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a b s t r a c t

A series of phosphorus promoted �-Al2O3-supported NiMoW sulfide catalysts consisting of 6 wt.% Mo,
7 wt.% W, 2.5 wt.% Ni and 0–2.5 wt.% P was synthesized by a co-impregnation method. The catalysts were
characterized by N2 adsorption, carbon monoxide chemisorption, X-ray diffraction, Raman spectroscopy,
diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy, X-ray absorption near edge structure
(XANES) and DRIFT spectroscopy of adsorbed CO. The CO uptake measurement and Raman spectroscopy
showed that P addition to NiMoW improves the dispersion of Mo and W species on the �-Al2O3 surface.
DRIFT spectra of adsorbed CO evidenced that the number of active sites on the surface of NiMoW/�-Al2O3

sulfide increases with increasing phosphorus concentration and reaches an optimum at 1.6 wt.% of phos-
phorus. DRIFT spectroscopy evidenced the aluminum phosphates on the surface and also new Brønsted
ANES
RIFT of CO adsorption
ydrodesulfurization
ydrodenitrogenation
oker gas oil

acid groups in P-doped catalysts. XANES study revealed that P doping in �-Al2O3 does not affect the bulk
electronic structure of �-Al2O3. The HDS and HDN of coker light gas oil derived from Athabasca bitumen
in a trickle bed reactor at industrial conditions showed that phosphorus doping has a stronger promo-
tional effect for HDN than the HDS. The enhancement in HDN activity with phosphorus addition could be
attributed more to the effect of acidity than to the improvement in dispersion. The PNiMoW/�-Al2O3 cata-
lyst with P loading of 1.6 wt.% showed superior hydrotreating activity than the bimetallic PNiMo/�-Al2O3,
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. Introduction

Athabasca bitumen consists of hydrocarbons in their most com-
lex form that are mined and extracted from the Athabasca oil
ands. After undergoing a fluid coking process, the crude feed is
onverted into light gas oil (LGO) product as well as heavy gas
il, kerosene, and naptha product streams. The LGO can be further
efined to produce varying grades of gasoline and diesel fuels. How-
ver, the presence of organic sulfur and nitrogen compounds within
he LGO creates problems for the final products to meet stringent
mission specifications. In addition, there is also the problem of
ulfur and nitrogen compounds within the LGO deactivating the
oble metal catalysts applied in downstream refining processes.

Hydrotreating is the catalytic process where refined petroleum

roducts such as LGO are reacted with hydrogen at a high tempera-
ure and pressure to remove sulfur (hydrodesulfurization, HDS) and
itrogen (hydrodenitrogenation, HDN) in the form of H2S and NH3
as, respectively. A bimetallic catalyst is typically used with a metal

∗ Corresponding author. Tel.: +1 306 966 4771; fax: +1 306 966 4777.
E-mail address: ajay.dalai@usask.ca (A.K. Dalai).
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catalysts.
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cting as a catalyst promoter, often cobalt or nickel, and another
etal, often tungsten or molybdenum, presenting the active sites

ecessary for catalytic conversion. Sulfide is typically used as the
ctive phase for the metal catalyst by forming MoS2/WS2 crys-
al structures, although nitride and phosphide active phases have
een implemented as well. �-Al2O3 is often used to increase the
urface area and exposure sites of the metallic catalyst, although
nsupported catalysts have proven to be effective in some cases.

More recently, the potential of applying trimetallic NiMoW cat-
lysts for hydrotreatment has been explored. Nava et al. [1] and
bsi-Halabi et al. [2] have reported NiMoW/�-Al2O3 sulfide cata-

ysts having higher HDS activity when compared to NiMo/�-Al2O3
nd NiW/�-Al2O3 sulfide catalysts. A study performed by Soled et al.
3] led to the patenting of an unsupported NiMoW catalyst named
EBULA, which was found to have far greater HDS activity than

upported bimetallic catalysts.
Phosphorus is currently being used as additive to improve the
ctivity of hydrotreating catalysts. The results of studies analyz-
ng the effect of phosphorus addition have been controversial as
o whether phosphorus is promotional or detrimental to HDS and
DN activities of NiMo/�-Al2O3 sulfide catalyst. While some stud-

es have found that phosphorus promotes both HDS [4–6] and

http://www.sciencedirect.com/science/journal/13811169
mailto:ajay.dalai@usask.ca
dx.doi.org/10.1016/j.molcata.2008.05.011


