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Abstract

The effect of surface area on the hydrodesulfurization (HDS) of 4,6-dimethyldibenzothiophene (4,6-DMDBT) was studied on a series of sup-
ported nickel phosphide catalysts of low gRiISIO-L, 96 m? g~1), medium (NpP/Si0-M, 133 n? g~ 1), and high (NpP/Si0-H, 208 n? g~ 1)
specific surface areas. The activity was based on 240 pumol of active sites (as measured by CO chemisorption) loaded in the reactor and w
measured at 573-643 K and 3.1 MPa. The best catalysP/NiO-H, gave a steady-state conversion oft99 at 613 K, which was higher
than that of the NiP/SiG-M catalyst with a conversion of 94% or the W/SiO,-L catalyst with a conversion of 76%. The order {HM > L)
correlated with the dispersion of the catalysts as measured from the respective CO uptakes for the samples (125 vs. 99 v5159mahtihg
Ni>P crystallite size as determined from X-ray diffraction (XRD) line-broadening measurements (6.5 vs. 7.8 vs. 10.1 nm). The higher surface
area catalysts gave more of the 3-(8ethylcyclohexyl)toluene and 3;8imethylbicyclohexyl products, indicating that the smalpRicrystallites
favor desulfurization by the hydrogenation route. Increasing the reaction temperature from 573 to 643 K enhanced the HDS activities and at th
same time gave more 3;8imethylbiphenyl product, indicating that high reaction temperatures favor the direct desulfurization route. Extended
X-ray absorption fine structure (EXAFS) and elemental analysis measurements showed that the nickel phosphide was partially sulfided and prol
ably formed a surface phosphosulfide phase in the course of the HDS reaction. The superior activity and stability-6¥/8i€Ni catalyst
was likely due to the better accessibility of the hindered 4,6-DMDBT molecule to the catalyst surface. The HDS reaction for this molecule is
structure-sensitive.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction family is 4,6-dimethyldibenzothiophene (4,6-DMDBT), which
has been used extensively as a model comp§24.
Transition metal phosphides have recently been reported as

Interest in the development of novel catalysts for ultra- ' o -
deep hydrodesulfurization (HDS) has accelerated througho(teW tyPes of high-activity hydroprocessing catalysts that have

the world by the need to meet stringent environmental reguStPstantial promise as next-generation cataf$sts4] The na-
lations [1,2] for ultra-low-sulfur (<10 ppm) gasoline, diesel ture,.structure, and §ynthe3|s of phosph|des have begn described
fuels, and jet fuel§2]. The chief challenge in ultra-deep HDS Previously[15]. Basically, the phosphides have physical prop-

is to remove sulfur from unreactive sulfur compounds, of which€rti€s similar to those of ordinary metallic compounds, such as

the family of dibenzothiophene molecules alkylated next to thé:arbides and nitrides. Thus they are good conductors of heat

sulfur atom is characteristic. A representative member of thi§md electr_icity, are _hard and strong, and _have h?gh thermal
and chemical stability. Among the phosphides, nickel phos-

phide (NpP) has been found to be the most ac{vg 3], and
* Corresponding author. Fax: +1 540 231 5022. several articles have described its HDS properties for treating
E-mail address: oyama@vt.ed¢S.T. Oyama). thiophend?9,10] and dibenzothiophene (DBT)1-13] For ex-
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ample, an optimized NP catalyst supported on a low-surface RT under He flow [100 cfh (NTP) min1], and then passi-

area SiQ gave a DBT conversion of 100%, much higher thanvated at RT in a 0.5% &He for 4 h. The Ni molar loading was

that of a commercial Ni-Mo-$+Al >0z with an HDS conver-  1.156 mmolg! (mmol per g of support), corresponding to a

sion of 76%[11]. But this same catalyst had lower activity for weight loading of 7.9% with an initial Ni/P ratio of/2; the

the HDS of 4,6-DMDBT, with a steady-state conversion also ofcorresponding samples are denoted byRsiO-L, M, and

76%][16]. H, where L, M, and H indicate low, medium, and high specific
The present study used silicas of different surface areas asirface areas of the silica support, respectively. These supports

supports for nickel phosphide, to examine the effect of particlevere Aerosil samples (Cabosil L-90, M-5, EH-5).

size on the stability and reactivity of the catalysts. The cata-

lysts using silicas of low (102 frg~1), medium (201 rAig~%),  2.3. Characterization

and high (333 rAig~1) specific surface areas are denoted by

NioP/SiG-L, NioP/SiG-M, and NpP/SiG-H, respectively. Irreversible CO uptake measurements were used to titrate

Silica was chosen as the support because it is inert and provid#¥e surface nickel atoms and to provide an estimate of the ac-

an opportunity to observe the effect of nickel phosphide partitive NizP sites on the catalysts. Uptakes were obtained after

cle size on catalytic HDS behavior. The reaction studies wergassivation and rereduction. Usually, 0.2 g of a passivated sam-

carried out with a model liquid feed containing 500 ppm sul-ple was loaded into a quartz reactor and pretreatedairatH

fur as 4,6-DMDBT, 3000 ppm sulfur as dimethyl disulfide, and 723 K for 3 h. After cooling in He, pulses of CO in a He car-

200 ppm nitrogen as quinoline. As will be discussed, the HDSier at 43.4 pmols? [65 cm® (NTP) min—1] were injected at

of 4,6-DMDBT s a structure-sensitive reaction. RT through a sampling valve, and the mass 28 (CO) signal
was monitored with a mass spectrometer. CO uptake was cal-
2. Experimental culated by measuring the decrease in the peak areas caused by
adsorption in comparison with the area of a calibrated volume
2.1. Materials (19.5 pumol).

