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Chapter 2

Study of Niobium Oxynitride: Synthesis, Characterization,

and Reactivity

2.1. Introduction

Transition metal carbides and nitrides have attracted considerable attention

during the past few years because of their unique physical properties and numerous

technological applications.  An important amount of work has been done on the synthesis

of transition metal carbides and nitrides, focusing on Mo2C [1-5], Mo2N [6,4,7,8], and

WC [6,7].  However, the available literature concerning niobium carbide and niobium

nitride systems is scarce.  Recent studies on NbC [9,10] dealt with the solid state

transformation mechanism of Nb2O5 to NbC and reported the production of low surface

area NbC (Sg = 14 to 21 m2 g-1).  Preparation of niobium oxynitride at temperatures

above 900 K was also reported [11] and a poor activity of NbNxOy in quinoline

hydrodenitrogenation was observed [12].  Kim et al. [11] have previously studied the

synthesis of niobium oxynitride by reaction between ammonia and niobium pentoxide.

The nitridation process was optimized and several different aspects, that could influence

the reaction, were studied.  The influence of the crystallographic structure of the

precursor oxide on the characteristics of the oxynitride, the composition of the gaseous

mixture, the final temperature of nitridation, as well as the influence of a promoter
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additive (niobium oxynitride, itself) on the nitridation process, were all aspects

considered in that study.

This work deals with other aspects of the synthesis of niobium oxynitride.

Specifically, in this study, a detailed analysis is made of the progress of reaction by

interrupting the synthesis at various stages.  Also, a study is made of the effect of heating

rate on product properties.

Two metallic ternary phases have been observed in the niobium oxynitride

system: a face centered cubic (fcc) structure type and a tetragonally deformed NaCl

structure [13].  For this investigation fcc niobium oxynitrides were prepared by

temperature-programmed reaction of a Nb2O5 precursor in a gas mixture consisting of 20

%(v/v) NH3/He, resulting in materials with Sg ranging from 23 to 57 m2 g-1.  The progress

of the solid state transformation of Nb2O5  to the oxynitride was followed by mass

spectrometry.  The solid intermediates and the products of the reaction were

characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),

elemental analysis (CHNS), gas adsorption techniques and temperature-programmed

reduction (TPR).  The oxynitride was also tested for its hydrodenitrogenation (HDN) and

hydrodesulfurization (HDS) activity.
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2.2. Experimental

The gases employed in this study were He (Airco, 99.999 %), NH3 (Laroche

Industries, 99.999%), 10 % H2 / He (Airco, 99.999%), N2 (Airco, 99.999 %), 0.5% (v/v)

O2 / He  (Airco, 99.999%), 30 % N2 / He (Airco, 99.999%), CO (Airco, 99.3 %).  The

chemicals used as catalyst precursors were Nb2O5 (B- Phase, Johnson Matthey

Electronics, 99.9 %) and NbO2 (Johnson Matthey Electronics, 99.0 %).  For the

reactivity test, the chemicals employed were dibenzothiophene (Aldrich, 99.5 %),

quinoline (Aldrich, 99.9 %), benzofuran (Aldrich, 99.9 %), tetralin (Aldrich, 99.5 %)

and tetradecane (Jansen Chimica, 99 %).  All chemicals were used as received.  NH3,

10% H2/He, N2, 30% N2/He and CO were passed through water-removing purifiers

(Alltech, model # 8121) positioned in the line between the gas cylinders and the reactor,

while He was passed through a water/oxygen-removing purifier (Alltech, model # 8121

and 4004).