ar Cat

H
n
[
d
l
e
N
n
w
N
N
i
p
A
f

2

2

p
s
(
3
N
2
p
c
d
n
�
a
r
1

2

w
s
u
o
i
w
i
d
l
t
t
r
s
R
H
l
B
fi
u
C
3

(
t
s
c

w
m
p
1
s
w
a
a
w
6
f
n
d

r
(
S
e
e
m
a
T
r
e
w
w
c

2

r
(
h
b
p
n
i
c
h
c
o
w
s
s
a
r
m
9
b
o
r
i
t
2
l
o
A
3
T

S. Sigurdson et al. / Journal of Molecul

DN [7–11] of NiMo/�-Al2O3 sulfide catalyst, few reports showed
o detectable effects to HDS activity from phosphorus addition
12,13]. A study performed by Nava et al. [14] found phosphorus
oping to be detrimental to the activity of unsupported trimetal-

ic NiMoW catalyst. No documented analysis was found for the
ffect of phosphorus on the HDS and HDN activities of supported
iMoW catalyst, specifically for a �-Al2O3 support. In addition,
o study has been performed for hydrotreating a real feedstock
ith either NiMoW/�-Al2O3 sulfide catalyst or phosphorus-doped
iMoW/�-Al2O3 sulfide catalyst. In this study, a series of P-doped
iMoW/�-Al2O3 sulfide catalysts was prepared by the wet co-

mpregnation method and characterized extensively. The effect of
hosphorus concentration on HDN and HDS activities of NiMoW/�-
l2O3 sulfide catalyst was studied using coker light gas oil derived

rom Athabasca bitumen as the feed.

. Experimental

.1. Catalyst preparation

P-doped �-Al2O3-supported NiMoW oxide catalysts were pre-
ared by an incipient wetness co-impregnation method. The
upport, extruded �-Al2O3 of 1 mm diameter and 8 mm length
Süd-Chemie, India) was calcined at 500 ◦C (ramp rate of
◦C/min) for 3 h prior to impregnation. A series of P-doped
iO·MoO3·WO3/�-Al2O3 precursors (6 wt.% Mo, 7 wt.% W and
.5 wt.% Ni) with incremented amounts of P (0–2.5 wt.%) were pre-
ared by impregnation of �-Al2O3 with aqueous solution (pH ∼ 4)
ontaining the appropriate amounts of ammonium heptamolyb-
ate (99.9%, Aldrich), ammonium tungstate (99.9%, Aldrich), nickel
itrate (99%, BDH) and phosphoric acid (AnalaR, BDH). P-doped
-Al2O3 samples were prepared by impregnation of �-Al2O3 with
queous solution containing the appropriate amounts of phospho-
ic acid (AnalaR, BDH). The impregnated wet samples were dried at
20 ◦C for 5 h and then calcined at 500 ◦C for 5 h in air.

.2. Characterization techniques

The contents of Ni, Mo, W and P in the oxide form of samples
ere determined by inductively coupled plasma atomic emission

pectroscopy (ICP-AES). Surface area, pore diameter and pore vol-
me of oxide and sulfide forms of samples were measured by means
f the adsorption of N2 at 78 K using the Micromeritics ASAP 2000
nstrument. The 200 mg of oxide form of sample was sulfided ex situ

ith 10% H2S/H2 at 375 ◦C for 4 h, and transferred to sample holder
n an Ar filled glow box. Prior to the N2 adsorption, each sample was
egassed in vacuum at 200 ◦C until the static pressure remained

ess than 6.6 × 10−4 Pa. Specific surface area was determined by
he Brunauer–Emmett–Teller (BET) method. Powder X-ray diffrac-
ion (XRD) patterns of the oxide and sulfide forms of samples were
ecorded on a Bruker diffractometer using Cu K� radiation. Raman
pectra of samples in oxide phase were recorded on a Renishaw
aman microscope (Spectra-Physics model 127) equipped with a
e/Ne laser. The carbon monoxide (CO) uptake on sulfided cata-

ysts was measured using the Micromeritics ASAP 2000 instrument.
efore the chemisorption measurement, a 200 mg sample was sul-
ded in situ with 10% H2S/H2 at 375 ◦C for 4 h, and then evacuated
ntil the static pressure remained less than 6.6 × 10−4 Pa. Pulses of
O were passed over the sample to measure the total gas uptake at
5 ◦C.
Diffuse reflectance infrared Fourier transform spectroscopy
DRIFTS) experiments were performed using a PerkinElmer Spec-
rum GX instrument equipped with DTGS detector and a KBr beam
plitter. Approximately 30 mg of catalyst was loaded into a sample
up inside a Spectrotech diffuse reflectance in situ cell equipped
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ith ZnSe windows and a thermocouple mount that allowed direct
easurement of the sample surface temperature. The oxide sam-

le was in situ sulfided in a Spectrotech diffuse reflectance cell with
0% H2S/H2 at 375 ◦C for 2 h. At this temperature, the gas flow was
witched to He at a flow rate of 50 cm3/min and the temperature
as decreased to 30 ◦C and then spectrum was recorded. For the CO

dsorption, the sulfided sample was exposed to CO (99% pure) at
flow rate of 30 cm3/min for 30 min. After adsorption, the system
as subsequently purged with He at a flow rate of 50 cm3/min for
0 min. The spectrum was then collected under He flow. The spectra
or each experiment were averaged over 64 scans with a nomi-
al 4 cm−1 resolution. Band intensities were corrected for slight
ifferences in the weight of the catalyst and normalized to 30 mg.

