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A B S T R A C T   

The effect of growth conditions of TiO2 films with nanotubular structures produced by anodic oxidation in 
electrolytes containing NH4F in glycerol and water was investigated. The effect of anodizing voltage, time, NH4F 
concentration and initial surface preparation on the formation of nanotube arrays was evaluated. In these cases, 
the structure was characterized by using scanning electron microscopy, X-ray diffraction and UV–Vis diffuse 
reflectance spectroscopy. The photocatalytic activity was evaluated using hexavalent chromium in the presence 
of EDTA (EDTA/Cr(VI) = 1.25 M ratio). The results show that uniform nanotube arrays were only formed with an 
applied voltage of 20 V, independently of the value of the other parameters studied. The photocatalytic activity 
increases with the NH4F concentration and the anodizing time, due to the increase in the length of the nanotubes, 
achieving the highest Cr(VI) transformation (93.8%) after 5 h UV irradiation under the optimal conditions.   

1. Introduction 

Titanium dioxide (TiO2) is a semiconductor used in heterogeneous 
catalysis for disinfection and decontamination of water and air due to 
the highly reactive species produced under UV radiation, able of trans
forming chemical species to less toxic ones; even mineralization is 
possible (Malato et al., 2009). TiO2 is widely used due to its low cost, 
biocompatibility, photostability, commercial availability, water stabil
ity and high photocatalytic efficiency. The decontamination processes 
usually use TiO2 particles suspended in water, and their reuse requires 
the separation and recovery of the particles. These steps can be avoided 
by immobilizing the TiO2 particles in supporting structures (Robert 
et al., 2013). However, immobilization generally leads to a reduction in 
the photocatalytic activity due to the decrease in contact surface area 
and limitations in mass transfer. 

At present, the efforts on the use of TiO2 in photocatalytic systems 
are focused on the production of one-dimensional nanostructures such 
as nanotubes, which present geometrical, optical, electronic and 
chemical advantages, permitting fast electron transport and low 
electron-hole recombination (Pang et al., 2014; Albu et al., 2008). TiO2 

nanotube films prepared by anodic oxidation provide optical, electronic, 
chemical and mechanical advantages, whereby they become suitable for 
technological applications. These properties make them suitable for a 
wide range of applications such as heterogeneous photocatalysis and 
other fields as sensors, solar cells, hydrogen production, molecular 
filtration and controlled released of drugs (Grimes and Mor, 2009 and 
references therein). For photocatalytic applications, there is still the 
challenge of achieving a high surface area and photocatalytic activity 
combined with an adequate adhesion and mechanical resistance of the 
nanotubes, which would allow their reuse (Nakata and Fujishima, 
2012). 

Immobilized nanotube arrays are produced by different techniques, 
e.g., use of templates of nanoporous alumina, sol–gel transcription 
processes with organo-gelator templates, seeded growth mechanisms, 
and hydrothermal techniques (see e.g., (Stodolny et al., 2017)). How
ever, the anodic oxidation (Grimes and Mor, 2009; Pichat, 2014) 
through the use of fluoride ions (F− ) in the electrolyte allows to obtain 
nanotubular TiO2 structures as a result of the competition between the 
formation and dissolution of the anodic titania layer (see the supple
mentary information (SI), section S1, for the mechanism of nanotubes 
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array formation) (Gong et al., 2001; Wang et al., 2011). The electrolyte 
composition determines the production of different types of nanotubes: 
a 1st generation prepared in aqueous HF, with lengths up to 500 nm; a 
2nd generation up to 5 mm long, grown in aqueous solutions of fluoride 
salts; and a 3rd generation of smoother and longer nanotubes, up to 
100–1000 µm, grown in organic electrolytes containing F− and small 
amounts of water (0.1–5 wt%) (Regonini et al., 2013 and references 
therein). In addition, anodic oxidation is a low-cost technique and the 
dimensions of the nanotubes may be controlled by modifying process 
parameters such as applied voltage, current density and F− concentra
tion (Rudnev et al., 2004; Traid et al., 2017). In addition, the electrolyte 
composition determines the morphology of the nanotubes: organic 
based electrolytes allow to obtain longer nanotubes (up to 1000 μm) 
than inorganic ones (Vera et al., 2018). 

