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Abstract
A series of phosphorus promoted g-Al2O3 supported NiMo carbide catalysts with 0–4.5 wt.% P, 13 wt.% Mo and 2.5 wt.% Ni were synthesized

and characterized by elemental analysis, pulsed CO chemisorption, BET surface area measurement, X-ray diffraction, near-edge X-ray absorption

fine structure, DRIFT spectroscopy of CO adsorption and H2 temperature programmed reduction. X-ray diffraction patterns and CO uptake showed

the P addition to NiMo/g-Al2O3 carbide, increased the dispersion of b-Mo2C particles. DRIFT spectra of adsorbed CO revealed that P addition to

NiMo/g-Al2O3 carbide catalyst not only increases the dispersion of Ni-Mo carbide phase, but also changes the nature of surface active sites. The

hydrodenitrogenation (HDN) and hydrodesulfurization (HDS) activities of these P promoted NiMo/g-Al2O3 carbide catalysts were performed in

trickle bed reactor using light gas oil (LGO) derived from Athabasca bitumen and model feed containing quinoline and dibenzothiophene at

industrial conditions. The P added NiMo/g-Al2O3 carbide catalysts showed enhanced HDN activity compared to the NiMo/g-Al2O3 catalysts with

both the feed stocks. The P had almost no influence on the HDS activity of NiMo/g-Al2O3 carbide with LGO and dibenzothiophene. P addition to

NiMo/g-Al2O3 carbide accelerated C–N bond breaking and thus increased the HDN activity.

# 2007 Elsevier B.V. All rights reserved.

Keywords: P promoted NiMo/g-Al2O3 carbide; DRIFT of CO adsorption; Hydrodesulfurization; Hydrodenitrogenation; Light gas oil; Quinoline;

Dibenzothiophene
1. Introduction

Demands for a cleaner environment have led to a global

tightening in the allowed sulfur content in transportation fuels.

Because of the recent and future legislations concerning air

pollution by exhaust gases from diesel engines, new types of

hydrotreating catalysts, which are economic, have long-life,

and possess higher activity than the conventional sulfide

catalysts are highly desired. It has been well demonstrated that

unsupported and supported Mo2C have excellent potential for

use in hydrodenitrogenation (HDN) and hydrodesulfurization

(HDS) reactions [1–17]. The majority of these studies have

found that bulk and supported Mo carbide catalysts to have

HDN and HDS activities similar to or higher than those of

corresponding conventional sulfide catalysts.
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Additives such as P have a promotional effect when added

to the oxide forms of the catalyst. In the past two decades,

phosphorus has been especially incorporated into in situ

sulfided NiMo/g-Al2O3 bimetallic catalyst. Most of the

reports showed that P addition to NiMo/g-Al2O3 sulfide

catalysts promote both HDN and HDS [18–21]. But a few

studies [19,22] showed that phosphorus addition to NiMo/g-

Al2O3 sulfide catalysts did not affect the HDS activity,

whereas it promoted the HDN. These effects are typically

explained in terms of dispersion of the metal salts on the

support, modification of acid sites or formation of a new

active phase.

Phosphorus acts as a promoter in monometallic molybde-

num carbides [12,14,23,24] for HDN and HDS reactions as it

does in the monometallic molybdenum sulfides. Mostly, the

promotional effect of phosphorus in metal carbides has been

explored using model compounds such as dibenzothiophene

[14], quinoline [14] and tetralin hydrogenation [24]. No report

is available on hydroprocesing of real feeds using supported
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bimetallic carbides containing phosphorus, especially g-Al2O3

supported NiMo carbides.

There has been some work on P containing NiMo carbides

and nitrides and their HDS activity in thiophene and

dibenzothiophene [25]. However, information available on

the effect of P in NiMo carbide catalysts and their reactivity for

HDS is very limited [25]. Further, the detailed study on HDN

promotional effect of P in g-Al2O3 supported NiMo carbide is

scarce in literature. In the current investigation, a series of g-

Al2O3 supported nickel molybdenum bimetallic carbide

catalysts containing various amounts of phosphorus were

synthesized by temperature programmed reaction (TPR) using

a bimetallic oxide as the precursor. The effect of P on the NiMo/

g-Al2O3 carbide structure and their HDN and HDS activities

with light gas oil derived from Athabasca bitumen and a model

feed containing quinoline and benzothiophene were studied

under industrial conditions.