X-ray absorption near edge structure (XANES) study was car-
ied out in Variable Line Spacing Plane Grating Monochromator
VLS PGM) beamline at Canadian Light Source. The Canadian Light
ource is a third generation light source, operating at 2.9 GeV
nergy with a critical energy of 7574 eV. The VLS PGM beamline
mploys three diffraction gratings to provide a very bright, highly
onochromatic photon beam. The beam is tunable between 5.5

nd 250 eV into the end station, solid-state absorption chamber.
wo horizontal deflecting mirrors and one vertical focusing mir-
or direct the light from the 185 mm planar undulator through the
ntrance slit and onto the selected grating. The powder samples
ere pressed into a stainless steel sample holder and the spectra
ere recorded near the L-edge of the Al by measuring the fluores-

ence electron yield.

.3. Catalytic activity

Hydrotreating experiments were performed in a trickle bed
eactor under typical industrial conditions. The coker light gas oil
KLGO) derived from Athabasca bitumen was used as a feed for the
ydrotreating studies. KLGO is a complex combination of hydrocar-
ons from the distillation of the products from a thermal cracking
rocess (fluid coker). It consists of hydrocarbons having carbon
umbers predominantly in the range of C11 through C28 and boiling

n the range of 200–450 ◦C. It has specific gravity of 0.90 at 20 ◦C. It
ontains 0.24 and 2.3 wt.% of nitrogen and sulfur, respectively. The
igh pressure reaction set up used in this study simulates the pro-
ess that takes place in industrial hydrotreaters. The system consists
f liquid and gas feeding sections, a high-pressure reactor, a heater
ith temperature controller, a scrubber for removing ammonium

ulfide from the reaction products, and a high-pressure gas–liquid
eparator. The length and internal diameter of the reactor are 240
nd 14 mm, respectively. The details of catalyst loading into the
eactor are described elsewhere [15]. The catalyst bed, approxi-
ately 10.5 cm long, was packed with 4 ml of catalyst diluted with

0 mesh silicon carbide. The sulfidation of catalyst was carried out
y injecting 2.9 vol.% of butanethiol in straight run atmospheric gas
il (5 ml/h) at a pressure and temperature of 8.8 MPa and 193 ◦C,
espectively, for 24 h. The H2 flow rate was kept at a rate correspond-
ng to H2/sulfiding solution ratio of 600 ml/ml. The temperature of
he reactor was increased to 343 ◦C and maintained for another
4 h. Following sulfidation, the catalyst was precoked (i.e. stabi-
ized) with KLGO for 3 days at a temperature of 370 ◦C, a pressure
f 8.8 MPa, and a liquid hourly space velocity (LHSV) of 1.5 h−1.
fter precoking, HDN and HDS activities of catalysts were studied at
50, 360 and 370 ◦C using KLGO feed for 48 h at each temperature.
he pressure, H2/feed ratio and LHSV were maintained constant

t 8.8 MPa, 600 ml/ml and 1.5 h−1, respectively. The products were
ollected at 12 h intervals, and stripped with N2 for removing the
issolved NH3 and H2S. The total nitrogen content of the liquid
roduct was measured by combustion/chemiluminence technique
ollowing the ASTM D4629 method, and the total sulfur content was
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Table 1
Elemental compositions and textural properties of P-doped NiMoW/�-Al2O3

Sample W (wt.%) Mo (wt.%) Ni (wt.%) P (wt.%) BET

Surface area (m2/g) Pore volume (cm3/g) Average pore diameter (nm)

�-Al2O3 – – – – 204 0.62 12.3
Cat-1 6.8 4.7 2.3 – 182 (178)a 0.50 (0.48)a 10.8 (11.1)a

Cat-2 6.4 5.1 2.3 0.5 163 (160) 0.45 (0.44) 11.1 (10.9)
Cat-3 6.4 4.8 2.2 1.0 161 (164) 0.44 (0.46) 11.0 (11.2)
Cat-4 7.1 5.1 2.4 1.3 158 (156) 0.42 (0.44) 10.7 (11.3)
C 151 (148) 0.40 (0.43) 11.1 (11.5)
C 158 (155) 0.41 (0.40) 10.6 (10.3)
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mina surface [18]. The presence of small amounts of WO3 crystal on
the surface of �-Al2O3 support is identified by Raman spectroscopy
in cat-1. A small band at 992 cm−1 corresponding to WO3 crystal
[19] is evident in enlarged spectra. This band is not present in P-
at-5 6.9 5.2 2.4 1.6
at-6 6.7 5.1 2.2 2.0

a Value in the parenthesis represents for sulfided catalyst.

easured using combustion/fluorescence technique following the
STM 5463 method. Both sulfur and nitrogen were analyzed in an
ntek 9000 NS analyzer.

