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Abstract

Alumina-supported molybdenum phosphide hydroprocessing catalysts,)MaB O3, with weight loadings from 3.5 to 39 wt% were
prepared by temperature-programmed reduction of alumina-supported molybdenum phosphate precursors. The precursors were obtain
by incipient wetness impregnation of the support with aqueous molar solutions of ammonium paramolybdate and ammonium phosphate
(Mo/P = 1/1). Effects of loading, reduction temperature, and heating rate on the catalysts were studied, and the samples were characterize
by CO chemisorption, BET surface area, and X-ray diffraction (XRD) measurements. Compared to the bulk MoP ABiDMeystems
(which are similar to one another), the MgRAI,O3 material showed different behavior. Whereas calcined bulk and silica-supported
molybdenum phosphates form Mo—P amorphous glasses which reduce directly to MoP, for the alumina-supported phosphates at high loadin
(e.g., 13 wt% MoPRy-Al»03), a MoO; component is visible which reduces sequentially with temperature to\Mo@ Mo metal, and then
transforms to MoP. The difference in behavior between these systems is attributed to the formation of a strongly bound amorphous phosphat
surface layer on the alumina support. Alumina has a strong affinity for phosphates, and appears to initially abstract a substantial amount ¢
phosphorus from the stoichiometric molybdenum phosphate mixture. The alumina then releases the phosphorus at high temperature, allowir
it to recombine with Mo metal to form MoP and generating active sites. The/iMaR »,03 catalysts performed well in hydroprocessing of a
simulated distillate containing dibenzothiophene and quinoline at conditions representative of industrial hydroprocessing (643 K, 3.1 MPa).
For the 13 wt% sample the hydrodesulfurization conversion was 57% and hydrodenitrogenation conversion was 62%. Catalytic activity,
based on equal chemisorption sites loaded in the reactor (70 pmol), was generally independent of the amount of MoP deposited on th
alumina surface, independent of the presence of X-ray visible molybdenum phases, and was associated with a relatively high temperatur
reduction peak found at all loading levels of M@0z but not in bulk MoP. We conclude that the high-temperature peak gives rise to
highly dispersed MoP which is responsible for the bulk of the CO titration sites and the catalytic activity, and that the large MoP particles
visible by XRD make smaller contributions.
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1. Introduction catalytic properties of MoP deposited oryaalumina sup-
port.
Catalytic hydrotreating is an important refining process ~ MoP has a hexagonal WC-type structure, space ggoup
used to remove sulfur, nitrogen, and oxygen from hydrocar- Pgsp, with lattice parametersi, = 322 pm andcy =
bon fuel liquids. Research in our laboratory has identified 319 pm [6]. MoP is a metallic conductor with properties sim-
molybdenum phosphide, MoP, as an active and stable hy-ilar to ordinary intermetallic compounds [7]. Fig. 1 shows
droprocessing catalyst [1-3]. Additional work by the group the WC structure type adopted by MoP. The WC structure
of Prins [4] has shown that MoP has six times higher ac- type, along with the NiAs and WP structures, characterize
tivity in the HDN of orthopropylaniline than MoSAl20Os. the majority of transition metal monophosphides. The WP
Studies in the group of Bussell have shown that Y8i®, structure type is similar to NiAs, but distortions in the (001)
has four times h|gher aCtiVity in the HDS of thiophene than plane form a rectangu|ar net, resumng in an orthorhom-
MoS,/Al20s [5]. In this paper we report the synthesis and pic structure [8]. A recent review summarizes the structure,
preparation, and catalytic activity of phosphides [9].
~* Corresponding author. Removal of heteroatoms from fuel liquids is important
E-mail address: oyama@vt.edu (S.T. Oyama). because sulfur and nitrogen compounds corrode engine com-
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Table 1
Compositional characteristics of MgRI»,O3 samples

Wt% MoP mmol MoP g1 Al,03 Molecules MoP nm?2 Al,03

3.5 029 1.9
6.8 058 3.8
13 116 7.7
23 23 15
39 38 25

(mesh size 14#0). Samples were prepared with loadings be-
tween 0 and 39 wt% MoP (0 and 3.8 mmoiigAl ,0s). Spe-
cific compositional characteristics for the series of catalysts
@ Mo ® P are reported in Table 1. The highest loading sample was pre-
pared by double impregnation, due to solubility limitations
of the metal and phosphate salts in distilled water. Much of
this study used the 13 wt% (1.16 mmol MoPIgAl,0s)
MoP/Al,0O3 material. Reference samples containing only
ponents, pollute the air as $@nd NQ,, cause gelling of 1 16 mmol Mo gl Al,03 (10.0 wt% Mo) or 1.16 mmol
untreated liquids, and foul downstream reforming catalysts. p gt AlL,O3 (3.5 Wt% P) were prepared in a similar man-
The problem is becoming increasingly important as gov- ner to the catalysts, while aluminum phosphate, AIP@as
ernment regulations become stricter [10] and the quality of purchased from a commercial source (Alfa-Aesar Division
petroleum feedstocks declines [11]. Although hydroprocess- ¢ Johnson-Matthey, 99.999%).
ing catalysts have been widely studied, their basic composi- Temperature-programmed reductions were carried out on
tions have changed little for many decades. They are typ- pe|ietized catalyst samples (typically 0.3 g) placed in quartz
ically alumina-supported molybdenum sulfides with nickel _type reactors. The samples were heated with linear temper-
or cobalt promoters, NiMogAI203 or CoMo§/ Al203 [12]. ature ramps in flowing hydrogen (Airco, 99.999%) to reduce
The catalysts described in this work are completely differ- e metal phosphate to metal phosphide. Unless otherwise
ent, consisting of a compound of Mo and P with metallic noted, the space velocity was set at 650 pmgkH g1
rather than insulating or semiconducting properties. of sample loaded (1000 Gr(NTP) min-1g~1), and the
In recent years, phosphorus has come to be used as &eating rate was 0.0833 K& (5 Kmin—1). The effluent

