS,/y-Al,03 reference catalyst was prepared by dry impregnating commercial MoS; on g-
Al203 support. A Ni-MoS,/y-Al,03 reference catalyst was prepared by the same hydrothermal
treatment method for M-doped NbS samples as described above, except 0.05 g commercial
MoS; and 0.051 g (0.2 mmol) of Ni(OAc), - 4H,0 were introduced to the synthesis.
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5.2.3 Diolefin hydrogenation

Catalyst screening. Hydrogenation reactions were carried out in a semibatch stainless steel
reactor (300 mL autoclave, Parr Instrument 4560 mini Bench Top Reactor) equipped with a
high-temperature fabric heating mantle, a gas burette for the continuous isobaric hydrogen
supply, and a thermocouple. The hydrogenation of 2,5-dimethyl-2,4-hexadiene (diolefin) was
investigated at 150 °C and 10 bar absolute pressure over the prepared metal sulfide
nanocatalysts. For a typical reaction, the reactor was filled with 100 g reaction solution
containing 0.5 wt% diolefin, 0.5 wt% dodecane (C12, internal standard for GC quantitative
analysis) in decalin and 1 g of as-prepared catalyst. The reaction mixture was flashed by
nitrogen and stirred to ramp to the reaction temperature. Once the desired reaction
temperature was achieved, the reactor was then pressurized with hydrogen to the desired
operating pressure. The stirring speed was 1200 rpm, which has previously confirmed the
absence of mass transfer limitations [36]. Diolefin hydrogenation was also investigated with the
presence of 300 ppmw S (0.170 wt% DBT) and 100 ppmw nitrogen (0.095 wt% Quinoline). Due
to the catalyst poisoning effects by S and N, in each run 3 g of catalyst was tested at 150 - 180
°C and 10 — 20 bar. Liquid samples of 1 mL were withdrawn from the system after 2 h of diolefin
hydrogenation without S or N molecules, and after 5 h with the presence of 300 ppm S and 100
ppm N.

Product analysis and quantification. The hydrogenation products were identified by gas
chromatography coupled with mass spectrometry (GC-MS) (Chemistry department, University
of Alberta) and found to be in agreement with the reaction mechanisms in Scheme 1. The
guantitative analyses of hydrogenation products were performed offline using a calibrated
Agilent 7890A gas chromatogram (GC) equipped with a flame ionization detector (FID). The GC
capillary column was H-PONA Agilent capillary column, 50 m length x 0.25 mm inner diameter x
0.25 pum film thickness. Initially, the oven temperature was stabilized at 40 °C for 1 min and
then increased to 300 °C with a ramping rate of 10 °C/min. The mass balance was closed within
96 — 99%. Therefore, diolefin conversion was calculated as the amount of 2,5-dimethyl-2,4-
hexadiene converted in hydrogenation over the original amount in the feed solution. According
to GC-MS analysis, 2,5-dimethyl-2-hexene and trans-2,5-dimethyl-3-hexene are the only two
diolefin hydrogenation products. The selectivity (on mass basis) was determined as the amount
of each alkene product divided by the amount of total alkene products (alkene + isomerized
alkene). The quinoline conversion was calculated as the amount of quinoline converted in
hydrogenation over the amount of quinoline in feed solution.
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Scheme 1. Product distribution in the 2,5-dimethyl-2,4-hexadiene hydrogenation with the
presence of 1000 ppms S and 50 — 250 ppm N at 150 — 180 °C and 10 — 20 bar H; pressure.
Quinoline is hydrogenated to 1,2,3,4-tetrahydroquinoline; dibenzothiophene is inactive at the
studied conditions. Reaction products were confirmed by GC-MS analysis.

Kinetic study. The kinetics of 2,5-dimethyl-2,4-hexadiene hydrogenation in the presence of S
and N inhibitors were studied over 3 g of NiS/y-Al,O3 catalyst at a fixed 10 bar H, pressure. The
feed solution contains 0.5 wt% diolefin (fixed), 1000 ppmw S (fixed), varying N concentration
(50 — 250 ppmw) and 0.5 wt% C12 (internal standard), balanced in decalin. Temperature effect
on diolefin hydrogenation rate was also studied in the range of 90 — 170 °C at a fixed 100 ppm N
level (experiments were performed, but not analyzed by GC). Liquid samples of 1 mL were
collected at operating temperate and pressure every 30 min and for 5 h.

