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Two commercially available TiO2 catalysts were compared in the selective photocatalytic oxidation of
cyclohexane: Hombikat UV100 (as received (H), and after calcination at 600 �C (H600)), and Solaronix,
S450. Hombikat UV100 shows the highest initial activity on a g�1 catalyst basis, followed by H600 and
S450 with very similar activity profiles. All catalysts suffer from deactivation. By in situ ATR and DRIFT
spectroscopy, it is demonstrated that the extent, nature, and thermal stability of carboxylates and car-
bonates formed on the surface of the three catalysts are quite different. The extent of carboxylate forma-
tion was significantly smaller on the surfaces of H600 and S450, when compared to H. The thermal
stability of the surface species at 400 �C decreased in the order H > H600 > S450. Complete removal of
carboxylate and carbonate species from the surface was only achieved in the case of S450, which resulted
in complete regeneration of activity, as demonstrated in both a slurry reactor (top illumination reactor)
and internally illuminated monolith reactor (IIMR). The differences in surface chemistry and regenerabil-
ity are discussed on the basis of lattice defects, affecting the opto-electronic properties, and defects/irreg-
ularities on the surface, affecting (thermal) stability of surface-adsorbed species. Solaronix S450 is the
preferred catalyst for the desired conversion, the favorable surface properties being an important first
step toward the practical application of photocatalysis in selective liquid-phase photo-oxidation pro-
cesses and in particular toward employment of reactors with immobilized TiO2 in the photocatalytic oxi-
dation of cyclohexane.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Photocatalysis applying semiconductor materials has attracted
many researchers active in the disciplines of physical chemistry,
material science, catalysis, and reactor engineering. By far the most
research activity in photocatalysis is in the field of environmental
pollution abatement, such as air cleaning and wastewater purifica-
tion, in which organic compounds are totally oxidized into carbon
dioxide and water over mainly TiO2-based photocatalysts [1–3].
Photocatalytic synthetic processes using selective oxidation have
been less well developed. Nevertheless, several studies show that
high selectivities can be achieved in TiO2 catalyzed photo-oxida-
tion, when compared to conventional oxidation processes [4,5].
Selective photocatalytic oxidation of cyclohexane in the liquid
phase to cyclohexanone and cyclohexanol is of particular interest.
This is an important commercial reaction since cyclohexanone is
the caprolactam precursor, a monomer for nylon-6 production.
High ketone selectivities were reported by several authors [6–12].
Several parameters for optimization of the photocatalytic process
ll rights reserved.
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have been considered, such as the type of photoreactor [8,13,14],
catalyst modification [9,12,15], and choice of solvent [6,7,16]. More
recently by the usage of operando techniques [17], novel insight
into the mechanism of this reaction, and the pathways leading to
catalyst deactivation were reported. Strongly adsorbed intermedi-
ates and products (cyclohexanone) are further oxidized to carbox-
ylates and carbonates, which quickly deactivate the catalyst [17].

Currently photoreactors for liquid-phase oxidation are typically
based on slurry systems, i.e., the catalyst particles are dispersed
within the liquid in the reactor. Although this design offers ease
of construction and high catalyst loading, it has clearly drawbacks,
such as the difficulty of separation of catalyst particles from the
reaction mixture and low light utilization efficiencies due to the
scattering and shielding of light by the reaction medium and cata-
lyst particles. Recently, an internally illuminated monolith reactor
was developed where the light is distributed through side light
optical fibers in monolith channels, which contain the catalyst
[14]. This design, with the fibers tip-coated with a reflective mate-
rial and the catalyst coated on the walls of the monolith, decouples
the light propagation process in the fiber from the physical proper-
ties of the catalytic layer, which positively affects the photonic effi-
ciency [14,18]. Furthermore, such reactor opens the possibility for
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a continuous process. For this to become feasible in practice, the
catalyst coating used needs to be optimized, limiting catalyst deac-
tivation, or at least allowing complete regeneration of activity in a
rejuvenation process step.

In the present study, we demonstrate by comparing three TiO2

catalysts that crystallinity and surface structure have an important
influence on (i) the desorption rate of cyclohexanone, (ii) the sur-
face chemistry leading to carboxylates and carbonates, and (iii)
the thermal stability of these deactivating species. The preferred
Solaronix S450 TiO2 shows favorable product desorption, as well
as low thermal stability of the adsorbed species formed during
reaction, and is the preferred material for practical application, as
demonstrated in the application of the internally illuminated
monolith reactor (IIMR).
2. Materials characterization and testing

2.1. Materials and characterization

In this work, two commercially available TiO2 materials were
compared: the 100% pure anatase Hombikat UV100 from Sachtle-
benTM (H) and a TiO2 paste, Ti nanoxide from SolaronixTM, used
for solar cell applications [19]. The Solaronix nanopowder is pro-
vided in a colloidal suspension (11 wt%) in butanol prepared by
wet precipitation with a nominal particle size of 10 nm [19]. This
material is specifically designed for coatings (immobilized sys-
tems) and was obtained in the final form by calcination in static
air for 15 min at 450 �C, applying a heating rate of 40 K min�1.
The powder obtained is named S450. In order to compare S450
with H of a similar crystal size, H was calcined at 600 �C in static
air for 1 h, applying a heating rate of 40 K min�1 (H600).