The photocatalytic activity of the anodic nanotubes is usually 
determined by spectrophotometry, following the color degradation of a 
colorant added in the solution (Wang et al., 2007; Masahashi et al., 
2009; Macak et al., 2007; Zeng et al., 2011). This technique is not 
conclusive since other process like photolysis, reduction or sensitization 
may occur simultaneously, preventing the determination of the pure 
effect of the photocatalyst on the degradation of the dye (Pichat, 2014; 
Yan et al., 2006; Ollis et al., 2015; Barbero and Vione, 2016). 

The hexavalent chromium system in the presence of ethyl
enediaminetetraacetic acid (EDTA, Cr(VI)/EDTA) is a more reliable 
system. In this system, the reduction of Cr(VI) to Cr(III) in the presence 
of EDTA as a hole trap (sacrificial synergetic agent) has been proved to 
be very appropriate and simple. The photocatalytic activity is measured 
by following the evolution of the Cr(VI) concentration in solution. In 
addition, this method can provide a direct evaluation of decontamina
tion of industrial effluents containing dangerous ions like Cr(VI), which 
is a human carcinogen, environmentally important due to its toxicity. 
On the other hand, the reduction product Cr(III) is considered nontoxic. 
For this reason, transformation of Cr(VI) to Cr(III) is the most used way 
to eliminate chromium from wastewaters (Chromium Compounds, 
2005). 

In the present research, nanotubular TiO2 arrays were produced by 
anodic oxidation of commercial titanium plates in glycerol based elec
trolytes. The effect of anodizing voltage, time, NH4F concentration and 
initial surface preparation on the characteristics of the nanotube arrays 
was investigated. The structure and morphology of the nanotubes were 
characterized, and the photocatalytic activity was determined by 
following the Cr(VI) concentration in a Cr(VI)/EDTA solution. In addi
tion, the reproducibility of the process was assessed as well as the 
reusability of the arrays. 

2. Experimental 

2.1. Materials and methods 

All chemicals were reagent grade and used without further purifi
cation. Glycerol (Anedra, 99.9%), ethylene glycol (Cicarelli, 99%) 
ammonium fluoride (NH4F, Biopack), potassium dichromate (K2Cr2O7, 
Biopack), EDTA (Riedel de Haën AG, Seeelze – Hannover), diphe
nylcarbazide (DFC, Biopack), acetone (Biopack, 99.5%), isopropyl 
alcohol (Anedra, 99.5%), methanol, nitric acid (HNO3, Anedra, 65%), 
hydrofluoric acid (HF, Biopack, 40%) and phosphoric acid (H3PO4, 
Anedra, 85%) were used. Deionized water (conductivity = 0.05–0.06 µS. 
cm− 1) was produced with an Osmoion Apema equipment. All pH ad
justments were made with perchloric acid (Sintorgan, 69–72%). For 
anodization, a JMB direct current (DC) source, model LPS360DD, was 
used. For measuring the UV light irradiance, a home-made Arduino- 
based radiometer (at λ = 365 nm) was used. A UV–Vis spectrophotom
eter (Shimadzu, UV-2550) was used for spectrophotometric measure
ments. Scanning electron microscopy (SEM) was performed using Carl 
Zeiss FE-SEM Σigma and Supra 40 equipments. The micrographs were 
taken with 3 or 5 kV and magnifications between 40 kX and 100 kX with 

InLess detectors. 

2.2. Photocatalyst preparation 

The substrates for anodic oxidation were titanium square plates 
(Grade 2 according to ASTM B367), 4 cm2 in area and 0.2 cm in thick
ness. Different surface preparations were made following the procedures 
shown in Table 1, to remove the natural oxide present on the substrate. 
Titanium plates were included in acrylic (Subiton) and abrasive papers 
mechanically polished with SiC (Koln) from #120 to #1500, followed by 
the use of 1 µm diamond paste (Praxis) lubricated with ethylene glycol 
(Cicarelli) for 30 min in a homemade polishing machine (250 rpm).The 
surfaces were finally cleaned with water and detergent, and dried with 
hot air. 

