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ABSTRACT: An annular UV photocatalytic reactor with recirculation in batch was designed and built. The design considered low 
construction, simple operation and maintenance costs, availability and durability of the materials used, easy cleaning, and high 
standards of hygiene and safety. The TiO2 photocatalysts were synthesized by plasma electrolytic oxidation (PEO) on commercial 
Ti rings were compared with coatings obtained on Ti plates as a reference, and no influence of the substrate geometry on the 
morphology, crystallinity, or bandgap of the coatings was observed. The efficiency of the photocatalytic reactor using 10 TiO2-
coated rings was tested by Cr(VI) transformation in the presence of EDTA. The Cr(VI) transformation after 5 h irradiation attained 
95%; a rather high photocatalytic activity (62%) was maintained after the third use of the rings without reactivation of the 
photocatalyst. These coatings synthesized by PEO have not been applied in modular photocatalytic reactors until now. 

Keywords: Annular photoreactor; Titanium dioxide; Plasma electrolytic oxidation; Heterogeneous photocatalysis; Hexavalent 
chromium; Anodic oxidation; Advanced oxidation processes 
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1. Introduction 

Titanium dioxide (TiO2) coatings have been progressively applied for various purposes such as self-cleaning, 
antifogging and superhydrophilic surfaces, sensors, biocompatibility applications, disinfection, and solar energy 
conversion [1–3]. In water treatment, TiO2 is one of the most used photocatalysts due to its commercial availability, 
low cost and thermal- and photostability [4–6]. Although TiO2 is usually used as a powder in water suspension, in recent 
times, thin coatings have been increasingly applied to avoid the costly separation step of the photocatalyst. 

TiO2 coatings can be obtained using various techniques. From them, titanium anodic oxidation is one of the most 
economical and simplest methods [7–12]. In the anodic oxidation process, a direct current is circulated through an 
electrolytic cell where Ti is placed as the anode. Above a certain cell voltage, a phenomenon known as plasma 
electrolytic oxidation (PEO) takes place, whereby electrical arcs are established in the anode surface, causing high local 
temperatures and current densities; as a result, porous and crystalline coatings with large surface area and a strongly 
bonded substrate-oxide interface can be obtained [9,10]. A suitable mechanical performance of the bond substrate-oxide 
avoids the loss of photocatalyst, a crucial feature for the sustainable use of reactors based on immobilized coatings [13,14]. 
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TiO2 anodic coatings are usually synthesized by PEO starting from Ti plates [8,9,15]; in this case, the influence of 
the synthesis parameters, i.e., cell voltage, current density, nature and concentration of the electrolyte, temperature, etc., 
on the morphology, proportion of the crystalline phases (anatase/rutile) and photocatalytic activity of the coating is 
relatively well known [6,15–19]. However, the design of modular photoreactors often requires TiO2 synthesized starting 
from substrates with different geometries to ensure the effective irradiation of the photocatalyst and a high mass transfer 
[20]. This applies to annular reactors, where the light source is located in the center of a tube and the supported 
photocatalyst is on the inner surface of the surrounding annular geometry, proving to be highly efficient [21–23]. In this 
configuration, TiO2 rings can be built and suitably placed in the photocatalytic reactor. However, in the anodic oxidation 
process, the change in the substrate geometry (e.g., from typical plates to rings) could modify the coating characteristics, 
such as morphology, crystallinity and, consequently, the photocatalytic activity could be affected. In addition, the 
synthesis of TiO2 coatings via the PEO technique on non-plate geometries and their application in bench-scale 
photocatalytic reactors has not yet been studied [24,25]. 