2. Experimental

2.1. Catalyst preparation

The preparation of the carbide catalysts was carried out in two

stages. The first stage involved the preparation of oxide

precursors of desired composition by an incipient wetness co-

impregnation method. In the second stage, oxide precursors were

converted into carbides by TPR. The support, extruded g-

alumina of 1 mm diameter and 8 mm length (Sud Chemie, India)

was calcined at 500 8C (ramp rate of 3 8C/min) for 3 h prior to

impregnation. A series of P doped NiO�MoO3/Al2O3 precursors

(13 wt.% Mo and 2.5 wt.% Ni) with various amount of P (0–

4.5 wt.%) were prepared by impregnation of g-Al2O3 with

aqueous solution (pH � 4) containing the appropriate amounts

of ammonium heptamolybdate (99.9%, Aldrich), nickel nitrate

(99%, BDH) and phosphoric acid (AnalaR, BDH). The

impregnated samples were dried at 120 8C for 5 h and then

calcined at 500 8C for 5 h in air. Carbides were prepared by TPR

of the oxide precursors in flowing 20% CH4/H2 (v/v). A typical

synthesis consists of loading about 10 ml of the oxide precursor

in an inconel reactor placed in a tubular furnace (Applied Test

Systems, Inc. series 3210) controlled by a temperature

programmer (Eurotherm 2416). First the sample was heated to

400 8C at rate of 3 8C/min in flowing He (flow rate 50 cm3/min).

At this temperature, the flow was switched to 20% CH4/H2 (v/v)

gas mixture at a flow rate of 50 cm3/min and then the temperature

was ramped at 1 8C/min from 400 to 700 8C. The carburization of

sample was monitored by analyzing the consumption of methane

and the formation of CO and CO2 by using gas chromatography

(HP 5890 series II). The 20% CH4/H2 (v/v) gas mixture passed

through the sample until no carbon oxides were detected in the

exhausted gas. Then the gas flow was switched from CH4/H2 to

He, and the sample was quenched to room temperature. After

cooling, the He gas was switched to a gas mixture containing 5%

O2 in He (v/v) for passivation. The carbide catalyst was

passivated for 10 h to avoid a strong bulk oxidation. The prepared

carbide catalysts are in the form of extrudates of 1 mm diameter

and 8 mm length.
2.2. Characterization techniques

The contents of Ni, Mo and P in carbide catalyst were

determined by plasma atomic emission method (ICP). Carbon

content of carbide catalysts were carried out using CHNSO

analyzer (Elementar Americas, Inc.) Surface area and pore

volume were measured by means of the adsorption of N2 at

78 K. Prior to the analysis, the samples were degassed in

vacuum at 200 8C until the static pressure remained less than

6.6 � 10�4 Pa prior to analysis. Specific area was determined

by the BET method. Powder X-ray diffraction (XRD) patterns

of the catalysts were recorded on a Bruker diffractometer using

Cu Ka radiation. The CO uptake on the catalysts was measured

using the Micromeritics ASAP 2000 instrument. Before

chemisorption measurement, 200 mg of sample was reduced

with H2 at 400 8C, and then evacuated until the static pressure

remained less than 6.6 � 10�4 Pa. Pulses of CO were passed

over the sample to measure the total gas uptake at 35 8C. Near-

edge X-ray absorption fine structure (NEXAFS) measurement

of carbide catalysts was carried out at the SGM beamline of the

Canadian Light Source at University of Saskatchewan. The

NEXAFS spectra were recorded near the K-edge of C by

measuring the fluorescence electron yield.

Diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS) of CO adsorption experiments were performed using

a Perkin-Elmer Spectrum GX instrument equipped with DTGS

detector and a KBr beam splitter. Approximately 30 mg of

catalyst was loaded into a sample cup inside a Spectrotech

diffuse reflectance in situ cell equipped with ZnSe windows and

a thermocouple mount that allowed direct measurement of the

sample surface temperature. Spectra for each experiment were

averaged over 64 scans in the region 4000–1000 cm�1 with a

nominal 4 cm�1 resolution. Prior to the CO adsorption, the

carbide catalyst was activated in a Spectrotech diffuse

reflectance in situ cell with H2 at 400 8C for 2 h in order to

remove the passivation oxide layer. At this temperature, the

flow was switched to He at a flow rate of 50 cm3/min and the

temperature was decreased to 30 8C and then background

spectrum was recorded. The adsorption process was carried out

at 30 8C by introducing CO into the system for 30 min. After

adsorption, the system was subsequently purged with He at a

flow rate of 50 cm3/min for 60 min. Then the spectra were

collected under He flow and the background spectrum was

subtracted from the post adsorption spectra. Band intensities

were corrected for slight differences in the weight of the

catalyst and normalized to 30 mg.

