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A kinetic method is described to determine the role of adsorbed intermediates in heterogeneous reaction
mechanisms. The method, denoted as analysis of coverage transients (ACT), involves comparing the time
response of a spectroscopically observed species in an inert gas and a reactive gas to differentiate
between adsorption-desorption processes and reaction. The method is applied in a kinetic study of
pyridine hydrodenitrogenation (HDN) on a 12.2 wt% silica-supported nickel phosphide (NiyP/SiO3)
catalyst at 423 K and atmospheric pressure. In situ Fourier transform infrared spectroscopy (FTIR)
measurements of pyridine adsorbed on Ni,P revealed the formation of a pyridinium surface intermediate.
The concentration of the pyridinium intermediate increased with pyridine partial pressure and decreased
in the presence of hydrogen, suggesting that it was a reaction intermediate. However, transient and
steady-state kinetic measurements showed that the rate of reaction of the intermediate did not
correspond to the overall reaction rate, and it is concluded that the pyridinium intermediate is not
directly involved in the HDN reaction of pyridine over NiyP. The studies demonstrate that mere
observation of an adsorbed surface species at reaction conditions is not sufficient to prove that it is a
reaction intermediate. The ACT method has potential as it can be used with any type of spectroscopy, as

long as the surface coverage can be calibrated.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Directly monitoring the surface concentration of an adsorbed
surface species during adsorption and reaction is a powerful tool
for elucidating kinetic and mechanistic information [1]. Such stud-
ies involve measuring the rates of adsorption and reaction un-
der transient conditions and comparing the transient rates with
the overall reaction rate measured under steady-state conditions
[2,3]. Agreement between the separately measured rates consti-
tutes proof that the observed intermediate is a true reaction in-
termediate and is kinetically significant in the overall reaction
kinetics. The present study will present a method, called analy-
sis of coverage transients (ACT) to show that a species observed
in situ spectroscopically, although responding to reaction condi-
tions, is not an actual reactive intermediate. The study is important
because it demonstrates that mere observation of an adsorbed in-
termediate, or even monitoring its qualitative behavior, at reaction
conditions is not sufficient to prove that it has a role in the reac-
tion mechanism. To demonstrate that it is a reaction intermediate
it is necessary to show quantitatively that it’s dynamic behavior
is consistent with the overall reaction rate measured at the same
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conditions. The need for dynamic in situ experiments to obtain in-
formation on reaction mechanisms was first stated by Tamaru [4-
6]. The system investigated here is pyridine hydrodenitrogenation
(HDN) studied over a nickel phosphide catalyst (NiyP/SiO;) at 423
K and atmospheric pressure. Phosphides have attracted attention
because of their high activity in HDN and the related hydrodesul-
furization (HDS) reaction [7-14].

The subject of HDN, the removal of nitrogen from petroleum
feedstocks, is currently of importance in the production of clean
fuels. Combustion of fossil fuels lead to emission of particulate
matter, SOy, NOy, olefins and aromatics that poison exhaust control
devices and contribute to the production of acid rain, smog and
atmospheric ozone [15,16]. Recently enacted environmental regu-
lations have made removal of sulfur and nitrogen a focal concern
for the refining industry [17]. The subject has been recently re-
viewed [18,19].

The removal of nitrogen compounds from petroleum crudes by
hydrodenitrogenation (HDN) occurs simultaneously with other cat-
alytic hydrotreating processes. Although the nitrogen content in
petroleum crudes is generally 5 to 20 times lower than the sul-
fur content, compared to sulfur heterocycles, nitrogen compounds
are more difficult to hydroprocess [20]. If not removed, basic nitro-
gen compounds greatly inhibit HDS because of their preferential
adsorption on catalytic sites [21]. Thus, the ability to carry out
efficient HDN is key to deep HDS as the reaction rate of sulfur
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removal is markedly inhibited by small amounts of basic nitrogen
compounds in the range 0-50 ppm [22-24]. The inhibition is most
pronounced for hydrogenation sites because of strong adsorption
on these centers [25-27], and minimizing the inhibiting effect by
the efficient removal of nitrogen is vital to achieve low levels of
sulfur. As a result, detailed study of HDN mechanisms and surface
kinetics of adsorbed nitrogen compounds is important for the de-
velopment of improved catalysts for HDN.

Previous studies in our group have employed in situ Fourier
transform infrared spectroscopy (FTIR) to probe the nature of ac-
tive sites and adsorbed intermediates on the surfaces of conven-
tional and novel hydrotreating catalysts [13]. The FTIR spectra in
He of pyridine adsorbed on NiMoS/Al,03 and Ni,P/SiO; showed
similar features that were assigned to the presence of a surface
pyridinium species on both catalysts. When the flow was switched
to Hy, the pyridinium species on NiyP/SiO, was hydrogenated and
the presence of a piperidinium species was observed. However,
on NiMoS/Al;0s little change occurred in the spectrum. These ob-
servations were attributed to the high hydrogenation activity of
NiyP/SiO; as compared to the conventional hydrotreating catalyst
NiMoS/Al, 03 [11-14]. The question arises as to the kinetic role of
the adsorbed pyridinium species under reaction conditions. It is
desirable to determine whether the pyridinium surface species is a
true reaction intermediate or if it exists on the catalyst surface as a
spectator, with no role in the overall HDN kinetics. The analysis of
coverage under transient conditions (ACT) shows that pyridinium
ions react about 100 times slower than the steady-state rate of
reaction, indicating that they do not participate in the reaction
pathway.

2. Experimental
2.1. Synthesis and characterization

The catalyst used in this study was a nickel phosphide (Ni,P)
supported on silica (Cabosil, EH-5 grade). The phosphide was pre-
pared with excess phosphorous (Ni/P = 1/2) and a loading of
1.15 mmol Ni/g support (12.2 wt% NiyP/SiO,). The catalyst precur-
sors were nickel nitrate hexahydrate, Ni(NOs3),-6H,0 (Aesar, 99%),
and ammonium hydrogen phosphate, (NH4);HPO4 (Aldrich, 99%).
The chemicals used in the study of pyridine hydrodenitrogenation
were pyridine (Aesar, 99.5+% spectrophotometric grade), piperi-
dine (Aldrich, 99.9%), n-nonane (Aesar, 99%) and n-tridecane (Aesar,
99%). All chemicals were used as received. The gases employed
were He (Airgas, UHP grade), Hy (Airgas, UHP grade), N, (Airgas,
UHP grade) and CO (Linde Research Grade, 99.97%). The gases were
passed through two-stage gas purifiers (Alltech, Model 4658) to re-
move moisture and oxygen. Additionally, 0.5% O,/He (Airgas, UHP
grade), which was used for passivation of reduced samples, was
passed through a purifier to remove moisture.

The synthesis of the supported catalyst involved two steps and
was reported previously [28-30]. Briefly, in the first step, a sup-
ported nickel phosphate was prepared by incipient wetness im-
pregnation of nickel and phosphorous precursors, followed by dry-
ing at 393 K for 6 h and calcination at 673 K for 4 h. In the second
step, the phosphate was reduced to a phosphide by temperature-
programmed reduction (TPR). After the temperature program, the
sample was cooled to room temperature in flowing He and passi-
vated in a flow of 0.5% O;/He for 4 h.