. Results and discussion

.1. Chemical composition and textural properties

Phosphorus-doped NiMoW/�-Al2O3 catalysts with P loading of
, 0.5, 1.0, 1.5, 2.0, and 2.5 wt.% were prepared and denoted as cat-
, cat-2, cat 3, cat-4, cat-5, and cat-6, respectively. Table 1 reports
he Mo, W, Ni and P contents of each catalyst. The phosphorus con-
ents obtained experimentally are quite close to those expected
rom the proportion of orthophosphoric acid used for preparing the
atalysts. This is particularly true for the cat-2 and cat-3 catalysts.
or cat-4 to cat-6 catalysts, a slightly lower P content is found. The
i, Mo and W contents in all the samples are somewhat closer to

he expected value of 2.5, 6 and 7 wt.%, respectively. N2 adsorption
ests were used to make a textural characterization of the catalysts,
hose results (BET surface area, pore volume, and pore diameter)

re listed in Table 1. The surface area and pore volume of P-doped
atalysts are lower than the P free catalyst. The surface area and
ore volume of NiMoW/�-Al2O3 oxide catalyst decreased by 12
nd 10%, respectively, on 0.5 wt.% of P loading, and there is no fur-
her decrease in surface area and pore volume on further P loading.
imilar observation is noted with the sulfide form of catalysts. This
ecrease in surface area and pore volume is characteristic of a pore
lugging phenomenon without change of the pore size. Indeed, as
iven in Table 1, there is no change in the average pore diameter of
he catalyst upon P addition regardless of the P content.

.2. Carbon monoxide chemisorption

The number of accessible surface metal atoms on trimetallic sul-
de catalysts was found by chemisorption with carbon monoxide
s a molecular probe. As shown in Fig. 1, a threefold increase in CO
ptake of NiMoW sulfide catalysts is noted on 0.5 wt.% P loading.
his confirms that P doping in NiMoW catalyst increases the dis-
ersion of metals sulfide species. The CO uptake of P-doped NiMoW
ulfide catalysts increases rapidly with an increase of P loading up
o 1.3 wt.%, then it increases gradually. P introduction brought the
hange in surface hydroxyl groups of �-Al2O3, as result impedes the
ormation of NiAl2O4 and increases the amount of Ni2+(Oh) ions
n the surface of the samples [16,17]. The enhanced dispersion of
etals in P-doped catalysts can be due to an increase of Ni2+(Oh)

nteractions with Mo and W.
.3. Raman spectroscopy

XRD study of both oxide and sulfide forms of cat-1 to cat-6 (fig-
re not given) did not show any peak other than �-Al2O3 indicating

F
c

ig. 1. Effect of phosphorus concentration on carbon monoxide uptake of sulfided
iMoW/�-Al2O3 catalyst.

hat the metals species are highly dispersed over the support and
heir particle sizes are below the detection limit of XRD technique.
aman spectra of NiMoW/�-Al2O3 oxide catalysts are shown in
ig. 2. The P free sample (cat-1) shows Raman bands at 288, 663, 816
nd 996 cm−1. These bands correspond to MoO3 crystal on the alu-
ig. 2. Raman spectra of NiMoW/�-Al2O3 oxide catalysts: (a) cat-1, (b) cat-2, (c)
at-3, and (d) cat-4.
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and become predominant at 2.5 wt.% of P loadings.

Phosphoric acid, which has three hydroxyl groups attached
to the phosphorus atom, interacts with the surface hydroxyls of
alumina by single bond or multiple bonds. The single- or multiple-
S. Sigurdson et al. / Journal of Molecul

oped catalysts. As shown in Fig. 2, the intensity of all the bands of
oO3 crystal decreases by 50% on 0.5 wt.% P loading and decreases
ore on further P loading. The bands disappear completely with
loading of 1.6 wt.% and higher. At higher P loading (≥1.6 wt.%),

he crystal size of MoO3 drops below the detection limit of Raman
pectroscopy. The decrease of Raman band intensity is evidence
hat P doping increases the dispersion of MoO3 and WO3 crystals
n �-Al2O3 support. Raman spectra obtained at different points
n P-doped (cat-2 to cat-4) catalysts were more consistent com-
ared to cat-1. A greater homogeneity of the MoO3 component was
bserved on the external surface of cat-4 than the cat-1. This evi-
ences that P doping has increased the MoO3 phase homogeneity
n catalyst surface.