DRIFT of adsorbed CO measurements on sulfided carbide

catalysts were carried out following the experimental

procedure described above for the carbide catalysts, following

in situ sulfidation prior to CO adsorption. The catalyst was

activated in a Spectrotech diffuse reflectance in situ cell with

H2 at 400 8C for 2 h and then in situ sulfided with 10% H2S/H2

(50 cm3/min) at 370 8C. For spent catalysts, prior to the CO

adsorption, the catalysts were flushed with He (50 cm3/min) at

200 8C for 1 h.

H2-temperature programmed reduction (H2-TPR) of the

samples was carried out using a ChemBET-3000 instrument. A
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200 mg sample in a quartz tube was purged with He at 400 8C
for 1 h in order to remove impurities on the surface of the

sample. After the sample was cooled to room temperature in

flowing He, TPR was carried out in 3% H2/N2 (v/v) mixture

with a flowing rate of 30 cm3/min. The heating rate was 10 8C/

min from room temperature to 600 8C. TPR profiles were

recorded with a thermal conductivity detector.

2.3. Hydrotreating tests

The hydrotreating tests were carried out under steady-state

operation in a trickle bed reactor in down-flow mode. The high

pressure reaction set up used in this study simulates the process

that takes place in an industrial hydrotreater. The system

consists of liquid and gas feed sections, a high-pressure reactor,

a heater with temperature controller for precisely controlling

the temperature of the catalyst bed, a scrubber for removing the

ammonium sulfide from the reaction products, and a high

pressure gas–liquid separator. The reactor is made of a inconel

tube; the length and internal diameter of the reactor are 240 and

14 mm, respectively. The detail of catalyst loading into the

reactor is described elsewhere [26]. The reactor is divided into

three sections. The first section was packed with silicon carbide

and was used to heat up the mixture to the desired reaction

temperature. The second section contained 5 cm3 of catalyst

(3.8 g) and 12 cm3 of 90 mesh silicon carbide and the final

section was also packed with silicon carbide. The model feed

containing 2400 ppm of N and 6500 ppm of S is prepared by

dissolving quinoline and benzothiophene in hexadecane

solvent. The properties of the light gas oil used in the

evaluations are given in Table 1.

Before each catalytic run, the passivated carbide catalyst

was reduced in flowing H2 at 400 8C for 2 h to remove

passivation oxygen layer. Then, the catalyst was precoked with

LGO at the rate of 5 cm3/h for 5 days at temperature, pressure

and H2/feed ratio of 370 8C, 8.8 MPa and 600 (v/v),

respectively, and then the catalytic activity was examined

using LGO and model compounds at a constant reaction
Table 1

Characteristics of LGO derived from Athabasca bitumen

Characteristic LGO

Nitrogen (wt.%) 0.025

Sulfur (wt.%) 1.595

Density (g/ml) 0.90

Simulated distillation

IBP (8C) 171

FBP (8C) 461

Characteristic, boiling range (8C) LGO, hydrocarbon (wt.%)

IBP–250 37.6

250–300 21.2

300–350 20.7

350–400 14.5

401–450 4.8

450–500 1.2

500–600 0

600–650 0
pressure of 8.8 MPa, H2/feed ratio of 600 (v/v). The liquid

hourly space velocity was maintained at 2 and 3 h�1 for LGO

and model feed, respectively. The HDN and HDS activities

were studied at 340, 350 and 360 8C with LGO, and then at

300 8C with model feed for 72 h at each temperature and

products were collected at 24 h time interval. The products

were stripped with N2 for removing the dissolved NH3 and

H2S. The product samples collected on the second and third

days were used for the N and S analyses. The total nitrogen and

sulfur content of the liquid product were measured by

combustion/chemiluminence (ASTM D4629), and combus-

tion/fluorescence (ASTM 5463) techniques, respectively in an

Antek 9000 NS analyzer. The instrumental error in N and S

analysis was 3%. The conversion is defined as follows:

N conversion = [(NI � NF)/NI] � 100; S conversion =

[(SI � SF)/SI] � 100, where NI and SI are initial nitrogen and

sulfur content (wt.%), respectively and NF and SF are final

nitrogen and sulfur content (wt.%), respectively. The catalysts

after reaction are referred to as spent catalysts. The

characterization of spent catalysts was done after through

washing with acetone.

3. Result and discussion

P promoted NiMo/g-Al2O3 carbide catalysts with 13 wt.%

Mo, 2.5 wt.% Ni and P loading of 0, 0.5, 1.5, 2.5, 3.0 and

4.5 wt.% were prepared and denoted as PNiMo(x), where x is

the target P loading in weight percentage.