The NiyP/SiO2 catalyst and blank SiO; were characterized by
BET surface area measurements (Micromeritics ASAP 2010), CO
chemisorption and powder X-ray diffractometry (XRD, Scintag
XDS-2000 operated at 45 kV and 40 mA with Cu-K, monochro-
matized radiation). Irreversible CO uptake measurements were
obtained using a flow technique on re-reduced passivated sam-
ples and were used to titrate the surface metal atoms and provide

an estimate of active sites on the catalyst. The CO uptake amounts
were used to calculate turnover frequencies in the steady-state ki-
netic measurements.

2.2. Spectroscopic and kinetic measurements

Transmission infrared spectra of pyridine adsorbed on NiyP/SiO,
and blank SiO, were collected with a combined in situ reactor-
spectrometer system (Fig. 1). Fourier transform infrared (FTIR)
spectra were collected with a spectrometer (Digilab Excalibur
Series FTS 3000) equipped with a liquid Nj-cooled mercury-
cadmium-telluride detector. The low volume (~20 cm?) in situ
reactor was equipped with water cooled KBr windows, connec-
tions for inlet and outlet flows, and thermocouples connected to
a temperature controller to monitor and control the sample tem-
perature. For all experiments, 25 mg of finely ground Ni,P/SiO, or
blank SiO, were pressed into self-supporting wafers with a diam-
eter of 13 mm (18.8 mg/cm?) and were mounted vertically in a
quartz sample holder. Rods of CaF, (13 mm diameter) were placed
on both sides of the sample to minimize interference of gas phase
pyridine and to reduce the dead volume of the reactor.

Studies of pyridine adsorption and reaction on NiyP/SiO, and
blank SiO, at several temperatures were used to confirm the iden-
tity and determine the stability of the adsorbed pyridinium inter-
mediate. For these experiments, absorbance spectra were collected
in the range 4000-1000 cm~! at a resolution of 4 cm~! with 64
scans/spectrum. Before dosing pyridine, the Ni;P/SiO, and blank
Si0, samples were pretreated in Hp for 2 h at 723 K at a flow
rate of 82 pmol/s (120 cm3/min). After reduction, the samples were
slowly cooled in flowing He or Hy (140 pmol/s, 200 cm?/min) and
background spectra were collected in the absence of pyridine at
523, 473, 423, and 373 K. The samples were dosed at atmospheric
pressure and 373 K with 1.0 mol% pyridine in He or H; carrier
at the same flow rate (140 pmol/s, 200 cm?/min) until saturation
was achieved. The carrier gas was passed through a pyridine-filled
bubbler immersed in a temperature-controlled water bath held at
298 K. The Antoine equation was used to obtain the pyridine vapor
pressure (2.81 kPa at 298 K):

B
T+C’

where P% is the vapor pressure in mmHg, T is the bubbler tem-
perature in °C and the coefficients are 7.1874, 1463.63 and 224.598
for A, B and C, respectively [31]. The concentration of pyridine
was adjusted by blending the main carrier flow containing pyri-
dine with a dilution gas while keeping the total flow rate constant
at 200 cm?/min.

The samples were then purged with carrier gas for 300 s to
remove gaseous and weakly adsorbed pyridine. Spectra are shown
with subtraction of the background contribution to highlight the
pyridine adsorbate peaks. Spectra were acquired at 373, 423, 473,
573 and 673 K with a heating rate of 0.083 K/s (5 K/min). The
reactor temperature was held constant at each temperature for 180
s to collect the corresponding spectrum.

Transient kinetic experiments were performed to ascertain the
kinetic role of the pyridinium surface species by measuring the
rate of reaction of the adsorbed pyridine intermediate. FTIR spec-
troscopy was used to directly monitor the evolution of pyridinium
coverage with respect to time at atmospheric pressure and 423 K.
For these experiments, absorbance spectra were collected in multi-
scan mode in the range 4000-1000 cm~! at a resolution of
4 cm~!. Spectra were collected every 6 s with 10 scans/spectrum.
Before all measurements, the self-supporting NiyP/SiO, wafers
were pretreated as before. After the reduction, the samples were
cooled in flowing He or Hp (200 cm?/min) to 423 K and back-
ground spectra were collected. The flow was then quickly switched

log P = A — (1)
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Fig. 1. In situ FTIR reactor system.

Table 1

Pyridine weight times for gas-phase transient kinetic experiments.

Carrier gas flow rate Pyridine flow rate Pyridine Weight time

(cm?3 (NTP) min~—") %103 (molh~1) concentration (ghmol~!)
(mol%)

15 1.1 0.21 24

30 2.1 0.43 12

45 32 0.64 7.9

60 4.2 0.85 6.0

75 52 1.1 4.8

90 6.3 1.3 4.0

to pyridine and carrier gas at a total flow rate of 200 cm®/min and
collection of spectra was initiated. All measurements were started
with a clean sample surface and continued until steady-state cov-
erage of pyridine was attained. Vapor-phase concentrations of pyri-
dine were varied to measure the reaction rates over a range of
weight times. The weight time (g h/mol) is a measure of contact
time and was calculated with the following equation:

%%
Pyridine weight time = —<ast (2)

prridine
where Wanlyse is the mass of catalyst (0.025 g) and prridine is
the molar flow rate of pyridine in mol/h. Table 1 summarizes the
flow rates and weight times that were used in the transient kinetic
experiments.

For each spectrum a peak at 1491 cm~!, corresponding to pyri-
dine ring vibrations on Brgnsted and Lewis acid sites (mode v4gp)
of NiyP/SiO;, was monitored as a function of time. The areas of the
peak were converted to fractional coverage by separate calibration
experiments to determine the area corresponding to full coverage
(6 =1). Measurements at a lower temperature (273 K) indicated
that room temperature was adequate for achieving saturation cov-
erage of pyridine. Briefly, for the calibrations the Ni,P/SiO; cata-

lyst sample was pretreated as mentioned above and a background
spectrum was collected at 298 K. The sample was then dosed with
successively higher concentrations of pyridine in He flow until the
peak area (1491 cm~!) was constant.

For both the calibration and transient Kkinetic experiments,
slight differences in wafer thicknesses were reconciled by normal-
izing by the areas of the vy stretching frequencies of the SiO;
support. The voy frequencies, which were recorded in the back-
ground spectra before exposure to pyridine, were found in the
4000-3200 cm~! region of the spectra.

The overall turnover rates of pyridine were measured in a
three-phase trickle-bed reactor (Fig. 2). The reactor has a concen-
tric tubular design with an outer stainless steel body and an inner
quartz sleeve which prevented contact of the catalyst with the
stainless steel. The tight-fitting quartz sleeve (18 mm o.d., 15 mm
i.d.) was sealed at the top of the reactor with compression fittings
but was loose at the bottom to allow pressure equalization. The
length of the experiments required the use of exchangeable H;
cylinders. The flow of the gas and liquid reactant mixture entered
from the top and passes through Pyrex beads for preheating and
good flow dispersion. The catalyst was held by quartz wool plugs,
and an axial thermocouple in a quartz sheath was used to measure
the temperature of the catalyst bed. The reactor was heated with
a furnace and the temperature of the catalyst bed was controlled
with a temperature controller. The liquid feed was metered from
burettes with a high-pressure liquid pump (Lab Alliance, Model Se-
ries I) and H; flow was delivered by mass flow controllers (Brooks,
Model 5850E). The reactant passed over the catalyst bed in down-
flow mode and into a water-cooled separation/sampling system.
Samples were collected every 2 or 3 h in sealed septum vials and
were analyzed off-line with a gas chromatograph (Hewlett-Packard,
5890A) equipped with a 0.32 mm i.d. x 50 m fused silica capillary
column (CPSil-5CB, Chrompack, Inc.) and a flame ionization detec-
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Fig. 2. Three-phase trickle bed reactor system.

tor. Reactants and products were identified by matching retention
times to standards injected separately.

