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The structure of Ru in Ru-substituted hydroxyapatite (RuHAp) has been investigated using infrared
spectroscopy in the attenuated total reflection mode (ATR-IR). Oxidation–reduction cycles, 12CO and 13CO
adsorption have been used to determine the state of Ru in the presence of cyclohexane solvent. The
spectroscopic data support the existence of a hydrated RuOx-like phase, which is identified by overtone
signals of Ru–O bonds at ca. 1850 cm−1 and is likely organized as a two-dimensional phase on the
apatite. This phase coexists with isolated Ru3+ cations likely located in the hardly accessible channels of
the apatite structure. The RuOx-like phase is shown to be highly reactive at the solid–liquid interface and
exhibits a number of carbonyl species upon CO adsorption. The relevance of the RuOx-like phase for the
liquid-phase aerobic oxidation of benzyl alcohol has been investigated under close to reaction conditions.
Although weak signals of benzaldehyde indicate that conversion is likely low under flow conditions, their
presence makes the results relevant to draw structure–activity relationships. Blocking of accessible Ru
sites using CO prior to reaction reveals that only selected CO species on the hydrated RuOx-like phase
are depleted when reaction occurs. The likely formation of HCO−

3 in the absence of the alcohol indicates
that benzyl alcohol oxidation and HCO−

3 formation may occur on similar Ru sites providing evidence that
these sites are located on the RuOx phase.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Hydroxyapatite [HAp, Ca10(PO4)6(OH)2] has generated great in-
terest in the past years as stable and recyclable support for the
preparation of heterogeneous catalysts employed in organic syn-
thesis [1–8]. The partial replacement of Ca2+-ions in the lattice of
hydroxyapatite with 1–4 valent metal ions affords different classes
of materials [9–13]. Among these, Ru-exchanged HAp exhibits ex-
cellent catalytic performance in a wide range of chemical trans-
formations, mainly partial oxidation of alcohols [14–18], amines
[19], and organosilanes [20] with molecular oxygen, Diels–Alder
and aldol condensation reactions and oxidative cleavage of alkenes
[21–23].

The remarkable catalytic activity of RuHAp for alcohol oxida-
tion is related to its bifunctional character: the redox activity of
the Ru sites and the basic sites in the apatite lattice that pro-
vide additional dehydrogenation activity. Moreover, it is claimed
that monomeric metal species can be created on apatites which
is an attractive issue for single-site catalysis [21]. Nevertheless,
the nature of the active site in Ru-containing hydroxyapatites is
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still matter of debate [15,24,25]. Since the preparation method in-
volves a number of complex phenomena as ion exchange by dif-
fusion, adsorption and dissolution–reprecipitation [14], it is likely
that Ru appears as a combination of species of different chemical
and structural nature. The presence of dihydroxo-ruthenium ox-
ide species on the RuHAp system has been demonstrated using in
situ EXAFS during benzyl alcohol oxidation. The absence of chlo-
rine as possible residue of the precursor salt was confirmed for
low-loading materials (<4 wt% Ru) [16,18], whereas chlorine was
found to coordinate to Ru and Pd for higher loadings [15,26]. DRIFT
spectroscopy of CO adsorption revealed the presence of a (likely)
two-dimensional hydrated Ru3+-oxide-like phase as well as iso-
lated, monomeric Ru3+ cations. Interestingly, the marked intensity
changes of the overtones of the stretching vibrations of Ru4+–O
and Ru3+–O under different gas-phase treatments, revealed a high
redox activity of the surface metal oxidic phase. STEM images of
the as prepared sample revealed Ru-containing aggregates of about
1–3 nm finely dispersed on the support material, which were as-
cribed to the surface RuOx phase. EXAFS and XPS analysis of the
catalyst confirmed the oxidized state of Ru [16]. On the contrary,
the ionic Ru3+ species located on the outer surface and in the
channel of the apatite structure did not produce any detectable
pattern (Fig. 1a) [27]. STEM micrographs taken after benzyl alco-
hol oxidation indicated no structural changes [27]. Promotion of
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Fig. 1. (a) HAADF-STEM image of the as prepared RuHAp. (b) Time-dependent ATR-IR spectra of the as prepared RuHAp in contact with an Ar-saturated benzyl alcohol
solution (0.02 M) and (offset) the ATR-IR spectrum of RuHAp after 1 h contact with the reaction mixture under stopped-flow conditions; ATR-IR spectrum of neat benzyl
alcohol (bottom). (c) Selected phase-resolved spectra with 10◦ phase angle difference obtained during a MES experiment in which the feed was periodically changed between
H2- and O2-saturated solvent. Conditions: cyclohexane solvent, benzyl alcohol 0.02 M, O2 (H2), 333 K, 0.6 ml/min flow rate.
RuHAp by cobalt ions resulted in the deposition of Ru on the
external surface of HAp and in the preferential inclusion of Co
within the HAp channels [16]. On the basis of these evidences, the
hydrated Ru3+-oxide nanoparticles identified on HAp have been
indicated as feasible active sites for the catalytic oxidation of alco-
hols [27].

