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In situ FTIR reactor for monitoring gas phase products during a
(photo)catalytic reaction in the liquid phase

Igor Telegeiev, Oumaima Thili, Adrien Lanel, Philippe Bazin, Yoann Levaque, Christian Fernandez,

Mohamad El-Roz*

Normandie Univ, Ensicaen, Unicaen, CNRS, Laboratoire Catalyse et Spectrochimie, 14000 Caen, France

ABSTRACT: Various catalytic and photocatalytic reactions in the liquid phase give rise to gas products. Therefore, the identification
and quantification of these products are of high importance and even essential for some reactions. In this communication, a new in
situ FTIR reactor is designed and used for analyzing the gas headspace of a (photo)catalytic reaction in solution. It allows the identi-
fication and quantification of the gas products of a liquid reaction under operating conditions and in real time. The new reactor has
been tested in three representative photocatalytic reactions widely studied as model reactions in the liquid phase, i.e., i) decomposition
of formic acid, ii) oxidation of Methylene Blue and iii) reduction of CO,. The validity of the results has been confirmed by analyzing
the headspace at the end of the reaction using GC. The new reactor opens the possibility to follow on-line the (photo)catalyst activity.
This is useful for ensuring the stability of the catalyst and studying the evolution of the selectivity during the reaction. The non-
destructive behavior of the FTIR technique allows its coupling with other techniques for obtaining complementary results. The new
reactor setup is easy to handle, to ship, and is very efficient which make it very suitable for performing fast and/or preliminary studies.

INTRODUCTION

An increasing attention has been recently given to the liquid
phase photocatalytic and catalytic reactions. Many of these sys-
tems include a solid-liquid interface or solid-liquid-gas inter-
faces that give rise to gas products. These heterogeneous cata-
lyzed multi-phase systems are commonly found in CO, photo-
reduction,' water splitting,*” and other processes for total oxi-
dation and/or transformation of hazardous chemical wastes for
water purification.®!° In addition, the conversion of biomass,
aerobic fermentation and selective aerobic oxidation become of
high importance in solid-liquid-gas reactions.'"'? Therefore, the
development of techniques able to monitor the gas phase prod-
ucts of heterogeneous liquid reactions under working condi-
tions is highly desirable.!315

Off-line analytical techniques, such as gas chromatography
(GC) and mass spectrometry (MS) are conventionally, used for
analyzing and quantifying the effluent gas products. In such a
procedure, the analyzed samples have to be taken from the re-
action medium and studied separately or with an on-line ana-
lyzer. Nevertheless, GC-MS analysis is rather expensive and a
time-consuming process.

In situ FTIR spectroscopy found to be very attractive for an-
alyzing gas phase products of solid-gas catalytic reactions.'¢'®
In the transmission mode, it gives a quantitative information on
the evolution of the gas phase products in real time. The non-
destructive behavior of the FTIR technique allows its coupling
with other analytic techniques.'*?!

However, up to date, the use of the in sifu mode FTIR tech-
nique is mainly limited to the solid/gas phase reactions and/or
for monitoring the adsorbed species on the photocatalytic sur-
face.?>?* Herein, we report a new in situ FTIR reactor for a real-
time analysis of the gas products during a liquid photocatalytic
reaction, under operating conditions. It is mainly dedicated for

the studies of homogeneous and heterogeneous catalytic and
photocatalytic reactions of gas and liquid dissolved reactants.
The new reactor (Scheme 1) is compact and easily detachable
(easy to be cleaned and installed). It is sealed and offers the pos-
sibility to work under control atmosphere and at a relatively
high pressure (from atmospheric pressure up to 5 bars). The new
in situ reactor can be used in batch with the possibility to be
used as a flow reactor. Its configuration fits well for studying
photocatalytic and thermal catalytic reaction under soft condi-
tions (298 to 353 K; depending of the reaction medium). The
universal connectors (inlet and outlet) used in the fabrication of
the reactor offers the possibility to add different accessories
(e.g., gas trap at controlled temperature; vacuum connector; in-
let and outlet gas connectors, etc.).

In this work, three well-known photocatalytic reactions have
been performed to highlight the performance and the main ad-
vantages of the new setup: i) photocatalytic decomposition of
formic acid on TiO,; ii) photodegradation of Methylene Blue on
TiO,; iii) and CO, photoreduction on Re(bpy)(CO);Cl. After
the calibration of the reactor with the possible gas products, the
concentration profiles obtained by FTIR spectroscopy were
compared and confirmed by single point off-line GC analysis at
the end of the reaction. The error has been calculated by per-
forming each reaction at least twice.