For the measurements of the turnover rates of pyridine, the
system was operated at 423 K and atmospheric pressure with a
liquid feed containing 20000 ppm wt (2.0 wt%) N as pyridine,
20000 ppm wt (2.0 wt%) n-nonane as internal standard and bal-
ance n-tridecane as solvent. The NiyP/SiO, catalyst was in pel-
letized form (16/20 mesh) and was supported between quartz wool
plugs. A quantity of 0.100 g of sample was charged to the reactor
and diluted with SiC to a total bed volume of 8 cm? to ensure
plug flow conditions. The remaining volume of the reactor was
filled with 3 mm Pyrex beads. Prior to the kinetic measurements,
the sample was pretreated at 723 K for 2 h under 120 cm?/min
of flowing H, at atmospheric pressure. After reduction, the reac-
tor was cooled to 423 K and the H;, flow rate was increased to
140 pmol/s (200 cm?/min). Liquid feed was then introduced and
the reaction was allowed to stabilize for 25 h before sampling.
Additionally, the system was allowed to run for 25 h after every
change in flow rate. Flow rates of the feed were varied to match
the weight times used in the transient FTIR experiments. The over-
all turnover frequency was obtained from the following formula:

__ pyridine flow rate (umol/s) - steady-state conversion
" catalyst weight (g) - chemisorption uptake (umol/g)’

3)

where the catalyst weight was 0.100 g for all experiments. The re-
sults from several samples were averaged to determine the steady-
state conversion at each weight time. Table 2 summarizes the pyri-
dine flow rates employed in the kinetic measurements.

3. Results

The BET specific surface area and CO chemisorption uptake of
the supported NiyP sample are listed in Table 3. As stated earlier,

Table 2
Pyridine weight times for steady-state kinetic experiments.

Pyridine flow rate x10> (molh~') Weight time (ghmol )

7.3 14
9.3 11
15 6.6
20 5.0
Table 3
Physical properties of Ni;P/SiO; catalyst.
BET surface area CO uptake Metal dispersion Particle size
(m?g~") (umolg™') (%) (nm)
NiP/Si0, 148 (333)? 90 8 1

3 BET surface area of the blank SiO, support.

the CO uptake value was used to calculate turnover frequencies
in the steady-state kinetic experiments. The BET surface area was
much lower than that of the blank support. This is likely due to
sintering at the elevated temperatures used in the synthesis.

Fig. 3 shows the powder XRD pattern of the reduced NiP/SiO,
catalyst after reduction and passivation. The pattern exhibits a
broad peak at 26 ~ 22° due to the amorphous SiO, support. At
higher angles the XRD pattern for NiyP/SiO, confirms the forma-
tion of the NiyP phase with peaks at 260 ~ 41°, 45°, 48° and 55°
due to the NipP phase (bottom panel). The phase corresponds to
hexagonal Ni;P which adopts the Fe,P structure with space group
Pz, [32]. The pattern of a reference NiyP from the powder diffrac-
tion file (PDF 3-953) is also presented [33].

Fig. 4 shows the FTIR spectrum of 0.85 mol% pyridine in He car-
rier adsorbed on NiyP/SiO; at 423 K. The left panel shows the high
wavenumber region of the spectrum and the right panel highlights
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Fig. 3. Powder XRD pattern of NiyP/SiO, catalyst sample.

the low wavenumber region. Included in the figures are peak posi-
tions and band assignments, where BPY, LPY, HPY and PPY signify
pyridine interacting with Brgnsted acid sites (BPy), Lewis acid sites
(LPy), hydrogen-bonded pyridine (HPy), and physisorbed pyridine
(PPy), respectively. Table 4 summarizes the observed vibrational
frequencies and assignments, which are presented in detail in the
discussion section. In the high wavenumber region, the main spec-
tral features include two negative peaks at 3745 and 3669 cm™!

and three positive features centered at 3143, 3079 and 3046 cm~!.
In this figure, as well as in others in this study, background spec-
tra were subtracted as explained in the experimental section, and
this gives rise to the negative peaks. In the low wavenumber re-
gion the main spectral features are located at 1638, 1607, 1595,
1576, 1547, 1491, 1447 cm™!, with the latter displaying a shoulder
at ~1433 cm™.

Fig. 5 shows the FTIR spectrum of 0.85 mol% pyridine in Hy
carrier adsorbed on NiyP/SiO; at 423 K. The spectra appear sim-
ilar to those obtained for pyridine adsorbed on NiyP/SiO, in He
flow. In the high wavenumber region, the two negative peaks at
3745 and 3669 cm~! are again present, and in the low wavenum-
ber region, the peaks located at 1638 and 1547 cm~! are again
observed and appear unchanged. However, there are several im-
portant differences. The peaks in the 3200-2800 cm™~! region are
shifted to slightly lower wavenumbers and two new weak fea-
tures centered at 2957 and 2874 cm~! are now visible. In the
low wavenumber region the intensities of the features located at
1491 and 1447 cm™! are slightly attenuated. The intensity of the
peak at 1607 cm~! is much lower than the corresponding peak
observed under He flow and appears as a shoulder on the peak at
1595 cm~!. Under H; flow, a new unidentified peak with strong

0.85 mol% Py / He

Nip/sio, 3079

T=423K 3046

Absorbance / a.u.

3745
Si-OH

Voo (190)
LPy
1447

1607

1595

4000 3800 3600 3400 3200 3000 2800 2600

1650 1600 1550 1500 1450 1400

Wavenumbers / cm”

Fig. 4. FTIR spectrum of 0.85 mol% pyridine in He flow adsorbed on Ni,P/SiO, at 423 K. BPY, LPY, HPY and PPY signify pyridine interacting with Brensted acid sites (BPy),
Lewis acid sites (LPy), hydrogen-bonded pyridine (HPy) and physisorbed pyridine (PPy), respectively.

Table 4
Summary of FTIR band assignments (cm™!).
Pyridine Tetrahydro- Piperidine Assignment
Bronsted Lewis H-bonded Physisorbed pyridine
)
= S
® ) e S
N \Nf ‘ P “ L
,‘_|+ o—H T \N JNQL
O W sio, H W
BPy LPy HPy PPy THP PIP
3745 Si-OH, voy
3669 P-OH, vou
3143-3188 Aromatic C-H, vcy
3079-3075 Aromatic C-H, vcy
3046-3038 Aromatic C-H, vcy
2957 2943, 2864 Aliphatic C-H, vcy
2874 2806, 2739 Aliphatic C-H, vcy
1620 Scissoring NHz, VnH,
1638 1607 1595,1576 ~1607° Ring breathing, vcen (8a)
1547 1491 ~15472 1433 1481 1474 Ring breathing, vcen (19b)
1491 1447 ~1491° ~14472 Ring breathing, vcey (19a)
1458 VeN
1450 VHPip

4 No distinct band seen, possible overlap with the indicated band.
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Fig. 6. FTIR spectrum of 0.85 mol% piperidine in He flow adsorbed on Ni,P/SiO; at 423 K.

intensity is observed at 1481 cm™!. The new feature overlaps with
the peak at 1491 cm~! but is clearly observed, even at low concen-
trations of pyridine in Hy carrier, but never under He. The feature
is assigned to a partially hydrogenated pyridine molecule. Assign-
ments are summarized in Table 4.

