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Abstract

This chapter presents an overview of the literature on the effect of phosphorus
modification of ordered mesoporous silica (OMS) such as MCM-41, HMS, SBA-15, and
SBA-16 to be used as supports for hydrotreating catalysts based on transition metal
sulfides (TMS). The influence of the support modification with variable quantities of
phosphorus on the performance for hydrodesulfurization (HDS) and hydrodenitroge-
nation (HDN) reactions is outlined and discussed considering the changes in the
structural and textural properties (Sger), acidity, reducibility, etc., of the substrate
brought about by phosphorus incorporation.

Keywords: phosphorus, hydrotreating, catalysts, mesoporous, siliceous materials

1. Introduction

Heterogeneous catalysts based on transition metal sulfides (TMS) used in the refinery for the
hydrotreatment of middle distillates are usually supported on an alumina substrate [1]. This is
because alumina is of low cost and shows remarkable textural and mechanical properties [2].
However, as the alumina-supported hydrotreating catalysts display only moderate acidity, it
is a common practice to enhance it by surface grafting with H;PO, [3]. Besides the enhance-
ment of the support’s acidity, the phosphorus might act as a promoter [4]. Unfortunately,
alumina-supported catalysts exhibit undesirable strong metal-support interaction (SMSI)
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leading to the formation of AIPO, phase [3]. To overcome this problem, a common practice is
phosphatation of the alumina surface which reduces the strong interactions of the molybde-
num fraction with the alumina surface [5]. The addition of H;PO, to the impregnation solu-
tion improves stability and increases metal solubility which enables one to prepare binary
Co(Ni)-Mo(W) catalysts in a single impregnation step. Phosphate has been reported to improve
the HDS and especially HDN activities of the Mo-based catalysts [3]. The explanations on the
beneficial effects of the presence of phosphate validate that phosphate acts as a second promot-
er [6], decreases the metal-support interactions, improves the solubility of molybdate by the
formation of phosphomolybdate complexes which led to easier catalyst preparation [6], inhibits
the formation of the inactive CoAlL,O, or NiAl,O, species [5], and favors the formation of the
Type-II Co(Ni)-Mo-S structures [7].

The effect of phosphorus strongly depends on P loading, catalyst preparation method, and
support chemistry and its morphology [8]. All these factors might explain the controversial
catalytic behavior of P-modified Mo-based catalysts in hydrodesulfurization (HDS), hydro-
denitrogenation (HDN), and hydrogenation (HYD) reactions. A comprehensive review of the
physicochemical processes that occur on the surface of the alumina-supported catalysts
modified with phosphorus was carried out by Iwamoto and Grimblot [3]. Recently, the state-
of-the art overview of the literature on the effects of phosphorus promotion and poisoning in
aluminosilicates (zeolites) was conducted by van der Bij and Weckhuysen [9]. However, to the
best of our knowledge, the overview on phosphorus promotion and poisoning in bare silica
substrates has not been reported yet. This is probably because compared to alumina-based
catalysts, the effect of phosphorus modification of ordered mesoporous silica (OMS) was
scarcely investigated [10-17]. Ordered mesoporous silica is a substrate worthy of note as it
supports active phases for hydrotreating catalysts. This is because of their interesting textur-
al properties such as a high surface area (above 1000 m? g™'), pores in the range of mesopores
(2-50 nm), and complementary textural porosity. As the pore wall surface of OMS is carpet-
ed with a high concentration of silanol groups, it can be easy functionalized with different
functional groups. As it occurs with alumina-supported catalysts, it was found that the effect
of phosphorus modification of the OMS strongly depends on not only P loading but also the
method of phosphorus incorporation. Notwithstanding, it is emphasized that the effect of
support modification with phosphorus on the catalytic performance is not clearly under-
stood and the activity results are often contradictory. In some cases, the promoting effect of
phosphorus on the HDS activity was observed [10-12, 15, 17], while the inhibition effect of
phosphorus was found in other studies [16]. OMS exhibits ordered arrangements of chan-
nels and/or cavities of different geometries built up from SiO, units. Their pore size can be
controlled and modified, in a reasonable range, using in situ and ex situ synthetic strategies.
The effect of P was investigated [11] for the ordered mesoporous silicate, called M41S, which
was first synthesized at the Mobil Corporation in 1992 [18]. This material shows a large specific
area, a hexagonal array, and uniform pore channels, yet its practical application is limited due
to its poor hydrothermal stability. Subsequent to MCM-41, the synthesis of other hexagonal
mesoporous materials (HMS) was reported [19, 20]. In comparison to MCM-41, the textural
characteristics of the HMS material have certain advantages due, in part, to its larger textur-
al mesoporosity and wormhole mesostructure (vide infra Figure 1) which offers better transport
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for reactants and products [15]. The HMS framework structures, particularly those with a
sponge-like particle texture, were claimed to be promising materials for supporting heteroge-
neous catalysts [12, 21, 22].

Figure 1. HRTEM images of the HMS substrate showing wormhole structure and SBA-15 and SBA-16 substrates dis-
playing highly ordered hexagonal pores in a 2D array.

The more remarkable advance in the synthesis of mesoporous systems was reported by Zhao
et al. [23], who synthesized hydrothermally stable mesoporous SBA-15 silica molecular sieves
using triblock copolymer surfactants as template. The calcined SBA-15 demonstrated to be
more hydrothermally stable than its HMS counterpart with wormhole structure because of its
thicker walls with a network of micropores within the walls. The mesoporous SBA-15 has
hexagonal pores in a two-dimensional (2D) array with long 1D channels corresponding to the
Pémm space group symmetry (vide infra Figure 1). Thus, similar to the case of MCM-41, the
parallel channel system of SBA-15 might act as a microreactor, wherein the reactant and the
intermediary products will be in prolonged contact with the active phase [2]. In addition to
OMS with cylindrical mesopores, the mesoporous silica with a cage-like structure such as
SBA-16 has been used for supporting hydrotreating catalysts [24-26]. The siliceous SBA-16
exhibits an Im3m space group symmetry (vide infra Figure 1) with three-dimensional (3D)
structure formed by spherical cavities arranged in a body-centered cubic array, which are
connected through eight apertures to the nearest neighbors along the (11 1) directions [27]. As
a consequence, the interconnected spherical mesopores are easily accessible for guest mole-
cules, which facilitate the transport of reactants and products without pore blockage [23, 27].

In this chapter, the effect of phosphate modification of mesoporous silica substrates such as
MCM-41, HMS, SBA-15, and SBA-16 on the catalytic response of transition metal sulfide
catalysts in hydrotreating reaction has been examined. As most of our conclusions on the effect
of OMS modification with phosphorus agree with those discussed recently for aluminosili-
cates, readers are suggested to study the review by van der Bij and Weckhuysen [9].

