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Abstract: NiMo sulfide catalysts were prepared by the impregnation of high surface area supports
with an aqueous solution made of NiCO3-2Ni(OH),;, MoOj3 and citric acid, followed by freeze
drying and sulfidation in HyS/H, mixture. N, physisorption and X-ray diffraction were selected to
investigate the amphoteric oxides Al,O3 and TiO;, acidic Si0,-Al,O3 and activated carbon supports,
fresh prepared sulfide NiMo catalysts and spent catalysts after model parallel reaction of octanoic acid
deoxygenation and 1-benzothiophene hydrodesulfurization. The studied mesoporous amphoteric
oxides Al,O3 and TiO, did not lead to highly active NiMo catalysts due to the low hydrothermal
stability of these supports during the preparation of the active sulfide phase and deoxygenation
reaction. The most active catalyst based on oxidic support was the NiMo sulfide supported on
acidic mesoporous SiO,-Al,O3, which was explained by the increased stability of this support to the
water and CO/CO, mixture during the activation of the sulfidic phase and deoxygenation reaction.
The extraordinarily high stability of the activated carbon support led to outstanding activities of the
sulfidic NiMo/C catalyst.

Keywords: deoxygenation; hydrodesulfurization; NiMo catalyst; NiMo sulfides; support; activated
carbon

1. Introduction

Modern refining calls for the hydrotreating of synthetic crude coming from waste
plastic or renewables to reduce the environmental concerns of using fossil petroleum.
These novel feeds bring into the hydrocarbon pool a high oxygen content of up to about
38 wt.% [1-3], mainly in the form of -OH or -COOH groups and their derivatives. Dur-
ing co-hydrotreating of synthetic or renewable feeds with fossil-based feeds, sulfide
hydrotreating catalysts face extensive an hydrodeoxygenation (HDO) reaction in addi-
tion to an hydrodesulfurization (HDS) reaction. For this reason, the co-hydrotreating of
Co(Ni)Mo [4-16], Ru [17], Re [18], or Pt [19,20] catalysts has been studied using feeds con-
taining pyrolyzed biooils [4-12,17,18] or vegetable oils [13-16,19] together with thiophene
derivatives [4-8,18] or petroleum fractions [9-16,19].

We have found in our previous work comparing MgO, C, ZrO,, TiO,, Al,O3, and
MCM-41 supports [21] that the sulfidic NiMo phase on each support exhibited systemati-
cally higher HDO and HDS activity than the sulfidic CoMo and Mo phase. Nevertheless,
this NiMo phase did not lead to highly active catalysts in HDO if it was supported on the
amphoteric and basic oxides Al,Os, ZrO, and MgO, respectively. The inhibition effect of
water or CO/CO; during HDO that had been reported previously [11,22-27] could explain
this observation.
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This inhibition principally occurs by two manners, either by destruction of the support
or by poisoning of the active NiMoS phase.

First, the support structure and texture are destroyed by water. This phenomenon
appeared obvious for high-surface-area MgO support [28,29] but it was also described for
v-Al,Oz-supported NiMoS [23]. Gamma-alumina recrystallized to hydrous alpha-boehmite
phase after treatment with water in the temperature region 140-380 °C. These structural
changes were recorded by X-ray diffraction (XRD) and were accompanied with about
a 26% decrease in specific surface area (Sper) [23].

Secondly, the active NiMoS phase suffers from partial oxidation. This oxidation mostly
happens on the Ni that decorates the edges of the MoS; slabs during HDO treatment. This
Ni is considered as the most labile but the most active in HDO/HDS. Formation of nickel
sulfates, oxides or migration of this labile nickel to form inactive nickel aluminates explains
the activity losses [23]. Other inhibition can be due to the adsorption of CO/CO, on NiMoS
active sites [11]. CO/CO; is formed by the decarbonylation and hydrodecarboxylation
reactions during HDO. Moreover, CO/CO; undergoes water—gas shift and methanation
reactions at typical operation conditions of sulfidic NiMo catalysts, which slows down
the intrinsic HDO/HDS [26]. Thus, avoiding decarbonylation and hydrodecarboxylation
reactions during HDO is recommended [26,30].