The present work aims at establishing a realistic link between
catalytic and structural properties of the heterogeneous material as
immersed in the liquid phase and at refining the existing knowl-
edge, in terms of catalyst structure. The spectroscopic investigation
reported in this study is carried out under experimental condi-
tions relevant for the catalysis. The catalytic system is monitored
at work by means of infrared spectroscopy in the internal reflec-
tion geometry (ATR-IR) [28,29]. This technique allows enhancing
sensitivity towards the solid–liquid interface and constitutes a tool
of choice for studying at a molecular level processes occurring at
the catalyst–solution boundary under realistic reaction conditions
[30–37]. Of particular interest for this study is the behavior of the
spectral signature of the RuOx phase under these conditions and
consequently its relevance and involvement in the catalysis.

2. Experimental

2.1. Materials

The Ru-hydroxyapatite (RuHAp) catalyst was prepared as de-
scribed elsewhere [16]. Briefly, the ruthenium metal was intro-
duced by shaking stoichiometric HAp with a 6.7 mM solution of
RuCl3 hydrate (ABCR, 36% Ru, 99.9%) in water for 10 min. The solid
was filtered off and washed with deionized water. The catalyst was
dried under vacuum at 80 ◦C for 8 h. The Ru–alumina catalyst was
similarly prepared following the same procedure but with Al2O3.
The effective loading of Ru was measured using AAS after acid sol-
ubilization of the catalysts and amounted to about 2.8 and 1.2%
respectively. Characterization of RuHAp has been extensively re-
ported in Refs. [14,16,17,27] with respect, for example, to the state
of Ru in the as prepared catalyst and after reaction, the exchange of
Ru for Ca and the morphology of the catalyst, among other prop-
erties.

2.2. Attenuated total reflection infrared spectroscopy

A thin powder layer of 5 mg of RuHAp was prepared by de-
positing an aqueous slurry (high purity water, Merck) of the cat-
alytic material onto the large face of the trapezoidal ZnSe internal
reflection element (IRE, bevel of 45◦ , 52 × 20 × 2 mm, Crystran
Ltd.). For this purpose, the ATR prism was inserted in a mask in
order to expose to the suspension only the geometric area of the
channel (ca. 40 × 7 mm). After evaporation in air, the catalyst film
was dried at 50 ◦C for 8 h under vacuum. Despite this treatment,
the resulting powder film is partially hydrated.

The detailed procedure of the ATR-IR measurement has been
described elsewhere [38]. Briefly, a home-built stainless steel flow-
through cell serving as a continuous-flow reactor was mounted
onto the ATR attachment (Optispec) within the FT-IR spectrometer
(IFS-66/S, Bruker Optics) equipped with an MCT detector cooled
with liquid nitrogen. All ATR-IR spectra were recorded by averag-
ing 200 scans at 4 cm−1 resolution. Where required, spectra were
corrected to compensate for the absorption of atmospheric water.
The cell was kept at 333 K throughout the measurements using a
thermostat.
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Cyclohexane solvent (Acros, >99%) and the benzyl alcohol
(Aldrich, >99%, 20 mM) solution saturated with different gases
were provided from two glass bubble reservoirs. Two pneumati-
cally activated Teflon valves installed at the inlets of the cell were
used to select the appropriate solution from a reservoir. The flows
were regulated at a liquid flow rate of 0.60 ml/min using a peri-
staltic pump (Reglo 100, Ismatec) located after the cell. Stainless
steel tubing was used throughout.