3.1. The elemental compositions, BET and chemisorption

measurements

The elemental compositions, BET surface area, pore volume

and CO uptake of P promoted and unpromoted NiMo/g-Al2O3

carbide catalysts are given in Table 2. Elemental chemical

analysis of carbide catalysts indicates that the values of Mo, Ni

and P content are all equal to or slightly below the

corresponding targeted values of 13 wt.% Mo, 2.5 wt.% Ni

and 0.5, 1.5, 2.5, 3.5 and 4.5 wt.% P. The BET surface area and

average pore volume of prepared carbide catalysts are slightly

lower than the g-Al2O3 support, which is about 246 m2/g and

0.73 cm3/g, respectively. This apparently is due to pore

blockage of alumina by the Ni, P and Mo species. As shown

in Table 2, the Mo/C ratio of carbide catalysts is higher than the

stoichiometric value of 2. Similar result was observed with

supported carbide catalysts [12,14,24]. This higher Mo/C ratio

indicates a strong interaction between support and molybdate

[24]. The number of accessible surface metal atoms on carbide

catalysts was titrated by using carbon monoxide as a molecular

probe. As shown in Table 1, the CO uptakes of P added NiMo/

g-Al2O3 series increases rapidly with increase of P loading

from 0 to 2.5 wt.% as a result of improved dispersion. Further

increase of P loading, did not show significant increase in CO

uptake and levels off for P contents above 2.5 wt.%. Thus

maximum dispersion of carbide species is obtained for

2.5 wt.% P loading.



Table 2

Elemental compositions, BET surface area, pore volume and CO uptake of P promoted and unpromoted NiMo/g-Al2O3 carbide catalysts

Catalyst Mo (wt.%) Ni (wt.%) P (wt.%) Mo/C BET surface area (m2/g) Pore volume (cm3/g) CO uptake (mmol/g)

g-Al2O3 – – – – 243 0.73 –

PNiMo(0)a 12.83 2.42 – 3.21 199 0.59 52

PNiMo(0.5) 12.37 2.49 0.55 3.33 188 0.53 57

PNiMo(1.5) 12.75 2.43 1.53 3.18 193 0.55 82

PNiMo(2.5) 12.97 2.39 2.47 3.38 192 0.55 111

PNiMo(3.5) 12.91 2.42 3.46 3.46 194 0.56 116

PNiMo(4.5) 12.64 2.46 4.41 3.27 190 0.54 119

a Numbers in the parentheses represent target P wt.%.
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3.2. XRD and NEXAFS of P promoted and unpromoted

NiMo/g-Al2O3 carbide

The XRD patterns of the unpromoted NiMo/g-Al2O3

carbide catalyst, PNiMo(0) along with g-Al2O3 support are

shown in Fig. 1. Although, the diffraction pattern of NiMo/g-

Al2O3 carbide shows predominant peaks of the Al2O3, the

presence of b-Mo2C on the Al2O3 support is evident from the

less intense peaks at 38.58 and 44.58. All the P promoted NiMo/

g-Al2O3 carbide catalysts show only peaks of g-Al2O3 support

and no characteristic peaks of b-Mo2C phase were detected.

The XRD pattern of PNiMo(2.5) catalyst from PNiMo(x) series

is shown in Fig. 1c as a typical case. The P addition to NiMo/g-

Al2O3 increased the dispersion of b-Mo2C on g-Al2O3 support

as evidenced by CO uptake, hence, it is difficult to distinguish

the b-Mo2C phase from g-Al2O3.

The nature of carbon atoms in the prepared carbide catalysts

was investigated by NEXAFS technique. Fig. 2 shows the

NEXAFS spectra of C K-edge of PNiMo(0), PNiMo(0.5),

PNiMo(1.5), PNiMo(2.5), PNiMo(3.5) and PNiMo(4.5) cata-

lysts. All the carbide catalysts have two sharp peaks at 286 and

289 eV, and a relatively broad peak at 294.8 eV. These peaks are

assigned to carbidic carbon [2,27]. The peaks at 286 and 289 eV

are due to the transitions of C 1s electrons to the p-d (t2g) and

p-d (eg) hybridized orbitals, respectively [2,14,27,13]. The

broad peak at 294.8 eV is due to the transition of C 1s electrons

to an unoccupied orbital that involves contributions from 2p

and 3p orbitals of carbon and the d and s states of metals
Fig. 1. XRD patterns of (a) g-Al2O3, (b) PNiMo(0) and (c) PNiMo(2.5).
[2,14,27,13]. The presence of small amount of graphite nature

of carbon in all the carbide catalysts is evident from the weak

feature at 291.5 eV [13].