2. EXPERIMENTAL
2.1 In situ FTIR reactor

The new reactor is presented in Scheme 1 and Scheme S1 in
the real dimensions. The reactor is made from glass and
equipped with two gas inlet and outlet, perpendicular to the
tubes ensuring the FTIR beam pathway through CaF, windows.
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The FTIR tubes are slightly tilted to prevent the solvent conden-
sation and accumulation. The UV-visible irradiation is ensured
from the top through a removable quartz window. The quartz
and CaF, widows are attached to the reactor with screw fittings
and the tightness is obtained by adapted Teflon O-rings. The
total internal volume of the reactor is 160 = 5 mL and can be
filled with 10 to 50 mL of the solution. The design allowed an
easy opening and closing of the reactor, therefore, an easy clean
after each experiment. The purge of the reactor is ensured by
the mass flow controller system. The system allows operating
as a batch or a continuous flow reactor due to its different pos-
sible accessories that can be connected to the reactor (Scheme
S1). It should be noted that many optimization and reactors have
been made before obtaining the final design presented here.
This design solves the problem previously encountered and re-
lated with the sealing, condensation of the solvent, deformation
of the O-ring (when organic solvents, e.g. acetonitrile, are
used), irradiation reproducibility, etc.

In this study, the UV-visible irradiation was carried out using
a UV-light guide (A10014-50-0110) mounted at the top of the
IR cell and connected to a polychromatic light of Xe-Hg lamp
(for UV irradiation) or Xe lamp (for visible irradiation) (LC8
spot light Hamamatsu, L10852, 200 W). Monochromatic irra-
diation was performed by using a band pass filter at 365 nm
(irradiance around 15 mW/cm?) or pass high filter for A>390
nm (irradiance around 20 mW/cm?).

All IR spectrum measurements with the in situ FTIR reactor
were monitored in real time with 2 to 5 min/spectrum of time
resolution. IR spectra of the reactor headspace were recorded
using Nicolet 6700 IR spectrometer (Thermo Fisher Scientific)
equipped with an MCT detector.

In the batch configuration, the cell can be heated at the de-
sired temperature (298 to 353 K) with a removable resistance
and the temperature is controlled by a thermocouple (inserted
via a septum). All photocatalytic tests presented in this work
were performed at room temperature (298-303 K).
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Scheme 1. (A) The new in situ FTIR reactor used in this work
for monitoring the gas headspace of a photocatalytic reaction in
the liquid phase. (B) Industrial scheme of the reactor from the
side view:(1) quartz window; (2) quartz window screw; (3)
plastic-ring fitting of the quartz window; (4) Inox O-ring holder;
(5) O-ring; (6) Screws of the CaF, IR windows; (7) CaF, IR
windows; (8) Teflon O-ring; (9) IR beam pathway; (10) Gas in-
let/outlet of the reactor. More details on the reactor and the re-
actor’s accessories are reported in Scheme S1 in the supporting
information.

2.2 Gas chromatographic analysis GC

Off-line GC analysis of H,, CO, and CO were conducted us-
ing Thermo Scientific Trace 1310 with a Thermal conductivity
detector (GC-TCD for TRACE 1300 GC Series, Thermo Scien-
tific), and equipped with a MolSive5 A column (30 m x 0.53
mm, 50 um). For this purpose, injections (1 mL) of gas head-
space were made in the GC and the resulting peak areas were
converted into concentrations by using a calibration with the
corresponding standard gases (operating conditions: carrier gas,
He (for H, and CO) and N, for CO»; split flow rate = 60
mL/min; split ratio= 1/12; inlet temperature = 423 K; column
temperature 393 K (for H, and CO) and 523 K (for COy)).

2.3 Materials

The following chemicals were obtained from commercial
sources (Sigma Aldrich) and used without further purification:
2,2'-Bipyridine(bpy), pentacarbonyl-chlororhenium(I), Formic
acid (HCOOH, <98% purity), Acetonitrile (ACN, 99.8% pu-
rity), Triethanolamine (TEOA, >99.0% purity), and Methylene
Blue (MB, >95% purity).

The photocatalytic decomposition of formic acid (FAc) and
the photodegradation of MB were performed by using the com-
mercially available TiO, P25 as photocatalyst (Evonik P25, 51
m?/g).

