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Chapter 1

Introduction and Scope

Global warming and air pollution are the most important technical challenges in
environmental catalysis research nowadays, which increases the urgency to change the
energy structure dominated by fossil energy and reduce the carbon footprint. Nevertheless,
fossil feedstocks and products derived from them, such as transportation fuels or bulk
chemicals, will remain indispensable in the coming decades (Figure 1.1) [1]. As the harmful
gases, NOy and SOy, emit into the air during the combustion of fossil fuels and induce acid
rain, legislative regulations have prompted restraining the sulfur level of the fuel. Currently,
the maximum sulfur level for ultralow-sulfur diesel (ULSD) oil is 10 ppm (Euro V standard,
October 2016) [2]. Besides air pollution, the sulfur in oil also affects the performance of
downstream unit operations, catalysts, or even engines. Hence, refineries must remove the
impurities from the crude oil that contains a significant amount of sulfur and nitrogen before

further processing or use.

2020 2050

Solar, 1%
Wind, 1%  Hydropower, 3% Coal, 11% Wind, 13%
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Figure 1.1. World primary energy supply by source, adapted from [1].

1.1. Hydrotreating

Hydrotreating is a well-established process to refine crude oil and produce clean
transportation fuels. During hydrotreating, crude oil cuts are selectively reacted with
hydrogen in the presence of a catalyst at relatively high temperatures and moderate pressures
to remove the undesired impurities (e.g., S, N, O, metals), convert the undesirable aromatics,
olefins into stabilized products, and enhances the quality of various fuels (e.g., diesel and

gasoline) by increasing the cetane number. The catalytic reactions used to remove S, N, and
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Chapter 1

O are hydrodesulfurization (HDS), hydrodenitrogenation (HDN), and hydrodeoxygenation
(HDO), respectively [3, 4], formally described as follows:

Hydrodesulfurization
. Catalyst
/\,{/\]\/\/SH + H, —, /\'{/\]:/\/_'_ G

Hydrodeoxygenation

o Catalyst /\,{/\]\/\/
/\/{/\]\N + 2H, LA, > + HO

n

Hydrodenitrogenation

& n

1.2. Hydrodesulfurization

Sulfur is the vast and most harmful pollutant among various impurities, which makes HDS
essential in oil refining. During HDS, sulfur atoms in the organosulfur compounds can be
removed by reacting with hydrogen at elevated temperature and pressure in the presence of
the catalyst. HDS reaction mainly proceeds via two parallel pathways, the direct
desulfurization (DDS) pathway and the hydrogenation (HYD) pathway. Figure 1.2 shows the
HDS of thiophene, the C-S bond cleavages directly without hydrogenating C=C bonds in the
DDS pathway. While in the HYD route, before substituting a sulfur atom from thiophene,
the aromatic ring containing sulfur is hydrogenated. Generally, these two pathways occur
simultaneously in the HDS process. The predominant reaction pathway varies according to

the nature of the sulfur compounds, the reaction conditions, and the catalyst used.
H |
[ ) -H,S X
H, 8

@ -HyS N

S H,
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Figure 1.2. Reaction pathways for thiophene HDS.

There is a wide variety of organic sulfur compounds in various petroleum fractions, such as
aliphatic sulfur compounds (e.g., mercaptans, sulfides, and disulfides) and thiophene
derivatives (e.g., thiophene, benzothiophenes, and dibenzothiophenes). Due to the molecular
size and the structure of sulfur-containing molecules, it is more challenging to remove sulfur

from thiophene derivatives than aliphatic sulfur compounds. Among thiophene derivatives,
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Introduction and Scope

the refractory sulfur-containing species, as illustrated in Figure 1.3, are the most difficult to
desulfurize. The reactivity of several thiophene compounds decreases with increasing
aromaticity and steric constraints, and the desulfurizing of the refractory sulfur-containing
molecules is the so-called deep HDS. As there is always competition between the HDN and
HDS of the refractory nitrogen and sulfur-containing species during the deep removal, deep
HDS always occurs along with HDN.

D Deep HDS

I

Decreased reactivity

Figure 1.3. Decrease the reactivity of different sulfur-containing compounds in diesel feed.

The scarcity of low-sulfur crude oil and the existence of least reactive refractory sulfur-
containing species are the key challenges for refineries. To address this challenge of changing
feed quality while meeting the strengthened restrictions on the sulfur content in fuels, more

effective catalysts are needed.

1.3. Hydrodesulfurization catalysts

Industrial HDS catalysts are commonly composed of Mo-based or W-based sulfides with Ni
or Co sulfides as promotors supported on the high-surface-area y-Al,Os. y-Al>Os is the most
advanced support in the balance of the surface area, pore size, mechanical strength, and cost,
and it is usually prepared by decomposing boehmite (AIO(OH)) at a temperature between
400 °C and 700 °C [5]. Ni/Co promotors can significantly improve catalyst activity by
forming the so-called Co(Ni)MoS active structures [6] combining Mo/W with Ni/Co. The
most common bimetallic catalysts used in refineries are sulfided Co-promoted MoS;
(CoMoS), Ni-promoted MoS; (NiMoS), or Ni-promoted WS, (NiWS) catalysts supported on
v-ALLO3 [7]. These three types of HDS catalysts have been well studied, in which CoMoS
catalysts are very efficient in the HDS process, but they are less efficient for HDN. The most
favorable operation conditions for CoMoS catalysts are approximately 15 — 40 bar. While
NiMoS catalysts show better HDN activity and are more effective in hydrogenation than

CoMoS catalysts. NiMoS catalysts are preferred when there is an appreciable amount of
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Chapter 1

nitrogen in the feed [8, 9]. As for NiWS, though it has the strongest hydrogenation properties
[10], high-pressure (> 60 bar) is generally required during HDS applications. Among these
catalysts, the focus of this thesis is the NiMo/y-Al,Os catalysts, and it will be discussed as a
representative HDS catalyst hereafter.

NiMo/Al,O3; HDS catalysts are commonly prepared by impregnating y-Al,O3; with aqueous
solutions containing suitable Mo and Ni compounds, followed by drying and calcination.
After calcination, the MoOx species are highly dispersed over the Al,Os3 surface, where Mo
exists as two coordination structures, a tetrahedral and octahedral coordinated structure. It is
well-studied that the tetrahedral MoOy species are strongly connected to the alumina surface
via the formed Mo-O-Al linkages [11]. The octahedral MoOy species, however, is weakly
connected with the alumina surface via the van der Waals force. The oxide catalysts are then
activated in an H,S/H, flow (gas phase) [12] or in a flowing feedstock containing/spiked with
organic sulfur compounds in the presence of H (liquid phase) [13] at ca. 400 °C to transform
into the active sulfided catalysts.

The surface structure model of the sulfided NiMo/Al,Os is illustrated in Figure 1.4 according
to the CoMoS model proposed by Topsee et al. [6]. The MoOx particles are mainly
transferred to MoS; particles with single or multiple layers depending on the metal-support
interaction in the sample. Such a layered structure composed of one plane of Mo atoms in
between two closely packed planes of S atoms. Sulfur and molybdenum in these layers are
held together by covalent bonds. In the crystalline state, multiple MoS, layers are stacked
upon each other and held together only by weaker van der Waals forces. Ni, after sulfidation,
exists in three different states, yet two of them are undesirable. NizS, and a spinel-type
NiALOy particle form inevitably due to their high thermodynamic stability; however, either
particle contributes effectively to catalytic activity. Phases of interest are the NiMoS particles,
in which Ni atoms are dispersed on the edge of MoS; particles forming the active sites in the
HDS reaction [14]. There are two types of NiMoS phases with different intrinsic activities;
Type I is formed in case of strong metal-support interactions in the precursor state, making
these structures difficult to sulfide into the active form. Retaining Mo-O-Al bonds favor the
formation of single layers, with a distinct orientation relative to the support surface and lower
intrinsic activity than Type II catalysts. Type II forms as consequences of weak metal-support
interactions, such interactions enhance the formation of fully sulfided particles, which can
occur in different degrees of stacking. As high metal dispersion and weak metal-support
interaction are the preconditions of forming a highly active catalyst, different strategies were
applied to decrease metal-support interactions and to disperse Mo and Ni, such as adjusting
the Ni/Mo atomic ratio [15, 16], changing preparation procedures and conditions [17], using
additives [18], and varying supports [19-21].

_4-



Introduction and Scope

Figure 1.4. A surface structure model of NiMo/Al2Os catalysts.

Besides the conventional incipient wetness impregnation method, hydrothermal deposition
[22] or sol-gel synthesis [23, 24] is also used in HDS catalyst reparation. In recent years,
preparing supported catalysts via a one-step preparation route has also attracted considerable
interest [25]. Compared to the other preparation method, the one-step preparation route,
which relates to incorporating metal precursor during the preparation of support, is favorable

for evenly dispersing metallic species and is easy to operate.

1.4. Remaining challenges

As introduced in the last section, different strategies can be employed to prepare highly active
HDS catalysts. Changing preparation conditions, such as using additives, or adjusting
promotor content, as discussed in Chapter 3, is the commonly used one. However, the
influence of starting materials (chemical sources) on catalyst structure and performance is
barely discussed. As van Veen et al. proposed [26], the Ni-Mo-O structure is the precursor
of the active Ni-Mo-S structure in the sulfided NiMo/Al,O; catalysts and the structural
properties of oxidic precursors are essential to the final states of the sulfided catalysts.
However, the correlation between the structural properties of the oxidic precursors and the
catalytic activity still needs to be determined. It would be a significant advantage if this
correlation could be revealed, as it would provide us with a structural basis for highly active

catalyst preparation.

The structure of the sulfided HDS catalysts, e.g., morphology (particle size and layers) [27]
and atomic structure (metal coordination), has been studied theoretically and experimentally
[28, 29] over the years based on the Co-Mo-S model structure. Nevertheless, these studies
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are mainly focused on the sulfided active phases. The discussion regarding the metal
distribution and coordination situation on y-AlO; is missing. The impact of the textural
properties of y-Al,Os, such as the porosity, pore distribution, and pore size on catalyst
structure and performance, is barely studied. As we introduced in the last section, the metal-
support interaction is important in supported HDS catalysts, as it influences the states of the
formed active phase. Therefore, to have a comprehensive acknowledgement of supported
HDS catalysts and to bridge the gap between the model catalyst and the industrial-like
catalyst, a detailed study of alumina structure is needed.

1.5. Scope of the thesis

This thesis aims to understand the influence of the preparation conditions, including additives,
calcination, and chemical sources, on catalyst structure and catalytic activity, and to reveal
the correlation between the structural properties of the oxidic precursors and the catalytic
activity of sulfided catalysts. To tackle these questions, a deep understanding of the structural
properties of industrial-type NiMo/AL,Os catalysts, such as the distribution of active phase
and promotors on the alumina, and the influence of the porosity of alumina on metal
depositions, is needed. For that purpose, two series of NiMo/Al,Os catalysts, varied in
formulation and preparation conditions, are studied in the first part of this thesis (Chapters
3-5). Based on the above understanding, in the second part of this thesis (Chapter 6), the
influence of different preparation workflows on catalyst structure and HDS performance was
explored.

The influence of the content of the promotor (Ni) is studied in Chapter 3 to explore the
optimal Ni/Mo molar ratio. Besides, Chapter 3 reports the preparation of two series of
NiMo/Al,O3 catalysts, prepared from two sets of chemical sources, i.e.,
(NH4)6M07024/Ni(NO3), and MoOs3/NiCOs. In each series of catalysts, different organic
additives (citric acid (CA), ethylene glycol (EG), nitrilotriacetic acid (NTA), and malic acid
(MA)) are used. The structure of the oxidic precursors and active sulfided samples of these
catalysts are characterized. The catalytic activity of catalysts is evaluated in the
hydrodesulfurization of thiophene, dibenzothiophene, and gas oil. The influence of

preparation conditions on catalyst structure and HDS performance is discussed.

Chapter 4 aims to study the influence of chemical sources on catalysts structure and
performance from a more in-depth perspective. A detailed structural characterization of two
catalysts prepared respectively from (NHi)sM07024/Ni(NO3), and MoOs3/NiCO; with
identical formulation, using malic acid (MA) as an additive, is conducted. A novel technique

— ptychographic X-ray computed tomography (PXCT), is used to describe the structural
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difference in a three-dimensions (3D) way. Combined with scanning transmission electron
microscopy (STEM) and energy dispersive X-ray analysis (EDX), the author want to

understand better the actual metal deposition situation on the alumina surface.

Chapter 5 explores the correlation between the structural and physical properties of the
oxide NiMo/Al,O; catalyst and the HDS activity of the sulfided catalyst. The structure of
oxidic precursors is described using the absorption edge energy (Eg) extracted from
ultraviolet—visible diffuse reflectance spectroscopy (UV-vis DRS) and the temperature of the
main reduction peak (Tm) extracted from temperature-programmed reduction (TPR). The
catalyst HDS activity was evaluated in dibenzothiophene (DBT) HDS.

In chapter 6, an alternative method, thermal decomposition of NH4Al(OH),COs, is
employed to prepare an alumina carrier (Al,Os3(self-made)). Two NiMo/Al,Os catalysts with
the same formulation are prepared on two different alumina, Al,Os(self-made) and
Al,O3(commercial). Taking advantage of this alumina synthesis method, a NiMo/Al,O3
catalyst is prepared by incorporating the Mo and Ni in situ during the preparation of alumina
(co-grinding). For comparison, a catalyst with identical formulations is prepared using
incipient wetness impregnation. Two more catalysts with higher metal loadings are prepared
via a two-step impregnation method. By comparing catalyst structure and activity, the
influence of metal loading and different preparation workflow on catalyst structure and
performance will be discussed.
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Methods

2.1. Materials

Ammonium heptamolybdate tetrahydrate ((NH4)sMo07024:4H20, 99%), nickel carbonate
(NiCOs, 48 — 50%), phosphoric acid (H3PO4, 85 wt% in H,O), aluminum nitrate
nonahydrate (AI(NO3);-9H,O, > 98%), ammonium bicarbonate (NHsHCOs, > 99.5%),
citric acid (CsHsO7, 99.5%), ethylene glycol (C,HsO>, anhydrous, 99.8%), DL-malic acid
(C4He6Os, 98%), nitrilotriacetic acid (CsHoNOs, > 99%), triethylene glycol (CsH 1404, 99%),
D-gluconic acid (C¢H1207, 49 — 53 wt% in H,0), thiophene (CsHiS, 99%), adamantane
(CioHis, 99%) and dibenzothiophene (Ci2HsS, 98%) were purchased from Sigma-Aldrich.
Molybdenum trioxide (MoOs, 99.9%) was purchased from Climax. Nickel nitrate
hexahydrate (Ni(NOs3),'6H>O, 98%), ammonium hydroxide (NH3-H,O, 28%) and n-
hexadecane (CicHzs, 99%) were purchased from Alfa Aesar. Polyethylene glycol 400
(HO(C,H40),H, for synthesis) was purchased from Merck. All chemicals were used
without further purification.

2.2. Characterization technique
2.2.1. Inductively coupled plasma-optical emission spectrometry (ICP-OES)

ICP-OES is commonly used to determine catalyst elemental composition [1]. Due to
technical advances in multi-element analysis and high throughput operation at high
reliability, it is widely applied in routine research [2]. The elemental composition of the
catalyst in this work was collected on an AMETEK Spectroblue FME16 spectrometer. The
sample solution was prepared by dissolving 35 mg catalyst in acid solvents; sulfuric acid
(diluted with water, 1:1 (vol/vol)) and aqua regia were used for oxide samples and
sulfided/spent samples separately.

2.2.2. Temperature programmed reduction (TPR)

TPR is widely used in heterogeneous catalysis to examine the surface chemistry of
catalysts [3] and to explore the most efficient reduction conditions [4, 5]. In this work, the
reduction property of catalysts was monitored by means of TPR. In detail, the H,-TPR
experiment was performed on a Micromeritics Autochem II 2920 instrument; ca. 50 mg of
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sample materials were loaded into a U-tube reactor and pretreated at 200 °C in a 50
mL/min He flows for 1 h to desorb the impurities. The temperature was then increased to
900 °C in an Hy/He (5/95 vol%) flow at 5 °C/min and kept at these conditions for 1 h.
Meanwhile, the H, consumption was monitored using a thermal conductivity detector
(TCD). In the end, a TPR profile, a plot of the H> consumption against temperature, can be
obtained [6].

2.2.3. Ultraviolet—visible diffuse reflectance spectroscopy (UV-vis DRS)

UV-vis DRS can provide the coordination and aggregation states of metal species in a non-
destructive way [7, 8]. Generally, a UV-vis spectrum shows the amount of light absorbed
by the sample as a function of wavelength. Using the Kubelka-Munk equation [9, 10]
(equation 1), the absorption edge energy (E,) can be extracted by finding the intercept of
the straight line for the low-energy rise of a plot of [F (R, )hv]? against hv [11].

[F(Rw)hv]? = Co(hv — Ey) (1)

Where F(R,,) is Kubelka-Munk function, hv = photon energy. The coordination states of
Mo and Ni in the oxide precursors were estimated using UV-vis spectroscopy. By plotting
E, and catalyst HDS activity, a direct correlation between the structural and physical
properties of oxidic precursors and the activity of sulfided catalysts was meant to be
proposed. UV-vis DRS spectra of the oxide catalysts (75 — 125 pm) in this work were
collected on a Shimadzu UV-2401PC spectrophotometer equipped with an integrating
sphere coated with BaSO4 (act as white standard) at room temperature. Samples diluted

with BaSO4 were used for measurement.

2.2.4. Raman spectroscopy

Information on structure, crystallinity and the coordination of metal oxides can be collected
using Raman spectroscopy [12]. In this work, the coordination states of Mo and Ni in the
impregnation solution and in the oxide catalysts were characterized by means of Raman.
The spectra were acquired on a confocal Witec alpha 300 R microscope equipped with a
532 nm diode excitation source, a 1200 lines/mm grating (BLZ = 500 nm), and a charge-
coupled device (CCD) detector. A Zeiss LD EC Epiplan-Neofluar Dic 50%/0.55 objective
was used. The presented spectra of powders were the result of 360 accumulations with an
acquisition time of 5 s per accumulation; the spectra of liquids were collected as the results

of 10 accumulations with an acquisition time of 30 s per accumulation.

2.2.5. X-ray photoelectron spectroscopy (XPS)
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XPS is a surface-sensitive (probing depth is 2 — 10 nm) quantitative spectroscopic
technique [13]. In this work, XPS was conducted to reveal the oxidation state of Mo and Ni
in NiMo/AlL,O3 catalysts and the dispersion of Mo and Ni on the alumina surface. The
spectra were collected on a Thermo Scientific K-Alpha spectrometer equipped with a
monochromatic small-spot X-ray source (Al Ka) operating at 72 W and a spot size of 400
pm. The preparation of sulfided and spent samples for measurement was carried out in an
N-filled glovebox (H2O < 1 ppm, O>< 1 ppm) to avoid contact with air. The sample was
dispersed on a carbon tape-covered alumina holder in the glovebox and was then
transferred into the XPS apparatus via an airtight transport vessel. The background pressure
prior to measurement was 2 x 10~° mbar, the survey and region scans were collected using
a constant pass energy of 160 eV and 40 eV, respectively. CasaXPS software with a Shirley
background subtraction and Gaussian-Lorentzian (30 %/70 %) fitting procedure was used.

The Cls signal served as a reference and was set at 284.8 eV.

The quantification of metallic atoms was obtained by measuring the corresponding peak
area A; and using the relative sensitivity factors S; (equation 2). To approach the effective
atomic surface concentrations, all atoms detected on the surface, i.e., Al 2p, S 2p, Mo 3d, O
Is, and Ni 2p (except the contamination carbon), were counted. XPS decomposition
enables the absolute quantification of each species.

. Ai/Si
O = g Ads.

The dispersion of Mo and Ni on alumina was evaluated via equation 3.

Mo(Ni)  Amowiy/Smoniy
Al An/Su 3)

100 @)

The relative concentration of each species, e.g., NiSx, NiMoS, NiO,, Mo®", Mo>", and Mo*,
can be obtained via equation 4. For example, the relative amount of NiMoS was determined:

An:
[NiMoS](%) = NiMos x 100

Animos + Anio, T Anis,, “

The effective Ni content in the NiMoS phase was determined using equation 5.
Cnimos = [NiMoS] x C(Ni)t (5)

Where C(Ni)r is the effective concentration of Ni determined by XPS (wt%). Equation 6

was used to determine the promoter ratio in the NiMoS phase.
Ni _ CN iMoS

(m)slab CMOSZ (6)

Where Cnimos and Cwos, are the absolute concentration of Ni and Mo in NiMoS and MoS;

(at%). The promoter ratio in the slab edge of NiMoS was calculated as follows.
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(ﬂ _ (Ni/M0)iap
Mo edge — D (7

Where D is the dispersion of NiMoS obtained from TEM data using equation 10.

2.2.6. X-ray diffraction (XRD)

XRD is one of the most frequently applied techniques in catalyst characterization. It can
identify crystalline phases inside catalysts and indicate particle size. XRD patterns in this
work were recorded on a Bruker D2 Phaser powder diffractometer using Cu Ka radiation

with a time per step of 0.5 s and a step size of 0.01° in the 20 range of 20 — 70°.

2.2.7. Electron microscopy

Electron microscopy is used to determine the size of supported particles and reveal the
composition and internal structure of the catalyst due to the atomic resolution. Figure 2.1

illustrates the signals generated when the primary beam hits the sample.

Primary beam

Secondary electrons
4

X-ray Backscattered electrons

. Auger electrons
Cathodoluminescence

(light) '

Specimen

Elastically scattered
electrons

Transmitted
electrons

Figure 2.1. The interaction between the primary electron beam and sample in an electron microscopy
leads to several detectable signals.

2.2.7.1. Transmission electron microscopy (TEM)

In a TEM, primary electron beams of high energy and high intensity pass through a
condenser to produce parallel rays and interact with a specimen to form images. As the
attenuation of the beam depends on the density and thickness of the sample, the transmitted
electrons form a 2D projection of sample mass, which is subsequently magnified by the
electron optics to produce the so-called bright-field (BF) image. The dark-field (DF) image
is obtained from the diffracted electron beams, which are slightly off-angle from the

transmitted beam.
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The morphology information, e.g., particle size and stacking degree of MoS, particles in
sulfided NiMo/AlLO; catalysts, was extracted from TEM images. The BF-TEM images
were collected on a Tecnai 20 electron microscope with an accelerating voltage of 200 kV.
The sample suspensions were prepared in a glovebox by dispersing ~5 mg catalyst samples
in n-hexane, a few droplets were placed on a microgrid carbon film supported on a Cu grid,
and the grid was then transported to TEM. For each catalyst, 10 — 15 representative
micrographs were obtained, and the length of > 300 slabs was measured. The mean size of
individual MoS; platelets (L) and the average number of layers per particle (stacking
degree, N) were calculated using ImageJ from the acquired TEM images. L was determined
by fitting a log-normal function to the slab size distribution, and N was calculated

according to equation 9.

L =3202n - 1A (®)
= D=1l
N= Yi=1.tM ®

Where N;j is the number of MoS; platelets in the stacks, and n; is the amount of individual

MoS; platelets counted for a given stacking number N;.

To measure the dispersion of NiMoS particles (D), the average fraction of Mo at the MoS»
edge was calculated, assuming that MoS, slabs were perfect hexagons [14-17]. D is
statistically evaluated by dividing the total number of Mo atoms at the edge (Mo.),
including corner sites (Moc), by the total number of Mo atoms (Mor) using the slab sizes

(L) (Equation 10).
D = Mo, + Mo, Di=1..t6n; — 6

Mor C Yiee3n = 3m+1

(10)

Where n; is the number of Mo atoms along one side of the MoS; slab, and t is the total

number of slabs in TEM micrographs.

2.2.7.2. Scanning transmission electron microscopy (STEM)/Energy dispersive X-ray
analysis (EDX)

STEM combines the TEM and SEM (scanning electron microscope) modes of operation. In
STEM, the electron beam, focused onto a fine spot (0.05 — 0.2 nm), is scanned over the
sample in a raster illumination system constructed, so that the sample is illuminated at each
point with the beam parallel to the optical axis to form the images. STEM suits analytical
techniques like EDX (energy dispersive X-ray analysis) and Z-contrast annular dark-field
imaging. EDX is commonly used for elemental analysis [18, 19], and its system is
generally attached to a TEM or SEM instrument.
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The morphology of MoS; particles and the dispersion of Mo and Ni on the alumina surface
were revealed by means of STEM and EDX. HAADF (high-angle annular dark field)
STEM images and EDX mapping images of the sulfided and spent catalysts presented in
Chapter 4 were collected on a probe-corrected JEOL ARM 200F transmission electron
microscope. The sample preparation and image analysis methods are the same as in Section
2.2.7.1.

2.2.8. Ptychographic X-ray computed tomography (PXCT)

PXCT is a coherent X-ray-based technique, which, combined with tomography, enables to
obtain 3D electron density maps of the specimen in a non-destructive way [20-22]. With
several keV photon energies, PXCT has the potential to bridge the resolution gap between
the traditional X-ray imaging methods and electron microscopy, imaging in the spatial
resolution range approaching 10 nm in high-contrast samples with a thickness of tens of

microns [23].

Coherent diffractive imaging (CDI) is a lensless technique for 2D or 3D reconstruction of
the image of nanoscale structures. In CDI, highly coherent X-rays, electrons, or photon
illuminates the sample, and the beam scattered by the sample produces a diffraction pattern
downstream collected by a detector [24]. The recorded pattern is used to reconstruct an
image via the iterative reconstruction algorithm [25-28]. The software in CDI is the
replacement of the objective lens in a typical microscope and is used to convert the
reciprocal space diffraction pattern into a real space image. The advantage of using no
lenses is that the final image is aberration free, so resolution is only diffraction and dose
limited. Ptychography is a potent modality of the CDI technique [29, 30]; it shares the same
imaging principle with CDI. In ptychography, a 3D dataset consists of acquiring 2D
projections of a sample along different sample angular orientations with respect to the
incident beam propagation. To facilitate the ptychographic shift-invariance constraint, these
illumination regions must partially overlap. With computed tomography algorithms, a 3D
map of electron density, of which the provided contrast is quantitative [31], can be

reconstructed.

