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Abstract
The present study aims at developing a photocatalytic mesofluidic reactor for the continuous treatment of liquid effluents. The main
idea to reach this objective is to deposit TiO2 thin films onto the inner walls of the fluidic reactor by using a sol-gel process. Glass
and PFA (perfluoroalkoxy alkane polymer) are selected as construction materials for the fluidic reactor prototypes. In a first time, the
operational conditions leading to a sufficient photocatalytic activity for methylene blue degradation are determined for TiO2 thin films
deposited onto glass substrates through dip coating. The best photocatalytic activity is obtained for glass samples coated according to a
procedure involving a withdrawing speed of the dipcoater of 60 mm min-1, a calcination temperature of 500 °C and a sol doped with
10 wt% of commercial TiO2 (Evonik P25). Next, to transpose this method to PFA substrates, it is slightly altered to take the specific
TiO2-PFA adhesion requirements and the maximum temperature for PFA into account. Photocatalytic activity of the films is studied
for the degradation of methylene blue in a batch reactor, as well as in a mesofluidic falling-film reactor. The deposition method onto
PFA flat substrates is finally adapted to PFA capillaries. ESEM analysis reveals the presence of TiO2 on the inner walls of the capillaries
and the methylene blue degradation tests shows their good photocatalytic activity. Thus the feasibility of deposing a photo-active TiO2film on the inner PFA walls of a mesofluidic capillary reactor by the sol-gel process for the degradation of methylene blue is proved.
Keywords: Photocatalysis; TiO2; Sol-Gel; Fluidic Reactor; Liquid Effluent Treatment

Introduction
Environmental pollution has become a critical issue for our society. In the case of water pollution, advanced oxidation processes
(AOP) has been investigated to remove the pollutants from water and to degrade and mineralize aqueous recalcitrant organic
pollutants [1-5]. Heterogeneous semiconductor photocatalysis was proven to be a promising technology for the total mineralization
of most organic pollutants by using natural or artificial light [6]. The most frequently used semiconductor is titanium dioxide, TiO2,
due to its high oxidative potential, chemical stability, availability and its relatively low price [7]. In recent years, the sol–gel method
has become an interesting approach for the synthesis of pure and modified TiO2 based materials with controlled nanostructures
and surface properties [8-12].
Because TiO2 is sensitive to only UV-visible light, the penetration of light within the reaction medium has to be maximized to
improve the photocatalytic degradation of pollutants. This is the main problem of batch reactor commonly used for photocatalytic
degradation reactions.
The use of fluidic reactor is a promising alternative to batch reactor [13-16], especially in photochemistry. Indeed, it allows
combining the advantages of photochemistry and eliminating the problems related to the use of batch reactors, i.e. the low
penetration of light within the reaction medium, gas-liquid mass transfer, solubility of oxygen in solution, and the transient nature
of singlet oxygen, thus imposing long irradiation/reaction times, consequent energy input for active mixing and large excess of
oxygen. Photochemistry in continuous-flow microreactors is now widely recognized as an enabling combination [17], providing
major process assets arising from a much improved light penetration and accurate control of irradiation time, high mass and heat
transfer, safe and efficient handling of transient species, and seamless scalability [18-22]. Numerous studies have already been
performed [17,23-28]. This is especially interesting if the catalyst is in solid form and fixed on the walls of the micro-pipes, avoiding
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separation steps that are necessary when the catalyst is dispersed as a powder in the reaction volume, as it is generally in traditional
batch reactors [28].
Several studies have already been carried out to immobilize TiO2 on the inner walls of different microreactor supports [29]. Most
of them concern the deposition of TiO2 in engraved microreactors [30-32]. Modelling and dynamic simulation of nanoparticle
formation have shown the evolution of the solvent inside the droplet and the variation of particle size [32]. Electrochemical
oxidation techniques of a titanium substrate have been tested to immobilize TiO2 in a microreactor fabricated on a metal-titanium
foil, in a two-steps process including an anodization and a hydrothermal treatment [33]. Rebrov et al. have synthesized a dopedTiO2 film on the inner walls of a silica capillary [34]. Concerning coating of polymers capillaries, more particularly PFA capillaries,
several studies have been conducted on capillaries of different internal diameters. Immobilization of the photocatalyst has been
performed from an aqueous suspension of TiO2 particles with different concentrations, and the degradation of phenol has been
studied [35,36]. The use of photocatalyst slurry in centimeter scale reactors rather than microreactors to combine advantages of
high surface area, sufficient illumination and high-throughput without clogging, has also been highlighted by Heggo et al. More
recently, commercial ZnO nanoparticles have been deposited in the inner wall of a fluoropolymer using a low energy ultrasound
bath under mild conditions and used for selective conversion of aromatic alcohols to aldehydes [37].
The objective of this work is to provide simple solutions for the construction of affordable efficient photocatalytic flow device
with heterogeneisation of TiO2 on the inner wall of the fluidic device for the photocatalytic treatment of aqueous effluents. To
achieve this goal, TiO2 must be immobilized on the inner walls of the reactor. Different materials were considered as support
for the coating: glass and perfluorinated polymer (PFA). The ultimate goal of this work is to be able to coat a PFA capillary with
a photocatalytic layer. Indeed, this material is well adapted for the intended application since it is flexible, and therefore easily
wrapped around a light source, UV-transparent, resistant to a wide variety of organic compounds and operational conditions,
and economically affordable. In contrast to other previous studies, the deposition of TiO2 is performed by the sol-gel process in
this work. Once the catalyst has been deposited, its photocatalytic activity is tested for degradation of a model pollutant which is
methylene blue (MB).

