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Abstract

The field of catalysis is continuously invigorated by the discovery of new catalytic materials. Transition metal phosphides represent one
such group of compounds that have recently been shown to have excellent activity for hydrodesulfurization (HDS) and hydrodenitrogenation
(HDN). This is an important area, as continuous decline in the quality of petroleum feedstocks and increasingly stringent environmental
regulations have made the removal of sulfur a paramount problem in the refining industry. The structure of the metal-rich phosphides is
based on trigonal prisms, which can well accommodate the relatively large phosphorus atoms. The prisms are similar to those in sulfides,
but phosphides do not take on layered structures and are metal conductors, not insulators or semiconductors. Lack of layers leads to a mor
isotropic crystal morphology and potentially better exposure of surface metal atoms to fluid phase reactants. Phosphides can be prepare
readily in bulk and supported forms by reduction of phosphate precursors. The catalytic activity of the phosphides for dibenzothiophene HDS
and quinoline HDN at 643 K and 3.1 MPa followed the ordesfFe CoP < MoP < WP < NioP. The best catalyst, plP/SiO, had better
activity in hydroprocessing than a commercial Ni-M@gAS, O3 (HDS 98% vs 78% and HDN 80% vs 43%), based on equal sites loaded in
the reactor. The sites were titrated by CO chemisorption at room temperature for the phosphides and by ¢héseidrption at dry-ice
acetone temperatures for the sulfide. TheMBiO, also compared favorably with a commercial Co-MpAB O3 catalyst (Ketjenfine
756) using a real feed at 593 K and 3.9 MPa. On the basis of equal weights loaded in the reactoR tvadNagain found to have higher
performance than the sulfide (HDS 85% vs 80%). Studies glP)8iO, catalysts with varying NiP ratios indicated that the principal phase
remained NiP, but that the crystallite size decreased with increasing P content as a result of facilitated contact on the surface between the
Ni component and the phosphorus reagent. Activity measurements on these samples indicated that HDS was structure-insensitive, but tha
HDN was structure-sensitive. Extended X-ray absorption fine structure measurements indicated that the surface formed a phospho sulfide
after reaction. The mechanism of HDN was investigated using a series of molecular probes of varying structure. The reactivity order for
pentylamines indicated that C—NHbond scission proceeded bysahydride elimination mechanism, similar to that occurring on sulfides.

The reactivity order of substituted piperidines indicated that ring-opening proceeded by C—N bond scission and involearban, and
thus was different from the pathway on sulfides, which again appeared to invghrgdride elimination. This difference may account for
the higher activity of phosphides over sulfides.
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1. Introduction idative transformations, driven by the development of new
catalysts [1,2].

One area which has witnessed considerable activity in
covery and improvement of processes for the conversionthe last decade is hydroprocessing. This has been the result

of energy, the production of chemicals, and the elimina- of a global tightening in the allowed sulfur content in fu-
tion of pollutants. For example, the past 10 years have seergls and increased restrictions on the release of nitrogen ox-
great advances in the areas of automotive emissions con/des [3,4]. These trends have led to a worldwide search for

trol, fine chemicals production, syngas conversion, and ox- better catalysts for hydrodesulfurization (HDS) and hydro-
denitrogenation (HDN) [5]. Current approaches include the

improvement of existing sulfide catalysts and the investiga-
E-mail address: oyama@vt.edu. tion of new compositions such as bimetallic carbides [6], ni-