Surface areas of the samples were obtained by the BET
method based on adsorption isotherms at liquid nitrogen tem-
erature, using a value of 0.162 fifor the cross-sectional area
f a No molecule. The measurements were performed in a vol-

The supports used in this study were fumed silicas with dif-
ferent surface areas (Cabosil, L-90, M-5, EH-5). The chemicalg
used in the synthesis of the catalysts were NighgO 6H>,O ; . o "

X tric ad t t(M tics ASAP 2000).
(Alfa Aesar, 99%) and (NE),HPQ, (Aldrich, 99%). The UMEUric adsorption unit (Micromeritics )

hemical dinth tvity stud 4. 6-dimethvidib X-ray diffraction (XRD) patterns of both the fresh and
gotehrrc;gaesnl:es(eAclrr:Js (e)rr;;:i(':\;' ég;)y d\zvn?(ra?hyl dlsllrjrllfe| dey( A'Cg;'spent samples were obtained with a Scintag XDS-2000 pow-
0 . .
. S P . . der diffractometer operated at 45 kV and 40 mA, using Cu-
Organics, 99%), quinoline (Aldrich, 98%), tetralin (Aldrich P 9

. ) ’ Ky monochromatized radiation & 0.154178 nm). Crystallite
i7%)’ n-gg;’;\ne_lgﬁ\cros Organlcsc,j 99%), ane.trldecgned(AIfSa sizes were calculated from the XRD peak line widths using the
esar, 0). e gases used were H\lrco,_ rade . gcherrer equation); = K1/Bcog#), whereK is a constant
99.99%), He (Airco, Grade 5, 99.99%), CO (Linde Researcqaken as 0.94 is the wavelength of the X-ray radiatiof, is

Grade, 99.97%), and 0.5%(Bie (Airco, UHP Grade, 99.99%). o haak width in radians at half-maximum corrected for in-
The reference standards used in the EXAFS study wesB Ni gy mental broadening ()1 and 2 is the Bragg angle of the
(Cerac, 99.5%), NiO (Cerac, 99%), Ni (Aldrich, 99.8%), NiS reflection[17].
(Aldrich, 99.98%), and NiS (Cerac, 99.9%). Elemental analysis was carried out with an inductively
) coupled plasma atomic emission spectrometer (Spectroflame
2.2. Yynthesis FTMO A85D; Spectro Analytical Instruments) on samples
that had been dissolved in aqua regia in a microwave digester
A series of silica-supported nickel phosphide catalystyEthosPlus, Milestone). The nickel and phosphorus signals
were prepared by means of temperature-programmed redugrere calibrated with a solution of nickel nitrate and ammonium
tion (TPR), following procedures reported previougly,12]. phosphate.
Briefly, synthesis of the catalysts involved two stages. First, Equilibrium calculations were carried out using the CHE-
solutions of nickel phosphate precursors were prepared by diFAH program (ASTM International, West Conshohocken, PA).
solving nickel nitrate with ammonium phosphate in distilled Multiple reaction equilibria were obtained by simultaneous so-
water, and these solutions were used to impregnate silica bytion of equilibrium equations.
the incipient wetness method. The obtained samples were dried To determine changes in the structures of thePN&iG
and calcined at 773 K for 6 h, then ground with a mortar anccatalysts with variation of Si®©supports and reactions, the
pestle, pelletized with a press (Carver, Model C), and sieved teamples were examined using extended X-ray absorption fine
particles of 650—-1180 pm diameter (P® mesh). Second, the structure (EXAFS) analysis. Nk -edge EXAFS spectra were
solid phosphates were reduced to phosphides from room tenobtained for both the fresh and spent samples. The fresh sam-
perature (RT) to 623 K at 3.6 Kmirt and from 623 to 853 K ples were pretreated inaHlow at 723 K, whereas the spent
at 1 Kmin1 in flowing Hz [1000 cn? (NTP) min-1g~—1]. The = samples were removed from the reactors in oil without con-
samples were kept at 853 K for 0.5 h, followed by cooling totact with ambient air, loaded in glass reactors, washed with
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hexane, dried, and treated in He flow at 623 K. Both the freshlyrable 1
prepared samples and the spent samples were transferredGigaracterization of the silica-supported nickel phosphide samples

glass cells with Kapton windows and were sealed by glasssamples Condition ~ BET surface atg@ ~ COuptake D¢
blowing without exposure to the atmosphere. The measure- (mmtg1 (umolg™t)  (nm)
ments were made in transmission mode at the X18B beansio,-L - 102 0 -
line in Brookhaven National Laboratory with a 2.5 GeV ring SiO;-M - 201 0 -
energy and 400-mA ring current. For the EXAFS analysis Si02H - 333 0 -

