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A previously developed sustainable immobilization concept for photocatalysts based on cellulose as
a renewable support material was applied for the photocatalytic hydrogenation of acetophenone (ACP) to
1-phenyl ethanol (PE). Four different TiO, modifications (P25, P90, PC105, and PC500) were screened for
the reaction showing good performance for PC25 and PC500. PC500 was selected for a detailed kinetic
study to find the optimal operating conditions, and to obtain a better understanding of the photocatalytic
pathway in relation to conventional and transfer hydrogenation. The kinetic data were analyzed using the
pseudo-first-order reaction rate law. A complete conversion was obtained for ACP concentrations below
1 mM using a 360 nm filter and argon as the purge gas within 2—3 hours. High oxygen concentrations slow

down or prevent the reaction, and wavelengths below 300 nm lead to side-products. By investigating the
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Accepted 22nd February 2022 temperature dependency, an activation energy of 22 kJ mol™~ was determined which is lower than the
activation energies for conventional and transfer hydrogenation, because the light activation of the

DOI: 10.1039/d1ra09294d photocatalyst turns the endothermic to an exothermic reaction. PC500 was immobilized onto the cellulose

rsc.li/rsc-advances film showing a 37% lower activity that remains almost constant after multiple use.

water.®® Photocatalytic hydrogenation reactions are similar to
transfer hydrogenations since they also take place in a liquid

1. Introduction

Green chemistry has become increasingly significant in the
context of environmental problems and climate change in the
recent 20 years." It is defined by twelve principles including
catalysis, energy efficiency, atom economy, renewable feed-
stocks, less hazardous synthesis pathways, and chemicals, and
overall accident prevention. Hydrogenation of C=0, C=N, C=
C, and N=O bonds is one of the most basic reactions, per-
formed industrially, and can be done using various pathways
(Fig. 1). For “classic” hydrogenation with molecular hydrogen,
technical safety equipment and assessments, as well as trained
personnel concerning explosion hazards, are necessary.
Furthermore, for this type of hydrogenation, harsh reaction
conditions are required. For instance, the widely used repre-
sentative molecule for aromatic ketones, acetophenone,
requires elevated pressures up to 50 bar and temperatures up to
170 °C.>® Although many transfer hydrogenations use iso-
propanol as hydrogen donor and solvent simultaneously, they
still need temperatures up to 70-80 °C, and catalysts that are
sometimes difficult to synthesize and often sensitive to air and
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phase and use alcohols as hydrogen donors, although with
rather different reaction mechanisms.®'® The photocatalytic
process can make use of cheap and readily accessible photo-
catalysts like titanium dioxide (TiO,) that can be used without
further modifications. Titanium dioxide is one of the most
studied catalysts for photocatalytic applications, since it is used
for the purification of wastewater, water splitting, and also for
organic synthesis reactions.™

Photocatalytic hydrogenations of C=0, C=N, and N=0
double bonds in the liquid phase provide an even greener
alternative to conventional hydrogenation reactions as they take
place under mild reaction conditions and use alcohols as

"classic" hydrogenation
Platinum metal catalyst, H,, 20-170°C, 1-50 bar ¢

(¢] OH
photocatalytic hydrogenation )
photocatalytic cellulose film
hv > 360 nm, EtOH, 19 °C
ACP PE

transfer hydrogenation %
Platinum metal catalyst, alcohol, ~ 80°C

Fig. 1 Three different types of hydrogenation reaction of acetophe-
none (ACP) to 1-phenyl ethanol (PE) with common reaction
conditions.
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Fig. 2 ACP concentration (a) and PE concentration (b) before and
after irradiation using different purge gases (reaction conditions: T =
19°C, A= 360 nm, V| =20 mL, reactor = SIR, cacp,0 = 860 uM, catalyst
= TiO, (PC500)).
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Fig. 3 Selectivity and yield of PE after 60 min using different wave-
length filters (reaction conditions: purge gas = Ar, T =19 °C, V| = 20
mL, reactor =SIR, cacp,0 = 860 uM, catalyst = TiO, (PC500)). The value
0 nm indicates that no filter was used.