The titanium plates after the surface preparation were anodically 
oxidized at room temperature (RT) using a NH4F solution as the elec
trolyte at one of the following concentrations: 0.27, 0.15 or 0.06 M in 
glycerol: water 1:1 at constant potentials in the range of 10 to 100 V 
during one of the following periods of time: 0.5, 1, 2 or 4 h. A DC was 
applied between two Pt sheets used as cathodes and a Ti anode, sepa
rated each other by 3 cm, as illustrated in Fig. 1. Both, applied voltage 
(V) and current density (J) were registered during oxidation. Immedi
ately after oxidation, the samples were rinsed with demineralized water 
and dried with hot air. The samples with nanotubular films were ther
mally treated (TT) at 450 ◦C for 2 h with a heating ramp of 10 ◦C/min 
and cooling inside the furnace. 

Samples were labeled as follows: a letter “G”, to identify the organic 
based electrolyte (glycerol); a number to indicate the NH4F molar con
centration (M); the applied voltage in volts (V); the oxidation time in 
hours (h); the specific surface preparation prior to oxidation (R, P, C or 
D, according to Table 1) and TT for the thermally treated samples. For 
instance, G-0.27M-20V-2h-C-TT indicates a sample oxidized in glycerol 

Table 1 
Surface preparation of the substrate for anodizing (see SI, Section S2).   

Identification 
letter 

Process 

Substrate 
preparation 

R Roughing with CSi paper with decreasing 
grain size from #120 to #500.* 

P Polished by manual roughing up to #1500 
and polishing with 1 μm diamond 
lubricated with ethylene glycol in a 
polishing machine.* 

C Chemical pickling with HF:HNO3:H2O 1:4:5 
(Wang et al., 2012) for 2 min. 

D Degreased in ultrasound with methanol, 
followed by isopropanol and acetone (10 
min each reagent) (Wang and Chen, 2013). 

*For this process, the plate was included in PVC tubes and with an acrylic matrix 
for surface finishing. 

Fig. 1. Scheme of the anodic oxidation setup.  

A.N. Dwojak et al.                                                                                                                                                                                                                              



Environmental Nanotechnology, Monitoring & Management 16 (2021) 100537

3

with 0.27 M electrolyte concentration, at 20 V, during 2 h, of a substrate 
chemically treated with a post anodization TT. Table 2 shows the con
ditions under which all the coatings were synthesized. 

The reproducibility of the anodizing process was evaluated repeating 
the whole anodizing procedure for G-0.27M-20V-2h-C-TT and G-0.27M- 
20V-2h-C-TT-d samples in independent experiments. 

2.3. Characterization of the nanotubular coatings 

Samples were analyzed by SEM and the analysis of the images was 

made with the ImageJ software (Schneider et al., 2012); the average 
inner diameter (Di) and the wall thickness (W) of the nanotubes were 
determined as the average of 50 measurements in the SEM micrographs, 
on the top view of the nanotubes. The lengths (L) were measured on 
cross-sectional SEM views of nanotubes obtained by scratching the 
coating with a pin that made the nanotubes detach from the arrange
ment and fall down. For glancing incidence X-ray diffraction (GI-XRD), a 
Rigaku diffractometer model Smartlab SE with a D/teX Ultra 250 de
tector was used with CuKα radiation at a 0.02 (2θ/s) scan rate and a 1◦

glancing angle. The accelerating voltage and the applied current were 

Table 2 
Summary of the TiO2 nanotube thin films preparation methodology. Characteristic dimensions and calculated bandgaps of the samples with nanotubular morphology.   