Powder X-Ray diffraction (XRD) was performed on a Phillips PW
1840 diffractometer equipped with a graphite monochromator
using Cu Ka radiation (k = 0.1541 nm). The Scherrer equation was
used to calculate the crystal size of the samples using the (1 0 1)
reflection, showing the strongest intensity in the diffractogram.

Transmission electron microscopy (TEM) was performed using
a Philips CM30UT electron microscope with a FEG (field emission
gun) as the source of electrons operated at 300 kV. Samples were
mounted on a Quantifoil microgrid carbon polymer supported on
a copper grid.

Nitrogen adsorption and desorption isotherms were recorded
on a QuantaChrome Autosorb-6B at 77 K. Samples were previously
evacuated at 350 �C for 16 h (at a ramp rate of 10 K min�1). The BJH
model was used to calculate the pore size (in this case inter-parti-
cle space) distribution from the adsorption branch, and the BET
method was used to calculate the surface area (SBET).

The diffuse reflectance infrared Fourier transformed (DRIFT)
absorption spectra of the samples were recorded using a Bruker
A B
Fig. 1. Schematic representation of the systems used to evaluate the photocatalytic ac
Illuminated Monolith Reactor (IIMR).
IFS66 spectrometer equipped with a DTGS detector and Spectra-
tech Diffuse Reflectance Accessory including a high-temperature
cell. The KBr spectrum was used as background. The stability of
surface species formed in a photocatalytic experiment was evalu-
ated as follows. After reaction in the slurry system described later,
the spent catalyst was filtered and the recovered powder was dried
overnight at 60 �C. The first spectra were recorded at room temper-
ature (RT) under He flow (20 mL min�1), after which the materials
were heated to 120 �C and spectra recorded after 1 h equilibration.
Subsequently, the samples were heated to 400 �C (10 K min�1). Fi-
nally, the materials were cooled down again to room temperature,
and the final spectra were recorded. All the spectra were obtained
by collecting 128 scans with 4 cm�1 resolution.

Thermogravimetric analysis (TGA) of the catalysts before and
after reaction was carried out on a TGA/SDTA851e thermobalance
(Mettler-Toledo). The sample powders were heated in air from 25
to 900 �C at a heating rate of 10 K min�1.
2.2. Photocatalytic-activity

2.2.1. Slurry reactor
To evaluate catalyst performance in the selective oxidation of

cyclohexane, reactions were carried out in a slurry reactor illumi-
nated from the top (the top illumination reactor, TIR), described
previously [15] and depicted in Fig. 1A. In a typical experiment,
100 mL of cyclohexane containing 1 g L�1 of catalyst was used.
The catalysts were dried for 1 h at 120 �C to remove adsorbed
water and impurities. The solution was illuminated from the top
of the reactor through a Pyrex window that cuts off the highly
energetic UV radiation [14]. A high-pressure mercury lamp of
50 W was used (HBO50W from ZEISS). The light intensity of the
lamp used in the wavelength absorption range of TiO2 (275–
388 nm) is 55 mW cm�2, which corresponds to 2 � 10�7 Ein-
stein cm�2 s�1. Air presaturated with cyclohexane, dried over
Molsieve 3 Å, (Acros Organics), was continuously bubbled through
the TiO2 suspension at a rate of 30 mL min�1, ensuring saturation
(at a concentration of 0.012 mol L�1). During the reaction, liquid
was withdrawn and analyzed by GC. Organic compounds were
quantitatively analyzed using a gas chromatograph with a flame
ionization detector (Chrompack, CPwax52CB). Hexadecane was
used as an internal standard. Unfortunately, calculation of the
mass balance is difficult because (i) the reactant is the solvent
and the changes in concentration are that small, that the conver-
sion can only be calculated accurately based on product formation
and (ii) as shown by ATR-FTIR spectroscopy, the formation of sur-
face carboxylates and carbonates is quite significant, but hard to
quantify. Only taking the quantity of cyclohexanone into account,
the obtained conversion is estimated at around 2% [8]. For the
regeneration experiments, the spent catalyst was filtered, heated
C
tivity: (A) Top Illumination Reactor (TIR); (B) ATR-FTIR system and (C) Internally
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up in static air to 400 �C at 10 K min�1, and treated at this temper-
ature for 1 h. Subsequently, its activity was tested again.