The photocatalytic reactor performance has to be tested with a suitable pollutant system. Several works of our 
group have shown that the Cr(VI) reduction in the presence of ethylenediaminetetraacetic acid (EDTA) as a sacrificial 
synergetic agent is a very good and rapid system to compare the efficiency of different photocatalysts and the loss of 
activity after their reuse (e.g., [15,26,27]). Cr(VI) is a very well-known toxic, carcinogenic, and mutagenic pollutant, 
usually found in effluents of several industries, e.g., electroplating, tanneries (coming from the oxidation of Cr(III) by 
operational conditions), metal finishing, electronics, pigments and paints [28]. Reduction of Cr(VI) to Cr(III) 
significantly decreases the toxicity, and TiO2-heterogeneous photocatalysis has been studied for this purpose. The 
influence of pH, dissolved oxygen, and use of EDTA as a sacrificial synergetic agent, among other variables, on the 
photocatalytic performance of TiO2 at the lab scale is well known, together with the mechanism of the photocatalytic 
reaction [29,30]. In the absence of electron donors, precipitation of insoluble Cr(III) species on the photocatalyst can 
cause its progressive deactivation. It has been proved that when EDTA is used as the sacrificial electron donor, it 
protects the photocatalyst by decreasing its progressive deactivation and simultaneously enhances the reaction by 
avoiding the recombination of electron-hole pairs [27]. 

Thus, this study simultaneously addresses several relatively still unexplored aspects. A PEO process was used to 
obtain TiO2 coatings on commercial titanium rings. TiO2 synthesized under the same conditions on a Ti plate was used 
as a reference to assess the influence of the change of the substrate geometry on the morphology and crystalline structure 
of the coatings. A new annular photocatalytic reactor has been designed and built using the new TiO2-coated rings as 
immobilized photocatalysts. Finally, the reactor performance was tested using the model system (Cr(VI) reduction in 
the presence of EDTA) and evaluating the loss of photocatalytic activity due to the reuse of the photocatalyst. Until now, the 
application of TiO2 coatings synthesized by PEO in annular bench-scale photocatalytic reactors has not been reported. 

2. Experimental 

2.1. Materials and Methods 

All chemicals were reagent grade and used without further purification. Sulfuric acid (H2SO4, Cicarelli, San 
Lorenzo, 95–98%), potassium dichromate (K2Cr2O7, Biopack, Zárate, Argentina), ethylenediaminetetraacetic acid 
(EDTA, Riedel de Haën AG, Seelze, Germany), diphenylcarbazide (DPC, Biopack, Zárate, Argentina), acetone (C3H6O, 
Anedra, Los Troncos del Talar, Argentina, 99.5%) and phosphoric acid (H3PO4, Anedra, Los Troncos del Talar, 
Argentina, 85%) were used. Deionized water (conductivity ≤ 0.05 μS cm−1) was used. pH adjustment was made with 
perchloric acid (HClO4, Sintorgan, Villa Martelli, Argentina, 69–72%). pH was determined with an Adwa pH-meter 
(model AD8000, Szeged, Hungary). For ultrasonication, a Testlab (model TB02TA, 40 KHz, Bernal, Argentina) 
equipment was used. Magnetic stirring was performed with an Arcano stirrer (model 78HW-1, Ciudad Autónoma de 
Buenos Aires, Argentina). 

2.2. Synthesis of the Photocatalysts 

2.2.1. Preparation of the Substrates 

Commercially pure titanium Grade C-2 (TiG2, ASTM B367 [31]) was used as the substrate. Plates were obtained 
from a sheet (2 mm thickness), cut into 3 × 2 cm2 pieces, and rings were obtained from a welded tube (31.75 mm 
external diameter and 30 mm internal diameter) cut to obtain pieces of 10 mm height. One side of the plate and the 
inner surface of the rings were mechanically roughed with SiC abrasive papers (Köln, Ciudad Autónoma de Buenos 
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Aires, Argentina) from #120 to #500. After that, the substrates were cleaned with detergent and water, sprayed with 
alcohol, and finally dried with hot air. 

