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The complete recovery of the H2 stored on dodecahydro-N-ethylcarbazole was achieved at 443 K and
101 kPa using Pd/SiO2 catalysts, prepared by incipient wetness impregnation with calcination in He
rather than air. The dehydrogenation turn-over frequency (TOF) and selectivity to the completely dehy-
drogenated product, N-ethylcarbazole, were dependent upon Pd particle size, with a maximum in both
occurring with a 4 wt.% Pd/SiO2 catalyst that had an average Pd particle size of 9 nm. Over this catalyst,
the dehydrogenation reaction proceeded to complete conversion within 22 min and complete H2 recov-
ery (5.8 wt.%) within 1.6 h at 443 K and 101 kPa. The structure sensitivity of the reaction and the
observed product distribution are discussed in view of DFT calculations that showed that the adsorption
of dodecahydro-N-ethylcarbazole on Pd required multiple catalytic sites and the heat of adsorption was
dependent upon the surface structure.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogen is an alternative, non-toxic, environmentally benign
energy carrier with H2O the only product when H2 is converted
into thermal energy (by combustion) or electrical energy (using
fuel cells). However, hydrogen has a very low density at ambient
conditions making it difficult to store and transport. On-board
vehicular hydrogen storage, including compressed or liquid (cryo-
genic) hydrogen, suffers from high-energy inputs and low gravi-
metric storage capacities. On the other hand, organic aromatic
compounds that bind hydrogen covalently have the potential to
meet the 6 wt.% H2 storage density demands of automotive appli-
cations [1].

Storage and release of hydrogen from organic compounds is
achieved by catalytic hydrogenation and dehydrogenation reac-
tions, respectively. The dehydrogenation reaction must be fast,
selective and have low enthalpy so that the reaction is thermody-
namically favored at low temperature (<473 K) [2]. However, a re-
view of literature data shows very slow dehydrogenation reaction
rates and low selectivity to the completely dehydrogenated prod-
uct for some organic compounds. For example, the high enthalpy
of dehydrogenation of cyclohexane (205.5 kJ/mol with H2 capacity
ll rights reserved.

).
7.1 wt.%) and methylcyclohexane (202.5 kJ/mol with H2 capacity
6.1 wt.%) means that high temperatures (>573 K) are required for
on-board H2 recovery by dehydrogenation [3–5]. Pez et al. [6] have
shown that incorporation of a heteroatom in the aromatic ring can
lower the dehydrogenation enthalpy of the candidate compounds.
Complete conversion of indoline, with a hydrogen capacity of
1.7 wt.%, was reported over Pd/C and Rh/C catalysts after 24 h in
refluxing toluene (�383 K) [7]. However, the low hydrogen content
of indoline means that this is not a practical choice for transport
applications. Dehydrogenation of 4-aminopiperidine (hydrogen
capacity 5.9 wt.%) over a 10 wt.% Pd/SiO2 catalyst resulted in 66%
conversion at 443 K after 4 h [2]. Complete conversion of dodeca-
hydro-N-ethylcarbazole (hydrogen capacity 5.8 wt.%) was obtained
over a 5 wt.% Pd/SiO2 at 443 K and 101 kPa after 17 h with only
4.0 wt.% H2 recovery, due to a low selectivity toward the com-
pletely dehydrogenated N-ethylcarbazole product [8,9]. Dehydro-
genation of dodecahydrocarbazole (hydrogen capacity 6.7 wt.%)
was reported to be even slower than dodecahydro-N-ethylcarbaz-
ole, most likely due to product inhibition by carbazole, where only
53% conversion was achieved after 17 h at 443 K and 101 kPa [8,9].
In a similar dehydrogenation study of dodecahydro-N-ethylcarbaz-
ole over homogeneous Ir-complex catalysts, no selectivity toward
N-ethylcarbazole was reported at 473 K, and octahydro-N-ethylc-
arbazole and tetrahydro-N-ethylcarbazole were the only products
[10].
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Despite reports of low activity and selectivity to the completely
dehydrogenated products, limited data are available on the rela-
tionship between catalytic activity and catalyst dispersion for the
hydrogenation and dehydrogenation reactions of organic aromat-
ics, and contradictory interpretations have been reported. For
example, Benedetti et al. [11] reported that the hydrogenation of
2,4-dinitrotoluene over Pd/SiO2 was favored by an increase in Pd
particle size. However, Suh et al. [12] noted that hydrogenation
of 2,4-dinitrotoluene over Pd/C catalysts was structure insensitive
and that increases in specific activity on larger Pd particles was
attributed to diffusion limitations within the pores of the micropo-
rous carbon support. In other work on the hydrogenation of 2,4-
dinitrotoluene over a Pd/C catalyst, it was found that in the range
of dispersions investigated (Pd particle size 3–10 nm), the specific
activities increased as the Pd dispersion decreased [13]. In a study
of pyrrole hydrogenation over Pt catalysts, with particle size from
<1 nm to 5 nm, reported by Kuhn et al. [14], it was demonstrated
that ring hydrogenation was structure insensitive, while ring open-
ing to n-butylamine was structure sensitive and found to be more
facile over larger Pt nanoparticles.

Adsorption geometries of aromatic organic compounds relevant
to hydrogen storage over metal surfaces have been shown to in-
volve several surface metal atoms, suggesting that the dehydroge-
nation reactions may be structure sensitive. Crawford et al. [15]
investigated the mechanism of 1,2,3,4-tetrahydrocarbazole dehy-
drogenation over a Pd catalyst, and showed by experiment and
density-functional theory (DFT) calculations that the reaction pro-
ceeded through a flat 1,2,3,4-tetrahydrocarbazole adsorption
geometry involving several Pd surface sites. Lu et al. [16], using
periodic DFT calculations, also reported a flat adsorption of tetra-
cene over several Ru surface atoms, with the long axis of tetracene
parallel to the surface. The optimized structure showed that
adsorption of tetracene required multiple Ru atoms. Tilted and par-
allel adsorption of quinoline on a Pt cluster investigated by Vargas
et al. [17] also indicated that several surface Pt atoms were in-
volved in the adsorption.