In order to probe the identity of the peak at 1481 cm~!, piperi-
dine at a concentration of 0.85 mol% in He carrier was adsorbed
on the NiyP/SiO, catalyst at 423 K, as shown in Fig. 6. The spec-
trum for piperidine on NiyP/SiO, is substantially different from
that for pyridine. In the high wavenumber region, two negative
peaks are again observed at 3745 and 3669 cm~!. A prominent
shoulder on a rising background was also located at ~3265 cm™!.
No bands in the 3200-3000 cm~! region of the spectrum are ob-
served but several strong peaks below 3000 cm~! are centered
at 2943, 2864, 2806 and 2739 cm~!. In the low wavenumber re-
gion there is a new broad feature centered at 1620 cm~! and two
strong, overlapping peaks located at 1474 and 1458 cm™!, with
the latter displaying a prominent shoulder at ~1450 cm~!. Assign-
ments are summarized in Table 4. As will be discussed, all these
features are due to a piperidinium ion. Upon switching the carrier
flow to Hy, no significant changes in the spectrum were observed.

Fig. 7 shows the FTIR spectra of pyridine adsorbed on the blank
SiO, support under He flow as a function of temperature. The main
spectral features are located at 3748, 3738, 3090, 3078, 3044, 3021,
1593, 1575, 1445 and 1433 cm~!. The absorbance peaks at 3748
and 3738 cm~! appear as negative features. For all spectra, be-
cause of the background subtraction a decrease in the intensity of
a negative peak with increasing temperature indicates growth of
the peak and an increase in the concentrations of the correspond-

ing surface functionalities. The opposite applies to positive features
in the spectra. As the temperature is increased to 523 K the inten-
sities of all positive features in the spectra decrease, and so do the
corresponding concentrations.

Fig. 8 shows the FTIR spectra of pyridine adsorbed on NiyP/SiO,
under He flow after degassing. The main spectral features are cen-
tered at 3745, 3669, 3143, 3079, 1638, 1607, 1595, 1576, 1547, 1491
and 1447 cm~!. The spectra appear similar to pyridine adsorbed
on blank SiO,, but several new peaks are now present. The two
negative features at 3748 and 3738 cm~! observed in Fig. 7 now
appear as a single band that is shifted to slightly lower wavenum-
bers at 3745 cm~!. A second, weaker negative peak at 3669 cm~!
is again prevalent at slightly lower wavenumbers. The peaks in
the 3200-3000 cm~! region are again present on a rising back-
ground and are shifted to slightly higher wavenumbers. In the low
wavenumber region several new peaks are present at 1638, 1607
and 1547 cm~! and a strong new feature at 1491 cm~!. The peaks
previously observed for pyridine adsorption on SiO; are shifted to
higher wavenumbers at 1595, 1576 and 1447 cm~!. The intensi-
ties of all features decrease as the temperature is increased up to
523 K.

Fig. 9 shows the FTIR spectra of pyridine adsorbed on NiyP/SiO2
under H, flow after degassing. The main spectral features are lo-
cated at 3745, 3669, 3143, 3079, 2984, 2951, 2872, 1638, 1607,
1597, 1578, 1559, 1542, 1491 and 1447 cm~!. The spectra are very
similar to those obtained under He flow. In the high wavenum-
ber region the intensity of the negative peak at 3669 cm~! is
slightly attenuated and several new peaks appear at 2984, 2951
and 2872 cm~!. At higher temperatures, a shoulder on the peak
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Fig. 9. FTIR spectra of pyridine adsorbed on Ni;P/SiO; in H, flow as a function of temperature.

at 1491 cm~! becomes visible at approximately 1481 cm~!. With
increasing temperature, the intensity of this peak increases up to
523 K concomitantly with the peaks at 2984, 2951 and 2872 cm™!.
Additionally, a peak at 1460 cm~! becomes visible at 473 K and
grows in intensity with further heating to 523 K. The intensities of
all other features are observed to decrease with heating.

Fig. 10a represents the time-resolved spectra for the adsorp-
tion of 0.85 mol% pyridine in He carrier on NiyP/SiO, at 423 K.
As soon as pyridine was introduced, the intensity and area of the
peak at 1491 cm~! increased rapidly and reached a steady value

after ~200 s. Fig. 10b represents the time-resolved spectra for the
adsorption and reaction of 0.85 mol% pyridine in Hy carrier. Again,
the peak at 1491 cm™! grew rapidly although with lower inten-
sity and area. Under continuous pyridine/H, flow, a second well-
resolved peak at 1481 cm~! also developed with increasing time
but with relatively lower intensity and area. At higher tempera-
tures, this peak appeared as a shoulder (Fig. 9) in the adsorption
experiments performed in a Hy atmosphere. The intensity of the
feature at 1491 cm~! again reached a steady value after ~200 s
while the intensity of the peak at 1481 cm~! reached a steady
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Fig. 10. Time-resolved FTIR spectra of 0.85 mol% pyridine adsorbed on Ni,P/SiO,.
(a) He carrier at 423 K, (b) Hy carrier at 423 K.

value in a shorter time of <100 s. As will be discussed, the species
giving rise to the feature at 1491 cm~' is not a reactive inter-
mediate in the system. The species associated with the peak at
1481 cm~! may be an actual intermediate in the reaction.

The peak centered at 1491 cm~! was fit with peak-fitting soft-
ware (Origin 6.1) using a Gaussian curve. Furthermore, the over-
lapping peaks acquired under H; flow were deconvoluted using a
multipeak fitting algorithm available with the software. In all cases,
the positions of the peaks and their full widths at half maximum
were kept constant while other fitting parameters were allowed
to vary in the fitting algorithm. The areas of the peak located at
1491 cm~! were converted to fractional coverage from the cali-
bration of the signal at saturation at room temperature. Fig. 11a
shows coverage versus time curves for adsorption of pyridine at
several concentrations in He on the Ni;P/SiO, catalyst at 423 K. At
all concentrations, the coverages of adsorbed pyridine rapidly in-
creased with the introduction of pyridine at time zero and reached
steady-state values in ~200 s. Steady-state coverages were ob-
tained for pyridine concentrations of 0.21, 0.43, 0.64, 0.85, 1.1, and
1.3 mol%, respectively. The coverages increased from 0.38 to 0.56,
with some variation due to experimental error. Fig. 11b shows the
adsorption of pyridine at several concentrations in Hy carrier on
the NiyP/SiO, catalyst at 423 K. As in He, the coverages of ad-
sorbed pyridine increased rapidly and reached steady-state values
in ~200 s. The steady-state coverages increased from 0.26 to 0.43
as the pyridine concentrations increased from 0.21 to 1.3 mol%, re-
spectively. The steady-state coverages of pyridine in H, flow were
lower than those observed under He flow, as might be expected
from reaction.