2.2.2. Preparation of the Photocatalysts by Anodic Oxidation 

For anodization, a JMB direct current source (model LPS360DD, Ciudad Autónoma de Buenos Aires, Argentina) 
was used. The anodization conditions were defined based on previously synthesized anodic TiO2-coated plates, which 
demonstrate high activity, better than that of P25 coatings under the test conditions [15,16,32]. Briefly, the 
photocatalysts were synthesized by PEO, using the Ti substrate as the anode, applying direct current, first at constant 
current density (galvanostatic, 1200 A m−2) up to a cell voltage of 120 V and then at constant voltage (potentiostatic, 
120 V). 1 M H2SO4 was used as the electrolyte, and the temperature was kept at 25 °C. The evolution of voltage and 
current was recorded during the oxidation every 1 s. Pt sheets were used as cathodes, placed at both sides of the plate 
and in the center of the Ti rings. The total anodization time was 5 min for each sample. 

After anodization, the samples were rinsed with water, sprayed with alcohol, and dried using hot air. Then, the 
samples were submitted to a post-anodization thermal treatment at 450 °C in the air for 1 h in an electrical oven (Indef 
Model M05C3, Córdoba, Argentina). The heating rate was 10 °C min−1 and the cooling down was done inside the oven. 

Based on the reactor design (see Section 2.3 later), 10 TiG2 rings were anodized. Each ring was labeled with the 
letter “R” followed by a correlative number 1 to 10. The anodized Ti plate, used as a reference, was labeled with the 
letter “P.” 

2.2.3. Characterization of the Photocatalysts 

Another ring, synthetized under the same conditions as the others, was used for characterization measurements. 
The surface of the photocatalysts (TiO2-coated plate and ring) was observed by scanning electron microscopy (SEM) 
using Carl Zeiss equipment (model Supra 40, Oberkochen, Germany). The images of the surface were analyzed using 
the ImageJ software (1.54g version). An average pore diameter was calculated, assuming circular pores, and the 
percentage of area covered by the pores, named as porous fraction, was calculated [16]. 

The crystalline structure of the oxides was identified by the glancing incidence X-ray diffraction (GI-XRD) 
technique, with a glancing angle of 1° (Panalytical, Empyrean, Pixel3D detector, Worcestershire, UK), using CuKα 
radiation at a step of 0.02º(2θ)/0.5 s. The accelerating voltage and the applied current were 40 kV and 30 mA, 
respectively. The anatase fraction was calculated using Equation (1): 

XA = 1/[1 + 2.18 (IR/IA)] ± 2% (1)

where XA is the molar fraction of anatase, and IA and IR are the total areas of the peaks of the X-ray intensities of the 
anatase and rutile strongest peaks in the XRD spectrum ((101) and (110), respectively) [33].  

The UV-Vis diffuse reflectance spectra (DRS) of the coatings were obtained using a UV-Vis-NIR 
spectrophotometer Shimadzu (UV-3600 Plus, Kyoto, Japan) equipped with an integrating sphere. BaSO4 was used as 
the reference. The spectra were recorded at room temperature in the air. The DRS were used to obtain the bandgap 
value (Eg) of the samples through Tauc plots, extrapolating to zero a linear fit from a plot of (khν)1/2 vs. hν, where k is 
the absorption coefficient and ν is the frequency [34]. 

2.3. Photocatalytic Reactor Setup 

For the design and construction of the reactor, a concentric annular geometry with the light source placed in the 
center of the device was selected due to its demonstrated high energetic performance [23]. A General Electric lamp 
(model F8T5 BLB, Boston, MA, USA), 350–390 nm irradiation range, maximum intensity at 365 nm (see the spectrum 
in Figure 1), was used as the UV light source. 
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Figure 1. Spectrum of the lamp used in the annular photocatalytic reactor (GE, F8T5, BLB). Maximum intensity: 365 nm. 