The aim of the present work is to investigate the first means of HDO/HDS catalysts
deactivation, i.e., the structural and textural changes of the support. The high-surface-area
and mesoporous Al,O3, TiO,, SiO,-Al,O3 supports have been selected to deposit NiMo
sulfides for parallel reactions of octanoic acid HDO and 1-benzothiophene HDS at 1.6 MPa
and 330 °C. The high surface area of the mesopores should be able to disperse the high
loading of the NiMo phase. The thin walls of these mesoporous supports should be more
sensitive to destruction by H,O and/or an acidic CO,/H,O mixture during reduction
sulfidation of catalysts” precursors and/or the HDO/HDS. Activated carbon has been
selected due to its inertness and high HDO/HDS activity [21] for the matter of comparison.
We therefore elucidated the structural and textural properties of the supports, sulfide
catalysts and sulfide catalysts after the HDO/HDS using XRD and nitrogen physisorp-
tion, respectively.

2. Results and Discussion
2.1. Structural Characteristics

X-ray diffraction patterns of the studied supports are provided in Figure 1. High-
surface-area TiO, was notably anatase (PDF 00-021-1272) while other supports were practi-
cally X-ray amorphous. Al,O3 exhibited broad peaks typical for its gamma phase.

After catalyst preparation, the X-ray patterns showed typical broad and low intensity
peaks at about 33.5 (with a shoulder up to about 38) and 58.5 degrees that pointed on the
presence of an X-ray amorphous phase of NiMo sulfides in all catalysts. Quite recently [31],
the combination of Debye function analysis (DFA) applied to XRD data and high-resolution
transmission electron microscopy (HRTEM) explained how these broad and low intensity
peaks can be interpreted by the presence of nanocrystallites of MoS,. The larger shoulder
at about 38 degrees was assigned to the presence of multilayers and therefore larger
nanocrystallites of MoS; [31]. This shoulder can be observed in our Al,Os3- and TiO;-
supported catalysts. However, it should be noted that the phase of anatase could also
explain this shoulder in the TiO,-supported catalyst. For other catalysts, this shoulder is
less pronounced compared to the intensity of the first peak at about 33.5 degrees.
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Figure 1. X-ray diffraction (XRD) patterns of supports and sulfide NiMo catalysts. Characteristic
peaks of TiO;: (+) anatase, PDF 00-021-1272; (o) orthorhombic TiO,, PDF 01-082-1123; and (x) possibly
brookite, PDF 00-029-1360. Characteristic peaks of Mo oxidic species (*): MoO3.H,O, PDF 00-026-1449
or MogOyg4, PDF 03-065-1292. Characteristics low intensity and broad peaks of gamma Al,O3 (0J) and
nanocrystallites of MoS; (e).

Other recognized crystalline phases were observed only in the TiO,-supported cata-
lyst. The phase of anatase (PDF 00-021-1272) after NiMo deposition was less pronounced
in comparison with the original TiO; support. Additionally, the reflections of orthorhom-
bic TiO, (PDF 01-082-1123) and brookite (PDF 00-029-1360) were identified. The low
intensity but sharp peaks at 22.3 and 30.9 degrees can be explained by the presence of
crystalline molybdena species such as hydrous molybdena (PDF 00-026-1449) or MogOy¢
(PDF 03-065-1292). This shows in the incomplete sulfidation of NiMo phase in the collapsed
pores of the TiO,. This Mo species thus could not contribute to HDO/HDS reactions.

XRD documented that the high-surface-area TiO, underwent deep structural changes
during the catalyst preparation. The original structure of anatase deteriorated and the
molybdena species recrystallized.

2.2. Textural Characteristics
2.2.1. Supports

The inner surface areas Sprr of the supports and catalysts are shown in Table 1.
Adsorption—desorption isotherms of N, and pore-size distribution are summarized
in Figure 2.

Table 1. The comparison of selected textural and catalytic properties.