In the present work, the structure sensitivity of the dehydroge-
nation of dodecahydro-N-ethylcarbazole was investigated over a
series of Pd/SiO2 catalysts, prepared with Pd loadings of 0.5–
10 wt.%, such that the Pd dispersion (particle size) varied from
6.5% (15 nm) to 52% (1.9 nm). The activity and selectivity of each
catalyst for the dehydrogenation of dodecahydro-N-ethylcarbazole
is reported. DFT calculations, used to identify the initial H removal
sites of the dodecahydro-N-ethylcarbazole molecule, are reported
and used to rationalize the observed dehydrogenation product
distribution.
2. Experimental

2.1. Catalyst Preparation

The SiO2-supported Pd catalysts (0.5–10 wt.%) were prepared
by incipient wetness of the support [18]. Silica gel (Sigma–Aldrich,
BET surface area 400 m2/g, pore volume 1.15 cm3/g, particle size
<90 lm) was used as the support. Approximately 10 g of the silica
gel was drop-wise impregnated with an aqueous solution of Pd2+,
prepared from 0.5 N HCl and the PdCl2 (Sigma–Aldrich, 99.9+%),
at a concentration sufficient to yield the required Pd loading from
one impregnation. The impregnated support was left to age for
48 h before being dried at 393 K for 8 h and calcined at 773 K for
6 h in a He flow of 30 cm3 (STP)/min. The calcined catalyst precur-
sor was subsequently reduced in a H2 flow of 30 cm3 (STP)/min
while heating at a rate of 10 K/min to 673 K. The final temperature
was held for 1 h before cooling the reduced catalyst to room tem-
perature in a 30-cm3 (STP)/min flow of He.
The Pd catalysts were compared to a previously reported 5 wt.%
Pd/SiO2 catalyst that was prepared by wet impregnation but dried
at 393 K for 24 h and calcined at 748 K for 3 h in air rather than in-
ert He [8]. Using the same procedure, a 10 wt.% Pd/SiO2 catalyst
calcined in air was also prepared in the present study.

2.2. Catalyst characterization

Temperature-programmed reduction (TPR) of the calcined Pd/
SiO2 catalyst precursors was performed using a Micromeritics
Autochem II 2920 analyser fitted with a thermal conductivity
detector (TCD). About 0.2 g of each sample was loaded into a u-
tube reactor and flushed for 30 min in a 50-cm3 (STP)/min flow
of 10% H2 in Ar at room temperature, before heating to 673 K at
a rate of 10 K/min with the final temperature held for 1 h.

In order to clarify the TPR profiles, additional TPR studies were
done using a quartz u-tube reactor placed in a temperature-
programmable muffle furnace with a quadrupole mass spectrome-
ter (SRC Residual Gas Analyzer, 200 amu) connected to the reactor
effluent in order to continuously monitor the products generated
during the temperature-programmed calcination and reduction.
The calcination and reduction steps, using 0.4 g of sample, followed
the same procedure as that used in the Micromeritics Autochem II
2920 analyser. To investigate the reducibility of the catalyst at
room temperature, the catalysts were flushed in a 50-cm3 (STP)/
min flow of 10% H2 in He for 3 h at room temperature after the
calcination and prior to the TPR.

Temperature-programmed desorption (TPD) of CO from the Pd
catalysts was also performed using the Micromeritics Autochem
II 2920 analyser. About 0.2 g of the dried catalyst was loaded into
the reactor and calcined at 773 K for 6 h in a flow of Ar at 30 cm3

(STP)/min, followed by TPR at 10 K/min to a final temperature of
673 K in a 30-cm3 (STP)/min flow of 10% H2 in Ar, holding the final
temperature for 1 h. The catalyst was then flushed in a 30-cm3

(STP)/min flow of Ar for 1 h and cooled to room temperature, be-
fore being exposed to a 50-cm3 (STP)/min flow of 10% CO in He
at 313 K for 1 h. The catalyst was subsequently flushed in 50 cm3

(STP)/min He for 2 h. The temperature-programmed desorption
was then started in the same He flow by heating the sample to
773 K at a rate of 10 K/min and holding the final temperature for
1 h.

The catalysts were also characterized by high-resolution trans-
mission electron microscopy (HRTEM), scanning electron micros-
copy (SEM), and energy dispersive X-ray analysis (EDX). SEM,
EDX, and EDX-mapping were done using a variable pressure
120 keV Hitachi S-3000 N equipped with a light element EDX
detector. A FEI Tecnai G2 200 keV with a LaB6 filament capable of
1.4 Å point-to-point resolution was used for high-resolution trans-
mission electron microscopy (HRTEM). Pd/SiO2 samples with vari-
able Pd loadings were ground to a fine powder using an agate
mortar and pestle and dispersed in ethanol ultrasonically. A drop-
let of the suspension was then placed on a 200-mesh copper grid
coated with formvar carbon and left to dry before analysis.

2.3. Catalyst activity

The dodecahydro-N-ethylcarbazole reactant was prepared by
hydrogenation of N-ethylcarbazole at 423 K and a H2 pressure of
7 MPa. A 300-cm3 autoclave batch reactor with continuous moni-
toring and control of stirrer speed, temperature, and pressure
was used for the hydrogenation reaction. Details of the experimen-
tal procedure and reactor set-up for the hydrogenation reaction
have been reported elsewhere [8,9].

The dehydrogenation reactions were carried out in a 50-cm3

glass flask reactor, operated in batch mode at 443 K and 101 kPa
using the reduced Pd/SiO2 catalysts. For each experiment, 10 cm3
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of the product recovered from N-ethylcarbazole hydrogenation
was diluted in 20 cm3 of decalin (Sigma–Aldrich, 98%) and added
to the reactor as reactant of the dehydrogenation reaction. The
reactor was stirred at 550 rpm and heated to the desired tempera-
ture while purging in He flow at 171 cm3 (STP)/min. Once the reac-
tion temperature was reached, the catalyst was injected into the
reactor using a syringe. The He flow was maintained and acted
as a carrier gas for continuous removal of the produced hydrogen.
The reactor exit gas composition was continuously monitored
using a quadrupole mass spectrometer (SRC Residual Gas Analyzer,
200 amu). Liquid samples of �0.1 ml were withdrawn from the
reactor periodically and analyzed using a Shimadzu QP-2010S
GC/MS and a Restek RTX5 30 m � 0.25 mm capillary column. Inter-
nal mass transfer effects were minimal because of the small
catalyst particle size (<90 lm) that resulted in a calculated
Weisz–Prater parameter of U < 1.0 at the reaction temperature.
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Fig. 1. Selected TPR patterns of SiO2 supported Pd catalysts with different Pd
loadings.
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2.4. DFT calculations

The DFT calculations were performed using DMol3 [19,20] in
Material Studio 4.4.0.0. (Accelrys Inc.). Double-numeric quality ba-
sis set (DNP) with the gradient-corrected GGA functional of Becke
[21] and PBE description of exchange and correlation effects
[22,23] were used to optimize the geometry of the molecules. A
Fermi smearing of 2 � 10�3 Ha, a real-space cut-off of 4.0 Å and a
MEDIUM quality mesh size (using about 1000 grid points for each
atom in the calculation) was used for the numerical integration.
The Pd(1 1 1) surface was created with a (3 � 3) supercell and four
Pd layers with a 30-Å vacuum region between the slabs. Adsorp-
tion geometry of the molecule was obtained by allowing the mol-
ecule and the top layer of the Pd(1 1 1) surface to relax. Density
functional semi-core pseudopotentials (DSPP) were used for the
Pd substrate. The tolerances of energy, gradient, and displacement
convergence were 2 � 10�5 Ha, 4 � 10�3 Ha/Å, and 5 � 10�3 Å,
respectively. Adsorption energies were determined as Eadsorption =
Eadsorbed molecule/surface � Emolecule in vacuum � Esurface, where
Eadsorbed molecule/surface is the energy of the adsorption system,
Emolecule in vacuum is the energy of the adsorbed molecule in vacuum,
and Esurface is the energy of the surface.
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Fig. 2. Profile of effluent gases during thermal treatment of catalyst samples in He
as measured by mass spectrometer using 0.4 g of sample. (a) SiO2 gel calcination in
He at 773 K, (b) 10 wt.% Pd/SiO2 calcination in He at 773 K, (c) 10 wt.% Pd/SiO2 flush
in 10% H2 in He at room temperature, and (d) 10 wt.% Pd/SiO2 reduction in 10% H2 in
He at 673 K.
3. Results

