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Abstract

Hydrodenitridation of indole over undoped and potassium dopéil{d wt.%) MaC catalysts was studied at 573 K under a pressure
of 50 atm and contact times ranging from 0.03 to 0.7 s. The measured concentration profiles ofdredbidaniline, ethylcyclohexane
and ethylbenzene were successfully analyzed in terms of a kinetic model derived from two doubly coupled cycles, with early and late
denitrogenation steps, in the whole range of the investigated contact times. The influence of potassium on the determined rate constants anc
the selectivity to aromatics vs. cycloparaffines was quantified and briefly discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ammonia synthesis, water gas shift reaction, Fisher—Tropsch
and styrene production is well acknowledged. The impact

Aromatic nitrogen compounds such as indole, quinoline of potassium on the electronic properties of Aoin re-
or carbazole are the main nitrogen-containing componentslation to the HDN reaction was discussed in our earlier
of petroleum. For production of environmentally acceptable papers[3,4]. In this study the kinetics of HDN of indole
fuels they have to be removed in hydrotreating processes,over the bare and potassium promoted-Kaatalysts was
otherwise their burning would lead to air-polluting emission investigated.
of nitrogen oxides. Hydrodenitrogenation (HDN) apart from
hydrodesurfurization (HDS) is one of the biggest petroleum
refining processes. Interest in deep hydrodenitrogenation of2. Experimental
petroleum has been prompted by arduous environmental reg- . o
ulations. 2.1. Preparation and characterization of catalysts

Among new catalysts active in HDN, carbides of transi-
tion metals received a great attention with Mbbeing the
most promising1]. Insertion of carbon atoms into the lat-
tice of molybdenum leads, due to lattice expansion, to the
appearance of a narrower metallic type band with a density
of states at the Fermi level similar to that of noble mef2]s
Alkali metals are often used as promoters in industrial pro-
cesses involving hydrogen. Their beneficial influence on cat-
alyst activity, selectivity and durability in such reactions as

The MoC catalysts were prepared by temperature pro-
grammed carburization of Mo§precursor. The reaction was
carried out under atmospheric pressure in a flow of 10 vol.%
CHj, in Ho with a gas hourly space velocity GHSY 68 L.

The temperature was linearly increased from room temper-
ature to 1023 K with a rate of 53 KH#. The samples were
then kept at these conditions for 1 h, subsequently quenched
to room temperature in a flow of helium, and finally pas-
sivated with 0.5cr pulses of @ until complete satura-
tion of the surface. Alkali addition can be effected in two
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by post-doping when it is added after the synthesis of the Tablel
final carbide. The first procedure was found to inhibit sig- Characterization of K-doped M@ catalysts

nificantly the carburization process driving the synthesis to- K content Surface CO uptake Work function
wards metallic molybdenuid] and, additionally, onlyapart ~ (wt.%) coverage (ML) (pmolg™) changes (eV)
of the promoter is present at the external surface. Therefore,0.0 0 270 0
in this study potassium promotion was accomplished by the 8-(2)1 ZX igz ;ig —g-gg

H H . . X —VU.
post-doping procedure by using a 1:1-K-naphtalene charge 10 3% 101 200 023

transfer complex dissolved in THF. The samples were doped—_
with 0.002, 0.01, 0.05, 0.2 and 1 wt. % of potassium, which
correspond to surface coverage3g( in the range 10° indole/cyclohexane/decane (reactant/solvent/internal stan-
to 10~ of a monolayer (ML). The surface state of potas- dard) mixture into the hydrogen carrier gas (Air Liquide,
sium was examined by thermal desorption of K atoms and 99.995%). Indole, cyclohexane and decane with a purity
KT ions [3,4]. The influence of potassium on the surface grade of 99-% were purchased from Acros Organics. The
electronic properties of M was investigated by measure- pressure in the catalytic unit was regulated using a back-
ments of the contact potential difference using the Kelvin pressure valve (Brooks 5866) and the gas flow rate was
dynamic condenser method. Two regions of K promotion controlled by mass flow controllers (Brooks 5850 TR). Re-
were identified: a strong electronic promotion (changes in actants and products were separated and analyzed on-line on

chemical potential of electrons) at coveragg <~ 0.05, an ultra 1-methyl silicone gum capillary column (50 m long
and a basic one (changes in surface acid—base propertiesand 0.33.m of the internal diameter) installed in a Hewlett
for ©k >~ 0.05[4]. Packard GC 5890 gas chromatograph equipped with an

The phase identity of the catalysts was confirmed by XRD ionization flame detector. The measurements were carried
measurements (Siemens D500) using the JCPDS 35-078%ut at 573K, under a pressure of 50 atm, the contact time
database as a reference. In all the synthesized samplesarying from 0.03 to 0.7 s and the hydrocarbon to hydrogen
only the diffraction pattern characteristic of the compact volumetric ratio of 1/1000. Prior to the catalytic tests the
B-Mo2C hexagonal phase was observed and the diffraction catalysts were activated in pure hydrogen at 723K for 2 h.
peaks were indexed within the P63/mmc space group. The Kinetic modeling was based on a classic one loop network
morphology and particle size distribution of the molybde- of consecutive-parallel reactions:
num carbide was examined with a transmission electron