The following protocol was used for the alcohol oxidation ex-
periments. After Ar-saturated cyclohexane was admitted to the two
flow channels for 60 min, the reaction was started by supplying
the solution of benzyl alcohol saturated with Ar to the catalysts.
After 30 min the flow was stopped for ca. 30 min. Then Ar was
replaced by air in the same reservoir and the air-saturated solu-
tion of the alcohol was contacted with the catalyst coating for ca.
30 min. Then the flow was stopped for 30 min again. In case of
12CO (10 vol% CO/Ar, PANGAS) and 13CO (99 at% 13C, 12 at% 18O,
Linde, PANGAS) adsorption from the liquid phase, CO-saturated cy-
clohexane was fed to the cell.

Modulation excitation spectroscopy (MES) [39,40] measure-
ments were performed by periodically changing the reactants con-
centration. After the stabilization phase under Ar-saturated solvent,
liquids from the two bubble tanks were alternately admitted to the
cell by switching the computer controlled valves within the data
acquisition loop of the measurement program. The system was
allowed to reach a quasi-stationary state during two full modula-
tion periods. Data were then averaged over six modulation periods.
Within one modulation period (588.6 s), 60 spectra were recorded
by co-adding 50 scans per spectrum. The relatively long duration
of the period was necessary to better identify the signals arising
from the kinetically rather slow processes occurring at the solid–
liquid interface in the ATR flow-through cell. The time-resolved
single beam spectra were transformed into absorbance spectra us-
ing the average of all single beam spectra as the background. These
time resolved spectra were then elaborated using the demodula-
tion function to obtain phase-demodulated spectra [39–41].

2.3. Batch reactor catalytic measurements

Catalytic tests were performed with oxygen at 1 bar and 333 K
using a solution of 1 mmol alcohol in 10 ml toluene or cyclohex-
ane and 60 mg of catalyst [14,17]. Selectivity and conversion were
determined by gas chromatography (Thermo Quest Trace 2000,
equipped with an HP-FFAP capillary column and a flame ioniza-
tion detector).

3. Results and discussion

The spectra obtained upon contacting the RuHAp film with the
Ar-saturated benzyl alcohol solution in cyclohexane (dehydrogena-
tion conditions, Fig. 1b) display the typical features of dissolved
and adsorbed alcohol (1497, 1395 and 1215 cm−1, Table 1) [42].
The depletion of the signal at 3656 cm−1 (not shown), related to
the stretching mode of surface hydroxyl groups [43], accompanying
the growth of a broad signal below 3500 and 3000 cm−1, indi-
cates that these sites are strongly perturbed by the presence of
the alcohol and by the surface processes occurring on the RuHAp
surface. In contrast, a weak positive signal at 3568 cm−1 suggests
that the contribution from OH-groups located within channels of
the HAp structure is negligible and is likely only affected by de-
hydration of the apatite structure as indicated by the negative
signal at ca. 1630 cm−1. This latter signal suggests that water is
removed from the RuHAp/cyclohexane interface and confirms that
the RuHAp film is still hydrated prior to admittance of the alcohol
solution.
Table 1
Vibrational modes assignment in the 1900–1200 cm−1 spectral region at 60 ◦C for
species present under oxidation conditions on RuHAp

Species Frequency (cm−1) Assignment

Surface RuOx(OH)2 phase 1863 2ν(Run+–O) oxidized
1822 2ν(Run+–O) reduced

Adsorbed water 1630 δ(O–H)

Benzyl alcohol 1583 ν(C=C) + δ(C–H), ring
1497 δ(C–H) + ν(C=C), ring
1395 δ(O–H)

Benzaldehyde 1713 ν(C–O)sol
1690 ν(C=O)ads
1599 ν(C=C) + δ(C–H), ring
1583 ν(C=C) + δ(C–H), ring
1316 δ(C–H) + ν(C=C), ring

CO2−
3 1657 ν(COO) bidentate

1622 ν(COO) bidentate
1599 ν(COO) mono–bidentate
1583 ν(COO) mono–bidentate
1551 ν(COO) monodentate
1417 ν(COO) monodentate
1316 ν(COO) bidentate

HCO−
3 1688 ν(COO)

1657 ν(COO)

1622 ν(COO)

1266 δ(COH)

The formation of the desired partial oxidation product ben-
zaldehyde is also detected despite the low intensity of the car-
bonyl signal at 1713 cm−1. The bands associated with dissolved
benzaldehyde appear with significant intensity only during the ox-
idative phase and under stopped-flow conditions (Fig. 1b). Under
these conditions the spectra are complicated by an additional set
of signals in the 1700–1300 cm−1 spectral range.