The reactor was built using two tubes: an inner tube made of high transparency glass (22 mm external diameter) 
and an outer tube made of commercial glass (37 mm external diameter), both of 2 mm thickness. The high transparency 
of the inner tube was verified by the determination of the irradiance at 365 nm, which presented the same value with 
and without the glass tube. The side and top views of the photocatalytic reactor, with the main dimensions (in mm), are 
presented in Figure 2. 
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Figure 2. Photocatalytic reactor scheme: (a) Side view. Red circle: sampling location; (b) Top view. Dimensions in mm. 

An irradiance of 2800 µW cm−2 was determined with a Spectroline radiometer (model DM-365 XA, Farmingdale, 
NY, USA), at 7 mm from the UV light source, which was the distance between the light source and the irradiated surface 
of the TiO2-coated rings (see Figure 2a). The photocatalyst, placed between the two glasses, consisted of 10 TiO2-coated 
rings (according to its capacity), providing an irradiated geometric area of ~10,000 mm2. 

To control the residence time, a closed batch flow system was adopted (Figure 3). The solution of the model 
pollutant was introduced axially through the open-top part of the reactor, flowing downward into the annular space 
between the inner glass and the inner side of the TiO2-coated rings, and recirculated through a radial outlet (inner 
diameter 5 mm) in the lower part of the reactor using the peristaltic pump Watson Marlow (model 313S, Gloucestershire, 
UK), at a 200 mL min−1. 

The total volume of the suspension of the model pollutant used in the experiments was 95 cm3 and the effectively 
irradiated volume (in the interior of the reactor) was 47 cm3; it means that approximately 50% of the volume was 
effectively irradiated while the remaining half was outside in the recirculation system. The changes in volume of the 
irradiated solution with and without the TiO2-coated rings were considered negligible. The system was refrigerated by 
partially submerging the recirculation circuit in a glass vessel, with water at room temperature, to keep the temperature 
of the system at 35 °C during the run. 

Figure 3 indicates the complete irradiation setup. 

 

Figure 3. Photocatalytic irradiation setup. 

2.4. Photocatalytic Tests 

To evaluate the photocatalytic activity of the TiO2-coated rings, tests were conducted with 10 rings placed inside 
the reactor (see Section 2.3). A 0.4 mM K2Cr2O7 aqueous solution containing 1 mM EDTA at pH 2 was used as the 
model pollutant. Prior to irradiation, the solution was kept in the reactor with the TiO2-coated rings in the dark for 30 
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minutes, to assure the adsorption equilibrium of the pollutant onto the photocatalyst surface. No significant changes in 
the concentration of Cr(VI) were observed after this dark period. Once the irradiation was initiated, 50 μL samples were 
taken periodically from the sampling point of the reactor (see Figure 2) and diluted in 3 mL of water for analysis. The 
irradiation was kept for 5 h. Changes in Cr(VI) concentration were monitored spectrophotometrically through the DPC 
method at 540 nm [35], using a Shimadzu equipment (model UV-2550, Kyoto, Japan). The homogeneous 
photoreduction of Cr(VI) in the system (i.e., reaction in the absence of the photocatalyst) was taken as the blank. To 
evaluate the loss of photocatalytic activity in the TiO2-coated rings after reuse, tests were conducted three times using 
the same rings. After each experiment, the reactor was disassembled, and all the pieces, including the TiO2-coated rings, 
were rinsed with water and dried with hot air without further cleaning treatment. All assays were carried out in a 
conditioned area, bounded by fabric curtains, and opaque to UV irradiation to avoid harming people and nearby 
materials [32]. 

3. Results and Discussion 

3.1. Synthesis and Characterization of the Photocatalysts 

The temporal evolution of voltage and current density during the anodic oxidation process to obtain the TiO2 
photocatalysts is shown in Figures 4a and 4b, respectively. Dashed and solid lines were used for the plate (P, reference) 
and rings (R), respectively. 