New catalytic materials play an important role in the dis-
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trides [7], and materials containing noble metals [8,9]. This  Although the physical and chemical properties of phos-
account reports on a novel class of compounds that havephides resemble those of carbides and nitrides, they differ
substantial promise as next-generation catalysts. The ma-substantially in their crystal structure. In the carbides and
terials are the transition metal phosphides, a group of sta-nitrides, the carbon and nitrogen atoms reside in the intersti-
ble, sulfur-resistant, metallic compounds that have excep-tial spaces between metal host atoms to form relatively sim-
tional hydroprocessing properties. Recent work has shownple lattices: face-centered cubic, hexagonal close-packed,
that MoP [10-14], WP [15,16], NP, and CgP [17-19] are or simple hexagonal. For these compounds, geometric con-
highly active for HDS and HDN of petroleum feedstocks.  siderations predict stable structures when the ratio of non-
The strong suppression of sulfur removal by nitrogen metal to metal radiifx /rv) is between 0.41 and 0.59 [23].
compounds [20] is a fundamental problem which is exac- For the phosphides, however, the atomic radius of phospho-
erbated by the decline in the overall quality of crudes. More- rus (0.109 nm) is substantially larger than that of carbon
over, it is well recognized that HDN is more difficult than  (0.071 nm) or nitrogen (0.065 nm) and the radius ratio is too
HDS, requiring more severe conditions of pressure and tem-|arge for octahedral coordination around the nonmetal to be
perature. Thus, nitrogen removal is a key problem in HDS, favorable. For this reason, in phosphides (also borides and
in particular deep HDS to levels of 50 ppm S or less. silicides), the nonmetal atom is usually found at the center
Since the phosphides are not well known in the field of of a triangular prism [21]. Different arrangements of these
catalysis, a brief introduction to their physical and structural building blocks give rise to different structures.
properties and methods of preparation will be given. This
will be followed by a review of their hydrotreating proper-
ties. Special emphasis will be placed on analyzing the mech-3, Structure
anism of HDN, as this is a structure-sensitive reaction that
can give insight on the site requirements on the surface of A summary of the different crystal forms is given in
the catalysts. As will be seen, the most active of the phos- Fig. 1 [24]. MoP is isostructural with WC, with the nonme-
phides, nickel phosphide (p®), provides a unique reaction  tal-containing prisms stacked on top of each other. VP has
pathway for nitrogen removal from organic molecules which the Ni-As structure with the P-prisms displaced laterally
involves activation at carbon positionsand g to nitrogen  one-half lattice spacing. NbP and TaP adopt the closely
atoms. This is in contrast to sulfides, which carry out HDN related NbAs structure, which just differs from VP in the
principally through activation at thg position. way the prisms are stacked. The monophosphides of groups
6—10 adopt the MnP and NiP structures both of which can

be regarded as distortions of the NiAs structure. In the MnP
2. General properties

Phosphorus reacts with most elements of the periodic
table to form a diverse class of compounds known as
phosphides. The bonding in these materials ranges from
ionic for the alkali and alkaline earth metals to metallic or
covalent for the transition elements and covalent for the
main group elements. The focus of this paper concerns

the metal-rich compounds, MP or JR, of the transition hex\;\;?)nal E‘;ﬁzgazl Nbcﬁzitgpe

metals, which have metallic properties. The phosphorus-rich gy, stricture BB &tnchire

compositions are semiconducting and are considerably less 4 o

stable than the metal-rich compounds. Pgm2 Déh - P63/mme Ci-ly2
The nature, structure, and synthesis of phosphides have MoP VP NbP, TaP

been described in a number of reviews [21,22]. Only the
properties of the metal-rich phosphides will be considered

here. Basically, these phosphides have physical properties o =M
similar to those of ordinary metallic compounds such as
carbides, nitrides, borides, and silicides. Thus, they are good ® =P

conductors of heat and electricity, are hard and strong, and
have high thermal and chemical stability (Table 1).

MnP type NiP type
orthorhombic orthorhombic
Table 1 B31 structure
Physical properties of metal-rich phosphides
- D2h — Phnm Pbca

Melting points Heats of formation Microhardness Resistivity

K kJmol1 kg mm—2 pQ cm WP, CrP, MnP, FeP NiP

> 1300 > 85 ~ 600 <200

Fig. 1. Structure of transition metal phosphides.
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Nevertheless, crystallographically all the P atoms are equiv-

WP (FEFF fit i alent, and so the position of only one major peak in the sam-

- ple (255 ppm referenced to 85%PiOs) was invariant with

WP (experimental) spinning.

WP/SIO, (experimental) - The NMR measurements are also important for char-
acterizing well-dispersed, supported samples as well as

identifying minority phases. Examination of the pattern

for WP/SIiO, (Fig. 3b) again shows the isotropic peak

(255 ppm) due to WP, but in addition there is another sub-

stantial peak {6 ppm), which is characteristic of a phos-

; T . . phate species. The phosphate probably represents a remnant
0.0 0.2 0. 4 0.6 of the starting material that was unreduced and is probably
Distance / nm localized on the support. These measurements were carried
out with the same samples as for the EXAFS determinations
reported above, again without exposing the materials to the
atmosphere. The EXAFS of the W-edge was unable to detect

structure the phosphorus atoms form chains, while in the NiP the presence of the phosphate, demonstrating how different
structure the phosphorus atoms form pairs. techniques give different types of information.