.4. DRIFT spectroscopy

The time need for sulfidation of catalysts at 375 ◦C with 10%
2S/H2 was studied by DRIFT spectroscopy. A 30 mg of sample was

oaded in the in situ cell and the sample was heated to 375 ◦C at a
amp rate of 3 ◦C/min. The DRIFT spectrum of oxide form of cata-
ysts show main band at 1009 cm−1 due to terminal Mo O groups
tretching vibration and the broad bands at 820 and 880 cm−1 due
o Mo–O vibrations of the MoO3 lattice (figure not given). The
ntensity of above-mentioned bands was decreasing with time of
ulfidation up to 90 min. There was no change in intensity of these
ands after 90 min. This showed that sulfidation time of 90 min at
75 ◦C is enough to get the optimum sulfidation. Hence all the cat-
lysts were in situ sulfided for 120 min at 375 ◦C using 10% H2S/H2.
n situ DRIFT spectra of the hydroxyl region of sulfided catalysts
nd �-A12O3 are shown in Fig. 3. The �-A12O3 shows a shoulder
and at 3765 cm−1, and broad bands at 3731, 3677 and 3580 cm−1.

ased on literature [16] these bands can be assigned to the most
asic hydroxyl, the basic hydroxyl, the most acidic hydroxyl and
ydrogen-bonded water groups, respectively. The spectrum of cat-
shows that an impregnation of NiMoW metals on �-A12O3 results

ig. 3. DRIFT spectra of �-Al2O3 and NiMoW/�-Al2O3 sulfide catalysts in the OH
egion.
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isappearance of most basic and acidic hydroxyl groups and also
eakens the peak at 3731 cm−1. P doping of 0.5 wt.% in NiMoW/�-
12O3 catalyst further weakens the band at 3731 cm−1. For the
amples with P content at 1.3 wt.% and above, this band is not
bserved at all. A new band at 3673 cm−1 emerges at 1.0 wt.% P
oadings and above. This band intensity is increasing with P loading
nd well resolved as a sharp peak at higher P loadings. These results
how that phosphoric acid reacts with alumina hydroxyl groups and
lso creates new OH groups (Brønsted acid sites). The added Ni, Mo
nd W metals covered the hydroxyl groups of �-A12O3, hence it is
ifficult to study the interaction of P on hydroxyl groups of alumina
upport by DRIFT spectroscopy. To elucidate the effect of P on the
ydroxyl groups of �-A12O3, a series of P modified �-A12O3 with
arious P loadings was prepared and studied by DRIFT spectroscopy.
he P modified �-A12O3 samples also studied in the sulfide form
s P-doped NiMoW/�-A12O3 catalysts. The DRIFT spectra of the
ydroxyl region of sulfided P-doped �-A12O3 (with P loadings var-

ed from 0.0 to 2.5 wt.%) are shown in Fig. 4. The weakening of the
R bands at 3765 and 3731 cm−1 on 0.5 wt.% of P loadings indicates
hat phosphoric acid initially reacts with basic alumina hydroxyl
roups. Increasing the phosphorous loading to 1.5 wt.% results in
he complete loss of the both basic hydroxyl bands. The intensity
f the acidic alumina hydroxyl band also starts to decrease from
.5 wt.% of P loading. This shows that phosphoric acid reacts with
ll the hydroxyl groups of alumina at 1.5 wt.% of P loadings. Finally,
s the P loading is increased to 2.0 wt.%, a sharp band at 3673 cm−1,
hich was observed with P-doped NiMoW catalysts, also appeared
ond formation depends on the availability of �-Al2O3 hydroxyl

ig. 4. DRIFT spectroscopy of �-Al2O3 and P-doped �-Al2O3 samples in the OH
egion.
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band was observed on P doping, instead, change in band inten-
sity was noted. The NiMoW/�-Al2O3 sulfide catalyst could possess
surface active sites, such as Mo–S, W–S, Ni–Mo–S, Ni–W–S and
Ni–Mo–W–S phases [23]. Discrimination of these complex sur-
ig. 5. DRIFT spectroscopy of �-Al2O3 and NiMoW/�-Al2O3 sulfide catalysts in the
-O bond region: (a) �-Al2O3, (b) cat-1 (c) cat-2, (d) cat-3, (e) cat-4, (f) cat-5 and (g)
at-6.

roups and the amount of phosphoric acid. This study showed that
p to 1.5 wt.% P loadings, phosphoric acid interacts with �-Al2O3 by
ultiple bonds and hence decreases the OH band’s intensity. Phos-

horic acid interacts with alumina by a single bond at 2.0 wt.% P and
igher loadings, therefore, the other two hydroxyl groups of the
hosphoric acid (P–OH) remain unbound on the catalyst surface.

n this study, the observed sharp band at 3673 cm−1 with P-doped
-Al2O3 and NiMoW catalysts at higher P loadings can be due to
he formation of P–OH group on the surface. Müller et al. [20] stud-
ed the AlPO-5 materials by infrared spectroscopy and assigned a
675 cm−1 peak to the terminal P–OH group. Decanio et al. [16] also
bserved a similar IR peak in 4 wt.% P loaded �-Al2O3 and assigned
his peak to phosphate associated OH groups.

