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ABSTRACT The nature of the interaction between metals and a catalyst support is a crucial factor in determin-
ing the dispersed state of active component phases. In this study, a series of Ni-Mo/ZSM-23 catalysts for the
hydroprocessing of plant lipids was prepared by incipient wetness impregnation. The catalysts were prepared
by a different sequence of metal deposition and using various complexing agents. The catalysts were investi-
gated by a few physico-chemical methods (TPR, UV-Vis spectroscopy, XRD, TPD-NH3, Raman spectroscopy,
HRTEM). It was found that the charge of the ZSM-23 zeolite surface (positive/negative) and the type of metal
ions in the impregnation solution affect the formation of phases on the support surface. The use of ammonia
impregnating solutions leads to the formation of phases NiO, a-NiMoO, and 8-NiMoO,. In the case of using
aqueous and citrate impregnating solutions, only the formation of NiO and 3-NiMoQO, phases is observed.
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1. Introduction

Currently, the study of nickel-containing catalysts on zeolites is relevant for the hydroprocessing plant lipids (fatty
acids, microalgae lipids, waste cooking oils) to obtain iso-alkanes [1,2]. This process is carried out to obtain motor fuels
similar in their characteristics to diesel and aviation fuels obtained from fossil raw materials [3]. One of the promising
supports is the zeolite ZSM-23 [4—6], which, due to its one-dimensional channel system, makes it possible to increase
the selectivity of isomerization by suppressing the formation of multibranched alkanes, which can easily be subjected to
a side process of hydrocracking. To increase the activity and stability, the catalysts can be modified with transition metals
such as Mo [7], W [8], Co [9], Cu [10]. As has been shown in several studies, molybdenum has the greatest effect on
the activity of nickel-containing catalysts in the hydroprocessing of plant lipids [7, 11]. Since the nature of metal-support
interaction is one of the determining factors in the formation of the dispersed state of the phases of the active component,
it is important to know the form the metals in the impregnating solution, as well as charge of the support surface. It
is known that surface polarization occurs in an aqueous medium and, depending on the pH of the medium, the support
surface can be positively or negatively charged [12]. The pH value at which the surface of the support is not charged is
called the point of zero charge (PZC) [13]. In contact with impregnating solutions more acidic than PZC, the surface of
the support is positively charged and adsorbs anions. If the impregnating solution is more alkaline than PZC, then the
surface of the support is negatively charged and cations are adsorbed [13, 14].

One of the common methods of preparing Ni-Mo catalysts is incipient wetness impregnation, in which the sequence
of metal deposition may differ — first Ni, then Mo [15, 16]; first Mo, then Ni [17, 18] and co—precipitation [11,19-22]. The
composition of the impregnation solution may also differ, the most used are aqueous [11, 15-18], citrate [20,21] and am-
monia [19,22]. All these parameters can affect the distribution of metals on the surface and the degree of their interaction
with the support, which in turn will determine the catalytic activity. While the impact of various preparation parameters on
traditional hydrodesulfurization (HDS) catalysts has been studied, the influence of these parameters on catalysts designed
for the hydroprocessing of plant-based lipids is less well understood. This presents a significant knowledge gap, as the
oxygen-rich nature of lipid feedstock and specific reaction pathways, such as deoxygenation, require different demands
on catalyst active sites compared to sulfur removal. In particular, the effect of impregnation solution composition on
the physicochemical properties and phase evolution of Ni-Mo catalysts optimized for lipid upgrading has not been fully
investigated.
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The effect of the composition of impregnating solutions on the physico-chemical properties of Ni-Mo catalysts for
the hydroprocessing of plant lipids has not been comprehensively discussed in literature. Therefore, the purpose of this
work is to study the effect of the composition of impregnating solutions on the formation of phases of the oxide form of
active component in Ni-Mo catalysts based on zeolite ZSM-23. This article focuses on the impact of the composition of
the impregnation solution on the interaction between the metal and the support, as well as the final distribution of nickel
and molybdenum atoms, in order to establish rational design principles for more efficient hydroprocessing catalysts for
renewable fuels.

2. Experimental
2.1. Materials

Zeolite ZSM-23 in H form with a SiO3/Al,03 = 48 was used as a support (Zeolyst International, USA). Nickel (I)
nitrate Ni(NOg)2 - 6H20 (> 98 %)(Reachim, Russia) and ammonium paramolybdate (NH4)gMo7O24 - 4H20 (> 98 %)
(Laverna, Russia) were used as metal precursors. Citric acid CgHgO7 (Base No. 1 of Chemical Reagents, Russia) and
25 % ammonia solution (Base No. 1 of Chemical Reagents, Russia) were used as complexing agents. Technical oleic
acid (Reachim, Russia) (hereinafter referred to as the FAs mixture) was used as a model raw material, which includes
palmitic (5.1 mol. %) (stearic (3.1 mol. %) (oleic (59.2 mol. %) (linoleic (30.4 mol. %) (linolenic acid (1.7 mol. %) (and
arachidonic (0.5 mol. %) acids.