The structure of the phosphides can be probed by ex- The measured NMR shift for the phosphides is a Knight
tended X-ray absorption fine structure (EXAFS) measure- shift resulting from the interaction of P nuclei with the
ments. WP is an example (Fig. 2). The data were taken conduction electrons of the solid [16]. The shift differs in
in special cells without exposure of the samples to the at- magnitude and sign from the chemical shifts of phosphate
mosphere. The Fourier transformed spectra show charactercompounds and indicates the metallic nature of the phos-
istic distances for W—P and W-W bonds which are close phide. MAS-NMR has recently been employed to charac-
in bulk and supported samples. A FEFF simulation gives terize other phosphides, including MoP with Knight shift of
excellent agreement with crystallographically reported dis- 214 ppm [13], N3P with shift of 1796 ppm, and NP with
tances [16]. shifts of 1487 and 4076 ppm [25]. MoP andcsRigive rise to

Characterization of phosphides B magic angle spin-  one resonance and M to two because of the presence of,
ning nuclear magnetic resonance (MAS-NMR) spectroscopy respectively, one and two types of P atoms in the structures.
yields additional information about the structure and bond-  Both phosphides and sulfides adopt trigonal prisms as
ing in the materials. WP again provides a good example fundamental blocks in building up crystal structures. How-
(Fig. 3a) [13]. At zero rotation the bulk sample shows an ever, in sulfides a common trend is the adoption of layered
asymmetric envelope, characteristic of considerable electric-structures, whereas in phosphides this is not the case. This
field anisotropy surrounding the phosphorus nucleus. This has a considerable impact on the morphology of supported
can be understood from its crystal structure (Fig. 1), which catalysts. Sulfides generally possess flat, two-dimensional
shows that the phosphorus atoms reside in sites that lookcrystal habits that expose saturated basal planes, while phos-
different when approached from the y, or z directions. phides have more isotropic external morphologies that give
When the sample is rotated, the anisotropy spills over to therise to globular shapes. A nice example of this motif is shown
spinning side bands, resulting in a complex intensity pattern. (Fig. 4) for MoP/SiO, [13]. The consequence for catalytic

o
o
L

Fourier Amplitude
o
i

Fig. 2. Comparison of W3-edge EXAFS spectra of WP and WWHO,.
(Reproduced from Ref. [16], with permission.)
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Fig. 3. Comparison o¥*P MAS-NMR spectra of WP and WHSiIO,. (Reproduced from Ref. [14], with permission.)
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Fig. 4. Electron micrographs of MgBiO, catalysts. (Reproduced from Ref. [13], with permission.)

activity can be substantial, for phosphides potentially can ex- different samples by interrupting the experiments at different
pose a greater number of coordinatively unsaturated surfacestages in the reduction.
atoms, and hence give rise to higher site densities. The material shows a modest surface area and CO uptake.
These values and those of other phosphides are presented in
Table 3. Because of these low values, the materials were also
4. Synthesis synthesized in supported form on SiGilica was chosen as
a supportin order to minimize support interactions, and high
Numerous methods have been reported for the prepa_loadings (\’ 12 Wt%) were used in Ol‘dertO facilitate analySiS
ration of phosphides (Table 2). The most common is the Of the products by X-ray diffraction. The synthesis traces
synthesis from the elements, which can be carried out in for the supported samples were essentially identical to the
different manners including ampoule techniques and arc Unsupported references, and XRD duly showed the presence
melting. For catalysis applications many of these preparation ©f the expected phosphides.
methods are impractical because they require high tempera-
tures, utilize expensive starting materials, or produce extra-
neous species which can contaminate the product. As will be5. Catalytic properties
shown, a convenient and simple method of synthesis is the
reduction of phosphates, which can be carried out at moder- There have been relatively few studies of the catalytic
ate temperatures. behavior of phosphides. In general the phosphides catalyze
An example of a synthesis trace is given for WP the hydrogenation of alkenes, alkynes, dienes, and nitrocom-
(Fig. 5) [15]. The precursor was the phosphate, iy RtDe-
pared from ammonium paratungstate and ammonium phos- 20 20
phate, and the heating rate was 0.0167 K€L °C min~1).
There is one main reduction feature~af00 K, which is ac-

olg-!

