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Chromium(III) supported on aluminum-nitride-surfaced alumina:
characteristics and dehydrogenation activity
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Abstract

Chromium catalysts were prepared by the saturating chemisorption of chromium(III) acetylacetonate (Cr(acac)3) at 200◦C on alumina and
on alumina that had been surfaced with aluminum nitride. According to elemental analysis, infrared spectroscopy, and electron spin resonance
spectroscopy, chemisorption occurred through ligand exchange reaction of Cr(acac)3 with surface OH and NHx groups and dissociation of
Cr(acac)3 or Hacac on coordinatively unsaturated sites on the surface. Steric hindrance imposed by the acac ligands defined saturation of
the surface with adsorbed species; the same chromium loading (0.64± 0.06 atoms per nm2) was obtained on all supports. After removal of
the ligands with oxygen, water, or ammonia, the samples were active in isobutane dehydrogenation. For chromium sites with high activity,
nearby oxygen ions were needed. The activity of a Cr3+ ion was mainly determined by its environment and not by whether it had been
formed through reduction.
 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Nitrides are interesting candidates for catalyst supports:
they are known as hard and thermally stable materials, and
their use offers a different type of metal–support interac-
tion from that on more conventional oxide supports [1–9].
Nitrides in bulk form or prepared through nitridation of
the surfaces of porous oxide materials have been success-
fully tested as catalyst supports in dehydrogenation [1–3],
hydrogenation [4], dehydrocyclization [5], vinylation [6],
oxidation [7], ammonia synthesis [8], and isomerization [9].
However, the number of publications dealing with the use of
nitrides as catalyst supports is limited, partly because of the
difficulty of producing nitrides in porous high-surface-area
forms suitable for catalytic application.

Atomic layer deposition (ALD) is a technique suitable for
preparing thin layers of nitrides on high-surface-area materi-
als [10–12]. It is based on repeating the separate, saturating
reactions of at least two gaseous reactants with the surface
of a solid support; build-up of thin films occurs through the
reaction of the second reactant with the chemisorbed species

* Corresponding author.
E-mail address: riikka.puurunen@hut.fi (R.L. Puurunen).

left behind by the first reactant. Aluminum nitride has been
prepared through repeating the reaction cycles of trimethy-
laluminum (TMA) and ammonia with silica and alumina
supports [13–16]. The content of aluminum nitride on the
surface increases in one reaction cycle on average 2.4 AlN
units per square nanometer, while the high surface area of the
support is retained [14,16]. In addition to nitride species, the
aluminum–nitride-surfaced materials contain amino groups
(NHx , x = 2, 1), which serve as potential anchoring sites in
catalyst preparation [16]. The objective of this work was to
investigate the suitability of aluminum-nitride-surfaced alu-
mina, prepared by ALD, as a support for chromium-based
dehydrogenation catalysts.

The dehydrogenation activity of supported chromia cat-
alysts is most often attributed to coordinatively unsaturated
(c.u.s.) Cr3+ ions [17–26]. The types of Cr3+ sites that are
most active are under debate, however. On the one hand,
mononuclear redox Cr3+ has been proposed to be the active
site (redox Cr3+ referring to Cr3+ formed through reduction
of chromium in higher oxidation states) [19,21,22]. On the
other hand, nonredox Cr3+ or clustered Cr3+ has been con-
cluded to be more active than redox Cr3+ or isolated Cr3+
[20,25,26]. On the basis of changes in the physicochem-
ical properties, chromia/alumina catalysts can be divided
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Fig. 1. Summary of the amounts of (A) Cr6+ and (B) Cr3+ present on
oxidized chromia/alumina catalysts as a function of chromium loading
(atoms per square nanometer of support), as reported in literature. Note that
the y axes in (A) and (B) differ is scale. Cavani et al. [20], squares, De
Rossi et al. [21], diamonds, Hakuli et al. [23], circles, and Grzybowska et
al. [27], triangles. Full symbols in (B) indicate the presence of XRD-visible
α-Cr2O3. Lines marked with (∗) and (∗∗) indicate the surface density of
chromium on CrO3 [27] and Cr2O3 [29], respectively.

into three main categories with respect to their chromium
loading: low-loading catalysts with chromium contents up
to about 5 atCr nm−2 (chromium atoms per square nanome-
ter), medium-loading catalysts with about 5–11 atCr nm−2,
and high-loading catalysts with 11 atCr nm−2 or more. As
summarized in Fig. 1, after calcination with air, low-loading
catalysts contain—in addition to Cr3+ and some Cr5+—
Cr6+ whose amount increases with increasing chromium
loading [20,21,23,27], whereas on medium-loading and
high-loading catalysts the Cr6+ content has stabilized to a
constant level of about 2–3 atCr nm−2 [20,21,23,27]. Cr2O3
crystals detectable by X-ray diffraction are typically present
only on high-loading catalysts [20–23,27,28]. The changes
from one loading category to another coincide with the sur-
face density of chromium on Cr(VI) and Cr(III) oxide: on
CrO3 it is about 5 atCr nm−2 [27] and on Cr2O3 about
11 atCr nm−2 [29]. The catalytic activity of chromia cata-
lysts increases with increasing chromium content for low-
and medium-loading catalysts [19,20,23,24,30], but it de-
creases for high-loading catalysts [20,23,24]. Evidently, for
medium- and high-loading catalysts, redox Cr3+ sites alone
cannot account for the catalytic activity [23,24].