2.2.1. Synthesis

Niobium oxynitride powders were prepared by the temperature programmed

synthesis (TPS) technique.  In a typical TPS experiment, the temperature of the oxide

precursor in a reactive gas flow was raised uniformly from room temperature (RT) to a

final value (Tf) using a desired heating rate (β).  The synthesis consisted of passing a

20% (v/v) NH3 / He mixture at a flow rate of 670 µmol s-1 (1000 cm3min-1) over

approximately 0.4 g of the solid precursor (Nb2O5) to yield a molar space velocity of

1600 h-1 (volumetric space velocity of  6.75×105 h-1).  The experiment was carried out in
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a U-shaped quartz reactor of 15 mm O.D. (14 mm I.D.) placed in a furnace, controlled by

a temperature programmer (Omega Model CN2000).  The temperature was monitored by

a local chromel-alumel thermocouple placed in a thermowell near the center of the

reactor bed.

During the experiments, a portion of the gas effluent from the quartz reactor was

transferred through a leak valve to a mass spectrometer (Ametek/Dycor Model MA 100)

and the masses 2(H2), 4(He), 15(NH3), 18(H2O), 28(N2), 30(NO), 44(N2O) and 46(NO2)

were monitored.  The time lag between the temperature reading and the mass

spectrometer was 10 s, which was negligible within the time scale of the experiment.

The signals from the mass spectrometer and the temperature of the reactor were recorded

by an on-line computer.

The heating process involved two stages.  In the first stage, where no reaction

occurred, the temperature was raised linearly to 873 K using a high heating rate (β1) of

0.1667 K s-1 (10 K min-1).  In the second stage, heating was carried out using a slower

heating rate (β2) until the final temperature (Tf) was reached. Heating rate (β2) values of

0.01667, 0.02500, 0.05000 and 0.08333 K s-1 (1, 1.5, 3, 5 K min-1) were used in the

experiments.  As will be seen, the final temperature was dependent on the second heating

rate and ranged between 1027 and 1173 K.

The final temperature (Tf) was determined from a preliminary test performed

before each synthesis.  This consisted of uniformly raising the temperature from room

temperature to about 1300 K while following the production of H2O.  The final

temperature to be used in the subsequent TPS experiment was taken to be that at which

the H2O signal reached a maximum.
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At the completion of the TPS experiment the gas flowing through the reactor was

switched from 20% NH3/He to He and the sample was cooled rapidly to room

temperature by removing the furnace.  The sample was passivated with 0.5% O2/He flow

for about 5 h to form a protective oxide layer to prevent bulk oxidation.

2.2.2. Characterization

The synthesized materials were characterized by CO chemisorption, N2

physisorption, XRD, SEM, elemental analysis and reactivity measurements.  The CO

chemisorption and the N2 physisorption were carried out in the synthesis flow system

using a pulse technique.  Prior to the chemisorption and physisorption measurements the

passivated materials were pretreated at 723 K in H2 flow for 2 h to remove their

protective oxide layer.

Irreversible CO chemisorption has been employed in catalysis to titrate surface

metal atoms, providing an estimate of the number of active sites [14].  In the present

study the experiment was carried out by pulsing a known volume (12 µmol) of CO

through a sampling valve using He as a carrier gas and recording the mass 28 signal with

the mass spectrometer.  The consumption of CO was determined from the decrease in the

CO peak areas from a control in which no chemisorption occurred.

The surface area was measured right after the CO chemisorption using a similar

flow technique.  A 30 % N2 /He gas mixture was passed over the sample cooled by liquid

nitrogen, and the adsorption of N2 was monitored by the mass spectrometer.  Then the

sample was returned to room temperature, and the N2 desorption was monitored.  The

amount of N2 desorbed was estimated by comparing the desorption area to the area
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corresponding to the injection of a calibrated volume (38 µmol).  The surface area was

calculated from the single point BET equation.

The bulk structure of the materials was determined by powder X-ray diffraction,

using a diffractometer (Scintag, Model ASC0007 with a CuKα monochromatized

radiation source), operated at 45 kV and 40 mA.  The analysis included crystallite size

estimation from X-ray diffraction (XRD) line broadening.  The external morphology of

the starting and the final materials was investigated by SEM (CanScan Series II).