2. Synthesis of P-containing OMS

Similar to alumina and alumina-silicate-based materials [3, 9], the method of phosphorus
introduction was found to play an important role in the distribution of phosphorus in the
mesoporous siliceous systems [28, 29]. Two strategies have been undertaken to modify OMS
with phosphorus: (i) direct sol-gel, and (ii) post-synthesis methods. For the pure siliceous
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substrates, phosphorus incorporation by post-synthesis grafting was more frequently
employed than sol-gel synthesis because of its low cost and simplicity.

Direct sol-gel P introduction into OMS was more often employed in medical science applica-
tions than in petrochemistry. For example, Vallet-Regi et al. [30] synthesized a P-containing
MCM-41 mesoporous material via one-step sol-gel preparation method and then applied as a
bioactive material. The characterization of this material by different techniques demonstrat-
ed that only a small amount (under 1% P) was incorporated into the structure of MCM-41. The
P-containing MCM-41 sample prepared via sol-gel exhibited the characteristic ordered
hexagonal array of mesopores of this kind of materials.

Direct sol-gel synthesis was also employed by Pitchumani et al. [28] for the preparation of the
SBA-15 substrates with distinct morphologies (well-ordered mesoporous films, cakes, fibers,
and bundle-like structures). In general, the synthesis of the SBA-15 substrate involves the
formation of organic-inorganic composites by a self-assembly process in which the organic
phase serves as a template for the inorganic phase [23]. In this process, tetra-ethyl orthosili-
cate (TEOS) is used as silica source, and a nonionic P123 block copolymer as surfactant (EO,-
PO;-EO,,, where EO is ethylene oxide and PO is propylene oxide) and a self-assembly of both
phases occurs in the presence of strong acids such as HCL.

With the aim to elucidate the reaction between the phosphate ions and silica species, Tagaya
et al. [29] investigated the influence of the P incorporation methodology (coating vs. doping)
on the nanostructure of phosphorus-containing mesoporous silica films. Phosphoric acid was
added before and after the mesopore formation (doping and coating methods, respectively).
In the coating method, the calcined mesoporous silica film was spin-coated with an aqueous
solution of H;PO, at four different rotation speeds and then calcined at 450°C for 6 h. It was
observed by XRD that the films prepared by the coating method exhibited high-ordered pore
channels with a hexagonal structure parallel to the substrate surface, while those prepared by
doping method exhibited larger pores with worm-like structures. This could be explained
considering that the coating method leads to the interaction of H;PO, with the silica species.
In such cases, the P-O-Si bonds can be formed during hydrogenolysis, while the hydroxyl
groups of phosphoric acid can be eliminated by calcination. Besides, the hydroxyl groups on
phosphorus species can be restored by exposing the calcined sample to an air mixture [28]. In
the doping method, an aqueous solution of phosphoric acid is added instead of HCl during
the mesoporous silica film preparation (one-pot synthesis). In such cases, a larger amount of
H;0" and phosphate ions could be adsorbed on the hydrophilic head groups of the cationic
surfactant of cetyltrimethylammonium chloride (CTAC) leading to the formation of Si-O-P-
OH groups [29].

Using the post-synthesis method, phosphorus could be grafted onto the surface of silica
materials by treating with phosphoric acid for a very short time, followed by high-tempera-
ture calcination [31]. This method was employed by many researchers. For example, it was
used for phosphorus incorporation onto the surface of SBA-16 [25], HMS [15], AI-HMS [22],
MCM-51, and SBA-15 substrates [9]. Using the post-synthesis grafting method for phospho-
rus introduction, the bare mesoporous silica substrate is synthesized first and after its
calcination, the pure siliceous material is made to be in contact with an aqueous solution of
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H;PO, having an appropriate concentration of phosphoric acid. After drying, the obtained
materials are calcined. For example, for the preparation of P-containing HMS, the S°I° assembly
of HMS molecular sieve silica with wormhole framework structures can be accomplished using
dodecylamine (DDA) as the structure-directing surfactant (5°) and tetra-ethyl orthosilicate
(TEOS) as the inorganic precursor (I°) [32]. The procedure similar to that reported by Zhang
et al. [23] was employed by Nava et al. [15] for the preparation of pure siliceous HMS material.
After solid calcination at 813 K for 6 h, the P-modified HMS was prepared by making the parent
HMS come in contact with an aqueous solution of H;PO, (incipient wetness impregnation).
Then, the solid was dried at 383 K overnight and then calcined at 773 K for 3 h under static
conditions. In the case of the P-containing HMS-Al, the parent AI-HMS substrate (Si/Al molar
ratio of 40) was prepared by Zepeda et al. [22] following the procedure described by Gontier
and Tuel [33].

Finally, another variation of the post-synthesis method for P-incorporation is the simultane-
ous impregnation of the bare support with metal salt precursors and H;PO,. This method,
which is commonly used for the manufacture of HDS catalysts at commercial scale, was
employed by Hernandez et al. [34] for the preparation of Co-Mo-P/Al-MCM-41 catalysts.

3. Influence of phosphorus on morphology of OMS materials

In general, the incorporation of phosphate on the OMS substrates by post-synthesis grafting
method does not change their structure, as it was confirmed by comparison of small-angle
XRD patterns of the P-loaded and unloaded HMS [15 ,21], SBA-15, and SBA-16 [24]. This is
probably because the separate P,0O5 phase could be formed during calcination of the acid-
functionalized solids having -PO;H or -PO,H groups formed through interaction of the P-OH
bonds of H;PO, and the surface silanols [31]. These phosphate species remain deposited as a
separate phase on the surface of OMS substrates, as it was confirmed for P/HMS systems by
Nava et al. [15]. This is not the case of more reactive alumina for which phosphate reacts to a
large extent on the surface layers of the alumina forming a well-dispersed AIPO, phase [6, 35].
In the case of P incorporation on the surface of calcined Ti-HMS, the textural and surface
properties of HMS were modified by Ti cations incorporated during one-pot synthesis. The
physical and chemical characterization of such calcined substrates indicated that the pres-
ence of phosphorus pentoxide species on the support surface does not change the mesopo-
rous character of the HMS-Ti substrate, but modifies its surface properties [21]. The P/HMS-
Ti substrates, which were prepared by wet impregnation of HMS-Ti substrate with H;PO,
followed by calcination at 500°C, exhibited almost a linear decrease in the specific surface area
(Sger) with increasing P loading. This is because of blocking of some support pores by P,0O5
species located almost exclusively on the external support surface, as demonstrated by
calculation of the normalized BET surface area [21]. A higher concentration of phosphorus
species on the zeolite surface compared to phosphorus in the bulk was also reported for the
P-modified zeolites, wherein the introduction of phosphoric acid into a zeolite was made by
wet impregnation [36-38]. This is because dehydration occurring during heat treatment leads
to the formation of large condensed polyphosphate and P,Os species [35]. This is in good
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agreement with the results of the P-modified zeolites [9]. The majority of these phosphorus
species exhibited no interaction with mesoporous silica, which are considered as separate
phases [16, 17, 21]. Using the small-angle X-ray powder diffraction technique, Zepeda et al.
[21] confirmed that all P(x)/HMS-Ti substrates modified with small amounts of P (0.2-1.2 wt.
% of P,05) exhibited single small-angle reflection corresponding to the (100) plane, which is
characteristic of the HMS material. Although higher-order Bragg reflections were not observed
in the patterns of S°I° HMS materials, the single d,,, peak indicates that all materials display
a short-range hexagonal symmetry with a uniform pore diameter. A similar XRD pattern was
reported for the HMS-Ti system [33]. For the P-free HMS-Ti substrate, the small-angle
reflection is located at 20 = 1.30°. After P loading onto the surface of HMS-Tj, the d,,, peak is
shifted to higher angles (from 1.30 to 1.38°). The calculation of the wall thickness indicates a
slight decrease in this parameter after addition of P to HMS-Ti (from 4.27 to 3.92 nm). This
may indicate that impregnation of HMS-Ti substrate with H;PO, led to a lattice reduction and
a decrease in pore diameter. Indeed, the unit cell parameter (a,) calculated using the equa-
tion a, = 2d,0,/N3 indicated that support modification with phosphorus produced a slight
decrease in the unit cell parameter (from 7.67 to 7.12 nm) [21]. Similar to the phosphorus effects,
an increase in the pore diameter might occur if the catalyst is prepared by the simultaneous
impregnation method as compared with that prepared by the successive impregnation [13].
This is deduced from Figure 2 which shows the XRD patterns of the HMS-based catalysts
prepared by simultaneous and successive impregnation. As seen in this figure, the oxide
precursors prepared by simultaneous and successive impregnation methods exhibit their d,y,
peaks around 1.14 and 1.34° in 20, thus suggesting an increase in the dimensions of the
scattering domain, and in consequence, an increase of the pore diameter for the samples
prepared by simultaneous impregnation [13].