 

 

Figure 4. Anodic oxidation process to obtain the TiO2-coated photocatalysts. Temporal evolution of: (a) Voltage and (b) Current 
density. Plate (P, dashed) and rings (R, solid). 
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The characteristic behavior of a galvanostatic-potentiostatic anodization process [10], in which a competition is 
established between the reactions of oxide dissolution and anodic growth of the coating [36], was observed in all curves 
of Figure 4. The fluctuations in current density observed in Figure 4b are the result of a substrate-oxidation-oxide 
breaking cycle produced by a PEO characteristic condition [37]. The overlapping of evolution curves of the “R” samples 
shows that the PEO of Ti substrates is a highly reproducible technique. Moreover, no difference between the curves of 
plates and rings was observed, indicating no influence of the substrate geometry. 

The morphology of the anodic TiO2 coatings is shown in the SEM micrographs obtained for the plate and the 
additional ring prepared for this measurement (Figure 5). 

 

Figure 5. SEM micrographs of synthesized coatings on (a) Plate and (b) Ring. 

The TiO2 coatings show pores (dark gray) homogenously distributed on the surface, typical of PEO processes [7]. 
The average diameter of the pores was ~100 nm, the porous fraction was ~5% of the total surface, and the thickness 
(reported for coatings synthesized under the same conditions) was ~500 nm [15], as briefly described in Section 2.2.3. 
No differences in these parameters were found due to the substrate geometry. 

Diffractograms of the samples (plate and ring), using the GI-XRD technique, are shown in Figure 6. It has been 
reported that TiO2 coatings with an anatase fraction around 0.6–0.8 are more active than coatings containing the pure 
anatase phase [15]. In the present case, the anatase fraction was ~0.75 for both plate and ring samples, demonstrating 
once again no influence of the substrate geometry. 

 

Figure 6. Normalized diffractograms of the Ti substrate and the synthesized coatings. A: anatase; R: rutile; Ti: titanium (substrate). 
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Bandgaps obtained by Tauc plots were also very similar for the plate and the ring, with values between 3.1 and 
3.15 eV, respectively, indicated by dashed lines in Figure 7 [38]. 

 

Figure 7. Tauc plots of coatings synthesized on a plate (red) and the ring (black). 

3.2. Performance of the Photocatalytic Reactor 

An annular reactor with immobilized TiO2 was successfully designed and built. The entire reactor has been conceived 
to be affordable, from a commercially available low-cost substrate, immobilizing TiO2 by an economical synthesis technique 
with high reproducibility. Additionally, low-cost materials were used for the construction of the reactor: glass, a commercial 
lamp, and other minor supplies. In Figure 8, a photograph of the photocatalytic irradiation setup is shown. 

 

Figure 8. Photograph of the photocatalytic irradiation setup. 
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It is important to remark that the design, which takes into account operational aspects, provides four additional 
advantages: (1) the photocatalyst is not a structural part of the reactor, and thus, the TiO2 coated-ring can be totally or 
partially replaced in a fast and easy way; (2) the modular concept of the setup allows an easy adaptation to different 
application needs, by changing, e.g., flow rates, available space, nature and concentration of pollutants, reaction time, 
etc.; (3) with an arrangement in parallel, it would be possible to achieve a continuous treatment system; (4) the access 
to the interior of reactor for an effective cleaning is very simple. 

The performance of the photocatalytic reactor was tested using the 10 rings, as indicated in Section 2.4. The 
temporal profiles of the normalized Cr(VI) concentration for the first, second, and third use of the rings together with 
that of the blank (absence of photocatalyst) are presented in Figure 9. The profiles could be successfully adjusted to a 
first-order kinetic model, described by Equation (2) [26,39]: 

C/C0 = e−k1t (2)

where C is the Cr(VI) concentration in the solution sample at time t, C0 is the Cr(VI) concentration at the beginning of 
the test, and k1 is the first-order kinetic constant. 