The achievable resolution in ptychography is determined by the accuracy of scanning
position, the stability of the measurement system, and the angular extent of the X-ray
scattering of the sample, which in turn is determined by sample composition, exposure
time, and the detection system. To have a high-resolution 3D image, the ptychographic
projections have to provide the required resolution and be distortion-free, meaning that
short-range precision of neighboring scanning positions needs to be accurate and long-

range precision between extreme scanning points. The latter puts strong requirements on
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thermal drift during the scan and position distortions caused by angular error motions of
scanning stages or by a slight rotation or skewing between the scanning axes and the image
pixels. To ensure the position accuracy, a setup named tOMography Nano crYo (OMNY)
stage [21, 32-35] was developed by Holler et al., as schematically displayed in Figure 2.2.
This setup consists of two mechanical units: sample stages and optics stages. The sample
stage is equipped with a rotation axis for tomography and allows precise movement for
sample scanning. On the stage, a sample pin [36] is directly mounted on a reference mirror
used for the interferometric measurements of sample position. The optics stage is used to
provide an X-ray illumination of a few microns in diameter. A diffractive X-ray lens [37]
consisting of a central stop (CS), a Fresnel zone plate (FZP), and an order sorting aperture
(OSA) is mounted on the optics stage. The reason for using FZP optics is that they do not
require angular alignment, and the interferometric measurement of the optics position is
simple. Positions (Ax, Ay) and angular measurement (0z), measured with differential laser
interferometry, are used to calculate and correct the sample position, which can be further

utilized in ptychographic reconstructions.

Figure 2.2. Tomography setup, composed of X-ray optics and sample stage units [32].

A sample in a cylinder shape with a diameter and height equal to or marginally larger than
the field of view (FOV) is preferred for PXCT measurement. Since the cylinder can
minimize the amount of material external to the FOV that is not characterized but which the
X-rays must still pass through, i.e., attenuation of the beam, and maximize the volume of
sample that can be analyzed, thus improving the statistical representation. To obtain a
cylinder shape, the sample extrudates were first mechanically fractured, the central piece of
which was then mounted on a tomography pin [36] and was further pre-shaped using a
micro-lathe [38] to a diameter of 50 — 80 um before being reduced to < 25 pm in diameter
using focused ion-beam (FIB) milling [39], see Figure 2.3 for the SEM image of one of the
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prepared pillars. To avoid contact with air and the moisture contamination, the shaped

cylinder samples were stored in evacuated desiccators prior to measurement.

25 pm

Figure 2.3. SEM image of one of the examined NiMo catalyst pillars.

PXCT in this work was carried out at the cSAXS beamline of the Swiss Light Source (SLS)
at 6.2 keV photon energy at room temperature in N, atmosphere using OMNY. The pin was
introduced into OMNY chamber, enabling sample cryocooling [40] before measurement to
reduce X-ray radiation damage. A double-crystal Si(111) monochromator was used as
photon energy. An FZP with a 200 pm diameter outermost zone width of 60 nm, and
locally displaced zones to provide perturbations of the illumination wavefront, was used
[41]. The sample was placed ~1.5 mm downstream of the zone plate’s focal point. Coherent
diffraction patterns were acquired with an in-vacuum 1.5k Eiger detector with a 75 um
pixel size approximately 7.2 m downstream of the sample [42, 43]. An evacuated flight
tube was positioned between the sample and detector to reduce air scattering and

absorption.

The scanning positions for each tomographic projection were set using a Fermat spiral
scanning grid with an average step size of 1 um [44]. The total FOV covered in a projection
was at the maximum of 30 % 15 um. Depending on the sample diameter and apparent
achievable resolution, 650 — 1423 projections were acquired and later used for tomographic
reconstruction based on the Fourier ring correlation of tomographic projections. The
acquisition time per scanning point in a single projection was 0.025 s. From each of these
diffraction patterns, a region of 600 x 600 detector pixels was used for the ptychographic
reconstructions. The projection reconstructions were obtained with 300 iterations of the
difference map algorithm followed by 500 iterations of maximum likelihood refinement
using the PtychoShelves package [45]. Projections were acquired, aligned, and a complex-
valued 3D index of refraction was computed using a filtered back-projection (FBP)

algorithm as described in [46]. The resulting tomograms possess a voxel size of (23.26
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nm)®. The obtained quantitative electron density tomograms possess, on average, a half-
period spatial resolution of 40 nm. The actual resolution and repeatability of the
measurement can be estimated using Fourier shell correlation (FSC) with the !%-bit
threshold criteria [47]. The X-ray dose imparted to the imaged samples during tomogram
acquisition was estimated to be on the order of ~5¢'® Gy. This was computed using the
surface-dose formula in [54], using the area flux density during each ptychographic scan
and the mass density of the sample into consideration [48]. In our catalysts system, the
sample was assumed to consist of alumina. Detailed tomogram analysis will be further
explained in Chapter 4.

2.3. Catalytic activity

2.3.1. Thiophene hydrodesulfurization (HDS)

Thiophene is a model compound used to evaluate catalyst HDS activity. As shown in
Scheme 2.1, there are two alternative reaction pathways for thiophene HDS with H,S and
butane as products [49]. In the hydrogenation (HYD) pathway, thiophene is saturated with
H» to yield tetrahydrothiophene; with hydrogenation and hydrolysis of the C-S bond, 1-
butene is obtained, and with further hydrogenation to butane. In the direct desulfurization
(DDS) pathway, hydrolysis of the C-S bond yielded butadiene, with further hydrogenation,
2-butene was obtained and then butane. DDS pathway is the main pathway for thiophene
HDS at atmospheric pressure [50, 51]. Thiophene HDS is an exothermic reaction and can
be considered irreversible under reaction conditions applied in the industry (~300 °C, 50
bar) [52]; due to the significant excess of Ha, this reaction is considered the pseudo-first-
order rate reaction.

H,
—_—
[ ) -H,S X
H, s

@ -HyS N

S H,

-H,S

Scheme 2.1. Reaction network for thiophene HDS over the hydrotreating catalyst.

In this work, catalyst activation and activity test were performed sequentially in a stainless-
steel reactor with an inner diameter (I.D.) of 4 mm at ambient pressure. In detail, ~76 mg
oxidic precursor (75 — 125 pm) mixed with 200 mg SiC were loaded in the middle of the
reactor and sulfided in a flow of 50 mL/min Ho/H,S (90/10 vol%) at 1 bar at 350 °C for 2 h.
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After activation, the temperature was increased to 400 °C, and the reaction feed composed
of 4 vol% thiophene in H, (100 mL/min) was switched. After steady at 400 °C for 13 h, the
steady-state catalyst activity was measured by gas chromatography (GC, Thermo Fisher
Scientific) equipped with a flame ionization detector (FID) and an RTX-1 column (length =
30 m, I.D. = 0.32 mm). The reaction rate (rriio), normalized per mole of Mo, was calculated
_ FThio
o = () X (11)

MeatWpo

where Fr, is the molar flow of thiophene [molthio h™'], mca is the catalyst mass [g], wuo is

the fraction of Mo [molmo gear''], and X is the conversion.

2.3.2. Dibenzothiophene (DBT) HDS

The HDS of DBT follows two distinct pathways; the DDS route which yields biphenyl (BP)
as a product, and the HYD with cyclohyxybenzene (CHB) as the main product. As shown
in Scheme 2.2, the C-S bonds cleavage directly without hydrogenating C=C bonds in the
DDS route, while in the HYD route, the initial step consists of a gradual saturation of one
aromatic ring adjacent to the ring containing sulfur to yield tetrahydro-dibenzothiophene
(THCBT) and hexahydro-dibenzothiophene (HHDBT). Following hydrolysis of the C-S
bond, CHB is formed. In some cases, CHB can be further hydrogenated to bicyclohexyl
(BCH). As less H; is consumed to convert DBT into more desirable compounds, DDS is
the preferred pathway for DBT HDS [53-55].

D?j// et \\ETD

0 — )

BP THDBT HHDBT

OO

CH

B
BCH
Scheme 2.2. Reaction network for DBT HDS over hydrotreating catalyst.

DBT HDS activity was measured in a fixed-bed high-pressure reactor (I.D. = 4 mm, length
= 40 cm) under gas and liquid feed trickle flow conditions. Specifically, 200 mg oxidic
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precursors (75 — 125 um) diluted with 1 g SiC were loaded in the reactor and activated at
350 °C for 2 h in a 50 mL/min Hy/H>S (90/10 vol%) flow. After pretreatment, the
temperature was decreased to 250 °C, and the pressure was increased to 20 bar. The feed
was then switched to the reaction feed, 4 wt% DBT and 2 wt% adamantane in n-
hexadecane, with an LHSV of 9.2 hr'! and an Hy/feed ratio of 200 L kg!. Adamantane was
used as the internal reference compound for GC analysis. After remaining at these
conditions for 12 h, the steady-state activity was determined. The temperature was then
increased to 270 °C and subsequently to 300 °C to measure the corresponding steady-state
activity. Products were analyzed by online GC-FID equipped with RTX-1 column with
0.32 nm 1.D. and 30 m in length. The HDS reaction kinetic constant, kppr (mol molwm,™ h'),
was calculated assuming pseudo-first-order kinetics according to equation 12.

WHSV w
Kpsr = (————22)In (1 - X) (12)

WMo
where WHSV is the weight hourly space velocity, wpsr is the fraction of DBT, wu, is the
fraction of Mo, and X is the DBT conversion, calculated as follows.

_ cppr(inlet) — cppr(outlet) .
X= ( conr (inleD) 100% (13)

where cppr is the DBT concentration. The selectivity for DDS and HYD was calculated via
Cpp

S = -100%
PPS ™ cgp + conp + Cacn (14)
Ccup + CacH
S = -100%
MY ™ cgp + ccan + Cacn ’ (15)

TOFedge, TOF normalized on total Mo edge sites of NiMoS species for catalysts, was
calculated to estimate the DBT molecules reacted per second and Mo atom located on the
edges of MoS, [56] via

Fppr * Xppr * Muo

W - Cagos, - D - 3600 (16)

TOFedge =

where Fpgr is the reactant flow [mol h™!], W is the weight of the catalyst [g], Cmos, is the
effective Mo content in MoS; species (Wt%), Mw, is the molar mass of Mo and D is the
dispersion of NiMoS.

2.3.3. Gas-oil HDS

Gas-oil is a real feed processed in refineries, and due to its composition, the sulfur removal
kinetics in gas-oil is complex than the model feed test. Depending on the distribution of
sulfur compounds and conversion degree [57], the apparent overall reaction order of gas-oil

is between 1.5 and 2 [58]. As this is out of the scope of the present work, we will not
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discuss it further. The gas-oil feed used i in this work contains 1.28 wt% S, 234 ppm N, and

1.20 mol kg™ aromatics.

Gas-oil HDS activity test was conducted in a fix-bed high-pressure reactor with a trickle
flow of gas and liquid feed (60 bar, Ha/feed = 350 NL kg'!, LHSV = 1.2 h'!). The reactor
(length : 240 mm, 4 mm 1.D.) was packed with 0.75 mL catalyst extrudates and sandwiched
between two layers of Zirblast (10 cm). Before reaction, catalysts were pretreated with gas-
oil feed spiked with 2.69 wt% Sulfrzol at 200 °C for 5 h, the temperature was then
increased to 280 °C for 5 h and finally to 315 °C for 5 h. After pretreatment, the
temperature was cooled down to 200 °C, and the reaction feed was switched back to the
test gas-oil feed. The temperature was then increased to reach a S content of < 10 ppm; data
point analysis was done after 470 h reaction time. The sulfur content in products was
analyzed by atomic emission spectroscopy-inductively coupled plasma-mass spectroscopy
(AES-ICP-MS). Samples out of the reaction were recovered and stored in the glovebox for
further characterization.
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Chapter 3

Catalyst Composition vs. Catalytic Activity

ABSTRACT

Two series of NiMo/Al,Os catalysts with different Ni/Mo ratios were prepared from two sets
of chemical sources ((NH4)sM07024-4H20 (AHM)/Ni(NO3),-6H,0O and MoO3/NiCOs3) by
incipient wetness impregnation. It was validated that 0.40 is the optimal Ni/Mo ratio in
NiMo/Al,Os3 catalysts for hydrodesulfurization (HDS) process. Furthermore, the influence of
calcination, organic additives, and chemical sources on the structure and catalytic activity of
two series of 0.40NiMo/Al,O3 catalysts were systematically investigated. In each series of
catalysts, different organic additives (citric acid (CA), ethylene glycol (EG), nitrilotriacetic
acid (NTA), and malic acid (MA)) were added. Compared to the reference catalysts (“/AHM
and ¥/MoO0;), different degrees of improvement in the catalytic activity in both thiophene
and dibenzothiophene (DBT) HDS were observed on the calcined catalysts and the catalysts
with organic additives, except for NTA. Catalysts with NTA behaved differently in gas-phase
thiophene and liquid-phase DBT HDS tests, where significant improvement was observed in
the thiophene HDS test, while it showed no impact or even slightly inhibited the DBT HDS.
The less active NiMoS particles formed in catalysts with NTA are responsible for the poor
activity. More significant influence of chemical sources on catalyst structure and
performance was observed for catalysts with additives, since the additives varies the pH level
of the impregnation solutions and influences the aggregation of Mo precursors. Generally,
the catalysts prepared from MoO3/NiCOs are more active than their counterparts prepared
from AHM/Ni(NOs),. MA(1.2)/MoOs presents the optimal DBT HDS activity in all catalysts
due to its high reducibility, metal dispersion, and high content of the active NiMoS phase.
Contrarily, NTA(1.2)/AHM exhibits the least activity.
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3.1. Introduction

Hydrodesulfurization (HDS) is the most widely used process to remove sulfur from crude
oils. Because of the varying feedstock quality and the strengthened environmental
regulations, more efficient HDS catalysts are needed. HDS is generally carried out over
alumina-supported NiMo sulfide catalyst [1], where the promotor atom, Ni, is deposited on
the edge of MoS; and forms the so-called Ni-Mo-S active phase [2]. This type of catalyst is
typically prepared in the form of the oxidic precursor by impregnation y-Al,O; with
impregnation solution containing Ni and Mo followed by drying, calcination, and sulfidation

in an HoS/H» gas flow before use.

Preparation of the oxidic precursor is crucial to obtain a catalyst with excellent activity, and
the key is the composition of the impregnation solution. In general, metal salts with good
solubility in water are the optimal selection in the preparation of impregnation solutions. For
instance, the aqueous solution of ammonium heptamolybdate ((NH4)¢sM07024-4H,0) and
nickel nitrate (Ni(NO3),-6H,0) [3, 4], or molybdenum trioxide (MoQOs3) and nickel carbonate
(NiCO3) [5], or sodium molybdate (Na,MoO4-2H,0) and Ni(NO3),-6H,0 [6] are commonly
used for NiMo/AlbOs catalysts preparation. Solutions containing highly condensed and
symmetric starting materials, such as Keggin [7, 8] and Anderson complexes [9, 10], were
also used. Phosphoric acid (H3PO4) is commonly added to the impregnation solution to
facilitate metal dissolution. The metal cations and corresponding anions of different chemical
sources coexist on the carrier surface during impregnation. Due to the distinct thermal
decomposition behaviors and coordination capabilities of these coordination anions, the
metal dispersion and metal-support interaction in the oxidic precursors could be different.
This structural difference will be further reflected in their catalytic activity. Hence, choosing
proper chemical compounds is the precondition for preparing the impregnation solution
yielding good catalysts. Unfortunately, no general conclusion has been made regarding the

optimal composition of the impregnation solution.

Besides chemical sources, adding organic additive (glycol-type additives or chelating agents)
is another approach to enhance catalyst activity. For example, nitrilotriacetic acid (NTA) [5,
11] and ethylenediaminetetraacetic acid (EDTA) [12, 13] were reported to have dramatic
influence on the sulfidation behavior of precursors. Generally, NTA and EDTA in the
impregnation solution tend to form complex with Ni and Mo [11]. These complexes remain
intact on the carrier surface after impregnation and drying procedure, which prevents the
direct interaction of Ni and Mo with alumina [14, 15]. As a result, Ni and Mo are more likely
to be converted into the active NiMoS phase during sulfidation. However, some controversial

results about the promotion of NTA in catalyst performance were reported. Lélias et al. [16]
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did not observe an apparent positive effect on catalyst activity in dibenzothiophene (DBT)
HDS with NTA addition. Van Veen et al. [17] even found a slight decrease in the DBT HDS
activity of the catalyst with NTA. Citric acid (CA) [18, 19], tartaric acid (TA) [20], and
gluconic acid (GA) are another type of additives used in HDS catalyst preparation. This type
of additive can also form complexes with Mo and Ni, which is beneficial to limit the
interaction between metals and alumina carrier. The weakened metal-support interaction in
favors the metal dispersion on alumina and enhance the reducibility of Mo [18]. Compared
to the complexes formed with NTA or EDTA, van Haandel et al. [21] claimed that this type
of complex is less stable. Also, due to the interaction between the OH group and the alumina
surface, the non-chelating agents, glycols, decrease the metal-support interaction and
enhance catalyst activity [22]. On the other hand, the content of the promotors has also been
discussed, as it is considered to have significant influence on the structure of the active phase
and catalytic activity [23, 24]. Although numerous studies have been performed on related
topic, a systematic study on the influence of varying additives on the structure of oxidic

precursors and catalytic activity is still rare.

In current work, we investigated the effect of the calcination process, organic additives, and
chemical sources on catalyst structure and activity. Two series of catalysts were synthesized
from two sets of chemical sources, AHM/Ni(NO3), and MoO3/NiCOs, and CA, EG, NTA,
and MA were added in each series of catalysts. X-ray diffraction (XRD), temperature-
programmed reduction (TPR), Raman, transmission electron microscopy (TEM), and X-ray
photoelectron spectroscopy (XPS) were used to characterize catalyst structure, and their
activity was evaluated through the HDS of thiophene and DBT.

3.2. Experimental section
3.2.1. Materials

The chemicals used in this chapter have been listed in Section 2.1, Chapter 2. The same
industrial y-AL,O; carrier (surface area: 300 m? g*!, pore volume: 0.82 cm? g*!, pore diameter:

8.5 nm) as previous studies [25, 26] was used.
3.2.2. Catalyst preparation

3.2.2.1. xNiMo/AHM & xNiMo/MoO3

Two series of NiMo/Al>Ojs catalysts containing 15 wt% Mo, 2 wt% P (referring to MoOs and
P,0:s), and different amounts of Ni (1.67, 2.67, 3.67, 4.67, and 5.67 wt% Ni) were prepared

by incipient wetness impregnation of y-Al,O; extrudates (diameter: 1 mm, length: 3 — 13
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mm) with an aqueous solution of AHM/Ni(NOs),/H3;POs or MoO3/NiCO3/H3PO4. The

impregnation solutions are prepared as follows:

Impregnation solutions using AHM/Ni(NO3); as metal sources: 2.5 g AHM was dissolved
into the H3POj solution (0.6 mL, 85 wt% in H,O). Ammonia solution (28 wt%) was used to
yield a clear solution. 0.7 — 2.6 g Ni(NOs), was added into above solution under continuous
stirring. After the transparent green solution was obtained, the volume of the solution was

adjusted to the total pore volume of alumina with deionized water.

Impregnation solutions using MoOs/NiCOs as metal sources: 0.6 mL H3PO, solution (85
wt% in H,0), 2.0 g M0Os, and 0.3 — 1.1 g NiCO; were dissolved into deionized water. The
mixture was heated till the solution was boiling to speed up the dissolution process. After the
transparent green solution was obtained, the volume of the solution was adjusted to the total

pore volume of alumina with water.

The impregnated extrudates were kept under slow movement on a roller bank for 2 h and
dried at 120 °C overnight. The obtained catalysts are referred to as xNiMoP/AHM and
xNiMoP/MoOQO3, where x is the molar ratio of Ni/Mo (0.18 —0.62), AHM and MoOs represent
the used chemical sources. For example, 0.18NiMoP/MoQO3; means the molar ratio of Ni/Mo

is 0.18, and the impregnation solution was prepared using MoO3/NiCOs3 as chemical sources.

3.2.2.2. ¥(1.2))AHM & Y(I.2)/MoOs

Two series of 0.40NiMoP/AlL,Os catalysts were prepared from the above-mentioned two sets
of chemical sources by incipient wetness impregnation, and CA, EG, NTA, and MA were
added in both series. The target composition is 15 wt% Mo, 3.67 wt% Ni, 2 wt% P, and the
molar ratio of additives/Mo is set as 1.2. The ratio was chosen to obtain the catalyst with
optimal performance [27]. The impregnation solution was prepared as described above, and
the respective organic additives were added after the metal salts were dissolved. After
impregnation, the extrudates were kept under slow movement on a roller bank for 2 h, and
then dried overnight at 120 °C and further calcined at 400 °C for 2 h. To avoid the
decomposition of the organic additives before sulfidation, catalysts with organic additives
were dried without further calcination. These catalysts are designated as Y(/.2)/AHM
(V4 AHM) or ¥(1.2)/MoOs (?V4/Mo00s3), where Y represents the organic additive, AHM and

Mo0O; are the used chemical sources.

The final metal loadings were determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES), and the results are displayed in Tables 3.1, 3.3, and Al.
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Table 3.1. Metal composition and textural properties of xNiMoP/MoOj catalysts as determined by ICP-
OES ! and N» physisorption 2.

Metal loadin .
C (Wt%)" ) Ni/Mo Surfazcae Pore volume ** | Pore diameter 2
atalyst molar area 3

Mo | Ni P ratio ! (m?%g) (em’/g) (nm)
0.18NiMoP/MoOs | 13.3 | 1.4 | 1.9 | 0.18 187.1 0.45 9.84
0.29NiMoP/MoOs3 | 128 | 2.2 | 1.8 | 0.28 199.7 0.47 9.36
0.40NiMoP/MoOs | 124 | 29 | 1.7 | 0.38 204.1 0.43 9.22
0.5INiMoP/MoOs | 122 | 3.6 | 1.7 | 0.48 195.6 0.43 9.98
0.62NiMoP/MoOs | 13.0 | 46 | 1.8 | 0.58 193.8 0.41 9.99
v-ALO3 -- -- -- -- 300.0 0.80 9.00

2: The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) equation.
b: Total pore volume and pore diameter were determined by an adsorption branch of isotherm using the
Barrett-Joyner-Halenda (BJH) model.

3.2.3. Catalytic activity measurement

Thiophene, DBT, and gas-oil HDS tests were performed to evaluate catalyst performance,
and the details can be found in Sections 2.3, Chapter 2.

3.2.4. Catalyst activation

The sulfided catalyst samples were prepared by loading ~50 mg oxidic precursor (75 — 125
pum) in the middle of a valve-sealed stainless-steel reactor (inner diameter: 4 mm), which was
then heated up to 350 °C with a ramp rate of 2 °C/min (6 °C/min, without additives) under 1
bar H>S/H; (10/90 vol%) at a flow rate of 50 mL/min. After 2 h, the reactor was cooled down
to room temperature under He flow. Sulfided samples were obtained and stored in an N»-
filled glovebox (H,O < 1 ppm, O, < 1 ppm) for further characterization.

3.2.5. Catalyst characterization

The textural properties of xXNiMoP/AHM and xNiMoP/MoOs; were determined by N»
adsorption at 79 K on a Micromeritics Tristar 3020 instrument. Before measurement, all
samples were pretreated at 120 °C under N, atmosphere for at least 6 h. TPR, Raman

spectroscopy, XRD, XPS, and TEM measurements were performed as described in Section
2.2, Chapter 2.

3.3. Results

3.3.1. xXNiMoP/Mo00O3 and xNiMoP/AHM

The elemental composition and Ni/Mo molar ratio of xXNiMoP/MoQOj catalysts listed in Table
3.1 are close to the theoretical values, indicating that the catalysts are successfully prepared.

N physisorption data show that these samples have a comparable surface area, pore size, and
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pore volume. After metal deposition, the corresponding surface area and pore volume were
considerably decreased as expected [28]. A comparable degree of the crystallinity of these
catalysts was also observed in their XRD patterns (Figure Al), where five peaks at 19.4°,
37.7°, 39.5°, 45.9°, and 66.9° associated with y-Al,O3; (JCPDS 01-077-0396) were detected
[29]. The absence of the typical features of Mo and Ni oxide suggests that the metal oxides

are well dispersed on the alumina surface.

The catalyst catalytic activity of these catalysts was evaluated in the HDS of thiophene and
DBT. Results in Table 3.2 show that reaction rates in thiophene HDS exhibit a typical
volcano shape, which first increase with the increasing amounts of Ni and reach the
maximum (73.5 = 1.3 mol molum,! h!) at a molar ratio of Ni/Mo = 0.51, and then decrease
by further increase the Ni content. The activity trends in DBT HDS are similar, but the
maximum reaction rates appeared at a Ni/Mo ratio of 0.40 (5.0 mol moly," h'! at 250 °C,
19.5 mol molwm,™"! h™' at 270 °C, and 242.1 mol moly," h™' at 300 °C). Given the substantial
difference between these two test reactions [30], i.e., the size of the thiophene and DBT
molecules and different C-S bond strengths, the observed activity differences are reasonable.
As DBT is more realistically reflecting the properties of sulfur-containing molecules in a real
feed [31], the DBT HDS activity has more reference value [32]. Thus, a Ni/Mo molar ratio
of 0.40 is regarded as the optimal composition of catalysts, as found in DBT HDS.

Table 3.2. Thiophene HDS and DBT HDS activity of xNiMoP/MoOQs catalysts.

Thiophene DBT
Catalyst Reaction rates Reaction (ﬁz?;tlgln r_?tlf_sl) Conversion

(mol molvo! h'') | temperature kmi\:') (%)

250 °C 1.9 5.1

0.18NiMoP/MoO3 443+2.1 270 °C 9.5 23.1
300 °C 69.6 85.5

250 °C 3.9 9.8

0.29NiMoP/Mo0Os 50.5+04 270 °C 16.0 34.7
300 °C 233.2 99.8

250 °C 5.0 12.0

0.40NiMoP/Mo0Os 66.1+1.7 270 °C 19.5 39.3
300 °C 242.1 99.8

250 °C 3.5 8.45

0.51NiMoP/Mo0Os 73.5+1.3 270 °C 17.2 35.3
300 °C 230.1 99.7

250 °C 2.9 7.4

0.62NiMoP/Mo0Os 533+1.2 270 °C 14.3 32.0
300 °C 230.0 99.8

To ensure the optimal Ni/Mo molar ratio we obtained in xNiMoP/MoOjs catalysts is also valid
for catalysts prepared from AHM/Ni(NOs),, the corresponding xNiMoP/AHM were

-32-



Catalyst Composition vs. Catalytic Activity

synthesized and characterized. The metal composition and textural properties shown in Table
Al present a consistent conclusion as xXNiMoP/MoOs catalysts. The catalytic activity in
thiophene, DBT, and gas-oil HDS (Table A2) shows that the catalyst with a molar ratio of
Ni/Mo = 0.40 (0.40NiMoP/AHM) is the most active, which is identical to the activity trend
observed in xNiMoP/MoOs; DBT HDS.

3.3.2. ¥(1.2)/AHM and Y(1.2)/MoO3
3.3.2.1. Catalytic activity

Table 3.3 shows the elemental composition of Y(1.2)/AHM (*"4/AHM) and ¥(1.2)/MoO;
(Y4r/MoQ3) catalysts. Ni/Mo molar ratios are in line with the theoretical value of 0.40, Mo,
Ni, and P loadings are slightly lower due to the presence of organic additives, which would

be decomposed during the sulfidation.