2.2.2. ATR-FTIR
The performance of the catalysts was also evaluated with an

in situ ATR-FTIR system [17], Fig. 1B. H, H600, and S450 were
coated on a Ge ATR crystal. To this end, the catalysts were dried
at 120 �C for 1 h in static air and suspended in distilled water at
a concentration of 0.85 g L�1. The suspension was treated for
30 min in a 35-kHz Elmasonic ultrasonic bath, after which 2 mL
of this suspension was spread on the Ge crystal and dried in vac-
uum overnight. The conditions used were such to obtain an
approximately 1.0-lm-thick coating, as determined by calcula-
tions based on anatase density. A volume of 50 mL of cyclohexane
(99.0% from J.T. Baker) was used. Cyclohexane was dried over
Molsieve (type 4 Å) overnight before use to remove traces of water.
Cyclohexane was saturated with O2 by dry air bubbling at
7.7 mL min�1 flow and circulated at 8.8 mL min�1 through the
ATR cell by means of a high-performance liquid chromatography
pump. First, in the dark, adsorption of cyclohexane on the TiO2

coating at 8.8 mL min�1 was monitored. After 90 min, a spectrum
of cyclohexane and adsorbed cyclohexane on TiO2 was collected
as background for the photo-oxidation experiments. A mirror
velocity of 0.6329 cm s�1 and a resolution of 4 cm�1 were used
for all measurements. UV-induced oxidation of cyclohexane was
initiated and continued for 5 h, taking a spectrum every minute.
The light was provided by an assembly of 7 UV LEDs with 375-
nm wavelength emission with an incident photon flux of
9 � 10�9 Einstein cm�2 s�1 at the surface of the catalyst coating.
The background and the sample spectra were averaged from 64
and 32 scans, respectively.

2.2.3. Structured reactor
A schematic diagram of the internally illuminated monolith

reactor (IIMR) is shown in Fig. 1C. The reactor consists of an UV/
Vis light source, a standard quartz fiber guide, connected to a spe-
cially designed side light fiber bundle, the titania-coated ceramic
monolith block (25 cpsi (cells per square inch) and 25 cm long), a
liquid inlet with spray nozzle, a gas inlet section and a bottom sec-
tion for gas–liquid separation and outlet. In order to avoid catalyst
loss in macroporosity of the cordierite (monolith material) [14], the
monolith was provided with a coating of SiO2, prior to the coating
with S450, as follows. Commercially available SiO2, Davisil with a
mean particle size of 35–75 lm and a pore size of 6 nm, was used
for the preparation of a slurry. To this end, 80 g of SiO2 (IEP = 2)
was added under continuous mixing to an HNO3 (30% v/v)-acidified
aqueous solution of pH = 1. The suspension was ball-milled for 24 h,
and the final SiO2 particle size in the slurry was measured in a Mal-
vern Particle Seizer to be �5 lm (85% of the particles). Prior to the
coating, the monolith was dried overnight at 393 K, and after cool-
ing down, the dry monolith was vertically dipped in the slurry for
1 min. The excess of liquid was gently shaken off and further re-
moved out of the monolith channels using a pressurized air knife.
Subsequently, the monolith was dried in a warm airflow and cal-
cined at 673 K for 1 h, followed by further heat treatment at
1273 K for 4 h, applying a slow heating rate of 0.5 K min�1. The final
SiO2 coating had a thickness of �7 lm, after repeating the washco-
ating procedure twice. The titania paste (S450) was coated on the
inside of the square channels of the SiO2-coated monolith, using
the washcoat procedure described for SiO2, followed by calcination
at 723 K for 15 min applying a heating rate of 40 K min�1 yielding a
catalytic layer thickness of �5 lm.

Two side light fibers were inserted in each full channel. The ori-
ginal side light fiber bundle, type SLS200T, was supplied by Fiber-
tech GmbH, Berlin, which was designed to have a significant side
light emission over a fiber length of 35 cm. In order to enhance
the refracted light intensity, the tip of the fiber was polished and
coated with a reflective aluminum coating. The UV radiation source
was a 100 W mercury short arc lamp (HBO R103W/45, Osram)
assembled in a closed case with air cooler, shutter, and timer.
The total light intensity emitted from the fibers was of
5.4 � 10�11 Einstein cm�2 s�1. The air-saturated liquid cyclohex-
ane with a total volume of 800 ml was recirculated at
330 mL min�1 through a reservoir and the reactor with a variable
speed gear pump, and the flow was measured via a turbine flow
sensor.