Temperature programmed reduction experiments to high temperature (1373 K)

were carried out to estimate the amount of oxygen in the synthesized niobium

oxynitrides.  The procedure consisted of passing a 10% H2/He mixture at a flow rate of

100 cm3 min-1 (74 µmol s-1) over the sample (0.4g) while the temperature was raised at a

heating rate of 0.1667 K s-1 (10 K min-1) from room temperature up to 1373 K.  The

amount of nitrogen in the final product, as well as in intermediate states, was determined

by a CHNS elemental analyzer (Carlos Erba EA 1108 Elemental Analyzer).  The

analyzer consisted of a gas chromatograph (GC) with a packed column (Porapak QS), a

vertical combustion train coupled to the GC column, a thermal conductivity detector, and

a data acquisition system.

The hydrotreating activity of the oxynitride was studied in a high-pressure trickle-

bed reactor using model compounds.  The liquid feed consisted of 3000 ppm (1.76 moles

%) sulfur (dibenzothiophene), 2000 ppm (2.69 moles %) nitrogen (quinoline), 500 ppm

(0.60 moles %) oxygen (benzofuran), 20 wt% aromatics (tetralin) and balance aliphatics

(tetradecane).  The reactivity test was performed at a pressure of 3.1 MPa, a temperature

of 643 K, and a H2 flow rate of 110 µmols-1 (150 cm3/min, NTP).  The reactant feed was
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introduced to the system by a liquid pump (LDC Analytical NCI  11D5).  Before the test,

the oxynitride was reduced in situ at atmospheric pressure in H2 at 723 K for 2 h to

remove the passivation layer.  Liquid product samples were collected at regular intervals

for a period of about 60 h and were analyzed off-line using a gas chromatograph (HP

5890 series II) equipped with a capillary column (CPSIL - 5CB, Chrompack, Inc.) and

flame ionization detector.

2.3. Results

Mass spectrometer traces of H2 (2), N2 (28), NH3 (17) and H2O (18) from the

nitridation of Nb2O5 at a molar space velocity of 1640 h-1 and a heating rate of 0.05 K s-1

(3 K min-1) were used to follow the progress of the reaction (Figure 2.1).  Traces of

masses 30 (NO), 44 (N2O) and 46 (NO2) were featureless and not reported here.  The

final temperature for each synthesis (Table 2.1) was determined by a preliminary

experiment, in which the position of the water formation peak was taken as the final

temperature value used during the TPS as described above.  The final temperature was

kept constant until water formation ceased and the water signal returned to baseline.  The

shift between the final and the initial baselines (Figure 2.1) was most likely due to

changes in partial pressures of the species during the course of reaction.
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Table 2.1. Summary of Preparation Conditions and the Surface Properties of the

Oxynitrides Synthesized by TPR

Sample
β

(K s-1)

Tf

(K)

BET

(m2 g-1)

CO

(µmol g-1)

Dp

(nm)

Dc

(nm)

1 0.0833 1173 23 0 31 22

2 0.0500 1110 36 0 20 22

3 0.0250 1040 53 12 14 16

4 0.0167 1027 57 10 13 14
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Figure 2.1. Synthesis traces of niobium oxynitride.
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The influence of the heating rate associated with the effect of the final

temperature during the synthesis was studied.  The maximum of the water formation

peaks shifted to lower temperature as the heating rate (β) was decreased from 0.08333 to

0.01667 K s-1(5 to 1 K min-1), with corresponding lower synthesis temperatures (Tf in

Table 2.1).  These values of Tf were used in a Redhead analysis to obtain the apparent

activation energy for synthesis (Figure 2.2).  The surface area and the CO uptake were

also related to the experimental conditions (Table 2.1).  The results indicate that the

surface area increased with lower synthesis temperature and that the materials had a low

CO uptake.

The XRD patterns of the compounds synthesized with a molar space velocity of

1640 h-1 and variable heating rates were compared to the patterns of the starting material

(Nb2O5) and those of other niobium oxides (Figure 2.3).  Comparison of the powder

diffraction patterns of the synthesized materials with standard spectra from a powder

diffraction file [15] reveals that the reaction product is niobium oxynitride with a face

centered cubic (fcc) structure and space group Fm3m.  No other phases were observed.