a green solvent and hydrogen donor.*”* Since suspended pho-
tocatalysts are a problem for large-scale photoreactors with
regard to separation and reuse of the catalyst from the liquid
reaction medium, immobilization of the photocatalyst is
necessary. Metal oxide photocatalysts like titanium dioxide can
be deposited as a film on substrates via dip coating, sol-gel
coating, spin coating or atomic layer deposition, where metal
substrates like steel plates or polymeric substrates like poly-
propylene, polyacrylonitrile, and polyethersulfone can be
used."** Recently we reported the fabrication and testing of
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photocatalytic cellulose films for hydrogen evolution® as
cellulose is one of the most abundant biopolymers and can be
inexpensively isolated from various sources and modified."*"
Reported titanium dioxide cellulose composites were produced
by depositing the titanium dioxide onto the cellulose via
bottom-up approaches™ or by non-solvent induced phase
separation.” The advantage of our films is their non-elaborate
fabrication method, where the existing photocatalyst powder
is dispersed into the cellulose dispersion in a methanol-water
mixture and filtered onto a filter paper.'® In this contribution,
a self-supporting photocatalyst cellulose film (PCF) was
prepared, in which cellulose acts as a support for the TiO,
photocatalyst. It was studied for the photocatalytic hydrogena-
tion of acetophenone (ACP) to 1-phenylethanol (PE). The main
target was to investigate, if a PCF can be used as a green and
simple catalyst in photocatalytic synthesis reactions. For the
study of the PCF in comparison to the dispersed photocatalyst,
high initial ACP concentrations as reported in the literature®>*
would involve long and elaborate experiments. The comparison
between a suspended photocatalyst and a PCF can also be done
with less time consuming and less costly experiments at lower
initial ACP concentrations. Therefore, initial ACP concentra-
tions were fixed below 1 mM. At first, a suitable experimental
approach was developed and photocatalytic experiments were
carried out with varying the kind of purge gases, cut-off filters,
commercial TiO, photocatalysts, initial ACP concentrations,
temperatures, and reactor geometries. The activity of the used
TiO, was evaluated based on the reaction rate constant obtained
from fitting the experimental data to a pseudo-first-order reac-
tion rate law. Finally, the optimum reaction conditions were
applied to the PCF, and the activity and stability of the PCF for
ACP hydrogenation were investigated.

2. Materials and methods

2.1. Chemicals

For the experiments, the following chemicals and photo-
catalysts were used as received: acetophenone (ACP, >98.5%,
TCI-Chemicals), 1-phenylethanol (PE, 98.0%, TCI-Chemicals),
ethanol (EtOH, >99.7%, VWR-Chemicals), acetonitrile (ACN,
99.9%, Roth), and four titanium dioxide (TiO,) modifications
namely PC500 (>99%, Cristal Activ), PC105 (>99%, Cristal Activ),
P90 (=99.5%, Evonik), and P25 (=99.5%, Evonik). Argon (5.0,
Linde) and nitrogen from the household line were used as purge
gases.

2.2. Preparation of photocatalyst cellulose films

The modification of cellulose was carried out by sulfuric acid
hydrolysis (see ESIt). The modified cellulose (abbreviated as
ModCe) was dispersed in a methanol-water mixture (v/v = 70/
30) to prepare a ModCe dispersion which was used as the
liquid phase. For the preparation of the photocatalyst cellulose
film (PCF), PC500 (41 mg) was mixed with the ModCe disper-
sion (8.8 mL, 5 ¢ L") and sonicated for 15 min. Then it was
filtered through a common filter paper in an ultrafiltration cell
at a pressure of 1.5 bar set with nitrogen, washed with water,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Concentration profiles of ACP and PE using different photo-

reactors (reaction conditions: purge gas = Ar, T =19 °C, 2 = 360 nm,
VL =20 mL, cacp,o = 860 pM, catalyst = TiO, (PC500)).

and dried there. The dry PCF has a diameter of 4.2 cm. The PCF
for photocatalytic hydrogenations was cut out with a punching
iron for a diameter of 3.2 cm and easily pulled off from the filter

paper.

2.3. Photocatalytic hydrogenation of ACP

Two double-walled photoreactors, sealed with a rubber septum,
one for side-irradiation (SIR, V = 35 mL) and another one for
top-irradiation (TIR, V = 250 mL), were used for the photo-
catalytic hydrogenation experiments. For measurements with
suspended catalysts, 24 mg of the photocatalyst were placed in
the SIR and 20 mL ethanol containing 100 ppm ACP were
added. For experiments with immobilized catalysts, the
prepared PCF has an immobilized amount of TiO, photocatalyst
of 24 mg. It was fixed to a Teflon holder and placed into the TIR
and 20 mL ethanol containing 100 ppm ACP was added. For the
reference experiment with the powdered photocatalyst in TIR,
the same approach as in SIR was used. The reactor was then
sealed with rubber septa. The liquid phase was flushed with
argon for 20 min with cannulas inserted through the septa. The
reactors were tempered to 19 °C and irradiated through a quartz
glass window by a 300 W Xe-lamp (Quantum Design Europe) for
each setup. A cut-off filter that cuts the wavelengths below
360 nm was placed between the lamp and the reactor to remove
a part from the UV spectrum. The liquid phases were mixed with
a magnetic stirrer at 300 rpm for SIR and 1200 rpm for TIR. The
distance between the lamp and the liquid surface was 10 cm for
the SIR and 11.5 cm for the TIR. Samples were taken at given
time intervals for 120 min for the SIR and 300 min for the TIR.