. . . . . 15 F 415 w
companied by an increase in surface area and chemisorptiong 5,
uptake of CO. The latter measurements were carried out with E s

=
210f q103
= o
Table 2 S 5
Synthesis of phosphides s s L
Method Reaction
Combination of the elements M- xPP(red) — MPy
Solid state metathesis MEH NagP —> MP + NaCl N B . - | . d0
Reaction with phosphine M@+ PH3 —> MP + HCl 4 H, 300 400 500 600 700 800 900 1000
Decomposition of organometallics ~ TigtPHyCgH11)2 — TiP + PH3 Temperature / K
+ HCIl + CgH1g
Electrolysis of fused salts ME+ NaPQ, — MP + NaO

Fig. 5. Synthesis of WP by temperature-programmed reduction. (Repro-

Reduction of phosphates MRG- Hp — MP + xH»0 duced from Ref. [15], with permission.)




ST. Oyama/ Journal of Catalysis 216 (2003) 343-352 347

Table 3

Surface area and CO chemisorption in Si€ipported and bulk phosphides

Catalyst 13 wt% 20 wt% 14 wt% 9 wt% 10 wt%
MoP/SiO,2 WP/Si0,2 Fe,P/Sio,P° CoP/Si0y2 Ni,P/SiO,2

SA® (m2g~1) 50 (8) 62 (10) 97 (3) 87 (3) 97 (3)

CO uptaké (umol g~ 1) 50 (15) 19 (10) 16 (3) 16 (3) 28 (4)

a Metal loading= 1.16 mmol g1 SiO.
b Metal loading= 2.31 mmol g1 SiO,.
¢ (Parenthesis¥: bulk value.

pounds [26]. For the iron group metals the order of activ- HDS (98 vs 77%) and HDN (90 vs 38%). The overall

ity in 1-butene hydrogenation was [27]2¥ > Co,P > FeP, activity of the nickel phosphide was superior to that of the

with Ni2P also having better selectivity for the partial hydro- sulfide on a surface area (SA) basis (also turnover rate).
genation of dienes [28]. Amorphous Ni—P alloys prepared These levels of activity were higher than those of the best
by chemical reduction [29] or an electroless plating tech- bimetallic carbides and nitrides and were surprising, as the
nigue [30] have also been reported to be active for hydro- phosphide was a simple monometallic compound. Also very
genation. Compared to Ni metal, Ni—P had slightly higher attractive was the fact that the phosphide showed lower

turnover rates [31,32]. hydrogenation activity than the sulfide, indicating a more
Heats of adsorption of CO andy,Hhave been measured effective use of hydrogen.
calorimetrically on amorphous Ni phosphide [33]. Com- Results with model compounds often do not correlate

pared to Ni metal where the initial heats were respectively with those obtained with real feeds because the interactions
120 and 85 kJmott, the heats on the phosphide were re- between the components are complex, so most catalyst
spectively 30 and 20 kJmot lower. The decrease in the development is carried out with actual feeds. In order to
heats was attributed to electron withdrawal by the elec- evaluate the potential of the Mt/SiO, it was subjected
tronegative P atoms. to a test with a hydrotreated gas oil [34]. This feed was
The first reports of the application of phosphides in chosen because of its low sulfur (440 ppm) and nitrogen
HDN [17] and simultaneous HDS and HDN have appeared (8 ppm) content and moderate aromatics content (27 wt%),
only recently [10]. In HDN it was found that bP had higher ~ which mimics that which would be used in a second-stage
activity for quinoline denitrogenation than a commercial sul- hydrotreating process. The measurements were made again
fided Ni-Mo/Al 03 catalyst. Deviations in the kinetics of in a trickle-flow system, but comparison this time was
the reaction network suggested that the two systems workednade on an equal-weight basis with a current commercial
in fundamentally different manners, that is, the activity of Co—Mo-SAl,Oz catalyst (Ketjenfine 756) of surface area
the Ni-Mo sulfide was not due to the formation of,Ri 218 nfg~! and containing 11.2 wt% Mo and 3.1 wt%
on its surface. In simultaneous HDN and HDS, MoP was Co [35].
found to have moderate activity compared to a commercial ~ The NiP/SiO; (initial P/Ni = 2/1) compared favorably
Ni-Mo/Al O3 catalyst, but with better quinoline HDN. Ina  with the Co-Mo-3AI.03 catalyst in HDS conversion
subsequent study of HDN of orthopropylamine, it was con- (85 vs 80%) and exit sulfur content (66 vs 86 ppm) (Fig. 7).
firmed that MoP had six times higher activity per site than a The comparison at the same weight hourly space velocity is
sulfided Mg/Al2O3 catalyst [11]. Also, a supported 15 wt%