2.2. Preparation of catalysts

The catalysts with the following composition — 5 % Ni — 2.5 % Mo/ZSM-23 were prepared by incipient wetness
impregnation. One of the samples was prepared by sequentially deposition of metals — first Ni, then Mo. Other samples
were prepared by applying an impregnation co-solution in the presence of various complexing agents and with different
pH. The NiMo-wat sample was prepared from an aqueous co-solution, the NiMo-cit sample — from a citrate co-solution,
NiMo-amm-9 — from an ammonia co-solution with pH = 9, and NiMo-amm-11 — from am ammonia co-solution with
pH = 11. After metal deposition, the catalysts were dried at 120 °C for an hour and then calcined at 550 °C for 2 h.
Before the catalytic experiments, the samples were reduced in sifu in a flow of hydrogen (500 ml/min) for an hour at
550 °C at atmospheric pressure. Before physico-chemical studies, the samples were reduced under a hydrogen flow of
500 ml/min for an hour at a temperature of 550 °C at atmospheric pressure, then passivated with ethanol.

2.3. Characterization of the catalysts

The pH PZC for zeolite ZSM-23 was determined using the weight titration method [23,24]. 50 ml of an electrolyte
solution (0.01 M NaCl) was added to a 100 ml glass. Then, the zeolite was added to beaker in small portions (0.1 g each) at
certain intervals (5 — 10 min) with continuous stirring on a magnetic stirrer, until unchanged pH values of the solution were
reached. pH was measured using the Multitest IPL-301 pH meter (Russia). The techniques of temperature-programmed
reduction (TPR), temperature-programmed desorption of ammonia (TPD-NH3), diffuse reflection spectroscopy in the UV
and visible regions (UV-Vis DRS), Raman and IR spectroscopy, X-ray diffraction analysis (XRD) were described ear-
lier [25,26]. The sample microstructure was examined by High-Resolution Transmission Electron Microscopy (HRTEM)
using a ThemisZ microscope (Thermo Fisher Scientific, USA) at an accelerating voltage of 200 kV (point-to-point reso-
lution: 0.07 nm).

2.4. Catalytic tests

The catalytic experiments were carried out in a flow reactor. The loading of the catalyst (fraction 0.25 — 0.5 mm) was
1 g. For uniform heat exchange, the catalyst was mixed with quartz (0.63 — 1.0 mm) — 3.8 g. The process was carried
out at 300 °C, in a flow of hydrogen and argon (500 and 200 ml/min, respectively). WHSV was 8.4 h™!, the ratio of
hydrogen to fatty acids Ho/FAs for standard experiments was 3150 m3/m?>. The time-on-stream was 10 h. The pressure
was 2.5 MPa. The fractional composition of the liquid products of the hydroprocessing was determined by the method of
simulated distillation (Sim-Dist) [27] The group composition of the liquid products was studied by two-dimensional gas
chromatography (GCxGC) [27].

3. Results and discussion
3.1. Analysis of impregnating solutions

According to weight titration data, the pH PZC for zeolite ZSM-23 was 4.3. Table 1 shows the pH values of the
impregnating solutions. The methods of Raman and IR and UV-vis spectroscopy were used to determine the kind of
metal ions in impregnating solutions.

In Fig. 1 and Fig. 2, the IR and Raman spectra of impregnating solutions is shown. In the Raman spectrum of the
Ni(NO3), solution, a single band with a maximum of about 1046 cm™! is observed, related to the n,(NOs) oscillation
of the nitrate ion. In the IR spectrum of this solution, bands of water 1627 cm™! (§(H20)) and nitrate ion 1345 cm™?,
1385 cm™! (n,(NO3)), 1046 cm™! (n,(NO3)), 830 cm ™! (§,,(NO3)) are observed [28]. The band of a doubly degenerate
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TABLE 1. pH of impregnating solutions

Catalysts pH of impregnating solutions
Ni(NO3)2 (NH,)sMo7Os4
Ni-Mo 5.08 504

NiMo-wat 302
NiMo-cit 2.68
NiMo-amm-9 910
NiMo-amm-11 10.99
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FI1G. 1. Raman spectra of impregnating solutions

asymmetric valence oscillation for a free nitrate ion is split into two components (1345 and 1385 cm™!), which indicates
the coordination of nitrate ions to nickel cations. Thus, the spectrum corresponds to the compound Ni(H30),(NO3),,.