Table 5 presents the results of the reaction of pyridine over
NiP/SiO; under steady-state conditions. As expected, the pyri-
dine conversion decreased with decreasing weight time (increasing
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Fig. 11. Transient additions of pyridine (1491 cm~') at several concentrations over
NiyP/SiO. (a) He carrier at 423 K, (b) Hy carrier at 423 K.

Table 5

Steady-state pyridine reaction results at 423 K.

Pyridine flow Pyridine weight Conversion Turnover Piperidine
rate time (%) frequency, selectivity
(pmols—1) (ghmol™1) TOF (s~ 1) (%)

2.0 14 45 0.102 99

2.6 11 37 0.106 100

4.2 6.6 25 0.117 100

55 5.0 21 0.130 100

flow rate). Additionally, the major product observed at all weight
times was piperidine. At the highest weight time, a small amount
of HDN products were observed. This indicates that further reac-
tion of piperidine was relatively slow at 423 K and atmospheric
pressure. Equation (3) was used to calculate pyridine turnover fre-
quencies at each weight time

4. Discussion
4.1. Previous studies of pyridine HDN

The main subject of this paper is the study of reaction mech-
anisms by a method called analysis of coverage transients (ACT)
method, which will be presented shortly. The method is applied to
the hydrodenitrogenation (HDN) of pyridine and it is appropriate
to first provide background in the area of HDN. Pyridine, a six-
membered nitrogen heterocycle, is a classic probe molecule and is
the simplest basic nitrogen compound for studying HDN. A consid-
erable number of studies have been conducted on the mechanism
of pyridine HDN. In general, the denitrogenation of heterocyclic ni-
trogen compounds is preceded by hydrogenation of the aromatic
heterocyclic ring in order to convert strong aromatic C-N bonds
into weaker aliphatic C-N bonds. Subsequent removal of nitrogen
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Scheme 1. Simplified reaction pathway for pyridine HDN.

proceeds by cleavage of a C-N bond to form an amine intermediate
followed by removal of nitrogen to yield hydrocarbons and NHs. It
has been documented that the pyridine HDN reaction follows an
established sequence of steps as shown in Scheme 1, which will
be discussed in further detail later. The main steps include hydro-
genation of the heterocyclic aromatic ring to yield piperidine, ring
opening by cleavage of one C-N bond and subsequent removal of
nitrogen from n-pentylamine as NH3 [34,35]. However, Ledoux et
al. showed that ring opening is possible prior to complete satura-
tion of the heterocyclic aromatic ring [36]. More complex reaction
networks have been proposed which included disproportionation
reactions of saturated products to form N-pentylpiperidine, though
condensation products were only observed at high temperatures
and pressures [37,38].

Polycyclic aromatic nitrogen compounds such as quinoline and
carbazole are among the most refractory nitrogen compounds.
Quinoline has a double ring structure containing a benzene ring
fused to pyridine at adjacent carbon atoms. Similarly, carbazole
possesses a triple ring structure with two carbocyclic rings bonded
to the adjacent carbon atoms of pyrrole. The reactions involved in
the HDN of polycyclic nitrogen compounds involve hydrogenation
of the nitrogen heteroring, hydrogenation of the benzenic ring(s)
and C-N bond cleavage [35]. Details of the mechanisms of quino-
line HDN has been studied extensively by Prins and coworkers [39,
40] and carbazole HDN by Abu and Smith [41,42]. The HDN of
these molecules proceeds through multiple parallel pathways in-
volving hydrogenation and hydrogenolysis of C-N bonds. However,
the HDN of all nitrogen heterocycles entails the common steps of
heterocyclic ring hydrogenation, ring opening and the final removal
of nitrogen as NH3. As a result, study of the HDN of pyridine or
pyrrole can be used to investigate the essential steps of HDN.

Recently, new insight was provided on the HDN mechanism
by Prins and coworkers [43] in a study on 2-methylpyridine and
2-methylpiperidine HDN over sulfided NiMo/y-Al;03. The HDN
of 2,3,4,5-tetrahydro-6-methylpyridine, which was previously re-
ported as an intermediate in the hydrogenation/dehydrogenation
of 2-methylpyridine/2-methylpiperidine, was examined [44]. The
study concluded that 2-methylpyridine is hydrogenated to 2-
methylpiperidine and that both amines react to form partially hy-
drogenated intermediates, the imines 2,3,4,5-tetrahydro-2-methyl-
pyridine and 2,3,4,5-tetrahydro-6-methylpyridine with a single
C=N bond. Ring opening of the imines occurs by addition of H;S,
elimination, and hydrogenation to form amino-hexanethiols. Sub-
sequently, the thiols react by hydrogenolysis to hexylamines, and
the second C-N bond is cleaved by hexylimine formation, H,S
addition and elimination of NH3. As a result, the imines were
proposed to be intermediates of both hydrogenation and den-
itrogenation. The proposed reaction sequence is different from
those given in previous studies in which a direct reaction of 2-

methylpiperidine to ring-opened products was assumed (Scheme 1,
dashed arrow).

The reaction rates of the first steps (Scheme 1), hydrogenation
of the aromatic ring and ring-opening, are of similar order of mag-
nitude and slow relative to subsequent steps in the mechanism.
Several studies have observed a pyridine-piperidine thermody-
namic equilibrium under conventional HDN conditions, suggesting
that aromatic ring hydrogenation is fast compared to ring-opening
[45-47]. Still yet, many studies have provided evidence for ei-
ther step being rate-limiting and for the slow step to depend on
the amine and experimental conditions such as catalyst properties,
temperature, pressure and HyS/H, ratio [12,48-52].

Pyridine adsorption is often studied with in situ Fourier trans-
form infrared spectroscopy (FTIR) to probe the surface acidic prop-
erties of supports and catalysts. Characteristic bands in the FTIR
spectrum are used to determine if pyridine is protonated through
the nitrogen atom by surface Brgnsted acid sites and/or bonded
to coordinative unsaturated metal sites (Lewis acid sites). Upon
interaction with a Brensted acid site, pyridine is protonated to a
pyridinium ion with specific IR features around 1545-1540 cm™.
Interaction of pyridine with a Lewis acid site leads to a coordina-
tively bonded pyridinium complex with a well-resolved band cen-
tered around 1452-1447 cm~!. A band located around 1490 cm™!
is common to both adsorbed species. In addition, the differ-
ent pyridine-acid site interactions give rise to other specific ab-
sorbances as discussed later. Many studies have employed this
technique to qualitatively and quantitatively study the acidic prop-
erties of catalytic materials and the resulting effect on catalyst
properties and activity [53].