MoP/SiO;, catalyst was found to be nearly four times more 100+
active in the hydrodesulfurization of thiophene [13] than a C[;@
sulfided Mg/ SiO, catalyst. 804
The catalytic activity of a series of phosphides for L :Bz
HDN and HDS was compared (Fig. 6) in a trickle bed S 60
reactor operated under industrial conditions. The reactant £
feed was a model feed containing quinoline (2000 ppm N), 2 40
dibenzothiophene (3000 ppm S), tetralin (20 wt%), and S
tetradecane (balance). An amount corresponding to 70 pumol 2.
of chemisorption sites (CO for the phosphides, for the
sulfide) was loaded into the reactor.

The activity of the catalysts improved in the order 0- , : A—
FeP < CoP< MoP < WP < Ni,P. The results for tungsten Fo i8I0,  MeF NEFISIO,
phosphide and nickel phosphide are notable. In the difficult CoPISio, we Ni-Mo-SIA1,0;
HDN reaction tungsten phosphide had higher conversion rig. 6. comparison of different phosphides in the hydroprocessing of a
than the commercial Ni-Mo catalyst (58 vs 38%), while model feedT =643 K (370°C) and P = 3.1 MPa (450 psig); liquid feed
nickel phosphide had substantially higher activity in both =5 cnPh=1; gas flow= 150 cn® (NTP) min—1; bed volume= 1 cn®.
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Fig. 7. Comparison of (a) MP/SiO, and (b) Co—Mo-%Al,03 in the hydroprocessing of a real feetl.= 593 K (320°C) and P = 3.9 MPa (570 psig);
liquid feed= 4.0 gh~1, WHSV = 4 h™1, amount of catalyst 1 g. ¢ = % HDS, X= Exit sulfur ppm,l = % HDA (hydrodearomatization). (Reproduced
from Ref. [34], with permission.)

important for reactor sizing. A comparison based on surface  The effect of P content on HDS and HDN on these sam-
area would be even more favorable to theoMNiSIO;, ples gives insight into the nature of the active sites responsi-
which used a low-surface-area (902 gr1), low-density, ble for these reactions. It was found that the crystallite size
fumed support. The phosphide catalyst showed significantof the materials decreased with increasing P content. This
superiority to the sulfide in two other respects. It had a lower was probably due to better contact on the surface between
HDA conversion (0.7 vs 1.1%). This is desirable in order to the nickel component and the phosphorus reagent during the
limit hydrogen consumption in the final stages of processing synthesis of the catalyst. But the size range of the crystallites
and to avoid disruption of the hydrocarbon structure, which was small, 7-26 nm, so a classical particle size effect is un-
can result in cracking. The phosphide also displayed a morelikely. Rather, the effect on reactivity is likely due to changes
rapid attainment of steady state and no deactivation. Overall,in the composition of the supported crystallites. In the case
in terms of activity, selectivity, and stability, the phosphide of HDS the small effect of P content on conversion suggests
was superior to the commercial catalyst. This is surprising, that the reaction occurs principally on metal centers and that
since the phosphide is an unpromoted, single-metal catalystthere is little effect of ensemble size on reactivity. Hence, the
placed on a relatively unattractive support. reaction is structure-insensitive. The reaction may occur by

The effect of phosphorus content on the hydroprocessingdirect sulfur removal from dibenzothiophene, as no hydro-
performance of the supported4®/SiO, catalyst was stud-  genated intermediates were observed [36].
ied [36] (Fig. 8). The catalyst composition is described using  In contrast, in the case of HDN, the relatively large effect
the initial P/Ni ratio employed in the synthesis, but actual P of P on conversion suggests that P affects the catalytic
levels were lower due to loss of Blduring reduction of the ~ center indirectly, by altering its structure, or directly, by
catalysts. The PNi = 2/1 sample actually was close to sto- being part of the active site. The HDN of quinoline does
ichiometric NpP. As can be seen, the HDS conversion did not occur directly because of the greater strength of the
not change appreciably with initial/Ri ratio, but the HDN C—N bonds and is a complex sequential reaction involving
conversion went through a maximum. hydrogenation of the N-ring, hydrogenolysis of the aliphatic
C-N bond (CNH), hydrogenation of the C6-ring (HYD), and
elimination of ammonia. A simplified sequence of steps is
shown in Scheme 1.