Surface Area Sgpr (m? g—1) Catalyst Activity k
Support ? Catalysts (mmol g~1h-1)
Fresh P Spent € kupo kups
Per Gram Per Gram Per Gram Per Gram Per Gram
of Support of Catalyst of Support of Catalyst of Support
Al,O3 413 165 275 154 257 19 51
TiO, 417 72 120 86 143 126 66
5i0,-Al,03 500 239 398 257 428 198 90
C 919 517 862 515 858 250 420

2 Sper of original support; b Sppr of sulfided NiMo catalyst; © Sper of NiMo catalyst after 3-h time on stream
at 50% conversion of octanoic acid.
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Figure 2. Textural properties of the support (blue lines), sulfided catalysts (black lines) and spent
catalysts after 3 h time of stream at 50% conversion of octanoic acid (red lines). N, adsorption
desorption isotherms (a), pore-size distribution from the adsorption branch of the isotherm (b), and
pore-size distribution from the desorption branch of the isotherm (c).

All supports exhibited Sgpr higher than 400 m? g~!. Nevertheless, the oxidic supports
possessed adsorption—desorption isotherms of type IV typical for materials containing
mesopores while activated carbon was highly microporous with the isotherm of type I [32].
In order to quantify the inner surface area of the mesopores, Sp;, and the volume of
micropores, V), a t-plot analysis was done. The results are shown in Table 2. It was
ascertained that practically all of the inner surface area of the oxidic supports was located in
the mesopores (Sper =~ Sp). In contrast, the surface area of the mesopores of the activated
carbon Sy represented only about 24% of total Sgrr. The rest of this rather overestimated
value of Sggr originated from N sorption in the micropores with pore radii lower than 1 nm.

The following order of increasing mesopore surface area Sy; was found within the
support studied: C < Al,O3 = TiO; < S5i0;,-Al,0s5.
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Table 2. The comparison of specific surface area Sppr with mesopore surface area Sy; and volume of
micropores V) normalized per gram of sample (S and V) calculated by t-plot method).

Support Fresh Catalyst Spent Catalyst ?
SBET Sm Vm SBET Sm Vm SBET Sm VM
m? g1 m? g1 mm?3 g1 m? g1 m? g1 mm?3 g-1 m? g1 m? g1 mm?3 g1
Al,O3 413 399 2 165 164 2 154 143 4
TiO, 417 415 <1 72 72 <1 86 86 <1
Si0,-
ALOs 500 500 <1 239 205 15 257 229 11
C 919 224 336 517 140 194 515 139 193

@ after 3 h time on stream at 50% conversion of octanoic acid.

2.2.2. NiMo Sulfide Catalysts

Deposition of the NiMo phase using an aqueous solution of citric acid followed by
freeze-drying and sulfidation at 400 °C decreased the surface area Sggr of the catalysts in
comparison with the Sggr of the parent supports. The surface area Sggr of the sulfided
catalysts were also normalized per unit weight of the support in Table 1, assuming the
composition of the sulfidic phase NiS-MoS;, its content in the sulfided catalyst equal to
40 wt.%, and its inherent surface area as negligible. The Sprr normalized in this way
decreased by about 33, 71, 20, and 6% for the Al,O3-, TiO,-, SiO,-Al,O3-, and C-supported
catalyst, respectively. If the inherent surface area of NiS-MoS, nanocrystallites is not
negligible, then this decrease in Sgrr would be higher. Clearly, this decrease in the Sppr
was significant for the Al,O3; and TiO, supports while it was low for the SiO,-Al,O3 and C.
In addition to the significant decrease in Sprr and Sy in Table 2, the studied TiO, exhibited
complex changes in pore-size distribution in Figure 2. Possible changes in the dispersion
of NiMo sulfides (Figure 1) necessarily connected with changes in Sprr and other textural
parameters hardly explain these high differences between the two groups of supports. We
concluded that the 5i0;-Al,O3 represented the most stable support within the studied high-
surface-area and mesoporous oxides. The activated carbon then exhibited extraordinary
stability despite being microporous.

The explanation of this high stability of the SiO,-Al,O3 surface lays in the fact that SiO,-
Al,O3 endures the reaction with water or CO/CO; that is formed during reduction-sul-
fidation of the deposited complex of Ni, Mo and CA. In contrast, the AlO3 and TiO,
surface is prone to hydrothermal deterioration. The complex of Ni, Mo and CA does not
cover the entire support surface as was the case with the MoO3; monolayer in our previous
works [33-35]. This surface (not covered by Mo) can react with the reaction water from the
reduction-sulfidation or CO/CO; originated from the citric acid, which causes the partial
destruction of pore walls and a decrease in the Sggr. The activated carbon is inert towards
this type of chemical deterioration.