3.3. DRIFT spectroscopy of adsorbed CO on P promoted

and unpromoted NiMo/g-Al2O3 carbide catalyst

The surface sites on the carbide catalysts were characterized

by DRIFT spectroscopy of adsorbed CO. DRIFT spectra of

adsorbed CO on NiMo/g-Al2O3 and P added NiMo/g-Al2O3

carbide catalysts are given in Fig. 3. The NiMo/g-Al2O3 carbide

catalyst exhibits a strong band at 2000 cm�1 along with weak

bands at 2030 and 2053 cm�1, corresponding to Mo0, Mo+1 and

Mo+2 species, respectively [28–31]. As shown in Fig. 3, the P

promoted NiMo/g-Al2O3 carbide catalysts have quite different

CO adsorption pattern from NiMo/g-Al2O3 carbide catalyst. A

new strong band at 2080 cm�1 corresponding to Mo3+ species

[28–31] is formed on P addition to NiMo/g-Al2O3 carbide

catalysts. Further the band intensity at 2000 cm�1 decreased

with P loading and disappeared when P loading exceeded

2.5 wt.%. Among the P added NiMo/g-Al2O3 carbide catalysts,

the intensity of bands at 2080, 2053 and 2030 cm�1 increased

with P loading and reached optimum for 2.5 wt.% of P loading.

The DRIFT of adsorbed CO study showed that P addition not
Fig. 2. C K-edge NEXAFS spectra of (a) NiMo(0), (b) PNiMo(0.5), (c)

PNiMo(1.5), (d) PNiMo(2.5), (e) PNiMo(3.5) and (f) PNiMo(4.5) catalysts.



Fig. 3. DRIFT spectra of adsorbed CO on reduced passivated (a) PNiMo(0), (b)

PNiMo(0.5), (c) PNiMo(1.5), (d) PNiMo(2.5), (e) PNiMo(3.5) and (f)

PNiMo(4.5) catalysts.

Fig. 5. H2-TPR of passivated (a) PNiMo(0), (b) PNiMo(0.5), (c) PNiMo(1.5),

(d) PNiMo(2.5), (e) PNiMo(3.5) and (f) PNiMo(4.5) carbide catalysts.
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only increased the number of accessible surface sites but also

altered the nature of surface sites.

In order to get insight into the H2S gas influences on the

surface active sites of NiMo/g-Al2O3 and P promoted NiMo/

g-Al2O3 carbide catalysts, representative catalysts such as

PNiMo(0) and PNiMo(2.5) were treated with 10% H2S/H2 (v/

v) gas mixture (50 cm3/min) in the in situ DRIFT cell for

60 min at 370 8C and then the nature of the surface sites of

catalysts was studied by DRIFT spectroscopy of adsorbed CO

at 30 8C. Prior to the H2S/H2 treatment the passivated carbide

catalysts were reduced at 400 8C. Fig. 4 presents the DRIFT

spectra of CO adsorbed on PNiMo(0) and PNiMo(2.5)

catalysts pretreated with a H2S/H2 gas mixture. The CO

adsorption patterns of the H2S/H2 pretreated above catalysts

are quite different from that of corresponding untreated

carbide catalysts. A new band at 2094 cm�1 is observed with

the H2S/H2 pretreated carbide catalysts. The band position of

the CO absorbance, 2094 cm�1, is similar to that of adsorbed

CO on the sulfided Mo/Al2O3 catalyst which generally

exhibits CO absorbance at around 2100 cm�1 [32–35]. The

formation of the band at 2094 cm�1 indicated the partial
Fig. 4. DRIFT spectra of adsorbed CO on carbide catalysts pretreated with a

10 mol% H2S/H2 mixture at 370 8C (a) PNiMo(0) and (b) PNiMo(2.5).
sulfidation of the Mo carbide surface in the presence of H2S/

H2 at 370 8C.

3.4. H2-temperature programmed reduction

H2-TPR profiles of the passivated carbide catalysts are

shown in Fig. 5. The NiMo/g-Al2O3 carbide catalyst exhibits a

H2 consumption peak at 255 8C. The P containing NiMo/g-

Al2O3 carbide catalysts have quite different TPR profiles than

that of NiMo/Al2O3 carbide. The P promoted NiMo/g-Al2O3

carbide catalysts showed major H2 consumption peak at 360 8C
along with shoulder at 255 8C. The intensity of peak at 255 8C
is decreased with increase of P content from 0.5 to 1.5 wt.% and

disappeared on further P addition. The peaks at 360 and 255 8C
are due to reduction of surface oxygen bonded to Mo species of

different states [36]. The gradual shift of 255–360 8C on P

addition showed that nature of surface Mo species in NiMo/g-

Al2O3 carbide significantly changed with P content. This

observation is in agreement with the result of DRIFT study of

adsorbed CO on carbide catalysts.