Sample Concentration NH4F 
[M] 

Voltage 
[V] 

Time 
[hours] 

Surface 
preparation 

Nanotubular 
morphology* 

Di 
[nm] 

L [nm] W 
[nm] 

Eg 

[eV]  

1 G-0.06M-20V-2h- 
C-TT  

0.06 20 2 Chemical 
pickling 

Yes 72 ±
15 

700 ± 19 9 ± 2  
3.31 

2 G-0.06M-40 V-1 h- 
C  

0.06 40 1 Chemical 
pickling 

No – – –  
– 

3 G-0.06M-40V-2h-C  0.06 40 2 Chemical 
pickling 

No – – –  
– 

4 G-0.06M-40 V-4 h- 
C  

0.06 40 4 Chemical 
pickling 

No – – –  
– 

5 G-0.06M-60 V-1 h- 
C  

0.06 60 1 Chemical 
pickling 

No – – –  
– 

6 G-0.06M-60V-2h-C  0.06 60 2 Chemical 
pickling 

No – – –  
– 

7 G-0.06M-60 V-4 h- 
C  

0.06 60 4 Chemical 
pickling 

No – – –  
– 

8 G-0.06M-80V-2h-C  0.06 80 2 Chemical 
pickling 

No – – –  
– 

9 G-0.06M-100V-2h- 
C  

0.06 100 2 Chemical 
pickling 

No – – –  
– 

10 G-0.15M-20V-2h- 
C-TT  

0.15 20 2 Chemical 
pickling 

Yes 70 ±
15 

1154† 8 ± 1  
3.32 

11 G-0.15M-40 V-1 h- 
C  

0.15 40 1 Chemical 
pickling 

No – – –  
– 

12 G-0.15M-40V-2h-C  0.15 40 2 Chemical 
pickling 

No – – –  
– 

13 G-0.15M-40 V-4 h- 
C  

0.15 40 4 Chemical 
pickling 

No – – –  
– 

14 G-0.15M-60 V-1 h- 
C  

0.15 60 1 Chemical 
pickling 

No – – –  
– 

15 G-0.15M-60V-2h-C  0.15 60 2 Chemical 
pickling 

No – – –  
– 

16 G-0.15M-60 V-4 h- 
C  

0.15 60 4 Chemical 
pickling 

No – – –  
– 

17 G-0.15M-80V-2h-C  0.15 80 2 Chemical 
pickling 

No – – –  
– 

18 G-0.15M-100V-2h- 
C  

0.15 100 2 Chemical 
pickling 

No – – –  
– 

19 G-0.27M-10V-2h- 
P-TT  

0.27 10 2 Polished Yes 36 ± 6 – 6 ± 1   

20 G-0.27M-20 V-0.5 
h-C-TT  

0.27 20 0.5 Chemical 
pickling 

Yes 59 ±
15 

915 ± 27 10 ± 2  
3.33 

21 G-0.27M-20 V-1 h- 
C-TT  

0.27 20 1 Chemical 
pickling 

Yes 72 ± 6 1144 ±
78 

8 ± 1  
3.32 

22 G-0.27M-20V-2h- 
C-TT  

0.27 20 2 Chemical 
pickling 

Yes 61 ± 7 1760 ±
62 

5 ± 1  
3.30 

23 G-0.27M-20V-2h- 
R-TT  

0.27 20 2 Roughing Yes 56 ± 1 ~1760 † 8 ± 1  
3.33 

24 G-0.27M-20V-2h- 
D-TT  

0.27 20 2 Degreased Yes 68 ±
11 

~1760† 9 ± 1  
3.32 

25 G-0.27M-20V-2h- 
P-TT  

0.27 20 2 Polished Yes 61 ± 9 ≥ 1760† 9 ± 1  
3.32 

26 G-0.27M-30V-2h- 
C-TT  

0.27 30 2 Polished No – – –  
– 

27 G-0.27M-40V-2h-C  0.27 40 2 Polished No – – –  
– 

28 G-0.27M-50V-2h-C  0.27 50 2 Polished No – – –  
– 

29 G-0.27M-60V-2h-C  0.27 60 2 Polished No – – –  
–  

† Not measured. Value estimated from measured values and oxidation conditions. 
* Presence of nanotubes in the TiO2 coating. 
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40 kV and 50 mA, respectively. The UV–Vis diffuse reflectance spectra 
(DRS) of the samples were obtained at RT in air using an Ocean Optics 
DH-2000-BAL UV–Vis–NIR spectrophotometer equipped with an inte
grating sphere. The DRS data were used to obtain the bandgap of sam
ples through Tauc plots (Eg was obtained by extrapolating to zero a 
linear fit to a plot of (khν)1/2 against hν, as reported in reference (Mur
phy, 2007). 

2.4. Photocatalytic tests 

A 0.4 mM K2Cr2O7 aqueous solution containing 1 mM EDTA was 
used for the photocatalytic tests. The initial pH was adjusted to 2 with 
perchloric acid. The photocatalyst samples were immersed into 10 mL of 
this solution contained in cylindrical reactors (45 mm diameter and 68 
mm high) under magnetic stirring (Velp multistirrer 6), and six different 