The temperature was maintained at room temperature using an
external thermostat. The spray nozzle distributed the liquid over
the monolith, of which the distance between nozzle tip and the
monolith was so adjusted that an even distribution of liquid over
the channel walls was achieved. During reaction, liquid samples
were taken and analyzed using a gas chromatograph with a flame
ionization detector (Chromopack, CPwax52CB). Quantification of
the oxygenated products in the liquid phase was derived from a
multipoint calibration against the internal standard.
3. Results

3.1. Catalyst characterization

In Fig. 2, the XRD patterns of H, H600, and S450 are depicted,
indicating that all three catalysts consist of anatase. S450 shows
a much higher crystallinity than H, as evidenced by the width
and amount of characteristic lines present in the diffractogram.
Due to calcination, the H600 material presents a better defined
XRD pattern of anatase than H, but the diffraction lines are still less
well defined and sharp when compared to S450. From the Scherrer
equation, the crystal diameters were calculated to be 7 nm, 19 nm,
and 20 nm for H, H600, and S450, respectively.

The surface area of the materials was determined by N2-physi-
sorption, and the values obtained with the BET method were
330 m2 g�1 for H, 73 m2 g�1 for H600, and 80 m2 g�1 for S450.
The isotherms and pore size distribution are depicted in Fig. 3a
and b, respectively. S450 exhibits a pore size distribution with a
maximum at �13 nm (mesoporous), attributed to well-defined
and ordered inter-particle spaces. In the case of H and H600, the
pore size distribution is not so well defined and is very broad with
maxima at less than 5 nm in size for H and between 5 and 10 nm
for H600 also attributed to inter-particle spaces. The absence of
hysteresis, as shown in Fig. 3a, is in agreement with this type of
(micro)porosity.

In Fig. 4, the TEM micrographs of the materials under study are
shown. The pictures show that H, Fig. 4a, consists of nano-TiO2

crystallites, connected to form a porous network; the nanoparticles
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are not well-defined separated crystallites. The observation of a
porous network is in agreement with the N2-physisorption results,
which suggest that porosity originates from inter-particle spaces.
Most of the crystalline grains are spherical, and the average crys-
tallite size is 5 nm (3.5–7 nm) in agreement with the value deter-
mined by the Scherrer equation. Fig. 4b shows the micrograph of
H600. Apparently, calcination leads to a clear increase in the pri-
mary particles to a range between 15 and 30 nm, centered at
20 nm. Although extensive sintering has occurred, the particle
shape is still not well defined, and the individual particles are still
largely agglomerated, as shown in the inset of Fig. 4b. The mor-
phology of S450, Fig. 4c, is very different from both H and H600.
It is made up from monocrystalline nanoparticles that exhibit
shapes mostly related to polygons (truncated squares or rectan-
gles) presenting defined crystal faces, although some spherical-like
a b

Fig. 4. TEM micrographs of (a) H (b) H600 and (c) S450. The
particles without well-defined crystal faces can also be observed.
The particle size distribution ranges from 8 to 50 nm and is cen-
tered at 22 nm.

The IR spectra of the materials studied are depicted in Fig. 5. In
the region of 4000–2500 cm�1, OAH stretching modes are located.
The band at 3730 cm�1 is assigned to an isolated anatase OH vibra-
tion, and the bands at 3679 cm�1 and 3638 cm�1 are assigned to
bridging OH groups, (Ti)2–OH, of anatase [20–23]. The bridging
OH groups are neighboring sites and bind to each other by hydro-
gen bridges [20]. In the S450 spectrum, these bands are more
clearly resolved, especially the band at 3638 cm�1, probably due
to a lower amount of adsorbed water [22]. The spectral contribu-
tions of physisorbed water are present in the region 3500–
2500 cm�1 with maxima at 3100 cm�1, 3462 cm�1, and
3600 cm�1 [24,25]. When the amount of water is high, normally
the bands at 3462 cm�1 and 3600 cm�1 cannot be resolved, as in
the case of H. The band at 3462 cm�1 is clearly resolved in S450
and H600, which implies again a lower quantity of surface-ad-
sorbed water for H600 and S450.
3.2. Photocatalytic-activity

In Fig. 6, the reaction profiles for the formation of cyclohexa-
none are depicted. Initially, the rates for H600 and S450 are com-
parable, while H exhibits a slightly higher rate, as illustrated by
the inset of Fig. 6. The rate of product formation starts to decrease
c

insets show magnification of the indicated picture area.
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after approximately 50 min, obviously due to deactivation, until a
plateau is reached and the production stops. The productivity to-
ward cyclohexanone is highest for H, followed by H600 and
S450, which have very similar production curves.