Damyanova et al. investigated changes in the surface acidity
upon impregnation of Mo on mixed Zr0,-SiO, and ZrO,-Al,03
[54]. Rana et al. examined changes in support acidity upon incor-
poration of MgO, SiO,, TiO, and ZrO, with Al,O3 [55]. Sanchez-
Minero et al. studied pyridine adsorption on Al,03 and Al,03
modified with 10 wt% SiO,. On pure Al,03 they found the pres-
ence of two Lewis acid sites with different strength - APT in
octahedral and tetrahedral coordination environments. Incorpora-
tion of SiO, led to partial covering of some Lewis acid sites with
only octahedral AI3t sites remaining on the surface [56]. DeCanio
and Weissman used pyridine adsorption to correlate HDN activity
with surface acidity of boron-modified NiMo/Al,03 catalysts. They
determined that nitrogen removal activity was dependent on Brgn-
sted acidity as measured by the pyridinium band at 1540 cm~!
[57]. Koranyi and coworkers investigated the effects of sulfidation
on the acidity of conventional hydrotreating catalysts supported
on Al;03 and amorphous SiO,-Al,03. Sulfidation of the catalyst
samples was found to decrease the Brensted and Lewis acidities
of all samples [58]. Navarro and coworkers studied the effects of
Ru incorporation on the surface acid properties of conventional
hydrotreating catalysts. Introduction of Ru was found to enhance
both the Brgnsted and Lewis acidities of the samples [59]. Rhee
and coworkers employed FTIR measurements of adsorbed pyridine
to examine the promoting effects of Ni on Mo/Al,03 and W as a
secondary promoter on the acidic properties and HDN activity. En-
hancement of HDN activity with addition of Ni was attributed to
an improvement of the reducibility of the oxidic Mo/Al;03 sample
rather than an increase in Brensted acidity. Further enhancement
of activity with W as a secondary promoter was ascribed to the
formation of new Brensted acid sites [60].

4.2. Spectral interpretation

The ACT method can be used with any spectroscopic technique
which can detect adsorbed reaction intermediates. The present
study analyzes results from Fourier transform infrared (FTIR) spec-
troscopy and, before introducing the ACT method, the obtained
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data will be discussed. FTIR has been used to characterize NiyP
catalysts in the past [13,61,62]. The FTIR data for pyridine adsorbed
on NiyP/SiO, are shown in Figs. 4 and 5 and show several common
features in both He and H, carrier gases. Table 4 summarizes the
results and assignments. The negative bands located at 3745 and
3669 cm~! are assigned to hydroxyl vibrations of the SiO, sup-
port and P-OH of the active phase, respectively [12,13,63]. As a
result of the background subtraction, these features appear as neg-
ative bands upon interaction of pyridine with the surface hydroxyl
groups. The Si-OH band is due to hydrogen-bonded pyridine, pri-
marily on the SiO, support. The negative band at 3669 cm™~! arises
from the Brensted acidity of surface P-OH functionalities and is
attributable to protonation of the pyridine nitrogen atom. In a pre-
vious study [13] with a silica surface loaded with phosphate the
P-OH band appeared at 3660 cm~!, and for a NiyP/SiO, surface
at 3668 cm~!, so the 3669 cm~! band is tentatively assigned to
P-OH groups on the NipP. In addition, the three features located
between 3150 and 3030 cm~! correspond to aromatic vcy modes
of pyridine [64].

In the low wavenumber regions of Figs. 4 and 5, the peaks at
1547, 1491 and 1447 cm~! correspond to pyridinium ring breath-
ing modes 19b (vccn)) on Brensted acid sites (BPy), 19a (vceewy)
on Brensted and Lewis acid sites (LPy), and 19b (vccn)) for pyri-
dine coordinated to Lewis acid sites, respectively [64]. The feature
at 1447 cm~"! also contains a contribution from pyridine hydrogen-
bonded (mode 19b, ven)) to the SiO; support (HPy). This mode
arises at slightly lower wavenumbers at 1445 cm~!. The weak
shoulder at ~1433 cm~! on the band at 1447 cm™! is assigned
to physisorbed pyridine on the SiO, support (PPy). The broad
feature at 1638 cm~! corresponds to mode 8a (veeny) on Bren-
sted acid sites. The peak at 1607 cm™! is tentatively assigned to
mode 8a (vcc)) of pyridine coordinated to Lewis acid sites [65].
As shown later, this band is retained up to 523 K and is thus
strongly held on the Ni,P surface. The features at 1595 and 1576
(or 1578) cm™! likely correspond to 8a modes (veevy) of pyridine
hydrogen-bonded to the SiO, support.

There are a number of modes for the hydrogen-bonded and
physisorbed pyridine which do not appear as distinct bands. We
surmise that this is because of overlap with similar bands for the
closely related pyridine species on Brensted and Lewis acid sites,
and have so indicated this in Table 4.

The spectrum for pyridine adsorption on NiyP/SiO, in Hy flow
(Fig. 5) exhibits several important differences compared to the
spectrum under He flow (Fig. 4). In the high wavenumber region,
two new weak features centered at 2957 and 2874 cm™! are now
visible and correspond to aliphatic vcy modes [66]. This is in-
dicative of the formation of hydrogenated products on the catalyst
surface. In addition, the features located at 1607 and 1447 cm™!
due to coordination of pyridine with Lewis acid sites (LPy) are
greatly attenuated in intensity. The combination band (BPy/LPy)
centered at 1491 cm~! is also lower in intensity. As a result the
initial reaction of the adsorbed pyridinium species likely occurs on
Lewis acid centers because coverage on these sites is lower under
reactive conditions.

Under H, flow, a new peak not observed under He flow
emerges at 1481 cm~!. As shown later, this band is not present
in the spectrum of piperidine (PIP) adsorbed on Ni;P/SiO;. This
peak is tentatively assigned to a vc_c mode of a partially hy-
drogenated pyridine molecule, possibly 2,3,4,5-tetrahydropyridine
(THP) (IUPAC name: 3,4,5,6-tetrahydropyridin-2-yl), in view of the
aliphatic vcy modes. A similar imine species was previously re-
ported by the group of Prins [52]. As will be shown shortly, this
peak is not associated with the formation of piperidine on the cat-
alyst surface.

In Fig. 6 for NiyP/SiO, in 0.85 mol% piperidine/He flow, two
negative peaks at 3745 and 3669 cm~! are again present due to

interaction of piperidine with Si-OH and P-OH groups, respec-
tively. A prominent shoulder on a rising background was also lo-
cated at ~3265 cm~! and is assigned to a vny stretching mode
of piperidine [66]. As expected, no contributions due to aro-
matic vey modes are observed but several strong peaks corre-
sponding to aliphatic vcy vibrations are observed at 2943, 2864,
2806 and 2739 cm~!. In the low wavenumber region, a promi-
nent broad band is located at 1620 cm~!. A previous study on
2-methylpiperidine adsorption on NiyP/SiO, assigned this band
to the NH; scissoring mode arising from the protonation of the
piperidine nitrogen atom and formation of an adsorbed piperi-
dinium intermediate. In addition, a medium intensity peak at
1474 cm™~! overlaps a strong band centered at 1458 cm~!. Anal-
ogous to the results obtained for 2-methylpiperidine adsorption,
these overlapping bands correspond to vc.¢ and vy stretching
modes, respectively [13]. The features at 1620 and 1474 cm~! ex-
hibit similar intensity. Also, the peak at 1458 cm~! has a promi-
nent shoulder at ~1450 cm~! likely due to piperidine hydrogen-
bonded (HPip) to the SiO, support.