samples were irradiated simultaneously using a BLV MHL404 UV lamp 

(λ > 250 nm, maximum emission at 365 nm). Between the UV lamp and 
the reactor, a water filter and a glass filter were placed, to filter IR and 
UV wavelengths lower than 300 nm, respectively. The mean incident UV 
irradiance (E0) measured at 365 nm was 3700 μW cm− 2. Prior to irra
diation, the solutions were kept in the dark with continuous stirring for 
30 min, to ensure the adsorption equilibrium between the pollutant and 
the photocatalyst. No significant changes in Cr(VI) concentration were 
observed after this dark period. 50 µL samples were taken each hour and 
diluted in 3 mL of water for analysis. Changes in Cr(VI) concentration 
were spectrophotometrically monitored through the DFC method at 540 
nm (ASTM D1687–12, 2012) using a Shimadzu UV–Vis spectropho
tometer, model UV2550. To evaluate the homogeneous photochemical 
reduction of Cr(VI), the model pollutant was irradiated in the absence of 
TiO2 (blank experiment). An error of 5% was assumed for the photo
catalytic experiments. The experimental points were fitted with the 
Origin 8.0 software, with reduced χ2 as the iteration ending criterion. 

Fig. 2. SEM micrographs of the top of the coatings obtained at NH4F different concentrations in the electrolyte. (a) G-0.06M-20V-2h-C; (b) G-0.15M-20V-2h-C; (c) G- 
0.27M-20V-2h-C; (d) G-0.06M-40V-2h-C; (e) G-0.15M-40V-2h-C; (f) G-0.27M-40V-2h-C; (g) G-0.06M-60V-2h-C; (h) G-0.15M-60V-2h-C; (i) G-0.27M-60V-2h-C. 

Fig. 3. SEM micrographs of the side view of the coatings obtained at NH4F different concentrations: (a) G-0.06M-20V-2h-C; (b) G-0.27M-20V-2h-C.  
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3. Results and discussion 

3.1. Characterization of the coatings 

3.1.1. SEM images: Morphology 

3.1.1.1. Influence of the NH4F concentration and anodizing voltage on the 
formation of the nanotubes. The films obtained with different applied 
voltages during the anodizing of Ti plates using NH4F as the electrolyte 
in glycerol during two hours are shown in Fig. 2. As it can be observed, 
different morphologies of the films are obtained, but only those pro
duced at 20 V show nanotubular structures (Fig. 2 (a), (b), and (c), top 
view of the material). In such cases, the nanotubes have a nearly circular 
top section, shown in light grey color with a dark grey or black interior. 
However, Maulidiyah et al. showed nanotubes in glycerol-based elec
trolytes at 25 V (Maulidiyah et al., 2017). The films obtained at higher 
voltages for any electrolyte concentration have a sponge-like shape, 
assumed to be the result of the collapse of the nanotubular structure 

during the anodization (Regonini et al., 2013). 
With respect to the nanotubular structures from Fig. 2 (a) to (c), it is 

observed that increasing the NH4F concentration from 0.06 M to 0.27 M 
does not change the diameters of the nanotubes; however, the homo
geneity of the structure strongly deteriorates, particularly the wall 
structure. For high voltages (40 and 60 V), the effect of increasing the 
NH4F concentration also strongly deteriorates the general aspect of the 
films, being transformed from the nanotubes observed at 20 V to a 
completely amorphous structure at 60 V (Fig. 2 (f) and (i)). 