. . . - NisP/SiG-L Fresh 96 59 1a
comparisons were made with several bulk standards, including Spent 78 40 -
Ni2P (Cerac, 99.5%), NiO (Cerac, 99%), Ni (Aldrich, 99.8%), yi.p/sio-M  Fresh 133 99 B
NiS; (Aldrich, 99.98%), and NiS (Cerac, 99.9%). The obtained Spent 112 73 -
EXAFS data were analyzed using the WinXAS97 softwareNizP/SiQ-H  Fresh 208 125 5
package. A two-polynomial-fit function was used for back- Spent 174 102 -

ground subtraction in the entire spectral range. Fheeighted
EXAFS function was Fourier-transformed inkespace usinga  fregh SiQ-L, Si0p-M, and SiQ-H supports were 102, 201,

k-range of 2.5-14 AL, and 333 Mg1, respectively. After the introduction of nickel
o ) phosphides on the supports, the BET surface areas decreased
2.4. Reactivity studies to 96, 133, and 208 fy L, respectively. The higher-surface
) o _area supports, SEBM and SiG-H, lost proportionally more
Hydrotreating activities of the samples were tested in aea, probably because their smaller particles were more prone
three-phase, packed-bed reactor operated at 3.1 MPa and 57%3sintering by the high-temperature (853 K) treatment used in
643 K with a model feed liquid containing 500 ppm sulfur astne catalyst synthesis. In addition, more of their intraparticle
4,6-DMDBT, 3000 ppm sulfur as dimethy! disulfide, 200 ppm yolume may have been filled by the nickel phosphide phase.
nitrogen as quinoline, 1 wt% tetralin, 0.5 wtfkoctane as an  The BET areas of the spent samples also decreased further, but
internal standard, and the balancdridecane. The schematic only moderately, to 78, 112, and 174 gr .
of the testing system was described previoyalg]. Briefly, The CO chemisorption uptakes for the fresh samples in-
the testing unit comprised three parallel reactors immersed in geased substantially with increasing surface area of the silica
fluidized sand bath (Techne, model SBL-2) with a temperaturgypport. CO uptake was 59 pmotigfor the NiP/SiOp-L sam-
controller (Omega, model 6015 K). The reactors were 19'm”ble, 99 pumol g? for the NpP/SiG:-M sample, and 125 pmol
0.d./16-mm i.d. 316 stainless steel tubes with central thermogfl for the NpP/SiQ:-H sample Table 9. These results
couples to monitor the temperature of the catalyst. The catalyStfemonstrate that the higher-surface area supports gave rise
were in the form of pellets (120 mesh) and were supported tg greater dispersion of the M phase. Consistent with this,
between quartz wool plugs in a 13-mm i.d. 316 stainless steghe crystallite sizeslf.) calculated from the Scherrer equation
basket. The hydrogen flow rate was set to 156 mm_l with [DC =Kx1/B Cosg)] [17] became smaller with increasing sil-

a mass flow controller (BrOOkS, model 5850E), and the feeqca surface area, from 10.1 to 7.8 and then to 6.5 mh)Ke :])
liquid was injected by a high-pressure liquid pump (LDC Ana-

lytical, model NCI 11D5) at a flow rate of 5 chh~1. Quantities 3.2, XRD and elemental analysis

of catalysts loaded in the reactors corresponded to the same

amount of CO uptake (240 pmol). The LHSVs for the L, M,  The XRD patterns of the fresh pR/SiQ samples prepared
and H catalyst were 0.47, 0.79, and 1.0 hrespectively, based from the different silica supports are presentedrig. 1 The
on catalyst amounts of 3.89, 2.32, and 1.84 g and an apparepétterns all show a broad feature at-2 22° due to the amor-
catalyst density of 0.37 gcni. The passivated catalysts were phous silica supports. At higher angles, peaks due & die
rereduced under at 723 K for 3 h before the feed liquid was visible for all samples. The assignment ofyRiis based on
introduced into the reactors. Hydrotreating products were colpowder diffraction file (PDF) 3—-953Fjg. 1d]. The XRD peaks
lected every few hours in sealed septum vials and analyzed fgr NioP became less sharp and intense with increasing surface
a gas chromatograph (Hewlett—Packard, 5890A) equipped withrea of the silica, consistent with the decreased size of tfé Ni
a 0.32-mm i.d.x 50-m fused silica capillary column (CPSIL- crystallites on the high-surface area supports.