Simultaneous impregnation
o
°« f:"
-
i
3 5
o L
- - -
2 2 ColtaPHUST
2 CoMO/PIHMS-Ti 2
£ £
/ CoMo/HMS-Ti CollaHS-Ti
0 2 4 6 8 0 2 4 6 8
2Theta (%) 2Theta (°)

Figure 2. Low-angle X-ray diffraction patterns of the oxide precursors of CoMo/HMS-Ti and CoMo/P/HMS-Ti catalysts
prepared by successive and simultaneous impregnation methods [13] (reproduced with permission from Elsevier).

Similar to the P/HMS-Ti-based catalysts [13, 21], P incorporation on the surface of SBA-15 by
post-synthesis grafting did not lead to significant changes in the small-angle XRD patterns of
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the P/SBA-15 substrates [24]. Moreover, similar to the HMS-based substrates [21], the
diffraction peaks of the P-loaded SBA-15 samples were shifted to larger 20 values with respect
to bare SBA-15 samples, thereby indicating that the P-loaded sample shows smaller unit cell
parameter than the unloaded one [24]. This means that when phosphoric acid was added to
SBA-15, the structural integrity of the mesoporous silica decreased upon increasing the amount
of grafted acid. For very low P loading, the uniformly arranged hexagonal mesoporous
framework was preserved. Indeed, Shon et al. [39] observed that the hexagonal mesoporous
framework of SBA-15 substrate was maintained even after loading of excess of H;PO, onto the
surface of this material (Si/P = 10).

4. Changes in textural properties of OMS induced by phosphorus

In general, textural characterization of the P-containing mesoporous silica from the N,
adsorption-desorption isotherms indicated that P loading by post-synthesis grafting has a
detrimental effect on their textural properties, as demonstrated for the P/HMS and P/HMS-Al
prepared by grafting the respective parent substrate with H;PO, [17, 22], The observed
decrease in the specific BET surface area and pore volume was explained in terms of a partial
blockage of the pores by the P species. Similarly, P loading onto siliccous MCM-41 by post-
synthesis grafting method caused a deterioration of the textural characteristics and some loss
in the periodicity of the MCM-41 pore structure [11]. In order to understand the mechanism
of such alteration, the stability of various structured mesoporous materials (SBA-1, SBA-3,
SBA-15, MCM-41, and MCM-48) under acidic conditions of H;PO, was investigated [40]. These
authors reported that the micropores were first damaged, and then the mesopores were
partially collapsed or partially blocked. The resistance of the material against acidic media was
associated with a critical wall thickness-pore diameter threshold. Contrary to the grafting
method [22], the P incorporation by direct sol-gel synthesis method led to an increase in the
specific surface area and pore volume of mesoporous silica substrates for the mesostructurat-
ed P-doped silica monoliths. As the P-loaded monolith exhibited a smaller average pore size
and unit cell parameter than its unloaded counterpart, the observed increase of specific surface
area and pore volume was explained due to the formation of disordered and interconnected
pores inside each microdomain [41].

Hexagonal mesoporous HMS (Si/Ti molar ratio of 40) modified with both Ti and P were used
as supports for Co(Ni)Mo sulfide phases by Zepeda et al. [21]. The Ti-loaded HMS (5i/Ti molar
ratio of 40) was prepared by direct synthesis, wherein the titanium precursor was added to
the synthesis gel. After calcination, the Ti* ions were incorporated into the framework of the
HMS substrate. The P-containing supports were prepared by typical impregnation of the
calcined HMS-Ti substrate with an aqueous solution of H,PO,. Investigation of textural
properties of the bare supports demonstrated that Ti insertion into the framework of HMS did
not change the mesoporous character but modified the surface properties even though the low-
angle XRD patterns demonstrated almost no changes in pore ordering upon P loading and/or
preparation procedure [13]. Contrary to P/Ti-HMS [21], the N, adsorption-desorption and
small-angle XRD measurements of the HMS modified with both Aland P confirmed a decrease
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of specific surface area and partial destruction of the support mesoporous structure after
modification of calcined Al-HMS with phosphorus [12, 22].

5. Metal oxides formed on the support surface modified with P

It is well known that the dispersion and structure of Mo species is a consequence of the
modification of the substrate’s isoelectric point and a change in the interaction of the adsorp-
tion of molybdate species during the impregnation procedure. Thus, depending on the acid
concentration, the support impregnation with H;PO, might change the isoelectric point of the
support, thereby influencing the interaction of the molybdate species with support. In
addition, the ordered framework of the OMS may control the metal oxide particle size limiting
the growth of the clusters introduced into the confined space of the channels. Thus, the
presence of phosphate species on the support surface might influence the metal oxide location
of the phases formed. In this context, the XRD, DRS, and TPR characterizations of the Ni/Mo/
P/MCM-41 oxide precursors by Herrera et al. [11] showed that the characteristics (dispersion,
coordination state, and temperature of reduction) of oxide Mo and Ni species changed with
phosphorus incorporation in the MCM-41.