To study the nature of phosphates, DRIFT spectroscopy study
as carried out in the 1400–1000 cm−1 region. Fig. 5 shows the in

itu DRIFT spectra of sulfided NiMoW/�-Al2O3 catalysts in the P–O
ond stretching region. For all P-doped samples, a broad band is
bserved from 1300 to 1100 cm−1 with a shift to a higher wave num-
er with an increase in the phosphorus content. The band intensity

s increasing with P concentration. The position of this band cor-
esponds to the P–O bond vibrations of [PO4]3−, [HPO4]2− and
H2PO4]1− groups in aluminum phosphates [21]. The 32P MAS-NMR
tudy by Decanio et al. [16] showed the presence of monomeric,
olymeric, amorphous and crystalline aluminum phosphates in
he oxide form of P-doped alumina-supported NiMo hydrotreating
atalyst. They also found that the amount of each phase was vary-
ng with the P concentration. In the present study, the P–O bond
f aluminum phosphate becomes stronger upon increasing the P
ontent and is reflected in the DRIFT spectra by a shift of the P–O
and to a higher wave number. The [PO4]3− displays the weakest
–O bond, whereas protonated phosphates such as [HPO4]2− and
H2PO4]1− show the highest P–O bond strength [22]. The shift of
he P–O band shows that a protonated phosphate ion, [H2PO4]1− is
ormed at higher P loading. This is akin to DRIFT study of the OH
egion, which is also evidence that phosphoric acid interacts with
he OH groups of Al with multiple bonds at lower P concentrations,
nd leads to [PO4]3− species. The single bond interaction at higher
concentrations leads to [H2PO4]1− species.

To study whether phosphate formed only on the surface or in the

ulk of �-Al2O3, Al L-edge XANES was studied. The XANES spectra
f �-Al2O3 and selected catalysts are shown in Fig. 6. The XANES
pectra of �-Al2O3 can be characterized at a main peak at 80 eV, a
houlder peak at 78 eV and a broad peak at 84.5 eV. From the fig-

F
(

ig. 6. Al L-edge XANES spectra of �-Al2O3 catalysts and selected P-doped
iMoW/�-Al2O3.

re, it is observed that XANES peaks of P-doped �-Al2O3-supported
atalysts match with the �-Al2O3 peaks. Fluorescence yield (FLY)
onitors preferentially the bulk of the specimen at this photon

nergy. This indicates that the P doping does not affect the bulk elec-
ronic structure of �-A12O3. DRIFT study evidenced the aluminum
hosphate species in P-doped aluminum-supported catalysts. As
here is no change in the bulk electronic structure of �-Al2O3 on P
oping as evidenced by the XANES study, it confirms that aluminum
hosphates phases are formed only on the surface of �-Al2O3.

The surface active sites of the NiMoW sulfide catalysts were
tudied by using DRIFT spectroscopy combined with CO as a probe
olecule. This study was done at 30 ◦C to avoid CO adsorption on

-Al2O3 and to achieve CO adsorption only on metal sulfide. Fig. 7
hows the DRIFT spectra of CO adsorbed on sulfided cat-1 to cat-
. There are six overlapping bands between 2100 and 2000 cm−1,
pparent in all the catalysts irrespective of P concentration. No new
ig. 7. DRIFT spectra of adsorbed CO on NiMoW/�-Al2O3 sulfide catalysts: (a) cat-1
b) cat-2, (c) cat-3, (d) cat-4, (e) cat-5 and (f) cat-6.
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ace active sites by DRIFT of CO adsorption was not possible in the
resent study because of band overlapping. But, the P doping effect

n NiMoW/�-Al2O3 is clearly visible in DRIFT spectra of adsorbed
O. The P-doped catalysts (cat-2 to cat-6) showed increased CO
dsorption band intensity compared with P free NiMoW/�-Al2O3
cat-1) catalyst. This is evidence of an increase in the number of
urface sites for NiMoW/�-Al2O3 sulfide catalyst with P doping.
ll these bands are increasing with increase in P concentration
nd reached an optimum at 1.6 wt.% P loading. This confirms that
.6 wt.% P loading in NiMoW/�-Al2O3 is sufficient to get optimum
urface active sites. The CO uptakes study also proved that 1.6 wt.% P
oading is sufficient to get maximum dispersion. The surface active
ites are formed by the interaction of Ni2+(Oh) with Mo and W
ulfides. The P introduction impedes the formation of NiAl2O4 (if
ormed, reduces activity) and increases the amount of Ni2+ (Oh)
ons on the surface of the samples [16,17]. The increase of Ni2+ (Oh)
ons concentration with an increase of P loadings leads to increase
n the amount of the surface active sites.