The observation of dissolved benzaldehyde is crucial because it
enables the correlation between catalytic activity and the changes
observed in the ATR-IR spectra. However, the slower reaction rate
in cyclohexane, combined with the low amount of catalyst (ca.
5 mg), rendered impossible a quantification of the extent of con-
version within the ATR cell under flow conditions. Batch test re-
actions have ensured that the use of cyclohexane does not affect
the catalytic process in terms of products distribution compared to
toluene; however the overall reaction rate was decreased, the con-
version values decreasing from 99 to 45% after 1 h reaction time,
when changing from toluene to cyclohexane.

The overtone signals of the Run+–O stretching vibrations at
1863 and 1822 cm−1 [44] allow the monitoring of the structural
changes of the catalyst surface during the reaction simultaneous
to the detection of dissolved and adsorbed reactant and product
species. These signals correspond to those observed previously us-
ing DRIFT [27] and are attributed to the hydrated RuOx phase. The
strong intensity variations associated with them indicate a reduc-
tion process involving the hydrated RuOx phase in the presence
of benzyl alcohol. The classic mechanism also proposed for al-
cohol oxidation on RuHAp [45–48] involves two dehydrogenation
steps. The extent of interaction between the generated hydrogen
and the Ru should not be associated with reduction to metallic Ru,
as indicated by EXAFS [16] and is therefore better interpreted as a
transformation from hydrated to dehydrated or even hydrogenated
RuOx-like phase. In fact, a Ru hydride has been postulated as a re-
action intermediate [16].

The alternate exposure of the catalyst to oxidizing (air-saturated
solvent) and reducing (H2-saturated solvent) conditions in the con-
centration modulation approach offers a more detailed insight into
the redox behavior of this oxidic surface phase immersed in the
liquid phase. The method is based on the periodic stimulation of
the system by perturbation of an experimental parameter, such as
the reactant concentration. The potential of the method lies in the
enhancement of the signal-to-noise ratio, so that analytical signals
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of intensity down to micro absorbance units are detectable, and in
the resolution of overlapping bands related to species responding
to the applied periodic perturbation with different kinetics [41].

The phase-resolved spectra (Fig. 1c) of the in situ oxidation–
reduction ATR-IR experiment clearly show that the structure of
the surface RuOx aggregates follows the applied stimulation. For
instance, the overtone signals at 1863 and 1822 cm−1 appear in
exact antiphase (180◦ difference phase angle), indicating that the
surface oxidic phase is reversibly reduced and oxidized to some
extent (likely not to metallic Ru). Furthermore, the surface water
content increases during the O2-rich half-period, being the phase
of the 1629 cm−1 signal close to that of the signal at 1863 cm−1.
Interestingly, in the OH-stretching region (not shown) a broad fea-
ture centered at ca. 3600 cm−1 behaves in antiphase with the
signal at 1822 cm−1, indicating that when reduction occurs the
amount of free OH groups decreases.

The presence and the reducibility of the RuOx phase are pe-
culiar of the RuHAp material. Such spectral features are not de-
tected with comparable intensity when benzyl alcohol oxidation
is performed on Ru/Al2O3. Similarly, the same reduction–oxidation
modulation experiment shown in Fig. 1c performed on Ru/Al2O3
does not afford the same effect and longer modulation periods
(longer than 10 min!) are required to observe finite changes. It
is likely that Ru forms on alumina stable and well-defined metal
nanoparticles with three-dimensional structure. In contrast, Ru on
hydroxyapatite seems to exhibit a variety of Ru species, whose
predominant fraction is likely arranged in two-dimensional RuOx

aggregates. This conclusion is supported by the features observed
in the STEM image exhibiting Ru-containing features of ca. 2–3 nm
size (Fig. 1a). It is difficult to compare the RuOx structure asso-
ciated with the signals at 1863 and 1822 cm−1 with the single-
site structure obtained from EXAFS [15,16,21]. We wonder whether
small scale (up to 3 nm, STEM) two-dimensional aggregates would
not be more suitable to describe the hydrated RuOx phase. The
basicity of the hydroxyapatite may promote the formation of the
hydrated phase over the Ru nanoparticles of Ru/Al2O3. Note that
for ATR-IR experiments both RuHAp and Ru/Al2O3 powder films
have been prepared from water suspensions and that both were
therefore hydrated prior to the spectroscopic investigation. In the
viewpoint of structure–activity relationships, the presence of this
specific surface oxidic phase could be the reason for the enhanced
performance shown by Ru-exchanged HAp [17].