The influence of phosphorus species on the formation of metal oxide phases on the support
surface was investigated by Nava et al. [15, 17]. The X-ray diffraction patterns of the cal-
cined catalysts confirmed the formation of the crystalline MoO; phase (JCPDS 5-508) and [3-
CoMoOQO, phase (JCPDS 21-0868). Considering the crystal size of the 3-CoMoO, phase, these
authors concluded that the catalysts with low P loading exhibited higher dispersion of Co and
Mo phases than their counterparts having high P loadings. The catalyst modified with the
largest P loading displayed the largest crystal size of the f-CoMoO, phase (14.2 nm). This was
explained in terms of the decrease of the metal-support interaction induced by a large amount
of phosphate species located on the support surface [17]. The wide-angle XRD diffraction
technique was employed by Pawelec et al. [13], for characterization of the oxide precursors of
CoMo/P/HMS-Ti catalysts prepared by simultaneous and successive impregnation methods.
All the samples prepared by simultaneous impregnation did not show reflections belonging
to cobalt and molybdenum oxide, suggesting that the phases formed are amorphous or not
fully crystalline, or their crystal sizes are below the detection limit of the XRD technique. By
contrast, the XRD diffraction patterns of the catalysts prepared by simultaneous impregna-
tion exhibited a small reflection peak at 22.7° 20 and an intense reflection peak at 25.7° 20,
overlapping with a broad diffraction of the substrate, which are due to crystalline MoO;
phase (JCPDS card 1-076-1003). The intensity of both reflections increased suggesting a higher
preference of molybdenum ions for P-OH groups of P(x)/HMS-Ti support than for cobalt [42].

6. Effect of phosphorus on the formation of active sites

As mentioned in Section 1, the effect of phosphorus on the HDS activity of catalysts depends
on the P loading. The effect of support modification by phosphorus on the morphology of MoS,
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and “Co(Ni)-Mo(W)-5” type structures formed after precursor sulfidation was largely
investigated. As the most active catalysts in HDS reaction are mixed “Co(Ni)-Mo(W)-S”
structures, the main question arises: May the separate phosphate species located on the
support surface influence the formation of “Co(Ni)-Mo-S" active phases? The most intuitive
explanation for the phosphorus inhibition of HDS reaction over supported Co(Ni)Mo(W)
catalysts is that the phosphorus species may act as a physical barrier inhibiting the forma-
tion of this phase. However, surface analysis by XPS of fresh sulfided CoMo/HMS and CoMo/
P/HMS catalysts by Nava et al. [16] strongly suggested that the catalyst preparation method
should be more important for the formation of the mixed “Co-Mo-S” phase than the pres-
ence of phosphate species on the support surface. Both CoMo/HMS and CoMo/P/HMS sulfide
catalysts showed the S 2p peak characteristic of S* ions (binding energy (BE) of 161.2 +0.1 eV).
For the CoMo/P/HMS sulfide catalyst, the P 2p peak (BE at 134.0 eV) was indicative of the
presence of phosphate species on the support surface. Moreover, the Mo 3d;,, core-level spectra
appeared at binding energy characteristic of MoS, phase (BE at 228.7 eV) and the Co 2p;,, core
level spectra showed two contributions, one due to the formation of Co,S; phase (BE at 778.2—-
778.8 eV) and another due to non-sulfided Co* species (BE at 780.2-780.8 eV). Taking into
account these XPS data of both P-containing and P-free catalysts, the formation of “CoMoS”
phase is precluded. Thus, it is impossible to conclude that phosphate species on the support
surface does not inhibit the formation of this phase. Although the formation of “Co-Mo-S”
phase did not occur, the sulfide CoMo/P/HMS catalyst showed surface exposure and sulfida-
tion degree larger for both cobalt and molybdenum than on its P-free counterpart. Thus, the
presence of the phosphate species on the support surface enhanced the surface exposure of
MoS, particles, in close agreement with the HRTEM characterization data [16].

The genesis of the active phases formed during sulfidation of Ni/P/SiO, catalysts with H,/H,S
gas mixture was studied by Koranyi [10]. Under the reaction conditions, the P-containing
catalysts exhibited a higher HDS activity than the P-free sulfided Ni/SiO,. The increase in
activity observed for P-containing catalysts was linked with the formation of both nickel
sulfide and nickel phosphide phases during catalyst activation during sulfidation. The larger
intrinsic activity of the nickel phosphide with respect to nickel sulfide is linked with its
different structure. Contrary to the metal sulfides, the structure of the metal phosphides is
based on trigonal prisms having large phosphorus atoms (atomic radius of phosphorous is
0.109 nm) located in their centers. Importantly, contrary to the transition metal sulfides,
transition metal phosphides do not exhibit a layered structure, which offers potentially better
exposure of surface atoms to reactants [43]. The work by Koranyi [10] demonstrated that the
simple impregnation procedure was suitable to bring at least part of the nickel in close contact
with phosphorus. Contrary to Ni/P/SiO,, the activity of P-free Ni/SiO, catalyst was associat-
ed with the nickel sulfide surface area, as confirmed by dynamic chemisorption measure-
ments (DOC). In addition, Koranyi [10] observed that the catalyst presulfided at atmospheric
pressure was more active than its counterpart sulfided at an elevated pressure. This result
suggests that the type of active phases formed (nickel sulfides or nickel phosphides) de-
pends on the H,/H,S gas pressure employed for catalyst sulfidation. The ability of phospho-
rus to modify the morphology of the Mo(W)S, phase has been observed for sulfided NiMoW/
SBA-16 catalysts modified with phosphorus by Guzman et al. [25]. In the light of HRTEM
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results, the low HDS activity of P-free NiIMoW/SBA-16 sample was explained on account of
the development of poorly active “onion-type” Mo(W),structures (see Figure 3). This was also
confirmed by HRTEM investigation by Herrera et al. [11] on the morphology of MoS, phase
formed on the surface of sulfided NiMo/P/MCM-41 catalyst loaded with a low amount of
phosphorus (2 wt.% P,0s). HRTEM images indicated the formation of small MoS, crystalli-
tes (0—6 nm) with two or three layers. For these catalysts, an increase of P loading from 2.0 to
5 wt.% led to an increase in the average length and layer stacking of MoS, crystallites.

Figure 3. HRTEM images showing the enhancement of the active phase dispersion on the fresh sulfided NiMoW/P/
SBA-16 catalyst modified with P with respect to P-free NiMo/SBA-16 (left) (adapted from Guzman et al., [25], with
permission of Elsevier).

7. Effect of phosphorus addition on acid sites

The naked mesoporous silicas exhibit electronically neutral framework and lack of Brensted
acidity. As bifunctional catalysts having both metal and acid functions are required for
hydrotreating reactions, the formation of Brensted acid sites on the surface of mesoporous
silicas is very important for their potential application as supports of the hydrotreating
catalysts. For instance, the bifunctional catalysts are required for the reaction of dehydration
of isopropanol [31], hydrodesulfurization of 4,6-Dimethyldibenzothiophene (4,6-DMDBT) [17,
22], and hydrodesoxygenation of anisole [26]. To circumvent this limitation, many ap-
proaches have been undertaken, among which the substitution of Si*" by different cations,
functionalization with different groups, carrying the preparation method or changing the
active phase component remain prominent [44]. In order to control both acid strength and acid
site density, functionalization of the silica surfaces with various kinds of organosilane
compounds was the most commonly employed methodology [39].