In addition to Cr3+, it has been suggested that nearby
oxygen ions participate in the reaction [18,19,31,32]. Dehy-
drogenation may involve a step where the alkane dissociates
to a pair of chromium and oxygen ions to give an alkyl group
bonded to surface chromium and a hydrogen bonded to a sur-
face oxygen, schematized as

(1)Cr–O + R–H→ Cr–R+ O–H.

In the equation, the symbol denotes the surface.
Increased basicity of the oxygen or replacement of the
oxygen by more basic nitrogen species could increase
the probability of dissociation of the alkane and thus
increase the reaction rate [1,2]. Therefore, the use of nitride
supports containing basic nitrogen species [33–35] would
seem warranted.

Chemisorption of chromium(III) acetylacetonate
(Cr(acac)3) was chosen as a method for depositing chromium
species on aluminum-nitride-surfacedalumina supports. Sat-
urating chemisorption of Cr(acac)3 at 200 ◦C on alumina
and calcination thereafter with air produces low-loading
chromia/alumina catalysts that are active and selective in
alkane dehydrogenation [23,30]. Because of the sensitiv-
ity of the aluminum-nitride-surfaced supports to oxidation
and hydrolysis [16,36–38], the ligands remaining in the
Cr(acac)3-modified samples were removed with ammonia
instead of the more commonly applied oxygen. The use of
ammonia is expected to produce chromium nitride species,
in which chromium is in the oxidation state Cr3+, and
therefore only nonredox Cr3+ should be present during de-
hydrogenation. Ligand removal with air, in turn, results
mostly in redox Cr3+ sites [23,24]. Varying the ligand re-
moval agent allowed us to clarify whether redox Cr3+ sites
alone or also nonredox Cr3+ sites are active on low-loading
chromium catalysts.

2. Experimental

2.1. Preparation of catalysts

AKZO 001–1.5E alumina, crushed and sieved to a par-
ticle size of 250–500 µm, was used as support. Alumina
was treated in a muffle furnace and subsequently in vac-
uum to produce a known number of OH groups. The exact
treatment temperatures and times are given in Table 1. The
unmodified alumina supports will be referred to in the form
“800 ◦C alumina,” where the temperature indicates the heat
treatment temperature. The surface areas of the 200, 400,
560, and 800◦C alumina samples were 255, 255, 255, and
196 m2 g−1 and the OH group contents were 8.7, 6.0, 2.0,
and 1.2 OH nm−2, respectively [15].

The catalysts were prepared in an atomic layer deposition
(ALD) reactor (ASM Microchemistry, Finland) operating
in a vacuum of about 1–5 kPa. There was a continu-
ous flow of nitrogen of about 200 cm3 min−1 through the
reactor. The aluminum nitride modification consisted of re-
peating the reactions of TMA and ammonia at 150 and
550 ◦C on 800 ◦C alumina. Each reaction was allowed
to saturate, and the reactor was purged before introduc-
tion of the next precursor to avoid uncontrolled deposi-
tion. After the modification, the samples were transferred
inertly to a nitrogen-filled glove box. The aluminum-nitride-
surfaced supports have been characterized in detail ear-
lier [16]. In this work, samples with two and six reaction
cycles of TMA and ammonia were used, and they are re-
ferred to as 2·AlN/Al2O3 and 6·AlN/Al2O3 (together as
n·AlN/Al2O3). The 2·AlN/Al2O3 and 6·AlN/Al2O3 sam-
ples had surface areas of 193 and 167 m2 g−1 and hydrogen
atom contents in NHx groups of 3.8 and 7.2 atH nm−2, re-
spectively [16]. For the Cr(acac)3 modification, then·AlN/

Al2O3 samples were transferred back to the ALD reactor.
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Table 1
Results of elemental analysis for the Cr(acac)3-modified samples

Support Pretreatment (◦C/h) Cr (wt.%) C (wt.%) C/Cr ratio

In air In vacuum Top Bottom Top Bottom Top Bottom

2·AlN/Al2O3 – 550/6a 0.9b 3.1b 15.1b

6·AlN/Al2O3 – 550/6a 0.9b 3.2b 15.9b

200◦C alumina – 200/10 1.5 1.3 4.4 4.4 13.0 14.0
400◦C alumina – 400/10 1.4 1.4 4.8 5.0 14.4 15.7
560◦C alumina 600/16 560/4 1.2 1.2 4.0 4.3 14.2 16.0
800◦C alumina 800/16 560/3 1.0 1.1 3.2 3.6 14.6 14.7
800◦C aluminac 800/16 560/3 0.9 1.0 3.1 3.3 14.7 14.9

a Pretreatment for 4 and 2 h in ammonia and nitrogen, respectively.
b Average value in bed.
c Repeated preparation.

During the transfer the samples inevitably were slightly ex-
posed to air, which removed nitrogen [16,38]. To regenerate
the aluminum nitride surface, the samples were treated with
ammonia at 550◦C for 4 h and flushed with nitrogen for 2 h
before being reacted with Cr(acac)3.