That different Ru species exist on RuHAp is supported by CO ad-
sorption experiments affording spectra containing a complex set of
overlapping signals, due to the variety of surface Ru ionic and oxi-
dic species [44,49,50]. The spectra of CO adsorbed from the liquid
phase (cyclohexane) on the pristine catalyst show a complex en-
velope with signals at 2056, 2026, 1997, 1951 cm−1 and shoulders
at 2125 and 1885 cm−1 (Fig. 2b). During the adsorption process
the feature at 1860 cm−1 appears as a negative band, indicating
that also CO is able to reduce the surface RuOx phase to a certain
extent.

The ATR-IR spectra recorded during gas phase adsorption of CO
on RuHAp, i.e. in the absence of cyclohexane solvent (Fig. 2a), com-
pare well in terms of signals shape and relative intensity with the
previous DRIFT data [27] but are located at lower frequency by
ca. 10 cm−1. These shifts are related to a probable influence on
the position of the CO signals of the adsorbed water molecules
remaining after preparation of the particulate film for the ATR-IR
measurements [36]. It should be noted that in contrast to these
measurements, the materials studied using DRIFT were not pre-
treated, though containing adsorbed water. A shift is also observed
between the spectra recorded in the ATR mode from gas- (Fig. 2a)
and liquid-phase (Fig. 2b). The shift could be attributed to the
same effect but cyclohexane shows a lesser degree of interference
compared to water due to a weaker interaction with Ru.
Fig. 2. Time-dependent ATR-IR spectra during (a) gas-phase and (b) liquid-phase
CO adsorption on RuHAp. (c) ATR-IR spectra after 2 h in situ 13CO adsorption on
RuHAp (thin line) and upon following 1 h exchange with 12CO till equilibrium (dot-
ted lined) and their difference spectrum (thick line) obtained by subtracting the
latter spectrum from the former one. Conditions: cyclohexane solvent, 10% 12CO/Ar,
13CO, 333 K, 0.6 ml/min flow rate, 2 h.

In both gas- and liquid-phase adsorption, the signals grow
rather slowly if compared with the adsorption onto reduced
Ru/Al2O3 [36] and therefore on nanosized metallic Ru. Comparison
of Figs. 2a and 2b reveals differences in overall and relative inten-
sity. For example, the spectrum obtained after 2 h CO adsorption
from the liquid-phase resembles that recorded after 1 h adsorp-
tion from gas-phase. Therefore, adsorption seems to occur more
slowly if CO is supplied from the saturated solvent than from the
gas phase, probably as a combined consequence of a lower actual
concentration of the gas in cyclohexane and of a diminished sur-
face availability (competition between CO and solvent). However,
the fact that the adsorption kinetic is slow in both cases suggests
that CO adsorption may induce surface restructuring to some ex-
tent, which is reflected in the changes of the signal at 1860 cm−1.
Phenomena of partial reduction or oxidative disruption of metal
particles are known to occur for Ru and Rh based materials ex-
posed to CO in the presence of surface hydroxyl groups promoting
the process [44,49,51–53]. Although this has to be further proven,
the apatite may potentially favor this process, indicating that the
interaction between the Ru-phase and the support is significant.

On the basis of the above considerations and by comparison
with the DRIFT data [27], the infrared signals in the CO region can
be associated with tricarbonyl (2125 and 1951 cm−1) and mono-
carbonyl (2025 cm−1) species of ionic Ru on the RuOx phase de-
noted as (RuOx)Run+(CO)3 and (RuOx)Run+CO, respectively, and
with bicarbonyl species (2056 and 1995 cm−1) on the poorly ac-
cessible Ru3+ ions in the channels of the HAp structure, denoted as
Ru3+(CO)2. The monocarbonyl species appear to be populated first.
It is also clear that no feature observed in Fig. 2 can be associated
with reduced Ru [27].
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Fig. 3. (a) ATR-IR spectra obtained during a MES experiment in which the feed
was periodically switched between alcohol (gray spectra) and O2-saturated solvent
(black spectra) and (b) the corresponding phase-resolved spectra with 10◦ phase
angle difference. (c) Time-dependent profiles for peaks maxima at 1395 (thick line),
1417 (thin line) and 1688 cm−1 (dashed line), and (d) at 1713 (thin line) and
1857 cm−1 (dashed line). Conditions: cyclohexane solvent, benzyl alcohol 0.02 M,
O2, 333 K, 0.6 ml/min flow rate.