Experiments
TiO2 Thin Film on Glass Substrate
Synthesis and Characterization of Undoped TiO2 Catalysts: The first series of films is made from a sol prepared according to a
method proposed by Páez et al. [38]. Subsequently, this sol is called “sol I”. A first solution is obtained by adding 38 mL of titanium
(IV) tetraisopropoxide (TIPT, ≥ 97%, Aldrich) to 206 mL of 2-methoxyethanol (≥ 99.5%, Merck). A second solution is obtained by
adding 5.2 mL of deionized water to 206 mL 2-methoxyethanol. Both solutions are stirred for 1 h at room temperature. Then, 25
mL of the water-containing solution is added to 25 mL of the solution containing the TIPT. The sol is then stirred for 30 minutes
at room temperature before being used for deposition.
Thin films of TiO2 are deposited by dip-coating (Dip-coater KSV-DC, KSV Instrument) in the sol synthesized as described just
above on glass slices without alkalis since it has been shown by Malengreaux et al. that thin films of TiO2 deposited on such
substrates exhibit an activity unlike to films deposited on soda-lime glass [39,40]. Furthermore, the high superhydrophilicity of the
TiO2 photocatalyst allows the formation of a stable homogeneous falling liquid along the glass sheets [3].
Three layers are deposited by dip-coating on each sample with a withdrawing speed equal to 60 or 200 mm min-1. Each layer is
dried for 1 h at 150 °C. Then calcination for 1 hour in air at 500 °C with a temperature ramp of 10 °C min-1 is performed. Both sides
of the glass slices are covered with a thin film and the total area of the film is 27.5×10-4 m². The thickness and roughness of the films
are measured by profilometry (Veeco, Dektak 8 Stylus Profiler).
Absorbance spectra are determined by spectrophotometry (Thermo Scientific Genesys 10S UV-Vis Spectrophotometer) in the region of 200 to 900 nm, with a pitch of 1 nm. The crystalline structure of TiO2 films is studied by grazing incidence X-ray diffraction.
The diffractometer (Bruker D8) uses copper Kα ray and operates at 40 kV and 40 mA at an incidence angle of 0.3o.
Synthesis and Characterization of TiO2 Catalysts Doped with P25: In order to get a crystalline phase without any high temperature calcination step, the synthesized catalyst is doped with a commercial TiO2: the Evonik P25 [40]. By doping the sol with P25,
the crystalline phase of P25 should improve the catalytic activity.
Therefore a second set of films is prepared by modifying sol I. The sol used here (called sol II) is prepared according to the same
synthesis method as sol I, but 10% wt of P25 is added to the solution. For the synthesis of sol II, the procedure followed for the
preparation of the two starting solutions is identical to that of sol I. Next, 0.1 g of P25 is added to 25 ml of the titanium tetraisopropoxide solution (TIPT) and 2-methoxyethanol. Thus, P25 and TiO2 solution are in a mass ratio of 10%. This mixture is left for
1 h in an ultrasonic bath and is then stirred for 24 h at 60 °C. Finally, in the same way as for sol I, 25 mL of the solution containing water and 25 mL of the solution containing TIPT and P25 are mixed and stirred for 30 min before use. The films are deposited according to the same protocol as for sol I.
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An additional sample is synthesized, following the same coating procedure, but with a calcination step at 230 °C instead of 500 °C,
in order to get synthesis conditions as similar as possible to the conditions used later with the PFA since it does not support high
temperature calcination.
As for the first set of samples, the thickness and roughness of films are measured with a profilometer, the absorbance spectra are
determined by spectrophotometry and the crystalline structure of TiO2 films is studied by grazing incidence X-ray diffraction.

Design of a Photocatalytic Reactor for Continuous MB Degradation Measurements
The MB (methylene blue) concentration of the solution to be degraded is 1.1×10-5 M. 60 mL are placed into a tube with a capacity of
100 mL and shaked thanks to a magnetic stirring bar. A Xenophot lamp (Xenophot, HLX 64625, 12 V, 100 W, Osram) which radiates
mainly in the visible range (emission spectrum presented in Figure 1) is inserted in a double-shell pyrex tube that allows the lamp to
be cooled. Tubes containing the solution and the lamp are both immersed in a thermostatically controlled tank at 18 °C. The tank is
covered with an aluminum sheet in order to isolate the reaction medium from the room light. The spectrophotometer quartz cell is
connected (input and output) to the reactor and a peristaltic pump allows to continuously withdraw the solution from the reaction
medium and to continuously reject it after passing through the cell. The cell remains fixed in the spectrophotometer for the duration
of the experiment and the absorbance measurements are performed every 15 seconds. The assembly is shown in Figure 1.

Figure 1: Emission Spectrum of the Xenophot Lamp, Compared to an Halogen Lamp

A calibration curve has to be established using several solutions of different MB concentrations precisely known. In the degradation
test, the baseline is running for 10 minutes from 44 mL of deionized water. Then, 6 mL of a solution of 8×10-5 M MB is added to the
reaction volume and the lamp is switched on. The total volume is 50 mL and the initial concentration, noted C0, is equal to 10-5 M.
The Xenophot lamp is used at maximum power for uncatalyzed degradation of MB. In order to remove the visible contribution of
degradation, a visible filter is developed: MB itself is an ideal candidate. Therefore, the water bath in which is immersed the tube
of the lamp and the tube containing the solution to be degraded is replaced by a concentrated solution of MB. The principle is as
follows: the emitted radiation meets at first the filter solution. MB of this solution absorbs the part of the radiation that would be
absorbed by the reaction medium in a case without any filter. Therefore, when the radiation reaches the reaction medium, wavelengths that degrade the MB by non-catalytic reactions have already been absorbed. The influence of the MB filter concentrations
has been previously studied and the optimal concentration was found to be equal to 2.3 × 10-5 M.
Then the catalytic degradation of MB is studied with continuous measurements in the previously described reactor by applying the
MB filter previously developed. The catalyst-coated glass substrates are simply immersed in the tube containing the MB solution.
A glass slice without any catalyst is also tested. It is referenced as "Without cata" sample.
At first, the absorbance measurements are recorded in the dark for 60 minutes to ensure that the concentration is stable before
starting the degradation. Then, the Xenophot lamp is switch on and the measurements are performed for 45 minutes.