5.2.4 Catalyst characterization

The developed metal sulfide nanocatalysts were characterized by neutron activation analysis
(NAA), scanning transmission electron microscopy (STEM), energy-dispersive X-ray
spectroscopy (EDX) mapping, and X-ray photoelectron spectroscopy (XPS).
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5.3 Results and discussion
5.3.1 Catalyst synthesis

Transition metal sulfide nanoparticles, NiS, CoS, FeS and NbS, were prepared by wet chemistry
techniques in benzyl ether. Oleylamine is used as surfactant and mild reducing agent for the
controlled preparation of metal nanocrystals. Other surfactants were also used in combination
with oleylamine. For example, Fe and Nb nanoparticles were stabilized by the mixture of
oleylamine and oleic acid; while Ni was prepared by oleylamine and trioctylphosphine. The
reduction of Fe and Nb precursors requires a stronger reducing agent, 1,2-tetradecandiol,
where the role of OAm is limited to act as a surfactant only. After synthesis of metallic
nanoparticles, a solution of elemental sulfur dissolved in oleylamine was injected into the hot
synthesis flask, and then allowed to continue heating for 1 h to form the desired metal sulfide
nanocrystals. The polysulfide ions react with excess amine to generate H,S, which combines
with the metal nanoparticles to form metal sulfide [29]. Table 1 shows detailed synthesis
parameters.

Table 1. Summary of the synthesized nanoparticles and supported catalysts.

catalyst Precursors | Synthesis Solvent | Capping | Reducing S source Metal

method agent ageng loadings,
wt%

NiS Ni(acac) Wet chemistry in | BE OAm, OAm Elemental S | Ni: 0.345
organic solvent TOP

CoS Co(acac), Wet chemistry in | BE OAm, OAm Elemental S | Co: 0.5
organic solvent TOP

FeS Fe(acac)s Wet chemistry in | BE OAm, 1,2- Elemental S | Fe: 0.5
organic solvent OAc tetradecandiol

NbS NbCls Wet chemistry in | BE OAm, 1,2- Elemental S | Nb: 0.7
organic solvent OAc tetradecandiol

CusS Cu(AcO), Hydrothermal IPA/H,0 | n.a. n.a. thiourea Cu: 0.254
treatment

Cu-NbS Cu(AcO), Hydrothermal IPA/H,0 | n.a. n.a. thiourea Nb: 0.7
treatment Cu: 0.254

Ni-NbS Ni(AcO), Hydrothermal IPA/H,0 | n.a. n.a. thiourea Nb: 0.7
treatment Ni: 0.235

Co-NbS Ni(AcO), Hydrothermal IPA/H,0 | n.a. n.a. thiourea Nb: 0.7
treatment Co: 0.235

Fe-NbS Fe(AcO); Hydrothermal IPA/H,0 | n.a. n.a. thiourea Nb: 0.7
treatment Fe: 0.223

Ref Ni(AcO), Hydrothermal IPA/H,0 | n.a. n.a. thiourea Ni: 0.319

Ni-MoS; | Commercial | treatment Mo: 1.420

MOSZ

Ref Ni° Ni(NOs)> Deposition H,0 n.a. H, n.a. Ni: 6.5
precipitation
with urea
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A representative scanning TEM image (Fig. 1) of as-synthesized NiS nanoparticles shows
monodispersed and spherical particles with an average diameter of 7.6 £ 1.0 nm. The STEM-
EDX mapping displays both sulfur and phosphine elements on Ni surface. During Ni
nanoparticle synthesis, oleylamine and trioctylphosphine bind to the surface of Ni atoms while
leaving Ni in metallic state [31]. After synthesis, oleylamine is removed completely by repetitive
hexane washing, leaving only phosphine on Ni surface atoms. EDX mapping also validates the
employed sulfidation process by hot injecting S-OAm solution. Due to the pre-formation of
metallic nanocrystals, the sulfidation occurred only on the surface of transition metal
nanoparticles. This is further confirmed by the low S/Ni molar ratio (0.11) by EDX elemental
analysis. Since only the surface metal atoms are sulfide, the catalysts were named as MS,
without number notations corresponding to the metal/sulfur molar ratio. During Ni
nanoparticle synthesis, TOP stabilized Ni nanoparticles to prevent aggregation. The formation
of Ni-TOP complexes is further decomposed to form phosphide Ni upon heating [37]. The P/Ni
molar ratio detected by EDX mapping is 0.22. Similar to sulfidation, the phosphidation is
believed to be on Ni surface.

Figure 1. (a) bright field STEM image of as-synthesized NiS nanoparticles and their size
distribution; (b) STEM-EDX mapping as-synthesized NiS nanoparticles.