TGA measurements of the fresh and spent catalysts are shown in
Fig. 7. For the fresh materials, similar TGA profiles were obtained
previously and interpreted as follows [26]. The peak at �60 �C cor-
responds mostly to weakly adsorbed water, the second peak at
higher temperatures at �200 �C is assigned to water closer to the
surface (increasing adsorption strength) and associated with dehy-
droxylation. For the fresh materials (i.e. before reaction), the weight
loss at 60 �C is one order of magnitude higher for the H material,
when compared to H600 and S450. For the spent catalysts (i.e., after
reaction), the weight loss at 60 �C decreases for all the materials,
but less severely in the case of H600. The water desorption feature
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the degree of hydration induced by the photocatalytic reaction.

To further evaluate differences in surface chemistry of the TiO2

samples under investigation, Fig. 8 shows the ATR-FTIR spectra re-
corded during reaction. In order to visualize the surface chemistry,
Fig. 9 is presented. It is stated in the literature that when cyclohex-
anone is formed at the surface, it can follow two routes: desorption
to the reaction medium (cyclohexane) or further oxidation to car-
boxylates, carbonates and finally to CO2/H2O. It is also claimed that
besides this pathway involving cyclohexanone, a non-selective
route of cyclohexylperoxide decomposition to carboxylates and
carbonates exists. The formation of carbonates and carboxylates
through the aforementioned routes is claimed to be responsible
for the deactivation of OH groups on the TiO2 surface.

In Fig. 8a, the spectral development during reaction of the H
sample is shown, which is in agreement with data previously re-
ported by Almeida et al. [17]. After 5 min of reaction, formation
of species at the catalyst surface is already apparent. A broad range
of infrared absorptions develops in time between 1800 and
1000 cm�1, consisting of several overlapping bands.

Cyclohexanone formation can be followed by the band at
1714 cm�1, which corresponds to the C@O stretching vibration of
bulk cyclohexanone, and at 1690 cm�1, corresponding to the
C@O stretching vibration of adsorbed molecules [17]. The peak at
1575 cm�1 is assigned to C@O stretching vibrations of adsorbed
carboxylates [27,28]. The adsorbed carbonate species are located
in the spectra at 1403 cm�1 [28,29]. Various smaller bands can
be observed below 1400 cm�1 which can be assigned to the CAH
bending modes of bulk and adsorbed cyclohexanone, as well as
to carboxylates. The spectra of H600 (Fig. 8b) and S450 (Fig. 8c),
show qualitatively the same bands as present in the spectra of H,
but the intensities are different. In particular, the relative absorp-
tion intensity of cyclohexanone (1714 and 1690 cm�1) over
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carboxylates (1575 cm�1) is a strong function of the catalyst ap-
plied, in agreement with previous studies [30]. In addition, the
development of the intensity of the IR absorptions of adsorbed
water centered at 3375 cm�1, and of the most acidic OH groups,
bridged OH groups, referred to as (Ti)2–OH, located at 3633 cm�1,
is quite different for the various catalyst materials [31], as shown
in Fig. 10. The surface coverage of H with water is increasing in
the first 20 min of reaction, followed by a continuous decrease un-
til a minimum plateau with negative absorption values is reached.
This suggest that surface-adsorbed water present prior to the
experiment has been desorbed. For H600, water formation and
(Ti)2–OH conversion is less pronounced, as expected on the basis
of the lower surface area of H600 when compared to H. Surpris-
ingly, water formation is much more significant in the initial stages
of the reaction when S450 is applied as photocatalyst, as shown in
Fig. 10c. Eventually negative absorption values are obtained. The
(Ti)2–OH intensity decreases in all three cases: strongest for
S450, followed by H and finally by H600.

Finally, significant differences were found for the three catalysts
in the time-dependent development of the ratio of adsorbed vs bulk
cyclohexanone. The left side of Fig. 11 shows the spectra in the re-
gion where the absorption bands of bulk (�1714 cm�1) and ad-
sorbed (1780 and 1790 cm�1) cyclohexanone are located. Using
deconvolution of these bands, absorption values were calculated.
These were subsequently used to calculate the amount of cyclohex-
anone produced, corrected for the amount of catalyst present in the
coating, and taking the different light intensity used in the TIR and
ATR-FTIR into account [18]. A linear correlation was assumed be-
tween the data from the TIR (corresponding to the amount of bulk
cyclohexanone formed) and the peak area in the ATR-FTIR. The val-
ues for adsorbed cyclohexanone were calculated on the basis of the
same correlation, assuming that the relative molar absorption coef-
ficients of adsorbed and bulk cyclohexanone are similar.