Pitchumani et al. [28] employed a weak acid (H;PO,) instead of strong HCI acid during the
direct synthesis of P-containing SBA-15 substrates. Assuming the interaction of H;PO, on the
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silica surface which leads to phosphorus incorporation into the silica framework, Brensted
acid sites are expected to occur. Unfortunately, no experimental evidence of the formation of
the Si-O-P bonds was reported. Similarly, Shon et al. [39], claimed the formation of Bronsted
acid sites on the SBA-15 catalysts during interaction of the H;PO, at the silica surface. SBA-15-
based catalysts were functionalized with -PO;H, groups by post-grafting with H,PO,, followed
by drying in a vacuum oven at 60°C for 12 h and then by calcination at 500°C for 4 h under
static air conditions. The latter process led to the decomposition of phosphorus precursors
into (poly)phosphates and phosphorus pentoxide.

Unfortunately, in the studies by Pitchumani et al. [28] and Shon et al. [39], there is no experi-
mental evidence on the formation of those bonds. The same situation occurs in the case of the
microporous aluminosilicates [9]. On the contrary, there is experimental evidence on the
formation of Lewis acid sites as it was demonstrated by the FTIR spectra of adsorbed pyri-
dine for freshly sulfided P-loaded CoMo/HMS catalysts [15]. Interestingly, the temperature-
programmed desorption patterns of desorbed ammonia performed on the oxide precursors of
these catalysts demonstrated that the phosphate phase remained on the surface of HMS. These
phosphate moieties are responsible for the formation of weak acid sites whose proportion
increases with increasing P loading on the substrate [15]. This is in good agreement with the
work by Wang et al. [45] who observed that relatively more strong and medium strength acid
sites are affected by phosphatation than weak acid sites [17]. Calcined CoMo/HMS catalysts
loaded with variable amounts of phosphorus (0.5, 1.0, 1.5, and 2.0 wt.% of P,O;) were
characterized by *P NMR spectroscopy by Nava et al. [17]. The P NMR spectra indicated that
the catalyst with the lowest P loading exhibited isolated phosphate units, whereas the one with
P,05loading of 1.5 wt.% shows the phosphorus atoms connected to silica forming the O=P(OP/
O6Si) linkages. The catalysts with P,O; loading of 1.0 and 2.0 wt.% resulted in the formation of
P-OH groups. In no case, phosphomolybdate complexes were formed.

The effects of modification of the SBA-16 surface with variable amounts of phosphorus on
the acidity of oxide catalyst precursors and sulfided catalysts were investigated by the NH,-
TPD technique by Guzman et al. [25]. It was found that, regardless of the pretreatment, all
P-containing samples show larger acidity than the P-free counterpart. The formation of
P(OH),-O-Si bonds, or even free OP(OH); entities interacting with the surface via H-
bonding, during the support modification with phosphoric acid was proposed by Lewis et
al. [46, 47] and Kawi et al. [31]. However, the theoretical calculation indicated that the
formation of Si-O-P bonds could be excluded because they are very unstable [48].

The lowering of acidity after support grafting with a large amount of -PO;H; groups ob-
served by Guzman et al. [25] for NIMoW/P1.0/SBA-16 catalyst loaded with 1.0 wt.% of P,0O5
(vide infra Figure 4) might indicate that a critical concentration of phosphoric acid is able to
react with the surface hydroxyl groups. Above this critical concentration, H;PO, reacts not
only with the Si-OH groups but also with the P-OH groups to form polyphosphate species [46,
47]. Indeed, the XPS data analysis of those catalysts revealed that the binding energy of P,,
level of P-containing catalysts was much lower than those corresponding to P,O; (134.0 vs.
135.2 eV) and similar (133.5 eV) to that reported for Si-MCM-41 grafted with -PO;H, or -PO,H
groups [31].
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Figure 4. TPD-NH, profiles of oxide NiMoW/P(x)/SBA-16 catalyst precursors (x = 0.5-1.5 wt.%).

Moreover, itis known that the catalyst sulfidation led to a further increase in the catalyst acidity
due to the formation of the -SH groups attached to the support surface [25]. However, among
the catalysts loaded with different P contents, the sulfided NiMoW/P/SBA-16 catalysts with 1
wt.% P showed greater total acidity than its P-free counterpart, which may explain in part its
best catalytic performance. On the contrary, the lower acidity of NiMoW/P/SBA-16 sulfide
catalyst with a low P loading (0.6 wt.%) with respect to the P-free catalyst was explained in
terms of the limited accessibility of ammonia to some acid sites due to the presence of small
metal sulfide particles located on the substrate pores.

The increase of the catalyst acidity by support modification with phosphorus was also
confirmed for NiMo/P/HMS-Al systems by Zepeda et al. [12, 22]. Their P-containing sam-
ples exhibited a greater acidity than their P-free counterpart, as confirmed by TPD-NH; study
of oxide precursors and by DRIFT and FT-IR studies of adsorbed pyridine on the fresh sulfided
catalysts.

8. Influence of phosphorus on the catalytic performance

The influence of phosphorus on the catalytic performance of transition metal sulfides was
investigated in different hydrotreating reactions such as HDS, HDN, HDS+HDN, HDO, and
HYD is shown in Table 1. Some reports showed that phosphorus acts as a promoter, while in
many others, it was found to act as an inhibitor. Indeed, the most widely tested reaction to
probe the performance of P-loaded silica was the HDS of dibenzothiophene (DBT). This is
because DBT is a typical sulfur-containing molecule present in the petroleum fraction of high-
boiling point or coal-derived liquids. Moreover, it is expected that DBT molecule did not show
any diffusion limitation to access the porous structure of the mesoporous siliceous materials



Overview of Phosphorus Effect in Molybdenum-Based Hydrotreating Catalysts Supported on Ordered Mesoporous
Siliceous Materials
http://dx.doi.org/10.5772/64181

because this molecule covers a surface area of 8.0 x 12.2 A2, As compared to the DBT mole-
cule, it is more difficult to desulfurize the alkyl-substituted DBTs, especially when both alkyl
groups are in the 4- and 6-positions. Although the exact origin of the difficulty of converting
alkyl-substituted DBTs using conventional alumina-supported Co(Ni)Mo catalysts still
remains unclear, current studies associate this with (i) steric hindrance of the C-S bond scission
in the adsorbed sulfur compound, (ii) the availability of only one H atom in the elimination
step, and (iii) the influence of the alkyl group on the acidity of the H atom. The activity results
for the HDS of 4,6-DMDBT confirmed that this reaction over CoMo/P/HMS-Ti sulfide catalysts
proceeds via dealkylation and isomerization reaction pathways [13, 14]. The simplified
reaction scheme for the HDS of 4,6-DMDBT reaction over those catalysts is shown in Scheme 1.
In the HDS of DBT reaction, the DBT transformation occurs through parallel direct desulfur-
ization (DDS) and hydrogenation (HYD) pathways: DDS route of DBT transformation leads
to the formation of biphenyl (BP) via hydrogenolysis, whereas the HYD of one and two
aromatic rings of DBT leads to the formation of tetrahydrodibenzothiophene (THDBT) and
cyclohexylbenzene (CHB), respectively (see Scheme 1).