Bands 897 and 944 cm ™! are observed in the Raman spectrum of the ammonium paramolybdate solution. Bands
894, 839, 1451 and 1634 cm ™! are observed in the IR spectrum of this solution. The appearance of the obtained spectra
indicates that both paramolybdate Mo7054%~ (944 cm~' — Raman and 894 cm ™! — IR) and monomolybdate MoO,2~
(897 cm~! — Raman, 839 cm ™! — IR) ions are present in the solution [29]. In addition, ammonium ions (1451 cm~! in IR)
and water (1634 cm ™" in IR) are present in this solution. A band of paramolybdate 944 cm™' and nitrate 1046 cm™ " is
observed in the Raman spectrum of NiMo-wat. Bands of paramolybdate 904 and 929 cm ™! and nitrate 1382, 1344, 1046
and 830 cm ™! and water 1627 cm ™" are also observed in the IR spectrum of this solution. The Raman and IR spectra of
the NiMo-cit solution correspond to the spectrum of the mixed Ni,MoCit complex [21]. The spectra of NiMo-amm-9 and
NiMo-amm-11 solutions turned out to be similar, therefore, one spectrum is given for an ammonia impregnation solution.
The bands M0042* 894 cm ™! and 1048 cm™! nitrate are observed in the Raman spectrum of the NiMo-amm solution.
In the IR spectrum of this solution, in addition to the bands of monomolybdate (827 cm ™) and nitrate (1380, 1346 and
1043 cm™'), a band of NHj is observed, probably coordinated to nickel cations (1244 cm™h).

Analyzing the obtained spectra of impregnating solutions and pH PZC for zeolite ZSM-23, a scheme can be proposed
for the electrostatic interaction of the surface of zeolite ZSM-23 and metal ions in impregnating solutions (Fig. 3). As
mentioned earlier, at pH < PZC, the zeolite surface is positively charged and presumably adsorbs anions on its surface. At
pH > PZC, the zeolite surface is negatively charged and preferentially adsorbs cations. According to the IR and Raman
spectra, in solutions with a pH below 7, molybdenum mainly presents in the form of polymolybdate anions [Mo;024]%~
and [MogOg6]*~. In solutions with a pH greater than 7, molybdenum presents mainly in the form of monomolybdate
ion [MoO4]?~. Thus, 3 groups of catalysts can be distinguished in accordance with the charge of the zeolite surface and
the state of molybdenum in the impregnation solution during preparation. The first group of catalysts includes samples
in which, during preparation, the zeolite surface is positively charged, and molybdenum is in the form of polymolybdate
ions. These are NiMo-wat and NiMo-cit catalysts. The second group includes catalysts, in which the zeolite surface is
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F1G. 3. Scheme of electrostatic interaction of zeolite ZSM-23 and metal ions in impregnating solutions

negatively charged during preparation, and molybdenum is in the form of polymolybdate ions. This is a sample of Ni-Mo.
The third group includes catalysts, in which the zeolite surface is negatively charged during preparation, and molybdenum
is in the form of monomolybdate ions. These are the NiMo-amm-9 and NiMo-amm-11 samples. It can be expected that
the most uniform distribution of nickel and molybdenum will be in the 3rd group of catalysts, since the charge value of
metal ions is the same ([Ni(NH3)s]?>" and [MoO4]?>~), which can lead to the formation of a complex with a metal ratio
Ni/Mo = 1. In the case of other catalysts, the charge value of the paramolybdate ion is higher ([M0702415~, [M0gOa]*~
and [Ni(H20)g]%"), therefore, most likely, complexes with a metal ratio of Ni/Mo = 3 will form in the solution.