A series of transition metal-promoted NbS catalysts consisting of Ni, Co, Fe, or Cu dispersed on
NbS nanoparticles were prepared using hydrothermal method published by Liu et al. with
modifications [34]. First, NbS nanoparticles were synthesized according to the experimental
procedures described in above session. These NbS nanoparticles were mixed with thiourea-M
complex, followed by hydrothermal treatment at 160 °C for 24 h. During the hydrothermal
process, the thiourea-M complex refilled some of the surface sulfur vacancy sites of NbS[34].
Due to the relatively high activity of Cu-NbS catalyst (will be discussed in following session), a
reference CuS catalyst was prepared using the same hydrothermal method as for Cu-NbS, but
without NbS nanoparticles.
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5.3.2 Diolefin hydrogenation: catalyst screening

The developed monometallic and bimetallic metal sulfide catalysts were examined in diolefin
hydrogenation with and without S and N poisons in the feed solution. A conjugated diolefin
with methyl branches attached on its internal double bonds, 2,5-dimethyl-2,4-hexadiene, was
selected as the model compound, as it requires a sterically demanding flat-lying adsorption on a
catalyst as compared to perpendicular adsorption of terminal C=C bonds. Hydrogenations are
highly exothermic and fast reactions; they do not require high temperature as other
hydrotreating processes, such as hydrodesulfurization and hydrodenitrogenation. From the
viewpoint of cost-effective partial upgrading to hydrogenate diolefins, a rather mild operating
condition, 150 - 180 °C and 10 — 20 bar H pressure, was selected in the present work.

According to the GC-MS analysis, diolefin is hydrogenated to alkenes without detectable
complete hydrogenation to alkane. Two types of alkene composition confirmed by GC-MS
analysis: 2,5-dimethyl-2-hexene and trans-2,5-dimethyl-3-hexene. The main reaction product
was 2,5-dimethyl-2-hexene, with the selectivity of 50 — 80%. Although the isomerized alkene
(trans-2,5-dimethyl-3-hexene) is less pronounced, it is considered as a more thermodynamically
stable product [13]. Unlike single atom catalysis, the relatively large NiS nanoparticle size allows
the flat-lying m-adsorption mode during hydrogenation; this is especially important for
branched diene structures. Both double bonds of 2,5-dimethyl-2,4-hexadiene could
simultaneous coordinate on NiS particles. An isomerization mechanism proposed by
Karakhanov et al. suggested that the terminal alkenes can be isomerized to the more stable cis-
or trans-2,5-dimethyl-3-hexene isomers, with the trans-isomer being the most
thermodynamically stable structure [13]. This is in line with our observed hydrogenation
product distribution, i.e., no cis-isomer was detected by GC-MS.

Diolefin HYD without S and N. Figure 2 compares catalytic activities in diolefin hydrogenation
for the developed metal sulfide nanocatalysts without S or N. At 150 °C and 10 bar Ha, NiS is the
most active hydrogenation catalyst that converted nearly 100% diolefin to alkene after 2 h
reaction. While all other metal sulfide catalysts reveal similarly low diolefin conversions in the
range of 10 — 20%. It is known that the first row transition metals could selectively catalyze
partial hydrogenation; among them, Ni is the most active [20]. For example, the hydrogenation
of penta-1,3-diene over Ni catalyst required the lowest reaction temperature comparing to
those over Co, Fe and Cu catalysts [15]. The surface phosphorus resulted from TOP stabilization
may also contribute the superior activity of Ni. Nozaki and coworkers explored diolefin
hydrogenation over transition metal phosphide catalysts [9-11]. It has been found that
butadiene hydrogenation activities of Co,P and FeP are extremely lower than that of Ni>P; a 200
°C of reaction temperate is needed for Co and Fe phosphide catalysts to reach similar activity
level as Ni,P [10]. Similarly, in low temperature diolefin hydrogenation, CoS (also stabilized by
TOP) displays poor hydrogenation activity as comparing to NiS. Moreover, Bonita and Hicks
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reviewed that metal phosphides, particularly Ni>P, outperform metal sulfides and carbides in
hydroprocessing; this is related to the charge transfer in Ni-P bond favors the activation of H
and reactant molecules being hydrotreated [37].