secondary promoter in commercial catalysts [13]. The use was monitored continuously by a mass spectrometer (Ame-
of phosphorus in hydroprocessing catalyst formulations was tek/Dycor, MA100). All samples were flushed in hydrogen
introduced in a series of patents dat|ng back to the 195OSﬂOW for 2 h before Starting the temperature program, to
[14-16]. The phosphorus in these catalysts is dispersed orgry the sample and to provide a starting baseline in the
the catalyst surface in oxidized form, as shown by studies mass spectrometer. After reduction, the product was cooled
with X-ray photoelectron spectroscopy [17], nuclear mag- to room temperature (RT) under helium (Airco, 99.999%)
netic resonance [18], and infrared spectroscopy [19]. The flow, and passivated progressively with 0.1%/8e, 0.5%
effect of phosphorus depends on its concentration and phys-0,/He (Airco), and slow diffusion of air to the sample
ical form, but in general it has a larger positive effect on the tqr 24 h.
HDN performance of Ni-Mo sulfides than in the HDS per- The total dynamic CO uptake (Air Products, 99.999%)
formance of Co—Mo sulfide catalysts [20]. was measured with a mass spectrometer by passing 5.6 pmol

pulses over the sample in 65 pmolshelium flow at RT un-

til constant area peaks were obtained. Measurements made
2. Experimental on freshly reduced samples are referred to here as in situ

CO uptakes while measurements taken on passivated sam-

Catalysts were prepared by impregnation and reduction. ples rereduced in fifor 2 h at 723 K are referred to here as

Desired quantities of ammonium paramolybdate tetrahy- ex situ CO uptakes. BET specific surface arefg 6f pas-
drate, (NH)sM07024-4H,0 (Aldrich, 99%), and ammo-  sivated samples were measured with a Micromeritics 2000
nium phosphate, (N2HPOy (Aldrich, 99%), were dis- sorption unit.
solved in 1:1 stoichiometric proportions of metal to phos-  X-ray diffraction (XRD) patterns were obtained at a scan
phorus to form clear solutions in distilled water. These so- rate of 0.035 20 s~! using a Scintag XDS-2000 diffrac-
lutions were used to fill the pores ofiaalumina support  tometer with a Ni-filtered Cu-K (A = 0.1541 nm) radiation
(Degussa, Aluminumoxid C) by incipient wetness impreg- source. Crystallite sizes were estimated using the equation of
nation. The moist paste was calcined in air at 773 K for 6 h, Scherrer,D = KA/B cosd. The constank was taken here
ground with a mortar and pestle, pressed, broken, and sievedo be 0.9,) is the wavelength of radiatiorg is the peak
to particles between 650 and 1180 um in diameter for use width in radians, and is the angle of the reflection. The

Fig. 1. Tungsten carbide (WC) structure type adopted by molybdenum
phosphide, MoP.
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average of the first three reflections in MoP was used to cal- Dehydration
culate an average particle diameter [21]. Activation energies
for reduction reactions were estimated by the heating rate
variation method of Redhead [22].

Hydrotreating activity was evaluated with a model distil- =
late containing 2000 wppm N as quinoline (Aldrich, 99%), X
500 wppm O as benzofuran (Aldrich, 99%), 3000 wppm S as Il
dibenzothiophene (Aldrich, 99%), 20 wt% tetralin (Aldrich,
99%), and balance tetradecane (Fisher, 99%). The catalytic~
test was carried out in an upflow, three-phase, fixed-bed re- &
actor as described earlier [23]. An amount of catalyst cor- '(%’
responding to 70 umol of CO sites (measured ex situ) was
loaded for each reaction. To start the reaction, catalysts were \ . ! : \ . . . .
pretreated in flowing hydrogen (100 pmofs at 723 K and 300 400 500 600 700 800 900 100011001200
1 atm pressure for 2 h. The pressure was then increased to Temperature / K
3.1 MPa (450 psig), the temperature was dropped to 643 K
(370°C), and a liquid feed rate of 5 Gmin—1 (delivering Fig. 2. Temperature programmed reduction lprofiles_foirlvarious MoPO
9.7 umol min® of quinoline and 6.3 pmol mirt of diben- ~ A1203 samples reduced to 1223 K at 0.083(5 Kmin™=).
zothiophene) was initiated. Analysis of hydroprocessing lig-