Table 3.3. Elemental composition of oxide NiMo catalysts.

1 0,
Catalyst Metal loading (Wt%) Ni/Mo .
Mo Ni P molar ratio

dr/ AHM 12.7 34 1.6 0.44
cal/ AHM 14.1 3. 1.8 0.39
CA(1.2)/AHM 9.3 2.3 1.3 0.40
EG(1.2)/AHM 12.8 2.9 1.8 0.38
NTA(1.2)/AHM 8.9 2.0 1.3 0.36
MA(1.2)/AHM 11.3 2.7 1.5 0.40
dr/MoQ3 124 2.9 1.7 0.38
/MoO3 12.7 3.0 1.7 0.38
CA(1.2)/Mo0O3 9.8 2.2 1.4 0.36
EG(1.2)/Mo0Os3 11.9 2.8 1.6 0.38
NTA(1.2)/MoQO3 10.0 2.3 1.4 0.36
MA(1.2)/Mo0O3 114 2.7 1.6 0.39

The catalytic activity of catalysts was evaluated in the HDS of thiophene and DBT. As
displayed in Table 3.4, among the catalysts prepared from AHM/Ni(NOs)z, “/AHM presents
the lowest reaction rate of 62.9 mol moly, h™'in thiophene HDS . </ AHM has a comparable
thiophene HDS activity (63.1 mol molm,™! h™!) with 4/AHM. CA(1.2)/AHM (78.1 mol molv,”
"'h1), EG(1.2)/AHM (74.0 mol moly,™! h'"), and MA(1.2)/AHM (74.1 mol moly,™! h™") are
ca. 1.2 times more active than “/AHM, and NTA(1.2)/AHM is the most active with a reaction
rate of 101.1 mol moly,' h'!. Similarly, the enhancement of catalytic activity by the
calcination and organic additives was also observed in the catalysts prepared from
MoO3/NiCO;. According to the reaction rates in thiophene HDS, ©/MoQs, CA(1.2)/MoOs,
EG(1.2)/M00s3, NTA(1.2)/MoO3 and MA(1.2)/MoOs exhibit higher performance than
4/MoOs3 (66.1 mol moly,™! h™!). In both series of catalysts, the catalyst with NTA shows the
highest activity. Besides, it is worth noting that compared to catalysts prepared from
AHM/Ni(NOs3),, the counterparts prepared from MoO3/NiCO3 show higher activity.
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Chapter 3

The promotional effect of calcination and additives was also observed in DBT HDS. For
example, MA(1.2)/AHM is 1.4 times more active than “/AHM at 250 °C; MA(1.2)/MoO3,
the most active among the catalysts prepared from MoO3/NiCO3, shows a 5.1 times higher
activity than %/MoO; at 250 °C. However, the performance of catalysts with NTA is
inconsistent with the observation in thiophene HDS. NTA(1.2)/AHM is less active than
d/AHM, and NTA(1.2)/MoOj3 only shows a comparable activity with “/MoQs. The reaction
rates at 250 °C and 270 °C decrease as the following order: MA(1.2)/AHM > EG(1.2)/AHM >
CA(1.2)/AHM > “I(1.2)/AHM > 9(1.2)/AHM > NTA(1.2)/AHM and MA(1.2)/MoO; >
CA(1.2)/Mo0O; > EG(1.2)/MoO; > NTA(1.2)/MoO; > <(1.2)/AHM > %(1.2)/AHM.
Furthermore, the differences in catalytic activity between the catalysts prepared from
different chemical sources were also observed. Generally, catalysts prepared from
MoOs/NiCOs are relatively more active than those prepared from AHM/Ni(NOs),, but the
gap of catalytic activity between the two series of catalysts gradually decreases with the

increasing temperature.

Besides reaction rates, DBT conversion, product distribution, and turnover frequency
(TOFcqge) are also listed in Table 3.4. As described in Section 2.3, Chapter 2, DBT conversion
follows two distinct pathways: the direct desulfurization (DDS) pathway and the
hydrogenation (HYD) pathway. The DDS route yields biphenyl (BP) as the main product,
and cyclohexylbenzene (CHB) is the main product of the HYD route. Bicyclohexyl (BCH)
can also be observed under certain circumstances . The primary reaction pathway in this work
is DDS, as the selectivity to BP in our catalysts system ranges from 53 % to 84 % at 250 °C.
The proportion of the DDS pathway decreases with increasing temperature, as shown in
Table 3.4. To explain the activity changes of catalysts depending on the composition and
characteristics of the active NiMoS$ species, the turnover frequencies (TOF, s™!) normalized
by the total Mo edge sites (MoVeqee) of NiMoS species were calculated according to equation
16 in Chapter 2. Among these catalysts, MA(1.2)/MoO3 shows the maximum TOF g value,

and the catalyst with NTA addition is the least active in both series of catalysts.

3.3.2.2. Characterization of the oxidic precursors

To investigate the reasons for the activity difference of catalysts, a more detailed structural
characterization of these catalysts was carried out. The physiochemical structure of oxidic

precursors was measured using XRD, TPR, and Raman spectroscopy.
Figure 3.1 shows the XRD patterns of oxide NiMo catalysts, where four broad diffraction

peaks located at 20 = 37.7°, 39.5°, 45.9°, and 66.9°, attributed to y-Al,O3 (JCPDS 01-077-
0396), were detected in all samples. Except for MA(1.2)/AHM, no other apparent signals of
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crystalline phases were observed, suggesting the good dispersion of metal oxides on the
alumina carrier. For MA(1.2)/AHM, another set of sharp peaks at 20 = 21.2°, 24.0°, 26.3°,
30.6°, 32.5°, 36.0°, 43.9°, 48.1°, 50.6°, 51.9°, 55.6°, 62.7°, and 64.7° were detected,
suggesting the existence of crystalline (NH4);PO4(Mo003)12:4H,0, which may form in the

impregnation solution or on the alumina surface during the drying process.

Intensity (a.u.)

W
,?;lxm,gw/“ ‘K .
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Figure 3.1. XRD patterns of oxidic precursors of a) MA(1.2)/AHM b) y-Al203 ¢) ¥“/AHM d) “/AHM
€) CA(1.2)/AHM f) EG(1.2)/AHM g) NTA(1.2)/AHM h) MoOs i) “¥/Mo0O;3 j) CA(1.2)/MoOs k)
EG(1.2)/M00Os 1) NTA(1.2)/MoOs m) MA(1.2)/MoOs.

Figure 3.2 shows the TPR profiles of the oxidic catalysts. In general, the reduction profiles
of these catalysts are comparable, which all exhibit a sharp peak with intense H, consumption
at a low reduction temperature, ca. 400 °C. Additionally, continuous H> consumption is
presented in a broad temperature region with a maximum centered at ca. 700 °C [33].
According to the literature, peaks at low temperatures can be assigned to the reduction of Ni
oxide species and different polymolybdates in weak connection with the support surface [34],
and the broad features at high temperatures are attributed to the deep reduction of all other
Mo species, including tetrahedral Mo*" species strongly binding to the support. In
NiMo/Al,Os catalyst system, Ni** species are usually reduced simultaneously with Mo®" in
the low-temperature area, resulting in overlapping reduction peaks [35, 36]. This overlap
increases the difficulty of extracting the reduction information of Ni. Also, as Mo is the main

phase, only the behavior of Mo reduction is discussed here.

The reduction peak area is positively quantitatively related to H, consumption. By comparing
the area of reduction peaks, partial reduction of Mo®" into Mo*" is considered to be the main

reduction reaction, as most of the H, is consumed in this process. The temperature of the
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main reduction peak (T.) was monitored, where Ty, of “/AHM, “/AHM, CA(1.2)/AHM,
EG(1.2)/AHM, NTA(1.2)/AHM, and MA(1.2)/AHM is detected to be 409 °C, 398 °C, 404
°C, 399 °C, 421 °C, and 403 °C, respectively. “/Mo0Qs, “/MoQ;, CA(1.2)/MoOs,
EG(1.2)/M0Os3, NTA(1.2)/MoO3 and MA(1.2)/MoO; show the Tr, of 410 °C, 401 °C, 399
°C, 397 °C, 412 °C, and 390 °C. In both series of catalysts, catalysts after calcination or with
other organic additives show lower Ty, than the reference catalyst (“/AHM or %/MoQOj3)
except for NTA. The reduced Tn indicated the weaker metal-support interaction in these
catalysts. It is noticed that “/AHM and 9/MoQ; have comparable reducibility, so as “/AHM
and “/MoQOj;. Whereas the catalysts prepared from MoO3/NiCO3 combined with additives
show higher reducibility than their counterparts prepared from AHM/Ni(NO3)..

N —

0 400 500 600 700 800 900
Temperature (°C)

3

o

Figure 3.2. TPR profiles of the oxidic precursors of a) “/AHM b) “/AHM c) CA(1.2)/AHM d)
EG(1.2)/AHM e) NTA(1.2)/AHM f) MA(1.2)/AHM g) ¥/MoOs h) “/Mo0O;3 i) CA(1.2)/MoO:s j)
EG(1.2)/MoOs k) NTA(1.2)/MoOs 1) MA(1.2)/MoOs.

Besides the difference in Tn, the shape of the TPR profiles of the catalysts was also different,
especially in the low-temperature reduction region. For example, in the TPR profile of
d/AHM, only one symmetric sharp peak was observed, which indicates that the metal-
support interaction in “/AHM was relatively uniform. However, in the TPR profile of
EG(1.2)/AHM, one peak and two low-intensity shoulders were detected. The different Mo-
support interactions derived from the different polymolybdate species on the alumina surface
should be responsible for these three peaks. The distinct polymolybdate species were also
observed in other catalysts with additives, suggesting that additives did change the Mo

coordination during the preparation.

The Raman spectroscopy was performed to explore the nature of Mo and Ni oxide species

presenting on the alumina surface [14]. As shown in Figure 3.3, four samples without organic
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additives (“/AHM, “/AHM, “/Mo0s3, and “*/MoO;) have comparable characteristics with
five bands located at 950 cm™!, 910 cm™, 570 cm™!, 360 cm™!, and 220 cm™. According to the
literature, the strong band at 950 cm™' with a broad low-frequency shoulder at 910 cm™ and
two less intense bands at 360 cm™ and 220 ¢cm™! are the characteristics of the vibrational
signature of octahedrally coordinated polymolybdate species [37, 38]. In detail, the band at
950 cm! is assigned to the vy{(Mo=0) stretching modes of Mo=0 structure in Mo704%
species [39, 40]. The band at 360 cm! is assigned to the (Mo=0) deformation modes of
Mo=0 groups, and the band at220 cm! is due to the §(Mo-O-Mo) deformation vibration of
Mo-O-Mo bonds in polymolybdate species [41, 42]. The band at 570 cm! is assigned to Al—
O stretching mode [43]. Besides, the band at 1045 cm™' observed in /AHM is due to the
vs(NO3) stretching vibration of the NOs3™ group originating from Ni(NOs3), [44], which was
also detected in the other four dried-only catalysts prepared from AHM/Ni(NO3),
(CA(1.2)/AHM, EG(1.2)/AHM, NTA(1.2)/AHM, MA(1.2)/AHM). As nitrate would

decompose under higher temperature, it was not observed in the spectrum of “*/AHM.
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Figure 3.3. Raman spectra of oxide catalysts.

Changes in the Mo coordination were observed in the catalysts with organic additives.
Besides the bands described above, bands at 980 cm!, 880 cm™!, 600 cm™!, 380 cm’!, and 240
cm’! were also observed in MA(1.2)/AHM. Bands at 980 cm™! and 880 cm™' are assigned to
the vs(Mo=0) and v,s(Mo=0) stretching vibration of Mo=0 structures in [PMo12040]*
species [45], which has been identified in its XRD pattern. The band at 380 cm™' is due to the
6(Mo=0) deformation mode of Mo=0; groups, and the one at 240 cm™ can be assigned to
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the §(Mo-O-Mo) deformation mode of Mo-O-Mo groups in [PMo12040]> species [46]. In the
spectrum of CA(1.2)/AHM, bands at 980 cm!, 380 cm™!, and 240 cm™' were observed, which
can be respectively attributed to the vy(Mo=0) stretching vibration, the Jd(Mo=0)
deformation mode of Mo=O; structures and the d(Mo-O-Mo) deformation mode of Mo-O-
Mo in the aggregated molybdenum species, e.g., MosOx* [47, 48]. The band observed at
830 cm™! in EG(1.2)/AHM is due to the v,s(M0=0) stretching vibration of Mo=O0 structures
in tetrahedrally coordinated molybdate species [49]. Besides the characteristics of
octahedrally coordinated polymolybdenum species, a band at 930 cm™! in NTA(1.2)/AHM
was also observed, which relates to the v.(Mo=0) stretching vibration of Mo=0; structures
in MosgOx6* species [50]. In CA(1.2)/MoOs, a band at 860 cm™ was detected and assigned to
the vs(Mo0-O-Mo) stretching vibration of Mo-O-Mo structures of surface molybdate in
octahedral coordination [48]. Beyond the difference in coordination state, it is worth
discussing the shape of the bands. Normally, the bandwidth in Raman spectra can reflect the
degrees of crystallinity to some extent, e.g., the broader bands in MA(1.2)/MoO3 and
EG(1.2)/MoOs3 indicate higher metal dispersion and structural disorder degree. The
difference of the Mo coordination in oxidic precursors has already presented in the respective
impregnation solutions (Figure A2), which is attributed to the pH-dependent feature of Mo

aggregation and the formation of the different species, e.g., MoO4> or M07024%.

3.3.2.3. Catalyst sulfidation

The sulfidation behavior of catalysts is essential in the formation the final structure in
sulfided catalysts. Therefore, XPS measurements were performed to monitor the sulfidation
degrees of Mo and Ni in the catalysts sulfided at different temperatures. The XPS results
including the binding energies of the main features and the atomic percentages of different
Mo and Ni species, are presented in Table A3, and the corresponding XPS spectra of Mo 3d,
S 2s, and Ni 2p are shown in Figures A3 and A4. The XPS spectra of Mo 3d and S 2s region
can be deconvoluted into three doublets related to different Mo oxidation states and one
characteristic peak of S (B.E. =226.3 0.2 ¢V). Three Mo 3d doublets are assigned to Mo®"
in MoOs (B.E. 3dsp=232.7 £ 0.4 V), Mo’" in oxysulfide species (B.E. 3ds» =230.9 £ 0.3
eV) and Mo*" in MoS; (B.E. 3ds» =229.0 £ 0.2 eV). The Ni 2ps.2 spectra were deconvoluted
in three components at 856.8 + 0.2 eV, 854.6 £0.5 eV, and 853.7 £ 0.5 eV, ascribing to NiOy,
NiMoS, and NiSy, respectively [51, 52]. The spectra of the oxidic precursors were fitted in

the same way.
Figure 3.4 shows the sulfidation profile of catalysts. It can be noticed that the Mo mainly

presented as Mo*" species in all catalysts after sulfided at 350 °C for 2 h. The catalysts in
both series show a comparable Mo sulfidation degree (expressed as Mo*'/Mor, where Mot
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= Mo*" + Mo”* + Mo®") and Ni sulfidation degree, (NiSx + NiMoS)/(NiSx + NiMoS + NiOy)
[25, 27]. However, the sulfidation behavior varies in the catalysts with different organic
additives. The sulfidation behavior of Mo in “/AHM and EG(1.2)/AHM is comparable to
that of “/AHM. The sulfidation of Mo started at 50 °C and was nearly completed at 250 °C.
With the addition of CA, NTA, and MA, the Mo sulfidation started at a lower temperature
and took place in a wider temperature range. MA(1.2)/AHM showed an even lower Mo
sulfidation rate, which was not completed until the temperature increased to 350 °C. Similarly,
the sulfidation of Ni started from 150 °C and completed at 350 °C in NTA(1.2)/AHM, while
the sulfidation for other catalysts started at room temperature and was almost completed at
150 °C. For catalysts prepared from MoO3/NiCO3, the sulfidation of Mo in ¥/MoOj started
at room temperature and was complete at 150 °C. With the addition of CA, EG, NTA, and
MA, the Mo sulfidation started at a higher temperature and took place in a broader
temperature range. The effect of organic additives on the sulfidation behavior of Ni is more
significant than that on the sulfidation of Mo. The sulfidation of Ni in ¥/MoO; was almost
completed at 50 °C. While for the catalysts with CA, EG, and MA addition, the sulfidation
rate slowed down, and the sulfidation was completed at ca. 150 °C. Furthermore, the
temperature of complete sulfidation of Ni in catalyst with NTA addition was up to 250 °C.
Calcination, however, did not have notable influence on the sulfidation behavior of the
catalysts notably. In most catalysts, the sulfidation rate of Ni was slightly faster than that of
Mo, except for the catalysts with NTA (NTA(1.2)/AHM and NTA(1.2)/Mo0O3) and
MA(1.2)/MoOs. It needs to be further noted that the organic additives used here mainly
decompose in the temperature range between 200 °C and 500 °C (Figure A4), which is above
the sulfidation temperature of all catalysts except NTA(1.2)/AHM and NTA(1.2)/MoQO;3, as
reported in Ref. [21].

3.3.2.4. Characterization of sulfided catalysts

As described above, the surface composition and oxidation states of Mo and Ni in sulfided
catalysts were monitored by XPS. The relevant information obtained from XPS
measurement, including the Mo dispersion over the alumina surface (Mo/Al), the promoter
ratio in the active NiMoS phase slabs ((Ni/Mo)siab), and the edge sites ratio in NiMoS phase
((Ni/M0)edge), as well as the effective Ni in the active NiMoS phase, are listed in Table 3.5.
The data shows that all catalysts have a similar Mo dispersion over the alumina surface. It
can also be noticed that the catalysts after calcination and with additives have a higher
effective amount of Ni in NiMoS species than the reference catalysts (*/AHM and %/MoO3),
suggesting that calcination and additives could promote the formation of the active NiMoS
phase, and the increased active phase is the reason for the improvement of catalytic activity.
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Table 3.5. XPS fit results of sulfided samples.

S/(Ni+Mo) Mo/Al Effective
Sample molar molar (Ni/Mo)siab* | (Ni/Mo)eage” | amount (wt%)
ratio ratio of Ni in NiMoS*®
4 AHM 1.87 0.08 0.06 0.22 0.11
@/ AHM 1.73 0.08 0.07 0.27 0.15
CA(1.2)/AHM 1.75 0.11 0.16 0.57 0.24
EG(1.2)/AHM 1.73 0.08 0.09 0.35 0.13
NTA(1.2)/AHM 1.91 0.09 0.07 0.27 0.16
MA(1.2)/AHM 1.60 0.05 0.17 0.55 0.22
4/MoO3 1.75 0.10 0.09 0.36 0.20
a/MoQO3 1.87 0.09 0.09 0.32 0.19
CA(1.2)/MoOs3 1.88 0.09 0.10 0.37 0.22
EG(1.2)/MoOs3 1.82 0.10 0.11 0.42 0.23
NTA(1.2)/MoO3 1.72 0.08 0.12 0.46 0.26
MA(1.2)/MoO;3 2.00 0.09 0.14 0.47 0.32

2 Ni/Mo ratio in the NiMoS slabs calculated from XPS results (equation 6 in Chapter 2)
® Ni/Mo ratio in the NiMoS edges calculated from XPS and TEM results (equation 7 in Chapter 2)
¢ Effective Ni content in total NiMoS species from XPS results (equation 5 in Chapter 2)

TEM images of the sulfided catalysts, respective particle size distribution, and stacking
degrees are displayed in Figure 3.5. The average particle size (L), average stacking layer
number (N), dispersion of NiMoS particles (D), and the specific distribution of particle size
and stacking number are listed in Table 3.6. The results show that catalysts prepared from
AHM/Ni(NOs), have a comparable average particle size (ca. 3.7 nm). The average stacking
number for “/AHM, “/AHM, CA(1.2)/AHM, EG(1.2)/AHM, NTA(1.2)/AHM, and
MA(1.2)/AHM is 2.3, 2.0, 1.6, 1.8, 1.4, and 1.7, respectively. In these catalysts,
NTA(1.2)/AHM has the lowest average stacking number (1.4), and MA(1.2)/AHM has the
highest active NiMoS phase dispersion. For catalysts prepared from MoQO3/NiCOs, varying
degrees of decrease in average particle size were observed in catalysts after calcination and
with additives, compared to ¥“/MoOs (L = 3.9 nm). The average stacking degree for ®/MoO;
is 1.8, slightly lower than “/MoOs (1.9). The stacking number for CA(1.2)/MoO; and
NTA(1.2)/MoOs further decreased to 1.5, while the average stacking number for
EG(1.2)/M003 and MA(1.2)/Mo00Os is 2.0. Note that all catalysts prepared from MoO3/NiCOs
show a similar particle stacking behavior with mainly single layers and stacks of 2 layers of
MoS:. In these catalysts, NTA(1.2)/MoOs shows the lowest average stacking number (1.5),
MA(1.2)/MoOs shows the smallest average particle size of 3.2 nm, the highest average
stacking degree (2.0) and the highest dispersion of NiMoS (0.30). The high stacking degree
and appropriate length of MoS, particles in MA(1.2)/MoOs is considered to be the
precondition of forming the active NiMoS II phase.
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3.4. Discussion

To understand the influence of calcination process, organic additives, and chemical sources
on the structure and catalytic activity of NiMo/Al,O; catalysts, two series of catalysts using
AHM/Ni(NO3); and MoO3/NiCOs as starting materials were synthesized, where four
additives (CA, EG, NTA, MA) were added, and one additive-free catalyst after calcination
was also included. The physiochemical structure of the oxidic precursors were characterized
with XRD, TPR, and Raman spectroscopy, and the sulfidation behavior of catalysts was
monitored by XPS. The structure of the sulfided particle was measured with TEM. The
catalytic activity of sulfided catalysts was evaluated in the HDS of thiophene, DBT and gas-
oil.

3.4.1. Effect of calcination

cal/ AHM exhibits higher reaction rate in DBT HDS than “/AHM due to the higher fraction of
the effective amount of Ni in NiMoS (0.15 wt%). As reported in the literature, the active
NiMoS phase plays the key role in the Ni-promoted HDS catalysts [53, 54]. The difference
in metal-support interaction should be the origin of the structural difference. “*/AHM shows
a lower T, (398 °C) than “/AHM (409 °C) in TPR, which suggests a weaker metal-support
interaction in /AHM resulting in higher reducibility. The weaker metal-support interaction,
to some extent, increases the metal dispersion on “/AHM, leading to the formation of the
active NiMoS phase with higher activity. However, the activity difference is not reflected in
the metal sulfidation behavior, and the two catalysts show a comparable sulfidation degree
of Mo and Ni. Additional, only slight difference was observed in thiophene HDS activity
between 9/AHM and /AHM.

The activity improvement effect of calcination in DBT HDS is less evident for catalysts
prepared from MoO;/NiCOs. ¥/Mo0Os and “/MoO; show comparable DBT HDS activity.
However, “/MoOs does show a higher thiophene HDS activity than 4/MoQ;, which is
attributed to a higher active NiMoS phase dispersion caused by the lower metal-support
interaction. The type of active sites or the intrinsic activity difference of active sites should
be responsible for the different degrees of enhancement in activity in thiophene and DBT
HDS tests.

3.4.2. Effect of additives

The catalytic activity of catalysts with CA (CA(1.2)/AHM and CA(1.2)/Mo0O3) was
improved compared to the two reference catalysts (“/AHM and %/MoOs). The activity

enhancement effect was also reported in other publications, where the activity was attributed

-47 -



Chapter 3

enhancement to the formation of more active sites [55, 56], higher dispersion of the active
phase [57, 58], or a higher sulfidation degree of Mo [56, 59]. In CA(1.2)/M00Os3, XPS results
evidence that more active NiMoS phase is formed (Table 3.5) due to the slower Ni sulfidation
rate compared to ¥/MoOs. Besides, higher dispersion of the active NiMoS phase is also
detected (Table 3.6). This sulfidation behavior and active phase dispersion suggest weaker
metal-support interaction in CA(1.2)/MoQOs;, which could be further confirmed by the
decreased T, value. The above observations also apply to CA(1.2)/AHM. Furthermore,
CA(1.2)/MoOs3 is more active than CA(1.2)/AHM. The DBT HDS reaction rate in
CA(1.2)/MoOs is two times higher than that of CA(1.2)/AHM due to the higher intrinsic
activity of the active sites in CA(1.2)/ MoOs as the TOFcgg value shown. CA(1.2)/MoOs3,
however, is only 20 % more active than CA(1.2)/AHM in thiophene HDS, from which we
infer that the active sites in DBT HDS are different from those in thiophene HDS or function

in differently mechanism as Castillo-Villalon et al. proposed [60].

With EG addition, catalytic activity in thiophene HDS increased by 20 % — 30 %. For DBT
HDS, TOF.q. values of EG(1.2)/AHM and EG(1.2)/MoOs improved by 50 % and 40 %
compared to “/AHM and “/MoQs, respectively. The improved performance derives from the
higher content of the active NiMoS phase, caused by the increased Mo sulfidation rate in
EG(1.2)/M00s. The weaker metal-support interaction observed in TPR is responsible for this
different sulfidation behavior. However, the structural difference in the oxidic precursor was
not reflected in its morphology, where ¥/Mo0O; and EG(1.2)/MoOs showed a comparable
average particle size and stacking degree. Although the origin of the beneficial influence of
this non-chelating additive was proposed to be the connection between glycol and alumina
[61], no direct evidence was observed in this work. Likewise, the structural differences
observed between EG(1.2)/AHM and %/AHM are the reason for the activity difference.

The role of NTA is relatively complicated because it performs differently in gas-phase
thiophene and liquid-phase DBT HDS tests. The addition of NTA substantially improves
catalyst activity in thiophene HDS. The reaction rates of NTA(1.2)/AHM and
NTA(1.2)/MoOj3 are 101.1 £ 0.6 mol molu,™! h't and 111.3 £2.9 mol molm,™! h!, respectively,
which are 1.6 and 1.7 times higher than that of “/AHM and %/MoOs;. Interestingly,
NTA(1.2)/MoOs does not show any pronounced enhancement in liquid-phase DBT HDS,
and an obvious inhibiting effect was even observed in NTA(1.2)/AHM. The different
behavior of NTA additive in these two tests was also reported by Hiroshima et al. [62] and
van Veen at al. [17, 63]. They stated that the ‘gas—liquid-phase controversy’ is a generic
phenomenon in hydrotreating reactions over metal sulfide catalysts, as there are several
parameters that can influence the effect of NTA, e.g., the absence of a calcination step before

sulfidation, the activation stage, and the activity test conditions et al. A noticeable decrease
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in the stacking degree of MoS, slabs observed in NTA(1.2)/AHM and NTA(1.2)/MoOs
suggests higher metal dispersion than the two reference catalysts. Higher sulfidation degrees
of Mo and Ni in the sulfided catalysts and relative Ni content in the NiMoS active phase were
also detected. We attribute the increase of the active phase to the slowed sulfidation rate of
Ni, which increases the possibility for Ni to participate in the formation of the active NiMoS
phase, even though there is a stronger metal-support interaction in their oxidic precursors, as
TPR data indicated. We noticed that the majority of MoS, particles in NTA(1.2)/AHM and
NTA(1.2)/MoO:s present as single-layer structures (> 60 %). As reported in the literature [64],
the single-layer structure is usually strongly connected to the alumina carrier by forming the
Mo-O-Al structure (consistent with TPR), which prefers to transform into the intrinsic less
active NiMoS phase after sulfidation. The less active sites could also be another reason for
the low DBT HDS activity in NTA(1.2)/AHM and NTA(1.2)/MoO:s.