The side view of the nanotubes shows a significant length increase 
with the increase of the NH4F concentration (Fig. 3 and Table 2), which 
could be attributed to a faster oxidation velocity as suggested in the 
literature (Alivov et al., 2009). On the other hand, in the range of 
experimental conditions of the present research, the length of the 
nanotubes linearly increases with the NH4F concentration in the elec
trolyte (R2 = 1) (Fig. 4). 

Other micrographs corresponding to samples with different surface 
treatments are included in the SI as Fig. S3. 

The effect of the applied voltage, in the range from 10 V to 60 V, can 
be clearly observed in Fig. 5 for 0.27 M NH4F. It can be seen that only at 
20 V a regular nanotubular structure is produced. In Fig. 5 (a), the red 
dotted circles indicate that the materials obtained at 10 V are nanotubes. 
In addition, it can be observed an irregular film surface grown on the 
nanotubes, named nanograss (Regonini et al., 2012). In the regular 
nanotubular structure (Fig. 5 (b)), almost no nanograss structures are 
present. In Fig. 5 (c), a film produced at 30 V, the nanotubes that are 
present are not clearly defined, and the structure is highly irregular, 
indicating that, at this voltage, the nanotubes start to collapse. In Fig. 5 
(d) to (f), although there is no evidence of nanotubes, some pseudo
tubular structures can however be seen. Finally, the nanotubes produced 
at 20 V have a higher diameter than those produced at 10 V (Table 2). 

On the other hand, when higher voltages up to 100 V were applied to 
samples prepared with 0.06 and 0.15 M NH4F, no nanotubes were 
observed, as opposed to that reported by Alivov et al., who observed 
nanotubes up to 160 V using 0.2% (0.06 M) NH4F concentration in 
glycerol with no water addition (Regonini et al., 2012). 

3.1.1.2. Influence of the anodizing time on the formation of the nanotubes. 
The anodizing time has a direct effect on the length of the nanotubes and 

Fig. 4. Relationship between the length of the nanotubes and the concentration 
of NH4F in the electrolyte. 

Fig. 5. SEM micrographs of the top of the coatings obtained at different voltages. (a) G-0.27M-10V-2h-P; (b) G-0.27M-20V-2h-P; (c) G-0.27M-30V-2h-P; (d) G- 
0.27M-40V-2h-P; (e) G-0.27M-50V-2h-P; (f) G-0.27M-60V-2h-P. 
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an opposite effect on the uniformity and quality of the nanotube array. 
In Fig. 6, the top and lateral views of the SEM micrographs of the 
nanotubes obtained in a 0.27 M electrolyte, at 20 V and during 0.5, 1, 
and 2 h are shown. It can be observed that the length of the nanotubes 
increases as time increases, in agreement with the results reported in the 
literature (Regonini et al., 2013). 

On the other hand, the top views of the materials shown in Fig. 6 
indicate a loss of the uniformity of the nanotubes as the anodizing time 
increases, attributable to a distortion due to the fact that the nanotubes 
adopt a conical shape, keeping their internal diameter constant and with 
thinner walls (Valota et al., 2009). However, once the nanotubes are 

formed, they are very stable and maintain the same regularity. 
Fig. 7 shows that, in the range of the studied experimental condi

tions, the length of the nanotubes increases quite linearly with anodizing 
time (571 nm/h; R2 > 0.99). 

In order to explore the possibility of the formation of nanotubes 
under different conditions than those established in the previous section, 
samples were anodized during 1 and 4 h using electrolyte concentrations 
of 0.06 and 0.15 M of NH4F at 40 and 60 V. No nanotubular arrays were 
produced in any of such conditions (see the SI, Section S3). 