2.4. HPLC analysis

The samples from the photocatalytic hydrogenation were
filtered through a cellulose acetate (CA, 0.2 pm) syringe filter

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and analyzed by high-performance liquid chromatography
(HPLC) using a chromatography setup from Agilent (model
1260 Infinity II) equipped with an RP18 column from Ziemer
Chromatographie. ACN and water were used as eluents in
a volume ratio of 40/60, at a column temperature of 25 °C and
a flow rate of 1.3 mL min~'. The retention times were 6.0 min
and 4.3 min for ACP and PE, respectively.

In experiments with regular sampling, the ACP concentra-
tion profiles were fitted using a pseudo-first-order reaction rate
law, where c,cp is the ACP concentration, k is the reaction rate
constant, and ¢ the time.

de
CI;ICP = —kCAcp (1)

For curve fitting, the program Berkeley Madonna (Version
8.3.18) was used. From the reaction rate constants obtained for
different reaction temperatures, the apparent activation energy
was obtained by the Arrhenius plot, where E, is the activation
energy, R the universal gas constant, and k.. the pre-exponential
factor:

 Ez 1
lnk——??—i—lnkoc (2)

For further information about the reaction kinetics see ESL.}

2.5. SEM and GC analysis

The morphology of the film was studied by scanning electron
microscopy (SEM) using a Zeiss DSM 982 GEMINI microscope
which operated at an acceleration voltage of 8 kv. Hydrogen in
the headspace after the photocatalytic reaction was detected by
gas chromatography (GC) using an Agilent Technologies System
(7890 A) equipped with a thermal conductivity detector (TCD).
An HP Plot 5A column (Agilent Technologies, 30 m, 0.53 mm, 25
um molsieve, inlet temperature 100 °C, and oven temperature
75 °C) and argon as the carrier gas (1.2 mL min ") were used.

3. Results and discussion

3.1. Establishing reaction operating conditions

It is well known that the reaction conditions in photocatalysis
can have a huge impact on the reaction kinetics. Therefore,
different parameters were varied to find the optimum reaction
conditions for suspended TiO, photocatalysts. In the later part
of the investigations these conditions were supposed to be
applied for the photocatalyst cellulose film. For all experiments,
the TiO, modification PC500 was used based on a catalyst
screening as described in Section 3.2. First, it was investigated
whether the use of argon or nitrogen as a purge gas affects the
reaction performance. The suspensions investigated in SIR were
purged with each gas for 20 min, and as a reference, one
suspension was not purged. The decay of the ACP concentration
and the increase of the PE concentration are shown in Fig. 2.
When argon is used as the purge gas, a complete conversion of
ACP to PE takes place within 120 min, whereas the reaction
takes place at a much slower rate when nitrogen is used as the

RSC Adv, 2022, 12, 7055-7065 | 7057
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Fig.5 Concentration profiles of ACP (a) and PE (b) using different commercially available TiO, photocatalysts (reaction conditions: purge gas =
Ar, T=19°C, 2= 360 nm, V| =20 mL, reactor = SIR, cacp,0 = 860 uM). 1st order reaction rate constants k plotted against the specific surface area
(c) and the crystallite size d (empty symbols) and rutile fraction (filled symbols) (d).