Y
MoQ,—~ Mo 23% MoP

)
AIPQ, + Mo — /

water)

uids was performed with a gas chromatograph (Hewlett- MoP  x % ) .
Packard, 5890A) on samples collected at 2- to 3-h intervals MoP 1223 K
for a time period of 60—80 h, until a stable steady state was ‘ALO, o X‘Alzos 1173 K
reached. In this report, hydrodesulfurization (HDS) is de- Wmms K
fined as the percentage disappearance of dibenzothiophene “*“,\;;""‘"“”’MM A\ ~ 1073 K
(as no sulfur-containing intermediates were observed), hy- Vo : 1023 K
drogenation (HYD) is defined as the percentage of original Vo 973K
quinoline converted to hydrogenated quinolines, and hydro- e e 923K
denitrogenation (HDN) is defined as the percentage of nitro- W 863K
gen removed from the quinoline delivered to the catalyst. o0, 00 0 763K
3 . 673 K
Mo 2 A 300 K
3. Resultsand discussion 0 10 20 30 40 50 60 70 80 90 100
Degrees / 20

3.1. Synthesis of MoP/y-Al203
Fig. 3. Evolution of MoP during the reduction of MoR?AI>O3 (13 wt%

Calcined catalyst precursors were reduced to fdpO3 MoP). Samples were reduced to intermediate temperatures, quenched in he-
catalysts by temperature-programmed reduction in hydro- lium, and characterized by in situ CO uptake before passivatigm¢Os;
gen at 0.0833 Ks! (5 Kmin~1). Corresponding reduction ) MoOz2; (+) Mo®; () MoP, and §) Al203.
profiles for 0-23 wt% MolPAI,O3 samples are presented
in Fig. 2. Five water peaks evolved through the reduction species on the alumina surface. Theeak first appeared
process, corresponding to reduction of different materials as a small feature in the 6.8 wt% material, and was preva-
present in the precursor and to different stages in the re-lent at higher loadings along with thg peak. Theg and
duction process. All of the samples, including the alumina y features slightly overlapped theand$ features. But the
support, exhibited a peak at 370 K (with a shoulder at 410— 8 andy peak temperatures were in the range typically ob-
450 K) arising from physically adsorbed water. The alumina served for the reduction of bulk molybdenum compounds,
support alone exhibited no significant features above 500 K, and will presently be shown to correspond to X-ray visible
while the molybdenum phosphate-loaded samples had fea{phase changes.
tures corresponding to reduction of the deposited species. The reduction of the 13 wt% MgRAl>O3 material was
These features were labeled g, y, ands in order of their followed by XRD of quenched and passivated intermedi-
appearance with temperature. Tligpeak occurred at the  ates. These spectra are shown in Fig. 3. Comparison of Fig. 2
lowest temperatures, was relatively small, and was presentwith Fig. 3 allows association of the reduction peakss,
in all of the samples. Thé peak was also present in all of y, and§ with phase changes observed by X-ray diffrac-
the samples, occurred at the highest temperatures, and wason. The alumina-supported MoP precursor differs from the
generally large and diffuse. In the lowest loading materials, X-ray amorphous precursors for unsupported MoP [1] or
3.5 and 6.8 wt%, the ands peaks constituted the majority  silica-supported MoP [3] because of the visibility of MO
of the reduction profile, and are attributed to well-dispersed The formation of MoQ is attributed to abstraction of the
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phosphate component by the alumina surface. The take up 180
of phosphate by alumina in standard phosphorus—promotedg 160
catalysts is well established [24,25]. =~ 140 3
The o peak near 675 K resulted in no new features in 2 120 &
the XRD spectrum, and was therefore attributed to dehy- }, 8
droxylation of well-dispersed molybdate species. The low £ 100 =
temperature of this feature is thought to arise because theg 80 g
strength of the alumina—molybdate bonds weakens the re--UQ)’ 60 2
maining hydroxyl bonds, which are subsequently easier to g 5
remove. S 40 o
The B peak andy peaks correspond to the transforma- 20
tion of MoOs to Mo metal through the intermediate MgO M.[/ , , ) ) g
This behavior is typical of the reduction of bulk Mg@ hy- 300 400 500 600 700 800 900 100011001200
drogen. This X-ray observable process must occur because Temperature / K

the phOSp.horus spemes are unavailable to the.free mOIy.bdei:ig. 4. Evolution of in situ CO uptake sites of quenched intermediates dur-
num species. This demonstrates that the alumina fully bmdsmg the preparation of 13 wi% MoRI,Os.

the phosphate at this concentration level (13 wt% MoP).

At higher surface loadings, the phosphate groups saturatedTable )
the alumina surface and become available to associate with. " < ~q uptake with the reduction peaksg, y, ands

the free MoQ@. Here, the andy peaks resulted in XRD

changes similar to substoichiometric Md®, (x < 1) ox- :\Zkt Tiitﬁf\gatge u(r:ncz)lf;ti‘/':e’ pr:;- sriyc\rl::nb;
ides, where the value af depends on the relative amount of - 298_67’3 2 : None