TiO2 Thin Film Coating on PFA Substrate
Synthesis and Characterization of Undoped TiO2 Catalysts: Before depositing a film on the inlet wall of a PFA capillary, the
sol-gel method previously used for glass has been transposed to another substrate which is PFA slice.
The sols used for deposits on PFA are identical to the sols synthesized for the coating of glass substrate (sol I and sol II). Thin films
of TiO2 is also deposited by dip-coating on PFA slices.
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It has been shown that a heat treatment by heating PFA substrate in an oven at 150 °C for 1 hour before producing the layers by
dip-coating on cooled slides at room temperature gives good adherence results.
The coating of the PFA substrate after heat treatment is then done following the same procedure as for the coating of glass. The
withdrawing speed is 60 mm min-1 because it leads to a best activity on the glass substrate. However, the calcination procedure
must be adapted to the substrate. Indeed, PFA cannot be heated at a temperature above 260 °C. So the calcination is carried out at
230°.
The absorbance spectra of films on PFA substrates were determined by spectrophotometry and the crystalline structure of TiO2
films is studied by grazing incidence X-ray diffraction. However, it is not possible to determine the thickness and roughness of the
films by profilometry, due to the high roughness of PFA leading to a too noisy signal.
Photocatalytic Activity with PFA Substrate: Films coated on PFA substrate are first tested for the MB degradation in the batch
reactor described before.

Design of Photocatalytic Fluidic Reactor
Two types of microreactors have been designed. The first one, called “film reactor”, uses a film flow along a window coated with
the catalyst and illuminated. The second one, called “capillary reactor”, consists of a capillary wrapped around a lamp and whose
inner surface is coated with the catalyst.
Film Reactor: The flow takes place between two flat and parallel surfaces. These surfaces consist in windows that allow irradiation
of the solution. In addition, one of the windows is covered with TiO2 catalyst. This window consists of glass or PFA coated slices,
as described before (Figure 2).

Figure 2: Experimental Tank Reactor for MB Degradation without Catalyst, for Continuous Measurements

Figure 3: Film Reactor for MB Degradation
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The reactor is composed of 7 rectangular superposed layers. In the middle of each layer, a window is cut in order to allow an
irradiation through the internal volume of the reactor. Figure 3 shows the reactor. Thanks to this design, the surface to volume
ratio of the reactor is improved compared to the thank reactor. Indeed, it goes from 0.061 m² L-1 (tank reactor) to 0.158 m² L-1
(film reactor). Pipes are isolated from the light of the room in order to avoid MB degradation due to ambient light. Furthermore,
the tank previously used is removed to minimize the volume of solution outside the reactor. The mixing of the solution is ensured
by pulsations of the pump and by connections between the different parts of the circuit. The filling of the circuit is done simply by
opening the circuit at a connection, then by injecting the solution at one end of the open circuit until the excess of solution comes
out from the other end.
In order to obtain a MB degradation in the light large enough to be distinguished from the concentration decrease in the dark, the
lamp used for degradation tests is a HQL Deluxe 125 W Osram lamp (called Deluxe lamp afterwards), whose emission spectrum is
characteristic of a mercury lamp (emission spectrum presented in Figure 4). Indeed, it was previously proved that the degradation
in the light was not significantly different from the degradation in the dark with the Xenophot lamp in the film reactor. Preliminary
tests have shown that the degradation is more important with the Deluxe lamp than with the Xenophot lamp. The change of slope
of the degradation curve when the lamp is switched on is clearly distinguishable. Just like the Xenophot lamp, the Deluxe lamp is
filtered to avoid degradation due visible radiation.

Figure 4: Emission Spectrum of the Deluxe Lamp with or Without Filter

The MB degradation was first tested in the film reactor with coated glass slices.
Capillary Reactor: The final goal of this study is the design of a capillary reactor, involving first the deposition of TiO2 on the inlet
surface of capillary by using the synthesis methods previously developed. Then, the microreactor is tested for MB photocatalytic
degradation.
The PFA capillaries have an internal diameter of 800 μm and are cut into sections of 30 cm long. The dip-coating method on PFA
slides is not suitable for the internal surface of capillaries. So coatings are obtained by flowing the sols in the capillaries, thanks to
a syringe pump, in order to reproduce the method developed previously by dip coating as accurately as possible.
It has been shown that PFA requires a heat treatment to activate its surface before being coated. The capillaries are heated at 150 °C
for 1 hour. During the heat treatment, a flow of air passes through the capillaries. The first step of the deposition is to inject the sol
into the capillary with a speed of 200 mm min-1. Once the capillary is filled, the solution is immobilized for 20 s. Then, the solution
is removed by aspiration into the syringe, with a speed of 60 mm min-1.
Then the syringe pump continues to draw air for 2 min to allow the evaporation of the solvent. Between each layer, the capillary is
dried in an oven at 150 °C for 1 h and optionally calcined at 230 °C. The capillary reactor is highlighted on Figure 3.

Results and Discussion
TiO2 Thin Film Coating on Glass Substrate
Characterization of Undoped TiO2 Catalysts: The thickness and the roughness of the films measured by profilometry are presented
in Table 1. Because the roughness of films obtained from sol I is very weak, the corresponding results are not included. It can be
shown that the thickness of films increases with withdrawing speed. It can also be shown that calcination does not significantly
influence the thickness. After calcination, the thickness does not vary or slightly decreases, because the structure is contracted after
structural rearrangements resulting from the formation of new Ti-O-Ti bonds with the concomitant disappearance of the organic
groups remaining in the matrix or from crystallization of TiO2 in its anatase form.
Annex Publishers | www.annexpublishers.com

Volume 7 | Issue 3

Journal of Materials Science & Nanotechnology

6

Withdrawing
Speed

Calcination
Temperature
1 layer

2 layers

3 layers

(mm min-1)

(oC)

(nm)

(nm)

(nm)