The cell dimensions of the synthesized oxynitride were compared with other niobium

compounds from the literature (Table 2.2).

The evolution of the different phases during the nitridation of niobium pentoxide

to niobium oxynitride was studied by interrupting the reaction at four different points

(Figure 2.4).  The evolution of the specific surface area (Sg) was measured with an error

of about � 2 m2 g-1(Figure 2.5).  The Sg increased significantly during the TPS process

and reached a maximum (Figure 2.5), suggesting the existence of an optimum

temperature.  It should be emphasized that the surface area of the starting material,
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niobium pentoxide, is about 1 m2 g-1, while the final niobium oxynitride obtained with a

heating rate of 0.05 K s-1 (3 K min-1 )  had a surface area of 36 m2 g-1 (Figure 2.5).  The

XRD patterns of all the intermediates (Figure 2.6) were compared to the patterns of the

final product, the starting material (Nb2O5) and suboxides (NbO2 and NbO).  The XRD

analysis of the intermediates revealed the presence of two phases, corresponding to the

niobium pentoxide (starting material) and the niobium oxynitride (final product).  To

investigate the possible involvement of an unseen NbO2 intermediate, this oxide was

used as a precursor in a TPS analysis.  The experiment consisted of passing the reactive

gas mixture, 20 % (v/v) NH3/He over the solid NbO2 while the temperature was raised

uniformly at β = 0.05 K s-1 from room temperature to a Tf of 1273 K, like in a typical

TPS experiment.  As before, the gaseous products were monitored during the synthesis

and the final temperature was determined by the position of the water peak.  Subsequent

XRD analysis of the product did not indicate formation of an oxynitride.

Table 2.2. Crystal Structures and Lattice Parameters for the Synthesized Niobium

Oxynitride. Comparison With Some Other Niobium Compounds

Compound
Metallic

Arrangement
Space Group

ao

(nm)
references

Nb bcc Im3m .331 [28]

NbN fcc Fm3m .439 [29]

NbN0.9O0.1 fcc Fm3m .438 [15]

NbN1.14O0.82 fcc Fm3m .430 [12]

NbNxOy fcc Fm3m .434a this study
a Sample synthesized at 1110 K at a heating rate of 0.05 K s-1 with stoichiometry of NbN0.93O0.14.
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Figure 2.2. Activation energy analysis using the Redhead equation. Plot  Ln(T2
f / β) vs.

1/Tf .
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The SEM pictures of all the intermediates A-D, as well as the Nb2O5 starting

material and the oxynitride product (Figure 2.7) show that the macroscopic external form

of the starting material is preserved during the solid-state transformation.  However a

difference in surface morphology is revealed.  While the starting material (Nb2O5) is

constituted of smooth crystallites, intermediate B shows the presence of pores, and the

final product particles have a rough exterior surface indicative of an even finer

microstructure.

Elemental analysis shows that the percentage of nitrogen in the product rises with

the nitridation temperature to a value of 12 wt % (Figure 2.8).  The temperature

programmed reduction experiment, although carried out at a high temperature (1373 K),

did not yield a complete reduction of the oxynitride to a pure metal phase, and only

estimates of composition can be obtained from it.  During this experiment N2 and H2O

were formed (Figure 2.9) and the second peak of H2O occurred in the same temperature

range (970 - 1300 K) as the nitrogen peak.  This second H2O peak corresponds to an

amount of 2.1 % wt of oxygen (1340 µmol g-1) in the final product.