P and Mo. Fortunately for the context of this report, catalysts 8 673-763 15 MoG — MoO,
prepared at 1123 K contained only MoP in their X-ray pat- 763-863 10 Mo@ — Mo metal
terns (regenerated in tligpeak at higher temperatures), and s 863-1173 71 Mo metal> MoP
the catalytic activity was attributed to well-dispersed phases

not observed by XRD. Therefore, detailed characterization

of the phase behavior of the samples with loading 23 and

38 wt% at intermediate temperatures was unnecessatry. PIALO,

Fig. 3 shows that thé peak is accompanied by the dis- @) " /
appearance of molybdenum metal and the appearance oi‘; _J...-—AEE/
molybdenum phosphide above 1123 K. This demonstrates y ®) " »
that thes peak is associated with the freeing of phospho- € o o MoP/ALO.
rus within the sample, and its return to the molybdenum = 2
species. Indirectly, this shows that theeak is associated g
with reduction of alumina-bound phosphate groups, and in- ¢ ©
dicates that phosphorus has a relatively fast diffusivity in
molybdenum—because the freed phosphorus can penetrate Mo/AL,O,
the molybdenum metal completely to form pure MoP. @

Fig. 4 shows the development of the in situ CO uptake 300 400 500 600 700 800 900 100011001200

in intermediates from the reduction of 13 wt% MR 203
superimposed on its reduction profile. The CO uptake cor-
relates reasonably well with the degree of completion of the Fig. 5. Reduction profiles for “blank” alumina samples reduced to 1223 K
reduction process, in which the dip at the end is likely due to at 0.083 Ks® (5 Kmin~1). (a) 1.16 mmol g PO, /Al,03; (b) AIPOy;
sintering/grain growth of particles of the active phase due to (¢) 1.16 mmol g* MoPO; /AI03; and (d) 1.16 mmolg* MoOx /Al0s.

the high temperature at that stage.

Table 2 summarizes the CO uptakes obtained for the Fig. 5 shows reduction profiles of reference materials
13 wt% sample at the different stages of reduction marked by including commercial AIPQ@, the ALbO3 support contain-
peaksx, B, vy, ands. It can be seen that the majority of the ing only ammonium phosphate, and the,®@% support
uptake is generated following tlepeak. Since thé peak containing only ammonium molybdate. The supported ref-
is also the major reduction peak in the low loading sample erence materials were prepared with procedures (impreg-
which does not show an X-ray visible MoP phase, this result nation, calcination, and pelletization) and molar loading
suggests that the measured CO uptake in all the samples i§1.16 mmolg? Al,Oz3) identical to those used for gen-
associated with well-dispersed molybdenum phosphide helderating the 13 wt% MofAlI,O3 catalyst. Samples con-
tightly on the alumina surface, rather than the X-ray visible taining the alumina support exhibited a large dehydration
phases. peak near 373 K. This low temperature behavior is sim-

Temperature / K
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ilar to that of the alumina blank and the supported cata- (5 Kmin—1) and held for 2 h were similar to those shown in
lysts shown in Fig. 2, and is attributed to the release of Fig. 6. The lattice constants of the supported MoP catalysts
physically adsorbed water condensed in fine pores. Refer-are reported in Table 3. The lattice parameters of the MoP in
ence samples consisting of only P and®¢ had smooth the catalysts agree well with the literature values, indicating
baselines between 600 and 900 K, and developed peakghat supported MoP of good purity is formed.
above 1100 K. A yellow-brown deposit formed downstream  The effect of final reduction temperature (heating rate
on the interior walls of the quartz reactor tube during the g =5 Kmin—1) on catalytic performance was evaluated for
high-temperature peaks of the P anc®@4 samples. The  the 13 wt% MoRAl,O3; material. Of four temperatures in-
deposit is probably elemental phosphorus transported asvestigated, successful samples were produced only at 1023
volatile reduced species such as P4, or PH; [26,27], but and 1123 K. Here, the primary criterion for success was the
could be oxidized phosphorus transported as volatif@esP presence of sufficient and stable CO uptake for catalytic test-
Vapor-phase transport of phosphorus has been reported earing. A sample reduced at 873 K for 2 h had insufficient ex
lier for phosphorus-containing materials undergoing high- situ CO uptake<£ 12 pmol g 1) to load 70 pmol of sites, and
temperature TPR [19]. The molybdenum-containing mate- a sample reduced at 1223 K for 0.5 h exhibited significant
rials, Mo/Al203 and MoR'Al 203, both had identifiablex, daily decrease in its CO uptake (noticed because of the aver-
B, and y peaks. These peaks are respectively attributed aging procedure used for catalyst samples) and was therefore
to recombination of hydroxyl ligands from well-dispersed also not used. Although the sample prepared at 1023 K had
molybdates, Mo@ to MoO; reduction, and Mo@to Mo adequate CO uptake, its XRD spectrum revealed the pres-
metal reduction. The MAI,O3 had a tail above 900 K,  ence of both Mo metal and MoP, while the sample reduced
attributed to the reduction of strongly held molybdates. In at 1123 K contained only MoP. Because of this, most of the
contrast to the reference samples, the MBOs sample  supported samples used for the characterization and reactiv-
had a large feature, the peak, between 900 and 1200 K. ity studies were reduced at 1123 K.
This feature in this temperature range only occurred in the  Table 3 summarizes crystallite sizes of the molybde-
presence of both phosphorus and molybdenum. X-ray dif- num phosphide calculated using the Scherrer equation.
fraction indicated a phase change from Mo to MoP accompa- These values correspond to an average over the low index
nying thes peak, demonstrating influx of phosphorus froma (1000), (1010), and (0001) planes. The sizes of the alumina-
source outside the molybdenum grains. Bhpeak in the  supported MoP crystallites increased slightly with the load-
MoP/Al>03 samples included the reduction of aluminum jng amount. More dramatic, however, was their large size
phosphate above 1100 K, but with the reduction tempera- (about double) compared to the bulk material. This is at-
ture of phosphorus decreased because of facilitation of thetriputed to grain growth (Ostwald ripening or sintering) of
reduction process by molybdenum. the crystallites at the 200 K higher temperature of 1123 K
X-ray diffraction spectra showing the presence of MOP ysed in the preparation of the supported catalysts compared
in samples of different loading reduced to 1223 K at to the bulk material, which was prepared with a maximum
0.0833K s (5 Kmin~1) are presented in Fig. 6. MOP was  temperature of 923 K.
the only crystalline product observed, becoming visible at  Taple 3 also reports site densities of surface metal atoms
6.8 wt%, and increasing in intensity with loading. The XRD  calculated from the crystallite sizes of the X-ray visible MoP
spectra of the catalysts reduced to 1123 K at 0.0833'K's  and the wt% loading of the MoP in the sample. The calcula-
tions were performed assuming spherical or cubic particles
x having surface site densities equal to 9.71 atomsHi is