Clearly, for all catalysts, the time profiles show that in the first
10 min predominantly adsorbed cyclohexanone is formed at a high
rate. This is followed by a much slower rate in the subsequent time
range of the experiment. The rate of formation of bulk cyclohexa-
none is initially lower than that of surface-adsorbed cyclohexa-
none, but is rather constant, leading to a higher rate for the
formation of bulk vs adsorbed cyclohexanone formation in the final
stages of the experiment. This nicely shows that the process is a se-
rial reaction, viz., formation at the surface followed by desorption.
The initial rate of formation of adsorbed cyclohexanone increases
in the order H600 < H < S450; the trends in the initial rate of
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formation of bulk cyclohexanone are comparable to the TIR results.
However, the light intensity used in the operando ATR experiments
was 20 times smaller than used in the TIR reactor and therefore the
rates (and amounts) as well [18].

The amount of adsorbed cyclohexanone formed during reaction
is plotted as a function of the bulk cyclohexanone concentration in
Fig. 12. For the three materials, two plateaux are observed, indi-
cated as a and b. These values correspond to 0.02 mmol g�1

cat for
H, 0.01 mmol g�1

cat for H600, and 0.07 mmol g�1
cat, for S450, respec-

tively. It should be noted that these curves should not be consid-
ered as equilibrium isotherms.

After reaction, the spent H and S450 catalysts were analyzed in
a DRIFT system at different temperatures to evaluate the possibil-
ity of regeneration by a high-temperature treatment. The series of
spectra obtained at room temperature (RT), 120 �C, 400 �C, and
after subsequent cooling down to room temperature (RT2) are
shown in Fig. 13. For both spent catalysts, there are several absorp-
tions visible in the wavenumber region of 1800–1000 cm�1, as-
signed to the carboxylate/carbonate species. The insets show the
values of the total integrated peak area of the carbonate and car-
boxylate absorptions. In the case of H, Fig. 13a, heat treatment at
400 �C did not lead to a significant reduction in integrated peak
area, whereas in the case of S450, Fig. 13b, significant decomposi-
tion of surface carbonates and carboxylates was observed. The
spectrum of S450 (RT2), obtained after cooling down to room tem-
perature, is quite similar to the spectrum of the fresh material
shown in Fig. 5, suggesting full regeneration.

In order to check whether the heat treatment of S450 at 400 �C
indeed restores the catalytic activity, tests were conducted in the
TIR. Fig. 14 shows the initial cyclohexanone formation for the fresh
catalysts and for the same materials after reaction and heat treat-
ment at 400 �C for 1 h. For H and H600, the activity could not be
restored by heat treatment, as predicted by the previous DRIFT
studies, but in the case of the S450 catalyst the activity and selec-
tivity (defined here as cyclohexanone/cyclohexanol ratio) are com-
pletely restored after heat treatment of the used catalyst.

To confirm the feasibility of the S450 catalyst in (semi-)contin-
uous operation, cyclohexanone and cyclohexanol formation over
S450 paste coated on the walls of a ceramic monolith was evalu-
ated. Fig. 15 shows the high performance of the catalyst, with only
slight deactivation during 4 h of operation. Subsequently, the
monolith containing the catalyst was heated at 400 �C for 1 h after
the 1st run and tested again in a 2nd run. Photoactivity was found
to be exactly the same in the two experiments, confirming that the
conditions of the rejuvenation procedure do not deteriorate cata-
lytic performance.

An overview of the photonic efficiencies for the materials in the
different reactors used in this study is given in Table 1. The pho-
tonic efficiency was determined using the following equation [18]:

n ¼ Reaction rate ðmol s�1Þ
Photon flow ðEinstein s�1Þ ¼

dn=dt
AI00

In this equation, n is the number of moles converted (mol), t the
time (s), A the area through which light propagates into the reactor
(m2), and I0 0 the photon flux (Einst m�2 s�1). The values presented
show that the highest efficiency is obtained for S450 material in
the ATR-FTIR with a value of 0.018. These values are small but in
agreement with values reported previously [18].
4. Discussion

4.1. Product distribution and catalyst deactivation

In situ ATR-FTIR gives direct information on the chemical nature
of the adsorbed species formed during reaction. The spectra in
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Fig. 8 show that the ratio of the sum of adsorbed (1690 cm�1)
and desorbed (1714 cm�1) cyclohexanone over carboxylates
(1575 cm�1) and carbonates (1403 cm�1) decreases in the series
S450 > H600� H. In particular, for S450 and H600, the carboxylate
concentration is relatively small when compared to H. This obser-
vation can be explained considering time-resolved microwave con-
ductivity measurements reported previously: the electron lifetime
and mobility upon illumination is highest for S450, followed by
H600 and H [32,33]. The opto-electronic properties are related to
the crystal quality of the material: less crystal defects and thus less
amount of electron trapping sites within the crystal lead to higher
electron mobility, suggesting higher concentration of holes avail-
able for OH radical formation. The OH radicals induce a high
photocatalytic activity toward the selective formation of cyclohex-
anone [30,34] but can also contribute to consecutive oxidative pro-
cesses, in particular the consecutive oxidation of carboxylates to
carbonates (and CO2), cleaning and regenerating the active sites.
This explains the surprisingly low differences in catalytic activity
despite the large difference in surface area (which is much higher
for H when compared to H600 and S450) and the high extent of
consecutive oxidation of carboxylates to carbonates (and likely
CO2).