5CB; Chrompack) and a flame ionization detector. The XRD patterns for the spent samples with the different
silica supports were also obtained and are showkign2 The

3. Resultsand discussion figure shows a distinct decrease in thepeak intensity after
reaction for the low-surface area samples. In contrast, there was

3.1. BET and CO chemisorption no change in pattern and intensity for thesRIiSIQ-H sam-

ple, indicating that the smaller i particles were stable at the
The BET specific surface areaSgj and CO chemisorp- hydrotreating conditions on this high-surface area silica sup-
tion uptakes of the various silica supports and silica-supportegort.
nickel phosphide samples are givenTable 1 Results are The elemental analysis results for the various samples are
shown for freshly reduced samples (fresh) and used samplédisted in Table 2 All of the Ni>,P/SiG, samples were prepared
(spent) after reaction for 100 h. The BET surface areas of that a Ni molar loading of 1.156 mmolgd (7.9 wt% NbP) with
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Table 2
Elemental analysis of the silica-supported nickel phosphide samples
Sample Condition ~ Composition (wt%) Molar ratio
a) Ni,P/SiO -L Ni P S Ni/P Ni/S
S NiyP/SiG-L Fresh 497 220 - 1/0.84 -
A Spent 399 157 0370 1/0.48 1/0.170
2 Ni>P/SiG-M Fresh 513 264 - 1/0.98 -
g b) Ni,P/SiO,-M ' ' Sper_1t 491 160 0339 1/0.62 1/0.126
T Ni>P/SiG-H Calcined 438 465 - 1/2.01 -
- Fresh 64 254 - 1/1.04 -
Spent 421 179 0334 1/0.81 1/0.145

c) Ni,P/SiO ,-H

d) Ni.P: PDF 3-953 cause the XRD patterns showed the presence gi® s the

| | | I 2 Lol | only phosphide phase in the fresh sample. The Ni/P ratio indi-

10 20 30 40 50 60 70 80 90 cated that more phosphorus was retained on the medium- and

20/ Degrees high-surface area samples. As for the calcined sample, the Ni/P
ratio was 1/2.01, very close to the initial amount of 1/2, indicat-

Fig. 1. X-ray diffraction patterns of the fresh M/Si0, samples, (a) NP/ ing that the phosphorus loss occurred not during the calcination

g'gég (b) NigP/SIOxM, (c) NizP/SIOx-H, and (d) reference WP (PDF  gtage put rather during the reduction step of the preparation.
' The elemental analysis also demonstrated a distinct decrease in

phosphorus content for all of the spent samples, especially for

a) Ni,P/SiO -L the silica-supported samples with low and medium surface ar-

eas. The decrease in the amount of P was 43% fos-8i38%

for SiO,-M, and 22% for SiQ-H, as calculated from the corre-

sponding Ni/P ratios of 1/0.48, 1/0.62, and 1/0.81, respectively.

Fresh These results are consistent with the greater stability of the Ni

on the high-surface area sample.

Sulfur content determinations were also made by elemen-
tal analysis of the spent samples; the results are given in the
last column ofTable 2as metal/S molar ratios. In all cases,
some sulfur was taken up by the catalysts, with Ni/S ratios
ranging from 1/0.126 to 1/0.170. The location of the sulfur is
Fresh not completely ascertained; some sulfur may have resided on
the support in the form of adsorbed organic moieties, and some
may have been located on the catalytic phase. As demonstrated
by the Ni K-edge EXAFS results (reported later in this pa-
per), some of the sulfur likely interacted with the surface of the
nickel phosphide crystallites to form a phosphosulfide phase.
The phosphosulfide is formed on the surface, because the XRD

Spent

b) Ni,P/SiO,-M

Spent

Intensity / a.u.

¢) Ni,P/SiO,-H

Spent

Fresh results indicate that the bulk of the crystallites remainegPNi
, . , , , , ‘ Moreover, the surface is not a pure sulfide, because phospho-
10 20 3 40 5 60 70 80 90 rus was still predominant on the M/SiQ, and the reactivity
26/ Degrees of nickel sulfide is known to be po¢t9].

Fig. 2. Comparison of X-ray diffraction patterns for the fresh and spent . .
NiP/Si0, samples, (a) MP/SiOy-L, (b) NioP/SiO»-M, and (c) NpP/SiQp-H.  3.3. Reactivity studies

an initial Ni/P ratio of 1/2, a four-fold excess of P over the A model feed containing 500 ppm sulfur as 4,6-DMDBT,
stoichiometric value of 1/0.5. Results are given for the freshly3000 ppm sulfur as dimethyl disulfide, 200 ppm nitrogen as

reduced samples (fresh) and the used samples (spent) after pé[inoline, 1 wt% tetralin, and 0.5 Wt%pctane im-tridecane
action for 100 h. For the MP/SiOy-H sample, the elemental was used to test the HDS, hydrodenitrogenation (HDN), de-
' ' hydrogenation (DeHYD), and hydrogenation (HYD) activities

analysis of the precursor phosphate material (calcined) is als the various NiP/SiQy catalysts Fig. 3 illustrates the time
reported. In all cases, the freshly preparedfMBIC; samples ., rse of HDS activities for the various M/Si0; catalysts at
had lower phosphorus content than the initial value, with Ni/Pg13 K and 3.1 MPa. The initial 4,6-DMDBT conversions were
ratios ranging from 1/0.84 to 1/1.04, higher than the expecte@niformly high for all of the samples but declined significantly
stoichiometric value of 1/0.50 for AP. The substantial excess for the NpP/SiQ-L, declined slightly for the NiP/SiG-M,

of P was probably located mainly on the support surface, beand actually grew for the NP/SiQG-H. The NpP/SiG-H cat-
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.
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Time on stream / h 573K 613K 643 K

Fig. 4. Activity comparison of 4,6-DMDBT HDS for MP/SiG-L, NioP/
SiOz-M, and NpP/SiG-H catalysts. The reaction is carried out at 573, 613,
and 643 K, respectively.