wp understood that the crystallite size as given by the Scherrer

1 l 39% MoP/ALQ, Table3
o X-ray diffraction results for MoPAl,O3 catalysts
23% MoP/ALQO, Sample Lattice Lattice  Crystallite  Total metal

parameter, parameter, sie, site densitﬁ

—i eI A 13% MOP/ALO, ao (pm)  co (pm) nm pmol g1
P N /A 6.8% MoP/ALO, 13% MoP/Al ;03 321 318 39 43
23% MoF/Al,03 322 319 40 75
3.5% MoP/ALQ,
“MML. 278 39% MoP/Al,03 322 319 51 08
ML@ MoP 322 318 19 680

— 11— MoP reference 322 319 - -
0 10 20 30 40 S50 60 70 80 90 100 a Average size calculated from line broadening in th€00, (1010,
Degrees /20 and(0007) directions.

b Site density= surface metal atoms per gram of sample. Calculated us-
Fig. 6. X-ray diffraction results showing increased amounts of MoP with ing the surface metal areal density of MoP7(& 108 surface Mo nT2),
loading for samples reduced to 1223 K at 0.083 Kg(5 Kmin—1). the MoP fractional weight loading, and the average MoP crystallite size.
(x) MoP, and §) Al20s. ¢ JCPDS-ICDD Powder Diffraction File 24-771.
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Fig. 7. Development of in situ CO uptake as a function of loading. The
samples were reduced to 1223 K at 5 Kminin hydrogen flow at
670 umol s g=1 (1000 cn? min—1 g=1).

Table 4
Results of BET surface area and CO chemisorption measurements on
MoP/Al,03 samples
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Fig. 8. Effect of heating rate on the temperature-programmed reduction
forming 23 wt% MoR Al ,03.

Table 5
Apparent first-order activation energies of reduction events in the prepara-
tion of 23 wt% MoP/Al, O3

Sample Surface area In situ Ex sitlP Ex sitl? Peak Activation energy,
fresh® CO uptake, COuptake CO uptake 1
kJ mol™
m2g-1 pmol g1 fresh® spentd 15
mol g1 mol g1 «
pmolg pmolg B 157
}/-A|203 912 1 0 - y 130*
6.8 wt% MoP 75 70 26 20 s 160
13 wt% MoP 71 81 36 31 "
23 wt% MoP 60 76 28 29 Nonlinear. Estimated using heating rates of 2 K and 5 KThinSee
39 wt% MoP 49 60 36 26 text.

a Samples reduced to 1223 KB & 5 Kmin—1, H, flow = 650 pmol
g~1) and then quenched.

b Pretreated in W at 723 K for 2 h g =5 Kmin~2, H, flow = 650
pumol g~ 1).

C Catalysts prepared by reduction to 1123 K for Bh£5 Kmin—1, H,
flow = 650 pmol g'1).

d Spent catalysts washed in hexane and dried in air.

ples whose XRD spectra were presented in Fig. 6 and are
plotted in Fig. 7. The in situ CO uptakes rose from 1 to
81 pmol per gram of sample as loading increased from 0
to 13 wt% MoP and then tapered off to 60 umol per gram
as loading was further increased to 39 wt%. The decrease at
high loadings is likely due to blocking of pores by phosphide

particles and consequent loss of surface area. Because the ex

equation is only an approximation and ignores the presencesitu CO uptake of the fresh catalyst was used as the basis for
of a distribution of sizes. The surface site density was cal- loading the hydroprocessing reactor, these values were aver-
culated from the crystal structure of MoP [4] assuming ex- aged over three measurements. The ex situ measurements on
posure of equal numbers of low index planes. It is assumedall of the catalyst samples were similar, regardless of load-
in these calculations that the surface area to volume ratio ofing, and the results on the fresh and spent catalysts show that
the MoP crystallites was proportional tg'd (spherical or the catalytic treatment led to only minor, if any, reductions
cube shaped particles), and that the particles had the denin the ex situ CO uptake. Comparison of in situ and ex situ
sity of bulk MoP [8] (7.50 g cm®). The site density of the ~ CO uptakes reveals that only a portion of the uptake sites are
unsupported MoP was much larger than the experimentally recovered after air exposure and subsequent rereduction.
determined CO uptake of 18 pmoty[1]. This reveals that Heating-rate variation between 0.5 and 5 K minvas
the surface sites on bulk MoP are blocked in a ratio near investigated on the sample containing 2.3 mmdi \l,03
38:1, similar to results found for WP [28]. The calculated (23 wt% MoP/Al»Q0z3). The reduction profiles are displayed
site densities were lower for the supported materials than thein Fig. 8, and Table 5 reports the first-order activation en-
bulk due to a combination of larger MoP particles sizes and ergies calculated for each type of peak. As heating rate de-
lower MoP weight fraction in the mixture. creased, the relative intensity of tisepeak increased, and