13CO adsorption affords a spectral pattern comparable to the
one shown above for 12CO but red shifted by ca. 40 cm−1

(Fig. 2c, thin line), in agreement with the isotopic effect. The
time-dependent ATR-IR spectra recorded while admitting the 12CO-
saturated solvent indicate that the exchange is only partial and
show the signals of 13CO still coexisting with the new bands
arising from 12CO (Fig. 2c, dotted line). The difference spectrum be-
tween the 12CO-rich phase and the 13CO-rich phase (Fig. 2c, thick
line) exhibits a clear positive signal at 2032 cm−1 and seems to
suggest that the exchange occurs mainly for the species denoted
as monocarbonyl present on the RuOx phase.

The information collected so far, i.e. the observed changes in
the signals related to the RuOx phase under reducing/oxidizing
conditions and in the presence of CO, provides evidence on how
significantly the RuOx phase participates in the interfacial pro-
cesses. In particular Ru-sites associated with monocarbonyl species
appears highly susceptible to the environment.

Fig. 1 showed that benzaldehyde is produced when benzyl al-
cohol is admitted to the spectroscopic reactor cell. However, some
limitations to characterize the catalytic activity and its relation
with the surface species appear under flow conditions. In order
to increase the sensitivity of the infrared technique and therefore
better elucidate the nature of the species present on the catalyst
surface under conditions relevant to catalysis, MES measurements
have been performed by periodically changing the concentration
of the alcohol (between 0 and 20 mM) under (constant) oxidative
conditions. The phase-resolved spectra and the time-dependent
profiles of selected signals are reported in Fig. 3. The phase-
resolved spectra clearly show the higher resolution that can be
Fig. 4. ATR-IR spectra of a solution of benzyl alcohol under oxidative conditions (O2)
on RuHAp preequilibrated with CO (2 h, red spectrum). Blue spectra refer to the
early stages of the flow reaction conditions, thin black spectra to the flow reaction
conditions and thick black spectra to the following stopped-flow conditions. Condi-
tions: cyclohexane solvent, benzyl alcohol 0.02 M, 10% 12CO/Ar, 333 K, 0.6 ml/min
flow rate. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

obtained with the technique, by filtering out the strong contribu-
tion of static signals. The intensity profiles (Figs. 3c–3d) evidence
that as soon as the alcohol is admitted to the cell, benzaldehyde
(1713 cm−1) is formed and the RuOx phase (1856 cm−1) is re-
duced. We cannot provide any evidence for the formation of a hy-
dride intermediate but its presence may be supported by the rapid
reduction of the RuOx-phase in contact with benzyl alcohol. De-
spite the improved sensitivity of the infrared technique, signals of
the Ru–H stretching mode in the 1970–1870 spectral range [54–57]
have not been detected, likely due to the very low concentration
and short life time of the hydrido-Ru species and to the significant
overlap with the alcohol signals.

When oxygen contacts the catalyst, Ru is re-oxidized (as in
Fig. 1) and a set of signals appears in the 1700–1200 cm−1 spec-
tral region (Fig. 3a). These signals may indicate that the increase
of the water content on the surface (large signal between 1657
and 1622 cm−1) under reaction conditions affords HCO−

3 species
from hydration of the carbonate species permanently incorpo-
rated in the apatite structure during synthesis and exposure to air
[58], whereas under oxidative conditions the hydrogenocarbonates
formed (1688 cm−1) are transformed back into carbonates and wa-
ter. Complementary experiments, using 13C-labeled benzyl alcohol
[32], exclude that carbonates and hydrogenocarbonates originate
from CO formation from benzaldehyde decomposition, which was
observed on Pd/Al2O3 [42,59].

A closer look at the phase-resolved spectra allows recogniz-
ing a shoulder at 1417 cm−1, which is slightly out of phase (re-
tarded evolution) with respect to the broad feature of the alcohol
(1395 cm−1). This band, already present in the DRIFT spectrum
of the pristine catalyst (not shown), is unambiguously attributed
to carbonate species [43]. Therefore, alcohol and carbonate species
possess slightly different kinetic. It is worth noting that the feature
attributed to the carbonates and the signal due to the hydrogeno-
carbonates species (for example, 1688 cm−1) are in antiphase,
meaning that the carbonate hydration process is completely re-
versible and that species can be most likely stored on the apatite
surface during reaction.