2.3. Catalytic Activity

Table 1 summarizes the activities kypo and kypg of the prepared catalysts in the
HDO/HDS reaction. The fitting of kypo and kyps by Equations (1) and (2) is shown
in Figure 3.

The high-surface-area Al,O3 resulted in the catalyst with the lowest HDO and HDS
activity. The TiO,-supported catalyst exhibited increased HDO activity while HDS activity
remained low. It should be noted that these activities are lower than those achieved previ-
ously [21] over conventional y-Al,Os (Sper = 262 m? g’l) and TiO, (anatase,
Sper = 140 m? g~1) carriers. In our previous study [21], the NiMo sulfidic catalysts pos-
sessed kypo and kypg 105 and 128 mmol g’l h~! for the y-Al,O3 and 275 and 90 mmol g’1 h-!
for the anatase, respectively. The unprecedently low activities reached currently over the
high-surface-area and mesoporous Al,Os and TiO; can be explained by the complete
textural collapse of these supports during catalyst preparation.
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Figure 3. The formation of linear Cg and C; hydrocarbons and ethylbenzene (EB) during parallel
HDO/HDS of octanoic acid (OA) and 1-benzothiophene (BT) over the studied catalysts: solid
lines—fitting of activity kypo and kpps by Equations (1) and (2), respectively.

In contrast, the SiO,-Al,Os-supported NiMo catalyst exhibited the highest activities in
HDO and HDS comparing the studied mesoporous oxidic supports, which well correlates
with the highest Sprr given in Table 1 and other textural parameters summarized in
Table 2 and Figure 2. Nevertheless, the activated carbon had the most inert surface to
hydrothermal deterioration during the preparation of NiMo sulfides, which resulted in
the most active catalyst within the studied series. The presented high kypo and kyps
corroborated previously published results [21] that were achieved over similar activated
carbon (product no. GAQ5) and the NiMo phase. The activated carbon thus remains
the most promising support resulting in extraordinary high HDO/HDS activities.
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2.4. Textural Stability during HDO/HDS Reactions

Tables 1 and 2 and Figure 2 also show how the studied textural parameters of
the catalysts differed after 3-h time on stream. We hardly found significant changes in
textural parameters or HDO/HDS activities after this simplified deactivation test. Clearly,
the studied catalysts were stable during the HDO/HDS experiment. The most significant
changes in textural properties thus took place during the preparation of the catalysts in-
cluding the reduction—sulfidation procedure as was discussed above. The water, CO, or
CO; that are produced during the HDO did not continue the deterioration of the textural
properties, which could be explained by the low partial pressure of these inhibitors.

2.5. Selectivity in HDO/HDS Reactions
2.5.1. HDO/HDS Selectivity

Table 1 shows that NiMo/Al,Os (the least active catalyst) and NiMo/C (the most
active catalyst) were less selective to HDO than to HDS while NiMo/TiO, and NiMo/SiO,-
Al,O3 were about two times more selective to HDO than to HDS. The explanation of this
HDO/HDS selectivity behavior has been previously found in empiric correlation with the
point of zero charge, PZC, of the support [21]. The amphoteric supports with PZC about
7 result in NiMo catalysts with low selectivity to HDO. This is the case of the studied Al,O3
and activated carbon. In contrast, slightly more acidic TiO, with PZC about 5 and the
5i0;-Al, O3 with PZC about 4.5 are more selective to HDS. In summary, the hydrothermal
inertness of the surface of the activated carbon leading to preservation of the catalyst
texture and low metal-support interactions resulted in extraordinarily high HDO and HDS
activities in the NiMo/C compared with the NiMo/SiO,-Al,Os.

2.5.2. Selectivity to Reaction Intermediates

In contrast to HDO/HDS selectivity, the selectivities to reaction intermediates during
HDO/HDS reactions were similar over all of the prepared catalysts as shown in Figure 3.

No octanol was observed during the HDO of octanoic acid. The formation of olefins,
the intermediates of the HDO reaction, was pronounced at low space time while hydro-
genation to n-octane and n-heptane predominated at higher space time. We observed the
same in our previous work over NiMo sulfides supported on commercial carriers [21].