3.1. Catalyst properties

Representative H2 TPR profiles for the 0.5 wt.%, 10 wt.% He-cal-
cined, and 10 wt.% air-calcined Pd/SiO2 catalysts are presented in
Fig. 1. Similar TPR profiles were observed for all the other Pd/
SiO2 He-calcined catalysts. A negative peak in all the TPR profiles,
indicative of a net H2 evolution from the sample rather than H2

consumption, was observed at temperatures between 333 and
360 K. Babu et al. [24] reported very similar H2 TPR profiles for
5 wt.% and 3 wt.% Pd/alumina catalysts, where H2 evolution from
the Pd in the region 348–373 K, was observed. In work by Amairia
et al. [25], H2 TPR profiles from Pd/Al2O3–ZrO2 also showed H2 evo-
lution at 358 K. The H2 profile is consistent with the release of H2

from the decomposition of a b-palladium hydride phase which is
reported to form at room temperature over large Pd particles
(>2 nm) [11,13,24–27] and in the present work, was likely gener-
ated during the low temperature flush in 10% H2 in He for
30 min that followed catalyst calcination.

Figs. 2 and 3 compare the effluent gas profiles as measured by
mass spectrometer during the thermal treatment of the silica gel
support and the catalyst precursors. The silica gel and the
10 wt.% Pd/SiO2 precursor were calcined at 773 K in He (Fig. 2a
and b, respectively) or air (Fig. 3a and b, respectively). The He-
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Fig. 3. Profile of effluent gases during thermal treatment of catalyst samples in air
as measured by mass spectrometer using 0.4 g of sample. (a) SiO2 gel calcination in
air at 773 K, (b) 10 wt.% Pd/SiO2 calcination in air at 773 K, (c) 10 wt.% Pd/SiO2 flush
in 10% H2 in He at room temperature, and (d) 10 wt.% Pd/SiO2 reduction in 10% H2 in
He at 673 K.

Table 1
Properties of reduced Pd/SiO2 catalysts with Pd loading of 0.5–10 wt.%, obtained by
TPD of CO and HRTEM. All catalysts calcined in He unless otherwise stated.

Pd
loading
(wt.%)

CO desorbed
(lmol/g)

Dispersion
(%)

Pd particle
sizec (nm)

Average Pd particle
diameter (nm)

0.5 20.9 51.9 1.9 3.6d ± 0.1e

0.7 25.3 44.7 2.2 4.0 ± 0.2
1 22.5 28.3 3.6 4.6 ± 0.2
2 25.7 16.0 6.3 6.1 ± 0.1
3 31.0 12.9 7.7 7.0 ± 0.1
4 34.4 11.0 9.1 7.3 ± 0.4
5 30.3 7.9 12.5 13.2 ± 0.9
10 53.1 6.5 15.4 15.5 ± 0.7
10a – 3.6b 27.9b 23.7 ± 2.7
5a – 4.2b 23.8b –

a Reduced after calcination in air.
b Obtained by CO pulse chemisorption.
c Obtained from CO TPD analysis.
d Average Pd particle size obtained by fitting HRTEM data to a log-normal

distribution.
e Standard deviation of average particle size obtained from the log-normal fit.
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calcined and the air-calcined 10 wt.% Pd/SiO2 catalyst precursors
were then flushed in 10% H2 in He at room temperature (Figs. 2c
and 3c) and reduced in the same flow of gas by temperature pro-
gramming to 673 K at 10 K/min (Figs. 2d and 3d). Calcination of
the silica gel in He (Fig. 2a) resulted in the production of two water
peaks at about 425 K and 773 K. The two water peaks were also ob-
served during the calcination of the silica gel in air at approxi-
mately 500 K and 773 K (Fig. 3a). Comparing the calcination of
the Pd/SiO2 in He or air (Figs. 2b and 3b, respectively) shows that
a sharp peak between 423 and 500 K and a second broader peak
at 773 K for water evolution were observed for both samples. HCl
evolution was also detected for the catalyst calcined in He with a
peak temperature at 773 K (Fig. 2b), whereas no HCl was observed
for the sample calcined in air (Fig. 3b). Subsequent flushing of the
catalysts in a flow of 10% H2 in He at room temperature resulted in
the production of water and HCl from both catalysts, with more
HCl observed for the catalyst calcined in He (Fig. 2c) compared to
the one calcined in air (Fig. 3c). The catalyst flush steps were fol-
lowed by TPR in a flow of 10% H2 in He at 20 K/min to 673 K which
revealed a significant production of HCl (especially for the catalyst
calcined in He) as well as water. For the Pd/SiO2 calcined in He, the
peak in water evolution occurred at 488 K and the peak in HCl evo-
lution occurred at 578 K (Fig. 2d). For the air-calcined sample, the
corresponding peak temperatures were 520 K and 620 K, respec-
tively (Fig. 3d).

Table 1 summarizes the properties of the catalysts prepared in
the present study (i.e. 0.5–10 wt.% Pd/SiO2 prepared by calcination
in He and the 10 wt.% Pd/SiO2 catalyst prepared by calcination in
air), and the 5 wt.% Pd/SiO2 catalyst prepared by wet impregnation
and calcination in air, reported by Sotoodeh et al. [8]. Fig. 4 shows
the results obtained from the temperature-programmed desorp-
tion (TPD) of CO from the 0.5, 4, and 10 wt.% Pd/SiO2 catalysts. Sim-
ilar profiles were observed for the other He-calcined Pd/SiO2

catalysts. The major desorption peak occurred at 343–362 K, in
good agreement with the desorption peak temperature of 320–
350 K reported by Myyrylainen et al. [28] for the TPD of CO from
a Pd(1 0 0) surface. The CO uptake determined from the TPD exper-
iments was used to estimate the catalyst dispersion at each Pd
loading, as well as the Pd particle diameter, assuming a CO:Pd
adsorption stoichiometry of 1:1 [29]. The results, summarized in
Table 1, show that the Pd particle size of the Pd/SiO2 catalysts var-
ied from 2 to 15 nm as the Pd loading increased from 0.5 wt.% to
10 wt.%. By comparing these results to the 10 wt.% and the 5 wt.%
Pd/SiO2 [8,9] catalysts calcined in air and shown in Table 1, it is
clear that a significant increase in the dispersion of the Pd catalysts
was obtained by calcination in He rather than air. The particle size
decreased from 27.9 nm to 15.4 nm for the 10 wt.% Pd/SiO2 by cal-
cining the catalyst in He rather than air. The 5 wt.% Pd/SiO2 cal-
cined in He had a Pd metal dispersion of 7.9%, almost twice the
value of 4.2% obtained for the 5 wt.% Pd/SiO2 catalyst prepared
by calcination in air [8,9].