The chemisorption of Cr(acac)3 (Riedel–de Häen, 99%)
at 200 ◦C was investigated on then·AlN/Al2O3 samples
and on 200, 400, 560, and 800◦C alumina. A support bed
typically of 5 g was stabilized in the ALD reactor at a re-
action temperature of 200◦C. About 2 g of Cr(acac)3 was
vaporized under vacuum at 180◦C and directed through the
stationary substrate bed. Excess precursor was collected in
a condenser tube placed after the reaction space and held
at room temperature. After the reaction, the sample bed
was purged with nitrogen for 2 h to remove any unreacted
Cr(acac)3. Thereafter, either the system was cooled in ni-
trogen to remove the sample from the ALD reactor with
the acac ligands intact, or the ligands were removed with
ammonia, water, or oxygen. To minimize the thermal de-
composition of the acac ligands, the feed was started at
200 ◦C, and the temperature was gradually increased to
550 ◦C. Ammonia was used for the ligand removal from
the n·AlN/Al2O3 supports, and the ligand removal with
ammonia, water, and oxygen was compared for Cr(acac)3-
modified 800◦C alumina. After the processing, the samples
were transferred inertly to a nitrogen-filled glove box. The
samples after ligand removal will be referred to in the form
“Cr/Al2O3–NH3,” here indicating that Cr(acac)3 was de-

posited on alumina and the ligands were removed with
ammonia, as summarized in Table 2.

2.2. Characterization of the catalysts

After the saturated chemisorption of Cr(acac)3, the ho-
mogeneity of the support bed was investigated by analyzing
samples from the top and bottom parts of the bed. For mea-
surement of chromium contents, samples were dissolved in
a lithium tetraborate flux, the cooled solid was dissolved in
diluted nitric acid, and the chromium contents were mea-
sured by flame atomic absorption spectroscopy. The carbon
contents of the Cr(acac)3-modified alumina samples were
determined with a Ströhlein CS-5500 analyzer by burning
at 1350◦C in oxygen. The carbon and nitrogen contents
of samples prepared on aluminum-nitride-surfaced alumina
were measured with a LECO CHN-600 analyzer by burn-
ing at 950◦C in air; samples for this analysis were prepared
inertly.

The chemisorbed species in the Cr(acac)3-modified sam-
ples were qualitatively characterized by diffuse reflectance
infrared Fourier transform spectroscopy (DRIFT). Spectra
were measured at room temperature in nitrogen with a
Nicolet Impact 400 D diffuse reflectance infrared spectrom-
eter as described earlier [15]. To obtain better spectra in
the wavenumber range 1700–900 cm−1, which is partially
blocked by the alumina lattice vibrations, samples were di-
luted with dried potassium bromide.

The bonding of Cr(acac)3 on alumina and removal of
the acac ligand by burning with oxygen was investigated

Table 2
Results of elemental analysis after acac removal

Code Support Ligand removal Element contents (wt.-%) Element contents (ati nm−2)a

agent Cr N C Cr N C

Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom

Cr/Al2O3–NH3 800◦C alumina NH3 1.1 1.1 0.4 0.5 0.14 0.17 0.7 0.7 0.9 1.1 0.4 0.4
Cr/2·AlN–NH3 2·AlN/Al2O3 NH3 1.1 1.1 0.8 0.8 0.6 0.5 0.7 0.7 1.8 1.8 1.6 1.3
Cr/6·AlN–NH3 6·AlN/Al2O3 NH3 1.1 1.1 3.1 3.0 0.7 0.7 0.8 0.8 8.0 7.7 2.1 2.1
Cr/Al2O3–H2O 800◦C alumina H2O 1.0 1.0 – 0.0 0.0 0.6 0.6 – 0.0 0.0
Cr/Al2O3–O2 800◦C alumina O2 1.1 1.0 – 0.03 0.6 0.6 – 0.1

a No correction was made in the calculation for the mass of the surface compounds.
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by electron spin resonance spectroscopy (ESR). A separate
set of samples, where Cr(acac)3 was chemisorbed at 170,
200, and 270◦C on crushed AKZO 000–1.5E alumina
[30,39], were subjected to this investigation. X-band spectra
were measured at 25◦C in nitrogen with a Bruker ESP380
spectrometer.

To evaluate whether sintering of the samples had taken
place during ligand removal, the specific surface areas of
the Cr/Al2O3–O2 and Cr/Al2O3–H2O samples and, for
comparison, 800◦C alumina were measured by the single-
point BET method with Micromeritics FlowSorb II 2300
equipment after degasification for 1 h at 200◦C.

2.3. Isobutane dehydrogenation activity measurements

After acac ligand removal, the samples described in
Table 2 were tested in isobutane dehydrogenation. The ac-
tivities were measured in a continuous flow reaction system
consisting of a fixed-bed microreactor, along with a Fourier
transform infrared (FTIR) gas analyzer and a gas chromato-
graph (GC) for on-line product analysis. The catalyst sample
(0.1 g) was loaded into the reactor inertly. However, the sam-
ple was in contact with air for about 20–30 s when the reactor
was transferred to the reaction system. Each catalyst was
studied in three successive dehydrogenation–regeneration
cycles. The activities were measured at 580◦C under at-
mospheric pressure. The catalyst was heated to the reaction
temperature under nitrogen flow (Aga, 99.999%). The isobu-
tane feed (Aga, 99.95%) with a weight hourly space velocity
(WHSV) of 15 h−1 was diluted with nitrogen, the molar ra-
tio of isobutane to nitrogen being 3: 7. The nitrogen was
purified with Oxisorb (Messer Griesheim). The isobutane
feed was continued for 15 min. The reaction products were
monitored by FTIR for the first 6 min on stream, a GC
sample was taken after 10 min, and the FTIR analysis was
continued after this. After the dehydrogenation step, the cat-
alyst was regenerated with diluted air (Aga, air 99.5%, N2
99.999%). The catalyst was oxidized at 580◦C with 2%
O2/N2 for 2 min, with 5% O2/N2 for 2 min, and with 10%
O2/N2 for 30 min. The regeneration products—carbon ox-
ides and water—were analyzed by FTIR. The amount of
coke deposited on the catalyst during dehydrogenation was
calculated from the measured amounts of carbon oxides.