On sulfides detailed kinetic studies show that the rates
of HYD and CNH are of a similar order of magnitude,
and no single rate-limiting step is operative [37,38]. On
phosphides such studies have not been carried out, but it
is likely that again no single rate-limiting step is involved
and that CNH will be one of the key steps. This bond
scission is difficult because of the steric constraints of the
ring. The CNH reaction is a complex reaction and requires

100

Conversion %
[«2] o]
e e

EY
o
1

204 multiple sites [39—41], among them an acid site to bind
A the nitrogen compound and a proximal basic site to carry

0.5 1.0 1.5 2.0 25 3.0 out a 8-H attack. Thus, the reaction is structure-sensitive.
Initial P/Ni ratio Changes of P levels on the surface may disrupt the dual site

Fig. 8. Effect of composition on MP activity. (Reproduced from Ref. [36], and cause the_Observed maximum in aqtlwty with P Cc.mt.ent'
with permission.) The phosphidic # may act as a base, in a manner similar
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O~ ~C~-C 0N

Scheme 1. Sequence of steps in quinoline hydrodenitrogenation.

to sulfidic $~, and assist in abstracting a proton from the (initial Ni /P = 1/3), the FT peak positions duly correspond
adsorbed nitrogen-ring intermediate. to those of bulk NiP, but the relative intensity of the

A concern with the use of any catalyst is its stability Ni—P is enhanced. The extra phosphorus probably resides
in the reaction medium. Mo, W, and Ni phosphides were on the surface of the highly dispersed particles, breaking
tested for 100 h and did not display deactivation [13,36]. up the catalytically active ensembles and again reducing
Analysis of the products by XRD after reaction revealed activity.
that there was no change in bulk crystal structure. EXAFS  In all cases changes can be discerned in the catalysts
analysis of the NiP catalyst provides additional insight[36]. after reaction (Figs. 9d—9f). The main Ni—-Ni and Ni-P
Fig. 9 compares the EXAFS spectra of the fresh (solid lines) peaks are attenuated and a feature in between the peaks
and spent (dashed lines) samples with initia)Niratios grows. Comparisons with bulk sulfide samples indicates the
of 2/1, 1/2, and ¥3. The sample with initial NiP = 2/1 appearance of a Ni-S signal. Thus, the active surface is
(Fig. 6a) shows a main peak with a shoulder at lower probably a phosphosulfide.
interatomic distance. In contrast, the samples with initial The finding that sulfur was present on the surface of
Ni/P = 1/2 and ¥3 (Figs. 9b, 9c) display two distinct the phosphide catalysts after reaction raises questions about
peaks, whose lengths match those of Ni-Ni and Ni—P the true nature of the catalysts. The most significant is
distances in NiP. There is no resemblance to the features whether the catalysts are actually sulfides supported on
of NiO, Ni(OH)2, or Ni metal. The sample with initial phosphides, and therefore not really a new composition.
Ni/P ratio of 21 (Fig. 9a) has a Ni-Ni distance close In order to answer this question, reactivity studies were
to that of metallic Ni, and the amount of Mt phase is undertaken to compare the mechanism of reaction on the
smaller, as could be expected from the spreading of the phosphides to that on the sulfides. Concentration was placed
metal and phosphorus components on the surface of theon HDN, as it is more difficult than HDS, and as a
support. The lack of NP also explains its low activity. = demanding reaction is a good probe of the details of surface
With the NpP/SiO, sample with the excess phosphorus structure and composition.