3.5. Catalytic properties

3.5.1. Catalyst stabilization

To achieve steady state activity, the activated carbide

catalysts were stabilized by precoking using LGO at the

temperature, pressure, LHSV and H2/feed ratio of 370 8C,

8.8 MPa, 2 h�1 and 600 ml/ml, respectively for 5 days. The

catalyst stabilization curve of all the carbide catalysts in terms

of N and S conversions, respectively are shown in Figs. 6 and

7, respectively. The N and S conversions of LGO over P

promoted and unpromoted NiMo/Al2O3 carbide catalysts

increased with time on stream and reached steady state after 3

days. This observation is contradictory with the result

observed over conventional sulfide catalyst. In the case of

conventional NiMo/g-Al2O3 sulfide catalyst, HDN and HDS



Fig. 6. The N conversion of LGO as function of time on stream during catalyst

stabilization at 370 8C. (*) PNiMo(o), (�) PNiMo(0.5), (*) PNiMo(1.5), (^)

PNiMo(2.5), (~) PNiMo(3.5) and (~) PNiMo(4.5).
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activities decreased with time because of the deposition of

coke on the catalyst surface and stabilized after 3–4 days [37].

The initial increase in HDN and HDS activities of these

catalysts shows that there is a change in the nature of surface

active sites of these catalysts during hydrotreating, and forms a

new active site, which can enhance the HDN and HDS

activities of carbide catalysts. The partial sulfidation of these

carbide catalysts in the presence of H2S/H2 gas mixture at

hydrotreating temperatures was evidenced by DRIFT spectro-

scopy of adsorbed CO. This showed that, it is possible that

these carbide catalysts react with the H2S gas produced during

HDS reaction and get sulfided. As a result of sulfidation, there

is a possibility that ‘‘NiMoS’’ phase could be formed on the

surface of NiMo/g-Al2O3 carbide catalysts. The ‘‘NiMoS’’ is

the most active phase in NiMo/g-Al2O3 sulfide catalyst for

HDN and HDS reactions [38–40]. The ‘‘NiMoS’’ phase

formed on these carbide surface are beneficial for hydrotreat-

ing of LGO and enhance the HDN and HDS activities of

carbide catalysts.
Fig. 7. The S conversion of LGO as function of time on stream during catalyst

stabilization at 370 8C. (*) PNiMo(0), (�) PNiMo(0.5), (*) PNiMo(1.5), (^)

PNiMo(2.5), (~) PNiMo(3.5) and (~) PNiMo(4.5).
3.5.2. The effect P on HDN and HDS activities of NiMo/g-

Al2O3 carbide catalyst

The HDN and HDS activities of the carbide catalysts after

stabilization for 5 days were studied at 340, 350 and 360 8C
using LGO and then at 300 8C using model feed in a trickle bed

reactor. The pressure, LHSVand H2/feed ratio were maintained

at 8.8 MPa, 2 h�1 and 600 (v/v), and 8.8 MPa, 3 h�1 and 600 (v/

v), respectively for LGO and model feed.

The apparent rate constant for HDN of LGO was determined

by using Eq. (1) with a pseudo first order.

kHDN ¼ ln

�
NF

NP

�
LHSV (1)

where kHDN is the pseudo first order HDN kinetic constant

(h�1); NF the total nitrogen in the feedstock (wt.%); NP the total

nitrogen in the product (wt.%); LHSV is the liquid hourly space

velocity (h�1).

For HDS of LGO reaction a pseudo 1.5 order model was

assumed. Thus, the corresponding apparent rate constant was

calculated using the following equation:

kHDS ¼
�

1

S0:5
P

� 1

S0:5
F

�
LHSV

ðn� 1Þ (2)

where kHDS is the pseudo 1.5 order HDS kinetic constant

(wt.%�0.5 h�1); SP the sulfur in product (wt.%); SF the sulfur

in the feedstock (wt.%); n is the order of reaction.