The CO, photoreduction was performed on a well-known
Re(bpy)(CO);Cl (bpy = 2,2"-bipyridine) photocatalyst. It was
synthesized according to the literature.’** Three different
batches were prepared for the current experiments. Briefly, in a
100 mL round-bottom flask, Re(CO)sCl (0.50 g, 1.35 mmol),
2,2"-bipyridine (0.21 g, 1.35 mmol), and toluene (50 mL) were
added together, and the resultant reaction mixture was heated
under refluxing conditions for 5 h. Upon cooling, the product
was filtered under vacuum, and rinsed with cold toluene. 'H
NMR (3, 400 MHz, DMSO-d6): 9.01 (d, 'H), 8.75 (d, 'H),
8.35(t, 'H), 7.77(t, 'H).

2.4. Conditions of the photocatalytic tests using the new
FTIR in situ reactor

In this work, the reactor was used in agitated slurry mode
where the catalyst was already dispersed as detailed below for
the different photocatalytic tests performed in this study.

Anaerobic photocatalytic decomposition of Formic acid

A typical experiment for the batch operation mode of in situ
reactor was performed as follows: 20 mg of TiO, P25 were dis-
persed in 10 mL of acetonitrile (AcN) or water with 1 mM of
formic acid. The reaction mixture was sonicated for 30 minutes.
Afterward, the mixture was bubbled with argon for 30 min to
ensure an inert atmosphere. The monochromatic irradiation (at
365 nm) of the samples were performed. IR spectra of the reac-
tor headspace were recorded using Nicolet 6700 IR spectrome-
ter (Thermo Fisher Scientific) equipped with an MCT detector.
The spectra were recorded at 128 scans with a spectral resolu-
tion of 4 cm™' and a time resolution of 2 min/spectrum. After 15
h of irradiation, the reaction is stopped, and an injection of the
gases produced in the reactor is taken and injected in the GC to
determine the concentrations of hydrogen and for a double
check of the CO, and CO produced during the reaction. The ex-
periments were repeated three times and the error was estimated
to 10%.

Photodegradation of Methylene Blue (MB)



50 mg of TiO, (P25) was dispersed in 50 mL of distilled wa-
ter (pH~6) containing 0.2 mM of MB. The reaction mixture was
kept in dark for a given time (15-30 min) and sonicated for 30
minutes to obtain a homogeneous suspension of TiO,. Then, the
mixture was agitated during 1h by a magnetic stirrer before ir-
radiation in order to ensure the adsorption—desorption equilib-
rium. The samples were then irradiated with a Xe-Hg lamp
(with a 365 nm pass filter; 15 mW/cm?). 2 mL aliquots were
taken and filtered, to remove the solid particles, at different re-
action time and analyzed by transmission UV—vis spectroscopy
(Cray 4000 UV—vis spectrophotometer) using a quartz cuvette
of 1 cm of path length. The concentration of MB was measured
by using the absorbance of the characteristic bands at 661 nm
and at 293 nm. The gas headspace of the reaction was analyzed
using FTIR with the same condition and parameter mentioned
above.

Photocatalytic reduction of CO;

The photocatalytic CO, reduction was tested in the new in
situ reactor using Re(bpy)(CO);Cl (1 mM) as a photocatalyst,
in presence of TEOA (0.1 M) as electron donor dissolved in
AcN/H,0O mixture (10/1.8 mL). The solution was sonicated for
30 min at room temperature and bubbled with argon and then
with CO, for 30 min with a flow rate of 20 mL/min. As a light
source, Xe-lamp (LC8 Hamamatsu, 200 W) with pass-high fil-
ter at 390 nm was used. The headspace of the reaction was an-
alyzed using FTIR with the same condition and parameter men-
tioned above. At the end of the reaction, the headspace products
were analyzed and measured by gas chromatography as detailed
previously.

RESULTS AND DISCUSSION

Calibration of the reactor with CO;, CO and H;. CO, CO,,
and H, are the main products investigated from the photocata-
lytic tests performed in this work. In general, CO and CO, are
very often the final products of the CO, photoreduction (in the
liquid phase) and photocatalytic purification of water. There-
fore, the quantitative analysis of these gases in real time is of a
high importance. In some reactions, H, is also present as a co-
product (with others such as CO, and CO) especially for CO»
photoreduction and photocatalytic decomposition of some
products as formic acid. Since H, is not detectable by IR, its
calibration was only performed by the GC. Consequently, for
some experiments realized in this work, the FTIR and GC tech-
niques are complementary, and allowed confirming the results
obtained by IR.