The reaction products were analyzed on line with a Gas-
met FTIR gas analyzer (Temet Instruments Ltd.) equipped
with a Peltier-cooled mercury–cadmium–telluride detector
and with an HP 6890 gas chromatograph equipped with an
HP PLOT/Al2O3 “M” column and a flame ionization de-
tector. The FTIR spectra were recorded in the wavenumber
range 4000–850 cm−1 with a resolution of 8 cm−1 and a
scanning rate of 10 scanss−1. The analysis cuvette (9 cm3)
was maintained at constant temperature (180◦C) and pres-
sure (103 kPa). The spectra were measured every 3 s during
the first 2 min on stream, every 5 s during the next 2 min, and
thereafter every 30 or 60 s. With the FTIR, it was possible
to analyze quantitatively methane, ethane, ethene, propane,

propene,n-butane, isobutane, 1-butene,cis-2-butene,trans-
2-butene, 1,3-butadiene, isobutene, benzene, toluene, carbon
monoxide, carbon dioxide, and water. The composition of
the product stream was calculated by the classical least-
squares multicomponent analysis method using an analysis
program (Calcmet, Temet Instruments Ltd.) with calibration
spectra for the measured compounds. The method for an-
alyzing light hydrocarbons by FTIR has been described in
detail elsewhere [40].

The conversions, selectivities, and yields were calculated
on a molar basis. The mass balance of carbon in the reactor
system was calculated from the amounts of hydrocarbons
measured by FTIR during dehydrogenation and was about
99%. The amount of coke deposited on the catalysts during
dehydrogenation was low, and the effect on the mass balance
of carbon was less than 1%. Thermal reactions in the system
were investigated by replacing the catalyst with silicon
carbide but otherwise implementing the dehydrogenation
procedure as usual. The activity of the alumina support was
also measured.

3. Results

3.1. Preparation of the catalysts

3.1.1. Chemisorption of Cr(acac)3

When the white alumina samples and light yellown·AlN/

Al2O3 samples were modified with the violet Cr(acac)3, the
samples turned green. A uniform color in the support bed
was taken as a signal of homogeneity of the samples. Almost
no residue was left in the evaporation vessel of Cr(acac)3,
indicating well-controlled vaporization. In addition, a violet
solid condensed at the outlet tubes of the reactor, indicating
that excess Cr(acac)3 was transported through the reactor
without decomposition.

The chromium and carbon contents were measured for
all samples to investigate the mechanism of reaction of
Cr(acac)3 with the supports. The results of elemental analy-
sis are summarized in Table 1. In all cases the chromium
contents determined in the top and bottom parts of the sup-
port bed were the same within analytical error, indicating
that saturation of the surface with adsorbed species had
been achieved. The carbon contents were slightly higher in
the bottom than the top part of the bed, and, accordingly,
the C/Cr (mol/mol) ratios were higher for the bottom than
the top part. The C/Cr ratios varied between 13 and 16, the
lower values being measured for the top samples of the alu-
mina pretreated at low temperatures.

The average chromium and acac ligand contents calcu-
lated per square nanometer of the support are shown in
Fig. 2. In the calculation, all the carbon was assumed to be in
acac ligands, C5O2H7

−, the surface area measured for sup-
port was used, and the mass of the chemisorbed species was
subtracted. The amount of chromium bound per unit surface
area was independent of the type of surface and was 0.64
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Fig. 2. Average amounts of chromium and acac ligand bound per nm2 of
support and the acac/Cr ratios.

±0.06 atCr nm−2. The average number of ligands left after
the chemisorption also did not seem to depend on the type
of support and was 1.9± 0.2 acacnm−2. With the exception
of the 200◦C alumina, the acac/Cr ratio was 3.0± 0.1.

DRIFT spectra were measured to investigate the types of
surface species generated in the chemisorption of Cr(acac)3
on the alumina andn·AlN/Al2O3 supports. Spectra of the
Cr(acac)3-modified samples and of the reference Cr(acac)3
and Al(acac)3 compounds are shown in Fig. 3. Spectra of
the Cr(acac)3-modified samples seem almost identical, with
some minor differences in the O–H and N–H stretching
regions. Comparison with the DRIFT spectra of the supports
[15,16] showed loss of the sharp OH bands at about 3791,
3726, and 3690 cm−1 and the NHx bands at about 3395
and 3335 cm−1, indicating that the OH and NHx groups
are involved in the chemisorption of Cr(acac)3. The C–H
stretching region (ca. 2800–3100 cm−1) was similar in the

Fig. 3. DRIFT spectra of Cr(acac)3-modified (a) 2·AlN/Al2O3,
(b) 6·AlN/Al2O3, (c) 200 ◦C alumina, (d) 400◦C alumina, (e) 560◦C
alumina, (f) 800◦C alumina, and the reference spectra of (g) Cr(acac)3 and
(h) Al(acac)3. Region 4000–2800 cm−1 is shown for the spectra of undi-
luted samples and region 1700–900 cm−1 for the KBr-diluted samples.

sample and reference spectra, indicating that the acac ring
structure, at least in part, remains intact in the reaction.