Ni-Ni Ni-Ni

a) _ Ni P/SiO, (Ni/P = 2/1) Ni-S
Ni-p/ Fresh d) NEEATN NLPISIO, (NP = 2/1)
b) N| P/S|O (N|/P _ 1/2 g N / ) N O
Fresh e) / \ NiPISIO, (NI/P = 112)
/—\// e S Spent
. C) i . — T ) /,h\‘ e o i
> NIPISI0, (NVP = 113) ) /1IN NiPIsio, (NP = 1/3)
© Fresh / \ S
c — — pent
= ~ _ Lm0 ]
o
x N\/\M Ni P
o
=
L

PV

—/

Ni,S,
Ni metal
NiS
T T — T T 1 T T T T T — T T T T 1 — T T T
0.0 0.1 0.2 0.3 04 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
d/nm d/nm

Fig. 9. EXAFS of the NjP/SiO; catalyst (initial NjP = 1/2) before and after DBT reaction. (Reproduced from Ref. [36], with permission.)
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Fig. 10. Mechanisms and intermediates in C—N bond cleavage. (Reproduced from Ref. [42], with permission.)

6. Mechanism in HDN In a first study, the C—N bond-breaking step was ex-
amined using a series of homologous pentylamines (Ta-
A summary of possible reaction steps in HDN is pre- ble 4) [42], as also studied on sulfides [46]. This corresponds
sented in Fig. 10. These were described in detail in a previ- to the last step in Scheme 1. The original work was carried
ous publication [42], and only a brief summary will be pre- out in the vapor phase, but for the present studies more real-
sented here. The classical nitrogen removal mechanisms aréstic conditions of liquid phase and high pressure (3.1 MPa)
nucleophilic substitution ($1, Sy2) or elimination (E1,E2).  were used. Comparison was made to a simple sulfide de-
The mononuclear pathwaysy$ and E1) start with the gen-  posited on a noninteracting support, MgSiO, in order to
eration of a carbocation by quaternization of an amine fol- avoid complications due to promoters and acidity.
lowed by cleavage of ammonia, while the binuclear path-  The reactivity order was found to bepentylamine>
ways (%2 and E2) proceed without scission of ammonia. n-pentylamine> neo-pentylamine, and this correlated with
The pathways involving reactions with metals (C—N oxida- the number of8-H atoms relative to the N atom (Table 4).
tive addition and metal alkyl formation) require activation The order could not be explained by the involvement of
of the a-carbon to the nitrogen [43-45]. These last studies a-H atoms, or of carbenium or carbanions formed at the
have been carried out with well-defined organometallic com- amine position, and eliminatedy$, S2, and El-type
plexes, which serve as excellent models of the chemistry onmechanisms. This made the likely mechanism an E2 process
heterogeneous catalyst surfaces. The mechanism of HDN ininvolving surface attack by a nucleophilic species on a
the present study was probed by determining the effect of 8-H atom. The same mechanism was found for ASI;,
molecular structure on reactivity. MoP/SiO,, and M0oS$/SiOs.

Table 4
Reactivity pattern of pentylamines

Reactivity \>< - \/\/\ > 4~—\
NH
NH 2 NH

2

2

Number ofa-H'’s 0 2 2
Number of8-H’s 8 2 0
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Table 5
Reactivity pattern of piperidines

Reactivity ~ O > /(j\ > O\
N N N
4
4

Z

N

2 3
10 7

Number ofa-H’s
Number of8-H'’s 4

In an ongoing study [47], the ring-opening step in Laboratory)in Campinas, Brazil, under Project XAS 592/99,
N-heterocycles was probed onJRySiO; using a family of the Tsukuba Photon Factory of the High Energy Accel-
piperidine derivatives (Table 5). This addresses the seconderator Research Organization under Grant 2001G297, and
step in Scheme 1, which is also a C—N bond-breaking re- Brookhaven National Laboratory under Grant 4513. Individ-
action. A similar comparison was carried out on a commer- uals who were involved in the work were W. Li, P. Clark,
cial Ni-Mo—-S/Al,03 [48], and it was concluded that again  X. Wang, Y.-K. Lee, P. Deck, F. G. Requejo, J.M. Ramallo-
a g-elimination was operative. In the case of theRNicat- Lépez, S. Hayashi, T. Sato, and Y. Yoshimura. M.E. Bussell
alyst the results were not consistent with this. Here, it was kindly provided the TEM micrographs. The Journal of Catal-
found that the less hindered piperidines were more reactiveysis gave permission to reproduce past work.
than the more substituted piperidines, even though the latter
had larger numbers ¢f-H atoms. The complete results will
be discussed in a forthcoming paper [47], but it was found References
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