Table 1 Characteristic values of four commercially available TiO,
photocatalysts (SA: surface area, CS: crystallite size, A/R: anatase/
rutile)

k
Photo-catalyst SA*® (m®>g™") C€S* (nm) A/Rratio®® (107° min™?)
P25 56 21.3 80:20 17.5
P90 104 12.6 92:8 12.1
PC105 80 20.9 100: 0 6.3
PC500 270 6.0 100: 0 16.0

purge gas. The aerated suspension shows no PE production and
a small decay of ACP, probably by side reaction on the photo-
catalytic reduction sites with the remaining oxygen in the
solution. The GC measurement of nitrogen from the household

7058 | RSC Adv, 2022, 12, 7055-7065

line shows a residual oxygen concentration of 0.10-0.12 vol%.
Because argon is the heavier gas, it can displace the oxygen
better than nitrogen and prevents it from re-entering. Higher
oxygen content in the reactor will slowdown the reaction. In
presence of dissolved air, almost no reaction takes place
because oxygen acts as an inhibitor. An oxygen molecule O, can
scavenge an electron from the conduction band to form the
superoxide O, . The superoxide can react with surface adsor-
bed protons to form hydroxyl radicals HO'~ and hydroxyl
anions HO™, which are the key reactants in photocatalytic
degradation of pollutants.”»*® In the radical-mechanism for the
photocatalytic ACP hydrogenation on TiO, postulated by Koh-
tani et al.,*® these species interrupt the radical chain reaction.
The concentration of atmospheric oxygen in ethanol was esti-
mated to be 2 mM and the concentration in the headspace of
the reactor is 23 M (calculations are shown in the ESI{) which is

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra09294d

Open Access Article. Published on 01 March 2022. Downloaded on 10/20/2025 6:34:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
a)
1.000 O 100ppm O 75ppm < 50 ppm A 25ppm
— 1st order fit
D
800+
= 600
=
2
o
g
© 4001
200+
0 . . - : .
0 20 40 60 80 100 120
b) t (min)
1.000 0100 ppm 075 ppm <50 ppm A25 ppm
800
q
O
~ 6004
£l . :
&
400+ o R
O
© o
= Vi
200+ O A
@B oa b
=] A
ga’
0 L T T T T ;
0 20 40 60 80 100 120
t (min)

View Article Online

RSC Advances

c)
1000155:c  mizc o19c AseC
|}
800+ @9
5]
N
600 ¢ %0
= - 0
3 g, ©
o 0 D
2
S 400 A
< q
m]
A
200 ©
A
0 . : : . : 4
0 20 40 60 80 100 120
t (min)
10001 55c mizc _o1ec Asoc
/
A
800-
A o
. 600
s m]
= o
@ A o d
o
400 Ao O
<o )
A m]
200 A O ©O
S _ 0
508
o
0 20 40 60 80 100 120
t (min)

Fig. 6 Concentration profiles of ACP and PE for different initial ACP concentrations (a) and (b) and different reaction temperatures (c) and (d).
The standard reaction conditions were: purge gas = Ar, A = 360 nm, V| = 20 mL, reactor = SIR, catalyst = TiO, (PC500), T =19 °C, and cacp,0 =

860 uM.

higher than the ACP concentration. Presumably, the photo-
catalytic hydrogenation of ACP should start if the oxygen in the
reaction system is consumed. To validate the consumption of
O, in the reaction, another experiment with a non-inertised ACP
solution was performed. The sealed reactor was irradiated for
six hours and the ratio of N,/O, for air of 3.71 changed to 128
showing the consumption of O,. After six hours, the residual O,
concentration in the headspace was about 0.5 vol% indicating
that the consumption of oxygen needs a long time. For this
reason, it was decided to use argon in all subsequent
experiments.

The selectivity and yield of PE in photocatalytic ACP hydro-
genation were investigated using the SIR in combination with
various cut-off-filters (cutting wavelengths below 300 nm,
360 nm, and 395 nm) and for one experiment no filter was used
(Fig. 3). This experiment is focused on the optimal wavelength
range. With a 300 nm filter, a maximum yield of 82% after

© 2022 The Author(s). Published by the Royal Society of Chemistry

60 min was achieved but the selectivity was only 97%, whereas
100% selectivity with smaller yields of 69% and 9% were ob-
tained for 395 nm and 360 nm filters, respectively. The
conversion of ACP was complete after 60 min when no filter was
used but the resulting yield and selectivity were only at 61%.
With increasing threshold wavelength the available lamp
spectrum is limited and leads to lower yields which were also
reported in other publications.* In the HPLC chromatograms
of the experiments with the 300 nm filter and no filter, an
additional signal (Fig. S11) was visible which originates from
a side-product but remains unknown since its concentration in
the reaction solution was too low for purification and to conduct
a structural analysis by NMR spectroscopy. For a cut-off filter of
300 nm or higher, the yield was almost quantitative. To ensure
optimal selectivity while retaining a high activity, all further
experiments were conducted with the 360 nm filter.

RSC Adv, 2022, 12, 7055-7065 | 7059
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Fig. 7 Arrhenius plot of the photocatalytic hydrogenation of ACP.