A reference metallic Ni nanoparticle catalyst (without TOP, OAm, or elemental S) deposit on
MgAl>O4 support was prepared. The use of a different catalyst support, MgAl,04, was to ensure
the formation of small metallic Ni nanoparticles without introducing TOP and OAm stabilizers
during synthesis. Metallic Ni catalyst was tested in the hydrogenation of diolefin (without S or N
poinsons), and its performance was compared with the NiS catalyst. Partial hydrogenation of
2,5-dimethyl-2,4-hexadiene favors sulfided Ni catalyst. NiS catalyst (3.5 mg active Ni in reaction)
allows 100% diolefin conversion after 3 h reaction at 150 °C and 10 bar (Fig 2); while metallic Ni
catalyst shows only 70 % diolefin conversion at the same conditions, but with more catalyst
loaded in the reactor (5.3 mg Ni). The formation of isomerized alkene on metallic Ni catalyst is
less favorable than that over NiS catalyst.

Figure 2. Diolefin hydrogenation without S and N molecules over 1 g of y-Al,03 supported metal
sulfide catalyst (as-synthesized) at 150 °C and 10 bar H; pressure. Feed solution: 0.5 wt% 2,5-
dimethyl-2,4-hexadiene, 0.5 wt% C12 (internal standard), balanced in decalin; liquid samples
were collected after 2 h.

Figure 2 shows that niobium-containing sulfide catalysts did not show promising results in low
temperature diolefin hydrogenation. Niobium in either oxide or sulfide form is usually used as a
catalyst, a promoter or catalyst support in HDS and HDN. Similar to our observation, low HYD
rate was also observed for NbS catalyst in a study of simultaneous HDS, HDN and HYD reactions
[19]. In the present study, one of the reasons for the poor activity of Nb-containing catalysts
could be low degree of surface sulfidation during synthesis. Previously, our group has discussed
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that the high affinity of Nb to O could result in extremely stable NbOx material with the heats of
formation of -380 — -395 kJ/mol [38]. Most likely, NbOx nanoparticles were formed first; the
following sulfidation step by injecting OAm-S solution at 300 °C might not be efficient to sulfide
surface niobium. The hypothesis is further confirmed by performing EDX mapping on as-
synthesized NbS/y-Al,0s catalyst (Fig. S1). It is difficult to distinguish Nb and S from EDX
analysis, due to the overlapping of the second peak from NbLa and SKa. Thus, the EDX count
signal from SKb was used to qualitatively analyze the presence of surface sulfur for Nb-
containing samples. EDX mapping reveals no signal at SKb, proving no surface Nb sulfidation or
extremely low degree of sulfidation.

Figure S1. STEM-EDX mapping of as-synthesized NbS/y-Al,O3 catalyst.

S and N effects on diolefin HYD. The hydrogenation of diolefin over the developed metal
sulfide catalysts were investigated with the presence of DBT and quinoline. The inhibiting effect
by S-molecule was also studied separately without the presence of quinoline. Under such
conditions, the 2,5-dimethyl-2,4-hexadiene was hydrogenated to alkene and its trans-isomer;
quinoline was hydrogenated to 1,2,3,4-tetrahydroquinoline (THQ-1); whereas
dibenzothiophene conversion was negligible regardless of its concentration in the feed, as
shown in Scheme 1.

In Figure 3, diolefin hydrogenation was investigated in the presence of up to1000 ppmw S in
the feed over a NiS/y-Al,O3 catalysts at 150 °C and 10 bar. At this condition, no DBT conversion
was detected, so DBT only acted as hydrogenation inhibitor by competitive adsorption on NiS
surface, or vice versa. Figure 3 shows that, at low DBT concentration (50 ppmw S), diolefin
hydrogenation conversion maintained nearly 100%. Only 35% diolefin conversion drop was
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observed when S level was increased to 1000 ppmw. It can be concluded that the S poisoning
effect on hydrogenation is mild over sulfide Ni catalyst. Transition metal sulfides are known to
have high hydrogenation activity and relatively high resistance to sulfur poisoning [39]. For
example, Kirsch and Shull observed that sulfide cobalt-molybdena was superior to copper
chromite on the basis of resistance to sulfur poisoning [24]. A slight increase in trans-isomerized
alkene was produced along with increasing DBT in feed (Fig. 3). In the study of 1,3-butadiene
hydrogenation over rhenium catalyst, Grant et al. indicated that the hydrogen addition mode
could change from 1,2-addition to a 1,4-addition when Re was contaminated by S, leading to an
increased selectivity to trans- or cis-2-betene and reduced butane yield [40].

Figure 3. Sulfur inhibiting effect on diolefin hydrogenation over 1 g of NiS/y-Al,O3 catalyst at
150 °C and 10 bar H; pressure. Feed solution: 0.5 wt% 2,5-dimethyl-2,4-hexadiene, 0.5 wt% C12
(internal standard) and 0 — 1000 ppmw S (0 — 5.8 wt% DBT), balanced in decalin; liquid samples
were collected after 3 h.