Fig. 3. Conversions of 4,6-DMDBT HDS as a function of time on stream at
613 K and 3.1 MPa over MP/SiO-L, Ni»P/SiG-M, and NpP/SiG-H cata-
lysts.

Ni>P/SiG-H sample was related to its higher reactivity com-

alyst gave the highest 4,6-DMDBT conversion {2%), even : Led _ -
pared with the NiP/SiG-M and NpP/SiG-L samples.

after 100 h of reaction; the hIP/SiG-M catalyst gave an in- _ o2t
termediate conversion (94%), and the,RISiO-L catalyst The conversions and produc.t distributions at 613 .K and
gave the lowest conversion (76%). The;RISIQy-L catalyst 3.1 MPa afte'r 100 h are summarlzedTmbIg 3 The 'Fable lists
showed some decline in activity over time. The deactivatiorf€ reactant in the first column, the reaction type in the second
of the lower-surface area catalyst is likely due to the loss ofolumn, and a set of conversions and selectivities for the sam-
active sites, as revealed by the chemisorption daablé J). ples in subsequent columns. The selectivities add up to 100%
Table 1shows a decrease from 59 to 40 umotg32%) for for each reaction type, and mass balances weret18%. As
NioP/SiG-L and from 99 to 73 umolg! (26%) for Npp/  discussed earlier, the high-surface area silica-supported cata-
SiO,-M. NioP/SiG-H also lost some chemisorption sites, from lyst, Ni2P/SiQ-H, displayed the highest activity, with a 4,6-
125 to 102 pmol g?, but this loss was less (18%) than that in DMDBT conversion of 99-%, substantially higher than the
the other samples. The loss of sites may be related to exce84% conversion in NiP/SiG-M and the 76% conversion in
sive sulfidation of the catalysts, which was the highest for théNi2P/SiG-L. The HDS activity of the NiP/SiG-H catalyst
Ni,P/SiQ-L catalyst. Overall, in terms of activity and stability, was also much higher than that of a commercial Ni-Mg-S/

the NP/SiQx-H catalyst was superior to the low- and medium- Al 203 catalyst, which gave a 4,6-DMDBT conversion of 68%
surface area catalysts. under the same reaction conditidi$]. The NpP/SiG-L cat-

A comparison of the HDS activity for the variousJR/SiQ,  alyst was previously reported to be the most active phosphide
catalysts at different reaction temperatures of 573, 613, andatalyst for the desulfurization of DB[B,20]. In all cases the
643 K is given inFig. 4. The 4,6-DMDBT conversion increased comparisons are based on 240 pmol of sites loaded in the reac-
with increase in the reaction temperatures. The apparent ater, with the sites counted by CO chemisorption for the phos-
tivation energies for reaction were 25.8 kJ mblfor NioP/  phides and low-temperature;@hemisorption for the commer-
SiO,-H, 46.2 kd mot? for Ni»P/SiQ-M, and 47.5 kJ mot? for cial sulfide. Thus this comparison demonstrates that the intrin-
Ni>P/SiG-L. The substantially lower activation energy for the sic activity of the high-surface area catalyst was the best and

Table 3
The conversions and selectivities of the silica-supported nickel phosphides at 613 K and 3.1 MPa after 100 h on stream
Reactants Type Conversion (%) Product Selectivity (%)
NioP/SiG-L  NioP/SiG-M  NioP/SiO-H NioP/SiG-L  NioP/SiG-M  NioP/SiO-H
4,6-DMDBT HDS 76 94 99 3/3Dimethylbiphenyl 44 15 12
3-(3-Methylcyclohexyl)toluene 42 54 53
3,3-Dimethylbicyclohexyl 14 31 35
Quinoline HDN 92 100 100 Propylcyclohexane 52 64 74
Propylbenzene 41 36 26
HYD 6 0 0 Orthopropylaniline 4 0 0
5,6,7,8-Tetrahydroquinoline 2 0 0
1,2,3,4-Tetrahydroquinoline 1 0 0
Tetralin DeHYD 23 7 6 Naphthalene 69 28 25
HYD 10 17 20 Trans-decalin 21 46 49