Table 4 summarizes measurements of surface area, in sitthe y peak resolved into three smaller peaks. Furthermore,
CO uptake, and ex situ CO uptake for M@R 203 samples. the y peak maxima did not conform to a linear activation
The in situ CO uptakes were collected on the series of sam-energy relationship. This behavior is consistent with satura-
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tion of phosphorus on the alumina surface between 13 andactivity of the supported MoFAl,O3 samples was moder-
23 wt%, and the overlap of MoO— Mo and MoR O, — ately high, especially in HDN, and can be compared to that
MoP, processes in thg peak. The origin of increased inten- of a commercial Ni-Mo—$Al,03, which at the same hy-
sity of theB peak is not clear, but could be related to deeper droprocessing conditions had HDN conversion of 38% and

reduction of the crystallites in the slower process. HDS conversion of 79% [29].
Table 7 reports turnover frequencies (moles converted
3.2. Catalytic activity of MoP/y-Al,03 samples per CO uptake site per second) calculated for quinoline

HDN and dibenzothiophene HDS for MoP supported on alu-

The catalysts were evaluated for activity in hydrotreating mina compared with bulk MoP [1] and MoP on silica [3].
of a simulated distillate containing quinoline (2000 wppm The silica-supported material shows somewhat lower activ-
N) and dibenzothiophene (3000 wppm S) at 643 K and ity when compared on this basis, and the alumina-supported
3.1 MPa. Importantly, catalysts were loaded into the reac- material is similar to the bulk. This suggests that the MoP
tor using a constant 70 umol ex situ CO uptake basis. The active sites formed on the alumina support are similar to the
choice of ex situ CO uptake as the basis for comparison bulk material. Still the differences are small, and again indi-
assumes catalytic activity to be due to surface sites gener-cate that CO uptakes are a reasonable method for comparing
ated through reduction at 723 K, and will be discussed later. different samples.
The use of ex situ uptakes collected of air-exposed samples Table 4 also reports the ex situ CO uptake values for the
ensures that the sites are regenerated during catalytic prespent catalysts. For these measurements the samples were
treatment. Table 4 summarizes CO uptakes obtained afterremoved from the catalytic reactor, washed with hexane,
pretreatment in hydrogen at 723 K for 2 h. and dried in air. Subsequently, they were reduced in hydro-

Reference materials were also investigated for catalytic gen under the same conditions used for the fresh catalysts.
performance. These standards included the reduced supporthe ex situ CO adsorption sites persisted following catalytic
alone, a calcined phosphate blank containing 1.16 mmol reaction conditions and exposure to air. This remarkable sta-
PO, g1 Al,0s, and the phosphate blank exposed to the bility in CO uptake values before and after reaction is con-

reduction procedure used for the majority of M@®,03 sistent with the stability in conversion levels noted for these
samples (1123 K for 2 h). An amount of 3.0 g of each blank catalysts.
was loaded, as their CO uptakes were negligible. X-ray diffraction traces for fresh and spent 13 wt%

The hydrotreating performances of the samples are re-MoP/Al2O3 catalyst reduced to 1123 K are presented in
ported in Table 6. The blank reference materials had very Fig. 9. MoP and AlO3 were the only crystalline phases ob-
low HDN and HDS conversions, as expected. For the served, and the catalyst XRD signature was not significantly
MoP/Al 03 samples there was only a minor effect of load- affected by the catalytic reaction. Similar results were found
ing on the HDN and HDS performances, which averaged 56 for catalysts of other loadings, whose XRD patterns were
and 52%, respectively. The amount of hydrogenated quino-2also stable toward the catalytic test, and which resembled
line products was stable near 30% (except the phosphorusthe spectra shown in Fig. 6.
containing blanks), consistent with equilibration between  For the 13 wt% MolPAI ;O3 catalyst reduced at 1023 K
quinoline and 1,2,3,4-tetrahydroquinoline. Overall, the re- (i.-e., 100 K lower than the “standard” temperature of
sults indicate that a comparison of activity based on CO 1123 K), the X-ray diffraction patterns for the fresh and
uptakes is reasonable. The single low HDS conversion of Spent catalysts contained features of both Mo and MoP, as
44% for the 39 wt% sample is likely due to partial pore Shown in Fig. 10. Nevertheless, this material was also ac-
blockage for this high-loading sample. This would affect tive and stable toward the catalytic reaction conditions. This
the larger dibenzothiophene more than the quinoline. The catalyst was prepared at 1023 K using a 1.5-h soak. Com-

pared to the intermediate sample quenched at 1023 K, which
Table 6 contained only Mo metal in its XRD spectrum (Fig. 3), the
Hydroprocessing conversions of Mo 0z catalystd diffraction trace of the catalyst sample reduced at 1023 K
contained mostly MoP. Thus, the molybdenum phosphide in