The gas calibrations were performed in flow mode and the IR
reactor was connected to gas lines with gas mixing devices and
mass flow controllers. The evolution of the GC bands and IR
bands intensity of CO and CO, versus their concentrations in
the gas phase are presented in Figure 1 (Ar was used as a carrier
gas). For H, the results are reported in the supplementary infor-
mation (Figure S1). More details on the IR spectra resolution
and on the GC analysis are detailed in the experimental section.
Linear evolution of the IR and GC signal can be observed for
different products, with an error lower than 10% and “R” values
higher than 0.98. This is comparable with the error obtained by
the GC technique with an error value around 15%. It also con-
firms the reactor sealing which is also proved by the stability of
the intensity of the corresponding IR bands during more than
two hours at a given concentration in a batch mode. The deter-
mined equation between the concentration, the IR band area and

GC peak intensity is then used for calculating the amount of the
detectable gas products of our photocatalytic tests performed
with this reactor under similar conditions.
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Figure 1. CO (I-a) and CO, (II-a) calibration curves as determined
by GC (circle; left scale) and FTIR (square; right scale) for the new
in situ reactor. (b) and (c) are the corresponding GC peaks and char-
acteristic IR bands of the CO (I) and CO, (II) in Ar vs. concentra-
tion, respectively. GC parameters: (I) column: MolSive5 A; inlet
temperature = 423 K; column temperature: 393 K (for H, and CO)
and 523 K (for COy); carrier gas: He (for CO) and N, (for COy);
split flow rate = 60 mL/min; split ratio= 1/12; injected volume:
I mL.

Photocatalytic tests

Photocatalytic decomposition of Formic acid (FAc)
on Ti0O,. The dehydrogenation of FAc (Scheme 2-1) offers an
efficient route for hydrogen generation and storage (in a chem-
ical form) and thus attracts tremendous interest lately.?%34 Nev-
ertheless, the dehydration of the FAc during its catalytic decom-
position must be avoided to prevent the catalyst poisoning by
CO in the fuel cells (Scheme 2-2). Civis el al. already studied
this reaction using ex-situ FTIR spectroscopy. CO, and CO
were detected as final products.®® In this work, in situ FTIR re-
actor was used to monitor the CO, and CO production during
the photocatalytic decomposition of formic acid on TiO»-P25.
Figure 2 demonstrates the evolution of the CO, and CO versus
the irradiation time. The formation of the CO, is mainly related
to the production of hydrogen while the CO is the product of
the dehydration of formic acid.

HCOOH > CO>+H, (1)
HCOOH-> CO+ H0 (2)

Scheme 2. The two possible pathways of the photocatalytic de-
composition of formic acid under anaerobic condition: (1) de-
hydrogenation and (2) dehydration.
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Figure 2. (A) Evolution of the CO; (a) and CO (b) versus the time (in mmol per gram of photocatalyst) during the photocatalytic decompo-
sition of HCOOH in water over TiO»-P25 under monochromatic UV irradiation (at 365 nm; 15 mW/cm?). The amount was calculated by the
integration of (B) the characteristic CO, and (C) CO IR bands area basing on the calibration curves (error=~10%). Time resolution= 2
min/spectrum; Reaction condition: [HCOOH]= 1 mM; Total volume = 10 mL; mrioo= 20 mg; Irradiance=15 mW/cm?; Temperature=298-
303 K; Ar atmosphere.

The quantity of headspace gas products obtained by in situ
FTIR is confirmed by the GC analysis performed at the end of

the reaction. The similar amount of CO, and CO detected by (A) 20 -

FTIR and GC analyses (Figure 3 (A)), demonstrate the credibil-

ity of the in situ FTIR technique used in this work. In addition, . 16 1
the amount of H, is very close to that of produced CO, which is %”

in agreement with the decomposition reaction. The selectivity € 12 4
of the dehydrogenation process (based on CO, vs CO selectiv- %

ity) was found to be equal to 81 £15% (after 15h of the reac- 3 8
tion). Following the evolution of CO, and CO in real time dur- 2

ing the reaction allows determining instantly the selectivity of 4 |
the reaction as presented in Figure 3(B). A decrease of the se-