60A

60

NC

24

52

130

60B

60

NC

19

53

119

60C

60

NC

5

51

87

16

52

112

60D

60

500

17

53

116

60E

60

500

11

52

101

60F

60

500

14

52

108

14

52

108

200A

200

NC

30

79

187

200B

200

NC

27

83

200

200C

200

NC

33

105

208

30

89

198

Sample

Thickness

200D

200

500

31

97

203

200E

200

500

30

93

201

200F

200

500

20

95

202

27

95

202

NC: Non Calcined
Table 1: Thickness of Films on Glass Substrate from Sol I

An absorbance spectrum is determined by spectrophotometry. Figure 4 gives an example of absorbance spectra obtained for three
samples (sol I, 60 mm min-1, not calcined) and for a slice of uncoated glass. The absorbance spectra show good reproducibility
between the three samples synthesized under the same conditions. It can be seen that the TiO2 films absorb for wavelengths smaller
than about 400 nm. This means that a lamp with UV radiation is needed to activate the catalyst.
The crystalline structure of TiO2 films is studied by grazing incidence X-ray diffraction. The X-ray spectra obtained for TiO2 films
made from sol I under different experimental conditions are given in Figure 5. No peak is detected for non-calcined samples. On the
other hand, samples calcined 500 °C for 1 h show a characteristic peak of TiO2 in the anatase form. Peak intensity for a withdrawing
speed of 200 mm min-1 is greater than with a withdrawing speed of 60 mm min-1. Non-calcined films do not show peaks on their
X-ray spectra. The highest temperature encountered during the synthesis of these samples is 150 °C, corresponding to the drying
temperature. A temperature of 150 °C is not high enough to promote crystallization of TiO2 [38]. However, because of very similar
absorbance spectra between uncalcined and calcined samples, it is possible that non-calcined films contain undetectable anatase
nanocrystallites due to their very small size. The intensity of the peaks observed depends both on the amount of crystalline phase
present and on the thickness of the film. In grazing incidence, the angle of incidence is very low and remains constant. The depth
of penetration is therefore also low and constant.

Figure 5: Capillary Reactor
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If the thickness of the film increases, the amount of material probed is greater (as far as the thickness of the film does not exceed
the depth of penetration) and a larger number of crystallites can be detected, which increases the intensity of the peaks [33]. This
explains that the intensity of the peak increases as the withdrawing speed increases, since the thickness of the film increases with
withdrawing speed.
Characterization of TiO2 Catalysts Doped with P25: The previous section shows that TiO2 synthesized from sol I does not
exhibit crystalline phase if there is no calcination. TiO2 must be however crystalline to have a photocatalytic activity. In the case
of a glass substrate, calcination at high temperature is not a problem. However, other materials such as PFA, which is the material
of the capillaries used in microreactors, would not withstand such a heat treatment. Therefore, the goal now is to synthesize TiO2
catalysts with a crystalline phase without calcination at high temperature. To reach this goal, the synthesized catalyst is boosted
with commercial TiO2, Evonik P25.
The thickness and roughness of samples prepared from sol II were measured by profilometry.
The values obtained are shown in Table 2. As for sol I, the measured thickness increases with the withdrawing speed. For sol
II, calcination significantly influences the thickness: the latter decreases after calcination due to structural rearrangements.
Furthermore, films prepared from sol II have a greater thickness than those from sol I. The profilometry measurements reveal
the rough nature of the films prepared from the sol II. This characteristic is important because this allows increasing the specific
surface area of the film. Thus, for the same apparent surface of catalyst, the surface available for reaction is larger for films made
from sol containing P25 (sol II).

Sample

Withdrawing
speed

Calcination
temperature

Thickness

Rugosity

1 layer

2 layers

3 layers

1 layer

2 layers

3 layers

(mm min )

( C)

(nm)

(nm)

(nm)

(nm)

(nm)

(nm)

D60A

60

NC

53

119

230

29

63

75

-1

o

D60B

60

NC

47

125

223

37

69

83

D60C

60

NC

36

118

165

35

73

89

45

121

206

34

68

82

D60D

60

500

49

78

176

12

28

77

D60E

60

500

49

82

147

44

24

98

D60F

60

500

28

47

130

24

37

83

42

69

151

27

30

86

D200A

200

NC

123

254

319

61

96

98

D200B

200

NC

124

224

326

59

98

109

D200C

200

NC

112

239

330

63

85

102

120

239

325

61

93

103

D200D

200

500

41

-

234

39

-

115

D200E

200

500

47

81

232

39

47

99

D200F

200

500

54

103

249

44

60

118

47

92

238

41

54

111

NC: Non Calcined
Table 2: Thickness of Films on Glass Substrate from Sol II

The films obtained from sol II are studied by grazing incidence X-ray diffraction. X-ray spectra obtained are shown in Figure 6.
All samples prepared from sol II show a characteristic peak of TiO2 in anatase form. For non-calcined and samples calcined at
230 °C, the peak intensity is very low and is mainly due to the presence of P25 in the film. Samples calcined at 500 °C have a high
intensity peak whatever the withdrawing speed. In the case of sol I, the intensity of the peak increases with the withdrawing speed
and therefore with the thickness. However, the same trend is not found in the case of sol II since the two peaks of the samples
calcined at 500 °C are similar in intensity while the thicknesses differs. It is possible that the thickness of the sample made with a
speed of 200 mm min-1 is greater than the penetration depth of the beam and therefore the entire thickness is not probed. However,
the intensity of the peak should then be at least equal to that of the peak of the sample synthesized from sol I with the same speed.
The peak intensity is however lower. Part of the explanation could come from the roughness of samples from sol II which probably
affect peak intensity. Indeed, the profilometry analysis showed that the films containing P25 (sol II) have a high roughness, which
is not the case for samples from sol I. Interpretations of peak intensity should then be done carefully.
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Figure 6: Absorbance Spectra of a Non Coated Glass Slice and of Glass Slices Coated From Sol I, Non
Calcined and with a Withdrawing Speed of 60 mm min-1

Design of a Photocatalytic Reactor for Continuous Measurements of MB Degradation on TiO2 Coated
Glass Slices
A calibration curve has to be established for the MB degradation with the Xenophot lamp. The calibration line obtained by
absorbance recording is defined by the following equation, where C is the MB concentration and A the absorbance:

C = 1,27.10-5 A + 1,23.10-7

(1)

Then the catalytic degradation of MB has been studied with continuous measurements in the previously described reactor by
applying the MB filter previously developed. Results are given in Figure 7. Two areas have to be distinguished on these curves.
From 0 to 45 min, the system is in the dark and from 45 to 90 min, the lamp is on. Results show that the concentration in the dark
decreases first and then stabilizes. This can be explained by an adsorption of MB on the surface of the catalyst or on the surface of
the glass. Under illumination, degradation occurs for all catalysts. However, the conversion obtained after 45 min under light is
low, and does not exceed 5% in the best case.