The C,,_; pathway (decarboxylation/decarbonylation) yielding C; olefins and finally
n-heptane predominated over all catalysts. The C,, pathway (intrinsic hydrodeoxygenation)
yielding Cg olefins and finally n-octane was less pronounced. The Al,Os3-, TiO;-, and
C-supported NiMo catalysts yielded about 67% of C; hydrocarbons (from total yield
of hydrocarbons) while the SiO;-Al,O3-supported NiMo catalyst yielded about 75% of
C7 hydrocarbons. We did not observe any cracking (Cn,—x pathway). The acidity of
5i0,-Al, 03 containing 25 wt.% of Al,O3 was thus lower than that of the MCM-41 in our
previous paper [21]. The formation of branched hydrocarbons such as 2-methyl-hexane,
3-methyl-hexane, 2-(or 4-)methyl-heptane, and 3-methyl-heptane was observed only over
the 5i0;-Al,O3-supported NiMo catalyst, but within amounts lower than 2% of Cg + Cy yi-
elds, and so it was not shown in Figure 3.

The formation of dihydrobenzothiophene (DH), the reaction intermediate of 1-benzo-
tiophene HDS, was negligible over all catalysts.

Figure 3 clearly shows that the hydrogenation function of the NiMo/C catalyst
is predominant because the presence of linear olefins is the least pronounced within
the studied catalysts.

2.6. Recapitulative Discussion and Outlook

The present contribution touched on important aspects for the forthcoming research
of HDO/HDS catalysts:

e  The method of catalyst preparation should be tailored to the specific character of each
individual support.
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e  The properly used chelating agent leads to highly active catalysts containing a variety
of supports including Al,O3 [31,36,37] but it appeared detrimental for the studied
high surface area Al,O3 and TiO;.

e  The supports on the base of SiO;-Al,O3 represent a promising alternative to single
oxides because they could be tuned in a wide range of acid-base properties [38—44]
and because they increase dispersion of MoS, compared to SiO; [37]. Acidity seems
crucial for the HDO of fatty acid containing feeds because it influences the formation
of linear or branched hydrocarbons [21,41].

e  The active phase should hydrogenate olefins, the reaction intermediates of the HDO
of fatty-acid-containing feeds. In this respect, the most promising support of the NiMo
phase was found to be the activated carbon. Activated carbon as well as the use of
citric acid contributes to low metal-support interaction and stability of Type Il NiMoS
phase containing a high number of corner sites [36,37].

e  The active phase and mesoporous support should provide stability to water and
CO/CO;, that has not been needed to such an extent in a single HDS reac-
tion [28,34,35,45-49].

3. Materials and Methods

The Al,O3 and SiO,-Al,O3 were synthesized by previously reported methods [33]
and [50], respectively. 5SiO,-Al,O3 contained 25 wt.% of Al,O3, which was found optimal to
achieve high HDS activity [51]. TiO, was a commercial support (NanoScale Materials Inc.,
Manhattan, KA, USA, Product No. AC312-0100). Activated carbon, C, was a commercial
support (Slovenské lu¢obné zavody a.s., Hnust'a, Slovakia, Product No. GA1). All supports
were uniformized to particle size fraction 0.16-0.32 mm by grinding and sieving.

The impregnation solution was prepared by dissolution of NiCO3-2Ni(OH), (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany, Product No. 544183), MoOs (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany, Product No. 69850) and citric acid, CA, (Lach-Ner
s.r.0., Neratovice, Czechia, Product No. 10019-AP0) in water. The molar ratio of Ni:Mo:CA
was 1.00:2.33:3.33. The support with impregnation solution was stirred for 15 min at lab-
oratory temperature, cooled in liquid nitrogen for 1 min and dried in a freeze-dryer for
3 days. Freeze drying was chosen to lessen the interaction of Mo species with the support to
form undesirable three dimensional heteropolymolybdates [52]. The relatively long 3-day
freeze-drying time is necessary to remove moisture from the pores of the supports. We veri-
fied on part of the samples that an additional drying in a conventional oven at 110 °C did
not lead to any weight loss. The samples removed from the freeze dryer were immediately
sulfided in a gaseous H,S:Hy mixture (1:10) at 400 °C for 1 h. The catalysts were stored
in gas tight ampules under N;. Chemical analysis by atomic absorption spectroscopy,
AAS, confirmed the same content of Mo and Ni in all catalysts (19.0 &+ 0.5 wt.% Mo
and 5.0 £+ 0.3 wt.% Ni).