lectivity for the photocatalytic dehydrogenation process with 0
the time can be clearly observed. The selectivity is of 78% after o2 H2 co
15 h of reaction in agreement with the value found by GC. The (B)
decrease of the CO, selectivity can probably be assigned to the 33

increase of the reaction pH due to formic acid conversion. This
change in the selectivity is not important (only 5 %) to be de-
tected by the off-line analytic techniques. In order to exclude
the presence of the CO, of the atmosphere, the experiment was
reproduced under the same conditions using H'*COOH isotope.
The results demonstrate the selective formation of *CO, (Fig-
ure S2).
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Figure 3. (A) CO,, H, and CO amount determined by GC after 15
h of irradiation. (B) evolution of the dehydrogenation selectivity
versus the irradiation time.



The same reaction has been performed under polychromatic
UV-irradiation (irradiance = 205 mW/cm?) for 2 hours and then
the irradiation was stopped suddenly for more than 16 h. The in
situ FTIR analysis demonstrates an important and linear in-
crease of the CO, under irradiation (Figure S3). However, no
evolution of the CO, was observed in dark demonstrating the
photocatalytic behavior of the reaction. The high stability of the
IR band intensity of CO, (for more than 16 hours) demonstrates
the good sealing of the reactor for a relatively long-time reac-
tion (more than 24 hours for the reaction in aqueous solutions).
This sealing is important for a rigorous quantification of the
products, and, furthermore, for the stability of the catalyst in
case of sensitivity toward O, or other atmospheric gases.

Photodegradation of Methylene Blue on TiO, Dyes and
other organic compounds are the major pollutants of water and
coming mainly from industries. These water pollutants pose en-
vironmental hazards to human, aquatic animals and microor-
ganisms. Advanced oxidation processes (AOP) are usually used
for waste water purification. Among the AOP methods, hetero-
geneous photocatalysis appears as an emerging destructive
technology leading to the total mineralization of most of the or-
ganic pollutants in wastewater.***® Methylene Blue is one of the
mostly used as a dye model for studying the photocatalytic ac-
tivity of dyes photodegradation.*** This is revealed by more
than hundreds of papers published each year on the photocata-
lytic degradation of Methylene Blue (Figure S4). In general,
different experimental techniques are used for both qualitative
and quantitative analyses of dyes. Among these techniques, the
UV-visible spectroscopy is the mostly used due to the high ab-
sorbance of dyes in the visible range. Therefore, the degradation
of these hazardous compounds is studied by following their ab-
sorbance bands. However, the decrease of the characteristic ab-
sorbance bands cannot be used as a prove for a total degradation
and/or oxidation (conversion to CO,). Consequently, the new in
situ FTIR reactor is very appropriate and convenient for ensur-
ing the total photooxidation of the hazardous compounds or not.

The photodegradation of MB on TiO,-P25 has been studied
as detailed in the experimental section. The evolution of the MB
photodegradation was investigated by UV-visible spectroscopy
and the results are reported in Figure 4A. The degradation of
the MB was calculated using the intensities of its characteristic
absorbance bands at 661 nm and 293 nm (inset Figure 4A).*! A
total discoloration of the solution can be observed after only 40
min of monochromatic irradiation at 365 nm of TiO,-P25 sus-
pension. However, the FTIR results (Figure 4B) shows a linear
increase of the CO; until 125 min. This mean after 85 min of
the total discoloration of MB. After that a plateau is observed
and a total oxidation of MB can be expected. N.B. for confirm-
ing this hypothesis, a determination of total organic carbon con-
tent (TOC) in the MB solution is required. Furthermore, the rate
of the CO, production is slower than that of the MB degrada-
tion. This is probably assigned to the formation of sub-products
undetectable by UV where their oxidation is relatively slow. In
conclusion, the in situ FTIR was crucial to investigate the pos-
sible complete photooxidation. Following the photodegradation
based only on the UV-visible spectra is unfortunately not
enough for proving the total depollution of water.
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Figure 4. (A) The evolution of the photocatalytic degradation of
MB on TiO,-P25 versus the irradiation time. Inset: the correspond-
ing samples and their UV-visible spectra. (B) The evolution of the
COs in the gas headspace. Inset: the FTIR spectra of the headspace
in the vibration region of CO; at different irradiation time. Reaction
conditions: mrioy= 50 mg; Vyaer= 50 mL; [MB]= 0.2 mM; Lamp
Xg-Xe; A=365 nm; irradiance= 15 mW/cm?.