Figure 7: X-ray Spectra of Substrate Coated from Sol I

Regarding the sample “without cata”, a slight degradation occurs. This degradation is probably due to a residual part of the visible
radiation that would not have been absorbed by the filter.
For a reaction order equal to η, the variation of concentration as a function of time is given by:

−
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where C is the MB concentration, kapp the apparent kinetic constant and t the illumination time. In several papers dealing with
the degradation of MB by TiO2 photocatalysis [35,38], it has been shown that the reaction follows a first order kinetics. A
value η = 1 is therefore retained. In order to establish an equation of the degradation rate of MB in the reactor, it is necessary
to model the reactor. Indeed, the reactor cannot be simply assimilated to a discontinuous perfectly mixed tank because there
is permanently a part of the reaction volume which is pumped out of the reactor to the spectrophotometer cell which is not
illuminated. The reactor diagram is shown in Figure 8.

Figure 8: X-Ray Spectra of Substrate Coated from Sol II

The mass balance for the reactor is the following:

dn(t )
=Fin (t ) − Fout (t ) − r (t )Vr
dt

(3)

where n is the number of moles of MB in the reactor (mol), t is the illumination time (s), Fin is the molar flow rate of MB that enters
the reactor and leaves the circuit (mol s-1), Fout is the molar flow rate of MB leaving the reactor and entering the circuit (mol s-1), r
is the degradation rate of MB in the reactor (mol L-1 s-1) and Vr the volume of the reactor (L).
After several transformations and defining a parameter α as

α = 1−

vcir c
vr

(4)

the mass balance becomes:

dc
= −α r (t )
dt

(5)

with Vcirc is the volume of the circuit (L).
This expression means that the actual degradation rate (r(t)) is greater than the degradation rate observed in the system (= reactor
+ circuit) (term -dC(t)/dt).
Then, using a first order apparent kinetic law (C = C0 exp(-kapp t) or ln(C/C0)= -kapp t), the kinetic equation is given by:

=
r (t )

kapp

α

C0 exp(−kapp t )

(6)

The apparent constant kapp takes into account the activity of the catalyst and the intensity of the radiation, while parameter α takes
into account the geometry of the tank reactor, that is the fact that a fraction of the solution is in the dark in the pump circuit.
A factor k’ can be defined as the true kinetic rate constant of the reaction (s-1). For the reactor tank, its expression is:

k' =
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The reaction rate is finally written:

=
r (t ) k 'C0 exp(−kapp t )

(8)

It would be interesting to compare the different catalysts in order to study the influence of withdrawing speed during dip-coating,
of calcination, and of doping with P25 on MB degradation.
Figure 9 presents the evolution of logarithm of the MB concentration as a function of time. It exhibits straight lines that are in
agreement with a first order kinetic law and Table 3 gives the values of the kapp and k’ kinetic constants. Results show that a sample
made with a withdrawing speed of 60 mm min-1 gives better performance than the corresponding sample with a speed of 200 mm
min-1. In addition, calcination improves the activity of the catalyst. In particular, calcination at 500 °C further improves the activity
compared to calcination at 230 °C. Doping with P25 also increases the activity of the catalysts. More specifically, for samples made
with a speed of 60 mm min-1, the activity of the non-calcined sample doped with P25 (60 NC P25) is equivalent to that of the
undoped sample calcined at 500 °C (60 Calc 500). Doping with P25 therefore allows in this case increasing the activity in the same
way as calcination at 500 °C.

Figure 9: MB Degradation In The Tank Reactor With Several Catalytic Coated Grass Slides (a) with a
Withdrawing Speed Of 200 mm Min-1 and (b) with a Withdrawing Speed of 60 mm min-1
kapp

k'

Sample

kapp

k'

(x10-5 s-1)

(x10-5 s-1)

(x10-5 s-1)

(x10-5 s-1)

(x10-5 s-1)

Without Cata.

0,2

0,3

200 NC

0,4

0,5

60 NC

0,9

1,0

200 NC P25

0,9

1,0

Sample

60 NC P25

1,3

1,5

60 Calc. 230 P25

1,5

1,7

200 Calc. 500

1,2

1,4

60 Calc. 500

1,3

1,4

200 Calc. 500 P25

1,2

1,4

60 Calc. 500 P25

1,8

2,0

The nomenclature for sample name is the following: withdrawing speed, NC (non calcined) or calc.
(calcined) following by the calcination temperature, P25 means that the sample has been doped with P25.
Table 3: Kinetic Rate Constant for MB Degradation with the Xenophot Lamp in the Tank Reactor for
Coated Glass Substrate

In conclusion, the system developed allows continuously measuring the absorbance, and therefore the MB concentration of
the solution. Moreover, thanks to a suitable filter, the visible radiation can be eliminated which allows to evaluate the catalytic
contribution of the degradation only. The degradation of MB corresponds to a first order kinetic law, but the observed variation
of concentration is not equal to the reaction rate. Indeed, compared to the model of the ideal discontinuous stirred tank reactor,
it must be multiplied by a corrective factor in order to take into account the volume of the external circuit necessary for the
absorbance measurement. A catalytic activity is detected for all samples, even those that are not calcined, and the catalytic activity
is improved by the presence of P25 in the films.

TiO2 Thin Film Coating on PFA Substrate
Characterization of undoped TiO2 catalysts: Absorbance spectra are determined spectrophotometrically in the region of 250 to
750 nm, with a step of 1 nm. Spectra are shown in Figure 10. The spectrum of PFA slice without TiO2 makes it possible to check
that the PFA is transparent to the UV (λ <380 nm). As in the case of films deposited on glass slices, calcination leads to a shift of
the absorption spectrum to higher wavelengths.
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The crystal structure of the films was studied by X-ray diffraction with the same parameters as for glass slices. Results show no
peak characteristic of anatase or rutile. However, this does not mean that there is no crystalline phase. Tiny nanocrystallites that
are difficult to detect could be present, in particular in films calcined at 230 °C.