Cr
microscope (JEOL-JEM 100 CXIl). The TEM micrographs . k/'
showed a uniform morphology of the samples with a aver- A——B x lk
age grain size of 100—-200 nm. The grains were composed of c

loosely aggregated small rounded crystallites with an aver-
age diameter equal to 17 nm, as derived from the X-ray line  The symbolic processing and analytical integration of the
broadening using the Debye—Scherrer formula. The BET resultant differential rate equations were performed using
surface area (Quantachrome) of the investigated sampledMatematica (Wolfram Research Inc.) and the non-linear fit-
was in the range of 58 10 g~1. The amount of the car-  ting of the data was carried out using Levenberg—Marquardt
bon monoxide chemisorbed was used to determine the num-method implemented i@rigin program (Origin Lab Corp.).

ber of accessible surface molybdenum atoms, constituting

the metallic active sites of the undoped and K-dopeg®™o

catalysts. For the CO-chemisorption measurements pulses3. Results and discussion

of 20pmol of CO (Air Liquide 99.997%) in flowing He

(Air Liquide 99.995%) were injected on the sample every 3.1. Kinetic model

2min. The procedure was continued until the surface was

completely saturated with CO molecules and the amount There is some consensus in the literature on the generic
of chemisorbed CO was measured by thermal conductivity reaction network for indole HDN6—9]. The network con-
detector (TCD). The addition of potassium caused a distinct sists of multiple steps of hydrogenation, hydrogenolysis, de-
monotonous decrease in the number of surface metallic siteshydrogenation and nucleophilic substitution and elimination
as indicated by the lowering of CO uptake. The results are reactions that are significantly affected by pressure, temper-
summarized ifrable 1 A more detailed characterization of ature, feed concentration and the catalysts as well. The reac-

the investigated catalysts can be found elsewhgre tion is initiated with hydrogenation of the heterocyclic ring
in a reversible step leading to formation of indoline. This
2.2. Catalyst testing step is in thermodynamic equilibrium under most conditions.

Starting from indoline the reaction diverges into pathways
The catalytic tests of indole hydrodenitrogenation involving o-ethyloaniline (OEA) or octahydroindole (OHI)
were performed in a dynamic high-pressure flow reactor as intermediates. The early denitrogenation (EDN) route
equipped with a piston pump (Gilson 302) injecting the starts from OEA and going through dihydoeethylaniline
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(DHOEA) ends up with ethylbenzene (EB). The second, late

denitrogenation (LDN), route occurs with hydrogenation of "OEA=

OEA to form o-ethylcyclohexylamine (OECHA) and then
ethylcyclohexane (ECH) is produced as the final HDN prod-
uct. Thus, the EDN and LDN pathways differ by the relative
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d[OEA]
dt
= {ka[*Ind] — (k1n + k1p)[*OEA]}[H*H]IL ]

_ d[EB]

= {k1p[*OEA] — k3[*EB]}[H*H]IL ~}]

position, where the nitrogen atom removal takes place via dr
E2 elimination, with respect to the OEA intermediate. The d[ECH] L
decisive event, triggering this process, is transformation of recH = —— = {k1n[*OEA] + k3[*EBJ}[H"H][L ~-]

the carbon atom to which the NHyroup is attached from
sp? into sp* upon addition of hydrogefi0].

The two main HDN products EB and ECH can be cou-
pled by a hydrogenation process, which was found to be
kinetically significant for longer contact times. The pro-
posed global reaction schemiéd. 1) that summarizes the
most important steps of indole HDN was used for the ana

Taking into account the balance of the surface sites

[L] =[*] + [*Ind] 4 [H*H] + [*OEA] + [*ECH] + [*EB]

+[*NH3] + ¢

I- wheree stands for the residual occupied sites by the minor

ysis of the observed kinetic data. Although OECHA is a surface species that are kinetically insignificanindicates

common species for both OEA and OHI pathways, in our
case the distribution of products and the observed inter-
mediates (marked in dark iRig. 1) suggest that the OHI

branch can be neglected. This remains in line with previ-

the free active sites and*H refers to hydrogen molecule
activated on one site. The amount of active sit§upder
reaction conditions is considered to be small and nearly con-
stant. Therefore, the above equations can be expressed as

ous HDN studies over molybdenum carbides and nitrides .\ — 12Ky, py, KinglL ~41[Ind] = kino[Ind]

[7,11], in contrast to sulfided bimetallic CoMo and NiMo

catalysts, where the OHI pathway is usually preferred, how- FOEA = [*]ZKHZPHZ[L_l]{Kmd['nd]

ever the key intermediate has been only scarcely observed
[8,9].