The reduced and calcined Pd/SiO2 samples were analyzed by
SEM and EDX to investigate the catalyst morphology, as well as
the elemental composition. Table 2 summarizes the EDX elemental
analysis of the 5 wt.% Pd/SiO2 catalysts, reported as the average of
at least 10 point analyses, after various thermal treatments. Calci-
nation in He or air at 773 K for 6 h did not remove all the Cl present
in the precursor and Cl was identified after calcination in He or air.
However, as shown in Table 2, no Cl was present after TPR of the
sample calcined in He, whereas a small amount of Cl was detected
after the TPR of the sample calcined in air.

Further insight into the size distribution of the Pd/SiO2 catalysts
was obtained by high-resolution transmission electron microscopy
(HRTEM) of the reduced Pd/SiO2 catalysts as summarized in Table
1. Fig. 5a–c shows selected HRTEM images of the reduced 10 wt.%,
4 wt.%, and 0.5 wt.% Pd/SiO2 catalysts, respectively. The Pd size dis-
tribution obtained from several HRTEM images were fitted to a log-
normal distribution to obtain an estimate of the average Pd particle
diameter and standard deviation with Pd loading. The results,
reported in Table 1, showed good agreement with the values calcu-
lated from the CO TPD data.
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Table 2
EDX elemental analysis of the 5 wt.% Pd/SiO2 catalysts.

Status Reduced after He
calcination

Reduced after air
calcination

Calcined
in He

Calcined
in air

Element Concentration (wt.%)

Oxygen 56.3 ± 3.1 57.8 ± 0.2 52.4 ± 0.4 57.6 ± 0.3
Silicon 38.6 ± 1.9 35.9 ± 0.2 37.9 ± 1.3 37.7 ± 0.1
Chlorine 0.00 ± 0.00 0.03 ± 0.01 0.8 ± 0.1 1.0 ± 0.1
Palladium 5.1 ± 1.9 6.2 ± 0.1 8.8 ± 1.2 3.7 ± 0.2
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3.2. Catalyst activities

Dehydrogenation of the dodecahydro-N-ethylcarbzole was car-
ried out over each of the reduced Pd/SiO2 catalysts. The reactor was
operated at 443 K and 101 kPa. Decalin was used as the solvent in
the dehydrogenation reaction. The stability of decalin at reaction
temperatures below 473 K over Pd/SiO2 catalysts has been con-
firmed in previous studies [8,30–33]. Figs. 6–8 show the product
distribution as a function of reaction time obtained from the GC/
MS liquid sample analysis of the dehydrogenation products. The
data show that octahydro-N-ethylcarbazole and tetrahydro-N-
ethylcarbazole were the primary products of the reaction, and
the reactions proceeded with further conversion of these two
intermediates and the production of the completely dehydrogenat-
ed product, N-ethylcarbazole, according to the following
stoichiometry:

C14H25N! C14H21Nþ 2H2

C14H21N! C14H17Nþ 2H2

C14H17N! C14H13Nþ 2H2

Comparing the product distributions in Figs. 6–8 as a function of
the catalyst Pd loading, it is clear that the same intermediates and
products were identified for each catalyst. However, the product
selectivity was dependent upon the Pd loading and hence the Pd
particle size, and in no case was hexahydro-N-ethylcarbazole nor
decahydro-N-ethylcarbazole (two other possible hydrogenation
reaction intermediates) observed. More importantly, the catalysts
prepared by calcination in He were remarkably selective to the
completely dehydrogenated compound, N-ethylcarbazole. As
shown by the data of Figs. 6 and 7, increased Pd loading from
0.5 to 4 wt.%, corresponding to an increase in Pd particle size from
2 to 9 nm, resulted in a significant increase in the catalyst selectiv-
ity to the N-ethylcarbazole product. The consumption of octahy-
dro-N-ethylcarbazole and tetrahydro-N-ethylcarbazole was much
slower for the 0.5 wt.% and 0.7 wt.% catalysts. As seen in Fig. 6,
no consumption of tetrahydro-N-ethylcarbazole was observed in
the first 120 min of the reaction. However, complete conversion
of the two intermediates, octahydro-N-ethylcarbazole and tetrahy-
dro-N-ethylcarbazole, to N-ethylcarbazole was obtained within
about 95 min over the 4 wt.% Pd/SiO2 (Fig. 7). The selectivity to
N-ethylcarbazole decreased with a further increase in the Pd load-
ing to 5 wt.% and 10 wt.%, corresponding to Pd particle diameters
of 13–15 nm (Fig. 8). These results are compared to the low selec-
tivity observed over the Pd/SiO2 prepared by calcination in air with
a Pd particle size of 24 nm (Fig. 8), reported previously [8].

The measured consumption of the reactant dodecahydro-N-
ethylcarbazole as a function of time was fitted to a 1st-order
kinetic model, and the estimated rate constants are reported in
Table 3. Initial turn-over frequencies (TOFs) with respect to the
consumption of dodecahydro-N-ethylcarbazole were calculated
using the estimated 1st-order rate constants and the initial con-
centration of reactant used in the experiments, as follows:

TOF ¼ k � AWPd � CA0

MPd � D
ð1Þ

where k is the 1st-order rate constant for dodecahydro-N-ethylcar-
bazole consumption (min�1 g�1

cat lit), AWPd is the atomic mass of Pd
(g mol�1), CA0 is the reactant initial concentration (mol cm-3), MPd

is the Pd loading (wt.%) and D is the Pd dispersion (%). It is seen from
Table 3 that the reaction rate constant based on catalyst concentra-
tion increased significantly from 0.0036 min�1 g�1

cat lit to
0.0921 min�1 g�1

cat lit as the Pd loading increased from 0.5 wt.% to
4 wt.%, and decreased to 0.0618 min�1 g�1

cat lit with a further increase
in Pd loading to 10 wt.%. The same trends were observed for the TOF
of the reaction, where the 4 wt.% catalyst resulted in the highest
TOF of 221.2 min�1 for the consumption of dodecahydro-N-ethylc-
arbazole. The catalysts with 0.5 wt.% and 0.7 wt.% Pd loading re-
sulted in the lowest values of the reaction rate constants and
TOFs. Fig. 9 plots the dodecahydro-N-ethylcarbazole dehydrogena-
tion TOFs versus the Pd particle size for all the Pd/SiO2 catalysts
of the present study. From Fig. 9, it follows that the catalyst with
a Pd particle size of about 9 nm, corresponding to the 4 wt.% Pd/
SiO2 catalyst, had the highest TOF. On the other hand, decreasing
the particle size to about 2 nm with the 0.5 wt.% Pd catalyst resulted
in a significant reduction in the TOF. Furthermore, an increase in the
Pd particle size to about 12.5 nm with the 5 wt.% and 15 nm with
the 10 wt.% catalysts, as well as the previously reported 24 nm with
the 5 wt.% catalyst prepared by calcination in air [8,9], showed a de-
crease in the reactant consumption TOF.