Figure 10: Scheme of the Tank ReactorII

Photocatalytic Activity with PFA Substrate: Films on PFA slices are tested for MB degradation in the tank reactor. Results are
given in Figure 11. The reference sample is an uncoated PFA slice, referenced as "Without cata". Several observations are the same
than in the case of glass slices. First, the degradation curves have the same trend. In the dark, the MB concentration first decreases
and then stabilizes. In the light the concentration decreases again. The conversion obtained after 45 minutes is also low. Finally,
the test with the reference sample highlights low degradation, due to non-catalytic phenomena in the visible range. However, noncatalytic degradation under visible light is significant compared to PFA slices coated with catalyst.

Figure 11: First Order Kinetic Law For MB Degradation In The Tank Reactor With Several Catalytic Coated Grass
Slides (a) With a Withdrawing Speed of 200 mm min-1 and (b) with a Withdrawing Speed of 60 mm min-1

The degradation can be also represented by a first order kinetic law (Figure 11). Kinetic constants k’ are calculated from the
apparent constants kapp according to the previous reactor model (Table 4).
kapp

k'

(x10-5 s-1)

(x10-5 s-1)

Without Cata.

0,4

0,4

PFA NC

0,5

0,6

Sample

PFA NC P25

0,6

0,7

PFA Calc. 230

0,4

0,5

PFA Calc. 230 P25

0,5

0,6

Table 4: Kinetic Rate Constant for MB Degradation with the
Xenophot Lamp in the Tank Reactor for Coated PFA Substrate

The kinetic constant k’ for the reference sample on PFA is similar to that of the reference sample on glass (0.3×10-5 s-1). Tests on PFA
or glass slices in the same reactor are therefore coherent. In general, catalysts on PFA have kinetic constants smaller than catalysts
on glass. The conversion observed after 45 min on coated PFA is lower too.
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The catalysts deposited on PFA slices give similar performances. Indeed, the kinetic constants are all in the same order of magnitude.
Regarding doping, the same trend is found than for glass slices: P25 doping improves the activity of the catalyst. On the other hand,
for PFA blades, calcination at 230 °C does not significantly improve the degradation.

Design of Photocatalytic Fluidic Reactor
Film Reactor: Samples on glass slices coated at a speed of 60 mm min-1 were tested in the film reactor with the Deluxe lamp.
Degradation curves obtained and the corresponding straight lines for a first order kinetics are given in Figure 12. Kinetic rate
constants are given in Table 5. For the reference sample (without any catalyst), MB concentration stabilizes after 45 minutes in
the dark. Then, the concentration remains constant under light, meaning that no degradation reaction takes place, even due to
the visible light. This observation is not consistent with the previous ones. Indeed, in the case of the tank reactor, the Deluxe lamp
leaded to low degradation with the reference, indicating that part of the visible radiation reached the solution despite the filter.
In Figure 12, the stabilization is not reached after the 45 minutes in the dark for samples coated with catalyst. For non-calcined
samples, there is no significant change in the slope when the light is switched on. The decrease in concentration under light may
therefore be due to both a catalytic degradation and an adsorption of MB in the pump pipe. As previously observed, for the samples
calcined at 500 °C, the catalytic activity is obvious. In addition, the activity is improved with doping with P25. Samples calcined at
230 °C on a glass substrate and on a PFA substrate, have also been tested in the film reactor with the Deluxe lamp. Results are given
in Figure 13 and Table 5. For samples calcined at 230 °C, although a change in concavity is observed, the degradation cannot be
attributed only to catalytic phenomena. However, if non-catalytic degradations are the same whatever the catalyst, the activities can
be compared for each catalyst. Figure 13 (b) shows that the undoped film gives the best degradation, contrary to case in the tank
reactor. As for the films doped with P25, substrates in glass or in PFA give a similar activity.

Figure 12: Absorbance Spectra of a Non Coated PFA Slide and of Several Coated PFA Slides

Figure 13: MB Degradation in the Tank Reactor with Several Catalytic Coated PFA Slices with a Withdrawing Speed of
60 mm min-1: (a) in the Dark (0-45 min) and with Xenophot Lamp (45-90 min), (b) First Order Kinetic Representation
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kapp

k'

(x10 s )

(x10-5 s-1)

Glass Without Cata.

0

0

Sample

-5 -1

(Glass) 60 NC

2,3

4,2

(Glass) 60 NC P25

2,1

3,8

(Glass) 60 Calc. 230 P25

2,1

3,9

(Glass) 60 Calc. 500

8,1

14,9

(Glass) 60 Calc. 500 P25

10,7

19,7

PFA Calc. 230

4,6

8,4

PFA Calc. 230 P25

2,7

5,0

Table 5: Kinetic Rate Constant for MB Degradation with the Deluxe
Lamp in the Film Reactor for Coated Glass or PFA Substrate

Capillary Reactor
Characterization of the Coated Capillary: The TiO2 layer was highlighted by measurements at ESEM (Environmental Scanning
Electron Microscope), on sections of capillaries cut lengthwise in order to obtain hollow half cylinders. The images obtained show
a heterogeneous layer where the TiO2 is in the form of aggregates (Figure 14). It is not possible to see a layer whose thickness in
around 100 nm because the electron beam melts the polymer. Elemental analysis detected carbon and fluorine on all samples from
the PFA substrate, and titanium and oxygen on the coated sample, highlighting the presence of TiO2.