Table 2 Reported activation energy values for the classic hydroge-
nation (CH), transfer hydrogenation (TH), and photocatalytic hydro-
genation (PH) of ACP

Pathway Catalyst Ex (k] mol™)

TH Mn-diamine complex®” 87

TH Rh-complex®® 64

CH Ni-B-P/SiO, (ref. 37) 51

CH Pd/Py-COF*® 51
Pd/Be-COF** 60

PH Au/CeO, (ref. 31) 44

TH Au/CeO, (ref. 31) 68

PH (this work) TiO, (PC500) 26

The type of reactor with its geometry and particular irradia-
tion concept can strongly influence the photocatalytic activity of
any photocatalytic reaction.”>*® Here, a SIR and a TIR were used,
which are shown in Fig. S2 and S3 in the ESIL.{ The different
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geometries result in two different concentration-time profiles
(Fig. 4), hereafter referred to only as concentration profiles,
although the same liquid phase volume, lamp source, catalyst,
reaction temperature, catalyst concentrations, and ACP
concentrations were used. The reaction performed in the SIR is
much faster than in the TIR, and the rate constants are k = 16.2
x 107® min~' for SIR and k = 6.2 x 10~° min~' for TIR,
respectively, which is a difference of 61%. The difference is
attributed to the variation of the optical path length, the inter-
facial differences and the phase media in the reactor configu-
rations. In the SIR, the light passes through a distance of 10 cm
before reaching the quartz glass window, which is in direct
contact with the liquid phase. In the TIR, the light has to cover
a shorter distance (1.5 cm) in the air before it reaches the quartz
glass window (@ 4 cm), but then has to pass the saturated vapor
phase (10 cm) before reaching the surface of the liquid phase. In
the vapor phase, adsorption and scattering can take place,
which is also an important cause for the lowered intensity. As
the light intensity depends on the distance between light source
and sample, the intensity in TIR is lower although the same
lamp was used. This comparison of photocatalytic reactors was
necessary because the experiments with the PCF can only be
performed in the TIR. This means that the suspended catalyst
experiments also have to be done in the TIR, in order to enable
a direct comparison. However, because of the faster reaction in
the SIR, the kinetic studies were done using this reactor.

3.2. TiO, screening for photocatalytic ACP hydrogenation

In previous publications on photocatalytic hydrogenation of
ACP, the most common commercial available TiO, modification
P25 was used. TiO, is an often investigated photocatalyst and is
commercially available in different modifications. Four TiO,
modifications (P25, P90, PC500, and PC105) were selected and
the reaction performance was investigated. The concentration
profiles are shown in Fig. 5a and b and are listed together with
the crystal phase ratios, crystallite sizes, and specific surface
areas in Table 1. When using PC105, the reaction rate constant
is significantly lower than for P25, P90, and PC500. The reaction
rate constant for P25 is slightly higher than P90. The reaction

200
a) b) ¢)
100
I+C' I+C'
pe
Y ACP+H; (+C) PE (+ C) ACP + EAtOH +C*

AH (kJ/mol)
1
2

-200 [+C PE + MeCHO (+ C)
E PE + acetone (+ C) 2
-300 " ACP + EtOH (+ C)
ACP +iPrOH (+ C)
-400

Fig. 8 Energy profiles of the classic hydrogenation (a), transfer hydrogenation (b) and photocatalytic hydrogenation (c) of ACP.
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Fig. 9 Concentration profiles of ACP and PE for suspended photo-
catalyst particles and as photocatalytic cellulose film (reaction
conditions: purge gas = Ar, T=19°C, A = 360 nm, V| = 20 mL, reactor
=TIR, cacp,0 = 860 uM, catalyst = TiO, (PC500)).