MA is another a-hydroxycarboxylic acid used in catalyst synthesis. The catalytic activity of
catalysts with MA was improved as CA, especially in DBT HDS. MA(1.2)/AHM and
MA(1.2)/MoO; show the highest activity in each series of catalysts. As reported in the
literature, there are two types of active NiMoS particles in NiMo/Al,Ojs catalysts, type I and
type II [17]. These two types of particles are formed based on different metal-support
interactions in catalysts. Typically, type II has a higher intrinsic activity than type I. The high
catalytic performance of MA(1.2)/MoQOs is because of the existence of more active type II
NiMoS particles. Since the typical characteristics of type II active NiMoS phase, e.g., high
metal dispersion, small particle size, and higher stacking degree of MoS; particles caused by
the weak metal-support interaction, were observed in MA(1.2)/MoOs. Besides, higher
content of the active NiMoS phase is also responsible for the increased activity. Structural
differences between MA(1.2)/AHM and MA(1.2)/MoOs are observed. XRD data shows that
except for the feature of y-Al,Os3, a crystalline structure of polymolybdate species is observed
in MA(1.2)/AHM, which is also reflected in its Raman spectrum. The sharp bands observed
in Raman suggest a high crystallinity and distinct Mo coordination states in MA(1.2)/AHM,
while the metals are well dispersed on the alumina surface with uniform coordination states
in MA(1.2)/MoOs. Consequently, a different metal-support interaction between these two
catalysts was observed, leading to the morphology and metal dispersion difference in their
sulfided phase. However, deep structure characterization is still needed to further explore the

different performance of MA in these two catalysts.

3.4.3. Effect of chemical sources

As introduced above, the Mo aggregation in the impregnation solution is a pH-dependent

process, and with different pH levels, Mo aggregation varies. The effect of chemical sources
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on catalysts without additives (dried-only and calcined) was not apparent with comparable
metal coordination state and metal-support interaction (Figures 3.2, 3.3). After sulfidation, a
comparable metal dispersion and sulfidation state were observed, as well as similar catalytic
activity was obtained. In these cases, the pH of the impregnation solution is quite similar,
which leads to a comparable Mo aggregation, as shown in the Raman spectra of the respective
impregnation solution (Figure A3.3). While more significant influence of starting materials
on catalytic activity was observed for catalysts with additives. As listed in Table 3.6, the
TOFeq4ge value of catalysts with additives prepared from MoOs3/NiCOs is at least 2 times
higher than their counterpart catalysts prepared from AHM/Ni(NO3),, except for NTA. The
reason leading to the difference is complicated. Firstly, it is believed that the pH of the
impregnation solutions varies with additives, which could change the aggregation of Mo.
The coordination behavior of the additives in the impregnation also varies with the pH
environment of the solution, which leads to different aggregation species. During the
impregnation and the following drying process, the distinct properties of these complexes,
such as the varying decomposition, and different adsorption ability, are reflected in their
structure. As a result, the more complex the system is, the more susceptible the coordination

states of Mo and Ni are to the solution environment (preparation conditions) [65].

In a word, the catalysts with MoO3/NiCOj3 as starting materials show higher performance
than the counterpart catalysts prepared from AHM/Ni(NOs),. To understand the improved
mechanism of catalytic activity, a more in-depth structure characterization should be
performed.

3.5. Conclusions

Herein, two series of NiMo/Al,Oj3 catalysts with different Ni/Mo ratios (0.18 — 0.62) were
synthesized from two sets of chemical sources ((NHs)sMo07024 (AHM)/Ni(NOs), and
MoOs/NiCOs3) by the incipient wetness impregnation. By comparing their activity in
thiophene, dibenzothiophene (DBT), and gas-oil HDS, catalysts with a Ni/Mo ratio of 0.4
was validated to be the optimal composition. Furthermore, a systematical study was carried
out to investigate the effects of calcination, organic additives, and chemical sources on the
structure and performance of NiMo/Al,Os catalysts. The metal-support interaction decrease
in calcined catalysts, and more active NiMoS phases were formed after sulfidation, leading
to a relatively higher activity. The organic additives (citric acid (CA), ethylene glycol (EG),
nitrilotriacetic acid (NTA), and malic acid (MA)) show a varying enhancement in catalytic
activity. Generally, the catalysts with additives show weaker metal-support interaction,
leading to higher reducibility. The weak metal-support interaction promotes metal sulfidation

and dispersion, further increasing the formation of more active NiMoS phase. The effect of
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NTA is much more complex than the other three additives, as it shows significant
reinforcement in catalytic activity in thiophene HDS, while no promotion or little inhibition
effect was observed in the DBT HDS. The formation of a less active NiMoS phase should be
part of the reason for the low DBT HDS activity. The chemical sources have more significant
effect on catalysts with additives than those without additives, suggesting that the complex
system is easily affected by chemical sources. Additionally, the catalysts prepared from
MoO3/NiCOs3 show higher activity than those prepared from AHM/Ni(NOs3),. The DBT HDS
results show that MA(1.2)/MoQOj; exhibits the best catalytic efficiency in all catalysts, while
NTA(1.2)/AHM is the least active.
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3.7. Appendix A
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Figure A1. XRD patterns of oxidic precursors of xNiMoP/MoOj catalysts.
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TP-MS. The temperature-programmed reduction and mass spectroscopy analysis was
performed to characterize the decomposition situation of catalysts. Typically, ~50 mg
samples were loaded in a quartz tubular flow reactor. The sample was first pretreated at 120
°C for 1 h in 50 mL/min He flows and then heated in a gas mixture (95 mL/min He and 5
mL/min H») at a rate of 5 °C/min to 800 °C. The main products, H,O, CO, O,, and CO», were
followed by online MS (MS, Balzer TPG-300) during the reduction.
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Figure A4. Temperature-programmed decomposition profiles of oxidic precursors.
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Chapter 4

Alumina Supported NiMo Hydrotreating Catalysts - Aspects
of 3D Structure, Synthesis and Activity

ABSTRACT

Preparation conditions have a vital effect on the structure of alumina-supported
hydrodesulfurization catalysts. To explore this effect, we prepared two NiMo/Al,O3; samples
with the same target composition by using different chemical sources, and characterizing the
oxidic NiMo precursors, sulfided and spent catalysts to understand the influence of catalyst
structure on performance. The sample prepared from (NHi)sM07024-4H>O/Ni(NO3),
(MA(1.2)/AHM) contains Mo in the oxidic precursor predominantly in tetrahedral
coordination in the form of crystalline domains, which show low reducibility and strong
metal-support interactions. This property influences the sulfidation process such that the
sulfidation of Ni and Mo occur tendentially separately with a decreased efficiency to form
active Ni-Mo-S particles. Moreover, inactive unsupported MoS, particles or isolated NiSk
species are formed, which are either washed off during catalytic reaction, or aggregated to
larger particles as seen in scanning transmission electron microscopy/energy dispersive X-
ray spectroscopy (STEM/EDX). Oxidic precursor of the sample synthesized using
NiCO3/Mo0O; as metal sources (MA(1.2)/MoQOs3), however, contains Mo in octahedral
coordination, shows higher reducibility of the metal species as well as weaker metal-support
interactions than that of MA(1.2)/AHM; these properties allow an efficient sulfidation of Mo
and Ni, such that formation of active Ni-Mo-S particles is the main product. Ptychographic
X-ray computed tomography, STEM, and EDX measurements show that the structure formed
during sulfidation is stable under operation conditions. The structural differences explain the

HDS activity difference between these two samples.

» Unsupported MoS, domains

« Isolated NiS, species

« Medium concentration of NiMoS particles
* Low HDS performance

» Consistent formation of active phase
« High concentration of NiMoS particles
» High HDS performance
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4.1. Introduction

Catalytic hydrodesulfurization (HDS) is a mature technology used to remove sulfur from
crude oil to produce ultra clean fuels. Typically, HDS catalysts consist of sulfides of Mo and
Ni or Mo and Co, supported on a high surface area alumina (y-Al,O3) [1] carrier. These
catalysts are usually prepared in the form of oxidic precursors by impregnating the carrier
with the metals followed by drying and calcination. Catalyst activation is done by sulfidation
in an H,S/H, gas flow at elevated temperature (around 400 °C), yielding NiMo or CoMo
sulfide phases. The structure of these sulfide phases is described in the so-called Co-Mo-S
model [2]; Co or Ni promotor atoms are located at the edges of nanosized MoS; particles.
With sharpening global environmental regulations, a strong demand for fuels containing only
traces of sulfur (10 ppm or less) was created. To satisfy market needs, highly active catalysts
of increased lifetime and stability are needed, prompting the exploration of several synthesis

processes [3, 4].

The traditional workflow of producing HDS catalysts consists of impregnation, drying,
calcination, activation (sulfidation). In the early 2000 a modified workflow gained traction
since it yielded catalysts of higher activity. In this workflow organic additives, such as
glycols, ethylenediaminetetraacetic acid (EDTA) or nitrilotriacetic acid (NTA), were added
to the catalyst formulation [5-8]. Since these additives would decompose or oxidize under
typical calcination conditions (400 °C in air), the calcination step was omitted. The effect
organic additives have on catalytic performance has been explored in numerous studies,
linking changes in structure, density and stability of the active phase to performance [6, 9-
21]. These uncalcined catalyst types show a low tendency to form Mo-O-Al bonds, which
advances the formation of type II catalysts. Compared to the organic additive free and
calcined type I catalysts, which are characterized by a strong interaction with the support,
type II catalysts are generally more active [22]. Besides organic additives, phosphorus is
another important component in the formation of highly active hydrotreating catalysts [23,
24]; experimental observations have shown that the presence of phosphorus promotes the
stacking of MoS,-type particles by lowering metal-support interactions and enhancing the
formation of type II phases [25-27].

A critical variable in catalyst preparation is the metal formulation. Since the series of
oxomolybdates with the monomeric MoO,* anion and the neutral solid MoO; as end
members is accessible via pH-dependent aggregation processes [28, 29], there are several
ways to design the impregnation solution. The most commonly used recipe to prepare Ni,
Mo and P containing hydrotreating catalysts utilizes aqueous solutions of ammonium
heptamolybdate ((NH4)sM07024-4H,O, AHM), nickel nitrate (Ni(NO;3),'6H,O) and
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phosphoric acid [25, 30]. Moving towards the end members of the oxymolybdate series,
molybdenum trioxide (Mo0O3), nickel carbonate (NiCOs) and phosphoric acid [31], or sodium
molybdate (NaxMoO4-2H>0) and nickel nitrate (Ni(NO3),) [32] are other feasible sources of
Mo and Ni. Some studies utilized highly condensed and symmetric starting materials such as
Keggin [33, 34] and Anderson complexes [35, 36]. Overall, there is no clear answer as to

which type of impregnation solution yields the best catalysts.

Characterization studies conducted over the years have a focus on describing the active
NiMoS phase at atomic or nanometer scale, e.g., utilizing EXAFS to explore the coordination
number of Mo [37-40] to determine particle size and staking degree of NiMoS particles, or
the degree of edge decoration through promotor atoms; Active site(s) and molecular reaction
routes of Co-Mo-S structures synthesized on Au(111) were monitored by means of Scanning
Tunneling Microscopy (STM) [41]; and first-principles calculations were used to describe
particle structure [42, 43] as well as mechanisms of reactions taking place at the active sites
located on the edges of Co-Mo-S and Ni-Mo-S nanocrystals [42, 44, 45]. To a much lesser
extent information regarding metal dispersion on alumina or the influence and change of the

alumina pore structure on and during metal deposition can be found.

Here, we investigate two hydrotreating catalysts, where malic acid (MA) and phosphorus
were added to the NiMo catalyst formulation by co-impregnation [6, 7]. These two catalysts
were prepared on the same alumina carrier with identical metal and phosphorus loadings and
contain the same organic additive. The only difference is that they were prepared by using
two different impregnation solutions. MA(1.2)/AHM was prepared with AHM and Ni(NOs),
as Mo and Ni sources (route A), while catalyst MA(1.2)/MoOs3 prepared from MoO3 and
NiCOs (route B). Thus, the difference lies in the impregnation chemistry brought about by
these impregnation solutions, which will be shown to lead to substantial structural differences
of the active phases. For a more comprehensive understanding of the structure difference, we
present a detailed structural characterization of these two samples and discuss their
performance levels on structural grounds. Catalyst characterization is based on physical
methods, spectroscopy, diffraction, tomography and catalytic activity measurements. In
particular, we used N, physisorption and temperature-programmed reduction (TPR) as
physical methods, and X-ray photoelectron spectroscopy (XPS), Raman and X-Ray
diffraction (XRD) as standard spectroscopy and diffraction methods. 2D and 3D imaging
methods including scanning transmission electron microscopy (STEM), energy dispersive
X-ray spectroscopy (EDX) and ptychographic X-ray computed tomography (PXCT) were
used for advanced structural characterization. The catalytic activity of samples was evaluated
in thiophene, dibenzothiophene (DBT) and gas oil HDS tests.
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4.2. Experimental section
4.2.1. Catalyst preparation

Two types of NiMo/Al,Ojs catalysts prepared from two sets of different metal salts with malic
acid (MA) as additive were prepared by incipient wetness impregnation of y-Al,Os [46]
extrudates with an aqueous solution of respective metal salts and additive. The target
composition of both types is 15 wt% Mo, 3.67 wt% Ni, 2 wt% P (referenced to MoO3, NiO
and P,0s), and MA in a molar ratio of 1.2 per atom Mo. Phosphorus was added in the form
of H3PO4, which does also facilitate metal dissolution [24, 47]. The two types of NiMo/Al,O3
catalysts and associated preparation routes are subsequently referred to as MA(1.2)/AHM,
MA(1.2)/MoOs/Route A and B.

Route A: 8.1 g AHM were slowly added to an aqueous solution of H3PO4 (2.2 g, 85 wt% in
H>0). Ammonia (28 %) was added following yielding an initially clear solution, which under
continuous stirring results in a light-yellow solution. Next 5.3 g Ni(NO3),'6H,O were added
under stirring, which results in a transparent green solution. To obtain the final impregnation
solution, 7.4 g MA was added. By adding deionized water, the volume of the impregnation
solution was finally adjusted to the pore volume of alumina. The pH of the final impregnation

solution is 5.

Route B: 6.6 g M003, 2.2 g NiCOs3 and 2.2 g H3PO4 solution (85 wt% in H,O) were dissolved
in deionized water under constant stirring and heated till boiling yielding a clear green
solution to which 7.4 g MA were added. The pH of the final solution is < 1.

16.4 mL impregnation solution were then added to each 20 g alumina extrudes (diameter: 1
mm, length: 3 — 13 mm). The extrudates were kept for a period of two hours under slow
movement on a roller bank and subsequently dried over night at 120 °C yielding the catalyst
precursors (oxide). To preserve the malic acid for the subsequent sulfidation process, the
prepared samples were not calcined [48]. Freshly sulfided catalysts and spent samples
recovered from the gas oil HDS test are referred to as (sulfide) and (spent), respectively. The
final metal loading of these catalysts was determined by inductively coupled plasma optical

emission spectroscopy (ICP-OES) and the results are compiled in Table 4.1.

4.2.2. Catalyst activation.

To prepare the sulfided catalyst samples, ~50 mg oxidic precursor (75 — 125 pm) were loaded
in the middle of a valve-sealed stainless-steel reactor with an inner diameter of 4 mm and
heated up to 350 °C with a 2 °C/min ramp rate in 1 bar Hy/H,S (90/10 vol%) at a flow rate
of 50 mL/min. The sample was kept under these conditions for 2 h and subsequently cooled

to room temperature in He atmosphere. The sulfided catalyst were then transferred to and
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stored in an N-filled glovebox for further characterization. During sulfidation, malic acid is
decomposed and the decomposition products are released. The final active catalyst does not

contain any organic compounds.

4.2.3. Catalytic activity measurements

The catalytic performance of MA(1.2)/AHM and MA(1.2)/MoQOs3 was evaluated via the gas-
phase thiophene, liquid-phase DBT HDS and gas-oil HDS reaction. Detailed information

regarding these reactions can be found in Section 2.3, Chapter 2.

4.2.4. Catalyst characterization.

N: physisorption: Textural properties, i.e., specific surface area, pore volume and average
pore size, were determined by means of N, physisorption in a Micromeritics AutoChem
apparatus (Figure B1). Prior to physisorption measurements, samples were pretreated over
night with N at 120 °C.

XRD, TPR, and Raman spectroscopy of the oxidic precursors were conducted according

to the specific procedures described in Section 2.2, Chapter 2.

XPS spectra of oxidic precursors, fresh sulfided samples and respective spent samples were
recorded at room temperature using a Thermo Scientific K-Alpha spectrometer. Detailed

measurement and data analysis can be found in Section 2.2, Chapter 2.

PXCT: 3D structural measurements were carried out by means of PXCT [49-51]. PXCT is
a lens less quantitative imaging technique in which each tomographic projection is calculated
by means of ptychographic phase-retrieval algorithms [52, 53]. Tomographic reconstruction
retrieves the complex-valued refractive index of the examined sample, providing tomograms
of both phase and amplitude contrast [53]. Away from sample-relevant absorption edges, the
retrieved refractive index decrement values can be converted to electron density as described
in Diaz et al. [54]. Measurements were carried out at the cSAXS beamline of the Swiss Light
Source at 6.2 keV photon energy at room temperature in an inert atmosphere. A series of
sample cylinders, = 25 um in diameter, extracted central, from a catalyst pellet of
MA(1.2)/AHM  (sulfide), MA(1.2)/MoOs (sulfide), MA(1.2)/AHM (spent), and
MA(1.2)/MoOs (spent) were examined. The sample cylinders or pillars were prepared using
a micro-lath and focus-ion-beam (FIB) milling, Figure 2.12 [55]. The obtained quantitative
electron density tomograms possess, on average, a half-period spatial resolution of 40 nm,
which was evaluated through Fourier shell correlation (FSC, Figure B2) [56]. Tomogram

acquisition and analysis can be found in Appendix B.
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STEM and EDX: the local morphology and elemental composition of the sulfide and spent
catalysts was determined by STEM and EDX using a probe corrected JEOL ARM 200F
transmission electron microscope. Sample preparation and data analysis procedure are
described in Chapter 2. The correlation between Mo and Ni was calculated via MATLAB,
as shown in Figure B3, details can be found in Appendix B.

4.3. Results
4.3.1. Catalytic activity

Table 4.2 shows the catalytic activity of MA(1.2)/AHM and MA(1.2)/MoQOs3 in gas-phase
thiophene HDS tests at atmospheric pressure, liquid-phase DBT HDS at 20 bar and liquid-
phase gas oil HDS at 60 bar. The catalytic activity of MA(1.2)/MoO; in atmospheric
thiophene HDS is higher than that of MA(1.2)/AHM, i.e., 101.9 mol moly," hr'! compared
to 74.1 mol moly,™! hr!. In DBT HDS at 270 °C, the activity difference is significantly larger
as can be derived from respective reaction rate constants of 17.7 mol moly,™” hr'! and 81.2
mol moly,™! hr! for MA(1.2)/AHM (sulfide) and MA(1.2)/MoQ; (sulfide), respectively. The
gas oil HDS test does also clearly differentiate the two samples i.e., 4.96 mol moly,™ hr! for
MA(1.2)/AHM and 22.31 mol moly," hr! for MA(1.2)/MoO;. The products of the DBT
HDS reaction are also listed in Table 4.2, where it can be noticed that the main products are
biphenyl (BP) and cyclohexylbenzene (CHB), no bicyclohexyl (BCH) was observed under

our reaction conditions.

4.3.2. Physio-chemical bulk characterization of the oxidic catalyst precursor

To investigate the origin of these activity differences we first acquired powder XRD (Figure
4.1a), TPR (Figure 4.1b), BET data (Table 4.1, Figure B1), and Raman spectra (Figure 4.2)

of the supported catalysts in their oxidic precursor form.

XRD; sample MA(1.2)/MoOs (oxide) exhibits characteristic diffraction peaks at 20 = 46°
and 67° attributed to y-Al,Os3 (JCPDS 01-077-0396). The absence of other diffraction
features points to highly dispersed, nanoscopic or amorphous species. The XRD pattern of
MA(1.2)/AHM (oxide) is different. Next to above-mentioned reflections caused by y-Al,Os3,
a set of sharp diffraction peaks at 20 = 10.7°, 15.3°, 18.4°, 21.2°, 24.0°, 26.3°, 30.6°, 32.5°,
36.0°, 43.9°, 48.1°, 50.6°, 51.9°, 55.6°, 62.7°, and 64.7° indicate the presence of crystalline
(NH4)3PO4(M003)12-4H,0 (JCPDS 00-009-0412). The crystallite size as estimated from the
Scherrer equation [57] is 60 nm. (NH4)3PO4(Mo00Os3)12:4H,0 crystallites may form in the
impregnation solution or on the alumina surface upon drying. The differences in the metal
speciation on the alumina surface in the two samples leads to a higher surface area for sample
MA(1.2)/MoOs (oxide) and accounts for the different N> physisorption results (Table 4.1).
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Figure 4.1. (a) XRD pattern and (b) TPR curves of MA(1.2)/AHM and MA(1.2)/MoO:s.

The reducibility of MA(1.2)/AHM (oxide) and MA(1.2)/MoOs (oxide) was explored by
means of TPR. Overall, their reduction profiles are rather similar. In Figure 4.1b, both
catalysts exhibit dominant reduction peaks around 400 °C and 800 °C. The low temperature
reduction peaks can be attributed to a reduction of Ni oxide species, as well as a partial
reduction of polymolybdates that have a weak interaction with the support (Mo®" to Mo*")
[58, 59]. The broad peak at the higher temperature is attributed to the deep reduction of all
Mo species, including tetrahedrally coordinated Mo*" species. The differences in TPR
profiles between samples are as follows. In the low temperature reduction region, sample
MA(1.2)/AHM (oxide) shows three reduction peaks at 410 °C, 452 °C, and 516 °C, while
only one peak occurs at 390 °C in sample MA(1.2)/MoOs3 (oxide). Differences in Mo-support
interactions due to distinctly different oxomolybdate species likely account for the existence
of three reduction peaks in the low temperature reduction area in MA(1.2)/AHM (oxide). In
MA(1.2)/Mo0O;3 (oxide), differences in the precursor structures are small, so that Mo-support
interactions are more uniform and result in one (broad) reduction peak. Consistently, the high
temperature reduction peak in sample MA(1.2)/MoQO; (oxide) is centered around 770 °C and
is ~40 °C lower than the corresponding peak in MA(1.2)/AHM (oxide), again indicating a
weaker metal-support interaction in MA(1.2)/MoOs (oxide). This type of interaction for
MA(1.2)/MoOs also leads to a higher MoS; crystallites stacking upon sulfidation and is
commonly agreed as a requirement for the formation of type II Ni-Mo-S phases [25, 60, 61].

Following, we used Raman spectroscopy to determine the nature of Mo and Ni oxide species
present on the alumina surface (Figure 4.2) [11]. The Raman spectra of sample
MA(1.2)/MoOj5 (oxide) shows a broad band at 950 cm™! together with a shoulder at 860 cm*!

and two less intense bands at 360 cm™ and 225 cm’!

, which are considered to be the
vibrational signature of octahedrally coordinated polymolybdate species [62-64]. The

spectrum of sample MA(1.2)/AHM (oxide), exhibits in addition a band at 1047 cm™', which
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is assigned to the v4(NOs3) stretching vibration of nitrate anions (originating from the nickel
nitrate source) [65]. The main bands at 980 cm™, 880 cm™, 600 cm!, 380 cm™! and 240 cm™!
are due to [PMo12040]*" species, as confirmed in the XRD. Detailed band assignments can be
found in [66, 67]. In addition, to the band position implied differences in coordination state,
the shape of the bands themselves is worth noting. The widths of Raman bands are frequently
positively correlated with the degree of crystallinity of the probed material, as such the sharp
bands in the spectrum of sample MA(1.2)/AHM (oxide) point to mainly crystalline species,
while the broad bands in the spectrum of sample MA(1.2)/MoO; (oxide) indicate a higher
degree of structural disorder. The Mo coordination difference observed above already exists
in the respective impregnation solutions (Figure B4), and the reason for this difference is that
Mo aggregation is a pH-dependent process yielding different oxomolybdates, e.g., MoO4*

and MoO:s as explained in the Introduction.

——— MA(1.2)/AHM (oxide)
—— MA(1.2)/MoO; (oxide)

Intensity (a.u.)

200 400 600 800 1000 1200
Raman shift (cm™)

Figure 4.2. Raman spectra of MA(1.2)/AHM and MA(1.2)/MoO:s.

4.3.3. Changes in catalyst composition during activation/sulfidation

Temperature-dependent changes during sulfidation of MA(1.2)/AHM and MA(1.2)/MoO3
were followed by means of XPS (Figure 4.3). Binding energies (B.E.) of main features and
atomic percentages of Mo and Ni species according to their contribution to the overall signal
envelope are compiled in Table B2. For MA(1.2)/AHM (sulfide) and MA(1.2)/MoO3
(sulfide), three doublets related to different Mo oxidation states, together with the S 2s signal
characteristic of S* (falling in the same spectral range at a B.E > of 226.3 €V) can be
identified. The three Mo 3d doublets are assigned to Mo®" in MoOs (B.E. 3ds, = 232.9 + 0.4
eV), Mo*" in oxysulfide species (B.E. 3ds, = 230.8 + 0.4 ¢V) and Mo*' in MoS; (B.E. 3ds»
=229.1+0.5 eV). The Ni 2p spectra can be deconvoluted into three components [68]: oxidic
Ni (856.4 £ 0.6), NiMoS species (854.6 £ 0.4 eV) and sulfided Ni (853.3 = 0.2 eV), along
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with their respective satellites [69, 70]. The spectra of MA(1.2)/AHM (oxide) and
MA(1.2)/Mo0; (oxide) were fitted in the same way with oxidic contributions only.

A" Mo 3d

Intensity (a.u.)