The developed metal sulfide catalysts were further investigated in diolefin hydrogenation in the
presence of 300 ppmw S and 100 ppmw N molecules, as shown in Figure 4. Sulfide Ni, Co and
Fe catalysts display similar activity trend as the case without S and N. It can be seen that the
hydrogenation activity of NiS is suppressed dramatically by 100 ppmw N. Only 30 % of diolefin
was converted to alkene over 3 g NiS/y-Al,O3 catalyst after 5 h of reaction vs 100 % conversion
over 1 g NiS//y-Al,03 without N (Fig 3), at the same reaction conditions (150 °C and 10 bar).
Nitrogen molecules are strong catalyst poisoners; they slow down other hydrotreating
reactions rapidly with less than 50 ppm in the feed [41]. In the study of inhibiting HYD and HDS
reactions with quinoline, Minaev et al. concluded that the conversions of both naphthalene
hydrogenation and hydrodesulfurization were substantially suppressed by quinoline in the feed
(100 — 1000 ppm N) [26]. The inhibiting effect by quinoline is because of the competitive
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adsorption of quinoline and its product (THQ-1 in the present study). Due to the preferential
adsorption of quinoline on NiS sites, the quinoline hydrogenation to THQ-1 is a much faster
reaction than diolefin partial hydrogenation.

Figure 4. S and N inhibiting effects on diolefin hydrogenation over 3 g of y-Al,Os supported
metal sulfide catalyst (as-synthesized) at 150 — 180 °C and 10 — 20 bar H; pressure. Feed
solution: 0.5 wt% 2,5-dimethyl-2,4-hexadiene, 0.5 wt% C12 (internal standard), 300 ppmw S
(0.17 wt% DBT) and 100 ppmw N (0.09 wt% Q), balanced in decalin; liquid samples were
collected after 5 h.

Figure 4 also shows that diolefin and quinoline hydrogenation performances of niobium-based
catalysts, which were tested at elevated conditions, 180 °C and 20 bar, due to their relatively
low hydrogenation property. Niobium alone might not be a suitable catalyst for partial
upgrading. Although it exhibits the same overall features as MoS; [21], they always requires
promoting effect by other metals (commonly Ni and Co). In this study, a commercial mono-
MoS; was tested and displays poor HYD activity. Among the Nb-containing catalysts, Cu-doped
NbS catalyst showed 40% and 90% for the hydrogenation of diolefin and quinoline,
respectively. Mono-CusS is only active toward quinoline hydrogenation; while NbS displays poor
activity for both diolefin and quinoline conversions. It has been discussed that hot injecting
OAm-S solution could not sulfide Nb; however, when hydrothermally treating niobium along
with copper and thiourea, the S from thiourea could sulfide niobium. This is evidenced by EDX
mapping of as-synthesized Cu-NbS/y-Al,0s sample; a low intensity peak for SKb can be
observed in EDX spectrum (Fig. S2). Figure S2 also shows the formation of small Cu
nanoparticles sitting on Nb upon hydrothermal treatment. According to EDX analysis and the
synthesize strategy, the Cu-NbS catalyst may consist Cu nanoparticles chemically sitting on NbS
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substrates. For the as-synthesized catalyst, these Cu nanoparticles are most likely in the
oxidized form instead of sulfide form, as EDX did not show intense S signals in Cu particles. The
reduction of copper oxide to metallic Cu could occur at low temperature in the range 75 — 225
°Cin a flow of 5% H./Ar gas mixture at atmospheric pressure [42]. Thus, at our hydrogenation
conditions (180 °C and 10 Bar H;), CuOx nanoparticles could be easily reduced to form metallic
Cu that facilitated hydrogen activation. An earlier work has discussed that, during H; activation,
copper atoms could form a dihydride structure, which is favorable for concerted hydrogenation
at elevated pressure and temperature though [43]. According to EDX analysis, the degree of Nb
sulfidation has been improved by the following hydrothermal treatment with thiourea. The
united properties of Cu and NbS therefore improved the hydrogenation activities vs its
monometallic forms. Moreover, the synthesis strategy was adopted from Co-MoS; preparation
method published by Liu et al. [34]. By conducting experimental work and DFT analysis, the
author observed a large number of sites at the interface between Co and Mo atoms on the
MoS; basal plans [34]. According to their theory, the synergistic effect observed in Cu-NbS
catalyst can be ascribed to the presence of sulfur vacancies in Cu-S-Nb interfacial sites [34].
Nonetheless, such synergistic effect was not observed in Ni-, Co- or Fe- doped NbS catalyst.