.5. Hydrotreating activity

The hydrotreating activity of catalysts was tested using coker
ight gas oil derived from Athabasca bitumen. To achieve steady-
tate activity, the sulfided catalysts were precoked for 72 h at a
emperature, pressure, LHSV and H2/feed ratio of 370 ◦C, 8.8 MPa,
.5 h−1 and 600 ml/ml, respectively. The HDN and HDS activities
ecreased gradually by 6–9% during first 48 h because of coke depo-
ition on the catalyst surface. The HDN and HDS activities remained
onstant thereafter. After precoking, the steady-state activity of all
he prepared catalysts were studied using the same feed at reaction
emperatures of 350, 360 and 370 ◦C, a pressure of 8.8 MPa, a LHSV
f 1.5 h−1 and a hydrogen/gas oil ratio of 600 ml/ml. The activity was
tudied for 48 h at each temperature. The samples were collected
t every 12 h. The average N and S conversion of last two samples
t each reaction temperature are shown in Figs. 8 and 9, respec-
ively. The conversion for the two samples taken at each reaction

ondition differed by no greater than 1.5%.

The results from Figs. 8 and 9 show an almost uniform consis-
ency as nitrogen and sulfur conversion rise with the increase in
atalyst phosphorus content from cat-1 to cat-5. However, the con-

ig. 8. Effect of P concentration in NiMoW/�-Al2O3 catalyst on HDN of KLGO at
ifferent temperatures. P = 8.8 MPa, LHSV = 1.5 h−1 and H2/oil = 600 (ml/ml).
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ig. 9. Effect of P concentration in NiMoW/�-Al2O3 catalyst on HDS of KLGO at
ifferent temperatures. P = 8.8 MPa, LHSV = 1.5 h−1 and H2/oil = 600 (ml/ml).

ersions determined for cat-6 showed that the further increase in
hosphorus content produced negligible improvement in HDN and
DS activities. From these results, it was concluded that cat-5 was

he optimum prepared catalyst, having an intended phosphorus
ontent of 2.0 wt.% and an actual phosphorus content of 1.6 wt.%.
sing a reaction temperature of 360 ◦C as a basis of comparison,
at-5 showed an HDN conversion of 60.4% compared to 37.0% for
at-1, and an HDS activity of 87.3% compared to 75.1% for cat-1.
he observed effectiveness of phosphorus as a catalyst promoter
or HDN and HDS activities is attributed to a greater dispersion of
he metals on the catalyst surface. This increase in the dispersion of
he transition metals on the �-Al2O3 surface was observed during
aman spectroscopy and CO chemisorption studies of the catalysts.
he clusters of metal sulfides that would normally form on the cat-
lyst surface in the absence of phosphorus can result in restricted
ccess to active sites. By increasing the coverage of the transition
etals on the catalyst surface, the number of metal sulfide active

ites that become accessible for feed molecules increases. It can also
e observed from the HDN and HDS activities that the increase in
hosphorus content of the catalyst had a greater effect on the con-
ersion of nitrogen than it did for sulfur. For example at 360 ◦C, the
DN conversion increased by 57%, while HDS conversion increased
nly by 12% for 1.6 wt.% of P addition. This reveals that the expla-
ation about the influence of P on HDN activity of NiMoW/�-Al2O3
ulfide catalyst would not reside only in the increase of dispersion
nd number of surface active sites, but also in the mechanism and
he rate determining step of HDS and HDN reactions.

Both the HDN and HDS reaction networks have two main steps,
ydrogenation (HYD) and hydrogenolysis (C–S or C–N bond break-

ng), that take place on different sites [24,25]. Hydrogenolysis takes
lace on Brønsted acid sites originating from H2S adsorption on
he metal sulfide or from the phosphate promoter. Hydrogenation
ccurs on metal sulfide species, with sulfur vacancies [25]. The C–N
ond breaking is the slowest step in the HDN reaction network. P
ddition created the new Brønsted acid sites as evidenced by DRIFT
tudy. The newly formed Brønsted acid sites can increase the C–N
ond breaking (rate limiting step) and thus enhances HDN activ-

ty. The less significant increase in HDS activity from the addition
f phosphorus can be explained by the C–S bond found in organic

ulfur compounds being much weaker than C–N bonds, therefore
–S bond breaking is not limiting the rate of HDS reaction. For HDS,
ydrogenation, the slower of the two steps, occurs on the metal
ulfide species, which have sulfur vacancies [25].
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ommercial and bimetallic sulfide catalysts at different temperatures. (�) cat-5, ( )
ommercial, ( ) NiMo, (�) NiW, P = 8.8 MPa, LHSV = 1.5 h−1 and H2/oil = 600 (ml/ml).