240 236 232 228 224 880 870 860 850
Binding Energy (eV) Binding Energy (eV)

Ni 2p

MA(1.2)/MoO,

Intensity (a.u.)

240 236 232 228 224 880 870 860 850
Binding Energy (eV) Binding Energy (eV)

Figure 4.3. Mo 3d and Ni 2p XPS spectra of MA(1.2)/AHM (top) and MA(1.2)/MoOs (bottom)
obtained after sulfidation (room temperature to 350 °C, 1 bar H2S/Hz). Experimental data are presented
by open circles and the fit by a black curve. The fits for Mo 3d are composed of Mo*" (green), Mo>*
(pink), Mo®* (purple) as well as S* 2s signal (yellow). Ni 2p3 fits are composed of Ni as in NiOx
(purple), NiMoS (orange) and NiSx (blue).
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Figure 4.4 shows the sulfidation profile of MA(1.2)/AHM (sulfide) and MA(1.2)/MoO;
(sulfide). While the final sulfidation degree of Mo and Ni is comparable in both samples, the
evolution towards this end value differs. For MA(1.2)/AHM (sulfide), the sulfidation rate of
Ni is faster than that of Mo, from which we conclude that a substantial portion of Ni is
sulfided before the formation of MoS; has started. This could mean that this part of Ni
remains as isolated NiSx particles and will thus not participate in the formation of the
catalytically active Ni-Mo-S phase [12, 71, 72]. In MA(1.2)/MoOs (sulfide), the situation is
reversed, i.e., Mo sulfidation precedes that of Ni, meaning MoS; particles already exist when
Ni sulfidation starts, providing the right environment for Ni-Mo-S formation [73]. The
concentration of NiMoS species in MA(1.2)/AHM (sulfide) and MA(1.2)/MoOs (sulfide) as
extracted from XPS (Table 4.3) verified this assumption.

100
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/. —————— °
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©
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Figure 4.4. Temperature dependent sulfidation profile of Mo and Ni in MA(1.2)/AHM and
MA(1.2)/MoO:s at four different temperatures and 1 bar H2S/Hz as determined by XPS.

4.3.4 Spatial resolved analysis of sulfided and spent catalysts

To investigate how the different preparation routes affect the catalyst structure and
composition locally, sulfided and spent catalysts of MA(1.2)/AHM and MA(1.2)/MoOs were
characterized by means of PXCT and STEM/EDX. This combination of techniques provides
information from the micron scale (PXCT) to the nano scale (STEM/EDX).

Figure 4.5 shows volume renderings and sagittal cuts through the PXCT acquired electron
density tomograms of MA(1.2)/AHM (sulfide and spent) and MA(1.2)/MoOs (sulfide and
spent). As the half-period spatial resolution of these tomograms is on average 40 nm, Figure
B2, local or direct compositional analysis is restricted to larger mesopores (and above) and

or reliant on partial volume analysis utilizing a priori compositional knowledge. Partial

-73 -



Chapter 4

volume effects refer to the occupancy of a single voxel by multiple, spatially unresolved,
components, leading to a fractional occupancy-related electron density [50]. The theoretical
electron densities of the main sample or catalyst components are 0.785 n. A~ for amorphous
ALOs and 1.1 ne A~ for NiMoO,. Further information can be found in Table B1. Based on
these values, we consider that an electron density below that of amorphous Al,O3 can be
directly related to the degree of internal porosity. Similarly, an electron density above that of
amorphous Al,Os provides information about the amount of MoS; clusters present within a
selected voxel (see supporting information for detailed tomogram analysis information).
Adhering to this interpretation we can identify four compositionally distinct domains in the
acquired electron density tomograms, which are spatially resolved pores, low-density (high-
internal porosity) alumina, high-density (low-internal porosity) alumina and areas rich in
MoS; species, > 30 vol%.

A metal deposition difference can be observed between MA(1.2)/AHM (sulfide) and
MA(1.2)/MoOs (sulfide) (Figure 5(a, b) and 5(c, d)). Visible in MA(1.2)/AHM (sulfide), are
isolated areas or clusters rich in MoS; species (dark orange dots) and continuous circular
domains rich in MoS, species, potentially caused by a diffusion limited drying process and
reflective of metal aggregation. These domains are absent in MA(1.2)/MoO; (sulfide),
displaying a more homogenous distribution of MoS;. A further, evidence of this can be found
in the fact that the smaller clusters present in MA(1.2)/MoOs have a lower electron density
compared to MA(1.2)/MoOs, i.e., the corresponding voxel possess a lower MoS,
concentration.
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Electron Density (n, A3)

Figure 4.5. Ptychographic X-Ray computed tomography of MA(1.2)/AHM (sulfide & spent) and
sample MA(1.2)/MoO;3 (sulfide & spent). Shown are volume renderings of and virtual cuts through the
PXCT acquired electron density tomograms of MA(1.2)/AHM (sulfide) (a, b), MA(1.2)/MoOs (sulfide)
(c, d), MA(1.2)/AHM (spent) (e, f) and MA(1.2)/MoOs (spent) (g, h). The color map ranging from blue
to red indicates an increase in electron density.
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This metal deposition behavior is also found in the tomogram corresponding electron density
histograms (Figure 4.6). Here, we see a shoulder in the high electron density region (bottom
right area) for MA(1.2)/AHM (sulfide); while in MA(1.2)/MoOs (sulfide), no such high
electron density area is observed. From the PXCT data, we can infer that the metal dispersion
in MA(1.2)/MoOs (sulfide) is much higher than in MA(1.2)/AHM (sulfide). Looking at the
sagittal cuts through the tomograms of these two samples, it can also be noticed that the
above-mentioned high electron density and MoS; rich regions, did not uniformly from
throughout the alumina domain. Visible in the sagittal cuts is a diminishing electron density
gradient from the larger pore space into high-density alumina domains. This observed
electron density gradient can result from particle aggregation at the boundary of high and
low density alumina due to metal deposition limitation encountered upon entering these
domains, i.e., a result of pore transport limitations [50]. These limitations appear to be much
stronger in sample MA(1.2)/AHM (sulfide). No such gradient is observable in the low-
density or high porosity alumina domains.

— MA(1.2)/AHM (sulfide)
1.0 — MA(1.2)/MoO; (sulfide)
i i | — MA(1.2/AHM (spent)
0.8 i : = MA(1.2)/Mo0O; (spent)
3> i | 1
c 064 | 1
o) |
S i i
S i i
Soaq |
024 ! :
0.0 A “Tatrix | _Matrixll__ ALO; MoS,
T T T

T T T
00 02 04 06 08 1.0 1.2 14
Electron Density (n, A®)

Figure 4.6. Tomogram corresponding electron density histograms of MA(1.2)/AHM (sulfide & spent)
and MA(1.2)/MoOs (sulfide & spent). The electron density of selected reference components is
indicated by the dotted lines.

Focusing on the spatially resolved pore structure we observe further differences between
these two samples (Figure B5). While the pores in MA(1.2)/MoOs (sulfide) have a diameter
between 60 — 420 nm, the pores found within MA(1.2)/AHM (sulfide) are slightly larger with
a diameter distributed in the range of 60 — 760 nm. As the composition of catalyst and support
material are the same, we infer that this difference was caused by specific interactions of the
impregnation solution with the alumina carrier, resulting in alterations of the pore structure.
The unchanged pore size distribution between the sulfide and their respective spent samples
(Figure BS5) provides further evidence that structural differences of the carrier between

-76 -



NiMo/ALOs Hydrotreating Catalysts - Aspects of 3D Structure, Synthesis and Activity

MA(1.2)/AHM (sulfide) and MA(1.2)/MoOs (sulfide) were introduced during catalyst
preparation. Moreover, it demonstrates that liquid phase sulfidation used in the gas oil test
does not change the hierarchical structure of the catalysts, which makes a comparison
between sulfide samples (gas phase sulfidation) and spent samples (liquid phase sulfidation)

used for stability study, reasonable.

As shown in Figure 4.5 and Figure 4.6, the electron densities of MA(1.2)/MoOs (sulfide) and
MA(1.2)/MoO:s (spent) are comparable, indicating that activity test conditions did not cause
much difference to the structure of MA(1.2)/MoOs (sulfide). For MA(1.2)/AHM (sulfide)
we do observe a significant change following the activity test. Visible is a decrease of the
high electron density components, the histogram peak previously associated with MoS;
cluster changes in position from 0.9 n/A> to ~0.8 n/A® and decreases in relative intensity.
To understand why the high electron density region decreases, elemental analysis was
conducted (Table 4.1). The results show that the metal contents in MA(1.2)/AHM (spent)
(9.16 wt% Mo, 2.57 wt% Ni) is lower than in MA(1.2)/AHM (sulfide) (10.42 wt% Mo, 2.81
wt% Ni), from which we conclude that metal, presumably in the form of MoS; species, was
washed off under the gas oil activity test conditions.

As the here acquired PXCT data are limited in spatial resolution and chemical element
insensitive, we mechanically fractured the catalyst pellets to obtain electron microscopy
compatible specimen. Subsequent examination using STEM and EDX mapping allowed us
to probe the effect preparation, activation and use had on the structure of the active MoS;

platelets as well as the catalysts local elemental composition.

Figure 4.7a shows STEM images of MA(1.2)/AHM and MA(1.2)/MoOs and provides
information on the length distribution of MoS; platelets as well as their layers distribution.
The mean length of MoS; platelets in MA(1.2)/AHM (sulfide) is 3.7 nm with an average 1.7
layers per particle; particles in MA(1.2)/MoQOj (sulfide) are smaller (3.2 nm) with a higher
number of layers (2.0). The feature of a small particle size and high degree of stacking per
particle is often considered a prerequisite to the formation of type II NiMoS phases [71].

While the activity test had no effect on the mean length of MoS, platelets in MA(1.2)/AHM
(spent), a slight increase in mean length can be observed in MA(1.2)/MoO; (spent).
Additionally, a noticeable de-stacking was observed: the average number of layers per
particle decreased from 1.7 (MA(1.2)/AHM (sulfide)) to 1.3 (MA(1.2)/AHM (spent)) and
from 2.0 (MA(1.2)/MoO;s (sulfide)) to 1.6 (MA(1.2)/MoO;s (spent)), Figure 4.7b. De la Rossa
et al. [74] assign this de-stacking behavior during catalyst operation to the pressure applied
in the HDS activity test, since at high pressure, the formation of multilayered stacks through
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van der Waals forces seems counterbalanced by the strong interaction of adsorbed substances

favoring stabilization of single MoS, layers.

To probe the elemental distribution in the prepared catalysts on the nanoscale we referred to
a combination of HAADF STEM and EXD mapping. Figure 4.8a, HAADF STEM reveals
the presence of two morphologically distinctly different phases in MA(1.2)/AHM (sulfide).
EDX derived compositional maps of Mo, Ni, and Al, Figures 4.8b and 4.8c, suggest these
phases to correspond to unsupported NiMoS particles and isolated NiSy species. As suggested
by XPS, this could be the result of the faster sulfidation rate of Ni under the chosen
preparation conditions. In MA(1.2)/MoOs; (sulfide), the metals are dominantly
homogeneously dispersed as expected for Ni-Mo-S particles. The spatial correlation of Ni
and Mo, i.e., their dispersion behavior, can be quantified using a normalized Ni-Mo
correlation degree extracted from EDX mapping data, as shown in Figure B3. Here it is
shown that the average correlation degree in MA(1.2)/AHM (sulfide) is 0.7, while it is 0.9 in
MA(1.2)/MoO:s (sulfide). After the gas oil test, the average Ni-Mo correlation degree, for
MA(1.2)/AHM (spent) and MA(1.2)/MoOs (spent), decreased to 0.7 and 0.5, respectively.
The origin of this decrease could be owed to an aggregation of MoS; and NiS,, during the
gas oil activity test (see EDX data of MA(1.2)/AHM (spent) and MA(1.2)/MoOs (spent) in
Figures B6 and B7). Under the testing conditions, NiSx will have a sufficiently high mobility
to enable aggregation [75].
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Figure 4.7. (a) High-angle annular dark-field (HAADF) STEM images and length distribution of MoS2
platelets of (i, ii) MA(1.2)/AHM (sulfide), (iii, iv) MA(1.2)/MoOs (sulfide), (v, vi) MA(1.2)/AHM
(spent) and (vii, viii) MA(1.2)/MoOs (spent); (b) stacking distribution and the average number of layers
per stack of four prepared samples (MA(1.2)/AHM (sulfide), MA(1.2)/MoO;3 (sulfide), MA(1.2)/AHM
(spent), and MA(1.2)/MoOs (spent)).
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300 nm

Figure 4.8. Electron microscopy of MA(1.2)/AHM (sulfide) (top) and MA(1.2)/MoOs (sulfide)
(bottom). a, d) High-angle annular dark-field (HAADF) STEM image. b, e) Energy dispersive X-ray
spectroscopy (EDX) maps of Mo, Ni and Al corresponding to the STEM image of (a) and (d). c, f)
Normalized (N) and merged EDX maps of Mo, Ni and Al.

- 80 -



NiMo/ALOs Hydrotreating Catalysts - Aspects of 3D Structure, Synthesis and Activity

4.4. Discussion

The comparative analysis of two “compositionally” identical alumina supported NiMo
hydrotreating catalysts, originating from different preparation methodologies, revealed
pronounced differences in both catalytic activity and stability. Examination of the supported
catalysts in the oxidic precursor state, the active sulfide and post-use or spent state revealed
these difference to be a result of compositional and structural modifications of both the

support and the catalyst.

The oxidic precursors were characterized by means of TPR, XRD and Raman spectroscopy.
The results indicate that in MA(1.2)/AHM and MA(1.2)/MoQOs, Mo and Ni species exist on
the alumina carrier surface in different coordination states. As consequences, MA(1.2)/AHM
and MA(1.2)/MoOs exhibit varying degrees of metal-support interactions (Figure 4.1, 4.2)
and ultimately a distinct response to hydrogen reduction, as well as sulfidation, i.e., to the
transformation of Ni-Mo-O into Ni-Mo-S phases. XPS results (Figure 4.3, 4.4) show that
both samples arrive at the same degree of Mo and Ni sulfidation at the end of the sulfidation
process, however the evolution towards the state is different. In sample MA(1.2)/AHM
(sulfide), most part of Ni is sulfided before the pronounced formation of MoS; has started,
so it is likely this part of Ni remains as isolated NiSx particles and will not participate in
forming the catalytically active Ni-Mo-S phase. This interpretation is also supported by
STEM/EDX data, which show unsupported MoS; particles and isolated NiSy species (Figures
4.8b, c). MA(1.2)/MoO;3 (sulfide) behaves differently; MoS, particles already exist when Ni
sulfidation starts, incorporation of Ni into the edges of existing MoS, particles is the
predominant utilization of Ni, yielding an enhanced formation of NiMoS particles (higher
content), which is in line with the distribution pattern of Ni and Mo shown in STEM/EDX
(Figure 4.8¢ and 4.8f). This structure can be further verified via the normalized Ni-Mo
correlation degree (Figure B7), extracted from the EDX mapping data, since a higher average
degree of Ni-Mo correlation detected in MA(1.2)/MoOs (sulfide) is the expected appearance
for a sample consisting predominantly of NiMoS particles. This difference in sulfidation
chemistry indicates that MA(1.2)/AHM (oxide) has a higher metal-support interaction than
MA(1.2)/Mo0; (oxide), and this is reflected as a lower degree of stacking and larger MoS,
particles in MA(1.2)/AHM (sulfide) as observed by STEM (Figure 4.7).Different metal
coordination and metal-support interactions in the oxidic precursors are not the only changes
caused by preparation conditions; changes in the (pore)structure of the alumina carrier are
also observed. Pore diameter distribution values extracted from PXCT data (Figure B5) show
that MA(1.2)/AHM (sulfide) has larger pores compared to MA(1.2)/MoOj3 (sulfide), most
likely formed as the result of partial alumina dissolution during the preparation (impregnation)

process. The pore diameter data derived from BET measurements underpin this assumption
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(Table 4.1); MA(1.2)/AHM (oxide) has a larger pore diameter than MA(1.2)/MoO3 (oxide).
The alumina dissolution process can be considered to be a consequence of the formation of
heteropolymolybdate, as initially proposed by Carrier et al [76]. They conclude that alumina
dissolution occurs in the presence of molybdates, and especially in the pH range between 4
and 6. As mentioned in section 4.2.2, the pH value of impregnation solution A is around 5
and does thus fall into this pH range, whereas the pH of solution B is < 1. However, the pore

size distribution of the sulfide samples with their respective spent samples is comparable.

Industrial hydrotreating catalysts are prepared and delivered as oxidic precursors, which
makes it necessary to understand their structure. However, true understanding of catalytic
performance lies in characterizing the structure of the active sulfides and relate their
structures to performance data. To understand the 3D structure of our two sulfided samples,
we used PXCT measurements to reveal metal dispersion and pore structure at the micrometer
scale. PXCT is a technology that provides information on electron density differences in the
measured samples. By comparing volume rendering and sagittal cuts of MA(1.2)/AHM
(sulfide) and MA(1.2)/MoO; (sulfide) (Figure 4.5), major differences can be seen; the
uniform distributed electron density indicates that metals are well dispersed in
MA(1.2)/MoO;3 (sulfide), while for MA(1.2)/AHM (sulfide), besides the part of the well-
distributed metals, two remarkable circular areas with high electron density, likely regions
of increased metal (MoS;) concentration can also be observed. However, based on the PXCT
data, it cannot be decided if metal aggregation processes cause this high electron density. To
get a better understanding of that, we performed STEM/EDX, where large unsupported MoS,
and isolated NiSx patches were detected in MA(1.2)/AHM (sulfide) (Figure 4.8a). Hence, it
is reasonable to consider that this part of metals, which according to our XPS data did not
participate in the formation of Ni-Mo-S particles exist as isolated MoS, and NiSy species.
Likely, these species aggregate under operation conditions; similar types of larger, isolated
MoS, and NiSy patches are observed in MA(1.2)/AHM (spent) and MA(1.2)/MoOs3 (spent)
(Figures B6 and B7). Furthermore, an obvious difference in electron density between
MA(1.2)/AHM (sulfide) and MA(1.2)/MoOs (spent) observed in the extracted PXCT data
(Figure 4.5a, b, e, f, and Figure 4.6) indicates that metal domains in MA(1.2)/AHM (sulfide)
are not stable under operation conditions. To verify if this change is due to a change of metal
concentration during the catalytic activity test, we determined metal concentrations in the
fresh sulfided and spent samples by means of ICP measurements (Table 4.1). MA(1.2)/AHM
(spent) contains 12.1 % less Mo and 9 % less Ni than MA(1.2)/AHM (sulfide), which means
that this portion was washed off during the activity test. This was different for
MA(1.2)/MoOs3; ICP data show similar metal contents in MA(1.2)/MoOs (sulfide) (10.70 wt%
Mo, 2.56 wt% Ni) and MA(1.2)/MoOs (spent) (10.69 wt% Mo, 2.57 wt% Ni). Here PXCT
and STEM/EDX results both consistently show a Ni and Mo distribution pattern in line with
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the existence of NiMoS particles and confirm our interpretation of the XPS data that the
metals are largely leveraged into forming active and sufficiently stable NiMoS particles. A

summary of samples properties and differences are given in Scheme 4.1.

oxidic precursor sulfided catalyst spent catalyst
« crystalline metal domains «unsupported MoS, domains «alumina pore structure
MA(1.2)/AHM  -tetrahedral Mo coordination -isolated NiS, species changed
+low reducibility « medium concentration of NiMoS ~ * decreased metal content
« strong metal-support interactions particles
«well dispersed metals « consistent formation of active «alumina pore structure
MA(1 '2)IM°OS « octahedral metal coordination phase unchanged
« high reducibility «high concentration of NiMoS *no metal loss
particles

* medium metal-support interactions

Scheme 4.1. Summary of samples properties.

4.5. Conclusions

We have investigated two HDS catalysts (MA(1.2)/AHM and MA(1.2)/MoQOs3) that are
compositionally identical, same alumina carrier, organic additive, metal and phosphorus
loading, but that are prepared under different conditions, i.e., different sources of Mo and Ni
were used for the impregnation solutions. While the impregnation solution of MA(1.2)/AHM
was made from (NH4)sM07024 (AHM)/Ni(NO3), as metal sources, MoO3/NiCO;3; were used
in the case of MA(1.2)/MoOs. The structural differences between these two catalyst samples,
caused by changes in preparation conditions, were studied in detail by characterizing the
oxidic precursors, the sulfided and the spent state of these catalyst by means of TPR, XRD,
Raman spectroscopy, PXCT, STEM and EDX. Our results indicate that the alumina pore
structure is quite different between these two samples after impregnation and larger pores are
formed in MA(1.2)/AHM (oxide) during preparation. Further, MA(1.2)/MoOs (oxide) has a
higher reducibility of the metal species and a weaker metal-support interaction. After
sulfidation, the metals are well dispersed on the alumina carrier surface and primarily occur
as active NiMoS particles, which are stable and do not visibly change during operation.
MA(1.2)/AHM (sulfide) however is very different. Only part of the metal converts into active
NiMoS particles, while the remaining metal occurs as unsupported MoS, and isolated NiSx
clusters, which are either washed off during operation, or aggregate into larger, unsupported
NiMo domains. This structural description explains the enormous activity differences
between these two samples and explains why MA(1.2)/MoOs (sulfide) is much more active
than MA(1.2)/AHM (sulfide).
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In this work, we revisited a problem of catalyst preparation and identified a critical
performance driver that was largely overlooked in many studies, i.e., the chemicals used to
design an impregnation solution. Not only could we show that impregnation solutions based
on AHM - a source of molybdenum used in many studies — yield catalysts of low
performance, but we were also able to explain this finding by structural properties and
visualize those in the 3D space. Pushing catalyst innovation in a mature technology like
hydrodesulfurization is challenging and requires in-depth understanding of catalyst activity

relations across different length scales of catalyst structure.
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4.7. Appendix B
4.7.1. Method

Detailed methods and parameters used for PXCT data preparation and mounting, data
acquisition and reconstruction, resolution evaluation and dose evaluation are described in
Section 2.2.8, Chapter 2.

Tomogram analysis. Analysis, segmentation, and 3D rendering was carried out using Avizo
and Fiji [1]. Due to the good spatial-resolution and signal-to-noise ratio, the analysis was
limited to the phase or the electron density tomograms [2]. The real part of the scattering
factor associated with the retrieved phase of Al,O3, i.e., the main sample component, is ~50x
larger compared to the imaginary part of the scattering factor associated with the absorption.
Further, to exclude any potential sample preparation artefacts near the edges we virtually
extracted, roughly equal sized, sub-volumes from the centre of each of the imaged sample

volumes.

Component identification and subsequent segmentation was achieved by comparing
calculated electron densities of known catalyst components, e.g., air, Al,O3, MoS,, with
measured electron densities. Provided in Table B1 are electron densities of known catalysts
and reference compounds. Tomograms were component segmented by interactive
thresholding and followed by morphological operations to refine the segmentation further.
To isolate the present macropores we selected an electron density threshold of 0.156 ne A,
Assuming a binary composition of air and amorphous AlLOs3 the selected cut-off value
considers voxels with a composition of > 80 % pores and <20 % Al,Os to be pores. To isolate
the two ALLOs phases (high and low micro- and meso-porosity) we applied a threshold of
0.32 n. A, The contribution of monolayer MoS; per voxel to electron density was also
considered, it shows that the electron density will increase by 3 % with the addition of one
monolayer MoS,, which is negligible compared to the contribution of Al,O3; domain, given
over 90 % electron density was contributed by matrix. Hence, with the overall consideration
and to simplify the segmentation process for isolating two Al,O3 phases, the component of
MoS; was not included. Lastly, to visualize cluster of MoS,, we applied an electron density
threshold of 0.96 n. A=, Assuming a binary composition of amorphous ALLOs the selected
cut-off value highlights cluster that are at minimum composed to 30 vol% MoS,. The isolated
pore-networks were further subjected to 3D thickness map calculations to extract pore size
distributions (PSD), see Figure B5. Pores with a diameter smaller than 60 nm were excluded
from the shown size distributions, in view of resolution limits. Although the spatial resolution
of the tomograms is insufficient to resolve individual MoS, monolayers, using the known

densities of both MoS; and Al,O3, we can convert voxel-level electron density values to an
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approximate volumetric or mass fraction MoS; cluster concentration [3]. To note, we neglect
the added Ni in this approximation, in view of the minor presence in the catalyst, and the
possible contribution of pores in this partial volume-based analysis. As such the reported
MoS; cluster concentrations are representative of their maximum concentration.

Energy dispersive X-ray (EDX) image analysis. Around 5 EDX images were used for
image analysis for each catalyst. In order to use numerical values to express the correlation
between Mo and Ni more directly, instead of just using the visual impressions, a programmed
algorithm was coded in MATLAB. The number of pixels in all images is 218 x 226. For the
calculation, an area of interest is chosen showing the catalyst. Then the numerical value for
two elements on each pixel are compared to each other and a statistical correlation between
the values of two elements for the entire image is calculated. This correlation ranges from -1
to 1, meaning totally uncorrelated to fully correlated respectively. This calculation is carried
out for each element combination, including the correlation between Mo and Ni (Figure B3).

Table B1. Electron density of the selected reference compounds.