3.2. UV-vis spectroscopy

To obtain information on the coordination of metal atoms, UV-vis spectra for Ni-Mo/ZSM-23 catalysts in oxide form
were recorded. For all catalysts, two main absorption regions can be distinguished — from 10000 to 30000 cm ™! (Fig. 4a)
and from 30000 to 45000 cm ™! (Fig. 4b). In the first absorption region (visible range), due to the manifestation of d-d
transitions of Ni*T cations, several main absorption bands can be distinguished. The band at 13800 cm ™" corresponds
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to Ni?* particles stabilized in an octahedral oxygen environment (Ni2*0},), and the band at 15200 cm~! corresponds to
Ni?™ particles in a tetrahedral oxygen environment (Ni>"T). Also, in the spectra of all bimetallic catalysts, there is a wide
absorption band at 12220 cm ™!, which corresponds to distorted octahedral Ni>*(O},) particles, which is associated with
the formation of a joint Ni-Mo phase in the form of NiMoOy, [30,31]. The intensity of the absorption band may indirectly
indicate the size and availability of metal particles. Thus, the lowest absorption in the region of 10000 — 15000 cm ™" is
observed for the Ni-Mo catalyst, which may indicate the blocking of nickel particles by molybdenum particles [32]. The
highest absorption in this region is observed for NiMo-amm-9, which may indicate the most dispersed nickel particles.
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FI1G. 4. UV-vis spectra of NiMo/ZSM-23 catalysts in oxide form in the range: (a) from 10000 to
30000 cm™*, (b) from 10000 to 45000 cm™*

The second absorption region (UV range) is usually due to the manifestation of charge transfer bands of ligand-
metal cations Ni>™ or Mo®" or the general absorption of massive systems such as NiO oxide or MoOj3 [7,32,33]. The
most intense absorption in this area is observed for the NiMo-amm-9 catalyst. This may be due to the formation of
monomolybdates [MoO4]?~ in an ammonia impregnation solution, which, when calcined, form smaller particles com-
pared to particles obtained from polymolybdates [M07024]6* and [M08024]4* [31]. It is difficult to identify absorption
bands for octahedral and tetrahedral forms of molybdenum Mo®™ cations, since these bands are poorly expressed due to
the small amount of molybdenum in catalysts.

3.3. Raman spectroscopy

The catalysts in the oxide form were investigated by Raman spectroscopy to determine the types of metal particles
in the samples. In the spectra (Fig. 5) of all catalysts, a band at 961 cm™! is observed, which refers to V, (Mo=0)
oscillations of the a-NiMoQOy phase [11, 34,35]. A small band at 914 cm ™! is also found in the spectra of the NiMo-
amm-9 and NiMo-amm-11 catalysts, which corresponds to V,(Mo=0) oscillations of the a-NiMoOy phase [11, 34].
The appearance of additional bands indicates an increase in the amount of a-NiMoO, phase in the NiMo-amm-9 and
NiMo-amm-11 catalysts. Trace amounts of the 5-NiMoO, phase may also be present in all samples, fluctuations of
which should be observed at 900 and 945 cm ™" [35,36]. It is worth noting that with an increase in the pH of the ammonia
impregnation solution, the intensity of the a-NiMoO,4 phase band increases, which may indicate an increase in its amount.
No oscillation bands related to the MoO3 phase were detected.

3.4. Temperature-programmed reduction

For all catalysts on the TPR profiles (Fig. 6), hydrogen absorption in the range from 150 to 350 °C is not observed,
which indicates the absence of massive NiO particles [18]. The rest of the TPR profile can be divided into 4 components.

The particles of of nickel oxides weakly bound to the surface of the support [17,22,37] are reduced at temperatures
of 350 — 450 °C. In the case of NiMo-cit catalyst, the absence of this reduction maximum may be due to the formation
of a Ni,MoCit complex in the impregnation solution, by analogy with Cos[Mo4011(CgH507)2] [38], from which, upon
calcination, co-oxides of Ni and Mo or particles of NiMoO, are formed [7,39]. The next maximum reduction in the region
0f 450 — 520 °C corresponds to the reduction of interacting NiO and MoQj particles. Interaction can be understood as both
physical contact between particles [25] and chemical interaction — the formation of the NiMoOy4 phase [40]. Further, at a
temperature of about 560 °C, Mo is reduced to Mo** [17,37,41], which corresponds to the reduction of molybdenum
oxide particles that do not encounter nickel-containing particles. At temperatures of 700 — 750 °C, molybdenum is further
reduced to a metallic state [7, 18,41]. It is also worth noting that the amount of hydrogen absorbed differs from catalyst
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to catalyst. The largest amount of absorbed hydrogen is observed for the Ni-Mo sample. In the case of impregnation
co-solutions, the smallest amount of absorbed hydrogen is observed for samples NiMo-amm-9 and NiMo-amm-11. This
may indicate that in catalysts prepared from ammonia impregnation solutions, there is a stronger interaction of the active
component with the surface of the support compared to other samples [42].