By comparing the DRIFT peaks specific for each metal
acac compound in the wavenumber range 1500–1600 cm−1,
the acac ligands bonded to chromium and aluminum can
be distinguished [41]. The reference spectra measured for
Cr(acac)3 and Al(acac)3 and presented in Fig. 3 agree with
spectra reported in the literature [41], which possess peaks
characteristic of Cr–acac and Al–acac groups, for example
at 1575 and 1593 cm−1, respectively. All the sample spectra
present peaks similar to those of the reference compounds,
indicating in accord with the results for C–H stretching
bands that decomposition of acac ligands was insignificant.
The presence of two types of acac groups in all samples
is revealed by the peaks with maxima at about 1581 and
1598 cm−1. These maxima correspond to Cr–acac and Al–
acac groups, respectively. Others have reported a similar
shift in the peak positions to higher wavenumbers for
supported samples [23,41].

The environment of the chromium was investigated by
measuring ESR spectra for Cr(acac)3 and for Cr(acac)3
chemisorbed on alumina. The spectra are presented in Fig. 4.
As expected, the spectrum of Cr(acac)3 (curve a) shows
one signal: theδ-signal that originates from magnetically
isolated Cr3+ ions [42]. Theδ-signal of isolated Cr3+ is
also present at about 1000–2000 G in the spectrum of
Cr(acac)3-modified alumina (curve b), indicating that most
of the chromium ions remained well separated from each
other. However, there is also a smallβ-signal at about 2600–
3800 G, which originates from closely packed Cr3+ ions in
small cluster-like species [42]. Spectra measured for alumina
reacted with Cr(acac)3 at different temperatures show that
the tendency for cluster formation increases with the reaction
temperature. None of the spectra show theγ -signal for
Cr5+ [42].

Fig. 4. ESR spectra recorded at 25◦C for (a) Cr(acac)3 and for Cr(acac)3
chemisorbed on alumina (b) at 170◦C (0.7 atCr nm−2 and 2.5 acac/Cr),
(c) at 200 ◦C (0.7 atCr nm−2 and 2.6 acac/Cr), and (d) at 270◦C
(1.0 atCr nm−2 and 2.0 acac/Cr). (Spectra have been shifted vertically for
clarity.)
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3.1.2. Removal of the acac ligands
Ligands were removed from the Cr(acac)3-modified n·

AlN/Al2O3 samples with ammonia and from Cr(acac)3-
modified 800◦C alumina with ammonia, water, and oxy-
gen. The results of elemental analysis are summarized in
Table 2. Water and oxygen effectively removed the carbon-
containing ligands. Ammonia was less effective, with some
residual carbon remaining in the samples. The amount of
residual carbon in the samples prepared onn·AlN/Al2O3
supports increased with aluminum nitride content of the sup-
port. This was also reflected in the color of the samples:
after ligand removal with ammonia, the sample prepared on
alumina turned green–gray, whereas the samples prepared
on aluminum-nitride-modified alumina turned almost black.
DRIFT spectra measured for the samples after ligand re-
moval (not shown) indicated that no acac ligands remained.

The nitrogen contents (Table 2) for the samples prepared
on the 2·AlN/Al2O3 and 6·AlN/Al2O3 supports (0.8 and
3.1 wt.%, respectively) are considerably less than the orig-
inal nitrogen contents of the supports, 1.7 and 5.7 wt.% N,
respectively [16]. Some nitrogen was thus lost, and the pre-
treatment with ammonia did not fully regenerate the surface,
in accord with earlier results obtained for AlN/SiO2 sup-
ports [38].

The ESR spectrum measured for the sample after ligand
removal with oxygen (not shown) indicated that a shift had
taken place, mostly from isolated Cr3+ to more clustered
Cr3+ species. Moreover, part of the chromium species had
oxidized to Cr5+. Spectra were not measured for the water-
treated and ammonia-treated samples.

The specific surface areas of the 800◦C alumina and
the Cr/Al2O3–H2O and Cr/Al2O3–O2 samples, measured
by the single-point BET method, were 206, 175, and
199 m2 g−1, respectively. Therefore, the ligand removal with
water had caused somewhat more sintering than the ligand
removal with oxygen.