The oxynitride was checked for hydrodenitrogenation (HDN) and

hydrodesulfurization (HDS) activity.  The catalyst showed high initial HDS activity (44

%) but deactivated with time on-stream.  After 60 h of operation the activity was

negligible.  The catalyst, however, did not exhibit any change of its bulk structure after

the test.  The XRD patterns before and after reaction were identical (Figure 2.10) and did

not reveal the presence of any bulk sulfide.  In contrast the HDN activity of the catalyst

was stable and a comparison with other nitrides is presented (Figure 2.11).
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Figure 2.8. Results for the elemental analysis of nitrogen of the intermediates (A, B, C,

D) and final product (FP).
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2.4. Discussion

The preparation of niobium oxynitrides was studied in order to determine the

nature of the solid state intermediates and to understand the development of the specific

surface area.  Significant progress toward preparation of with high specific surface area

was achieved using the TPS method [6].  Those studies show that low heating rates and

high space velocities are necessary to obtain high surface area (Sg).  The use of low

heating rates allows the niobium oxynitride synthesis to take place at a lower temperature

(Table 2.1).  By reducing the synthesis temperature, the sintering process is also

suppressed, allowing the formation of materials with higher Sg (Table 2.1).

The crystallite size of the synthesized materials was obtained using the Scherrer

equation: Dc = kλ/Bcos(θ), where λ is the wavelength of the X-ray radiation, 0.154 nm,

B is the width of the peak at half maximum, corrected for instrument broadening (0.2 °),

2θ is the Bragg angle, and K is a constant taken to be 0.9.  The higher heating rates of 3

and 5 K min-1 (0.0500 K s-1 and 0.0833 K s-1) correspond to a crystallite size of 22 nm,

while the crystallite sizes of the compounds synthesized with a low heating rate of 1 and

1.5 K min-1 (0.0167 K s-1 and 0.0250 K s-1) are 14 and 16 nm (Table 2.1).  These results

confirm that decreasing the heating rate increases the surface area.  The crystallite size

can also be compared to the particle size calculated from the equation Dp = 6/Sgρ, where

ρ is the density of the solid and Sg the specific area of the sample (Table 2.1).  It can be

seen that Dp = Dc for all low temperature synthesis conditions. This shows that all

primary particles are single crystals.  It also shows that there is no invisible amorphous

phase.  If such a phase existed, then the measured surface area would be larger and the
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calculated Dp would be smaller than Dc.  As this is not the case, the presence of an

amorphous phase can be ruled out. Also the diffractograms (Figure 2.6) show no

amorphous features at low angles.

Sintering processes are more important when the reaction takes place at higher

temperatures as can be deduced from the increase in the values of particle size (Dp) and

crystallite size (Dc) of the oxynitride (Table 2.1).  Also, at the highest temperature of

1173 K, Dp is greater than Dc, which is indicative of some particle agglomeration.

The crystal structure and the lattice parameter obtained for one of the synthesized

materials is compared with other niobium compounds from the literature (Table 2.2).

The lattice parameter was obtained after identifying the powder diffraction pattern using

standard spectra and the subsequent indexing of the cubic pattern [16].  The addition of

nitrogen and oxygen into the lattice causes the cubic lattice parameter a0 of the metal to

change (Table 2.2).  As reported [11,12] for the oxynitrides, a0 increases continuously

with the amount of nitrogen and correspondingly, decreases with the amount of oxygen .

The H2O peak in the mass spectrometer signal (Figure 2.1) was related to the

transformation of niobium pentoxide to niobium oxynitride.  The transformation

temperature corresponds to the maximum rate of reaction for first-order reactions and,

according to temperature programmed reaction theory, is related to the heating rate, β,

and the apparent activation energy, E, by the Redhead equation [17,18]:

2 ln Tf - ln β = E / RTf + constant
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The equation predicts that the transformation temperature is lower when the temperature

rises more slowly.  As expected, the maxima of the water formation peaks shifted to

lower temperatures as the heating rate (β) was decreased from 5 to 1 K min-1 (0.0833 to

0.0167 K s-1) with corresponding lower synthesis temperatures (Table 2.1).  The plot of

(2ln Tm - ln β) vs Tm
-1 (Figure 2.2) is linear, yielding an activation energy for the

nitridation reaction of 86 kJ/mol which was relatively low when compared to those of

other nitrides and carbides [5] with activation energies ranging from 200 to 280 kJ mol-1.