3.5. X-ray diffraction analysis

All diffractograms (Fig. 7) show the reflexes of the support — ZSM-23. For all catalysts, a peak at 37.2° can be
identified, which refers to 111 NiO (PDF 47-1049). However, for the catalysts prepared by impregnation co-solutions,
this peak is weakly expressed. This may indicate the presence of highly dispersed NiO particles, or a smaller number of
them than in the Ni-Mo catalyst. Also, for all catalysts, a peak is observed at 26.7°, which corresponds to 3-NiMoQO,
(PDF 45-142). For the NiMo-amm-9 and NiMo-amm-11 catalysts, a peak at 28.8° can be distinguished, which belongs
to a-NiMoOy4 (PDF 9-175). Since the diffractograms show relatively weak signals from phases containing nickel and
molybdenum, which also overlap with peaks of the support, the intensity ratio of certain phase peaks was used for only
qualitative comparison of catalysts. The evaluation method is described in detail in the experimental part. As a com-
parison, Table 2 shows the ratio of intensities (I) at various points for the zeolite, the remaining samples were analyzed
relative to this “control point”.
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F1G. 7. Diffractograms of NiMo/ZSM-23 catalysts in oxide form

Based on the data given in Table 2, the 8-NiMoO, phase can be identified in all catalysts. The «-NiMoOy4 phase
presents only in catalysts prepared from ammonia impregnation co-solutions. It is known that pure 5-NiMoOy is a
metastable phase that exists at high temperature [43]. However, with an excess of nickel in the catalyst (atomic ratio
Mo/(Ni+Mo) < 0.5), the 5-NiMoO, phase can be stable at room temperature [44, 45]. Apparently, nickel-enriched
particles forming the 5-NiMoQO, phase are present in all catalysts. In the catalysts NiMo-amm-9 and NiMo-amm-11,
nickel and molybdenum are distributed more evenly, which allows obtaining the stoichiometric phase a-NiMoOy4. The
observed phenomenon regarding the formation of phases is consistent with the previously proposed scheme of electrostatic
interaction of metals in solution and with the surface of the support.

Figure 8 shows X-ray images of Ni-Mo/ZSM-23 catalysts in reduced form. Narrow peaks of the support (zeolite
ZSM-23) are present on all diffractograms. For all catalysts, a peak is observed at 44.1°, which corresponds to (111)
Ni (PDF 04-0850). A peak at 51.7° is also observed for the Ni-Mo sample, corresponding to (200) Ni (PDF 04-0850).
Reflexes corresponding to the molybdenum-containing phases are not observed.
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TABLE 2. Structural characteristics of NiMo/ZSM-23 catalysts in oxide form

[(3-NiMo0O,)/ | I(@-NiMoO,)/ | I(NiO)/ | I(3-NiMoO,)/ | _ Phase
Catalyst [(ZSM-23) I(ZSM-23) | I(ZSM-23) | I(a-NiMoOy) | composition CSD, A
ZSM-23 0.48 0.03 0.32 — ZSM-23 —
SNi-ZSM-23 0.39 ~0.05 1.98 — NiO 300
ZSM-23
NiO
Ni-Mo 0.95 ~0.05 1.55 — B-NiMoO, | 160
ZSM-23
NiO
NiMo-wat 1.32 ~0.06 0.62 — B-NiMoO; | 60
ZSM-23
NiO
NiMo-cit 0.76 ~0.01 0.82 — B-NiMoO; | 90
ZSM-23
NiO
NiMo-amm-9 0.64 0.25 0.99 2.6 gﬁiﬁggi 170
ZSM-23
NiO
NiMo-amm-11 0.69 0.21 0.65 33 ggmggi 110
ZSM-23
Ni
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F1G. 8. Diffractograms of NiMo/ZSM-23 catalysts in reduced form

The structural characteristics of the reduced catalysts are presented in Table 3. The lattice parameter for pure nickel
is 3.523 A. For the Ni-Mo sample, this parameter is practically the same, which may indicate the absence of Ni-Mo solid
co-solutions. For the remaining samples, the lattice parameter is greater than that of pure nickel, which is associated with
the formation of solid co-solutions.

Apparently, this is because nickel and molybdenum, being in the same impregnation solution, can interact to form
various complexes, which, when fixed on the surface and further calcination, give solid solutions. It can also be noted that
the use of impregnation co-solutions helps to reduce the size of CSD for nickel particles.

3.6. High-resolution transmission electron microscopy

To determine the distribution of metals on the surface of zeolite ZSM-23, catalysts in oxide form were studied by
HRTEM. The resulting images and the energy dispersive X-ray (EDX) mapping analysis data of the studied samples are
shown in the Fig. 9. The average size of Ni- and Mo-containing particles is represented in Table 4.