3.2. Dehydrogenation activity

The activities of the catalysts where ligands had been
removed (Table 2) were measured in isobutane dehydro-
genation. Figure 5 shows the product distribution in the first
dehydrogenation step with Cr/Al2O3–O2. The main product
obtained with all samples was isobutene. The most signifi-
cant side reaction was the cracking of C4 hydrocarbons to
C1–C3 hydrocarbons. With Cr/Al2O3–O2, the selectivity to
isobutene was 91% and to C1–C3 hydrocarbons about 8%. In
addition, low concentrations (< 1%) of other C4 hydrocar-
bons besides isobutane and isobutene was detected. During
the first minutes on isobutane stream, samples Cr/Al2O3–
O2 and Cr/Al2O3–H2O released reduction products: carbon
dioxide, carbon monoxide, and water. This was caused by
the reduction of Cr5+ and Cr6+ with isobutane to Cr3+ [18,
22], according to the stoichiometry presented in the equa-
tions

Fig. 5. Product distribution obtained with sample Cr/Al2O3–O2 at 580◦C
as measured by FTIR.

i-C4H10 + (4x + 5)O2−

(2a)→ 4COx + 5H2O+ (8x + 10)e−,

(2b)Cr5+ + 2e− → Cr3+,

(2c)Cr6+ + 3e− → Cr3+.

In accord with other investigations [22], the amount of water
detected by FTIR during the reduction was lower than antici-
pated from the stoichiometry of reaction (2a), indicating that
some water remained on the catalysts. The amount of reduc-
tion products was significantly lower for the Cr/Al2O3–H2O
than for the Cr/Al2O3–O2 sample. The samples treated with
ammonia did not release any reduction products. After re-
generation with diluted air reduction products were released
from all samples in the second dehydrogenation step. The
amount of reduction products was lower in the third de-
hydrogenation step than the second, again for all samples.
From the product distribution during the first minutes on
isobutane stream we estimated the average oxidation state
of chromium on the catalysts before dehydrogenation. The
values calculated assuming a reduction to Cr3+ are shown in
Table 3.

Figure 6 shows the yield of isobutene for all samples
during the first dehydrogenation step. The Cr/Al2O3–NH3,
Cr/2·AlN–NH3, and Cr/Al2O3–H2O samples deactivated
slightly faster with time on stream than the Cr/6·AlN–
NH3 and Cr/Al2O3–O2 samples. This was not reflected by
the coke contents on the catalysts: the Cr/Al2O3–O2 and

Table 3
Average oxidation state of chromium before dehydrogenationa

Sample Average oxidation state of Crb

Cycle 1 Cycle 2 Cycle 3

Cr/Al2O3–NH3 3.0 3.8 3.7
Cr/2·AlN–NH3 3.0 4.1 3.8
Cr/6·AlN–NH3 3.0 4.5 4.0
Cr/Al2O3–H2O 3.2 3.8 3.7
Cr/Al2O3–O2 4.9 4.5 4.1

a As calculated from the amounts of reduction products released,
assuming reduction to Cr3+.

b Accuracy of the estimate±0.1 on average.
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Fig. 6. Yield of isobutene at 580◦C during the first dehydrogenation step.

Cr/Al2O3–H2O samples released 0.30 and 0.14 mmolC g−1
cat

during the oxidative regeneration after the first dehydrogena-
tion step. Because of residual carbon in the ammonia-treated
samples, the amount of coke deposited on them could not
be accurately determined. The activities were stable after
10 min, which was chosen as the reference point for further
comparison. The choice of reference point did not affect the
activity order of the catalysts.

Figure 7 shows the activities of the catalysts after 10 min
on isobutane stream in the three successive dehydrogena-
tion steps. The highest yield of isobutene was obtained with
the Cr/Al2O3–O2 sample. The Cr/Al2O3–NH3, Cr/2·AlN–
NH3, and Cr/Al2O3–H2O samples exhibited similar activ-
ities, and the lowest activity was with the Cr/6·AlN–NH3

sample. The activity increased in the second dehydrogena-
tion step for the Cr/Al2O3–H2O and Cr/6·AlN–NH3 sam-
ples and decreased for the other samples. The activities
decreased for all samples in the third dehydrogenation step.

To investigate the extent of thermal reactions, an ex-
periment was carried out with a reactor filled with inert
silicon carbide. This gave an isobutene yield of 2.5%. Alu-
mina calcined at 800◦C gave a similar result. The yield of
cracking products—C1–C3 hydrocarbons—was not signifi-
cantly influenced by the presence of a catalyst, indicating
that cracking was mainly thermal.

Fig. 7. Yield of isobutene at 580◦C at 10 min on isobutane stream as
measured by GC.

The ammonia-treated samples released nitrous oxide
(N2O), in addition to the regeneration products (carbon ox-
ides and water), in the first regeneration step indicating
destruction of the nitride structure. Quantitative analysis of
the nitrous oxide was unfortunately not possible because
of the lack of suitable FTIR calibration spectra. How-
ever, the relative amounts of nitrous oxide released were
proportional to the nitrogen contents in the samples (Ta-
ble 2): for Cr/Al2O3–NH3, the nitrous oxide peaks at 2238
and 2215 cm−1 were weak and could be seen for about
30 s, for Cr/2·AlN–NH3 the peaks were more intense and
present for about 60 s, and for Cr/6·AlN–NH3 they were
most intense and observable for about 10 min. The FTIR
spectra revealed neither ammonia nor other nitrogen ox-
ides besides nitrous oxide during regeneration, nor any
nitrogen-containing products during dehydrogenation. Thus,
high-molecular-weight nitrogen compounds, whose release
has been observed during the dehydrogenation of isobutane
on Pt/AlGaPON catalysts [2], were not seen in this study.
In the second and third regeneration, the samples released
only carbon oxides and water. After the third regeneration,
the samples were yellow, indicating the presence of Cr6+.