Catalyst selectivity to N-ethylcarbazole at 50 % reactant conver-
sion, as well as the selectivity after 1 h reaction at 443 K and
101 kPa over the different Pd/SiO2 catalysts, is summarized in
Table 4. At 50% conversion, a maximum selectivity of 15.3% to N-
ethylcarbazole was obtained in 4 min over the 4 wt.% Pd/SiO2.
The selectivities at 50% reactant conversion, shown in Table 4,
demonstrate that increasing the Pd loading from 0.5 wt.% to
4 wt.% and accordingly increasing the Pd metal particle diameter
from 2 nm to 9 nm increased the observed selectivity to the com-



(a) 

(b) 

(c) 

Fig. 5. Selected HRTEM images of reduced Pd/SiO2 samples. (a) 10 wt.% Pd, (b) 4 wt.% Pd, and (c) 0.5 wt.% Pd. Samples were calcined in He flow at 773 K for 6 h prior to
reduction in H2 at 673 K for 1 h.

F. Sotoodeh, K.J. Smith / Journal of Catalysis 279 (2011) 36–47 41
pletely dehydrogenated product, N-ethylcarbazole. With a further
increase in Pd particle size, a decrease in the selectivity to N-eth-
ylcarbazole was observed. The selectivity to N-ethylcarbazole de-
creased to 11.1% and 5.5% for the 5 wt.% and the 10 wt.%
catalysts, respectively (Table 4). Complete conversion of the reac-
tant was achieved in 22 min over the 4 wt.% catalyst, with 95%
selectivity to N-ethylcarbazole during the first hour of reaction.
The H2 recovery profile of the dehydrogenation of dodecahydro-
N-ethylcarbazole at 443 K and 101 kPa over the 4 wt.% Pd/SiO2 is
compared to the 5 wt.% Pd/SiO2 reported previously [8] in Fig. 10.
The dramatic increase in the evolved H2, observed using the
4 wt.% Pd/SiO2 catalyst, is clear with the H2 recovery completed
within 96 min. Complete conversion of the reactant was obtained
in only 22 min. Table 5 summarizes the H2 recovery results
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Fig. 6. Product distribution from dodecahydro-N-ethylcarbazole dehydrogenation
at 443 K and 101 kPa over Pd/SiO2 with Pd loading of 0.5, 0.7, and 1 wt.%; (N),
dodecahydro-N-ethylcarbazole, (D) octahydro-N-ethylcarbazole, (j) tetrahydro-,
N-ethylcarbazole, and (h) N-ethylcarbazole.
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Fig. 7. Product distribution from dodecahydro-N-ethylcarbazole dehydrogenation
at 443 K and 101 kPa over Pd/SiO2 with Pd loading of 2, 3, and 4 wt.%; (N),
dodecahydro-N-ethylcarbazole, (4) octahydro-N-ethylcarbazole, (j) tetrahydro-,
N-ethylcarbazole, (h) N-ethylcarbazole.
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Fig. 8. Product distribution for dodecahydro-N-ethylcarbazole dehydrogenation at
443 K and 101 kPa over Pd/SiO2 with Pd loading of 5, 10, and 5 wt.% (air calcined)
[8]; (N) dodecahydro-N-ethylcarbazole, (D) octahydro-N-ethylcarbazole, (j) tetra-
hydro-N-ethylcarbazole, and (h) N-ethylcarbazole.
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Fig. 9. TOFs for dodecahydro-N-ethylcarbazole dehydrogenation at 443 K and
101 kPa over Pd/SiO2 catalyst with different Pd metal particle size. The open data
point represents the TOF over the 5 wt.% Pd/SiO2 reported by Sotoodeh et al. [8,9].
The solid line represents the data fit using Murzin’s model given in Eq. (2) [45,46].
The fitted parameter values were P1 = 1.394 ± 1.189, P2 = 0.0020 ± 0.0016,
c = 81.60 ± 12.01 and a = 0.124 ± 0.030, with R2 = 97.7%.

42 F. Sotoodeh, K.J. Smith / Journal of Catalysis 279 (2011) 36–47
obtained for all of the Pd catalysts. Complete H2 recovery, equal to
the theoretical amount of 5.8 wt.%, was obtained in 1.6 h using the
4 wt.% Pd/SiO2 catalyst. These results are excellent compared to the
17 h required for complete conversion reported previously over the
5 wt.% Pd/SiO2 with 4.2% metal dispersion [8]. The results demon-
strate that the 4 wt.% Pd/SiO2 catalyst with average particle diam-
eter of 9 nm and 11% Pd metal dispersion was the most active
catalyst among those examined for the dehydrogenation of
dodecahydro-N-ethylcarbazole.

3.3. DFT calculations

Fig. 11 illustrates the optimized adsorption geometries of
dodecahydro-N-ethylcarbazole, octahydro-N-ethylcarbazole and



Table 3
First-order rate constants and turn-over frequencies (TOFs) for dehydrogenation of
dodecahydro-N-ethylcarbazole at 443 K and 101 kPa over Pd/SiO2 catalysts with
different Pd loadings.

Pd
loading
(wt.%)

Rate constantb

(min�1)
Rate constant b

(min�1 g�1
cat lit)

Initial
concentration
(mol cm3-1)

TOF c

(min�1)

0.5 0.0457 ± 0.0033 0.0036 9.9350 � 10�5 14.67
0.7 0.0535 ± 0.0023 0.0049 9.9350 � 10�5 16.32
1 0.0935 ± 0.0022 0.0134 9.9350 � 10�5 50.43
2 0.1496 ± 0.0048 0.0374 9.9272 � 10�5 123.45
3 0.1668 ± 0.0047 0.0626 9.9260 � 10�5 169.39
4 0.2148 ± 0.0082 0.0921 9.9350 � 10�5 221.16
5 0.1139 ± 0.0015 0.0683 9.8764 � 10�5 179.54
10 0.0618 ± 0.0034 0.0618 9.9350 � 10�5 100.50
5a 0.0075 ± 0.0002 0.0045 1.3969 � 10�4 31.85

a Reported previously by Sotoodeh et al. [8].
b With respect to dodecahydro-N-ethylcarbazole consumption.
c Molecule dodecahydro-N-ethylcarbazole. min�1 Pd surface atom�1.

Table 4
Comparison of the selectivity to N-ethylcarbazole and the conversion of dodecahydro-
N-ethylcarbazole at 443 K and 101 kPa over Pd/SiO2 catalysts calcined in He.