The largest size (Table 4) — 14 nm — of metal-containing particles is observed in the Ni-Mo catalyst, which is prepared
by successive deposition of Ni and Mo. Smaller particles are observed in the other catalysts prepared from impregnation
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TABLE 3. Structural characteristics of NiMo/ZSM-23 catalysts in reduced form

Sample confl)[l)ljssiiion par];ﬁ:t(;i A CSD, A Nilf_C:I:/[om
Ni-Mo ZSM-23 Ni 3.528 120 0.01
NiMo-wat ZSM-23 Ni 3.562 80 0.08
NiMo-cit ZSM-23 Ni 3.567 100 0.09
NiMo-amm-9 | ZSM-23 Ni 3.575 70 0.11
NiMo-amm-11 | ZSM-23 Ni 3.571 70 0.10

uaa Al

_ NiMoO,

F1G. 9. HRTEM and EDX images for NiMo/ZSM-23 catalysts in oxide form
TABLE 4. Average particle size (HRTEM) for NiMo/ZSM-23 catalysts in oxide form

Catalyst Average particle size, nm
Ni-Mo 14.1+£0.2
NiMo-wat 34+0.1
NiMo-cit 35+£0.1
NiMo-amm-9 32+0.1
NiMo-amm-11 3.1£0.1
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co-solutions. The determination of the interplane distance showed that in the Ni-Mo catalyst, most of the particles are a
phase of nickel oxide. Molybdenum, in the form of a phase of molybdenum oxides, has a dispersed distribution and is
localized on the surface of NiO particles and the surface of the support. NiMoO, particles are also observed for NiMo-
wat and NiMo-cit catalysts. For catalysts prepared from ammonia impregnation solutions, NiMoO, particles are mainly
observed in HRTEM images, and to a lesser extent, NiO particles. Thus, the use of impregnation co-solutions contributes
to the formation of joint Ni-Mo phases. The use of ammonia impregnating solutions leads to a more uniform particle size
distribution and the formation of mainly joint Ni-Mo phases.

According to the EDX mapping data, the distribution of Ni and Mo is quite close for the NiMo-cit and NiMo-wat
samples — Ni- and Mo-containing particles with close boundaries and positions could be observed. The main differences
were observed for the Ni-Mo sample. On the one hand, Ni-containing particles were found. On the other hand, the
distribution of Mo-containing particles was very uniform and close to the distribution of Si, which may mean that Mo is
uniformly distributed on the surface of the oxides in contrast to Ni. The distribution of Ni and Mo was close in the case
of NiMo-amm-11 and quite uniform for both elements, which is in good agreement with our assumption of more uniform
distribution of Ni and Mo in the case of using ammonia impregnating solution.

3.7. Temperature-programmed desorption of ammonia

The number of acid centers (AC) in the reduced catalysts was determined using temperature-programmed desorption
of ammonia. The obtained TPD-NHj profiles are shown in Fig. 10.
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F1G. 10. TPD-NHj3; profiles of zeolite ZSM-23 and reduced catalysts

Table 5 shows the amount of desorbed ammonia from various zeolite centers and reduced catalysts. The acid centers
of zeolite can be divided into 3 groups according to strength: weak, from which ammonia is desorbed at temperatures
below 275 °C, medium (275 — 400 °C) and strong (over 400 °C) [4, 5,46-48]. TPD-NHj profiles exhibit two clearly
distinguishable desorption maxima, which correspond to typical TPD profiles for this zeolite [46—48]. The first maximum
is in the temperature range of 100 — 350 °C and corresponds to the desorption of ammonia from weak and medium AC.
The high-temperature peak of ammonia desorption, observed in the range of 350 — 550 °C, corresponds to medium and
strong AC [46—48].

For all catalysts, compared with zeolite ZSM-23, there is a decrease in the number of weak and strong AC. This takes
place because metal particles interact with these types of AC during application, thereby blocking them [49]. An increase
in the number of average AC is observed for all samples. Also, transition metal-based catalysts usually have increased low
and medium acidity due to the appearance of weak acid centers of transition metals [50,51]. The increase in the number
of average AC may also be due to the presence of MoO,, particles in the catalyst [52,53].