 

Figure 9. Temporal profiles of the normalized Cr(VI) concentration in the photocatalytic experiments of Cr(VI) transformation in 
the presence of EDTA under UV irradiation using 10 rings in the reactor. Results of two reuses of the same rings are also shown. 
Conditions: [Cr(VI)]0 = 0.8 mM, [EDTA]/[Cr(VI)] = 1.25, pH 2, E = 2800 µW cm−2, T = 35 °C. 

The k1 and R2 values for the blank and each photocatalytic test with the TiO2-coated rings are displayed in Table 1. 

Table 1. First-order kinetic constant (k1) was calculated using Equation (2), R2 value, and percentage of Cr(VI) removal after 5 h 
of irradiation time. Conditions of Figure 9. 

Sample k1 × 103 (min−1) R2 %Cr(VI) Removal 
Blank 0.47 0.90 13 

First use 10.02 0.99 95 
Second use 3.86 0.99 69 
Third use 3.24 0.97 62 

Figure 9 shows that the TiO2 rings were rather active compared with a nearly negligible transformation in the 
absence of the photocatalyst. The first use of the TiO2-coated rings shows an almost total transformation of Cr(VI) in 
5 h of reaction (95%), but a progressive loss of activity (lower constant rate and %Cr(VI) removal) was observed after 
the subsequent two uses (Figure 9 and Table 1). It is important to point out that, although the coatings were not 
reactivated, they yielded a rather high transformation even during the third use (62%). Further tests are underway with 
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photocatalysts reactivated by washing the used coatings with water or hydrogen peroxide or by applying temperature 
after use, with the purpose of extending the lifetime of the photocatalyst [40–42]. 

During the operation, some opportunities for improvement were identified, and this will be the focus of future 
research. As said in Section 2.3, because half of the pollutant volume is in the irradiated tube and the other half is outside 
in the recirculation system, the effective irradiation time can be referred to as ~50% of the total test time (5 h). This 
means that if the reactor were configured to work without recirculation flow or with a lower one, the reaction time to 
yield the 95% removal might be significantly reduced. Another advantage of this last configuration is that the refrigeration could 
can be carried out simply with forced air circulation. All these features indicate that the system could be improved even more. 

Finally, the operation and maintenance conditions of the system were remarkable: the reactor can be easily 
connected, disconnected, and cleaned. This modular design, combined with a parallel configuration of multiple 
photocatalytic reactors, would allow the continuous operation of a treatment system: while some reactors would be 
under operation, others could be cleaned and/or reactivated. The photocatalytic reactor can also be easily scaled up. 

4. Conclusions 

Porous TiO2 coatings were successfully synthesized on commercially pure Ti plates and rings, applying the PEO 
technique with high reproducibility. The coatings synthesized on a ring or on a plate under the same anodization 
conditions showed no differences in morphology, crystallinity, or bandgap due to the change of the substrate geometry. 

The TiO2-coated rings were used to build a modular annular photocatalytic reactor in a closed batch flow 
configuration, an application not reported until now. The efficiency of the new photocatalytic reactor was tested in the 
reduction of an already tested model system, Cr(VI), in the presence of EDTA, using [Cr(VI)]0 = 0.8 mM, 
[EDTA]/[Cr(VI)] = 1.25 at pH 2 under UVA irradiation (E = 2800 µW cm−2). An almost complete transformation of 
Cr(VI) after 5 h irradiation was achieved. The photocatalytic reactor was also tested for reuse using the same TiO2 rings; 
it was found that, after the third use, a rather high photocatalytic activity (62%) was still maintained, despite no 
reactivation of the photocatalyst. 

Finally, it is important to note that this design took into consideration a low construction cost, the availability and 
durability of the materials used, low operation and maintenance costs, simplicity of operation and maintenance, easy 
cleaning and high standards of hygiene and safety. This device can be easily scaled up by enlarging the tubes and using 
a higher quantity of TiO2-coated rings or by using several reactors in parallel. 
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