Fig. 4 displays the spectra obtained when preadsorbing CO on
RuHAp followed by reaction as described above (flow and stopped-
flow). Already in the early spectra, the competition for adsorption
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Fig. 5. ATR-IR spectra during a MES experiment in which the feed was peri-
odically switched between reaction mixture and a CO-saturated alcohol solution.
(a) Time-dependent spectra (gray, the O2-rich phase; black, the CO-rich phase) and
(b) the corresponding phase-resolved spectra with 10◦ phase angle difference. Con-
ditions: cyclohexane solvent, benzyl alcohol 0.02 M, 10% 12CO/Ar, 333 K, 0.6 ml/min
flow rate.

sites between CO and the alcohol produces a significant decrease
in intensity of the carbonyl signals at high frequency and an in-
crease in the absorption at 1945 cm−1. Beside competition, this be-
havior may also find origin in a partial site restructuring, since the
RuOx phase is in fact further reduced in contact with the alcohol
as indicated by the changes in the signals at 1860 and 1815 cm−1.
The observed phenomena of carbonyl species displacement or re-
distribution can be more clearly related to the catalytic activity
under simulated batch conditions. Under stopped-flow conditions,
the signals of benzaldehyde, carbonates and hydrogenocarbonates
are more clearly visible and the feature at 2026 cm−1, attributed to
Ru-monocarbonyl species on RuOx weakens considerably, indicat-
ing that its attenuation is correlated with the appearance of the
signals below 1750 cm−1, including that of dissolved benzalde-
hyde.

Supporting information is gained when the reaction mixture is
admitted to the pristine catalyst alternately to the CO-saturated
alcohol solution. Hence, CO interacts with the catalyst surface at
work. The time-resolved spectra (Fig. 5a, black) show very similar
features to those found in Fig. 1 and the repetitive change between
the two solutions causes only minor changes. Additionally, the sig-
nal at 1937 cm−1 is certainly due to CO adsorbed on Ru sites. As
benzaldehyde can be distinguished, the spectra can be again re-
lated to the catalyst at work. The spectra also contain information
on the species observed previously and related to carbonates (1550
and 1417 cm−1) [43]. This is clearer in Fig. 5b in the phase-resolved
spectra of the same experiment. These spectra provide information
only on the signals (species) that are reversibly affected by the
change between oxygen-saturated and CO-saturated alcohol solu-
tion. A closer look at these spectra shows that the aldehyde pro-
duction is only partially inhibited under the CO-rich phase. Simul-
taneously, CO adsorbs affording a signal at 1937 cm−1. This feature
appeared during CO adsorption (Fig. 2) and was responsible, to-
gether with a band at 1971 cm−1, of an asymmetric broadening of
the signals in the low energy region (<2000 cm−1). It is generally
assigned to the monocarbonyl form of CO linearly bonded to ruthe-
nium in different oxidation states, Run+Ox(CO), in the present case
probably indicating the presence of Run+ entities in RuOx (x < 2)
clusters [53,60]. Therefore, this signal does not belong to the same
multicarbonyl species exhibiting signals at 2056 and 1997 cm−1

and is less relevant for the catalytic process. The absence of high
frequency signals suggests that the Ru sites located on the RuOx

phase may contribute to the oxidation of benzyl alcohol in agree-
ment with the spectra shown in Fig. 4. Formation of carbonate
species (1550 and 1417 cm−1) is promoted in the CO-rich phase,
likely as a consequence of direct CO oxidation to CO2. In contrast
to the spectra in Figs. 1, 3 and 4, HCO−

3 species are not detected
in time- and phase-resolved spectra. An important difference be-
tween Figs. 3 and 5 is that the alcohol reactant is continuously
supplied in the experiment of Fig. 5 and that the hydrogenocar-
bonate species form when the alcohol is removed from the cell
(Fig. 3b). Hence, it is tempting to associate the sites where such
species are formed with sites where the reaction takes place. Al-
though this observation is rather speculative, together with the fact
that a hydrated site may be involved in HCO−

3 formation, it may re-
veal that alcohol oxidation in fact requires hydrated Ru species as
that represented by the 1863–1822 cm−1 overtone signals.