Figure 14: MB Degradation in the Film Reactor with Different Catalysts on Glass Slices with a Withdrawing Speed of 60
mm min-1 (a) from 0 to 45 min in the Dark, and from 45 to 90 min with the Deluxe Lamp (b) First Order Kinetics

Photocatalytic Tests: Degradations obtained with the Deluxe lamp and the corresponding curves for a first-order kinetics
are given in Figure 15. The kinetic constants are given in Table 6. As for the film reactor, stability is still not achieved after 45
minutes in the dark. Moreover, for the capillary reactor, even the Deluxe lamp does not allow obtaining a significant slope change
during illumination, meaning that no further activity is observed. The opposite phenomenon is observed, meaning that the slope
obtained under light (kapp) is smaller than the slope observed over the last 20 minutes in the dark (kblack) (Table 6). Therefore the
quantification of the photocatalytic activity of the different catalysts is difficult because the measured degradation is due to both
catalytic and adsorption phenomena. However, the catalysts can be compared if it is assumed that the extent of degradation due to
MB adsorption is the same for each sample.
kblack

kapp

(x10-5 s-1)

(x10-5 s-1)

(x10-5 s-1)

Cap. Without Cata.

2,8

1,1

42

Cap. NC

2,5

1,2

46

Sample

k‘

Cap. NC P25

2,1

1,5

56

Cap. Calc. 230

3,4

2,9

111

Cap. Calc. 230 P25

2,7

2,1

79

Table 6: Apparent and True Kinetic Constant for MB Degradation with
the Deluxe Lamp in the Capillary Reactor and Adsorption Constant
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Figure 15: MB Degradation in the Film Reactor with Different Catalyst on Glass Slices or on PFA Slices with a Withdrawing Speed
of 60 mm min-1. (a) From 0 to 45 min in the Dark, and from 45 to 90 min with the Deluxe Lamp. (b) First Order Kinetics

As for all reactors considered in this study, the reference sample exhibits the smaller activity. Then both uncalcined samples have
similar activity which is slightly higher than activity of the uncoated sample. Calcination at 230 °C improves the activity and, as in
the same way than PFA slices in the film reactor, the calcined and undoped sample shows a better activity than the sample calcined
and doped with P25.
Microreactor Models: In order to be able to estimate the expression of the reaction rate in microreactors, it is necessary to establish
a model, which is the same for both film and capillary reactors. The experimental setups are schematically represented in Figure 16.

Figure 16: SEM Images of Cut Capillary (a) without Catalyst and (b), (c), (d) with Catalyst (Sample Calcined at 230 oC)

In order to know the type of flow in the reactor, it is necessary to calculate the Peclet number, Pe.

Pe =
Annex Publishers | www.annexpublishers.com
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where ν is the fluid velocity (ms-1), Lc is the reactor characteristic length (m), and D the coefficient of diffusion. For a film reactor,
Lc is the distance between the two windows, and for a capillary reactor, Lc is the diameter. For liquids, the order of magnitude of the
diffusion coefficient is 10-9 m2 s-1. The calculated Peclet number for film and capillary reactors is 2.4 ×103 and 7.2 × 105, respectively.
High Peclet numbers correspond to a piston flow. So the model of film and capillary reactors is based on a tubular reactor. The mass
balance requires the definition of a geometric parameter:

β=

Vr
Vtot

(10)

An expression of the evolution of concentration as a function of time obtained experimentally is also required:

=
r (t )

kapp

β

C0 exp(−kapp t )

(11)

This expression is similar to the expression obtained for the tank reactor. As for a tank reactor, a factor k’ can be defined as the true
kinetic rate constant (s-1). For film and capillary reactors, its expression is:

k' =

kapp

(12)

β

The reaction rate becomes:

=
r (t ) k 'C0 exp(−kapp t )

(13)

Reactor Comparison: In order to be able to estimate the expression of the reaction rate in microreactors, it is necessary to establish
a model, which is the same for both film and capillary reactors. The experimental setups are schematically represented in Figure 16.
Different reactors have been used for photocatalytic degradation tests: tank, film and capillary reactors. These three types of reactors
have different characteristics such as the internal reactor volume, the total volume, or the catalyst surface. All corresponding data
are shown in Table 7.
Parameter

Units

Tank Reactor

Film Reactor

Capillary Reactor

Vr

mL

45

6

0,14

Vcirc

mL

5

5

5

Vtot

mL

50

11

5,14

V

mL min-1

20

27

27

S

cm²

27,5

9,5

6,8

α

-

0,89

-

-

β

-

-

0,55

0,03

S
Vr

cm² mL-1

0,61

1,58

50

Table 7: Characteristic Reactor Parameters

For these reactor types, the model lead to the same reaction rate expression

=
r (t ) k 'C0 exp(−kapp t )

(14)

However, the observed degradation depends on the illuminated catalyst surface. It would be interesting to define a specific rate rA
(mol m-2 s-1) independent of the catalyst surface:

Vtot
V
=
rA (t ) =
r (t ) k ' tot C0 exp(−kapp t )
S
S
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where Vtot (L) is the total volume of treated solution and S (m²) is the illuminated surface of the catalyst.
So a kinetic rate constant kA (L m-2 s-1) which is independent of the illuminated catalyst surface and of treated solution volume can
be defined and compared for each catalyst in the three different reactor configurations.

kA = k '

Vtot
S

(16)

The constant kA does not only reflect the effect of catalytic degradation. It also takes into account the non-catalytic degradation
effect under visible light and the effect of MB adsorption in the pipes of the pump. Although the MB adsorption is negligible for the
tank reactor, it is not negligible for microreactors. Indeed, the smaller the volume of solution, the greater the adsorption influence.
In order to overcome these parasitic effects, the constant kA is corrected by defining a new degradation reference level, corresponding
to the degradation of the reference sample. Therefore corrected constant kA,corr implicitly assumes that non-catalytic degradation
(by adsorption or reaction in the visible light) is the same for all samples and equal to the degradation of the sample without
catalyst. Since the reference curve in the case of a film reactor is abnormally stable, the reference curve of the capillary reactor is
used for the correction.
The comparison of the activity of the glass slice supported catalysts between the tank reactor and the film reactor is presented in
Table 8. During the development of the film reactor, it was observed that the Deluxe lamp led to a greater degradation than the
Xenophot lamp (Figure 17).
Tank reactor (Xenophot Lamp)
Sample

Film reactor (Deluxe Lamp)

kA

kA,corr

kA

kA,corr

(x10-5 L m-2 s-1)

(x10-5 L m-2 s-1)

(x10-5 L m-2 s-1)

(x10-5 L m-2 s-1)

Glass Without Cata.