The reaction scheme frofaig. 1 implies the following
rate equations for the decay of indole and formation of the

— (k1p + k1H)Koea[OEA]} = knp[Ind]
— (kepN + kion) [OEA]

three most important products (OEA, EB, ECH) observed €8 = []°Kn, pr,[L ] {kipKoealOEA] — k3Kes[EB]}

in the course of the catalytic tests.

d[Ind]
dr

= ky[*Ind][H*H][L Y

FInd = —

= kepN[OEA] — keg[EB]

recH = [*1?Ku, prp[L ~2{k1nK oea[OEA] + k3K gg[EB]}

= knyp[OEA] + keg[EB]
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Fig. 1. The reaction network with the EDN and LDN cycles used for the kinetic modeling of the HDN of indole over bare and potassium d@ped Mo
catalysts. The species marked in dark were directly observed during the catalytic tests, whereas in shadowed boxes are those explicitly hecluded in t
kinetic model. The symb,@? indicates quasi-equilibrium.
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where [] is equal to:
(- L
[1] + Kind[Ind] + Kn, pH, + Koea[OEA]
+ KecH[ECH] + Kgg[EB] + Knh,[NH3]
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the principal product of indole HDN is ethylcyclohexane in
the case of the sample containing 1 wt.% of potassium this
product is largely suppressed and ethylbenzene formation
becomes dominant. A more in-depth insight into the effect
of potassium on the reaction course can be inferred from the

Thus, the parameters to be experimentally determined values of the apparent rate constants, which are summarized

are the apparent rate constakfg (indole hydrogenation),
kepn (OEA hydrogenation in EDN cyclek pn (OEA hy-
drogenation in the LDN cycle) arkkg (EB hydrogenation
to ECH).

3.2. Kinetic results

The kinetic results (molar distribution vs. contact time) as
a function of potassium loading are showrig. 2a—d. The
curves resulting from the kinetic model were successfully
fitted to the experimental points with tRé coefficient better
than 0.99 for 0, 0.01, 0.2wt.% of potassium. However, for

in Table 2

The rate constantdgnp and kepny exhibit a similar,
non-monotonous dependence on the potassium loading.
These rate constants are associated with the EDN cycle
and characterize the hydrogenation reactions of indole to
EB via the OEA intermediate. A similar behavior exhibits
also thekgg constant linked with hydrogenation of EB to
ECH, which couples the EDN and LDN cycles. In contrast,
the kipn constant that gauges the parallel transformation
of OEA to ECH monotonously decreases upon addition
of the K promoter. It is worth to notice that the first three
rate constants followed the changes in the work function of

1wt.% it was equal to 0.94 because the experimental pointsthe catalysts Table 1), implying that the electronic factor
were more scattered. The observed curves are typical foris probably of primary importance for the EDN pathway.
a network of consecutive-parallel reactions. Except for the Indeed, a more detailed study on the interaction between an
highest potassium content the evolution of the kinetic data indole molecule and the ME& surface revealed that even

is essentially similar. Whereas for lower potassium loadings a small shift (0.2eV) in the work function can largely
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Fig. 2. Reactant and product®( indole, A: OEA, l: ECH, + EB) distribution vs. contact time for the HDN of indole over the Mocatalysts for:
(@) 0, (b) 3x 1073, (c) 6x 1072, and (d) 3x 10! of potassium coverage. The lines were obtained by fitting the kinetic curves derived from the model

to the experimental data.
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Table 2
Apparent rate constants for the HDN of indole over K-doped,®eatalysts
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determined from the fitting of the kinetic model to the experimental data

Surface coverage kino (571 keon (s71) kion (s71) kes (s7%) kepn/kLon <ﬂ>
[ECH] ) o5

0 50.61+ 2.87 11.78+ 0.84 18.10+ 0.91 5.224+ 0.54 0.65+ 0.08 0.05

3 x 103 29.60+ 2.16 5.50+ 0.58 13.32+ 0.75 3.65+ 0.64 0.41+ 0.07 0.08

6 x 1072 44,38+ 3.30 10.174+ 1.55 9.59+ 1.53 13.42+ 2.90 1.06+ 0.33 ~0.0

3x 101 14.76 + 1.16 3.26+ 0.39 0.75+ 0.39 0.43+ 0.36 4.37+ 2.67 2.7

influence indole activation upon adsorption and, therefore, Acknowledgements

control the rate of its hydrodenitrogenatiff].

The last two columns ifable 2show the ratios of rate
constantskepn/kipn and of [EB)/[ECH] for the contact
time r = 0.5s, respectively. Disregarding some irregulari-

This work was done within the Research Project
3T09A17219 sponsored by Polish Committee for Scientific
Research. The authors acknowledge also the French—Polish

ties the general tendency is that both ratios increase with thecooperation within the program Jumelage “Carbonaceous
K-loading. In terms of the kinetic model this indicates that and Catalytic Materials for Environment”.

the addition of potassium favors the EDN cycle in compar-
ison to the LDN cycle Fig. 1) that is considerably slowed
down. Apparently, the presence of potassium favors the at-
tack by atomic hydrogen on the;©@C, double bond of the
OEA intermediate, while on the bare M0 the hydrogena-
tion preferentially occurs at thes€C4 and G=Cg double
bonds.

4. Conclusions

The model based on two coupled cycles, with early and
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