The HDN and HDS activities of carbide catalysts with LGO

are expressed by the rate constants. Fig. 8 shows the influence of

P content on the HDN rate constant at 340, 350 and 360 8C. At all

temperatures studied, as the concentration of P promoter

increases, the HDN activity increases to an optimum for

2.5 wt.% P. The HDN activity levels off for P contents above

2.5 wt.% of P. This is in agreement with the CO adsorption

studies (Fig. 3), which also reveals maximum promotion for a P

wt.% of 2.5. The increase of kHDN on P addition confirmed that P

acts as a promoter in NiMo/g-Al2O3 carbide for HDN reaction as

it does in the case of conventional NiMo/g-Al2O3 sulfide catalyst.
Fig. 8. The effect of P content in NiMo/g-Al2O3 carbide on the HDN rate

constant with LGO. (�) 340 8C, (*) 350 8C and (&) 360 8C.



Fig. 9. The effect of P content in NiMo/g-Al2O3 carbide on the HDS rate

constant with LGO. (�) 340 8C, (*) 350 8C and (&) 360 8C.
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Fig. 9 shows that there is no significant change in HDS rate

constant of NiMo/Al2O3 carbide catalyst on addition of P at all

temperatures studied. This indicates that the P addition to

NiMo/g-Al2O3 carbide does not give any synergic effect on

HDS of LGO. Maity et al. [41] observed similar observation

with HDS of Maya heavy crude over P promoted NiMo/g-

Al2O3 sulfide. P addition also led to the negative effect on

NiMo/g-Al2O3 sulfide in HDS of thiophene [19] and

dibenzothiophene [18]. In contradiction to HDS reaction, the

phosphorus addition mostly promoted the HDN activity of

NiMo/g-Al2O3 sulfide catalyst in industrial HDN process as

well as with model compounds such as quinoline [18,19,42,43].

The HDN and HDS activities of all the carbide catalysts

using model feed containing dibenzothiophene and quinoline at

300 8C are shown in Fig. 10. The HDN and HDS of model feed

over molybdenum carbide catalysts follow the similar trend in

N and S conversions as LGO feed with respect to P addition. P

is found to be an efficient HDN promoter in the nitrogen

removal from quinoline over NiMo/g-Al2O3 carbide, enhanced

the HDN activity and does not significantly influence the sulfur

removal from dibenzothiophene. The increase in HDN activity

upon P addition cannot be due to increase in dispersion of Mo2C

phase by P, since then HDN as well as HDS should have
Fig. 10. The HDN and HDS of model feed over P promoted NiMo/Al2O3

carbide catalysts at 300 8C. (&) N conversion and ( ) S conversion.
increased. So the increase in HDN conversion by P must be

inherent to the mechanism of the HDN of quinoline.

The HDN and HDS reaction networks are complex, rather

than simple single step reaction networks. In the quinoline and

dibenzothiophene networks, hydrogenation as well as N- or

S-removal (hydrogenolysis) reactions are present. As observed

by Eijsbouts et al. [19], the effect of P in NiMo/g-Al2O3 catalyst

depends on whether the C–S or C–N bond breaking steps are

slower or faster than the hydrogenation steps. In the HDN of

quinoline C–N bond breaking is rate determining [19], and thus

P addition to NiMo/g-Al2O3 has a beneficial effect. In the HDS

of dibenzothiophene, P has no effect. This suggests that the

hydrogenation step, prior to the S removal, is rate determining

over the P promoted NiMo/g-Al2O3 catalysts.

The hydrogenolysis and hydrogenation (HYD) routes

depend on nature of catalyst (CoMo or NiMo), H2S partial

pressure, and total pressure. The dibenzothiophene reacts

mainly through the hydrogenolysis route over CoMo/Al2O3

catalyst [44]. But P addition to CoMo/Al2O3 favors the HYD

route in HDS of dibenzothiophene as observed by Kwak et al.

[45]. The NiMo/Al2O3, which is generally regarded as superior

to CoMo/Al2O3 as hydrogenation catalysts favor the HYD

route compared with CoMo/Al2O3 catalyst. The study by

Rabarihoela-Rakotovao et al. [46] showed that hydrogenolysis

route of dibenzothiophene is inhibited by the H2S partial

pressure and thus favors HYD route. Further, an increase of

total pressure from 2.5 to 5.5 Mpa increased the ratio of rate of

HYD to hydrogenolysis from 0.6 to 1 [46]. In the present study,

the HDN and HDS reactions were carried at 8.8 MPa over P

promoted NiMo/Al2O3 catalysts. The above reaction pressure

and catalyst type may be favoring the HYD route in HDS of

dibenzothiophene. Further, the higher amount of S (6500 ppm)

in the feed and high conversion �90%) lead to higher H2S

partial pressure and thus favors HYD route in HDS of

dibenzothiophene.