Cis-decalin 10 26 26
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70
A)Ni,P/SiO-L Il DVBP
60 C—IMCHT
DMBCH
(I 4H-DMDBT
50
O\O
2 40
=
3 30
)]
%]
20
Fig. 5. Schematic of interaction of 4,6-DMDBT on small particles of i 104
much higher than that of the low- and medium-surface area cat- 0-
alysts. The reason for this is related to the higher dispersion and 573K 613K 643 K
stability of the fine particles of NP, which can maintain their 70 —— p———
structure at reaction conditions. B) Ni,P/SIO-M CIMCHT
Three major products are formed from 4,6-DMDBT conver- 60 DMBCH
sion on the NiP/SiQy-L, Ni2P/SiQ-M, and NpP/SiOy-H cat- so. (I 4H-DMDET
alysts: 3,3-dimethylbiphenyl (DMBP), 3-(3methylcyclohex- 3
yhtoluene (MCHT), and 3,3-dimethylbicyclohexyl (DMBCH). ‘E 404
According to published literatur1-25] the DMBP can be b §
considered to be formed by a direct desulfurization (DDS) % 30 § §
pathway, whereas the MCHT and DMBCH products froma @ § § \\
hydrogenation (HYD) pathway. As will be seen, this is rea- 201 § § §
sonable as secondary hydrogenation and dehydrogenation re- o \ § §
actions are not favored at reaction conditions because of strong 1 § § %
adsorption by the sulfur-containing molecules. Compared to the &\"l"l &\ &

Ni>P/SiG-L catalyst, the NiP/SiQ-H catalyst gave a lower

DMBP selectivity of 12% and a higher DMBCH selectivity of 573K 613K 643K
35%, indicating that it favors the hydrogenation pathway. This 70
will be discussed below. o0 C) Ni,P/SiO,-H E] ,E’A'\C"E?

The likely reason for the differences in selectivity between DMBCH
catalysts is that 4,6-DMDBT is a highly hindered molecule 504
and as such can interact more easily with the smaller particles.
A possible scenario for this is depicted kig. 5 The 4,6- :’2, 40 Q
DMDBT compound first interacts with a small particle through = X
the S-atom, which provides the strongest bond to a Ni center. @ 301 § §
Direct desulfurization could occur at this point, but the rate of 3 \ §
this reaction is low. Instead, because of the small particle size 204 § § \Q
(exaggerated in the figure), the adsorbed molecule can swing 104 § § §
around to cause interaction of the phenyl rings with the surface. \ \ \
This leads to hydrogenation and eventual desulfurization. The o0 N g\\ N
sequence constitutes a two-point mechanism, requiring interac- 573K 613K 643 K

tion of the 4,6-DMDBT molecule with the'surface through th'e Fig. 6. Product distribution of 4,6-DMDBT HDS for (A) WP/SIOp-L.
S-atom and at least one of the phenyl rings. The mechanisig) ni,p/si0,-M, and (C) NpP/SiOy-H catalysts. The products are 3¢

is not expected to be readily operable in the lower-surface areaethylbiphenyl (DMBP), 3-(3methylcyclohexyl)toluene (MCHT), 3.ali-
materials with larger particles; for these samples, the number dfiethylbicyclohexyl (DMBCH), and 1,2,3,4-tetrahydro-4,6-dimethyldibenzo-
sites capable of interacting with the sulfur atom will be lower, fhioPhene (4H-DMDBT), at 573, 613, and 643 K, respectively.

and the flatness of the surface will inhibit rotation of the com-

pound to allow interaction of the phenyl rings with the surface.bY the presence of 4,6-DMDBT. This results in higher tetralin
The finding that DDS is favored on these samples is consiste§onversions for the lower-surface area materials.

with this picture. As will be seen, the model is also consistent The 4,6-DMDBT HDS product distributions for the 2/
with the results of the tetralin reaction (discussed later in thé5iOz-L, Ni2P/SiG-M, and NpP/SiG-H catalysts at 573, 613,
paper). The larger particles with fewer sites for adsorption ofind 643 K are shown as bar chartsFigs. 6A, 6B, and 6C
4,6-DMDBT will have more bare flat surfaces, permitting the respectively. Three distinct features can be observed. First, at
adsorption of other molecules that normally would be inhibitedthe lowest temperature of 573 K, there is an additional prod-
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Table 4

The tetralin conversions and selectivities of the silica-supported nickel phosphides at the different temperatures

Reac. temp. Conversion of tetralin (%) Product Selectivity (%)