Figure S2. STEM-EDX mapping of as-synthesized Cu-NbS/y-Al,0s catalyst.

5.3.3 Kinetic study

Diolefin (2,5-dimethyl-2,4-hexadiene) was partially hydrogenated to alkene (2,5-dimethyl-2-
hexene) and isomerized alkene (trans-2,5-dimethyl-3-hexene) with no detectable alkane.
Quinoline was hydrogenated to 1,2,3,4-tetrahydroquinoline; no DBT conversion was detected
at the studied conditions. Among mentioned transition metal sulfide catalysts, NiS/y-Al,Os
allows for the highest hydrogenation activity at the lowest T and P with and without Sand N
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compounds. The reaction kinetics was studied over NiS/y-Al,O3 catalyst at fixed S concentration
(1000 ppmw) and varying N composition (0 — 250 ppmw) and temperatures.

Diolefin hydrogenation without quinoline is first order with respect to diolefin (Fig. 5).
Quinoline not only inhibits the hydrogenation but also changes the diolefin hydrogenation
reaction order to zero with respect to the diolefin. The reaction order of diolefin hydrogenation
with respect to the total N concentration is negative first. The quinoline hydrogenation itself
also follows 0" order kinetics to Q (Fig. 6). A similar zero order to Q was found in an earlier
work at temperatures below 40 °C [44].

The reaction kinetics suggests that there are several types of active sites for the activation and
hydrogenations of the diolefin and quinoline, including those poisoned by quinoline and its
hydrogenation product, and those where quinoline and diolefin competitive hydrogenations
occur.
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Figure 5. Kinetic study of 2,5-dimethyl-2,4-hexadiene to alkene over 3 g of NiS/y-Al,O3 catalyst
at 150 °C, 10 bar Hy, in the presence of 1000 ppmw S (5.8 wt% DBT) and 0 — 250 ppmw N (0.23
wt% Q). (a) diolefin conversions vs time; (b) quinoline conversions vs time; (c) diolefin
hydrogenation rate constant (Kdiolefin) determined at 1000 ppmw S and 0 ppmw N; (d) diolefin
hydrogenation rate constant (Kaiolefin) determined 1000 ppmw S and 50 — 250 ppmw N.

Figure 6. Kinetic study of quinoline (Q) to 1,2,3,4-tetrahydroquinoline (THQ-1) over 3 g of NiS/y-
Al>O3 catalyst at 150 °C, 10 bar H». Experimental details were the same as described in Fig. 5.

For NiS/y-Al,03 catalyst, the Arrhenius plots for 2,5-dimethyl-2,4-hexadiene and quinoline
hydrogenation were obtained over the temperature range of 125 - 150 °C and 10 bar, with the
presence of 1000 ppmw S and 100 ppm N compounds, as shown in Figure 7. Activation energies
calculated from Arrhenius plots are 113 kJ/mol and 71 kJ/mol for the hydrogenation of diolefin
and quinoline, respectively. Generally, diolefin hydrogenation alone without inhibitors requires
relatively low activation energies. For example, Wells et al reported that the activation energies
for alkadienes (1,3-butadiene and 1,3-pentadiene) hydrogenation is in the range of 29 — 63
kJ/mol, depending on the reaction temperature studied, as well as the type of metal that
catalyzed hydrogenation reactions [15,20,40]. The olefinic molecule studied in the present work
is a conjugated diene with methyl groups attached on internal double bonds; thus its
hydrogenation requires higher activation energy (113 kJ/mol) than diolefins studied in
literatures with one double bonds and without steric hindrance. In addition to the type of
diolefin being studied, the presence of S and N compounds could also introduce extra difficulty
for diolefin hydrogenation. The hindering effect by N compound is more severely than sulfur. As
discussed in the above session, quinoline slows down diolefin hydrogenation by competitive
adsorption on catalyst active sites. The E; for quinoline obtained in our study is in good
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agreement with literature data; an activation energy of 44 kJ/mol was reported previously over
Pt catalyst in the temperature range of 15— 230 °C [44].

The number of active sites performing diolefin hydrogenation is higher than those catalyzing
the quinoline hydrogenation in the presence of poisoning quinoline, as seen from the
preexponential factors of the Arrhenius laws (Figure 7).

Figure 7. Arrhenius plots and activation energies for diolefin hydrogenation and quinoline
hydrogenation over 3 g of NiS/y-Al,Os catalyst at 125 — 150 °C, 10 bar H,, in the presence of
1000 ppmw S (5.8 wt% DBT) and 100 ppmw N (0.09 wt% Q).