Sample % HDN % HYD % HDS . .
the catalyst sample appeared during the 1.5-h soak time en-
Al,0O3 blank 2.4 32 11
PO, /Al,03 3.3 18 47
P/Al,03 3.8 19 1.0 Table 7
6.8 wt% MoP 54 31 51 Comparison of hydroprocessing turnover rates of 13% jdpO3 with
13 wt% MoP 52 33 57 13% MoP/SiO, and bulk MoP
13 wt% MoP® 62 29 57 Sample HDN. HDS,
gg vaizﬁ mgi gi gg ii mol quinoline mol dibenzothiophene
mol site 11 mol site 11
a Reduced to 1123 KA =5 Kmin~1, H, flow = 650 pmol g'1) for 13 Wi% MoP/Al,O3 12 %103 85 < 104
2h. - » 13 wit% MoP/SiO, 72x 1074 30x 1074
Reduced to 1023 KA =5 Kmin™+, Hy flow = 650 pmol g -) for Bulk MoP 15x 10-3 5.2 x 10~4

15h.
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HDN, 0.25 HDS) in this study is substantially better than
that found between catalytic activity and weight (0.32 HDN,
0.45 HDS), surface area (0.51 HDN, 0.33 HDS), or moles of
spent molybdenum (1.33 HDN, 1.35 HDS). Here, the relative cor-
relations represent variabilities, and are defined as the max-
imum span in values (maximum minus minimum) divided
by the average value. For a previously undescribed catalyst
system exhibiting a wide range of loadings and preparation

fresh
conditions, we feel that the consistency of results based on
CO uptakes is very good. Furthermore, the similarity of the
MoP turnover frequencies on CO uptake basis with bulk MoP is

notable.
. . . . . T . l . The majority of CO uptake in the MgRI,03 system
0 10 20 30 40 50 60 70 80 90 100 was generated by threduction peak at much higher tem-
Degrees / 26 peratures, about 200 K higher, than required for the forma-
tion of bulk MoP. Thes peak was observed in all of the
MoP/Al,03 samples, even at the lowest loading level of
3.2 wt%, and is attributed to highly dispersed molybdenum
and phosphorus on the alumina surface. Our earlier EXAFS
measurements [2] identified this dispersed phase in reduced
6.8 wt% MoPF/Al,O3 to be clusters of MoP between 0.5
and 1.2 nm in size. The surface density (Table 1) of MoP
on the 6.8 wt% sample is 3.8 MoP per finand appears
to be slightly above the saturation limit of molybdenum on
N i N the alumina in this system (note the presence of traces of
X-ray visible MoP in Fig. 6, and a slight gamma peak in
Fig. 2). This saturation limit is slightly less than that of
fresh MoOs3, which forms a saturated monolayer on alumina at
around 4.5 moleculgam? [30]. Higher surface loadings of
MoP L JL Mo and P up to 25 MoPn? (39 wt%) extend well beyond
monolayer formation on the surface, and the excess molyb-
0 10 20 30 40 50 60 70 80 90 100 denum forms X-ray visible Mo@ until phosphorus satu-
Degrees / 26 rates as well, and substoichiometric molybdenum phosphate
(MoP,O,, x < 1) species form at higher loadings. These
Fig. 10. X-ray diffraction of fresh and spent 13 wt% Mo#R,O3 catalyst X-ray visible excess molybdenum species undergo reduc-
prepared at 1023 K. tion in the temperature range of 650-850 K (at 5 K iy
as found in ordinary bulk Mo compounds, but the particles
tirely by the isothermal progress of the process givingsthe are generally very large. The relative sizes of the particles

Fig. 9. X-ray diffraction of fresh and spent 13 wt% Mo® O3 catalyst
prepared at 1123 K.

spent

peak. (Table 3) are much larger than bulk MoP produced at lower
temperatures. The sizes of the particles and their dilution by
3.3. Nature of active sites alumina lead to much lower values of surface metallic den-

sities than those found in bulk MoP. The relative similarity

The choice of ex situ CO uptake as the basis of compar- of turnover frequencies (Table 7) on the basis of CO uptake
ison of catalysts deserves commentary. Ordinarily for bulk sites in alumina and bulk MoP materials indicates that the
materials, a surface area basis is chosen. However, in superystalline phases in the supported catalysts provide only a
ported systems the surface area of the active phase and theninimal contribution to the active surface in these materials.
support material combines and the relative surface of the ac- Fig. 11 depicts a diagram of the proposed structure of the
tive material is masked. By choosing a surface site titration 6.8 wt% MoP/Al,O3 and 13 wt% MoPAl»,O3 materials.
technigue (CO uptake) that is known to be roughly propor- Here, the alumina particles and the associated oxide phases
tional to the total surface area [28], an estimate can be madeare highly simplified for the purpose of clarity. Neverthe-
of the amount of active surface available on a supported ma-less, the salient points of the process are clearly described.
terial. The CO uptake basis then allows comparisons of sup-In the 6.8 wt% loading material, well-dispersed MoPr@-
ported materials on the basis of equal active surface. While duces directly into MoP particles with diameters on the or-
the correlation between CO uptake and catalytic perfor- der of 1.2 nm. In the 13 wt% MoP material the precursor
mance is subject to experimental uncertainties, the relativehas distributed the molybdenum and phosphorus oxides as
correlation between CO uptake and catalytic activity (0.11 well dispersed MoPQ well dispersed aluminum phosphate,
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Small MoP . . .
;':;?ﬁd; has been found that the interaction of alumina and phosphate

7 with SuraaliBE ~1.2nm increases the dispersion of the metals in the Ni-Mo-S sys-

* tem [33]. Molybdena also interacts strongly with alumina,
suggesting that the phosphate group alters the interaction of
molybdenum with the surface [33].