() NioP/SiO-L NioP/SiQ-M NioP/Si0-H NioP/SiO-L NioP/SiQ-M NioP/Si0-H

573 10 7 9 Naphthalene 70 31 27
Trans-decalin 20 44 49
Cis-decalin 10 25 24

613 33 24 26 Naphthalene 69 28 25
Trans-decalin 21 46 49
Cis-decalin 10 26 26

643 48 45 46 Naphthalene 82 62 87
Trans-decalin 10 25 9
Cis-decalin 8 13

uct for the NpP/SIQ-L and NipP/SiQ-M catalysts formed A detailed comparison of tetralin conversion and selectivity
besides the three obtained at 613 K (DMBP, MCHT, andat the different reaction temperatures is giveriTable 4 As
DMBCH). The additional product is 1,2,3,4-tetrahydro-4,6- shown, at the lowest temperature of 573 K, tetralin conversion
dimethyldibenzothiophene (4H-DMDBT). The appearance ofwas around 10%, whereas at the highest temperature of 643 K,
4H-DMDBT is due to the low conversion at 573 K, which it increased to nearly 50%. As for the product distributions,
allows observation of hydrogenated precursor species in theith increasing reaction temperature from 573 K to 613 K,
sequential hydrogenation pathway before desulfurization. Sethe selectivity to hydrogenation products wans- and cis-
ond, at the highest temperature of 643 K, the product DMBRiecalin decreased and the selectivity to naphthalene increased.
grew and became predominant for all of the;RIiSIG; cat-  These findings are as expected based on the thermodynamics.
alysts. The reason for this is thermodynamic in origin, be-sig. 7A shows the relative equilibrium concentrations for the
cause aromatic compounds are favored at high temperaturagaction network of tetralin. As expected, because hydrogena-
Third, regardless of the reaction temperature, thePR8iQ-  tion is exothermic, the concentration of hydrogenated prod-
L catalyst had substantially higher DMBP selectivity than theucts,cis- andtrans-decalin, decreased with increasing temper-
NioP/SiG-M and NiP/SiG-H catalysts, indicating that direct ature, whereas the concentration of the dehydrogenated prod-
desulfurization is favored for this low-surface area catalyst. Asict, naphthalene, increased with increasing temperature. The
discussed earlier, this was due to the inability of 4,6-DMDBT concentration of tetralin goes through a maximum because it
to interact through both the S-atom and the phenyl rings oman be both hydrogenated and dehydrogendiied.7B shows
the flatter surfaces and to undergo hydrogenation. It should bie calculated selectivities to the products of tetralin reaction.
remembered, however, that the DDS pathway is slow, and 4,6Fhe same figure displays points corresponding to the observed
DMDBT conversion is not high on the pR/SiQ-L catalyst. product selectivities on the BP/SiQ-L, NioP/SiQ-M, and

Quinoline can react to form HDN and HYD products; the Ni,P/Si0G-H catalysts. As can be seen, there are discrepancies
corresponding two conversions are also givefable 3 The  between the theoretical and experimental quantities, so that the
products are classified as denitrogenated compounds (propseaction network is not equilibrated. However, there is a trend
Icyclohexane, propylbenzene) and hydrogenated moleculdsr the higher surface area materials with the lower conversions
(1,2,3,4-tetrahydroquinoline, 5,6,7,8-tetrahydroquinoline, orto be closer to equilibrium.
thopropylaniline). As can be seen, both theMiSi%-M and It was also distinctive that for each catalyst, the conver-
NioP/SiG-H catalysts showed superior ability for nitrogen re- sion of tetralin was substantially lower than the correspond-
moval, with an HDN conversion of 100%, higher than the 92%ing conversions for HDS and HDNréble 3, despite the fact
demonstrated by the BP/SiQ-L catalyst. The product dis- that tetralin is present in considerable excess (10,000 ppm vs.
tribution shows that propylcyclohexane selectivity increasedb00 ppm). This finding demonstrates that secondary hydrogena-
distinctly with increasing surface area of the supports. Theion/dehydrogenation reactions are less important, probably be-
dominant formation of propylcyclohexane implies that hydro-cause the aromatic compounds are adsorbed more weakly than
genation of aromatic rings occurred before nitrogen removal. the sulfur or nitrogen compounds.

The main products of the tetralin reaction were naphtha-
lene formed from a DeHYD pathway aets- andtrans-decalin ~ 3.4. EXAFSanalysis
formed from a HYD pathway. Compared with thesRiSiO-
L catalyst, the NiP/SiQ-M and NipP/SiQ-H catalysts had To characterize the formation of nickel phosphides on the
slightly lower tetralin conversion (24—-26% vs. 33%) and lowerdifferent silica supports and to elucidate the nature of the pos-
naphthalene formation (25-28% vs. 69%). The dehydrogenaible active phases involved in the hydrotreating reaction, both
tion ability for tetralin conversion at 613 K and 3.1 MPa fol- the fresh and spent silica-supported phosphide samples were
lowed the order NiP/SiG-L > NioP/SiG-M ~ NisP/SiG-H. analyzed by EXAFS spectroscogigs. 8 and ® Figs. 8A and
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Fig. 7. Equilibrium of tetralin reactions. (A) Concentrations &f)(tetralin,
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Fig. 8. Nickel K-edge EXAFS of the fresh NP/SiG, samples, (A) NiP/
SiOo-L, NisP/Si0-M, and NpP/SiG-H, (B) NisP, NiO, nickel metal, and

ties of the reaction. Curves are equilibrium calculations, points are experimental
for NioP/SiG-L, NioP/Si0-M, and NpP/SiG-H, (M, =, ) trans-decalin,
(4, &, ®) cis-decalin, and®, @, ®) naphthalene.

8B show the Fourier-transformed IKi-edge EXAFS spectra of
the fresh N}P/SiQ, samples prepared from the different silica
supports, along with some reference standards. The bulR Ni

Ni,P/SiO, L
Fresh

— Spent

sample shows two main peaks at distances of 0.18 and 0.23 nm
which correspond to Ni-P and Ni—Ni distancésd. 8B(a)].