5.3.4 Catalyst deactivation

Table 2 shows the stability test of NiS catalyst at 150 °C, 10 bar H, and 5 h for each cycle, with
addition of fresh reaction solution mixture after each batch of test. It is important to note that
active Ni nanoparticle leaching into solution occurred during hydrogenation reactions. Ni
loading is 0.268 wt% in a spent NiS/y-Al,Os catalyst vs 0.345 wt% in a fresh NiS/y-Al,O3 sample
before reaction. Thus for the catalyst deactivation study, nanoparticle leaching must be taken
into consideration as well. The amount of Ni leached into solution must be compensated by
adding more used catalysts in the spent cycle 1 and cycle 2 tests to maintain 10 mg of active Ni
available in reactions. The spent catalyst was rinsed with acetone for several times; thus, it is
assumed that there is no significant Ni leaching between cycle 1 and cycle 2 tests. Obvious
catalyst deactivation of NiS catalyst was observed, with rate constants dropped by order of
magnitude. The main reason for catalyst deactivation should be nitrogen poisoning.
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According to EDX analysis (Fig. 8), the amount of S remaining on Ni surface is beyond the EDX
detecting limit, indicating the decomposition of surface Ni-S at the employed hydrogenation
conditions. In a selective HYD of butadiene, the author indicated that adding H.S is essential to
preserve the activity of sulfide metal catalysts [24]. However, at the studied HYD condition,
there was no continuous HS being supplied or produced via DBT HDS. EDX mapping in Figure 7
also shows that P separated from Ni surface and then segregated onto alumina support, which
is another evidence of catalyst deactivation.

In conclusion, the three main causes for catalyst deactivation for the most promising NiS
catalyst is N-poisoning, S loss and P loss from Ni surface. Deactivation by Ni nanoparticle
sintering is negligible due to the low reaction temperature and low Ni loading on alumina.

Table 2. Effect of catalyst deactivation on diolefin and quinoline hydrogenation rate constants.
Reaction conditions: 150 °C and 10 bar H; pressure; feed solution: 0.5 wt% 2,5-dimethyl-2,4-
hexadiene, 0.5 wt% of C12 (internal standard), 1000 ppmw S, and 250 ppmw N, balanced in
decalin; liquid samples were collected every 30 min for 5 h.

NiS/y-Al,O3 | Diolefin Quinoline Kdiolefin, ko

sample? conversion, % conversion, % | pmolgiolefin-umolg o-mL" mint
Zmin?

fresh cycle 16 66 0.0240 0.0345

spentcyclel | 7 39 0.0108 0.0194

spentcycle2 | 7 15 0.0038 0.0092

2 3 g NiS/y-Al,0s catalyst (10 mg Ni) was used in fresh run; 4 g of spent catalyst was used in
cycle 1 to compensate NiS particle leaching in solution; and 4 g of spent catalyst collected from
cycle 1 condition was used in cycle 2.
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Figure 8. STEM-EDX mapping of spent NiS/y-Al,Os catalyst.

The XPS analysis of fresh NiS/y-Al,Os catalyst shows Ni 2ps/, peak from NiS and/or Ni, centered
at 853.1 eV (and its satellite at 859.2 eV). After hydrogenation reaction, the NiS/NiP peak
shifted to a lower binding energy at 852.5 eV (and its satellite at 858.6 eV) observed in NiS
spent sample, indicating the decomposition of NiS and NiP, and therefore, formation of metallic
Ni in catalyst surface. As the spent catalyst was reused in hydrogenation reactions, the metallic
Ni 2ps/2 peak centered at 858.8 eV (and its satellite at 863.0 — 963.2 eV) becomes more defined.
The XPS analysis of NiS/y-Al,Os catalysts at different stages of hydrogenation reaction is in
agreement with the observed catalyst deactivation due to loss of S and P from Ni surface.
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Figure 9. XPS spectra of Ni 2ps/, for NiS/y-Al>O3 catalysts: fresh, spent, spent cycle 1 and spent
cycle 2. Reaction conditions: 150 °C, 10 bar Hz, 1000 ppmw S (5.8 wt% DBT) and 250 ppmw N
(0.23 wt% Q). Spent catalysts were collected after 5 h hydrogenation reaction. Solid lines are Ni
2p3/2; dash lines are corresponding Ni 2ps/2 satellite.
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5.4 Conclusions

Monometallic transition metal sulfide catalysts, NiS, CoS, FeS and NbS supported on y-Al,03
were prepared by wet chemistry method with the presence of oleylamine as a stabilizer to
prevent nanoparticle agglomeration. Ni-, Co-, Fe- and Cu-doped NbS catalysts, as well as a
mono-Cu reference catalyst were prepared by hydrothermally treating as-prepared NbS and
doping metal precursor with the presence of thiourea as sulfur source. EDX analysis of as-
synthesized NiS catalyst suggest the surface sulfidation and phosphidation of Ni. While hot-
injecting elemental S— OAm solution at 300 °C was not sufficient to sulfide Nb. For the Nb-
containing bimetallic samples, the hydrothermal treatment improved the degree of Nb
sulfidation.