5

0

-3

-

60 NC

18

13

49

26

60 NC P25

27

22

44

21

60 Calc. 230 P25

31

26

46

22

60 Calc. 500

26

21

173

150

60 Calc. 500 P25

37

32

228

204

The nomenclature for sample name is the following: withdrawing speed, NC (non calcined) or calc. (calcined) following
by the calcination temperature, P25 means that the sample has been doped with P25.
Table 8: Kinetic Constant for MB Degradation in the Tank Reactor and in the Film Reactor for Coated Glass Substrate

Figure 17: MB Degradation in the Capillary Reactor (a) From 0 To 45 Min in the Dark,
and from 45 To 90 min with the Deluxe Lamp, (b) First Order Kinetic Representation

For both reactors, calcination at high temperature (500 °C) improves the activity of the catalysts. With regard to P25 doping,
calcination also allows improving the activity of the catalysts, but its effect is especially marked for the calcined samples.
Then, the different samples on PFA substrate are compared in the three reactors. The samples are slices or capillaries depending
on the reactor type. The comparison is carried out in Table 9. As expected, the activities are higher with the Deluxe lamp than
with the Xenophot lamp. With the Deluxe lamp, results with the capillary reactor are better than those with the film reactor. The
comparison assumes that films on slices or on capillaries have the same quality in terms of homogeneity, thickness and roughness.
It seems that the capillary reactor is more efficient when the degradation is brought back to the same volume of solution and to
the same catalytic surface (Figure 18).
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Tank reactor
Sample

kA

kA,corr

(x10-5 L m-2 s-1)

Film reactor
kA

kA,corr

(x10-5 L m-2 s-1)

Capillary reactor
kA

kA,corr

(x10-5 L m-2 s-1)

PFA/Cap. without cata

7

0

-

-

321

0

PFA/Cap. NC

11

3

-

-

352

31

PFA/Cap. NC P25

13

5

-

-

426

105

PFA/Cap. Calc. 230

9

1

97

73

845

524

PFA/Cap. Calc. 230 P25

10

3

58

34

598

277

Table 9: Kinetic Rate Constant for MB Degradation in the Three Reactors for Coated PFA Substrates

Figure 18: Schemes of (a) the film reactor and of (b) the capillary reactor

Nevertheless, the results show that, whatever the reactor, the doping has a positive effect on the activity. However, the sample
calcined at 230 °C is an exception, probably because adsorption is underestimated in the case of the PFA / Cap Calc. 230 sample.
Indeed, during the tests on film and capillary reactors, this sample exhibited in both cases a much higher adsorption than the
reference sample. Its activity must therefore be revised downwards.
In conclusion, two types of microreactors have been developed. The first one uses a film flow along a coated and illuminated
wall. For the second reactor, a plug flow takes place in a capillary that is transparent to UV radiation. The presence of TiO2 in the
capillaries has been highlighted showing that the deposition method developed from a sol-gel process allows the coating of the
inner wall with TiO2 catalysts.
Although this coating is not yet homogeneous, it allows the degradation of the MB solution. However, the degradation tests are
disturbed by a MB adsorption phenomenon in the circuit pipes, which prevents system stabilization.

Conclusion
The goal of this study was to develop a continuous photocatalytic microreactor by coating a PFA capillary with TiO2 catalyst.
Several steps were necessary to reach this goal. The first step was to determine the synthesis parameters needed to get a good
photocatalytic activity of TiO2 films deposited on glass substrates. The second step was to transpose this synthesis method to PFA
substrates, taking into account the compatibility between the catalytic film and the substrate surface and the maximum calcination
temperature. Finally, the deposition method on PFA substrates was adapted to form a TiO2 film on the inner wall of PFA capillaries.
Different TiO2 films were deposited by varying the synthesis parameters as the withdrawing speed during dip-coating, the calcination
conditions and also the nature of the sol, which was doped with P25 or not. First, the sample characterization highlighted the
roughness of the films from the doped sol with regard to the undoped one. In addition, the thickness of the films increased with
withdrawing speed and with doping with P25. Of course, the calcination at 500 °C allows crystallizing TiO2 more significantly.
Then the tank reactor set-up was improved. It allows observing the continuous photocatalytic degradation of MB by avoiding
unwanted degradation reactions in the visible region. The results showed that the photocatalytic activity of films on glass slices
depends on the synthesis conditions. It is better for a withdrawing speed of 60 mm min-1, and with a calcination step. In addition,
doping with P25 makes it possible to increase the activity of the films, calcined or not.
Afterwards films were deposited on PFA substrates by adapting the method. The synthesis requires a prior thermal treatment of
the substrate and a calcination step not exceeding 230 °C. Although the results of photocatalytic degradation tests showed that
the activity varies very slightly with the synthesis conditions, they allowed confirming the positive influence of P25 doping on the
activity of PFA slice supported catalysts.
Then two types of microreactors were developed and studied: the film reactor and the capillary reactor. The first reactor had an
intermediary role to make the transition to a coated reactor where the volume of solution is greatly reduced. For the second type
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of reactor, the deposition technique was adapted using a syringe pump. The characterization of capillaries showed the presence of
TiO2 on the inner wall, but the layer is still heterogeneous. Results show some activity of capillary films but the quantification of
the photocatalytic activity is difficult because of interferences with simultaneous adsorption phenomena causing instability of the
system.
Tests on the film reactor operated continuously showed that a flow rate of 0.4 mL min-1 allows a fairly rapid stabilization and a
sufficient residence time for degradation at the outlet of the reactor. In the case of the capillary reactor, the simplified geometry as
well as the volume decrease should provide faster stabilization. The flow can therefore be decreased to increase the residence time
for larger conversions.
MB catalytic degradation is more efficient with the capillary reactor than degradation with the film reactor. Furthermore, the
doping has a positive effect on the activity.
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