The fresh samples all display two distinct peaks at distances
close to those of the MNP standard, indicating that pR is the
predominant phase in these catalysts. There is no indication of
the presence of NiOHig. 8B(b)], Ni metal [Fig. 8B(c)], or Ni

FT magnitude / a.

Ni,P/SIO,M

sulfide [Fig. 8B(d)] in these samples.

Ni K-edge EXAFS results for both the fresh and spent
NioP/SiQ samples prepared with the different silica supports
are compared ifFig. 9. The features of the fresh pR/SIO
samples (thin lines) and spent samples (bold lines) were dif-
ferent, especially in the Ni—Ni peak region. As can be seen,

Ni,P/SiO,-H
Fresh
—— Spent

the Ni—Ni peak shifted to slight lower distances, and the in-
tensity was attenuated. Although not distinct, a broad feature 00
between the Ni—P and Ni—Ni peaks appeared to be formed, be-

0.1 0.3

d/nm

0.6

cause that region displayed a considerable increase in sign@l. 9. Nickel K-edge EXAFS of the fresh and spentoRiSiO-L, NigP/

intensity. Clearly, there is disruption of the originabRiphase

SiOz-M, and NpP/SiG-H samples.
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on the silica supports after the hydrotreating reaction, mosand HDN performance and was found to be best for sulfur re-
likely because of the formation of some phosphorous-deficientoval from the tenacious 4,6-DMDBT compound among the
Ni phase and/or the formation of sulfur compounds. The shift ofilica-supported catalysts tested. The surface area of the silica
the peaks to lower distance, in the direction of Ni metal, wouldsupport was found to have a profound effect opfNdispersion,

be consistent with this change in composition. The broad, inNi>P/SiQ, particle size, and 4,6-DMDBT HDS behavior. The
distinct signal falls exactly in the region of Ni—S linkages, asNi2P/SiG-H catalyst at 613 K and 3.1 MPa gave a steady-state
shown by the spectra of the sulfide standdig)[88(d)]. Thus, 4,6-DMDBT conversion of 99%, much higher than those of
the active phase for the nickel phosphide catalysts is likely tédhe NkP/SiG-M (94%) and NpP/SiQ-L (76%) catalysts. This

be a Ni—P-S layer on top of B crystallites. The presence of is due to the higher dispersion of i on the higher-surface
small amounts of sulfur was already demonstrated by the elearea SiQ support and the corresponding smallesparticles.

mental analysis results. The stability of this N;P/SiG-H catalyst was also excellent,
with no deactivation observed in the prolonged 100 h reac-
3.5. Comparig)n of differentsincaaswpportsfor NioP tion. Compared with NiP/SiG-L, the NbP/SiG-H CataIySt

demonstrated lower 3 @limethylbiphenyl (DMBP) selectivity
(12%), higher 3-(3methylcyclohexyl)toluene (MCHT) selec-

The different silica supports with low, medium, and high }* s X .
PP g tivity (53%) and higher 3,3dimethylbicyclohexyl (DMBCH)

specific surface areas were used to prepare the Batalysts o : )
at the same molar loading of 1.156 mmof'gand a Ni/P ratio sglect|V|ty (35%)’ demonstrating that the relatlyely smaller
of 1/2. The NP/SiOy-H catalyst exhibited the highest activity Ni,P crystallites favor the HDS pathway. These findings were

o : : : : further confirmed by comparison of the product distributions
and stability compared with the pR/SiG-M and NpP/SiG-L o : . ; .
catalysts Table 3 HDS conversions 99% vs. 94% and 76%, 2MoNY the NiP/SIQ-L, Ni2P/SiQ-M, and NpP/SIG:-H cat-

respectively). The higher activity for the higher-surface are lysts. The XRD pattems of the spent samples showed that the

silica-supported catalyst is likely due to the presence of a st ulk structure of NiP was maintained during the course of hy-

ble NioP phase in fine crystallite form. This also gives rise to adrotreatment. Characterization of the catalysts by EXAFS and

greater dispersion, as seen from the higher CO uptEkieie e!emental analysis megsurements before anq after.realction in-
125 vs. 99 vs. 59 umofd, respectively) and smaller particle dicated that the phosph|des underwe_nt a partial sulf|dat|on.that
size (Table % 6.5 vs. 7.8 \’/s. 10.1 nm, respectively). BecauseIed o the formation of a phosphosuilfide 'ayef on top of g
the activity measurements were made on the basis of equal Sitggase. The excellent perfprmance qf thQWS'OZ'H catalyst
loaded in the reactor, the difference in activity must be due tom'grlt be 'related o the h|ghe'r. o dlspers!on, smaller b
the higher intrinsic reactivity of the sites in the smaller particles.partICIe size, and better s_tab|l|ty of ‘heZ"_“ struct_ure n the
- . HDS course compared with the largeroRicrystallite size in
The differences in the supported phases are also demonstratt%(l‘ie) NLP/SiOs-L and NpP/SiCs-M catalysts
in the P content of the samples. Specifically, compared with '
the low-surface area silica-supported catalysbENSIO-L),
the high-surface area silica-supported catalyspPr&IO-H)

retained more phosphorus after reductidalile 2 Ni/P ratio=
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