Compound Formula ED n./A3
Air 0.000
water H20 0.334
Phosphoric acid H3PO4 0.578
Amorphous Alumina AlLO3 0.785
Metallic Molybdenum Mo 2.689
Metallic Nickel Ni 2.561
Molybdenum sulfide MoS: 1.409
Molybdenum trioxide MoO:3 1.295
Nickel Oxide NiO 1.936
Nickel Sulfide NiS 1.795
NiMO2 15 wt%Mo, 3.67 wt%Ni 1.168

The electron densities of considered reference compounds were calculated using
tabulated molecular weight and mass density values[4].
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Figure B1. (a) N2 adsorption-desorption isotherm of MA(1.2)/AHM (oxide) and MA(1.2)/MoOs3
(oxide); (b) Pore size analysis results from isotherms shown in (a).
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Figure B2. Fourier shell correlation (FSC) line plots of the electron density tomograms of examined
catalyst pillars acquired at 6.2 keV. The selected threshold for determining the half-period spatial
resolution was the ¥4 bit criterion. The Voxel size for all tomograms is (23.26 nm)?>. The intersection of
correlation profile and the selected threshold (green line) provides an estimate of the achieved spatial
resolution. The full-period resolution is twice the half-period resolution estimates.
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Figure B3. Normalized Ni-Mo correlation degree of samples MA(1.2)/AHM (sulfide), MA(1.2)/MoO3
(sulfide), MA(1.2)/AHM (spent) and MA(1.2)/MoOs (spent) extracted from EDX mapping data. X-
axis is just number of labels for each data point, representing the selected area used for calculation.
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Figure B4. Raman spectra of two respective impregnation solutions.
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Figure BS. Pore size distribution of PXCT extracted, spatially resolved, pores. Shown are normalized
frequency pore size distributions for samples (a) MA(1.2)/AHM (sulfide), (b) MA(1.2)/MoO:s (sulfide),
(c) MA(1.2)/AHM (spent), and (d) MA(1.2)/MoOs (spent). Only pores with a diameter greater 60 nm
were considered for analysis. The respective relative volume of spatially resolved pores in these four
samples is 1.44 %, 2.3 %, 0.63 %, and 0.14 %.
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Figure B6. Electron microscopy of MA(1.2)/AHM (spent). a) HAADF STEM image. b) EDX maps of
Mo, Ni and Al corresponding to the STEM image of (a). ¢) Normalized (N) and merged EDX maps of
Mo, Ni and Al.
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HAADF | 250 nm i 250 nm

Figure B7. Electron microscopy of MA(1.2)/MoOs (spent). a) HAADF STEM image. b) EDX maps of
Mo, Ni and Al corresponding to the STEM image of (a). ¢) Normalized (N) and merged EDX maps of
Mo, Ni and Al
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Predicting Catalytic Activity from Oxidic Precursor

Properties

ABSTRACT

The surface structure of alumina-supported NiMo hydrodesulfurization (HDS) catalysts was
characterized by means of temperature-programmed reduction (TPR), X-ray photoelectron
spectroscopy (XPS), Raman, X-ray diffraction (XRD) and UV-visible diffuse reflectance
spectroscopy (UV-vis DRS). By plotting the absorption edge energy (Eg) extracted from UV-
vis DRS and dibenzothiophene (DBT) HDS activity, an empirical linear relationship was
found, indicating the DBT HDS activity of measured catalyst increases with decreasing E,
value. An analogous linear relation between the reducibility of oxidic precursors of
NiMo/Al,Os3 catalysts and their DBT conversion was also observed; the result indicates that
the catalyst with higher reducibility shows higher tendency to form active NiMoS particles,
and such structure consequently leads to high DBT HDS activity.
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5.1. Introduction

Hydrodesulfurization (HDS) catalysts play an essential role in the HDS process; they are
used to remove sulfur atoms from crude oil to produce ultra-low sulfur oil to meet
environmental regulations [1, 2]. Typical HDS catalysts consist of MoS; clusters promoted
by Ni and supported on y-A1,03 [3]. These catalysts are usually prepared as oxidic precursors
by impregnating y-A1,03 with solutions containing metal sources, followed by drying and
calcination. Catalyst activation is done by sulfidation of the oxidic precursors in an H>S/H»
gas flow at an elevated temperature (around 400 °C), yielding NiMo sulfide phases.

For decades, studies have been conducted to characterize the structure of the sulfided active
phase in HDS catalysts theoretically and experimentally to explore the structure-performance
relationship [4-8]. However, due to the air sensitivity of the sulfided catalyst, structure
characterization is always challenging. Compared to the sulfided active phase, the
corresponding oxidic precursor is much easier to assess and characterize, which is why
industrial hydrotreating catalysts are always prepared and stored in the form of oxide phases.
Besides, the metal-support interactions on the oxidic precursor strongly influence the metal
dispersion on the alumina carrier, the formation of active NiMoS species during the
sulfidation and catalyst HDS activity [9]. This makes the insight into the structure of oxide
precursors an essential part of catalyst development [10]. Therefore, it would be a significant
advantage if correlations between the structure of oxidic precursors and the performance of
sulfided catalysts could be linked. It would provide us a chance to gain a deep understanding
of the catalytic performance on a structural basis. As mentioned above, the active phases of
HDS catalysts are generated by means of sulfidation, a reductive treatment, which makes the
reduction characteristics of the oxidic catalysts essential. Temperature-programmed
reduction (TPR) [11] is a reasonable technique used to study the reduction properties of oxide
catalysts. By conducting TPR measurement, Rajagopal et al. [12] noticed that the reducibility
of Mo increases with increasing Mo loading. Using TPR, Thomas et al. [13] found a

correlation between reducibility and activity in several MoOs/y-A 1,03 catalysts.

UV-visible diffuse reflectance spectroscopy (UV-vis DRS) is a technique used to explore the
local structure of the supported oxide catalysts. The structure of supported W [14, 15], Mo
[16, 17], and supported V catalysts [18] has been studied, and the authors claim that the edge
energy (Eg) of ligand-to-metal charge transfer processes contains information about the local
structure of the supported metal oxides. A correlation between E; and the number of next
nearest metal neighbors (Nwo) of the Mo oxide compounds was first proposed by Weber [16].
This methodology was then extended by several researchers [19], and the domain size of the

surface oxide species was also accounted for in Ref. [20]. However, the compounds used in

- 08 -



Predicting Catalytic Activity from Oxidic Precursor Properties

the studies are pure bulk chemicals with defined crystalline structures, which do not represent
the interference of the metal-support interactions as present in supported catalysts. These
limitations make it difficult to directly apply the proposed correlation to a supported HDS

catalysts system.

NiMo/Al,Os catalysts used in this work were prepared by the incipient wetness impregnation
method with identical metal loadings (close to the industrial-type catalyst) and with different
organic additives (citric acid (CA), ethylene glycol (EG), nitrilotriacetic acid (NTA), malic
acid (MA), tri-ethylene glycol (TEG), gluconic acid (GA)). Organic additives were added to
promote catalyst performance; with different additives, the structure of the oxidic precursors
varies, as observed in Chapter 3. The structure difference among these catalysts lies in the
impregnation and coordination chemistry brought by the impregnation solutions. As
additives have a coordination preference for Ni and Mo in the impregnation solution, the Mo
coordination states and metal-support interactions in our catalysts system differ from that in
Mo/AlLOs catalysts. Therefore, exploring a general correlation that can be used in a
NiMo/Al,Os catalyst system is reasonable. Around twenty alumina-supported NiMo oxide
catalysts were characterized by means of TPR, UV-vis DRS, Raman, X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS), and the catalyst HDS performances
were evaluated using DBT as probe molecules. The reducibility information, absorption edge
energy (E,) extracted from TPR and UV-vis and the obtained DBT conversion were used for
correlation exploration. By plotting these data, the correlations between the structural

properties of oxidic precursors and the catalytic performance are expected.

5.2. Experimental section
5.2.1. Materials

The chemicals used in this chapter are described in Section 2.1, Chapter 2. The same
industrial y-ALOj carrier (surface area: 300 m? g’!, pore volume: 0.82 cm® g'!, pore diameter:

8.5 nm) as in the previous studies [6, 9, 21] was used.

5.2.2. Catalyst preparation

Two series catalysts prepared from two sets of chemical sources ((NH)sMo07024-4H20O
(AHM)/Ni(NOs3), and MoO3/NiCOs3) were synthesized by incipient wetness impregnation of
v-Al,O3 extrudates [6, 21, 22] with an aqueous solution containing respective metal salts. In
each series catalysts, various additives (citric acid (CA), ethylene glycol (EG), nitrilotriacetic
acid (NTA), malic acid (MA), triethylene glycol (TEG)) were added. The catalysts were
denoted as Y(1.2)/AHM and Y(1.2)/MoQs, Y is the used additive, AHM/MoOj3 represents the
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used chemical sources, 1.2 is the molar ratio of additives and Mo. The detailed preparation
procedures can be found in Chapter 3. The target compositions are 15 wt% Mo, 3.67 wt%
Ni, 2 wt% P (referenced to MoOs, NiO, and P»Os). Samples without organic additives were
denoted as “/AHM, “/AHM, 9/Mo00O3, and “/Mo0:s.

Catalysts with the same metal loadings (15 wt% Mo, 3.67 wt% Ni, 2 wt% P) but a lower
organic additive content (a molar ratio of 0.6 per atom Mo) were prepared via the same
method as described above. These catalysts are denoted as Y(0.6)/MoOs. Likewise, Y
represents the organic additives used (CA, EG, NTA, MA, TEG, and gluconic acid (GA));
Mo0O:s; indicates the catalysts were prepared from MoOs3/NiCO:s.

The final composition was determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES), and the results are listed in Table 5.1.

Table 5.1. Elemental composition of prepared catalysts.

Catalyst Loading (wt%) Ni/Mo
Mo Ni P (molar ratio)

I/ AHM 12.7 3.4 1.6 0.44
2/ AHM 14.2 3.4 1.8 0.39
CA(1.2)/AHM 9.3 2.3 1.3 0.40
EG(1.2)/AHM 128 | 2.9 1.8 0.38
NTA(1.2)/AHM 8.9 2.0 1.3 0.36
MA(1.2)/AHM 11.3 2.7 1.5 0.40
4/MoO3 124 | 2.9 1.7 0.38
a/MoQ3 12.7 3.0 1.7 0.38
CA(1.2)/MoOs3 9.8 2.2 1.4 0.36
EG(1.2)/MoOs 119 | 2.8 1.6 0.38
NTA(1.2)/MoO3 | 10.0 | 2.3 1.4 0.36
TEG(1.2)/MoOs | 104 | 2.4 1.5 0.38
MA(1.2)/MoO;3 114 | 2.7 1.6 0.39
CA(0.6)/MoOs3 114 | 2.7 1.6 0.39
EG(0.6)/MoOs 127 | 2.9 1.7 0.38
NTA(0.6)/MoOs | 10.6 | 2.5 1.4 0.38
MA(0.6)/MoO3 11.5 2.7 1.6 0.39
GA(0.6)/MoOs3 11.1 2.6 1.5 0.38
TEG(0.6)/MoO; | 119 | 2.8 1.6 0.38

5.2.3. Catalyst characterization

TPR, UV-vis DRS, Raman spectroscopy, XRD, and X-ray photoelectron spectroscopy (XPS)

were conducted as described in Chapter 2.

5.2.4. Catalytic activity measurement
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DBT HDS was conducted using the procedure described in section 2.3, Chapter 2.

5.3. Results

All catalysts have a comparable Ni/Mo ratio as in Table 5.1. The Mo and Ni loadings in
catalysts prepared with additives were lower than those without organic additives (“/AHM,
cal/ AHM, 9/Mo0;, and ®//MoO3) due to the presence of organic additives, which decomposes
during catalysts activation. Figure 5.1 shows XRD patterns of the oxide catalysts. It can be
noticed that besides four broad diffraction peaks at 20 = 37.7°, 39.5°, 45.9°, and 66.9°
attributed to amorphous y-Al,O; (JCPDS 01-077-0396) [23], no other apparent signal of
crystalline phases were observed, suggesting that Mo and Ni are well-dispersed on the

alumina carrier. The crystalline structure information of the other twelve catalysts can be

found in Chapter 3.
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Figure 5.1. XRD pattern of oxidic precursors of a) TEG(1.2)/MoO; b) CA(0.6)/MoOs c)
EG(0.6)/M00O3 d) NTA(0.6)/MoOs3 e) GA(0.6)/MoOs f) TEG(0.6)/MoO3 g) MA(0.6)/MoOs h) y-Al20s.

UV—vis DRS spectra of the oxidic precursors are displayed in Figure 5.2a. The absorption
bands corresponding to ligand-to-metal charge transfer 0>~ — Mo®" [24, 25] were observed
between 200 and 400 nm. In detail, the peak at ca. 260 nm is assigned to isolated molybdate
species in tetrahedral coordination [26, 27]. Signal at 330 nm was observed in EG(1.2)/MoQs3,
TEG(1.2)/Mo00O3, MA(1.2)/Mo0O3, TEG(0.6)/MoOs, and GA(0.6)/MoOs; signal at 410 nm
was detected in CA(1.2)/AHM, NTA(1.2)/AHM, NTA(1.2)/MoO3 and NTA(0.6)/MoQOs. In
the spectrum of EG(1.2)/AHM, a signal at 430 nm was observed. According to the literature,
these three signals can be assigned to the polymeric molybdenum species with octahedral
coordination [28]. Bands at 630 nm, 670 nm, 700 nm, and 740 nm observed in the range of

500 — 750 nm indicate the presence of octahedral Ni oxide species [29, 30]. The dispersion
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of Mo species in these catalysts was evaluated using the absorption edge energy (E,) [16, 31]
extracted from the UV-vis DRS spectroscopy. Determination of the E; values was done by
finding the intercept on the X-axis of the tangent line in the low-energy rise of the plot of
[F(R») hv]? vs. hv, where F(R.,) is the Kubelka—Munk function and hv is the incident photon
energy [32]. The adsorption edges of catalysts are shown in Figure 5.2b, and the specific E,
values are listed in Table 5.2. In both series of catalysts, the catalysts after calcination and
with additives show a lower E, value than “/AHM and “/MoOs, except for NTA. This means
that catalysts after calcination and with additives have a smaller Mo particle size [16] [31]
than 9/AHM and 9/Mo0Q;. Catalysts with NTA (NTA(1.2)/AHM, NTA(1.2)/MoOs, and
NTA(0.6)/MoOs), however, have a larger particle size, as they show higher E, than “/AHM
and “/MoO:s.

(b) —a—b—c—d—e—f
—g—h—i—j—k—I
—m—n—o—p—q—r
S
o
>
K
3
W
200 300 400 500 600 700 800 2 3 4 5 6
Wavelength (nm) Eq (eV)

Figure 5.2. (a) UV-vis DRS spectra and (b) UV absorption edges of a) “/AHM b) “/AHM c)
CA(1.2)/AHM d) EG(1.2)/AHM e) NTA(1.2)/AHM f) MA(1.2)/AHM g) “/MoO;3 h) /MoOs i)
CA(1.2)/MoOs j) EG(1.2)/MoOs k) NTA(1.2)/MoOs 1) MA(1.2)/MoOs m) TEG(1.2)/MoOs n)
CA(0.6)/Mo0O3 o) EG(0.6)/MoOs p) NTA(0.6)/MoOs q) MA(0.6)/MoOs3 r) GA(0.6)/MoQO:s s)
TEG(0.6)/MoO:s.

Table 5.2. Absorption edge energy (Eg) and temperature at maximum Hz consumption (Tm) of the
oxidic precursors of catalysts.

Catalyst Eg (eV) | Tm(°C) Catalyst E¢ (eV) | Tm (°C)

d/AHM 3.63 409 #/MoOs 3.48 410

«l/ AHM 3.53 398 «l/MoO3 3.42 401
CA(1.2)/AHM 3.57 404 CA(1.2)/MoOs 3.16 399
EG(1.2)/AHM 3.42 399 EG(1.2)/MoOs 2.94 397
NTA(1.2)/AHM 3.66 421 NTA(1.2)MoOs |  3.65 412
MA(1.2)/AHM 3.44 403 TEG(1.2)/MoO; | 3.04 400
CA(0.6)/MoOs 3.11 396 MA(1.2)MoOs | 2.92 390
EG(0.6)/MoO53 3.06 403 MA(0.6)MoOs | 3.02 410
NTA(0.6)/MoOs 3.56 402 GA(0.6)/MoOs 2.99 398
TEG(0.6)/MoO53 2.88 396

-102 -



Predicting Catalytic Activity from Oxidic Precursor Properties

—in TEG(1.2)/MoO
240 (1.2) 3 970

520 960 |\, 980
370 8 880
— GA(0.6)/MoO, 950
240
370
—— MA(0.6)/MoO, 90
2 / \ e80
/\ 880/ "\
vy \
,,;::m"
L T R AR, \L
—— TEG(0.6)/Mo0O,
240 980
950
530 830 g8go

Intensity (a.u.)

—— NTA(0.6)/MoO,

950
— EG(0.6)/MoO,

230

950
—— CA(0.6)/Mo0,
240

T T T T T T T T T
200 400 600 800 1000 1200
Raman shift (cm™)
Figure 5.3. Raman spectra of oxide catalysts.

The nature of the Mo oxide species present on the alumina surface was further examined by
Raman spectroscopy [33]. Y(0.6)/MoOjs shares the similar characteristics with Y(1.2)/MoOs,
where the bands located at 950 cm™', 370 cm™', and ~230 cm™! were observed. The band at
950 cm™! is assigned to the v{(Mo=0) stretching mode of Mo=0; structure in Mo70,4 species
[34, 35]; the one at 370 cm™' is associated with the (Mo=0) deformation modes of Mo=0
groups and the band at 230 cm™! is assigned to the §(Mo-O-Mo) deformation vibration of the
bridging Mo-O-Mo bonds in polymolybdate species [36, 37]. The presence of these bands
indicates the presence of octahedrally coordinated polymolybdate species. Two bands at 980
cm! and 880 cm™! were observed in multiple samples, which according to the literature, are
associated with the v{(Mo=0) and v4(Mo=0) stretching vibration modes of the Mo=0, bonds
in the aggregated molybdenum species [38-40]. The band at 840 cm™! in the spectrum of
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TEG(0.6)/Mo0O3 and GA(0.6)/MoOs was arising from the v¢(Mo=0) stretching vibration of
the Mo=0; bond in tetrahedrally coordinated molybdate [41]. Besides above-mentioned
bands, bands at 970 cm, 960 cm, 810 cm!, and 520 cm’! were also detected in
TEG(1.2)/Mo0O;. Bands at 970 cm™' and 960 cm™' are attributed to the v{(Mo=0) stretching
mode of Mo=O0; structure in more polymerized Mo oxide entities, e.g., MosO2*~ species [36],
and the one at 810 cm™! probably due to the v.s(Mo-O-Mo) vibrational modes of Mo-O-Mo
bond in isolated MoO4* species [42, 43].

The reducibility of oxide catalysts was explored using TPR. It can be seen from Figure 5.4
that all samples exhibit a similar profile, where there is a sharp peak at a low reduction
temperature, ca. 400 °C, followed by a continuous H, consumption over a broad temperature
region with a maximum at ca. 700 °C as previously reported for NiMo catalysts [44, 45]. The
reduction peak at low temperatures can be attributed to the reduction of Ni oxide species and
the partial reduction of polymolybdates that are weakly connected with the support (Mo®* to
Mo*") [13, 46]. The broad feature at high temperatures is attributed to the deep reduction of
all Mo species, including tetrahedrally coordinated Mo*" species. Based on the H»
consumption, reducing Mo®" to Mo*" is considered the main reduction step in all catalysts.
The maximum temperature of the main reduction peak (Tm) was extracted from TPR profiles
and listed in Table 5.2. In both catalyst series, the reducibility of catalysts after calcination
and with additives was improved compared to “/AHM and “/MoOj3, indicating a lower metal-
support interaction in these catalysts. The exceptions are NTA(1.2)/AHM and
NTA(1.2)/MoO;3, as they have a higher Ty, than “/AHM and “/MoOs.

Weight normalized signal (a.u.)

300 400 500 600 700 800 900
Temperature (°C)

Figure 5.4. TPR profile of a) TEG(1.2)/MoOs, b) CA(0.6)/Mo0Qs3, ¢) NTA(0.6)/MoOs, d)
MA(0.6)/MoO:3, e) GA(0.6)/Mo0s3, f) TEG(0.6)/Mo0s3, g) EG(0.6)/MoO:s.
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With a further look at the TPR spectra, it can be noticed that the reduction area in the low-
temperature region is not always symmetric, indicating that not only one reduction step
occurred. To get a clear insight into the reduction profile of calculated samples, the
deconvolution analysis using the Gaussian function and a multi-peak fit procedure was
conducted (Figure C1). Detailed deconvolution information, including T, H> consumption
(as calculated from the area under the curve, 300 °C — 900 °C), and width at half-height
(AT1/°C), are listed in Table 5.3. The metal loadings with mmol Mo(Ni)/g as a unit, the
equivalent of the data measured by ICP (Table 5.1), are also listed. The different reduction
stages are numbered in the table according to the temperature of the component bands.

The total H, consumption of these catalysts is lower than the values expected for a complete
reduction of MoQO; to Mo® and NiO to Ni’, indicating that Mo and Ni are partially reduced
under the applied conditions, represented as the reduction degree < 1. The above-mentioned
reduction of Ni oxide species and partial reduction of polymolybdates (Mo®" to Mo*") in the
low-temperature area was also reflected in the deconvolution profile of these catalysts, where
two components contributing to the total reduction reaction were identified (300 — 500 °C).
For example, two peaks at 395 °C and 445 °C were observed in EG(1.2)/Mo03, as listed in
Table 5.3. Considering the H, consumption of each component and the Mo and Ni content,
the peak located at 395 °C (with maximum H, consumption) is assigned to the reduction of
polymolybdates that are weakly connected with the alumina carrier, while the one located at
445 °C is due to the reduction of Ni. This assignment applies to most catalysts except for
NTA(1.2)/AHM. The peak at 400 °C in NTA(1.2)/AHM is attributed to the reduction of Ni,
and the peak at 440 °C is assigned to the reduction of Mo species. As mentioned above, the
components in the high-temperature area (500 — 900 °C) are assigned to the further reduction
of tetrahedrally coordinated Mo species and Ni species that are strongly bonded to the

alumina carrier [11].

XPS analysis was carried out to determine the surface composition and the oxidation state of
Mo and Ni in sulfided catalysts. The XPS spectra were decomposed into three doublets
related to different Mo oxidation states and one S 2s peak characteristic of S> (B.E. = 226.3
+ 0.2 eV). The three Mo 3d doublets are assigned to Mo®" in MoO; (B.E. 3ds, =232.7 £ 0.4
eV), Mo’" in oxysulfide species (B.E. 3ds = 230.9 £ 0.3 V) and Mo*" in MoS; (B.E. 3ds»
=229.0£0.2 eV). The deconvolution of the Ni 2p3, profiles was also conducted; each Ni 2p
spectrum was resolved in three components [47] at 856.8 £ 0.2 eV, 854.6 £ 0.5 eV, and 853.7
+ 0.5 eV, ascribing to NiSs, NiMoS, and NiOyx species, respectively along with their
respective satellites [48, 49]. The corresponding fitting results of the respective sulfided

catalysts are displayed in Figure C2 and listed in Table 5.4.
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The catalytic activity of catalysts was evaluated in HDS of DBT at 20 bar at 250 °C, 270 °C,
and 300 °C. To avoid repetition, only the results of TEG(1.2)/MoOs and ¥(0.6)/MoQs are
listed here. As described in Chapter 2, the DBT converted via the direct desulfurization (DDS)
pathway and the hydrogenation (HYD) pathway with biphenyl (BP) and cyclohexylbenzene
(CHB) as the main product, respectively [50]. Since the DDS pathway consumes
substantially less Hy, it is considered the preferred route for DBT HDS. The main products
in our system are BP and CHB, partially hydrogenated intermediates (hexahydro-
dibenzothiophene (HHDBT) and tetrahydro-dibenzothiophene (THCBT)) were never
observed, and the fully saturated product, bicyclohexyl (BCH), was only detected in a low
concentration as the product of GA(0.6)/MoOs at 300 °C.

Table 5.5. DBT HDS results

DBT
Reaction rates .. .
Catalyst Reaction (mol moly;,! h't) Selectivity Conversion
temperature Kns BP | CHB | BCH 1;11;_;: X (%)

250 °C 8.5 53.9 46.1 0 1.2 16.8

TEG(1.2)/MoOs 270 °C 28.4 52.2 47.8 0 1.1 45.8
300 °C 464.4 453 54.7 0 0.8 100

250 °C 5.1 51.9 48.1 0 1.1 9.7

CA(0.6)/MoOs 270 °C 20.5 50.4 49.6 0 1.0 39.3
300 °C 290.9 49.0 51.0 0 0.9 99.9

250 °C 5.9 58.2 41.8 0 1.4 14.4

EG(0.6)/M00Os 270 °C 22.8 57.1 42.9 0 1.4 452
300 °C 272.2 54.1 45.9 0 1.3 99.9

250 °C 5.3 58.0 42.0 0 1.4 11.1

NTA(0.6)/MoO; 270 °C 21.6 53.9 46.1 0 1.2 37.9
300 °C 2749 49.6 50.4 0 1.0 99.8

250 °C 12.1 49.0 51.0 0 1.0 24.3

GA(0.6)/Mo0O; 270 °C 41.5 49.3 50.7 0 1.0 61.6
300 °C 424.1 40.3 57.4 0.3 0.7 100

250 °C 11.3 514 48.6 0 1.1 23.7

MA(0.6)/Mo0Os 270 °C 39.1 50.9 49.1 0 1.0 60.8
300 °C 405.5 41.5 58.5 0 0.7 100

250 °C 10.4 52.8 472 0 1.1 22.8

TEG(0.6)/MoOs 270 °C 33.5 52.7 47.3 0 1.1 56.4
300 °C 66.6 56.8 432 0 1.3 100

Specific reaction rates, product distribution and DBT conversion in DBT HDS are listed in
Table 5.5. The catalysts show a significant variation in performance under testing conditions.
Generally, catalysts with additives show a varied improved HDS performance compared to
4/MoOs3, except for CA(0.6)/Mo0O; and NTA(0.6)/MoOs. GA(0.6)/MoOs has the highest
DBT HDS activity in these catalysts, with a 24.6 % DBT conversion at 250 °C, 61.6 %
conversion at 270 °C, and 100 % conversion at 300 °C. The results are consistent with the
literature that DBT conversion improves with the increase of temperature [51, 52], the

selectivity also varies with the increase of temperature. As in the low reaction temperature,
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the DDS route is the main reaction pathway with BP as the main product, while with the

increasing temperature, the HYD route is enhanced.

5.4. Discussion

As mentioned above, the dispersion and the content of the active NiMoS phase played a
significant role in catalyst catalytic performance [53]. To define the role of the active NiMoS
phase in our catalyst system, the contribution of NiMoS species to Ni 2p spectra was revealed
by deconvolution of XPS spectra, as listed in Table 5.4. By plotting the content of active
NiMoS phase with DBT conversion, positive correlations at three reaction temperatures were
observed as shown in Figure 5.5; the correlation suggests that the catalyst with the higher
content of the active NiMoS phase shows a better performance, which is consistent with the
published work [53].

100 A A AAA A A
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DBT conversion (%)
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16 18 20 22 24 26
NiMoS %

Figure 5.5. Correlation between the content of active NiMoS phase extracted from XPS spectra and
the corresponding DBT conversion of measured catalysts.

Correlation of absorption edge energy (E¢) with DBT HDS performance. UV-vis DRS
is considered a promising technique to explore the local structure of transition metal oxides,
e.g., M-O-M bond length, the coordination number, and domain particle size. Weber [16]
proposed a linear correlation between E,; and the local degree of Mo clusters aggregation,
Nwmo=16-3.8 Eg, based on five inconsistent E, values collected from different publications.
Later, Wachs et al. [34] tried to refine this methodology by using around ten Mo-containing
oxide chemicals to explore the correlation between E, and an average number of covalent
bridging M-O-M bonds of the central Mo species. They observed a similar inverse linear
correlation, Mvo-o-mo=11.8 - 2.6 E,. Analogous correlations for V(V) and W(VI) species were

also reported [17, 18]. Noted is that all compounds used in this research are bulk, well-
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structured, crystalline materials, which is different from the support catalysts used in our
study. As discussed in the former chapters, the metal-support interactions influence the metal
dispersion and reducibility in catalyst. The additives and promotor atoms, Ni, in catalysts
also change the coordination states of Mo to a certain degree, which makes the catalyst
structure different from the Mo-only catalyst system. Further, the metal oxide in the oxidic
NiMo/Al,O; catalyst is amorphous as XRD data shown, which increases the difficulty of
deducing the specific structure of the catalysts than the bulk, crystalline materials. Therefore,
the obtained Eg can only be considered an average value that contributed from different Mo
coordination. The detailed coordination condition or the number of Mo species in our catalyst
cannot be derived from E, directly. To elucidate the structure of NiMo/Al,O3 HDS catalyst,

complementary techniques, like Raman, are needed.