3.8. Catalytic tests

The component composition of the liquid organic product obtained at the 10" (last) hour of the process is shown in
Table 6. The following groups of compounds were found in the organic phase: alkanes, isoalkanes, alkenes, cycloalkanes,
aromatic compounds and O-containing compounds — fatty acids, esters of fatty acids, lactones, alcohols. Cg-Cy5 fatty
acids are formed as a result of hydrocracking of the initial C14-Cyg fatty acids. Alcohols are formed as a result of
hydrogenation of fatty acids and are an intermediate product of deoxygenation [17]. Esters can be formed from fatty
acids (initial and shorter ones) and alcohols, which are obtained in the hydroprocessing from fatty acids [17]. Lactones
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TABLE 5. The number of acid centers according to TPD-NHj3

Sample Desorbed amount of NH3, mmol/g
Weak AC | Medium AC | Strong AC by

ZSM-23 503 164 288 955
Ni-Mo 454 207 183 744
NiMo-wat 488 201 220 910
NiMo-cit 465 182 217 864
NiMo-amm-9 475 191 215 881
NiMo-amm-11 482 196 217 895

are internal cyclic esters and can be formed from fatty acids [54]. C;5-C;g linear alkanes are formed from the initial
Cq14-Cyg fatty acids through the deoxygenation stage. Cs5-Cy4 linear alkanes are formed as a result of hydrocracking
of linear alkanes C;5-Cig, as well as from fatty acids with a shorter chain length than in the initial mixture. Alkenes
are intermediates of hydrocracking and hydroisomerization processes [55]. Cs-Cig isoalkanes are formed during the
hydroisomerization of the corresponding linear alkanes. Aromatic compounds are products of alkene dehydrocyclization.
Cycloalkanes can be products of hydrogenation of aromatic compounds [1,56].

The content of O-containing compounds in a liquid organic product differs for catalysts prepared by different meth-
ods. The lowest content of O-containing compounds is observed when using a Ni-Mo catalyst (9.4 wt. %). In the case
of using NiMo-amm-9 and NiMo-amm-11 catalysts, a slight increase in the amount of O-containing compounds is ob-
served — 12.4 and 13.7 wt. %, respectively. The least active catalysts are NiMo-wat and NiMo-cit, for which the amount
of O-containing compounds is 32.6 and 49.3 wt. %, respectively. This behavior of catalysts may be related to the varying
degrees of interaction of molybdenum particles with the surface of the support. According to the scheme of electrostatic
interaction (Fig. 3), during the preparation of NiMo-wat and NiMo-cit catalysts, molybdenum in the form of polymolyb-
date ions ([M070441%~ and [M08026]4*) interacts with the positively charged surface of ZSM-23 zeolite, which can lead
to a strong metal-support interaction [57,58]. As a result, the ability to activate O-containing compounds may decrease.
It was previously shown that the active phase of the oxide precursors of sulfide hydrotreating catalysts can directly affect
the activity of the final catalysts in the hydrotreating process. It was shown that massive sulfided Ni-Mo catalyst is active
in the hydroprocessing of sulfide model compounds in the series of works [59, 60]. At the same time, the composition of
the sample contained both a-NiMoO, and 5-NiMoQO, phases in the oxide form, but the S-NiMoO, phase was the main
one. Apparently, in our case, the interaction of the molybdate phases with the support can stabilize the a-NiMoO, phase
in some cases (Table 2), which also leads to a change in the selectivity towards oxygen-containing compounds (Table 6).

The target products of the hydroprocessing are isoalkanes. The smallest amount of iso-alkanes is observed when
using NiMo-wat and NiMo-cit catalysts. Apparently, this is due to their low activity, which is confirmed by the amount of
O-containing compounds in the liquid organic product. The largest amount of isoalkanes is observed in the case of using
the NiMo-amm-11 catalyst (35.2 wt. %)(which may be due to its higher acidity than that of the Ni-Mo and NiMo-amm-9
samples (Table 5). On the one hand, previous studies have demonstrated the influence of zeolite-type catalyst support
acidity on the yield of isomerized alkanes produced from vegetable oils [61]. On the other hand, it has also been shown
that metal incorporation into catalyst supports, such as tungsten, can directly affect their acidity, and consequently, the
yield of isomerized alkanes during the hydroprocessing of sunflower oil with using PWO_-Al,Oj3 catalysts [62].

Thus, from the point of view of the composition of the liquid organic phase, the NiMo-amm-11 catalyst is the most
promising. Despite the fact that the amount of O-containing compounds on this catalyst was not minimal (13.7 wt. %)
(the content of isoalkanes in the liquid organic product turned out to be maximum (35.2 wt. %).