The optimum active P promoted NiMo/g-A12O3 carbide

catalyst, PNiMo(2.5) was compared with the conventional

sulfide catalyst having similar metal P, Mo and Ni loadings and

also commercial P containing NiMo/g-A12O3 sulfide catalyst.

The sulfide catalysts were found to be more active for HDN and

HDS of light gas oil than the carbide catalyst on the basis of unit

weight. This has been discussed in our previous publication

[47].

3.6. Post reaction characterization

All the catalysts were characterized after the runs. XRD

patterns of spent PNiMo(0) catalysts show presence of b-Mo2C

phase. This demonstrates that bulk structure of b-Mo2C is

preserved under hydrotreating conditions. No particles of MoS2

are detected in spent PNiMo(0) catalyst by XRD (figure not

shown). This revealed that Mo carbide is not sulfided

completely under hydrotreating conditions. In the case of P

promoted NiMo/g-Al2O3 carbide spent catalysts, XRD patterns

revealed neither Mo2C phase nor MoS2 phase. The character-

istic peaks of the molybdenum carbides are not apparent in the

above catalysts because of the fine dispersion and also the main



Fig. 11. DRIFT spectra of CO adsorbed on (a) spent PNiMo(0) and (b) spent

PNiMo(2.5).
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g-Al2O3 peaks overlap within the same 2u interval. The surface

sites of selected two spent catalysts such as PNiMo(0) and

PNiMo(2.5) were studied by DRIFT spectroscopy of adsorbed

CO. DRIFT spectra of CO adsorption on above two spent

catalysts is shown in Fig. 11. The CO adsorption patterns of the

spent catalysts are different from that of corresponding fresh

catalysts shown in Fig. 3. The CO adsorption bands of fresh

catalysts are shifted to higher wavenumber for spent catalysts.

Wu et al. [31] observed that CO adsorption band of Mo

phosphides was shifted gradually to higher wavenumber with

increase in sulfidation of Mo phosphides surface. Fully sulfided

Mo gives CO adsorption peak around 2100 cm�1 [31–35]. The

CO adsorption peak at 2088 cm�1 of spent catalysts confirmed

that surface of Mo carbide catalysts are partially sulfided during

the hydrotreating reaction. As a result of sulfidation, there is a

possibility that ‘‘NiMoS’’ phase could be formed on the surface

of carbide catalysts. Aegerter et al. [16] also observed

sulfidation of Mo2C during HDS of thiophene and proposed

that a thin layer of highly dispersed MoS2 is present on the

surfaces of the Mo carbide particles. This model is further

supported by McCrea et al. [17]. Further from the activity study

of these carbide catalysts, it was concluded that P act as

effective promoter in Mo carbide catalyst as it does in NiMo/

Al2O3 sulfide, and promotes the HDN reaction. This revealed

that active sites of these carbide catalysts during hydrotreating

are similar to NiMo/Al2O3 sulfide catalyst.

4. Conclusions

A series of P promoted NiMo/g-Al2O3 carbide catalysts with

finely dispersed b-Mo2C particles were prepared. P addition to

NiMo/g-Al2O3 increased the number of accessible Mo sites on

the surface as a result of higher dispersion. DRIFT of adsorbed

CO evidenced that NiMo/g-Al2O3 carbide catalyst mostly

contains Mo0+ species on the surface and forms Mo3+ species

by P addition. The maximum numbers of Mo3+, Mo2+ and Mo1+

surface species are found in NiMo/g-Al2O3 carbide catalyst

with P content of 2.5 wt.%. The change of surface sites

of NiMo/g-Al2O3 carbide by P addition is also evidenced by
H2-TPR of passivated carbide. All these P promoted NiMo/g-

Al2O3 carbide catalysts were tested in HDN and HDS of LGO

and model compounds at industrial conditions. P is found to be

an efficient HDN promoter for nitrogen removal from LGO and

quinoline over NiMo/g-Al2O3 carbide, but does not signifi-

cantly influence the sulfur removal from LGO and diben-

zothiophene. HDN of quinoline showed that P plays a direct

role in the HDN reaction, since the removal of nitrogen from

cyclic amines is rate determining step, which is promoted by P.

P has no effect in the HDS of dibenzothiophene, because in the

HDS of dibenzothiophene hydrogenation, preceding the S

removal step is rate determining. Post reaction characterization

of catalysts showed that the surface of all carbide catalysts was

partially sulfided during the hydrotreating.
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