Even so, the general structure information regarding the Mo species distribution and particle
sizes deduced from Eg is still valuable [31]. With this information considered, a correlation
between E; and HDS performance, presented by the DBT conversion of catalysts at three
different temperatures, was explored. As shown in Figure 5.6, an inverse linear correlation
between Eg and DBT conversion was observed, suggesting the catalyst with lower Eg has a
higher DBT HDS activity. This empirical correlation can be used as a primary guide to
distinguish the catalyst from a bunch of designed and synthesized catalysts; additional

characterization would be needed for detailed structure information.
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Figure 5.6. Correlation between absorption energy (Eg) and DBT conversion.

Correlation of reducibility with DBT HDS performance. The reducibility of Mo oxides
in NiMo/Al,O; catalyst altered by metal-support interactions affects Mo dispersion and the

characteristics of the formed surface species. The sulfidation degree of catalysts is also
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influenced by the reducibility of the oxidic precursors, as described in the former work [9].
To determine the correlation between the reducibility of oxidic precursors and the
performance of the sulfided catalysts, we collected T and DBT conversion from TPR and
DBT HDS to represent the reducibility and HDS activity of the catalysts. By plotting, an
empirical inverse linear correlation between T, and DBT conversion was observed (Figure
5.7). This correlation is analogous and complementary to the correlation observed between
E, and DBT conversion. It suggests that in NiMo/Al,O3; HDS catalyst, the oxidic precursor
with a lower Ty, (higher reducibility) shows a higher HDS activity. The underlying reason is
that the higher reducibility commonly caused by the weaker metal-support interaction [54,
55], and his type of metal-support interaction is evident in favor of forming the sulfided active
NiMosS species [56, 57], the key to HDS catalysts. It also suggests that the reduction of the
transition metal compounds is a crucial step in transforming the oxidic precursor catalyst into
the sulfided catalyst [22], which makes TPR a promising technique for preliminary screening
of the oxidic HDS catalysts.
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Figure 5.7. Correlation between the maximum temperature of reduction peak (Tm) and DBT
conversion.

5.5. Conclusions

In this work, the correlation between the physical and structural properties of oxidic
precursors of NiMo/Al,O3 catalysts and the hydrodesulfurization (HDS) activity of the
sulfided catalysts was explored. Series of NiMo/Al,Os3 catalysts were prepared by the
incipient wetness impregnation and characterized by means of temperature-programmed
reduction (TPR), X-ray photoelectron spectroscopy (XPS), Raman, X-ray diffraction (XRD)
and UV-visible diffuse reflectance spectroscopy (UV-vis DRS). The HDS activity of
catalysts was evaluated in dizenzothiophene (DBT) HDS. The structure-activity relationship
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was revealed by establishing an inverse linear correlation between the absorption edge energy
(Eg) and the DBT conversion. This correlation indicates that catalysts with lower Eg (smaller
particle size) show higher activity. Due to the complicated formulation of catalysts, the
amorphous metal state, and the influence of the metal-support interaction, specific structure
information of Mo, i.e., the average number of nearest Mo neighbors in the clusters, the

number of next nearest neighbors of Mo, cannot be extracted from E,.

An analogously empirical correlation between the reducibility of oxide catalysts (Tm,
extracted from UV-vis DRS) and the HDS catalytic activity (DBT conversion) of sulfided
catalysts was also established as supplementary. The results suggest that the catalyst with
high reducibility (low Tr) shows a high HDS performance. As the high reducibility is the
consequences of the low metal-support interaction, this interaction is in favor of the
formation of the active NiMoS phase during the sulfidation, which is the key to the high
activity (Figure 5.5). These two correlations confirm that metal dispersion and metal-support

interaction in the oxide NiMo/Al,O3 catalyst play an essential role in catalyst performance.
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TEG(1.2)/MoO,
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Figure C2. Mo 3d and Ni 2p XPS spectra of catalysts sulfided at 350 °C in 1 bar H2S/Hz2. The Mo 3d
fits are composed of Mo** (green), Mo>* (red), Mo®" (purple), as well as of the S 2s signal (yellow). Ni
2p 312 fits are composed of Ni" as in NiS (purple), NiMoS (blue), and NiO (orange). The background
is represented by a black line.
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A non-boehmite derived 7y-alumina and its

utilization in HDS catalysis

ABSTRACT

A self-made alumina (Al:Os(self-made)) was successfully prepared by a one-step grinding
synthesis route. The NiMo/Al,Os3 catalyst prepared with Al,Os(self-made) as support presents
a comparable performance with the one possessing identical formulation but prepared with
Al,O3(commercial) as support. g-Ni»9Mos 7, catalyst with metal loading of 6.7 wt% Mo, 2.9
wt% Ni, was prepared by the grinding method, where the Ni and Mo sources were in situ
incorporated during the preparation of alumina. The metal loadings are the highest metal
amount can be incorporated into the scheme of alumina with grinding method. For
comparison, sample i-Niz.9Moe 7 with the same metal loadings supported on Al,Os(self-made)
was prepared by incipient wetness impregnation. The characterization results indicate that
compared to g-Ni»9Mog 7, there is a weaker metal-support interaction in i-Niz 9Mog 7, which
promotes the metal dispersion on the alumina carrier and the formation of active NiMoS
phase during the sulfidation. The structural difference between these two catalysts explains
why i-Niz.9Mos 7 has a higher HDS activity than g-Ni» ¢Mog 7. To optimize these two catalysts,
g-Niz 9Mog.7+i-Nip.77Mog 3 and i-Niz9Mos 7+1-Nig77Mog 3 with higher metal loadings were
prepared by a two-step impregnation. The activity data shows that the DBT conversion
increased for catalysts with higher metal loadings; however, no intrinsic activity of Mo
increase was observed. g-Ni>oMos 7+i-Nig77Mos 3 and g-Ni>oMos 7 show the same turnover
frequency of 0.025 s™'; i-Niz ¢Mog 7+i-Nig77Mo0s 3 shows a lower turnover frequency (0.051 s
1) than i-Niz9Mog 7 (0.060 s™). The more active NiMo$S phase in i-Niz ¢Mog 7+i-Nig 77Mos 3 is
the reason for its high activity. However, the reason for the varying effect of second-step
impregnation still needs to be clarified, as the content and the activity of the active NiMoS

phase changed during the second-step impregnation.
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6.1. Introduction

With rigorous emission control for automobiles, the oil industry is producing ultra-low sulfur
diesel fuel (ULSD), which is a cleaner fuel only containing a maximum of 10 ppm of sulfur
[1]. This level will likely be further decreased by environmental legislation in subsequent
years. The increasing demand for low-sulfur fuels puts pressure on the development of highly

active catalysts [2].

Ni-promoted MoS,/Al,Os catalysts are the most extensively used hydrodesulfurization (HDS)
catalysts in the refining industry [3-5], and y-ALOs is one of the commonly used supports
due to its low price and outstanding textural and mechanical properties [6]. Typically, y-
AlL,Os is prepared through thermal dehydration of well-defined boehmite at a temperature
between 400 and 450 °C [7], which results in the low surface area (less than 250 m%/g) and a
small pore volume (less than 0.5 cm?/g) of the commercial y-Al,Os [8]. To prepare the high-
surface-area alumina (Sger > 250 m?/g) with adjustable pore structure, different preparation
methods, such as the sol-gel routes [9, 10], templating [11-14], have been employed. Ji et al.
[15] synthesized a high-surface-area alumina (552 — 560 m%/g) via a sol-gel route. lonic
surfactants (carboxylic acid, sodium dodecyl sulfate) and neutral surfactants (polypropylene
oxide) [13, 16, 17] have been used as chemical templates in the preparation of mesoporous
alumina. Thermal decomposition of alumina precursors is also a practical way to synthesize
v-ALOs, Hu et al. [18] successfully prepared a y-Al,O3 with a surface area of 511 m%/g by
the thermal decomposition of ammonium aluminum carbonate hydroxide
(NH4AIO(OH)HCO3).

Supported HDS catalysts are commonly prepared by a conventional wetness impregnation
method [19-22], where the active metal species are simultaneously or sequentially loaded on
the premade support. Hydrothermal deposition [23] and sol-gel synthesis [24, 25] are the
other two widely used methods to prepare HDS catalysts. However, a complicated and time-
consuming process is always required for these methods, and the active metal species tend to
agglomerate into large crystallites on the support surface. In the past few years, synthesizing
supported catalysts by a one-step preparation route has attracted considerable interest [26].
Comparing to impregnation, the one-step preparation route is favorable for even dispersion
of metallic species, since metal precursor can be incorporated during the preparation of
support. Lai et al. [27] prepared a highly dispersed bimetallic NiMo-Al,O3 catalyst by an
efficient one-step synthesis method, where they used urea as precipitant and starch as
template, and the catalyst showed an excellent dibenzothiophene (DBT) HDS activity. Liu et
al. [28] synthesized an ordered mesoporous NiMo-Al,Os catalyst by a facile one-step
evaporation-induced self-assembly method with the non-ionic tri-block polymer P123 as a

structure-directing agent and anhydrous ethanol as solvent. They claimed that this catalyst

- 120 -



A non-boehmite derived y-alumina and its utilization in HDS catalysis

showed a high HDS activity. Mesoporous NiMo-Al,O3 catalysts were synthesized by Tu et
al. [29] by a single-step preparation method without using any structure-directing agent, and
used in the quinoline hydrodenitrogenation (HDN) test. They believed that the textural
properties and metal-support interaction in NiMo catalysts could be controlled by adjusting
the hydrolysis process. By using chelate additives, they concluded that the catalytic HDN
performance was selective to the agglomeration of Mo species. Li et al. [30] synthesized a
NiMo/AlL,Os catalyst via a solvent-free one-step synthesis method. They studied the effect of
polyethylene glycol (PEG) on the precursor thermal decomposition. They noticed that with
the increase of PEG, the specific surface area and pore volume of the catalyst increased,
which benefited the sulfidation and Mo species and the dispersion of MoS,, which
consequently led to higher activity.

In this work, a self-made alumina (Al,Os(self-made)) was synthesized by a one-step
preparation route. g-NizoMos7 was synthesized by the same one-step grinding route based
on in situ incorporating Ni and Mo during Al,O; preparation. For comparison, i-Ni» ¢Mog 7
with the same composition was synthesized by incipient wetness impregnation with
Al>,Os(self-made) as support. To optimize these two catalysts, g-Ni» ¢Mog 7+i-Nig.77Mog 3 and
i-Niz.90Mog 7+i-Nig 77Mog 3 were prepared by a two-step impregnation. We studied the effect
of preparation workflow and the two-step impregnation on the catalysts’ structure and
activity. The structure of these catalysts was characterized by means of temperature
programmed reduction (TPR), UV-visible diffuse reflectance spectroscopy (UV-vis DRS),
Raman spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and
transmission electron microscopy (TEM). The catalytic activity of catalysts was evaluated in
the HDS of thiophene and DBT.

6.2. Experimental section
6.2.1. Catalyst preparation

Self-made alumina (Al,Os(self-made)) was prepared by decomposing ammonium aluminum
carbonate hydroxide (NH4AIO(OH)HCO3;, AACH) using a one-step preparation route [18].
The whole procedure is illustrated in Scheme 6.1. In detail, 0.2 mL of PEG-400 were fully
mixed with 15.8 g NH4HCO3 in an agate mortar. 18.8 g AI(NO3)3-9H,0 was added into above
mixture and ground for another 30 min. The chemical reaction between AI(NO3)3-9H>O and
NH4HCOs3 occurred during grinding, yielding AACH, CO», and NH4NOs. The obtained white
moist paste was transferred into a Teflon-lined stainless-steel autoclave and aged at 80 °C for
7 h. The solid precipitation was washed with deionized water and ethanol for three times and

centrifuged to remove the impurities, followed by drying at 80 °C in a vacuum oven for 3 h,
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AACH was formed (Figure D1). After calcining at 500 °C under air for 4 h, Al,Os(self-made)

was obtained.

Grindin Aging and purification
PEG 400 e 0Q °9 &
\ AI(NO,), + 9H,0
NH,HCO; || ’(, e ‘QO

=

Grinding 20 min Aging at 80°C | Calcination at 500°C

atRT for 7h | for 4h
§ 7
T
N\
NH,HCO; + Al(NO3);- 9H,0 — NH,AIO(OH)HCO, NH,AIO(OH)HCO3 — Al,05 » nH,0
+CO,+ NHNO, +C0, + NH,4
+ H,0 +H,0

Scheme 6.1. Schematic illustration of the preparation of Al2Os(self-made).

g-Ni»9Mog 7 was synthesized using the same one-step preparation method based on in situ
incorporating Mo and Ni precursors during the preparation of Al,O3(self-made). In detail, 0.2
mL PEG-400 was fully mixed with 15.8 g NH4HCO;3 in an agate mortar. 18.8 g
AI(NOs)3-9H,0, 0.4 g (NH4)sM07024-4H,0 (AHM), and 0.4 g Ni(NOs),'6H,O were added
into above mixture and ground for another 30 min. Following by the same aging, washing,
drying and calcination procedures as described above, g-Ni>9Mog 7 with metal loadings of
6.7 wt% Mo, 2.9 wt% Ni (highest metals amount can be incorporated into alumina structure)
was obtained. i-Ni>9Mos7 with the same metal loading was prepared via incipient wetness
impregnation with Al,Os(self-made) (75 — 125 um) as support. The impregnation solution
was prepared by dissolving 0.8 g AHM and 0.9 g Ni(NOs) in a 2 mL mixture of deionized
water and ammonium hydroxide. The final volume of the impregnation solution was adjusted
to 5 mL according to the PV of 5.3 g A,Os(self-made). After impregnation, the precursors
were kept for 2 h under slow movement on a roller bank and subsequently dried at 120 °C

overnight. After calcination at 400 °C for 2 h, i-Ni>9Moe 7 was obtained.

Two NiMo/Al,O3 catalysts (i—Nizl9M06‘7+i-Ni0,77M08‘3 and g—Niz‘9M06‘7+i-Ni0,77M08,3) with
higher metal loadings (15 wt% Mo, 3.67 wt% Ni) were synthesized by impregnating g-
NizoMog7 (PV = 1.06 cm®/g, 75 — 125 um) and i-NioMog7 (PV = 0.5 cm?/g, 75 — 125 pum)
with respective impregnation solutions containing Mo and Ni. To impregnate 4.8 g g-
Ni29Mos.7, 5 mL solution containing 0.7 g AHM and 0.2 g Ni(NOs), was prepared. 5 mL
impregnation solution containing 1.5 g AHM and 0.4 g Ni(NOs), was prepared to impregnate
10 g i-Ni29Mog 7. After drying at 120 °C overnight and calcined at 400 °C for 2 h, the catalysts
were obtained. The final metal loadings of catalysts were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES), and the results are displayed in Table 6.1.
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6.2.2. Catalyst activation

To prepare the sulfided sample, ca. 50 mg oxidic precursors (75 — 125 um) were loaded in
the middle of a valve-sealed stainless-steel reactor (inner diameter: 4 mm, length: 240 mm)
and heated up to 350 °C with a 6 °C/min ramp rate under 1 bar H>S/H, (10/90 vol%) at a
flow rate of 50 mL/min. The sample was kept under these conditions for 2 h and subsequently
cooled to room temperature under a He atmosphere. Sulfided samples were then transferred
to a No-filled glovebox (02 < 1 ppm, H,O < 1 ppm) without exposure to air for further
characterization.

6.2.3. Catalytic activity measurement

Gas-phase thiophene and liquid-phase DBT HDS tests were conducted to determine catalyst
activity. Reaction procedures and data processing details are listed in section 2.3, Chapter 2.

6.2.4. Catalyst characterization

N; adsorption isotherms were measured at 79 K on a Micromeritics Tristar 3020 instrument.
Before analysis, samples were heated at 120 °C under N, atmosphere for at least 6 h. TPR,
Raman, UV-vis DRS, XRD, XPS, and TEM were performed according to the procedures
described in Chapter 2.

NMR spectroscopy. The ?’Al magic-angle spinning nuclear magnetic resonance (MAS
NMR) spectra of Al,Os(self-made) and Al,Os(commercial) were measured at room
temperature with a 11.7 T Bruker DMX500 NMR spectrometer, operated at 132 MHz. The
spectra were recorded with a spinning rate of 25 kHz and a single excitation pulse length of
1 ps with a 1s repetition time. Before measurement, the sample was fully hydrated in a

desiccator containing water vapor.

IR spectroscopy. IR spectra of Al,Os(self-made) and Al,Os(commercial) were recorded in
the range of 4000 — 400 cm™' on a Bruker Vertex 70v spectrometer equipped with a Mercury-
Cadmium-Telluride (MCT) detector. The spectra were collected at a 2 cm™ resolution and
64 scans. A self-supporting wafer of the sample with a diameter of 13 mm was made by
pressing ca. 10 mg powdered samples with a certain pressure. Prior to the recording of the
background, the cell was calcined at 400 °C for 4 h and vacuumed for 2 h. Sample wafers
were dehydrated at 400 °C in O»/He (33 vol%) for 1 h, then vacuum the cell at 400 °C for 1

h. After cooling the cell to 30 °C under dynamic vacuum, the spectra were recorded.

6.3. Results and discussion

6.3.1. Alumina
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The textural properties of Al,O3(self-made) and Al,O3(commercial) were measured using N
physisorption. As data in Table 6.1 and Figure D2 show, AlLOs(self-made) has a lower
surface area, a comparable pore volume and a larger pore size than Al,Os(commercial).
Figure 6.1 shows the XRD patterns of Al,Os(self-made) and Al,Os(commercial), where a
typical characteristic of y-Al,O3 (JCPDS 01-077-0396) with four broad diffraction peaks
located at 20 = 37.7°, 39.5°, 45.9°, and 66.9° is observed in both catalysts. Compared to
ALOs(commercial), AlLOs(self-made) has lower peak intensities, indicating lower
crystallinity of ALLOs(self-made).

— Al,O; (self-made)
— AlL,O; (commercial)

S

&

)

‘0

c

L

£

Al,O,4 ‘ ‘ ‘
: | |I : - |
20 30 40 50 60 70

20 (°
Figure 6.1. XRD patterns of Ale3(c0m(m)ercial) and AL2Os(self-made).
The nature of hydroxyl groups on Al,Os(self-made) and Al,O3(commercial) was investigated
using IR spectroscopy. As shown in Figure 6.2a, three intense bands at 3590 cm!, 3675 cm
13730 cm’', and two shoulders at 3755 cm™ and 3770 cm’!, are detected in
Al,Os(commercial). Bands at 3770 cm™ and 3755 cm™ can be assigned to the v(OH)
stretching vibration of OH groups that are terminally connected to AI** in tetrahedral or
octahedral coordination (I, and I, configurations) as illustrated in Figure D3. The band at
3730 cm! is attributed to the v(OH) stretching mode of bridging OH groups, in which the
OH groups are connected to two AI** species respectively in tetrahedra or octahedral
coordination (11, type) or connected to two Al** species in octahedral coordination (IIy type).
While the bands at 3590 cm™ and 3675 cm! are attributed to v(OH) stretching mode of the
bridging OH groups (111 type) [31-34]. Bands at 3675 cm™!, 3730 cm’!, and 3770 cm™' are
observed in Al,Os(self-made). We deconvoluted the hydroxyl region of the IR spectra to
reveal more details regarding the composition of OH groups. As shown in Figure 6.2b, four
OH groups with relatively different contributions are discovered. The proportion of the band
at 3770 cm’! in ALOs(self-made) is 2.6 %, while the number in Al,O3(commercial) is 7.8 %,
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indicating relatively less tetrahedral coordinated alumina exists in Al,Os(self-made). This
conclusion is supported by NMR results (Figure 6.3), where six(VI)- and four(IV)-
coordinated Al at 8 and 66 ppm with a relative 64 % and 36 % amount are detected in
Al Os3(commercial) [35]. The relative amount of AI(IV) and AI(VI) in Al,Os(self-made),
however, is 17.1 % and 70.1 %, and the lower Al(IV) in Al,Os(self-made) is due to the
presence of Al(V) (at 35 ppm). Al(V) was further verified with 2?A1 MQ MAS NMR spectra
(Figure D4), and compared to Al,Osz(commercial), the presence of Al(V) (12.8 %) in
ALOs(self-made) comes at the expense of AI(IV).

(a) — Al,O4(commerecial) (b)

oot Al,O4(self-made)

3674 3730

Absorbance (a.u.)
Absorbance (a.u.)

Al,O4(commercial) ) \\\\\_//
3300 3400 3500 3600 3700 3800 3900 3300 3400 3500 3600 3700 3800 3900

Wavenunber (cm™) Wavenunber (cm™)

Figure 6.2. Hydroxyl regions of FTIR spectra of Al2O3(commercial) and A2O3(self-made) (spectra are
normalized by the weight of samples).

— AlL,O,4 (commercial)

LAV
— ALL,O; (self-made) 3

100 80 60 40 20 0 -2|0 -410 -60
Chemical shift (ppm)

Figure 6.3. 27A1 MAS spectra of hydrated Al2O3(commercial) and Al2O3(self-made).

To evaluate the influence of the structure of alumina on catalyst activity, two catalysts, NiMo-
PAY/AL,Os(commercial) and NiMo-PAY/Al,Os(self-made), with the same overall

compositions were prepared using AlLOs(self-made) and Al,Os(commercial) as support.
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These two catalysts have comparable metal loadings (Table 6.1) and metal dispersions
(Figure D5). As shown in the XRD patterns (Figure D5), only four diffraction peaks located
at 20 =137.7°,39.5°,45.9°, 66.9° attributed to the characteristic of y-Al,Os are observed. The
absence of XRD signals of Mo and Ni oxides indicates that their particle sizes are below the
detection limit of XRD, evidencing that Mo and Ni oxides are well dispersed on the alumina
carrier [36]. However, a clear difference in crystallinity between these two catalysts is
observed. NiMo-PAY/Al,Os(commercial) shows a higher peak intensity, i.e., higher
crystallinity, than NiMo-PA%/A1,0;(self-made). This crystallinity difference is consistent
with the previously observed crystallinity difference between two bare alumina, suggesting

impregnation had negligible effect on the structure of the alumina carrier.

The HDS activity of NiMo-PA%/Al,O3(commercial) and NiMo-PA%/Al,Os(self-made) was
evaluated in the DBT HDS. Table 6.2 shows that NiMo-PAY/Al,0s(commercial) has a
comparable reaction rate and selectivity as NiMo-PA%/A1,0;(self-made), where the direct
desulfurization (DDS) pathway with biphenyl (BP) as the main product is the main reaction
pathway in both catalysts. Based on the activity data, we infer that Al,Os(self-made) performs
equally well as Al,Os(commercial) as the carrier.

Table 6.2. DBT HDS results of NiMo-PA%/A1,0s(self-made) and NiMo-PA%/Al,O3(commercial).

DBT
Reaction rates Selectivit Conversion
Catalyst Reaction (mol moly,™! h™) y

temperature Keios BP CHB [})I[;?D X (%)

250 °C 14.7 66.9 33.1 2.0 32.8

NiMo-PA%/AL,O;(self-made) 270 °C 29.3 62.3 37.7 1.7 54.8
300 °C 360.8 58.3 41.7 1.4 100.0

250 °C 18.4 67.0 33.0 2.0 354

NiMo-PA%/Al,03(commercial) 270 °C 48.6 63.6 36.4 1.7 68.4
300 °C 4133 524 47.6 1.1 100.0

6.3.2. Alumina supported catalysts

g-NixoMog7 was synthesized by this one-step synthesis route with metal sources in situ
incorporated during the preparation of Al,Os(self-made). For comparison, i-Ni>oMos 7 with
the same metal loadings was prepared by an incipient wetness impregnation. g-Niz oMo 7+i-
Nig.77Mog 3 and i-Ni> 9Mos 7+1-Nig 77Mos 3 were synthesized by a two-step impregnation with

extra metals deposition.

ICP-OES (Table 6.1) results show that metal loadings in g-Ni>9Moe 7, i-Ni29Mos7, and i-
Niz9Mos 7+1-Nig 77Mos 3 are close to the theoretical values. While the molar ratio of Ni/Mo in
g-Ni» 9Mog 7+i-Nig77Mos 3 is slightly lower, and the reason for this difference needs to be
further explored. Physisorption data in Figure D6 show that these four samples have type IV
isotherms. g-Niz.9Moe 7 and i-Ni2 9Mog 7 have comparable surface areas, which both decreased
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to a varying degree with further metal deposition as expected. Pore size distribution derived
from the adsorption branch of isotherms shows that g-Ni»9oMos; and g-NiroMog 7+i-
Nip.77Mog 3 have a relatively larger pore size than their counterpart catalysts, i-Ni> 9Moe 7 and
i-Ni2.0Mo0g.7+i-Nig.77Mos 3.

Figure 6.4 shows the XRD patterns of these four catalysts, where except for three broad
diffraction peaks located at 260 = 37.7°, 45.9°, and 66.9° attributed to the (311), (400), and
(440) planes of y-Al,O3 (JCPDS 01-077-0396) [37], no diffraction signals of Mo and Ni
species are identified, suggesting the high dispersion of metal oxides on the alumina carrier.
Compared to i-Niz9Mog 7 and i-Niz9Mog 7+i-Nig77Mos 3 (Figure 6.4b), g-Ni>oMos 7, and g-
Niz29Mog 7+i-Nip77Mos 3 (Figure 6.4a) show a relatively lower peak intensity. The low
crystallinity in g-Niz.oMog 7 and g-Niz 9Mos 7+i-Nip.77Mos 3 is possibly because during the co-
grinding (one-step preparation route) process, Mo atoms might dope into the structure of
alumina and changed its crystallinity. With the two-step impregnation, metal redispersion
occurred and the crystallinity of g-Ni>9oMog7+i-Nig 77Mos 3 did slightly increased.

@) g-Ni, gMog 7 (®) — i-Ni; gMog 7
g-Niy gMog 7+i-Nig 77M0g 5

i-Niy gMOg 7 +i-Nig 77M0g 5

Intensity (a.u.)

Intensity (a.u.)