The effect of temperature on pyridine adsorbed on SiO, and
NiyP/Si0; in both He and H; flow was examined to probe the rel-
ative stability of adsorbed pyridine and the nature of surface acid
sites. As can be seen in Fig. 7, SiO, does not possess sites with
Brgnsted or Lewis character as no peaks attributable to a surface
pyridinium species are present. Pyridine is only weakly hydrogen-
bonded to the surface hydroxyl groups and little pyridine remains
at 523 K. As stated earlier, no changes in the spectra were ob-
served upon switching the carrier flow to Hj, indicating that SiO;
is an innocent support, i.e. it does not hold reactive intermediates
[67]. The absorbance features in Fig. 8 for pyridine adsorbed on
NiyP/Si0; in He flow also exhibit a similar response to temper-
ature. At temperatures above 373 K, the bands centered at 1638
and 1547 cm~! due to pyridine bonded to Brensted acid sites have
been attenuated. Conversely, absorbance features attributable to
pyridine coordinated to Lewis acid sites at 1607 and 1447 cm™!
are retained up to 523 K. These results indicate that Ni cen-
ters (Lewis sites) have stronger acidity than surface Brgnsted acid
sites.

The FTIR features in Fig. 9 for pyridine adsorbed on Ni,P/SiO,
in Hy flow display similar responses to increasing temperature as
those in Fig. 8. The features due to Brgnsted-bonded pyridine were
again rapidly diminished with heating. Under H, flow, the peaks
attributable to pyridine coordinated to Lewis acid sites diminished
more rapidly compared to the spectra in He flow. This is expected
as hydrogenation of pyridine likely occurs on Lewis acid sites. At
473 K, features at 1481 and 1460 cm~! are visible and become
dominant compared to the band at 1491 cm~'. These bands are
observed to grow in intensity with further heating up to 523 K,
indicating that they are reaction products. As discussed earlier,
the peak at 1481 cm~! can be tentatively assigned to the par-
tially hydrogenated product 2,3,4,5-tetrahydropyridine. The peak at
1460 cm~! can be assigned to the vc_y mode of piperidine.

4.3. Analysis of coverage transients

Although in situ characterization of NiyP catalysts has been
carried out in the past [68-70], the ACT method relies on the
measurement of in situ transient kinetic data and these will be
described in this section. Transient experiments were performed
on the NiyP/SiO; catalyst at 423 K using several concentrations of
pyridine in both He and H; flow in order to distinguish between
the net rates of adsorption and the rates of reaction. For all ex-
periments, the evolution of the peak at 1491 cm~! (pyridinium
species on Brensted and Lewis acid centers) was tracked over time.
This peak, representing pyridine on Brgnsted and Lewis acid sites,
was chosen because it is well resolved from other spectral fea-
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Fig. 12. Example of transient kinetic analysis for pyridine adsorption on Ni,P/SiO;.
(a) He carrier at 423 K, (b) H, carrier at 423 K.

tures, is not present in the spectrum of gas-phase pyridine, and
has no contribution from pyridine physisorbed on the active phase
or SiO, support. Fig. 11 shows the evolution of the coverage (6)
of pyridine on acidic sites plotted as a function of time for various
concentrations in He and Hj,. Coverages are obtained by normaliza-
tion of peak areas to the saturation peak area at room temperature
as described in the experimental section. The adsorbed pyridinium
species has the attributes of a reaction intermediate. Fig. 11 shows
that its concentration goes up with pyridine partial pressure, goes
down when the flow is switched from He to Hy, and Fig. 9 shows
that its concentration goes down with reaction temperature.

Fig. 12 shows an example of how the transient curves can be
analyzed. The figure presents the evolution of pyridine coverage
with respect to time for the addition of 0.85 mol% pyridine in He
or Hy carrier at 423 K. As can be seen, pyridine was introduced
to the reactor at time zero and the coverages of pyridine quickly
increased to a steady value in ~200 s under both carrier gases.
As a note, coverage values are shown in 6 s increments in the
transient region of the coverage curve (<200 s) and at 30 s in-
tervals thereafter. In He carrier (Fig. 12a), the coverage of pyridine
reached a steady-state value of 0.56. As expected, because of the
occurrence of reaction, the steady-state coverage of pyridine in Hy
carrier (Fig. 12b) was lower and reached a value of 0.38. At all con-
centrations used in the study, the steady-state coverage of pyridine
on NiyP/SiO; was lower in reactive Hy carrier than in inert He car-
rier gas because of reaction of pyridine.

Rates are determined by extrapolating the slope (d6/dt) in the
transient region of the adsorption isotherms to time zero. The
derivative represents a turnover frequency (TOF, s~!). A way to
understand this is to consider a surface that goes from full cov-
erage to zero coverage in 1 s, which would correspond to a TOF of
1 s~1. Fig. 12a shows the evolution of pyridine coverage as a func-
tion of time for pyridine adsorption (0.85 mol%) in He carrier at
423 K. The slope of the coverage versus time curve is equal to the
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Fig. 13. Transient kinetic results for pyridine reaction on NiyP/SiO, at 423 K.

net rate of adsorption, that is, the rate of pyridine adsorption (raqs)
minus the rate of pyridine desorption (rges):

do
(*) =Tads — T'des- (4)
dt /e

The rate of adsorption is proportional to the number of empty
sites and the rate of desorption is proportional to the number
of occupied sites. As a result, the rate of adsorption decreases
with increasing coverage while the rate of desorption increases. At
steady-state these rates are equilibrated and the apparent net rate
of adsorption is zero. Fig. 12b shows the analogous method used
for pyridine adsorption (0.85 mol%) in H, carrier at 423 K. The
slope of the coverage versus time curve now represents the rate
of pyridine adsorption (r,qs) minus the rate of pyridine desorption
(rdges) minus the rate of pyridine reaction (ryp):

do
a =Tads — I'des — T'rxn- (5)
t H,

For each pyridine weight time, the rate of surface reaction is de-
termined by subtraction of the independently determined rates:

de oy .
() (), = ©

The measured rates are compared with the overall turnover fre-
quency of pyridine determined in a separate experiment.

Fig. 13 presents the results of the analysis just described for the
rates measured in He and H; and their differences, the turnover
frequencies of the adsorbed pyridine species. As shown, the mea-
sured rates in both He and Hy carriers increased linearly with in-
creasing pyridine concentration and decreasing weight time. More-
over, the rates measured in Hy carrier were lower at all concen-
trations and weight times, as discussed previously. As the pyri-
dine concentration was increased the differences between the rates
measured independently in He and H, also increased, giving rise
to a steadily increasing reaction rate of pyridine. The turnover fre-
quency trend was linear with increasing pyridine concentration,
indicating a first-order reaction. However, over the range of con-
centrations studied the rates of pyridine reaction were low.

Fig. 14 shows the steady-state pyridine turnover frequencies
measured in a similar range of pyridine weight time as used in
the transient experiments. These TOFs were calculated from Eq. (3)
and are based on sites counted by the chemisorption of CO. There
is no sulfur in the feed, so there is no phosphosulfide [14,29,69,
71], and the uptakes are reasonable measures of surface atoms [28,
72]. The pyridine saturation coverage is similar. As can be seen,
the overall turnover frequency of pyridine increased linearly with
decreasing weight time. Although displaying the same trend, the
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Fig. 14. Steady-state kinetic results for pyridine reaction over Ni,P/SiO, at 423 K
and atmospheric pressure.

rates measured under steady-state conditions were observed to be
two orders of magnitude higher than those measured under tran-
sient conditions. It is recognized that the transient rates are ob-
tained by extrapolation to zero coverage, but for this reason these
rates are maximal, and yet are smaller than the steady-state rates.
Initial steady-state rates cannot be measured with our unit, but
are expected to start out low and reach a plateau, as is observed
with standard hydroprocessing catalysts [29,30,75]. It is concluded
that the main species observed under reaction conditions, the pyri-
dinium species on Brensted and Lewis acid sites, is not the reactive
intermediate in the reaction but a spectator that reacts at a much
lower rate that the overall rate of reaction (Scheme 1).