HYD
ﬂ O— 00> 00— QO
FC CH THDBT CHB
4,6-DMDBT
DDS

ISO + HS (a)

BP

CHs — Q_QCH:s + HS

H HsC Hs H,C
H S H 4- MCHT

T HYDI
[] [cﬂ EC r Cﬂ DDS HSC O Cra + s

4,3’- DMBP

Scheme 1. Simplified reaction’s schemes for the HDS of 4,6-DMDBT molecule based on the work of Nava et al. [17]
(adapted with permission from Elsevier).

131



132

Microporous and Mesoporous Materials

Catalyst®

Reactant

Reaction conditions

Reference

Phosphorus promotion effect

Ni/P/SiO,

NiMo/P/MCM-41

CoMoP/AI-MCM-41  DBT Batch reactor, T=593 K, P,,,= 5.6 MPa Hernandez et al. [10]
Co/Mo/P/HMS DBT Batch reactor, T=623 K, P=3.1 MPa Nava et al. [15, 17]
CoMo/P/HMS DBT Batch reactor, T=623 K, P =3.1 MPa Nava et al. [15]
CoMo/P/HMS 4,6-DMDBT Flow reactor, T=583 K, P =5.0 MPa Nava et al. [17]
CoMo/P/HMS-Ti DBT Batch reactor, T=593 K, P =5.5 MPa Pawelec et al. [13]
CoMo/P/HMS-Ti; 4 6-DMDBT Batch and flow reactors, T=598 K, Pawelec et al., [14]
Co/Mo/P/HMS-Ti P=55MPa
CoMo/P/HMS-Ti DBT Batch reactor, T=593 K, P=5.5 MPa Zepeda et al. [21]
NiMo/P/HMS-Al Thiophene, Batch reactor, T=593 K, P =5.5 MPa Zepeda et al., [22]
4,6-DMDBT
NiMo/P/HMS-Al DBT Batch reactor, T=593 K, P=5.5 MPa Zepeda et al. [12]
NiMo/P/HMS-Al Carbazole Batch reactor, T=593 K, P =5.5 MPa Zepeda et al. [12]
NiMo/P/HMS-Al DBT+ carbazole Batch reactor, T=593 K, P =5.5 MPa Zepeda et al. [12]

NiMoW/P/SBA-16

Thiophene

DBT, 4,6-DMDBT

DBT, 4,6-DMDBT

Phosphorus inhibition effect

Co/Mo/P/HMS DBT Batch reactor, T=623 K, P=3.1 MPa Nava et al. [15, 16]
NiMo/P/HMS-Tj; Naphthalene Batch reactor, T=598 K, P =7.7 MPa Halachev et al. [49]
NiW/P/HMS-Ti

CoMoW/P/SBA-15 DBT Flow reactor, T =623 K, P=3.1 MPa Huirache-Acuna et al. [24]
CoMoW/P/SBA-15 Anisole Flow reactor, T=583 K, P =3.0 MPa Loricera et al. [26]
CoMoW/P/SBA-16 DBT Flow reactor, T=623 K, P =3.1 MPa Huirache-Acuna et al. [24]
CoMoW/P/SBA-16 Anisole Flow reactor, T=583 K, P =3.0 MPa Loricera et al. [26]

Flow reactor, T=673 K; P =1 bar

Batch reactor, T=573 K, P=7.3 MPa

Batch reactor, T=593 K, P =5.0 MPa

Koranyi [10]

Herrera et al. [11]

Guzman et al. [25]

2 Co/Mo (Ni/Mo): the catalysts prepared by successive impregnation; CoMo (NiMo): the catalysts prepared by

simultaneous impregnation; CoMoP: simultaneous impregnation with metal salt precursors and H;PO,.

Table 1. Overview of the influence of phosphorus on the catalytic performance.

8.1. Effect of phosphorus concentration

A study reported by Nava et al. [50] clearly showed that the addition of phosphorus during
preparation of unsupported NiMoW catalysts has detrimental effects on both textural and
performance characteristics. The authors attributed the loss of activity to the loss of the Ni
promotional effect resulting from the stronger interaction of P with Mo and W than with Ni.
Moreover, the HRTEM results suggested that the proportion of Mo(W)S, slabs was drastical-
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ly reduced after phosphorus addition. Contrary to the unsupported NiMoW, both inhibition
and promotional effects were observed for the hydrotreating catalysts supported on the OMS
substrates. An overview of the phosphorus effect for hydrotreating reactions is compiled in
Table 1. It can be emphasized that most of the studies reporting the promotional effect of P
were concentrated on the HDS reactions of transition metal sulfides.

The positive effect of P loading on the HDS activity of bifunctional NiMo catalysts support-
ed on MCM-41 substrates was reported by Herrera et al. [11]. The surface of the MCM-41
substrate modified with variable amounts of phosphorus (0-5 wt.% P,Os) was prepared by
post-synthesis grafting. In good agreement with the study by Guzman et al. [25], it was found
that the modification of MCM-41 with phosphorus results in high-performance NiMo
catalysts, especially for the HDS of DBT reaction. Regardless of the reaction the promotion of
the hydrogenation pathway of HDS reaction occurs. This was explained in terms of the changes
in the morphology of MoS, active phase induced by phosphorus. Surprisingly, the P-contain-
ing catalysts exhibited a higher catalytic activity in 4,6-DMDBT HDS than in DBT HDS reaction,
with all P-containing catalysts being more active in the 4,6-DMDBT HDS reaction than a
commercial NiMo/AlLO; catalyst. Maximum catalytic activity in HDS of 4,6-DMDBT reac-
tion was observed for the catalyst supported on MCM-41 modified with 1 wt.% P,0O;

CoMo/P( YHMS |
100

Simultaneous Impregnation

. 80; /
$
< / \
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Figure 5. Influence of P loading and catalyst preparation method (successive impregnation vs. simultaneous impregna-
tion) on the activity of CoMo/HMS sulfide catalysts in HDS of DBT. As reference, the DBT conversion data of an indus-
trial sample is included (adapted from Nava et al. [15] with permission from Elsevier).