4. Discussion

4.1. Chemisorption of Cr(acac)3

Cr(acac)3 was chemisorbed at 200◦C on n·AlN/Al2O3
samples with different number of NHx groups and on
alumina samples with different number of OH groups.
Despite the different bonding sites, the amount of chromium
bonded per unit surface area of the support was similar
on all supports (see Fig. 2). This trend is unusual for
reactants used in ALD: typically, the amount of metal
species bonded decreases with decreasing OH group content
of the support [11]. Furthermore, in the preparation of cobalt
catalysts by the chemisorption of Co(acac)3 on AlN/SiO2,
the amount of cobalt species bonded per unit surface area
was found to decrease with increasing aluminum nitride
content of the support [38].

The acac/Cr ratio was 3 after the chemisorption of
Cr(acac)3 on almost all the supports. Therefore, in addition
to the ligand exchange reaction [23,30],

(3)O–H+ Cr(acac)3 → O–Cr(acac)2 + Hacac,

which alone would result in an acac/Cr ratio of two,
other mechanisms must be considered. On alumina, acac/Cr
ratios of 3 can form through three types of reactions:
(i) dissociative adsorption of Cr(acac)3 on c.u.s. Al–O pairs
[23,43,44],

(4)Al–O + Cr(acac)3 → Al–acac+ O–Cr(acac)2

(ii) associative adsorption [41],

(5)+ Cr(acac)3 → ...
(acac)2Cr–acac,
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and (iii) ligand exchange reaction (3) combined with a
secondary reaction of the released Hacac with c.u.s. Al–O
sites [44,45] or OH groups of alumina [45]:

(6)Al–O + Hacac→ Al–acac+ O–H,

(7)Al–OH + Hacac→ Al–acac+ H2O.

Similar reactions can probably occur with Al–NHx sites
and c.u.s. Al–N sites on then·AlN/Al2O3 supports. Since
DRIFT indicated that Al–acac species had been formed, as-
sociation (5) seems unlikely to have occurred. The remaining
options are dissociative adsorption of Cr(acac)3 on c.u.s.
sites (4) and a combination of ligand exchange reaction (3)
and readsorption of the released Hacac (6), (7). Since the
acac/Cr ratios were systematically slightly higher for the
bottom than for the top part of the alumina bed preheated
at 200–560◦C, it seems likely that a combination of the lig-
and exchange reaction and readsorption of Hacac made at
least some contribution to the chemisorption of Cr(acac)3.
The occurrence of dissociation (4) can neither be verified
nor ruled out.

The finding that the acac ligand density on the surface set-
tled at a more or less constant value (1.9 ± 0.2 acacnm−2)
in the chemisorption of Cr(acac)3 is of interest. In general,
the factor determining the saturation level of chemisorption
can be (i) a shortage of suitable bonding sites on the sur-
face or (ii) steric hindrance imposed by the ligands of the
chemisorbed species. If there had been a shortage of suit-
able bonding sites, for example, OH groups on some of the
surfaces, the number of bonded chromium species would
have decreased with decreasing OH group content of the
support. No such trend was seen in this study. A decreasing
trend has, in contrast, been observed for the chemisorption
of Cr(acac)3 on silica [46–48]. If steric hindrance imposed
by the chemisorbed species defined saturation, the ligand
density would have remained constant for surfaces with dif-
ferent amounts of bonding sites. The acac ligand density
after the Cr(acac)3 chemisorption remained constant, and,
furthermore, it was close to the 2.1 ± 0.1 acacnm−2 ob-
served for the chemisorption of Hacac at 200◦C on alumina
preheated at 300–600◦C [45]. It seems, therefore, that steric
hindrance imposed by the ligands, not a shortage of bonding
sites on the surface, defines the saturation of the surface with

Fig. 8. Schematic representation of the surface species present before and
after the chemisorption of Cr(acac)3. Z denotes oxygen or nitrogen.

adsorbed species in the Cr(acac)3 chemisorption on alumina
supports [23,30] and on then·AlN/Al2O3 supports. We have
summarized the chemisorption of Cr(acac)3 schematically in
Fig. 8.

4.2. Active species in dehydrogenation

The samples prepared onn·AlN/Al2O3 and on alumina
were active in isobutane dehydrogenation after acac ligand
removal with ammonia, water, and oxygen. In the first
dehydrogenation step, the dehydrogenation activity was
significantly lower with the Cr/6·AlN–NH3 sample than
with the other samples (Fig. 7). This could have been due
either (i) to the higher content of residual carbon or (ii) to the
higher content of nitrogen on the Cr/6·AlN–NH3 sample.
The carbon left on the surface during preparation could
have covered some of the chromium sites, thereby blocking
them from the isobutane molecules. However, the residual
carbon content was almost as high for the Cr/2·AlN–NH3
sample as for the Cr/6·AlN–NH3 sample: 1.5 atC nm−2