4.2. Water formation

According to the mechanism reported in Fig. 9, water is formed
in two stages of the reaction: upon formation of the cyclohexyl
radical and when complete oxidation takes place. The water forma-
tion in the beginning of the reaction, Fig. 10, is also reflected by the
decreasing intensity in the IR spectrum of the features of (Ti)2–OH
sites; this decrease is largest for S450 followed by H and finally
H600. The decrease is probably caused by hydrogen bonding with
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surface-adsorbed cyclohexanone and water, which would lead to a
red shift of the OAH absorption modes [35]. The net consumption
of surface-adsorbed water observed in later stages of the reaction,
as shown in Fig. 10, is likely due to a combination of a relatively
low cyclohexane oxidation rate, water desorption, and occupation
of adsorption sites by the carboxylates and carbonates formed. Fur-
thermore, water decomposition into hydroxyl radicals might con-
tribute [17]. The changes in spectral intensities in the
>3000 cm�1 region follow the order H > S450 > H600. The trend
in the decreasing TGA peak at 60 �C, corresponding to the outer-
most layer with the most labile adsorbed water [36], is in agree-
ment with the ATR observations. This water is likely adsorbed
from the laboratory environment in the time between the photo-
catalytic and TGA experiments. TGA data also show that the peak
at 200 �C, assigned to strongly surface-bound water, increases
strongest in the case of the S450, slightly for H600, while for H
the difference is within the error of measurement. This suggests
that in the initial stages of the photocatalytic reaction on S450
strongly bound water is contributing to the changes in spectral
intensities, which is also largely increased.

4.3. Adsorbed vs bulk cyclohexanone

The spectra recorded during reaction allow to differentiate be-
tween the rate of formation at the catalyst surface and the rate
of desorption of cyclohexanone to the reaction bulk. Fig. 12 shows
very different patterns for the three systems. For all materials, the
rate of formation of adsorbed cyclohexanone is initially highest, in
particular for S450.

For the interpretation of these observations, we considered the
following possibilities:
– series reaction behavior, implying non-equilibrium adsorption,
– multilayer adsorption, with the interference of deactivating

species,
– adsorption models based on two types of adsorption sites,
– formation of new sites during reaction.

The various options will be discussed subsequently in the fol-
lowing. Series reaction behavior, implying non-equilibrium
adsorption, can be discarded, since this would lead to a maximum,
due to consecutive cyclohexanone consumption, which is not
experimentally observed (Fig. 12). The second interpretation, mul-
tilayer adsorption, seems in agreement with the staircase shape
that occurs normally for multilayer adsorption on non-porous sur-
faces. Whether this interpretation is feasible depends on various
factors. First, it is important to evaluate whether the number of ad-
sorbed molecules is comparable to the amount of adsorption sites,
i.e., surface OH groups. These have been determined by NH3-TPD
for the three materials and amount to 1.15 mmol g�1

cat for H,
0.43 mmol g�1

cat for H600, and 0.40 mmol g�1
cat for S450. Furthermore,

the final value of the amount of cyclohexanone produced (plateau
b in Fig. 12) should be estimated. This amount is difficult to assess
quantitatively, and the values given in Fig. 12 should only be re-
garded as in indication of the order of magnitude in view of uncer-
tainties in (i) molar absorption coefficient of adsorbed
cyclohexanone, (ii) peak area determination with associated
deconvolution errors, and (iii) that a factor of 20 lower light inten-
sity leads to a 20 times lower amount of product [18]. Given these
uncertainties, the amount of surface-adsorbed cyclohexanone is
much lower than the values estimated for the amount of OH
groups (0.02 mmol g�1

cat for H, 0.01 mmol g�1
cat for H600, and

0.07 mmol g�1
cat for S450). Multilayer adsorption is therefore not
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very likely. Also a monolayer adsorption is unlikely: in view of the
large amounts of carboxylates and carbonates formed, it would a
priori be impossible to create a monolayer of adsorbed cyclohexa-
none molecules during reaction. Finally, it should be noted that the
amount of surface cyclohexanone (and carbonate) produced in the
ATR cell is remarkably large for S450 in comparison with H600.
This requires further investigation.