The influence of P loading on the HDS activity of P-containing CoMo/P/HMS sulfide cata-
lysts prepared by sequential and successive impregnation was investigated by Nava et al. [15].
Their P-containing substrates were prepared by incipient wetness impregnation of the parent
HMS support with an aqueous solution of H;PO, having an appropriate concentration to
obtain P/HMS supports with P,O; loading in the range of 0.5-2.0 wt.%. Figure 5 shows that
the P effect is not linear and strongly depends on the method of catalyst preparation. The best
HDS activity was shown by the catalyst loaded with 1.5 wt.% of P,O5 which was prepared by
simultaneous impregnation.
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The effect of high P loading (2.0 wt.% of P,Os) on the surface of HMS-based catalysts was
different for the HDS of DBT [15] and the HDS of 4,6-DMDBT reactions [17]. Thus, contrary
to HDS of DBT, the same high P loading (2.0 wt.% of P,Os) favored the catalytic behavior of
CoMo/P/HMS sulfide catalysts in the HDS of 4,6-DMDBT reaction. The activity enhance-
ment was associated with the larger sulfidation degree of cobalt species as confirmed by XPS
analysis. However, both phosphorus promotion in the HDS of DBT [15] and inhibition in the
HDS of 4,6-DMDBT [17] were observed for the CoMoS/P(x)/HMS catalysts prepared by
simultaneous impregnation (Figure 6). Thus, it is obvious that the effect of modification of
HMS substrate with P on the catalyst activity is contradictory. The drop in activity in the HDS
of DBT reaction over CoMo/P-HMS sulfide catalyst (2.0 wt.% of P) was explained in terms of
the much lower specific surface area and the presence of a large surface concentration of
unsulfided Co* species on the P-containing sample [16].

| CoMo/P(x/HMS(simutaneaus impregnation) |
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) HDS of 4.6 DVDBT:
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Figure 6. Influence of P loading on the activity of CoMo/HMS sulfide catalysts in the HDS of 4,6-DMDBT. The catalysts
were prepared by simultaneous impregnation. As reference, the 4,6-DMDBT conversion data of an industrial sample is
included (adapted from Nava et al. [17] with permission from Elsevier).

The promotional P effect was also observed for P/SBA-16-supported NiMoW catalysts when
used in both HDS of DBT and 4,6-DMDBT reactions [25]. For both reactions, the catalyst
activity plotted against P loading exhibited a volcano-type curve. The volcano-curve activity
trend reported for NiMoW/P/SBA-16 sulfide catalysts was attributed to the promotional effect
of P leading to an increase of the dispersion (from HRTEM). However, the catalyst loaded with
the largest amount of phosphorus (1.6 wt.%) exhibited a drop of HDS activity with respect to
its P-free counterpart. The low HDS activity of the P-free counterpart with respect to the P-
containing NiMoW/SBA-16 sulfide catalysts was explained in terms of the formation of the
“onion-type” Mo(W)S, phases (vide supra Figure 3), in good agreement with the study by
Huang et al. [51]. This is because the “onion-type” phase exhibits the closed shell structure of
MoS, which displays a low amount of HDS active edge sites. Regardless of the P content, DBT
and 4,6-DMDBT transformation over NiMoW/P/SBA-16 catalysts occurred through two
parallel routes of hydrogenation (HYD) and direct desulfurization (DDS) reaction routes [25].
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Figure 7 shows the influence of P loading on the HYD/DDS selectivity ratio in this reaction
over NiMoW/P/SBA-16 sulfide catalysts. As seen in this figure, the catalysts modified with P
exhibited the enhancement of HYD route of the DBT HDS reaction, in good agreement with
those observed for CoOMoW/SBA-16 by Huirache-Acufia et al. [24].
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Figure 7. Influence of P loading on the HYD/DDS selectivity ratio in the HDS of 4,6-DMDBT over NiMoW/P/SBA-16
sulfide catalysts (adapted from Guzman et al. [25] with permission from Elsevier). Reaction conditions were: a batch
reactor, T =320°C, P=5.0 MPa, and +=0.5 h.

In order to promote the migration of the methyl groups in the aromatic ring of 4,6-DMDBT,
attempts were made to enhance the acid properties of support by the substitution of Si*" atoms
by AI** or Ti* ions in the pore walls of mesoporous silicas. The effect of support modifica-
tion with both P and AI** (or Ti*") on the activity of OMS-based catalysts has been studied by
several authors [13, 14, 21, 22, 34]. In all these studies, P was incorporated by impregnation of
the parent substrate with H;PO,. Zepeda et al. [21] investigated the catalytic response of CoMo/
P/HMS-Ti sulfide catalysts in the HDS of DBT reaction carried out in a batch reactor at
320°C and total H, pressure of 5.5 MPa. It was found that HDS activity strongly increased upon
P loading up to 0.64 wt.% of P,Os. The most active catalyst was 3.7 times more active than a
commercial reference one and 2.4 times more active than its P-free counterpart. From the
catalyst characterization, this was explained as due to specific electronic properties of the active
phases and the largest Mo surface exposure on the support surface (from XPS).

The effect of phosphorus loading was also studied for sulfided NiMo/P/HMS-AlI catalysts by
Zepeda et al. [22]. For both thiophene and 4,6-DMDBT HDS reactions, the activity of P-loaded
sulfide catalysts against P,O5 loading follow a volcano-shaped curve. The highest activity was
exhibited by the catalyst doped with an optimized amount of P (1.0 wt.% of P,O;). This was
explained in terms of the appropriate balance of active phase dispersion and largest hydro-
genation ability of the catalysts. Indeed, a linear dependence was observed between catalyst
activity and the active phase dispersion derived from H, chemisorption. The detrimental effect
of alarge P loading (1.5 and 2.0 wt.% of P,Os) on the HDS activity of NiMo/P/HMS-Al catalysts
was attributed to a large decrease in their specific surface area with respect to P-free cata-
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lysts [22]. Moreover, the decrease in the active phase dispersion of the catalysts was consis-
tent with a more difficult sulfidation of the support-attached tetrahedral Mo species, as
confirmed by combined DRS UV-vis and temperature-programmed sulfidation (TPS)
experiments of the oxide precursors.

8.2. Effect of the catalyst preparation method

The most widely used preparation method of the Co(Ni)-promoted Mo(W) catalysts is the
wetness impregnation of P/OMS supports with metal salt precursors. The direct preparation
based on the dissolution of ammonium heptamolybdate in the presence of phosphoric acid
has also been reported. In such cases, phosphorus acid is first added to an aqueous solution
of ammonium heptamolybdate before adding nickel (cobalt) [50].

The Co(Ni)-promoted Mo-based catalysts are usually prepared by simultaneous or sequen-
tial impregnation of the P/OMS substrates with Co(Ni) and molybdenum salts solutions. The
influence of both methods on the HDS activity of phosphate-containing CoMo/P/HMS sulfide
was studied by Nava et al. [15]. The effect of the catalyst preparation method on the HDS
activity of that catalysts is shown in Figure 5 (vide supra).
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Figure 8. Influence of the catalyst preparation method and support modification with P on the pseudo-first reaction
rate constants in the HDS of DBT over sulfided Co/Mo/P(x)/HMS-Ti and CoMo/P(x)/HMS-Ti catalysts (adapted from
Pawelec et al. [13] with permission from Elsevier).