Pd
(wt.%)

Selectivity to N-
ethylcarbazole at 50%
reactant conversion (%)

Reaction time to
obtain 50%
conversion (min)

Selectivity to N-
ethylcarbazole at
1 h (%)

0.5 3.1 27.9 8.8
0.7 3.0 17.0 14.2
1 4.7 9.5 39.0
2 9.0 5.0 48.3
3 9.5 4.7 50.8
4 15.3 3.8 94.8
5 11.1 5.5 49.6
10 5.5 16.1 17.9
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Fig. 10. H2 recovery profile comparison for dodecahydro-N-ethylcarbazole dehy-
drogenation at 443 K and 101 kPa (a) over 4 wt.% Pd/SiO2 prepared by calcination in
He (b) over 5 wt.% Pd/SiO2 calcined in air and reported previously, [8,9].

Table 5
H2 recovery for the dehydrogenation of dodecahydro-N-ethylcarbazole at 443 K and
101 kPa over Pd/SiO2 with different Pd loadings.

Pd loading (wt.%) H2 recoverya in 1 h (wt.%) Final H2 recovery (wt.%)

0.5 2.5 3.8 (6 h)c

0.7 3.1 4.4 (6 h)
1 3.3 5.2 (6 h)
2 4.7 5.8 (2.7 h)
3 4.8 5.8 (1.9 h)
4 5.4 5.8 (1.6 h)
5 4.7 5.8 (3 h)
10 4.0 5.8 (6 h)
5b 1.1 4.0 (17 h)

a Mass of H2 released divided by the initial mass of dodecahydro-N-ethylcar-
bazole (theoretical H2 recovery of dodecahydro-N-ethylcarbazole is 5.8 wt.%).

b Reported by Sotoodeh et al. [8,9].
c Experimental time to achieve the H2 recovery reported.
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tetrahydro-N-ethylcarbazole on a Pd(1 1 1) surface. Atop adsorp-
tion of dodecahydro-N-ethylcarbazole through the two H atoms
in the 5-membered ring adjacent to N heteroatom was favored. A
calculated adsorption energy of �95.0 kJ/mol was obtained. The
weakening of the CAH bonds was characterized by a significant in-
crease in the two axial CAH bond distances, from 1.11 Å to about
1.16 Å. This suggests that dehydrogenation of dodecahydro-N-
ethylcarbazole likely starts from the cleavage of the two axial
CAH bonds in the 5-membered ring adjacent to the N heteroatom.
Experimental data showed that dehydrogenation of dodecahydro-
N-ethylcarbazole proceeded with removal of four H atoms from
the 5-membered ring, resulting in production of octahydro-N-eth-
ylcarbazole. Presumably, after the activation of the two axial CAH
bonds, two more H atoms on the 5-membered ring are rapidly acti-
vated to produce octahydro-N-ethylcarbazole. The top view of
Fig. 11a shows that the remaining H atoms on the 5-membered
ring are in close proximity to the Pd surface atoms of the
Pd(1 1 1) surface. The calculated adsorption energy of octahydro-
N-ethylcarbazole (Fig. 11b) was �56.0 kJ/mol. Dehydrogenation
of octahydro-N-ethylcarbazole was followed by removal of H
atoms from one of the 6-membered rings to produce tetrahydro-
N-ethylcarbazole (Fig. 11c). The adsorption energy of tetrahydro-
N-ethylcarbazole was calculated as �117.5 kJ/mol.

The structure sensitivity of dodecahydro-N-ethylcarbazole
dehydrogenation was also investigated by comparing the adsorp-
tion geometry of dodecahydro-N-ethylcarbazole over a Pd(1 1 0)
surface with that of Pd(1 1 1). Fig. 12 illustrates the optimized
geometry of the dodecahydro-N-ethylcarbazole adsorbed on top
of the Pd(1 1 0) surface. The molecule locates on the surface so that
the interaction of the two H atoms adjacent to N, increases
(Fig. 12a). The calculated adsorption energy on the Pd(1 1 0) sur-
face was �83.2 kJ/mol. The CAH bond distance increase from
1.11 Å to about 1.16 Å was observed for the adsorption of the mol-
ecule over the Pd(1 1 0) surface (Fig. 12b) which was the same as
that obtained on the Pd(1 1 1) surface. No other CAH bond distance
change was identified. Fig. 12c shows the top view of the adsorp-
tion geometry of dodecahydro-N-ethylcarbazole. The two H atoms
adjacent to the N heteroatom are in atop positions, but note that
the remaining H atoms of the 5-membered ring are located above
Pd atoms in the second layer of the Pd(1 1 0) surface, making H re-
moval on this surface less likely than on the Pd(1 1 1) surface.
4. Discussion

4.1. Catalyst properties

The water peaks observed during temperature-programmed
calcination of silica gel in He or air at 373–473 K (Figs. 2 and 3)
are ascribed to the removal of surface and micropore-absorbed
water [34,35], whereas the water loss at higher temperature
(773 K) is ascribed to water loss from hydrogen-bonded silanol
groups. The latter assignment follows work by Li et al. [35] who
reported an infrared (IR) analysis of silica gel as temperature was
increased to 773 K. The intensity of a band at 3650 cm�1, related
to hydrogen-bonded silanol groups, decreased with increased tem-
perature, whereas a band at 3720 cm�1, related to free silanol
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Fig. 11. Optimized adsorption geometries of (a) dodecahydro-N-ethylcarbazole showing the interaction of the two H atoms with the nearest Pd surface atoms, (b) octahydro-
N-ethylcarbazole and (c) tetrahydro-N-ethylcarbazole over Pd(1 1 1) surface. Blue: N, white: H, gray: C, light gray: first layer Pd atoms, and black: second layer Pd atoms.

44 F. Sotoodeh, K.J. Smith / Journal of Catalysis 279 (2011) 36–47
groups, increased slightly due to the conversion of some of the
hydrogen-bonded silanol groups absorbing at 3650 cm�1 into free
silanol groups absorbing at 3720 cm�1 plus water.

The preparation of Pd catalysts supported on Al2O3 [36] and
SiO2 [37] using PdCl2 as the precursor has been well studied.
PdCl2�

4 results when PdCl2 is dissolved in acidic solutions [38]
and Contescu et al. [36] have shown that the PdCl2�

4 is partially
hydrolyzed in solution to yield PdCl2(H2O)� and PdCl2(H2O)2 spe-
cies. These species adsorb electrostatically onto acidified alumina.
In the present work, the impregnation was conducted at low pH
(<2), below the isoelectric point of silica, so that a similar electro-
static adsorption on SiOHþ2 can be expected. When the impreg-
nated alumina was dried in air at 385 K for 3 h, Contescu et al.
[36] demonstrated that PdCl4 (70–75%) and PdClxOy(25–30%) were
generated as a consequence of dehydration of the hydrolyzed
PdCl2�

4 and reaction with atmospheric oxygen. Calcination at high-
er temperature (up to 925 K) in air resulted in further oxidation of
the precursor, yielding PdOx (35–45%) and an increased amount of
PdClxOy(55–65%). The presence of PdxOyClz species on Pd/Al2O3 cat-
alysts has been identified in other studies [24]. Vilarrasa-Garcıa
et al. [39] detected the formation of metallic Pd and palladium oxy-
chloride by XPS of activated carbons impregnated with PdCl2 and
dried in He at 393 K for 6 h. Palladium oxychloride species were
also identified by XPS of air-calcined Pd catalysts before reduction
in H2 by Normand et al. [40]. The TPR data of Fig. 3 are consistent
with these same transformations of the precursor impregnated on
silica. Accordingly, H2O was released at �460 K and a second peak
was observed at 773 K (Fig. 3). The two H2O peaks likely corre-
spond to the water removal from the silica support as discussed
earlier, as well as dehydration of two different hydrolyzed Pd spe-
cies, as identified by Contescu et al. [36]. Of most significance,
however, is the fact that no HCl (nor any other chlorinated prod-
ucts) was observed during the air drying and calcination of the cat-
alyst precursors. This implies that the Pd precursors did not lose Cl
during drying and calcination in air, and the catalyst precursor, fol-
lowing drying, must be mostly PdOxCly species, such as the PdClO4

and PdCl2O3 identified on Pd/alumina precursors following similar
drying and calcination steps [36]. Furthermore, there was no color
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Fig. 12. Optimized adsorption geometry of dodecahydro-N-ethylcarbazole over Pd(1 1 0) surface; (a) side view showing the interaction of the two H atoms with the first layer
Pd surface, (b) front view showing the CAH bond distances increase from 1.10 Å in vacuum to 1.16 Å upon approaching the surface, and (c) top view. The molecule moves so
that the two CAH bonds adjacent to N heteroatom are at atop positions over the nearest Pd atoms. Blue: N, white: H, gray: C, light gray: first layer Pd atoms, and black: second
layer Pd atoms.
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change observed following calcination of the Pd/SiO2 catalyst pre-
cursor in air, indicative of PdOxCly species rather than PdOx.

In contrast, Fig. 2 shows that when the impregnated silica was
dried and calcined in inert He, a significant amount of HCl was de-
tected, suggesting that reactions of the type PdCl2 + H2O ? PdO + 2
HCl occurred, rather than the oxidations that occurred in air to yield
PdOxCly. In this instance, the samples recovered after calcination
were black, indicative of PdOx species. The TPR profile also shows
that only one peak was observed for the HCl evolution, and this oc-
curred at a temperature very similar to the second peak temperature
for water evolution (�773 K). The profile is consistent with the dehy-
dration of the hydrolyzed Pd precursors as already mentioned and
indicates that the removal of the Cl likely only occurs from PdCl2

or PdCl2�
4 species, rather than hydrolyzed Pd species.

Following calcination, the precursors were flushed in H2 at
room temperature before being reduced according to the TPR pro-
tocol already described. HCl and H2O were both evolved from the
catalysts during the hydrogen flush and the TPR, confirming the
reduction of the precursors to Pd0 during both processes (Figs. 2
and 3). The reduction of PdCl2 at room temperature has been pre-
viously reported [41,42]. Although the reduction profiles for the He
and air-calcined samples were very similar, for both the flush and
the TPR, the sample calcined in He evolved more HCl, indicative of
the easier reduction of PdCl2 and PdOx species on the He-calcined
sample than the reduction of PdOxCly species present on the air-
calcined sample [36].

The stoichiometry for CO adsorption on Pd has been reported to
depend on the Pd cluster size [29]. The differences in Pd particle
size observed in Table 1 between the CO TPD and the HTREM re-
sults may be a consequence of a change in the CO:Pd adsorption
stoichiometry as the Pd particle size increased. As reported in Table
1, catalyst dispersion was significantly increased for the catalysts
prepared by calcination in He, compared to the catalyst prepared
by wet impregnation and calcination in air [8,9]. The effect of
pre-treatment on Pd catalyst dispersion has been reported previ-
ously by Zou et al. [37] where an increase in Pd dispersion was ob-
served by calcination in a noble gas instead of O2. The lower
dispersion in the latter case was attributed to the competitive
interaction between Pd and the oxygen in the support versus Pd
and the gas phase oxygen, which resulted in a partial weakening
of the metal-support interaction and agglomeration of the Pd. In
the present work, the improved dispersion is more likely a conse-
quence of the different precursors that result from calcination in
air (PdOxCly) versus He (PdOx). The Pd oxychloride is known to
be more difficult to reduce than the PdOx [36] and the data of Figs.
2 and 3 show that the peak reduction temperature was about
�40 K higher for the air-calcined sample than the He-calcined
sample. During the calcination process in He, both Cl and H2O
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are lost from the Pd precursor, and this likely results in a strong
interaction between the Pd and the O of the SiO2 support that an-
chors the Pd to the support. Consequently, during TPR, the Pd re-
mains well dispersed. In the case of the air-dried sample
however, because of the formation of PdOxCly species that will re-
duce the interaction of Pd with the SiO2, agglomeration of the
PdOxCly can occur, resulting in significantly lower dispersion of
the air-calcined sample compared to the He-calcined sample. Fur-
thermore, the PdOxCly has been identified as providing nucleation
sites for Pd crystallite growth [36], and the presence of PdOxCly

species in the air-calcined samples likely contributes to a reduced
dispersion as well.

4.2. Catalyst activity and selectivity

From Fig. 9 and Table 4, it is seen that the 4 wt.% Pd/SiO2 cata-
lyst, with a Pd particle diameter of about 9 nm, resulted in a max-
imum in the dodecahydro-N-ethylcarbazole dehydrogenation TOF
and a maximum in selectivity to the completely dehydrogenated
product N-ethylcarbazole. The N-ethylcarbazole selectivity over
the 4 wt.% Pd/SiO2 catalyst was 15.3% at 50% reactant conversion
and 95% after 1 h of reaction, significantly higher than that ob-
tained for the other catalysts of Table 4. Complete conversion of
the reactant was obtained in 22 min over the 4 wt.% Pd/SiO2 cata-
lyst, which is significantly shorter than the 17-h reaction time re-
ported for dodecahydro-N-ethylcarbazole dehydrogenation at
443 K and 101 kPa over the 5 wt.% Pd/SiO2 catalyst calcined in air
[8,9]. In the present work, the complete H2 recovery from dodeca-
hydro-N-ethylcarbazole obtained over the 4 wt.% Pd/SiO2 catalyst
after 1.6 h at 443 K shows the significantly superior activity of
the Pd/SiO2 catalysts prepared by calcination in He rather than air.