A two-site model might also explain the data presented: one
site that gives very strong adsorption (a) and the other a weaker
adsorption (b). A two-site model is in fair agreement with the
two absorption frequencies found for adsorbed cyclohexanone at
1690 and 1680 cm�1. Furthermore, the rapid loss in spectral inten-
sity of the (Ti)2–OH in the initial stages of the experiment suggests
that these are rapidly completely occupied. Another OH group of
which the identity cannot be determined from the ATR data might
account for the remaining activity. In particular, in the case of
Solaronix, a plateau is not reached for b, however. Since equilib-
rium is not reached for these sites, the production at the surface
and subsequent desorption occurs in series. Furthermore, the con-
centration of adsorbed cyclohexanone is increasing and we tenta-
tively explain this observation by assuming that new OH sites
are being formed by decomposition of water produced during the
reaction. This type of mechanism has been reported to occur at
an oxygen defect site: one OH group doubly coordinated to Ti
atoms at the oxygen defect site converts under light illumination
by interaction with a water molecule to two OH groups, singly
coordinated at each Ti atom [37]. Furthermore, it has been shown
that rehydroxylation is successful in highly crystalline TiO2, such as
in S450, whereas this is not the case when a high percentage of
amorphous phase is present, such as in H [20].
4.4. Catalyst regeneration by heat treatment

Undoubtedly, catalyst regeneration is essential to make any
commercial implementation of photo-oxidation of cyclohexane
feasible. Results show that for the three materials studied, the for-
mation of carboxylates and carbonates (i.e., deactivating species) is
evident in the first initial moments of the reaction together with
the adsorbed cyclohexanone. It has been reported that
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Table 1
Overview of photonic efficiencies determined for each reactor and material used in
this study.

n (mol Einst�1)

H H600 S450

TIR 0.005 0.004 0.004
ATR-FTIR 0.006 0.006 0.018
IIMR – – 0.010
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carboxylates and carbonate formation is due to further oxidation
not only of cyclohexanone but also of other intermediates and
products such as cyclohexylperoxides and cyclohexanol [17].
Clearly, it is very difficult if not impossible to completely avoid
their formation, and as a consequence, it is crucial to remove them
without irreversible loss of activity of the catalyst. The amount and
chemical distribution of the species adsorbed after the reaction are
quite different for the three catalysts. Carbonates are dominant on
S450, with hardly any carboxylates present, while for H both car-
bonate and carboxylate species are extensively present at the sur-
face. While this difference in chemical nature might partly explain
the observed regenerability of S450 and the irreversible deactiva-
tion of H and H600, also the thermal stability of the (same) ad-
sorbed species is quite different, as demonstrated by the DRIFT
experiment. This might be associated with the amount of de-
fects/irregularities on the crystal surfaces of H and H600 observed
in the TEM measurements. Clearly, the morphology of S450 con-
sists of smooth crystal surfaces, which implies less corner and step
sites. At these sites, present in H600 and H, the thermal stability of
surface-adsorbed species is likely to be higher, explaining the dif-
ferences in thermal decomposition/removal rates [38]. The conclu-
sion is that not only the bulk structure of the catalyst needs to
contain no, or in any case only small amounts of defects, inducing
favorable opto-electronic properties and thus limiting carboxylate
formation, but also the surface should consist of defect-free planes,
decreasing (thermal) stability of adsorbed species, allowing ther-
mal regeneration procedures. Solaronix TiO2 has these properties
to a larger extent than H and H600 and is therefore better to regen-
erate and more promising for application in slurry and in particular
immobilized reactors. Further studies with this material, especially
evaluating the application of water in the feed, are ongoing.
5. Conclusions

Hombikat as received (H) shows the highest rate of cyclohexa-
none formation in photocatalytic oxidation of cyclohexane in a Top
Illumination Reactor, compared to H600 (Hombikat calcined at
600 �C) and Solaronix S450. All catalysts suffer from deactivation.
However, deactivation of H and H600 was found to be irreversible,
due to a high thermal stability of surface-adsorbed carbonates and
carboxylates. For S450, the surface population after photocatalytic
reaction (ratio of carboxylates over carbonates) was different, and
thermal stability of these species was found to be significantly low-
er, which allowed regeneration of this material by heat treatment
in air at 400 �C. The regenerated S450 catalyst was successfully
used both in slurry (Top Illumination Reactor) and in immobilized
applications (Internally Illuminated Monolith Reactor). In particu-
lar, for the latter reactor configuration, regenerability is a desired
property. The high catalyst stability of materials such as S450 is
an important first step toward the practical application of photoca-
talysis in selective liquid-phase photo-oxidation processes.
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