The influence of the catalyst preparation method (successive vs. simultaneous impregnation)
on the HDS activity of P-containing CoMo/HMS-Ti sulfide catalysts in the HDS of DBT reaction
was studied by Pawelec et al. [13]. Figure 8 shows the reaction rate constants calculated from
the DBT conversion at reaction time of 4 h. As seen in this figure, the simultaneous P/HMS-Ti
support impregnation with Co and Mo precursors led to a larger enhancement of HDS activity
than that prepared by successive impregnation. For both catalyst series, the promotion of P
was not linear and the optimum P loading was found to be close to 0.64 wt.% (P,Os; content).
Importantly, it was found that the catalyst supported on the P/HMS-Ti substrate having an
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optimized P loading (0.64 wt.% of P,O;), which was prepared by simultaneous impregnation,
exhibited a larger HDS activity than an industrial catalyst having the same formulation.

The effect of the catalyst preparation method and support modification with P on the reaction
mechanism of the 4,6-DMDBT transformation over CoMo/P/HMS-Ti sulfide catalysts was
studied by Pawelec et al. [14]. This is contrary to the NiMo/P/HMS-Ti sulfide catalysts which
showed the 4,6-DMDBT transformation via HYD and DDS reaction routes [22]. The post-
synthesis modification of HMS-Ti with phosphorus led to an enhancement of dealkylation and
isomerization routes of 4,6-DMDBT transformation over the CoMo/P/HMS-Ti sulfide
catalysts [14].

8.3. Effect of phosphorus addition on coke formation

By means of the TPO/TG analysis of the spent P-free and P-containing CoMo/HMS catalysts
tested in HDS of DBT, Nava et al. [17] observed that P-containing catalysts were more
susceptible to coking and produced more hydrogen-rich coke than the P-free counterpart.
Besides the larger coke formation, the CoMo/HMS catalyst with the largest P loading (2.0 wt.
% of P,0;) exhibited the best performance in the HDS reaction. From the catalyst characteri-
zation, this was ascribed to a proper balance between active phase dispersion and the lowest
deactivation among the catalysts studied. This is because, besides the coke formation, other
factors might contribute to catalyst deactivation. Thus, the opposite trend observed for the
catalyst stability and the amount of coke formed strongly suggested that the presence of
phosphate species on the support surface could avoid particles sintering during on-stream
conditions. Moreover, the presence of phosphate species on the support surface helps maintain
alarge surface area of the supported catalysts, as observed for the alumina-supported ones [46,
47]. This means that an optimum loading of phosphorus may increase the longevity of the
catalysts. However, the introduction of high amounts of phosphate led to an increase in the
catalyst acidity, as confirmed for the NiMo/Al-HMS-P catalysts by Zepeda et al. [22], leading
to promotion of coke formation. In this context, Stanislaus et al. [52] demonstrated that the
strong acid sites of the alumina substrate, which are important in coking, are progressively
poisoned by phosphate addition. However, the introduction of a high amount of phosphate
created medium strength acid sites, and in turn, the total acidity of support increases. As a
consequence, one might expect that the coking might also increase.

The influence of the support morphology (SBA-15 vs. SBA-16) and their modification with
phosphate on the coking behavior of sulfided CoMoW catalysts was investigated by Huirache-
Acuna et al. [24]. In general, it was reported that the spent SBA-16-based catalysts showed a
lower coke formation in the hydrodesulfurization (HDS) of dibenzothiophene (DBT) than their
SBA-15-based counterparts. This is because the phosphate incorporation to the SBA-16 support
led to a decrease in coke formation in the final catalysts, as opposite to the behavior of the
SBA-15-based counterparts. Interestingly, it was found that the phosphate addition to SBA-15
substrate led to an increase in coke formation, whereas for the SBA-16-based catalysts, the
incorporation of a large amount of phosphate (1.5 and 2 wt.% of P) followed an opposite trend.
Since a correlation was found between the amount of weak and medium strength acid sites
and the amount of coke, this might indicate that coke formation on this sample occurs on the
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acid sites that are located in the close vicinity of CUS sits. Multipoint centers for coke adsorp-
tion have been suggested as the sites that are first poisoned by coke [53].

Summarizing, regardless of the support morphology, the optimization of P loading seems to
be an important parameter in the design of the active hydrotreating catalysts supported on the
ordered mesoporous siliceous substrates. This is because phosphorus content usually affects
the active phase dispersion, the catalyst acidity, the metal-support interaction, and the number
of active sites. It was found that the support modification with P affected the following aspects
of the final catalyst: (i) its structural and textural properties (Sggr); (ii) its acidity, and (iii) the
formation of different phases in the oxide precursors. However, the addition of phosphorus
to mesoporous siliceous materials has a nonlinear effect on the catalytic activity because the
incorporation of a large amount of phosphorus (>0.1 wt.%) led to a decrease in the HDS activity
of hydrotreating catalysts. This is probably due to a weakening of the metal-support interac-
tion leading to a lower dispersion of the metal oxide phases, similar to that observed for
alumina-supported hydrotreating catalysts [3].

9. Conclusions

On the basis of the present revision on the effect of modification of mesoporous silica materials
by -PO;H, groups for the activity of sulfides catalysts in different hydrotreating reactions, the
following conclusions can be drawn:

i The effect of the modification of the mesoporous silicas with phosphorus strongly
depends on the P loading and method of its incorporation.

ii. The amount of phosphorus should be optimized and the best activity results are
obtained for the catalysts modified with 1 wt.% of P.

iii. Support functionalization with -PO;H, groups by post-synthesis method increases
the substrate acidity without deterioration of its morphology.

iv. The catalytic behavior of sulfided catalysts depends strongly on the characteristics of
their oxide precursors. Thus, a linear correlation was found between the presence of
irregular (bankrupt) oxidized Mo particles in the oxide precursors and the catalytic
response.

V. The deposition of oxide Co and Mo precursors by simultaneous impregnation led to
more active HDS catalysts than their deposition on the support surface by succes-
sive impregnation method. This is because the former method led to a larger BET-
specific surface area, a larger amount of Co** ions having octahedral symmetry, and
a larger amount of Mo species having Mo=O; bonds.

vi. Irrespective of the catalyst preparation method, the presence of phosphate species on
the surface of HMS-Ti substrates has a beneficial effect on the HDS activity of the
catalysts because of the enhanced formation of octahedral Co* species and irregu-
lar Mo®* particles in the oxide precursors.
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vii. Compared with classical y-Al,O; the HMS support modified with both Ti (5i/Ti
molar ratio of 40) and phosphate shows appropriate textural characteristics to be used
as support for HDS catalysts.
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