It was previously noted that the activation energy for synthesis of carbides and nitrides

was close to that of oxygen diffusion because the breaking of metal-oxygen bonds was an

important process in the synthesis  [6].  Notably, the calculated activation energy of

synthesis (86 kJ mol-1) is much different from the value of 210 kJ mol-1 for the self-

diffusion of oxygen in Nb2O5, but closer to the Fickian diffusion of oxygen in Nb2O5

(100 to133 kJ mol-1) [20].   It is perhaps not surprising that Fickian diffusion is a better

model, as the reaction occurring at the surface causes a concentration gradient of oxygen,

which is the driving force for Fickian diffusion.  The lower apparent activation energy

for diffusion obtained in these experiments is probably due to enhanced diffusion by the

presence of oxygen vacancies. The peaks in the TPS experiments occur at conditions

where the Nb2O5 is partially reduced.  Additionally, measurements of activation energy

can be obscured by the occurrence of readsorption during the TPS for high surface area

materials [17,18].

The nitridation process is also limited by the decomposition of the reactant NH3

at higher temperatures.  It can be noticed that at the moment the reduction begins,

ammonia starts to decompose (Figure 2.1), and it is possible that the material was not
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exposed to NH3 at the highest temperature, but to a mixture of N2 and H2, which is

known to be less reactive toward nitride formation.  The equilibrium mol fractions of

ammonia at 1000 K and 1200 K are 1.75 × 10-4 and 5.75 × 10-5 [21].

CO adsorption is a general technique for titrating the number of uncoordinated

surface metal atoms, and thus, the cleanliness of the surface [22].  The low CO

chemisorption presented by the oxynitrides in this study (Table 2.1) is typical of nitrides

of this type [6].  It can be due to a weak interaction of the CO molecule with the surface

[23] or more likely to incomplete removal of the passivation layer during the

pretreatment with H2 at 723 K.  Although the number of active sites on carbides and

nitrides has typically been estimated by CO chemisorption [6], little is known about the

adsorption mechanism and the relationship between the adsorption sites and the active

sites for HDN reactions.  Some spectroscopic sudies [23,24] of the chemisorption of CO

over carbide foils and supported carbides on alumina indicate that most of the CO

adsorbs molecularly.  The stoichiometry appears to be one CO molecule per surface

metal atom [22].

The study of the reaction intermediates shows the interplay of two distinct

phenomena: synthesis and sintering process.  The increasing Sg is due to the progress of

the nitridation process accompanied by an increasing content of nitrogen (Figure 2.8).

As mentioned before, the lattice parameter of the cubic cell increases with the amount of

nitrogen [11,12].  On the other hand, sintering at higher temperatures is likely

responsible for the decrease in Sg of the samples (Figure 2.5).  The evolution of the

surface area with temperature indicates a maximum (Figure 2.5) that could be the result

of the balance between these two phenomena during the gradual rise in temperature.
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Diffraction patterns (Figure 2.6) can be used to identify the intermediate species

in the transformation of Nb2O5 to NbNxOy.  The diffraction patterns of A, B, C, and D

reveal only the starting material Nb2O5 and the final product NbNxOy.  There was a

systematic shift to higher diffraction angles for Nb2O5, indicating a decrease in the unit

cell size.  This is consistent with the progressive removal of oxygen from the Nb2O5

lattice, which would be expected to result in contraction of the cell dimensions.

Elemental analysis shows a gradual increase in nitrogen content (Figure 2.8), but it is not

clear that its presence is due to substitution for oxygen in the contracting Nb2O5 lattice.

More likely, the measured nitrogen is part of the growing NbNxOy phase detected by

XRD.  No other crystalline intermediate suboxides were detected by XRD.  This was also

reported earlier [11].  In a separate experiment, it was verified that the suboxide NbO2

was relatively unreactive, yielding no oxynitride even at a high temperature (1273 K).