rate constant for PC500 is similar to P25. To find how the
activity depends on the characteristics of the photocatalyst, the
reaction rate constant was plotted against the crystallite size,
rutile ratio, and the BET surface in Fig. 5c and d. The rate
constant increases with decreasing particle size and increasing
BET surface, except the rate constant of P25. A greater surface
area means more trapping sites on the surface leading to
a higher number of active sites. The plot of the rate constant
against the rutile fraction should be not misinterpreted as an
increase of the rate constant in terms of the quantity of the
rutile fraction. Mixtures of rutile and anatase phases show
higher activities for photocatalytic reactions than single phase
modifications. Pure anatase has a higher adsorptive affinity to
organic compounds and higher rate of hole trapping and
therefore lower recombination rates than pure rutile.”>*”*® Both
attributes lead to a higher surface activity and then to a higher
photocatalytic activity. The smaller band gap of rutile extends
the adsorptive spectrum range to visible range, facilitating the
excitation of electrons. By interfacing these phases, the exited
electrons of the rutile phase can be trapped more effectively in
the anatase phase leading to a lower recombination rate.>” The
decisive factor for this synergy is the appropriate anatase-rutile
ratio. Though P25 has the largest crystallite size and the lowest
surface area, it shows the highest rate constant of all photo-
catalysts because it has the most optimal rutile-anatase ratio.
Despite its larger surface area, P90 is less efficient than P25
because of its smaller and therefore less optimal rutile fraction.
This leads to lower charge separation interfaces. PC500 has the
largest surface area and smallest particles enabling a higher
number of trapping sites on the surface and shorter pathways
for the charge carriers, which makes the charge recombination
less likely. PC105 performs much worse because the particle
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size is too large to benefit the higher surface reactivity because
of the longer pathway to the surface for the charge carriers. The
comparison of the reaction rate constants with the crystallite
sizes, specific surface areas, and the rutile fraction suggests that
a small crystallite size and an optimal rutile fraction as well as
a high surface are beneficial for the photocatalytic hydrogena-
tion of ACP. The comparison also shows that the activity of
a photocatalyst does not result only from a single property.
Moreover, it is a combination of different properties. For
example, if a TiO, photocatalyst has a less optimal rutile ratio it
can be compensated with a small crystallite size and a high
surface area. Since the reaction rate constants for PC500 and
P25 are very similar, PC500 was used for the following experi-
ments. This selection was also based on previous experience,
where PC500 showed a very good performance for photo-
catalytic hydrogen production as suspended photocatalyst* or
as photocatalytic film."

3.3. Kinetic studies

For the variation of the initial ACP concentration, the concen-
tration profiles of ACP were simultaneously fitted according to
the pseudo-first-order reaction rate law Fig. 6a with the reaction
rate constant k = 17 x 10~> min~". The fitting can also be done
by using the Langmuir-Hinshelwood equation as well with
minor differences in the kinetic parameters (see ESIf). During
the first minutes of irradiation (0-5 min) only small amounts of
ACP react, due to an induction period. The colour of the catalyst
turns from white blue (see Fig. S3b and ct). The blue colour
arises from trapped holes and electrons generating active
sites.”® Therefore, the fitting was started at ¢ = 5 min. In the
publication by Kohtani et al.,*® the concentration profiles were
evaluated according to a zero-order reaction rate law due to the
relatively high initial ACP concentrations of 1-20 mM, causing
saturation of active sites. For ACP concentration below 1 mM,
their concentration profiles show a transition from linear to
non-linear dependency, indicating first order behavior. Since
the concentration used in this work are also below 1 mM (0.2-
0.8 mM), the data was fitted using a first order rate law.

The reaction rate constants at different temperatures were
determined from the ACP concentration profiles Fig. 6¢c using
the first-order reaction rate law applying the software Berkeley
Madonna. The value of In(k) was plotted against 1/T to deter-
mine the apparent activation energy (Fig. 7). The apparent
activation energy for the photocatalytic hydrogenation of ACP is
Ea = 22 + 3 k] mol™'. The value obtained in this work is lower
than the activation energy for the hydrogenation of ACP re-
ported in the literature (Table 2) but within the same range. The
difference arises primarily from the hydrogenation type (i.e.
classic hydrogenation, transfer hydrogenation, and photo-
catalytic hydrogenation), and from the used catalyst. The use of
Au/CeO, for both transfer (68 k] mol ') and photocatalytic
hydrogenation (44 kJ mol ') shows how the light driven
mechanism reduces the activation energy.*® The activation
energies for the different types of hydrogenation reactions are
in certain ranges. The activation energy range of photocatalytic
hydrogenation (26-44 k] mol ') is significantly lower compared
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Fig. 10 Concentration profiles of ACP (a) and PE (b) for repeated use
of the PCF (reaction conditions: purge gas = Ar, T=19°C, 2 = 360 nm,
VL = 20 mL, reactor = TIR, cacp,o = 860 uM, catalyst = TiO, (PC500)).