The results reported herein are significant for hydrogen recov-
ery applications, since the dehydrogenation reactions had previ-
ously been reported to be very slow with no selectivity to the
completely dehydrogenated product, N-ethylcarbazole. Wang
et al. [10] reported Ir complexes to be active for the dehydrogena-
tion of dodecahydro-N-ethylcarbazole. Complete conversion oc-
curred after 48 h at 473 K, but dehydrogenation to the fully
unsaturated product N-ethylcarbazole did not occur and octahy-
dro-N-ethylcarbazole and tetrahydro-N-ethylcarbazole were re-
ported to be the only observed products. Crawford et al. [15] and
Hindle et al. [43] reported that the dehydrogenation of tetrahyd-
rocarbazole at 413 K and 101 kPa proceeded to 81% conversion
over a 5 wt.% Pd/Al2O3 catalyst in 27 h, with an initial reaction rate
of 10 mM min�1 g�1

cat, in reasonable agreement with the initial rate
of 17 mM min�1 g�1

cat reported by the authors [8] over the 5 wt.% Pd/
SiO2 at 413 K and 101 kPa. Although 100% selectivity to the com-
pletely dehydrogenated product carbazole was obtained, product
inhibition was shown to slow the reaction rate significantly. Deca-
lin, another hydrogen storage candidate, was dehydrogenated over
a Pt/C catalyst by Loutfy et al. [33] in a batch-type membrane reac-
tor at temperatures of 533–593 K. Conversions below 85% were re-
ported after 2.2 h. Conversions >95% were obtained within 1.5 h at
553 K by Hodoshima et al. [30]. However, these reported reaction
temperatures (>535 K) are too high and impractical for hydrogen
recovery for transport applications.

The dependence of the dodecahydro-N-ethylcarbazole dehydro-
genation TOF and selectivity to N-ethylcarbazole on Pd particle
size, clearly demonstrated in the present work, suggests that the
dehydrogenation reaction is structure sensitive. Pd particle size
likely plays an important role in providing an adequate ensemble
of catalytic sites for adsorption of the large dodecahydro-N-ethylc-
arbazole molecule and the other dehydrogenation intermediates.
The maximum in TOF with particle size observed in the present
work has also been observed in other reaction systems. For exam-
ple, Binder et al. [44] reported a maximum in the ethene hydroge-
nation TOF over Pd/TiO2 catalysts at atmospheric pressure and
293 K, with the maximum occurring for a catalyst with a Pd parti-
cle size of 3 nm. Bezemer et al. [45] also reported a maximum in CO
hydrogenation TOF over a series of Co catalysts, with the maximum
occurring for a Co particle size of about 3 nm. Murzin [46,47] has
shown that the maximum in TOF can be accounted for by an anal-
ysis of the kinetic consequences of the different reactivities of
edges and terraces present on the metal catalyst and the depen-
dence of the fraction of edges on the cluster or particle size.
Accordingly, for both two-step reaction mechanisms and
Langmuir–Hinshelwood kinetics, the TOF can be written as
[46,47]:

TOF ¼ P1eð1�aÞc=dcluster

1þ P2ec=dcluster
ð2Þ

where P1 and P2 are combinations of individual reaction frequen-
cies, a is the Polanyi parameter, c is the parameter accounting for
the differences in Gibbs free energy of adsorption on terraces and
edges and dcluster is the cluster diameter. The same equation will ap-
ply to the dehydrogenation TOF of dodecahydro-N-ethylcarbazole,
and Fig. 9 shows the standard nonlinear least-squares fit of the data
from the present study applied to Eq. (2). The estimated parameter
values are reported in Fig. 9, and the maximum in TOF at a particle
size of about 9 nm is well explained by Murzin’s model. The Polanyi
parameter obtained from the data fit was somewhat lower than the
0.5 often observed in heterogeneous catalytic reaction [46,47]. Fur-
thermore, the difference in the Gibbs free energy of adsorption on
terraces versus edges is suggested to be significantly larger
(300 kJ/mol) than that reported for ethene hydrogenation [46].

Previous DFT studies reported by Crawford et al. [15] showed
that tetrahydrocarbazole adsorbs on the Pd(1 1 1) surface through
its aromatic ring aligned parallel to the surface with the aliphatic
ring at 30� to the surface. This suggests that for octahydro-N-
ethylcarbazole and tetrahydro-N-ethylcarbazole a large surface
with several Pd atoms will be required to remove H atoms from
the molecules. The low TOF for the conversion of reactant (Fig. 9)
and low N-ethylcarbazole selectivity obtained over the highly dis-
persed catalysts (0.5, 0.7, and 1 wt.%) (Table 4) can be explained by
the need for a large ensemble of Pd surface atoms required for
adsorption of dodecahydro-N-ethylcarbazole and its dehydrogena-
tion products.

Results from the DFT calculations of the present work are also in
support of the structure sensitivity of dodecahydro-N-ethylcarbaz-
ole dehydrogenation. The DFT calculations showed that the
dodecahydro-N-ethylcarbazole adsorbed parallel to the Pd(1 1 1)
surface through several Pd surface atoms, a requirement for a
structure-sensitive reaction. The DFT calculations also showed that
the reaction was initiated by activation of the H atoms associated
with the 5-membered ring of dodecahydro-N-ethylcarbazole.
Experimental results were in agreement with these calculations
in that octahydro-N-ethylcarbazole was identified as a primary
product of the dehydrogenation, followed by stepwise H removal
from one of the 6-membered rings to produce tetrahydro-N-
ethylcarbazole. Cui et al. [2] reported that incorporation of an N
heteroatom in the 5-membered ring greatly lowers the enthalpy
of dehydrogenation of that ring for 1-methyloctahydroindole.
However, the nitrogen raises the enthalpy of dehydrogenation of
the 6-membered ring, so that dehydrogenation is expected to oc-
cur at the 5-membered ring first with subsequent dehydrogenation
of the 6-membered ring. Both the experimental results and the DFT
data of the present work are in agreement with these observations.

The structure sensitivity of the dehydrogenation reaction of
dodecahydro-N-ethylcarbazole is also reflected in the adsorption
geometry calculated by DFT for the molecule on the Pd(1 1 0) sur-
face. The molecule adsorbs on the surface such that the two H
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atoms adjacent to the N heteroatom interact with the Pd surface in
a similar manner to that observed on Pd(1 1 1). However, because
of the less-packed structure of the Pd(1 1 0) surface compared to
the Pd(1 1 1) surface, the interaction between Pd and the remain-
ing H atoms in the 5-membered ring is not possible. These H atoms
are located above Pd atoms of the second layer of the Pd(1 1 0) sur-
face (shown in Fig. 12a in black), and the distance between the H
and Pd atoms is such that there is no interaction. Hence, to form
octahydro-N-ethylcarbazole on the Pd(1 1 0) surface would require
additional desorption and re-adsorption steps that are not required
on the Pd(1 1 1) surface. These observations also point to the fact
that the dehydrogenation of dodecahydro-N-ethylcarbazole is
structure dependent.
5. Conclusion

Dodecahydro-N-ethylcarbazole dehydrogenation is shown to be
structure sensitive over Pd/SiO2 catalysts. With a Pd particle size of
9 nm, complete hydrogen recovery was achieved in less than 2 h at
443 K and 101 kPa. DFT and experimental results show that
dehydrogenation of dodecahydro-N-ethylcarbazole starts from
the 5-membered ring to produce octahydro-N-ethylcarbazole as
the primary intermediate. The adsorption of dodecahydro-N-
ethylcarbazole involves several Pd surface atoms and the adsorp-
tion energy is dependent on the surface structure, results that
support the observed structure sensitivity of the reaction.
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