Diolefin hydrogenation was investigated over the synthesized metal sulfide catalysts at mild
conditions (150 — 180 °C and 10 — 20 bar H; pressure) in the presence of benzothiophene and
quinoline. NiS/y-Al,Os is the most active catalyst for both diolefin and quinoline hydrogenation.
The sulfur inhibiting effect by DBT is considered as minor. A strong inhibiting effect by N-
compouns is observed, leading to rapid drops in hydrogenation conversions as N concentration
increased from 50 — 250 ppm. Cu-NbS outperforms its monometllic forms due to synergistic
effect and improved Nb sulfidation; it shows comparable hydrogenation activities with NiS at
elevated T and P though (180 °C and 20 bar H; pressure).

A kinetic study of diolefin hydrogenation was performed over NiS catalyst at 150 °C and 10 bar
H in the presence of 1000 ppmw S and 50 — 250 ppmw N. It has been found that quinoline
hydrogenation is zero order respect to quinoline concentration; while diolefin hydrogenation
rate constant follows zero order with respect to concentration of diolefin and negative first
order to quinoline feed concentration.

Three main causes for catalyst deactivation for the most promising NiS/y-Al,Os catalyst was N-
poisoning, S loss from Ni surface as H»S, and P migration from Ni surface to alumina support.
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6 CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

The primary scientific significance is that we suggested and demonstrated a concept that a
promoter may catalyze synthesis of active sites. During the catalytic action, the promoter
behaves only as a spectator, unless it is used at high surface concentrations. We proved the
concept for the sulfided catalysts, but it can be applied for other catalysts that could not be
synthesized otherwise because of thermodynamic limitations.

In terms of applied knowledge, we identified Nb-based catalysts as materials with similar HDS
and HDN functions as conventional CoMo or NiMo catalysts, but in addition, they possess high
hydrocracking activity towards monocyclic hydrocarbons, with no lights formation. Potentially,
the Nb catalysts could be beneficial for hydrotreatment of high molecular-weight feeds due to
their enhanced cracking and hydrogenating ability, as opposed to CoMo and Mo.

The Nb catalysts could also be used for low-severity hydrotreatment, but they were surpassed
by more active and less expensive NiS. The latter demonstrated the higher activity to diolefin
hydrogenation than the conventional NiMo catalyst (prepared in-house). None of the open
studies, to our knowledge, had addressed the effect of basic nitrogen compounds on
olefin/diolefin hydrogenation and catalyst deactivation during low-severity hydrogenations. The
nitrogen presence not only suppresses the hydrogenation rate but also changes the reaction
order. These findings must be beneficial to practitioners working on olefin hydrogenation of the
thermally cracked feed. We recommend comparing the industrial NiMo catalyst with NiS only, as
the in-house catalysts showed the superior ability of the Ni-only catalyst for conjugated diolefin
and quinoline hydrogenation.

6.2 Recommendations for Future Work

The work relies on the use of hydrogen for upgrading operations, although potentially may be
extended to other hydrogen donors. We used a mixture of model sulfur, nitrogen and olefin
compounds in this work and identified that certain Nb catalysts can achieve
hydrodesulfurization and hydrodenitrogenation, similarly to the conventional promoted Mo
catalysts, but the former also possess a remarkable mild cracking activity with no lights
formation. As opposed to highly acidic zeolites, the Lewis acidity of Nb sulfide and oxide may
provide reduction in the molecular weight of heavy feeds without overcracking and ultrafast
coking. It is recommended to assess the Nb catalysts in the real feed hydrotreatment.

We also established a significant reason of catalyst deactivation in olefin hydrotreatment,
which is active site poisoning by nitrogen compounds. Our best identified catalyst was a
monometallic nickel sulfide and it performed better than MoS; or promoted MoS,. This finding
may improve the olefin hydrogenation operations, as currently practiced. It is recommended to
assess the NiS catalyst performance in the real feed.
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