to the reaction with molecular hydrogen (51-60 k] mol™") and
transfer hydrogenation (64-87 k] mol™"). The highest value of
the activation energy for each type of hydrogenation reaction
(Table 2) was used to draw the energy profile (Fig. 8, adapted
from Ravelli et al.*?). The energetic zero point was set to the
standard enthalpy of formation of ACP. The individual calcu-
lations are shown in ESI.{ The energy levels result from the used
hydrogen donors. The standard enthalpy of formation for ACP
is —142.5 k] mol * and for PE is —138.7 kJ mol *.**3* The
hydrogenation with molecular hydrogen and the transfer
hydrogenation with isopropanol are endothermic with reaction
enthalpies of 3.8 k] mol ™" and 71.4 k] mol ', respectively. The
measured activation energy of the photocatalytic hydrogenation
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is much lower than the other two types. The lower activation
energy can be explained by the activation of the photocatalyst by
light irradiation for which the energy level of the reactants is
increased. In addition, this leads to a reaction enthalpy of
—205.0 kJ mol . The irradiation of the photocatalytic system
changes the reaction from uphill (endothermic) to downhill
(exothermic) and exergonic (see ESIt). Through the provision of
the light in appropriate wavelengths the photocatalytic hydro-
genation runs even at low temperatures voluntarily as shown
Fig. 6¢c and d to emphasize the advantage of the photocatalytic
route operating at mild reaction conditions.

3.4. Testing and recycling of a photocatalyst cellulose film

For the photocatalytic hydrogenation of ACP with immobilized
TiO,, the PCF was fixed onto a Teflon substrate to prevent the
film from floating (see ESIt). The film was active and remained
intact during the reaction. In a previous work, the Pt@TiO,
(PC500) was immobilized by the same method and used for
photocatalytic hydrogen evolution but exfoliated due to strong
hydrogen evolution.*® A measurement of the composition of the
gas phase of the hydrogenation of ACP by gas chromatography
showed that only a negligible amount of hydrogen was formed.
To check if PE as the main reaction product adsorbs onto the
film, a cellulose film with a diameter of 2 cm was placed into the
PE solution (100 ppm, 10 mL), and the PE concentration before
and after showed that no significant adsorption of PE onto the
cellulose film occurred. The concentration profiles for the
immobilized and suspended TiO, photocatalysts are shown in
Fig. 9. From these data, the rate constant of the TiO, immobi-
lized on the PCF is found to be k = 3.9 x 10> min~' compared
to the rate constant of the dispersed TiO, of k = 6.2 X
10 min !, which is an activity loss of 37%. When a catalyst is
immobilized, the loss in activity compared to the suspended
photocatalyst is inevitable. In dispersed form, every TiO,
particle can take part in the reaction with its entire surface while
in the immobilized form only a fraction of the surface of the
immobilized particles can take part. Those are the particles on
and beneath the surface where the light can reach them. In
addition, the light has to pass through the liquid phase (0.5 cm)
before reaching the PCF, which lowers the light intensity even
more. The degree of the activity loss depends on the amount of
immobilized catalyst per area because the thickness of the
photocatalyst film grows with increasing photocatalyst amount.
Optimal use of an immobilized photocatalyst can only be ach-
ieved for a thin photocatalyst film, but not all films provide the
necessary stability. Drop coating with Nafion as a binder can
lead to stable films, but requires auxiliaries. Schroder et al.*
demonstrated the immobilization of carbon nitride as the
photocatalyst for hydrogen evolution. The suspended and
immobilized carbon nitride had a similar activity only if the
photocatalyst amount was sufficiently slow and the photo-
catalyst layer had a thickness of only 8-10 pm.** Here, the focus
was to manufacture a self-supporting PCF for a photocatalytic
organic synthesis reaction and to study its activity and selec-
tivity rather than optimizing the film thickness for optimum
photon usage. The use of cellulose as a cheap and green

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SEM images with top view of the surface (a), cross-section (b), cellulose-TiO, layers (c) and TiO, nanoparticles on an inner cellulose layer

at the breaking edge (d) of the PCF.

material allows the synthesis of photocatalyst cellulose films by
a simple preparation method.

After its first run, the PCF was recycled three times (Fig. 10).
The procedure of reuse of the PCF was very simple. The solution
was removed and PCF cleaned with EtOH. The PCF was dried
overnight between two Teflon discs to prevent the film from
shrinking. The dried PCF was then fixed onto the substrate
again and the experiment was repeated. The PCF shows no
damages after four runs (Fig. S51) which indicates no leaching
of particles and a good overall stability towards the reaction.
The rate constant determined from the first recycling run was k
= 3.3 x 10°° min ' and stayed almost constant for the
following recycling steps at k = 4.0 x 10 > min " and the last
recycling steps at k = 2.8 x 10~*> min~". For the whole process,
the activity was lowered by only 28% showing the good and
stable performance of the film. Another PCF was prepared with
the same diameter and irradiated in an ACP-solution (100 ppm)

© 2022 The Author(s). Published by the Royal Society of Chemistry

for 4 hours. The PCF mass remained constant, indicating
a negligible leaching of TiO, particles. The PCF is stable under
the reaction conditions, but disintegrates when sonicated in
ethanol. The latter could be used for the reuse of the catalyst
and cellulose material to prepare new PCFs.