40 50 70 20 30 4I0 50 60 70
26 (°) 20 (°)

Figure 6.4. XRD patterns of oxidic precursors of a) g-Ni2.9Moe 7+i-Nio.77Mos3, g-Ni2.oMoe7 and b) i-
Ni2.9Mos.7, 1-Ni2.9Mo0e.7+1-Nig.77M08 3.

TPR profiles of these four catalysts are presented in Figure 6.5. Three broad peaks centered
at 350 °C, 570 °C, and 710 °C were observed in the spectrum of i-Ni»9Mog 7. According to
literature, the peak at 380 °C is assigned the reduction of Mo®" to Mo*" [38, 39]. The features
in the high-temperature area are attributed to the deep reduction of all other Mo species,
including tetrahedrally coordinated Mo*" species, and Ni species strongly connected to the
alumina. In g-Ni2oMos 7, an intense peak at 470 °C, a shoulder at 420 °C, and two peaks
centered at 630 °C and 780 °C were detected. Compared to i-Ni29Mog 7, these peaks were
located at higher temperatures, suggesting the stronger metal-support interaction (lower
reducibility) in g-Ni»oMos 7. Further, we noticed that the shape of the peaks in the low-
temperature area between these two catalysts is different. The unsymmetric broad peak in the
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spectrum of g-Ni» 9oMoe 7 suggests that there are multiple components (with different metal-
support interactions) contribute to this reduction peak, and there is probably only one
component exists in i-Ni»9Mog 7. So, we infer that the metal coordination states and metal-

support interactions are diversiform in g-Niz.9Moe 7, while more uniform in i-Niz.oMoe 7.

i-Ni29Mos 7+1-Nig 77Mos 3 shows lower reduction temperatures compared to g-Ni oMog 7+i-
Nip77Mogs, suggesting a weaker metal-support interaction and higher reducibility of i-
Niz9Mos.7+i-Nig.77Mog 3. It can also be noticed that i-Niz9Mos 7+i-Nig7;7Mog3 shows a
stronger metal-support interaction compared to i-Niz.oMog 7. While g-Niz eMog 7+i-Nig77Mo0g 3
shows a weaker metal-support interaction compared to g-Ni»oMos7. This observation
suggests that the second-step impregnation changes the metal-support interactions in i-
Niz29Mos.7 and g-Ni»9Moe 7 in varying degrees. It still needs to be determined whether the
metal loaded in the first-step performs equally in structure and performance to the metal

loaded in second-step impregnation.

g-Niy oMoy 7
— i-Niy gMog ;
g-Niy gMog 7+i-Ni 77Mog 3

i-Ni; gMog 7+i-Nig 77MOg 5

Weight normalized signal (a.u.)

300 400 500 600 700 800 900
Temperature (°C)

Figure 6.5. TPR profiles of g-Ni2.9Moe.7, i-Ni2.oMo0s.7, g-Ni29Moe.7+1-Nio.77Mos 3, and i-Ni2.9oMoe.7+i-
Nio.77Mos 3.

The nature of Mo and Ni oxides nanostructures was further examined with UV-vis DRS and
Raman spectroscopy. The adsorption edge energy (E,) of catalysts, determined from the
position of the low energy rise in catalysts’ UV-vis spectrum (Figure 6.6), is used to establish
the particle size and the extent of agglomeration of metal oxides [40]. The lower E, value,
the smaller particle size. E; values for g-Ni»9Mos 7, i-Ni29oMo0s.7, g-Ni2.9Mog 7+i-Nig.77Mos 3,
and i-Niz oMo 7+i-Nig77Mog 3 are respectively 4.2 eV, 3.8 eV, 3.6 eV, and 3.5 eV, so the
particle sizes of these catalysts decrease in the order of i-Ni»9Mog 7+i-Nig77Mogs > g-
Niz29Mog.7+1-Nip77Mog3 > 1-NizgMos7 > g-NiroMoes7. As discussed in Chapter 5, in
NiMo/Al,Os3 catalysts system (with same metal loadings), a linear correlation between Egand
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HDS activity (DBT conversion) exists, which means the catalyst with lower E; shows a
higher DBT conversion. If the correlation still applies, DBT conversion of these four catalysts
should follow this order: i-Ni» 9Mog 7+i-Nig77M0g 3 > g-Niz 9Mo0g 7+i-Nig.77Mo0s 3, 1-Niz eMo0g 7
> g-Ni»9Mog 7. The DBT HDS results in Table 6.6 are consistent with this speculation.

g-Ni; gMog 7
i-Ni; gMog 7
— g-Niy Moy ;+i-Niy ;;Mog 5
— i-Ni2'9M06'7+i—Ni0'77M0&3
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Figure 6.6. Determination of edge energy from UV-vis DRS of g-Ni29Mos.7, i-Ni2oMos.7, g-
Ni2.9Mos6.7+i-Nio.77Mos 3, and i-Ni2.oMoe.7+i-Nio.77Mo0s 3.

Figure 6.7 shows the Raman spectra of these four samples. g-Ni»9Mog 7 and g-Ni» oMog 7+i-
Nig77Mog 3 exhibit similar characteristics, where four bands at 220 cm’!, 320 cm!, 840 cm’!,
and 950 cm! are detected. According to the literature, the band at 950 cm™' is assigned to
vs(Mo=0) stretching mode of Mo=0x structure in Mo07024% species [40, 41]. Bands at 840
cm! and 320 cm™! are due to the v,s(Mo=0) stretching mode and §(Mo=0) deformation mode
of Mo=0y structure in MoO4* species [42]. The band at 220 cm! is assigned to the §(Mo-
0O-Mo) deformation vibration of the Mo-O-Mo bond in polymolybdate species [43, 44].
Likewise, similar features are observed in i-Ni» 9Mog 7 and i-Niz ¢Moe 7+i-Nig 77Mos 3. Besides
the bands described above (220 cm™!, 840 cm™!, and 950 cm™), bands at 280 cm™', 930 cm™,
and 990 cm! are also observed in i-Niz9Mog 7. Band at 930 cm™ and 990 cm™! are assigned to
vas(M0=0) and v{(Mo=0) stretching vibration of Mo=0; structures in the agglomerated Mo
species, e.g., MogOx* [45, 46].

Representative TEM micrographs of g-Ni>oMos7 i-Ni2oMo0s7, g-Niz9Mog7+i-Nig.77Mog 3,
and 1-Ni» 9Moe 7+i-Nig.77Mos 3 after activation in a H>S/H» (10/90 vol%) flow at 350 °C for 2
h are displayed in Figure 6.8, where layered MoS; platelets are visualized as black lines. The
average MoS, particle size in g-Nix9Moe 7 is 2.8 nm with an average 1.1 layers per stack of

MoS; particles. A smaller particle size (2.2 nm) and comparable stacking degree (1.2) are
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observed in i-Niz9Mos.7. As described in the literature [47], the small particle size and a high
stacking degree in i-Ni>oMog7 are the features of type II active NiMoS phases. Besides,
compared to g-Niz9oMog 7, i-Ni29Mos 7 has a higher dispersion of NiMoS phase (0.45) (Table
6.3). g-Ni2oMog7+i-Nig77Mos3 shows comparable mean particle size (2.8 nm), stacking
degree (1.1), and NiMoS dispersion (0.34) to g-NixoMos7. A notable increase of mean
particle size and a slight increase in stacking degree in i-Ni> 9Mos 7+1-Nig.77Mos 3 are observed
compared to i-NizoMoe 7. The observed mean particle size increase is because of the
formation of larger particles in i-Ni» 9Moe 7+i-Nip77Mog 3. As the particle size distribution
report in Table 6.3 shows that compared to i-Ni2.oMos 7, where only 1.8 % of MoS; is larger
than 4 nm in size, in i-Ni>9Mog 7+i-Nig 77Mos 3, this number is 25.7 %. As a result of larger
particle size and higher stacking degree, a decrease of active NiMoS phase dispersion is
observed in i-Ni> 9Mos 7+1-Nig.77Mos 3. Due to the intrinsic structural differences between g-
Ni29Mos 7 and i-NizoMos 7, €.g., metal-support interaction, metal coordination states, the
second-step impregnation performs differently on g-Ni>oMos7 and i-Nix9Mos 7. The minor
changes observed in g-Ni»9Mog7 suggest that the structure of g-Ni»9oMoe 7 is more stable
under the impregnation solution owing to the stronger metal-support interaction in its oxidic

precursor.

— i-Ni, gMog 7+i-Nig 77M0g 5
950 1000

20 280 85|

—g-Ni; gMog 7+i-Nig 77M0g 5
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©
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g — -Ni; gMog 7 0
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E 280

—9g-Nip oMoy 7
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Figure 6.7. Raman spectra of g-Ni2.9Mo6.7, i1-Ni2.0M06.7, g-Ni2.9Moe.7+i-Nio.77M0s.3, and i-Niz2.oMoe.7+i-
Nio.77Mos 3.
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Surface composition and oxidation degree of Mo and Ni in sulfided g-Ni» ¢Mos 7, 1-Ni2 oMo 7,
g-Niz 9Mog 7+i-Nip.77Mosg 3, and i-Ni> 9Mos 7+1-Nig.77Mog 3 are determined by means of XPS.
Figure 6.9a shows the Mo 3d core-level spectra of these four samples, where three doublets
related to different Mo oxidation states, together with one S 2s signal characteristic of S* can
be identified. Three Mo 3ds/» doublets are assigned to Mo®" in MoO; (B.E. =232.9 £ 0.4 eV),
Mo*" in oxysulfide species (B.E. = 230.9 £ 0.6 V) and Mo*" in MoS; (B.E. = 229.0 £ 0.5
eV) [48, 49]. Figure 6.9b shows the corresponding Ni 2p core-level spectra, and it can be
deconvoluted into three components: oxidic Ni (B.E. =856.3 £ 0.5 eV), NiMoS species (B.E.
= 854.8 £ 0.6 ¢V) and sulfided Ni (B.E. = 853.5 + 0.4 ¢V) and along with their respective
satellites [50, 51]. Detailed binding energies of the main features and the atomic percentage

of different Mo and Ni species based on the contributions are summarized in Table 6.4.

(a) i-Nip gMOg 7+i-Nig 77M0g 5 " Mo 3d (b)

Intensity (a.u.)
Intensity (a.u.)

g-Ni Moy 7

240 236 232 228 224 890 880 870 860 B0 sk
Binding Energy (eV) Binding Energy (eV)

Figure 6.9. XPS spectra showing Mo 3d, S 2s and Ni 2p regions of sulfided g-Ni2.9Mos.7, 1-Ni2.9Mos.7,
g-Ni2.9Moe.7+i-Nio.77Mos 3, and i-Ni2.9Mos.7+i-Nio.77Mos 3. Experimental data are presented by black
dots and fit by a black curve. The fits are composed of Mo*" (pink), Mo’* (purple), Mo®" (green), S*
(orange), NiOx (pink), NiMoS (blue), and NiSx (violet).
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Mo is predominantly present in the form of Mo(IV) (~80 %) in these four sulfided catalysts,
indicating that surface Mo(VI) of the oxidic precursors is well sulfided during activation. The
sulfur-to-metal (S/(Mo+Ni)) ratios reported in Table 6.5 are the complementary evidence for
that, as the full conversion to MoS; and NiS yield S/(Mo+Ni) = 1.59 and 1.71 for two sets of
catalysts with different metal loadings (2.9 wt% Ni, 6.7 wt% Mo and 3.67 wt% Ni, 15 wt%
Mo). g-Ni29Mog.7 and i-Ni» 9Mog 7 have a comparable sulfidation degree of Mo and Ni. Even
though the effective amount of Ni in NiMoS is comparable (0.15 wt%) in these two catalysts,
arelative 18.8 % of Ni participates in the formation of the active NiMoS phase in i-Ni>9Mos 7,
while in g-Ni>oMog 7, this value is 14.0 %. Besides, i-Ni»9Mog 7 shows a lower Mo/Al and
Ni/Al value than g-Ni>oMog7 (Table 6.5), suggesting a higher Ni and Mo dispersion in i-
Ni29Mos.7, which is consistent with TEM data. The sulfidation degree of Mo and Ni in g-
Ni29Mog.7+1-Nip.77Mos 3 and i-Niz9Mog 7+i-Nig.77Mos 3 are comparable, and a higher metal

dispersion was observed in i-Niz.9Mog 7+i-Nig 77M0g 3.

The results of thiophene HDS and DBT HDS are listed in Table 6.6. g-Niz9Mos 7 is the least
active in thiophene HDS. i-Niz9Mog7, g-NizoMog7+i-Nig77Mog3, and i-NizoMog 7+i-
Nig.77Mos 3 are separately 4.8, 3.9, and 5.1 times more active than g-Ni> 9Mog 7. In DBT HDS,
the main reaction pathway for these catalysts is DDS, with BP as the main product. With
reaction temperature increases, the content of cyclohexylbenzene (CHB), main product of
hydrogenation (HYD) pathway, increases. g-Ni»oMos.7 shows a 6.6 %, 18.3 %, and 53.3 %
DBT conversion at 250 °C, 270 °C, and 300 °C, the conversion for i-NizoMog7 is 18.3 %,
44.9 %, and 89.2 %, which is 2.8, 2.5, and 1.7 times higher than that of g-Ni» 9Mo¢7. The
higher HDS activity in i-Ni>9Moe 7 is due to the higher efficiency of the formed active NiMoS
phase, as TOFeqge value of i-Niz9Mos 7 (0.060 s!) is almost 3 times as higher as that of g-
NizoMos7 (0.025 s). Since there is a similar amount of NiMoS particles in these two
catalysts (Table 6.5), the influence of NiMoS content can be ignored. Combing all structural
information, we infer that the high reducibility in the oxidic precursors caused by the weak
metal-support interaction promotes the formation of sulfided catalyst with highly metal

dispersion and active NiMoS phase during sulfidation [52].

With extra metal loading, varying degrees of activity improvement are observed; g-
Niz.0Moe.7+1-Nig.77Mos 3 presents a 15.4 %, 30.1 %, and 66.8 % DBT conversion at 250 °C,
270 °C, and 300 °C, which is a 130 %, 64 %, and 25 % activity increase compared to g-
Niz9Mos 7. Compared to i-Ni»9oMoe 7, a slightly activity increase (16 %, 5 %, and 6 %) is
observed in i-Niz 9Mog 7+1-Nig.77Mog 3 with a DBT conversion of 21.3 %, 47.2 %, and 94.6 %
at 250 °C, 270 °C, and 300 °C. i-NizoMog 7+1-Nip.77Mosg 3 exhibits 1.4, 1.6, and 1.4 times the
activity of g-Nix9Moe.7+1-Nip.77Mog 3 in DBT HDS. The higher intrinsic activity of the active

phase in i-Niz 9Mog 7+i-Nig.77Mog 3 is one of the reasons for the higher activity, as the TOFcqge
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value of i-Niz ¢Mog 7+i-Nig77Mosg 3 (0.051 s7) is higher than that of g-Niz ¢Mos 7+i-Nig.77Mos 3
(0.025 s1). Besides, the higher content of the active NiMoS phase in i-Niz9Mog7+i-
Nig.77Mos 3, suggested by ICP and XPS data, is also a part of the reason. Based on the data
we had, the influence of second-step impregnation on g-Ni>.9Mos 7 and i-Ni>.9Mos 7 cannot be
evaluated, since along with the increase of metal loading, the metal redispersion and structure
change also occur, we cannot ideally separate these two parts of metals and ensure their
contributions to catalysts’ activity. TOFc4e value shows that the second-step impregnation

does not always have a positive effect in our case.

6.4 Conclusion

A self-made alumina (AL,Os3(self-made)) was synthesized via a one-step preparation route, in
which the solid compounds NH4AIO(OH)HCO3 and NH4HCO3 were mechanically mixed in
a mortar, dried and calcined. Catalysts with same formulation prepared with Al,O3(self-made)
and Al,Os(commercial) as support present comparable performance. The same preparation
route was used to prepare alumina-supported NiMo catalysts (g-Niz.oMog 7) by co-mixing the
metals with the alumina precursor compounds. For comparison, i-Ni 9Mos7 with the same
formulation was prepared by incipient wetness impregnation with AlOs(self-made) as
support. The results show that i-Ni;9oMos7 has a weaker metal-support interaction and a
higher reducibility in its oxidic precursor compared to g-Ni»9Mos 7. This high reducibility
promotes the formation of sulfided catalyst with high metal dispersion and high content of
active NiMoS phase during the sulfidation, which further leads to higher HDS activity in i-
NizoMoe7. With extra metals deposition by a second-step impregnation, g-NizoMog 7+i-
Nip.77Mogs and i-Niz9Mog7+1-Nig.77Mog 3 were prepared. By comparing the metal-support
interactions and crystallinity in catalysts, we noticed that a metal redispersion occurred
during the second-step impregnation. Though the DBT conversion of these two catalysts
increased, the corresponding TOFcge values did not show the same trend. g-Ni»oMog 7+i-
Nip.77Mos 3 has the same TOFqge as g-Niz.oMog 7 (0.025 s71), while i-Niz oMo 7+i-Nig77Mos 3
(0.051 s!) has a lower TOFeqge than i-Niz9Mos.7 (0.060 s). The higher intrinsic activity of
the active sites results in the promoted catalytic performance of i-Niz9Mos 7+i-Nig.77Mo0g 3.
However, the role of the second-step impregnation in our system still needs to be further

investigated.
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6.6. Appendix D

Two NiMo/AlLO; catalysts with target metal loadings of 15 wt% Mo, 3.67 wt% Ni, and 2
wt% P were prepared via incipient wetness impregnation of the Al,Os3;(commercial) and
Al Os(self-made) powder (75 — 125 pm). The impregnation solution was prepared by
dissolving 0.7/0.6 mL H3POj4 solution (85 wt% in H»>0), 2.1/1.8 mg MoO3, and 0.7/0.6 mg
NiCOs in deionized water under continuous stirring. The solution was heated to 100 °C to
accelerate the dissolution. The final volume of the solution was adjusted with water to the
total pore volume of two used alumina carriers. After impregnation and dried overnight at
120 °C, the dried-only catalyst precursors were yielded and denoted as NiMo-
PA%/Al,03(commercial) and NiMo-PA%/Al,Os(self-made).
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Figure D1. XRD patterns of precursor of Al2O3(self-made) (before calcination).
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the pore size analysis results from the corresponding isotherms.
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Figure D5. XRD patterns of NiMo-PA%/A1>:03(commercial) and NiMo-PA¥/Al>Os(self-made).
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Summary and outlook

Aspects of Synthesis, Structure, and Catalytic Performance of

Alumina Supported NiMo Hydrotreating Catalysts

Hydrodesulfurization (HDS) is used worldwide to produce ultra-low sulfur fuels by
removing sulfur from crude oil to meet environmental legislation. Even today,
hydrodesulfurization is still one of the most extensive applications of industrial catalysis
based on the amount of catalyst processed worldwide. Typical HDS catalysts consist of
sulfides of molybdenum and nickel, where the concentration of the promotor nickel is only
about 20 % of the molybdenum content. HDS catalysts are usually prepared in the form of
oxidic precursors and converted into active sulfides in the presence of H/H,S before their
service in a refinery. In the commonly accepted structural model, Ni decorates the edges of
MoS; nanoparticles under formation of the so-called NiMoS phase, which is the active phase
in these catalysts. The state of the active phase results from its preparation history; it can be
modified by adjusting preparation conditions, such as changing the starting material of Mo
and Ni or adding different organic compounds to the metal solution. In this thesis, the relation
between the oxidic precursor and the active sulfide structure of different, but consistently
comparable catalyst formulations, was investigated using advanced characterization
(Chapters 3, 4, and 5). In Chapter 6, the influence of two very different alumina carriers
and their utilization in HDS catalysis were studied.

In Chapter 3, the optimum ratio of Ni/Mo was explored by comparing the catalytic activity
of five NiMo/Al,O3 catalysts with different Ni/Mo ratios (from 0.18 to 0.62). The activity
data show that the highest performance is achieved with a Ni/Mo ratio of 0.4. Next, we
systematically studied the influence of calcination and organic additives (citric acid (CA),
ethylene glycol (EG), nitrilotriacetic acid (NTA), malic acid (MA)) on catalyst structure and
performance. The activity data show that calcination and organic additives bring about
different levels of activity (gas-phase thiophene and liquid-phase dibenzothiophene (DBT))
improvement, except for NTA. For catalysts with NTA, a different performance behavior
was observed in gas-phase thiophene and liquid-phase DBT HDS, where a significant

improvement in thiophene HDS was observed, while no activity enhancement or even an
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inhibitory effect was observed in DBT HDS. Among additives, MA(1.2)/MoO3; (prepared
from MoO3/NiCOs, with MA as additive and with a molar ratio of MA/Mo = 1.2) is the most
active catalyst. We also studied the influence of chemical sources on catalyst performance.
The catalytic activity of two series of catalysts prepared from two sets of chemical sources,
i.e., (NH4)sM07024 (AHM)/Ni(NO3), and MoO3/NiCOs3, and in each series with the additives
mentioned above, was evaluated. Thiophene HDS and DBT HDS results indicate that
catalysts prepared from MoO3/NiCOs show a higher activity than their counterparts prepared
from AHM/Ni(NO3),, and the activity difference between the pair of catalysts with additives
is more evident than the pair without additives. Based on this, we infer that the complex

catalyst system is more susceptible to chemical sources (preparation condition).

To better understand the reason for the activity difference caused by chemical sources, in
Chapter 4, a detailed structural characterization of two catalysts (MA(1.2)/AHM and
MA(1.2)/M00s) with identical formulation, same additive (MA, malic acid), but prepared
respectively from (NH4)¢M07024 (AHM)/Ni(NO3), and MoO3/NiCO3; was conducted. The
oxidic precursor, sulfided and spent states of these two samples were characterized by means
of BET, temperature-programmed reduction (TPR), Raman spectroscopy, X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), Energy-dispersive X-ray spectroscopy
(EDX), scanning transmission electron microscopy (STEM), and ptychographic X-ray
computed tomography (PXCT). The results indicate that the oxidic precursor of the catalyst
prepared with MoOs3/NiCOs (higher activity) has a higher reducibility of Mo and weaker
metal-support interactions. After sulfidation, the metals are well dispersed on alumina
surface and primarily exist as active NiMoS particles, which are stable during the operation
and no apparent changes are observed. On the other hand, the catalyst prepared from
AHM/Ni(NO3), contains limited amounts of active NiMoS particles, and the remaining
metals occur as inactive, partly unsupported MoS, and isolated NiSx clusters, which turned
out unstable and were washed off during the operation or aggregated into larger domains.
These structural differences explained the observed significant DBT HDS performance
difference between MA(1.2)/AHM and MA(1.2)/MoOs caused by chemical sources.

The results in Chapter 4 show that the state of a sulfided active phase is distinctly determined
by the structure of its oxidic precursors. This conclusion inspired us to estimate and predict
catalytic activity on the basis of the oxidic state of HDS catalyst. For this purpose, in Chapter
5 the structural properties of oxidic NiMo/Al,Os catalyst precursors as obtained from UV-
vis spectroscopy (absorption edge energy, E.) and temperature-programmed reduction
(temperature of main reduction peak, Tm), were correlated with their activity in DBT

conversion (X). A negative linear relation between E; and X, T, and X was observed. This
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finding implies that catalysts with lower E, (smaller particle size) and lower T (higher
reducibility) show a higher HDS performance.

From the above studies, we acknowledged that carriers’ textural properties and stability play
an essential role in supported HDS catalysts. To verify this in Chapter 6, we prepared two
catalysts with identical compositions using two different carrier materials with comparable
surface areas and pore volumes: a self-made alumina (Al,Os(self-made)) prepared by
decomposition of NH4AI(OH)>CO;3 and a commercial alumina (Al,O3(commercial)). In a
direct comparison, catalysts on the Al,Os(commercial) carrier were 25 % more active.
However, our self-made alumina sample did open opportunities to try alternative catalyst
preparation routes. We prepared two sets of catalysts with the same metal loadings via two
different methods, co-grinding and incipient wetness impregnation. While in the example
above, we worked with different starting materials (chemical sources) under otherwise the
same conditions; here we used the same starting materials but processed them in different
preparation workflows. The DBT HDS results show that the catalyst prepared via co-grinding
has a lower activity than the respective impregnated catalyst, suggesting embedding metals
into the carrier has no advantage in the DBT HDS reaction.

In summary, in this study the influence of different parameters in the preparation of HDS
catalysts, i.e., starting materials (chemical sources), organic additives and carrier types, on
catalytic activity was investigated. We were able to explain the profound effect of chemical
components in the impregnation solution on the structure and activity of resulting catalysts,
and we could visualize these structural differences in the 3D space. A correlation between
the structural parameters of oxidic precursors and the activity of the respective finalized
sulfided catalysts was found. As we discussed the influence of chemical sources on the
structure of oxidic precursors, it is still unknown what exactly happened during impregnation.
Hence, it would be an interesting aspect to look into further. Real-time monitoring of the
impregnation process using PXCT, STEM, X-ray fluorescence for example, allows us to
further understand the core element of catalyst preparation and shed light on the improvement
of catalyst. More detailed information regarding the active sites, i.e., their position (Ni
especially) and morphology in catalysts and the states under HDS reaction conditions, could
help us understand the catalysts better. To do that, in situ FT-IR and Raman spectroscopy are
needed. In the second part of this thesis, the influence of two very different alumina carriers
is discussed; an alternative catalysts preparation method (thermal decomposition of
NH4AI(OH),COs) was also applied, though the synthesized catalyst shows a relatively low
HDS activity compared to the sample prepared via impregnation. However, this exploration
provides a direction for catalyst design. We use alumina as support in this thesis, as it shows
the high area surface and mechanical strength, while many other materials could also be
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chosen, e.g., active carbon [1], TiO; [2], as reported in the literature. Also, regarding the
preparation method, many other methods could be used to prepare supported catalysts, such
as chemical vapor deposition, ion adsorption, or deposition precipitation. Modifying MoS,
particles to increase the proportion of active phase is another aspect we could try to move
forward. As only the MoS, edge sites in our catalysts are active in the HDS reaction, the
whole basal plane is considered inactive [3]. It would thus be groundbreaking if the basal
plane could be activated. In a research of Lauritsen and Besenbacher [4], they claimed that
the electronic brim states near the edge of MoS; particles can participate in chemical bonding,
which increases the conductivity of MoS; and makes it different from the inert MoS; basal
plane. And this high local density of electronic states as observed even active the sulfur atom
away from the edge (Figure 7.1b). This study can be considered as a theoretical basis for

basal plane activation and it provides the possibility for further research.

Figure 7.1. (a) Atom-resolved STM image of a triangular MoS: nanocrystal on Au(111) together with
a ball model of the proposed edge structure reflecting (1010) Mo edge with a 100% S coverage. (b)
Atom resolved STM image of a truncated triangular Co-promoted nanoparticle. The interior part is
MoS2, but favorable substitution of Co is concluded to be at the (1010) S edge. Adapted from Ref. [4]
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