CO; photoreduction on Re(bpy)(CO);Cl. The photocatalytic
reduction of carbon dioxide has attracted great attention during
the last years. It is an important component of artificial photo-
synthesis, prompted by the concerns of increasing concentra-
tions of this greenhouse gas in the atmosphere.** Valuable gas
and volatile organic compounds such as CO, CH;OH, CHa,
C,H,, etc., are detected as main products of the (photo/electro)
catalytic reduction of CO,.** Among the catalysts for CO; re-
duction, Re(bpy)(CO);Cl (1, bpy = 2,2'-bipyridine) and its de-
rivatives have been recognized as being very active and selec-
tive for the reduction of CO, to CO.*? In our study,
Re(bpy)(CO)sCl is selected as photocatalyst to monitor the pro-
duction of CO by in situ FTIR during the CO, photoreduction
under similar conditions reported above in the literature (see the
experimental section).

The results are presented in Figure 5. A linear increase of the
CO amount versus the visible irradiation time can be observed
(Figure 5A-B). The GC analysis of the headspace gas products
after 12h of irradiation agrees with the quantity detected by the
in situ FTIR for the same time of irradiation (Figure 5C). The
increase of the CO production demonstrates that there is no de-
activation of the photocatalyst even after 12h of reaction. There-
fore, once again the new in situ FTIR can clearly serves to such
kind of reaction. It allows not only following the kinetic of the
CO production (and other gas or VOC) with high precision and
simplicity, but also monitoring the stability of the photocatalyst
along the reaction.
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Figure 5. (A) Evolution of the CO gas production versus the visible irradiation time using Re(bpy)(CO);Cl as photocatalyst. (B) Evolution
of the CO IR bands during the reaction (time resolution = 5 min/spectrum). (C) Amount of the CO produced after 12 h of the photocatalytic
reaction as determined by in situ FTIR and by GC analysis of the gas headspace. Reaction conditions: 10 mL of ACN; 1.8 mL of H,O;
[Re(bpy)(CO);Cl] = 1 mM; [TEOA]= 0.1 M; bubbled with CO, for 30 min with a flow rate of 20 mL/min. Irradiance= UV-Vis irradiation

(at 390 nm); room temperature; under Ar atmosphere.

CONCLUSION

In this work, we have developed and tested a new in situ FTIR
reactor for monitoring the gas headspace of a liquid reaction.
This reactor can be very useful for studying homogeneous and
heterogenous catalytic and photocatalytic reactions, performed
at relatively low temperatures and giving rise to gaseous prod-
ucts detectable by FTIR. The new reactor has been tested in
three different model reactions widely studied in photocataly-
sis: photocatalytic decomposition of Formic acid, photodegra-
dation of Methylene Blue and CO, photoreduction. It allowed a
real time monitoring of the CO, and CO produced from these
reactions and gave rise to quantitative results with high preci-
sion. The reproducibility of the experiments was tested and er-
rors were estimated to be lower than 10%. The results were con-
firmed by gas chromatography. For the formic acid, a low de-
crease of the selectivity (of about 5%) with time was observed
and assigned to pH modification due to FAc decomposition.
The non-significant modification of the selectivity makes chal-
lenging its observation by ex-situ analysis. For Methylene Blue,
the in situ FTIR shows that the total oxidation is 3 times slower
than MB degradation. Moreover, the photocatalyst is not deac-
tivated during CO, photoreduction as a linear increase is ob-
served during the reaction (12h). The new setup is easy to han-
dle, to ship, and is very efficient which makes it very suitable
for performing fast and/or preliminary studies.

ASSOCIATED CONTENT

Supporting Information

The following data are available free of charge on the ACS Publi-
cations website as Supporting Information: The FTIR setup used

for monitoring the gas headspace of a photocatalytic reaction in lig-
uid phase. The picture of the reactor and its available and remova-
ble accessories. The calibration curves of Hz as determined by GC
using the new in situ reactor. The IR spectra in the region of the
CO, vibration of gas headspace of the H'>COOH and H'*COOH
after UV-irradiation in presence of TiO2 P25. The evolution of the
amount of the CO2 produced during the photocatalytic dehydro-
genation of formic acid on TiOz under polychromatic UV irradia-
tion and in dark. Number of papers appeared per year concerning
the photocatalytic degradation of Methylene Blue. Source: web of
knowledge.
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