3.5. Characterization of the photocatalytic cellulose film

The SEM images (Fig. 11) show the surface and the cross-section
of the PCF. The PCF consists of alternating layers of cellulose
and photocatalyst, whose wavy shape indicate the flexibility of
the film. The TiO, (PC500) particles are dispersed evenly
although some larger agglomerates are visible. The cellulose
layers have a porous structure consisting of cellulose fibers
agglomerated from cellulose nanoparticles which is favorable
for diffusive transport of molecules participating in the photo-
catalytic hydrogenation of ACP.
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A TEM image of the suspended cellulose taken before the
fabrication of the PCF is shown in Fig. S6.1 The particles at the
surface of the film are more enclosed by the cellulose fibers than
the particle at the surfaces of the layers within the film. The
particles within the film are embedded and attached tightly
onto the layers by the cellulose nanofibrils. The distance
between the layers is about 0.5-2 um and the PCF has a thick-
ness of 77 um. The thickness of the PCF especially causes the
activity loss of the photocatalytic hydrogenation of ACP
compared to the suspended catalyst because only a fraction of
particles are fully illuminated and can take part in the photo-
catalytic hydrogenation. Less influential is the agglomeration in
general and the enclosure of particles on the surface of the film
to the reduction of the activity. With these observations, it can
also be concluded that the light has to pass through the
uppermost cellulose-TiO, layers because otherwise, the activity
loss should be even greater. The use of cellulose provides
a green method to prepare photocatalyst films in addition, the
photocatalyst can be easily retained from the film. By treating
the PCF with a sulfuric acid solution (98%, Vsuituric acid/Vwater =
4/1), the cellulose dissolves and the photocatalyst particles can
be obtained by subsequent centrifugation (Fig. S71). The
successful immobilization of the TiO, photocatalyst is also
shown in XRD measurements. An XRD spectrum of a PCF with
TIO, is shown in our previous work."

4. Conclusions

For better separation of the photocatalyst and product after
photocatalytic reaction, a photocatalyst cellulose film was
manufactured, with TiO, as the photocatalyst. The film and
suspended TiO, photocatalyst particles were investigated for
the photocatalytic hydrogenation of ACP. With respect to
conversion and selectivity, the reaction has to be carried out
with wavelengths above 360 nm under argon atmosphere. The
activity, expressed by the pseudo 1st order reaction rate
constant, depends on reactor geometry as well as type (P25, P90,
PC 105, PC500) and state (immobilized/dispersed) of TiO,. The
best performance was obtained for P25 and PC500 particles
because they have similar reaction rate constants, although
their characteristics (e.g., composition and surface area) are very
different. The activity depends on an interplay of different
photocatalyst properties, and PC500 was chosen as photo-
catalyst for subsequent experiments. Kinetic studies with
varying initial concentrations of acetophenone and reaction
temperatures were performed. A reaction rate constant of k =17
x 107° min~' and an apparent activation energy of E, =
22 kJ mol ! were obtained. Compared to the literature, E, of
photocatalytic hydrogenation is lower than the activation
energy for transfer and conventional hydrogenation. The light
irradiation shift the system to a higher energy level turning the
endothermic reaction into an exothermic one, wherefore the
photocatalytic hydrogenation can be performed at lower
temperatures. As expected, the activity of the PCF was lower
than the dispersed photocatalyst. The activity loss is mainly due
to the thickness of the PCF, which adsorbs part of the incident
light and prevents the uniform illumination of deeper-lying
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TiO, particles of the PCF. This means that not all particles
can participate in the reaction to the same extent. The PCF can
be easily recycled with minor loss in activity, and the PC500 can
be easily retained from the PCF by acid treatment. In summary,
the study has shown that the photocatalytic hydrogenation of
ACP using ethanol combined with a cellulose-based immobili-
zation technique for easy catalyst recycling is a green reaction
protocol that should transferrable to other reactions. The film
preparation is fast and simple, and larger areas of a photo-
catalyst film is theoretically possible. Further, photocatalyst
immobilization is required for continuously operated photo-
catalytic reactions.
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