The question arises whether another species could be a reactive
intermediate. A possible candidate is the partially hydrogenated
species with characteristic band at 1481 cm~! and aliphatic vy
bands at 2957 and 2874 cm~!. The species was not observed un-
der He flow but was formed upon adsorption of pyridine on NiyP
in reactive Hjy. It is an imine, the species identified by Prins and
coworkers as a possible reaction intermediate [43,44]. Unfortu-
nately, the same analysis as done for the pyridinium ion cannot
be carried out with this species because it is not observed in ex-
periments conducted under He flow. However, we conjecture that
it is a reactive intermediate (Scheme 1).

Hydrogenation of pyridine likely occurs on Lewis acid sites as
reaction of pyridine and formation of the partially hydrogenated
intermediate results in attenuation of the peaks located at 1607,
1491 and 1447 cm™!. This is in agreement with the work of Mi-
randa and coworkers [73] who studied the HDN of pyridine at
atmospheric pressure over several supported Mo oxides with vary-
ing Lewis and Brensted acidities. They determined that the overall
HDN activity was correlated with the concentration of cus Mo sites
which are active for hydrogenation, and reaction of pyridine to
piperidine was rate-limiting.

One possible explanation for the slow conversion of the pyri-
dinium species and the formation of a partially hydrogenated sur-
face intermediate is the mode of pyridine adsorption under the
reaction conditions employed. Pyridine can adsorb on the cata-
lyst surface via the nitrogen atom’s electron pair (end-on mode) or
through the 7 electrons of the aromatic ring (side-on mode) [36].
It has been proposed that ring hydrogenation occurs through side-
on adsorption while C-N bond cleavage takes place through the
end-on mode [74]. Green and coworkers [75,76] studied the HDN
of pyridine over transition metal carbides, oxides, nitrides and sul-
fides over a wide temperature range and determined from product
distributions and selectivities that the end-on mode is favorable at
low temperatures while the side-on adsorption mode is favorable
at higher temperatures.

From our results, it can be suggested that at the low reaction
temperature (423 K) the observed pyridinium species corresponds
to pyridine adsorbed in the end-on mode. As a result, further re-
action of adsorbed pyridine in this mode is extremely slow and
the species is only a spectator in the overall HDN reaction. Ad-
kins and coworkers studied the hydrogenation of pyridine and
2,6-dimethylpyridine over Raney nickel and observed a higher hy-
drogenation rate for 2,6-dimethylpyridine. The observations were
ascribed to a steric effect by which 2,6-dimethylpyridine was ad-
sorbed to the catalyst surface via a surface s -complex. The unhin-
dered pyridine molecule was assumed to adsorb through the sp?
lone electron pair in the end-on mode. The side-on adsorption was
proposed to be favorable for hydrogenation [77]. It is important
to note that, under our experimental conditions, Py, =1 atm and
T =423 K, the hydrogenation reaction of pyridine to piperidine is
not limited by thermodynamics. The thermodynamic equilibrium
equation [78] indicates that equilibrium lies well to the right:

an:m746.06+31n<@), (7)
T pe

where K = [piperidine]/[pyridine], T [=] K and P° =1 atm. The
value of K is 1.24 x 10*. Thus, the pyridine-piperidine equilibrium
is completely on the piperidine side.

The true reaction intermediate likely arises via pyridine ad-
sorbed in the side-on arrangement, as this mode is more favorable
for hydrogenation of the aromatic ring. Analogous to the hydro-
genation of aromatics on metals, it is generally believed that hy-
drogenation of nitrogen heterocycles proceeds with the ring par-
allel to the surface via formation of a surface mr-adsorbed in-
termediate. Electrons in d-orbitals of the Ni atoms are available
for m-back bonding into the empty antibonding 7 -molecular or-
bitals of pyridine, thus destroying the aromaticity of the molecule
and activating it for hydrogenation [79]. The appearance of a par-
tially hydrogenated species on the NiyP surface instead of the fully
saturated intermediate piperidine is understandable since hydro-
genation reactions of aromatics are know to be slow at low tem-
peratures and Hy pressures [80]. Furthermore, accumulation of the
partially hydrogenated intermediate on the catalyst surface can be
explained by strong adsorption and the absence of H,S in the feed.
The partially saturated and fully saturated intermediates formed
after hydrogenation are more strongly basic than the unsaturated
reactant [81]. As a result, they are strongly held on the surface of
the Ni,yP catalyst. The absence of H,S in the feed, which is known
to promote ring-opening by addition to the C=N bond [43] or by
a classic organic mechanism [82], probably diminishes further re-
action of the adsorbed intermediate.

To summarize, an adsorbed pyridinium species was identified
on the surface of NipP/SiO; at reaction conditions. The species be-
haved as a reactive intermediate, as its concentration increased
with increasing pyridine partial pressure and decreased with expo-
sure to hydrogen. However, a study of the kinetics of its reaction
using transient experiments showed that it reacted at a rate about
100 times slower than the steady-state reaction. This indicated that
it was not a true reaction intermediate, but a spectator on the
surface. The studies here demonstrate the danger of carrying out
spectroscopic measurements of surface species without doing dy-
namic experiments to verify that they are capable of reacting at
rates consistent with catalytic rates.

5. Conclusions

A method for studying reaction mechanisms, denoted as anal-
ysis of coverage transients (ACT), is described which allows deter-
mining whether an observed surface species is an actual reaction
intermediate. The ACT method compares the response in time of
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the surface species in inert and reactive atmospheres and com-
pares this to the steady-state reaction rate. A match between the
rate of reaction determined in the transient experiments with that
of the reaction turnover frequency (TOF) indicates that the species
is a reactive intermediate [3], while a mismatch points to the
species being a spectator on the surface.

The method is applied to the hydrodenitrogenation (HDN) of
pyridine over NiyP/SiO; at 423 K and atmospheric pressure. FTIR
experiments were used to identify a pyridinium intermediate with
characteristic bands at 1607, 1491 and 1446 cm~! on the Ni,P
surface under He flow. Upon switching the carrier flow to Hp,
a second band at 1481 cm~! was identified and assigned to a
partially hydrogenated reaction intermediate. Transient kinetic ex-
periments, conducted under both He and Hj flow, were used to
separately measure the net rate of adsorption and the rate of re-
action of the pyridinium species. Comparison to the steady-state
turnover frequency at the same reaction conditions showed that
the TOF was two orders of magnitude higher than the reaction
rate obtained under transient conditions. The mismatch indicated
that the pyridinium species is a spectator in the HDN of pyri-
dine. Under the reaction conditions employed, pyridine is likely
adsorbed to the catalyst surface through the nitrogen atom lone
pair (end-on mode) through which hydrogenation is slow. The par-
tially hydrogenated species, the imine 2,3,4,5-tetrahydropyridine,
observed under Hy flow is a possible reaction intermediate in the
HDN of pyridine.
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