The effect of acidity created by P for HDS of these samples
epends possibly on whether the rupture of C–S or C–N bonds

s slower or faster than hydrogenation. The hydrogenolysis and
ydrogenation routes in HDS reaction depend on the nature of
ompound, the catalyst (CoMo or NiMo), the H2S partial pressure,
nd the total pressure. NiMo/Al2O3 (generally regarded as supe-
ior to CoMo/Al2O3) as a hydrogenation catalyst favors the HYD
oute compared with CoMo/Al2O3 catalyst. Hydrogenolysis is the
referred route in HDS of simple compounds like thiophene and
enzothiophene, but the substituted benzothiophenes favor the
ydrogenation route [26,27]. P addition to CoMo/�-Al2O3 favors
he HYD route in HDS of dibenzothiophene [16]. The study by
abarihoela-Rakotovao et al. [28] showed that hydrogenolysis route
f dibenzothiophenes is inhibited by the H2S partial pressure and
hus favors HYD route. Further, an increase in total pressure from
.5 to 5.5 MPa increased the rate ratio of HYD to hydrogenolysis
rom 0.6 to 1 [28]. In the present study, the HDN and HDS of KLGO
ere carried at 8.8 MPa over P-doped NiMoW/�-Al2O3 sulfide cat-

lysts. The above reaction pressure and catalyst type can favor the
YD route in HDS of KLGO. It may also be noted that KLGO contains
ostly substituted benzothiophenes, which can also favor the HYD

oute. Further, the higher amount of S (2.3 wt.%) in the feed and
ore than 50 wt.% conversion of sulfur leads to a higher H2S partial

ressure and thus lead HYD route in HDS of KLGO.
The best trimetallic PNiMoW/�-Al2O3 catalyst (cat-5) was

ompared with the P-doped bimetallic catalysts, PNiMo/�-Al2O3
13 wt.% Mo, 2.4 wt.% Ni and 1.7 wt.% P) and PNiW/�-Al2O3 (13 wt.%

o, 2.4 wt.% Ni and 1.6 wt.% P) of similar metals loadings. The
ydrotreating activity of these catalysts was compared at reaction
emperatures of 350, 360 and 370 ◦C, a pressure of 8.8 MPa, a LHSV
f 1.5 h−1 and a hydrogen/gas oil ratio of 600 ml/ml. The results
re shown in Figs. 10 and 11. The trimetallic catalyst shows higher
ydrotreating activity at all three temperatures among the cata-

ysts. For example, at 360 ◦C, the N and S conversion of trimetallic
atalyst are higher than the bimetallic NiMo catalyst by 9 and 13%,
espectively. Similarly, 15 and 21% increases in N and S conversion,
espectively, were observed over trimetallic catalyst when com-

ared with bimetallic NiW catalyst. The above results are evidence
f the superiority of the trimetallic catalyst over the bimetallic cat-
lysts. S
ercial and bimetallic sulfide catalysts at different temperatures. (�) cat-5, ( )
ommercial, ( ) NiMo, (�) NiW, P = 8.8 MPa, LHSV = 1.5 h−1 and H2/oil = 600 (ml/ml).

To determine how effective the optimum cat-5 catalyst would
e if applied for industrial applications, the results of its HDN & HDS
ctivities were compared to those obtained from implementing a
ommercial P-doped bimetallic NiMo sulfide catalyst (Criterion) in
he same experimental apparatus, procedure, and conditions. The
esults for the nitrogen and sulfur conversion of the commercial
atalyst were determined by the same method as they were for the
elf-prepared catalysts and shown in Figs. 10 and 11, respectively.
t can be seen from these results that cat-5 consistently showed
uperior HDN and HDS activities for each reaction temperature.
sing 360 ◦C once again as a basis of comparison, the self-prepared
at-5 converted 60.4% of nitrogen present in the KLGO compared
o 56.0% for the commercial catalyst. In addition, cat-5 converted
7.3% of KLGO sulfur content compared to 78.0% for the commercial
atalyst.

. Conclusions

The catalytic activity for HDN increases substantially more
ompared to HDS of coker gas oil at industrial conditions when
hosphorus is added to NiMoW/�-Al2O3 as a promoter. From the
esults of the Raman spectroscopy, CO chemisorption, and DRIFT
pectroscopy of adsorbed CO, it is evident that P doping improves
he dispersion and number of surface active sites. These effects then
ive rise to the enhancement of the HDN and HDS activities of the
-doped NiMoW/�-Al2O3 catalysts. When P is added to NiMoW/�-
l2O3, the HDN and HDS activities steadily increase with the P
ontent up to an optimum concentration of 1.6 wt.%. At this concen-
ration, the P-doped trimetallic catalyst shows better hydrotreating
ctivity than the bimetallic and commercial catalysts. It is apparent
rom DRIFT spectroscopy that the P doping creates new acidic sites
n NiMoW/�-Al2O3 catalysts. The acidic sites brought by phospho-
us accelerates the C–N bond breaking, a rate determining step, and
romotes the HDN activity to a higher degree than the HDS activity
ith coker gas oil.
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