and 2.1 atC nm−2, respectively (Table 2). Despite this, the
dehydrogenation activity of the Cr/2·AlN–NH3 sample was
similar to the activity of the Cr/Al2O3–NH3 sample, which
contained 0.4 atC nm−2 carbon. Thus, it seems unlikely
that the lower activity was due to the residual carbon
alone. Another explanation for the lower dehydrogenation
activity may be that a negative ion next to the active Cr3+
participates in the reaction [18,19,31,32]. According to low-
energy ion scattering, aluminum nitride species cover 30
and 74% of the oxide surface after two and six deposition
cycles of TMA and ammonia, respectively, [16]. In the first
dehydrogenation step, the probability of finding a nitrogen
ion near a chromium ion should thus have been much higher
on the Cr/6·AlN–NH3 sample than on the other samples.
Because the activity of this sample was considerably lower,
it seems that nitrogen ions are less suitable than oxygen
ions for dissociating alkane molecules in dehydrogenation.
This result differs from what was anticipated on the basis
of the basicity of the nitrogen species [33–35]. The higher
activity observed with the Cr/6·AlN–NH3 sample in the
second dehydrogenation step was most likely related to
the at least partial oxidation of the nitride phase during
regeneration, indicated by the release of nitrous oxide.
Our results, therefore, support the idea that the surface
oxygen ions play an essential part in the dehydrogenation
mechanism on chromium-based catalysts.

The ligand removal agent influenced the dehydrogenation
activity: the highest isobutene yield was obtained with the
sample prepared on alumina where oxygen was used to
remove the acac ligands (Figs. 6 and 7). Activity was lower
where water or ammonia was used instead of oxygen, even
though the water treatment was effective in removing all
the acac ligands. The activity differences can be partly
explained by the surface areas of the samples. The surface
area was lower with the Cr/Al2O3–H2O sample than with
the Cr/Al2O3–O2 sample; ligand removal with water, and
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possibly also with ammonia, sintered the support, which
most likely caused some of the deposited chromium to
become lost from the surface. Thus, a higher number of
exposed chromium ions probably contributed to the high
activity of the Cr/Al2O3–O2 sample. However, other factors
in addition to the surface area may be effective. The
high activity of the Cr/Al2O3–O2 sample might have been
partially related to its higher redox Cr3+ content, as these
sites have been suggested to be more active than nonredox
sites are [19,21,23]. If this were the case, the activity would
increase with the relative amount of redox Cr3+ sites. During
the first regeneration, part of the chromium was oxidized
on all samples (Table 3), but no significant activity increase
was observed with the Cr/Al2O3–NH3, Cr/2·AlN–NH3,
or Cr/Al2O3–H2O samples in the second dehydrogenation
step. Thus, higher activity of the redox Cr3+ sites compared
to the nonredox Cr3+ does not explain the high activity
observed with the Cr/Al2O3–O2 sample. The high activity
could be partly related to the distribution of chromium sites.
Two-dimensional clustered Cr3+ sites have been suggested
to be more active than isolated Cr3+ [26,49]. More two-
dimensional Cr3+ clusters may have formed on the oxygen-
treated sample than on the water- or ammonia-treated ones:
the Cr/Al2O3–O2 sample contained the highest number of
Cr6+ ions, which are more mobile than Cr3+ and could thus
gather in larger groups of chromium ions. ESR indicated
the presence of clustered Cr3+ (β-phase) after acac ligand
removal with oxygen.

During the first dehydrogenation step, the Cr/Al2O3–O2
sample was the only one that contained both redox and non-
redox Cr3+ sites. Practically no reduction products were
released from the other samples (with the exception of small
amounts from Cr/Al2O3–H2O). During the second dehy-
drogenation step this situation changed. After the samples
had been regenerated with an oxygen treatment, all sam-
ples contained both redox and nonredox Cr3+. Redox Cr3+
sites have been proposed to be the only active sites on low
chromium-loading catalysts [19,21,23]. If this were the case,
the catalysts without redox Cr3+ would not have been ac-
tive. Furthermore, the activity of the catalysts that did not
contain redox Cr3+ sites in the first dehydrogenation step
should have increased notably after the oxidative regener-
ation. No such increase was observed. Our results suggest
that active Cr3+ does not need to be formed through reduc-
tion of chromium in high oxidation states. Nonredox Cr3+
sites can also be active on low-loading chromium catalysts
and, furthermore, they are not necessarily less active than re-
dox Cr3+ sites.

5. Conclusions

Aluminum-nitride-surfaced alumina was investigated as
support for chromium dehydrogenation catalysts. In the
preparation of the catalysts by ALD from Cr(acac)3, chemi-
sorption occurred through ligand exchange reaction of

Cr(acac)3 with surface OH and NHx groups, and perhaps
through dissociation of Cr(acac)3 on coordinatively unsat-
urated sites. The Hacac released in the ligand exchange
reaction readsorbed on the surface. Steric hindrance imposed
by the acac ligands defined the saturation of the surface with
adsorbed species. The chemisorption of Cr(acac)3 at 200◦C
saturated to a ligand density of 1.9 ± 0.2 acacnm−2 and a
surface loading of chromium of 0.64± 0.06 atCr nm−2. Re-
moval of the acac ligands at 550◦C with water and oxygen
was complete, whereas removal of the ligands with ammonia
left behind some residual carbon. The Cr(acac)3-modified
samples from which acac ligands had been removed were ac-
tive in the dehydrogenation of isobutane. Dehydrogenation
activity of the catalysts was lower with the alumina surfaced
with aluminum nitride than the alumina support. Evidently,
the oxygen ions on the supported chromia catalysts partici-
pate in the dissociation of isobutane and their replacement
by nitrogen decreases activity. In addition to redox Cr3+
sites, nonredox sites were active already at low chromium
loadings. Furthermore, redox sites were not more active than
nonredox sites.
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