Because the catalytic activity is roughly independent of
loading from 6.8 to 39%, while the XRD of MoP increases
dramatically in intensity, it is reasonable to conclude that
the majority of active sites are associated with highly dis-
persed MoP clusters in close contact withh@$, as noted
earlier [2]. The nature of phosphorus in MoR203 cat-
alysts reported here is quite different from its oxidized
state in commercial phosphorus-promoted sulfides. The
Fig. 11. Proposed structural model for 7 and 13 wt % WSRO catalysts. MoP/Al,03 catalysts reported in this paper are reduced at

substantially higher temperatures than those employed in
and crystalline Mo@. During the initial stages of reduction  standard sulfiding, and result in the reduction and transfer
(i.e., theg andy peaks), the crystalline Mofxeduces di- of phosphorus from alumina to the metallic phase. That the
rectly into metal, just as ordinary crystalline Me@ill do temperature of preparation is 200 K higher than for ordinary
in the presence of hydrogen. During the latter stages of re-bulk MoP is also remarkable, because it reveals that the alu-
duction (i.e., theé peak), the dispersed aluminum phosphate mina support stabilizes very small MoP particles, protecting
is reduced to release phosphorus which is taken up by thethem from sintering and maintaining their surface sites.
molybdenum metal, and the well-dispersed MgR€duces
directly into MoP particles with diameters on the order of
1.2 nm, as was found for the low loading sample. 4. Conclusions

Surface Large MoP Particles

Phosphate  , *yetal ~140 nm

3.4. Relationship to previous resultsin the literature .
ptop A series of MoP catalysts supported @rRAI>O3 was

prepared and tested for hydroprocessing activity under sim-
¢ ulated industrial conditions. MQRI O3 catalysts were ef-
fective at HDN and HDS in our tests, averaging 57 and

Although the nomenclature “MgfAl 03" has appeared
before in the literature [31], the materials studied were in fac
phosphate-promoted molybdenum sulfides. Such phosphate s . ) )
promoted sulfidic hydrotreating catalysts have been widely 22% respectively. Interestingly, dispersion of the molybde-
investigated, as described in an extensive review by lwamoto"UM Phosphate precursor on alumina revealed substantially
and Grimblot [13], but are not the same materials investi- different phase behawor than found in bulk MoP and silica
gated in the present study. In our catalysts, the phosphorusUPPorted MoP. At loadings between 0 and wt%, both
is in a reduced state and the active molybdenum phosphidet® molybdenum and phosphorus species were distributed
is metallic. Aside from the presence of Ni or Co promoters, ON the alumina support with a strong interaction. At about
comparison of the preparative conditions reveals that the rel-8 Wt%, the molybdenum species saturated on the alumina
ative amount of P to Mo in the promoted system is small, Supportand increases in surface loading led to free 10O
whereas in the present system it has exactly 1:1 molar pro-the oxidized system. Above 13 wt%, the phosphorus also
portions. For example, optimal activity for thiophene HDS saturates on the alumina surface and further increases in
in an alumina-supported sulfide catalyst containing 3.0 wt% Surface loading produced combinations of Mo&nhd sub-

NiO and 15 wt% MoQ@ was achieved with a phosphorus stoichiometric MoRO, (x < 1) species. Regardless of the
content of 1 wt% (0.24 mol P: mol Mo) [32]. Furthermore, X-ray visible phases, catalytic activity was independent of
the activation procedure for the promoted system typically loading and was attributed to well-dispersed MoP formed
involved low-temperature (ca. 723 K) reduction in a sulfidic from the reduction of the first 6 wt% of molybdenum phos-
atmosphere, whereas in the present study the reduction ifohate deposited to the surface.

at high temperature (1123 K) in pure hydrogen. No defini-  Higher loadings also resulted in strong interaction be-
tive evidence for phosphide formation has been given for the tween alumina and phosphate. Evidence for this was found
promoted system, whereas this study clearly demonstratedn the presence of Mo§in the oxidic precursor form of
the presence of hexagonal MoP by XRD. Related work using the 13 wt% MoRAI>Os3 catalyst, and by new peaks in
EXAFS shows small crystallites containing Mo—P bonds [2]. the TPR profile. As reduction proceeded, Mo@ccurred

There are also similarities between the phosphide andat 763 K, molybdenum metal was seen between 863 and
phosphorus-promoted sulfide systems. Both materials ex-1073 K, and MoP was formed above 1173 K. The catalysts
hibit a strong interaction between phosphate and aluminawere active for hydroprocessing of both dibenzothiophene
[24,25]. Additionally, the presence of phosphate results in and quinoline, and were stable under hydroprocessing con-
moderate reduction in the surface area of the catalysts. Itditions. Analysis suggests that the active sites are associated
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with small (~ 1.2 nm) phosphide crystallites on the alumina
carrier surface.
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