X-ray diffraction measurements, XRD, were done on Bruker D8 Advanced Eco Powder
X-ray analyzer (Bruker Corporation, Karlsruhe, Germany) with filtered CuKo radiation at
40 kV acceleration and 25 mA current of the X-ray tube, scan step 0.02° and 4 s accumulation
time at each step. Physisorption of N, was performed over the supports and catalysts on
an ASAP 2020 Micromeritics instrument (Micromeritics Instrument Corporation, Norcross,
GE, USA) after degassing at 350 °C and 1 Pa vacuum for 24 h. The adsorption—desorption
isotherms of nitrogen at 77 K were evaluated by the standard Brunauer—-Emmett-Teller
procedure [53] for the p/p° range = 0.05-0.25 to calculate the specific surface area Sggr.
The pore-size distribution (pore radius 1-10 nm) was evaluated from both the adsorption
and desorption branch of N; isotherm by the Barrett—Joyner-Halenda (BJH) method [54]
assuming a cylindrical pore geometry. The Lecloux—Pirard standard isotherm [55] was
used for the t—plot and for the pore-size distribution evaluation. Volume of micropores,
Vi, and surface area of mesopores, Sy;, were also determined [56]. The determination of
SpeT, Sm, and V1 were made with an accuracy of £5%.
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The activity of catalyst in parallel HDO/HDS of octanoic acid (OA)/1-benzothiophene
(BT) was determined by the previously reported method [21] in laboratory-scale tubu-
lar flow reactor at 330 °C and 1.6 MPa. The catalyst weight, W, was 0.1, 0.2 and 0.4 g.
The NiMo/C was additionally measured at weight 0.03 g due to its high activity; as re-
ported therein. The reaction was run at three feed rates, F, of OA and BT: 7.7 mmol h1,
10.3 mmol h~ !, and 15.5 mmol h—1.The pseudo-first order rate constant, kypo, of Cg + Cy
hydrocarbons formation, ycs.cy, during the HDO of OA and the pseudo-first order rate
constant, kypgs, of ethylbenzene (EB) formation, ygp, during the HDS of BT was fitted by
non-linear regression and used as the index of catalyst activity:

ycg+c7 =1 — exp (—kupo x W/Foa) 1)

yep =1 — exp (—kpps x W/Fpr) )

In addition to this activity test [21], the catalysts were also compared at relative yields
of Cg + Cy hydrocarbons ycs.c7 = 0.5 in terms of stability. The yield ycg.cy = 0.5 was
achieved at 50% conversion of OA. The catalysts were taken from the reactor after 3-h
time on stream and their textural properties were characterized by N, physisorption.
The determination of kyypo and kyps were made with an accuracy of +10%.

4. Conclusions

The co-impregnation of the high-surface-area mesoporous Al,O3 and TiO, supports
with aqueous solution of NiCO3-2Ni(OH);, MoOj3 and citric acid, followed by freeze
drying and reduction—sulfidation resulted in catalysts of low surface area and low activities
in hydrodeoxygenation of octanoic acid and hydrodesulfurization of 1-benzothiophene.
In contrast, this method of preparation was successful for the high-surface-area 5i0;-Al,O3
support containing 25 wt.% of Al,O3 and the activated carbon. The BET area of the sulfidic
NiMo/S5iO;-Al, O3 catalyst with Ni and Mo contents of 5 and 20 wt.%, respectively, was
240 m? g~!. This surface area practically represents the surface area of the mesopores and
it remained the same after the HDO/HDS reaction. This catalyst mostly yielded linear
hydrocarbons by HDO convenient for diesel fuel and it also exhibited high activity in
HDS. Nevertheless, the most active catalyst in both HDO and HDS was NiMo/C. At the
same loading of NiMo, the mesopore surface area was only about 140 m? g~ ! due to
high microporosity of the activated carbon. The textural stability of the activated carbon
towards the hydrothermal deterioration during the reduction—sulfidation step of catalyst
preparation was the highest among the studied supports.
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