Figure 11 shows the change in the fractional composition of the liquid organic product obtained at the 10" (last)
hour of the process, depending on the catalyst. The largest proportion of the “diesel” fraction is observed in liquid
organic products produced on Ni-Mo, NiMo-amm-9 and NiMo-amm-11 catalysts. Liquid organic products produced on
NiMo-wat and NiMo-cit catalysts have a high content of “vacuum gasoil” and “vacuum residue”. This behavior of the
fractional composition is consistent with the data of two-dimensional gas chromatography, where a similar dependence of
the amount of O-containing compounds on the catalyst was observed.
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TABLE 6. Composition of the liquid organic phase at the 10! (last) hour of the process, according to
two-dimensional gas chromatography data

Sample Ni-Mo | NiMo-wat | NiMo-cit | NiMo-amm-9 | NiMo-amm-11
Compound wt. %
O-containing compounds: | 9.4 32.6 49.3 124 13.7
Cs-Cy5 FAs 0.0 0.0 0.0 0.0 0.3
Cg-C35 lactones 2.7 7.6 9.8 3.5 33
Cy0-Cy5 esters of FAs 4.9 20.9 34.1 6.5 5.6
Cy-Cs5 alcohols 0.6 1.1 2.3 0.7 0.2
C16-Cqp initial FAs 1.2 3.0 3.1 1.7 43
Hydrocarbons total: 90.6 67.4 50.7 87.6 86.3
C10-Cg5 cycloalkanes 3.5 3.8 1.7 3.0 1.1
Cg-Cy aromatics 34 1.2 1.7 2.4 0.0
C5-Cy5 alkanes 35.0 19.7 17.0 28.6 26.9
C5-C;g isoalkanes 304 17.8 12.2 27.1 352
C5-Cy5 alkenes 18.3 249 18.1 26.5 23.1
i/n C5-Cig 0.9 0.9 0.7 0.9 1.3
C5-Cg alkanes 0.6 0.5 0.4 0.6 0.7
C5-Cg isoalkanes 0.2 0.1 0.1 0.1 0.2
C;5-Cg alkenes 0.2 0.2 0.1 0.2 0.8
i/n C5-Cg 0.3 0.2 0.1 0.2 0.3
Cy-Cq4 alkanes 1.1 0.6 0.5 1.0 09
Cy-Cy4 isoalkanes 0.9 0.4 0.3 0.6 0.6
Cy-C14 alkenes 2.1 1.8 1.1 2.3 3.0
i/n Cg-Crq 0.8 0.6 0.5 0.6 0.6
C;15-Cyg alkanes 333 18.6 16.1 27.1 253
C5-C;g isoalkanes 29.3 17.4 11.9 26.4 34.4
C15-Cys alkenes 16.0 22.9 16.9 24.0 19.4
i/n C15-Cis 0.9 0.9 0.7 1.0 14
Of;l:ié’;l:ggi‘i . 833 | 877 90.1 85.8 85.4
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FIG. 11. Fractional composition of the liquid organic phase obtained at the 10" (last) hour of the
process, according to SimDist

4. Conclusion

In this work, a series of Ni-Mo catalysts based on zeolite ZSM-23 was synthesized by incipient wetness impregnation
using various impregnation solutions. Aqueous, citrate, and ammonia solutions with different pH were used as impregna-
tion solutions. According to IR and Raman spectroscopy data, in impregnating solutions with a pH of less than 7 (aqueous
and citrate solutions), nickel is represented as the Ni(H,0)s>" ion, and molybdenum is present as polymolybdate ions
([M070241%~ and [MogO26]*7). In solutions with a pH of more than 7 (ammonia solutions), nickel is present as the
Ni(NH3 )62+ ion, and molybdenum is present as the monomolybdate ion ([MOO4]27).

Using the XRD and HRTEM methods, the effect of the composition of the impregnation solution on the formation
of phases of the metal component was shown. According to the HRTEM data, NiO particles are mainly observed in
the catalyst prepared by the method of sequential deposition of metals. According to the XRD data, in addition to the
NiO phase, the 5-NiMoO, phase is also observed. The use of aqueous and citrate impregnation solutions leads to the
formation of nickel oxide and 8-NiMoO, phases (XRD data). When using ammonia impregnation solutions, the formation
of NiO, a-NiMoO, and 3-NiMoO, phases is observed (XRD data). In addition, according to the HRTEM, the use of
ammonia impregnation solutions leads to a decrease in the size of metal-containing particles, as well as to a more uniform
distribution of nickel and molybdenum over the surface of the support.

During the hydroprocessing of a mixture of fatty acids (C14-Cig) in a flow-type reactor (300 °C, 2.5 MPa,
WHSV = 8.4 h™ 1), the greatest conversion and, consequently, the least amount of O-containing compounds were ob-
served on the Ni-Mo catalyst. The highest yield of the “diesel” fraction was observed using Ni-Mo, NiMo-amm-9 and
NiMo-amm-11 catalysts. The highest yield of isoalkanes was observed when using the NiMo-amm-11 catalyst. Thus,
from the point of view of fractional and component compositions, as well as the material balance, the NiMo-amm-11
catalyst is the most promising.
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