Therefore, it appears that NbO2 is not a reaction intermediate.  In conclusion, the solid-

state transformation can be considered to proceed directly from the Nb2O5 to NbNxOy in

contrast to the formation of NbC [10], which does proceed through a NbO2 intermediate.

In the latter case the carburizing agent, a mixture of 20 % CH4 in H2, is not as reducing

as NH3 and the reaction occurs at higher temperature, where the formation of NbO2 is

favorable.

The elemental analysis shows an increase in the nitrogen content in the reaction

intermediates (Figure 2.8).  The percentage of nitrogen in the product rises to a value (12

wt%), that is still lower than the theoretical value for a stoichiometric NbN (13 wt %).

The presence of oxygen in the lattice is revealed by the temperature programmed

reduction experiment (Figure 2.9).  The first peak of H2O is most likely due to the
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reduction of a surface oxide layer, since it is observed at a lower temperature and it can

also be observed during the activation process carried out prior to the chemisorption

measurements.  The H2O peak that occurs in the same temperature range as the nitrogen

peak is most probably related to bulk oxygen.  Integration of the area under the second

H2O peak gives an amount of 2.1 wt % of oxygen, correspondent to a stoichiometry of

NbN0.93O0.14.  The oxygen content can only be considered a lower limit since the XRD

done at the end of the reductive process does not match the pattern of a pure niobium

metal phase.

The SEM pictures of the intermediate compounds and the starting and final

materials (Figure 2.7) reveal that while the commercial Nb2O5 starting material is formed

of large, dense crystallites, the oxynitrides particles are rough and permeated by holes.

This is likely to be the cause of the Sg increase.  These new features, however, were not

accompanied by changes in the macroscopic external form (size and shape) of the

materials.  Preservation of the external morphology indicates that the solid-state

transformation Nb2O5 → NbNxOy  is a pseudomorphic solid-state reaction [2].

The HDN activity of the niobium oxynitride was not only stable, but also

compares reasonably well with other nitrides (Figure 2.11).  The results are on the basis

of equal catalyst area loaded in the reactor (30 m2), so are directly comparable.  Reports

of HDN activity for other niobium compounds, as niobium carbide and niobium sulfide,

were found in the literature [26,27].  The niobium oxynitride showed a substantially

higher activity (15%) than the carbide (5%).  Comparisons between the specific

activities of niobium sulfide and niobium oxynitride are difficult to carry out due to

differences in test conditions such as temperature, surface area of catalyst and probe
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molecule.  Geantet et al. [27] performed the hydrotreating study of niobium sulfide at 3.1

MPa and 573 K, using pyridine as a probe molecule in a liquid feed with low sulfur

content.  However, the intrinsic activities of 1.3 × 10-8 gmol m2 s-1 for niobium sulfide

[27] and 8.1 × 10-10 gmol m2 s-1 for niobium oxynitride are quite close considering the

difference in test conditions.

2.5. Conclusions

The temperature-programmed reaction method of synthesis was successful for the

preparation of niobium oxynitride from Nb2O5.  Using a mixture of 20% (v/v) NH3/He,

niobium oxynitrides with specific surface areas (Sg) of 57 m2/g were prepared.  The

solid-state transformation occurred directly from Nb2O5 to NbNxOy without any suboxide

intermediates, according to XRD analysis.  SEM analysis indicates that the

transformation was a pseudomorphic process.

The reactivity study indicated moderate HDN activity over a period of 60 h.  The

HDS activity, although promising at the beginning, dropped considerably during the

hydroprocessing experiment.  The low to moderate levels of HDS and HDN activities

found for the monometallic niobium nitride system and the even lower HDS/HDN

activities results reported in the literature for the niobium carbide [26] constituted the

motivation for the following chapter.  In the next chapter, the niobium metal will be

introduced as a second metal component providing a method for improving the catalytic

performance of the well-studied molybdenum carbide system.
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