On the basis of all the evidences so far collected, some more
detailed considerations concerning the oxidation mechanism are
proposed. As recalled above, the chemical nature of the active
ruthenium species and the mechanism of the oxidation of alco-
hols on Ru-hydroxyapatite based catalysts have been investigated
by in situ EXAFS and kinetic analysis [16,17]. The suggested mecha-
nism involves the formation of a Ru-alcoholate species, which un-
dergoes β-hydride elimination to produce the carbonyl compound
and an hydrido-ruthenium intermediate species, then reoxidized
by molecular oxygen, thus closing the catalytic cycle.

Given the changes observed in the spectra presented here and
the reactivity of the RuOx-phase associated with the overtone sig-
nals at ca. 1850 cm−1, the participation of the hydrated Run+
species onto the RuOx phase can be considered more crucial than
that of the isolated Ru ionic species on the HAp surface and in
the channel structure. In fact, no significant changes have been ob-
served that are correlated to these latter species. That the hydrido-
species proposed as intermediate in the alcohol oxidation exists
and belongs to the hydrated RuOx-like phase is difficult to ascer-
tain. However, it may easily be formed there as indicated by the
changes in the overtone region of the Ru–O signal (Fig. 1c) and
in the OH-stretching region where the concentration of OH groups
appears to decrease, suggesting a possible correlation with a re-
duced species as the HO–Ru(O2)–H hydrido species.

Besides the presence of the substrate, the carbonyl product
and water, signals related to carbonates and hydrogenocarbonates
species have been observed (Fig. 1b). These species may be re-
garded as not directly participating into the reaction mechanism
that is as spectators. Although, it is likely that CO2−

3 and espe-
cially HCO−

3 are preferentially stored on sites related to the fate
of benzyl alcohol (vide infra), their formation and storage do not
appear to inhibit the desired oxidation of the alcohol upon pro-
gressive blocking surface adsorption sites. A closer look at time
dependent spectra collected under stopped flow reaction condi-
tions (not shown) allows evidencing that the rate of formation of
these species follows the same time-scale as that of benzaldehyde
production. Furthermore, the reversible interconversion between
hydrogenocarbonates and carbonates suggests that their surface
concentration remains unchanged in a catalytic cycle.
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4. Conclusions

The fate of Ru species in RuHAp during the aerobic oxidation
of benzyl alcohol has been elucidated by means of in situ ATR-
IR spectroscopy. Simultaneous monitoring of surface and dissolved
species under working conditions provided evidences for various
surface processes occurring during the aerobic alcohol oxidation.
The major findings can be summarized as follows:

• The marked intensity changes of the pattern attributed to the
surface RuOx phase (1860 cm−1) under oxidation–reduction
cycles clearly indicate its redox properties and participation in
the interfacial processes.

• The in situ CO adsorption provides evidence for surface Ru
species of the type (RuOx)Run+(CO)3, (RuOx)Run+CO (hydrated
RuOx phase) and Ru3+(CO)2.

• The exchange of 13C isotopically labeled carbonyl ligands upon
admission of 12CO seems to occur more easily for the Ru
monocarbonyl species located on the RuOx phase.

• Upon admission of the reaction mixture, some degree of re-
duction of the RuOx surface phase occurs simultaneously to
the appearance of the partial oxidation product (benzalde-
hyde).

• Infrared signals attributed to surface water, hydrogenocarbon-
ates and carbonates species occur under oxidative conditions.

• The carbonate hydration process affording hydrogenocarbon-
ates seems to be reversible and to occur in the presence of
the hydrated RuOx phase. Furthermore, the presence of benzyl
alcohol inhibits this surface reaction, likely competing for the
same sites.

• That a particularly active species, i.e. the Ru-hydride inter-
mediate, is formed under reaction conditions cannot be con-
cluded from the present data.

• The admission of benzyl alcohol to a CO saturated surface
mainly frees the adsorption sites for monocarbonyl Ru species
associated with the surface RuOx phase; simultaneously the
aldehyde signals are detected.

• Inversely, CO admitted in the presence of the alcohol does not
adsorb on Ru species supported on the RuOx phase.

These observations correlating information on the catalyst
structure and the surface reactivity support the suggestion that the
hydrated Run+-oxide phase is the active phase for benzyl alcohol
oxidation, while carbonates and hydrogenocarbonates are identi-
fied as spectator species on the catalyst surface.
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