From the results described in Sections 3.1.1.1 and 3.1.1.2, it may be 
concluded that the anodizing time does not affect the array, i.e., once the 
nanotubes are formed, they remain stable with time. On the other hand, 
the anodizing voltage becomes the critical parameter considering that 
uniform arrays were obtained only at 20 V. 

3.1.1.3. Influence of the substrate preparation on the formation of the 
nanotubes. The arrays of nanotubes produced on titanium surfaces with 
different finishing are shown in Fig. 8. They correspond to top SEM 
views obtained using 0.27 M of NH4F at 20 V during 2 h. The preparation 
of the surface includes polishing up to 1 µm diamond paste (P, Fig. 8 (a)), 
continuing with chemical pickling (C, Fig. 8 (b)), then degreasing (D, 
Fig. 8 (c)) and finally roughing (R, Fig. 8 (d)). Comparing the micro
graphs, it can be concluded that the surface finishing has no effect on the 
morphology of the nanotubes, i.e., it does not affect either the internal 
diameter or the wall thickness. Nevertheless, the difference in the 
appearance of the nanotubes produced with the R and D finishings with 
respect to those obtained with the P and C finishings could be due to an 
incomplete elimination of the natural oxide in the R and D, which may 
affect the nanotube formation at the beginning of the anodization pro
cess and continues afterwards. 

Fig. 6. SEM micrographs of the top and lateral views of the coatings obtained at different anodizing times (a) G-0.27M-20V-0.5 h-C; (b) G-0.27M-20V-1h-C; (c) G- 
0.27M-20V-2h-C. 

Fig. 7. Relationship between the length of the nanotubes and the anod
izing time. 
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3.1.2. XRD patterns: Crystalline structures 
The XRD patterns of samples are shown in Fig. 9 (a), (b) and (c). In 

each figure, the normalized patterns are grouped in order to compare the 
structure obtained as a function of one of the following anodizing pa
rameters: three different NH4F concentrations (Fig. 9 (a)), anodizing 
time (Fig. 9 (b)), and substrate preparation (Fig. 9 (c)). 

The first observation is that in the spectrum of G-0.27M-20V-2h-C 
(Fig. 9 (a)), only diffraction peaks of the Ti substrate can be seen, 
indicating that the nanotubes without TT are amorphous. 

The XRD spectrum of thermally treated samples mainly shows the 
anatase phase (101), which is formed on the nanotube walls. The small 
rutile peaks (110) can be probably attributed to the thermal oxidation of 
the Ti substrate (Grimes and Mor, 2009; Varghese et al., 2003). 

In Fig. 9 (a), it can be clearly seen that, as the concentration of NH4F 
increases, the relative anatase peak also increases in intensity. A similar 
observation can be made by comparing the height of the anatase peak in 
Fig. 9 (b), which increases with the anodizing time. Both effects are due 
to the increase of the length of the nanotubes, as shown in Table 2 and 
discussed in the previous sections. On the other hand, Fig. 9 (c) shows 
that the anatase phase appears in all cases, independently of the sub
strate preparation. 

The amount of the anatase phase is not directly shown in the dif
fractograms since the intensity of the peaks is normalized. However, the 
absolute value of the anatase peak (101) in the polished sample (P) is 
60% higher than the corresponding peak of the chemical pickling sam
ple (C) (see the SI, Section S4). This result can also be related to the 
length of the nanotubes since, in the C, R, and D samples (Table 2), this 
length is around 1760 nm while, in the case of the P sample, it could be 
larger. Therefore, in all cases shown in Fig. 9, the larger amount of the 
anatase phase is related to the larger nanotubes. 

From these results, it can be concluded that the TT is effective in 
crystallizing the anatase phase in TiO2 nanotubes. 

3.1.3. Diffuse reflectance spectra: Calculation of the bandgap values of the 
samples 

The bandgap values of the samples were obtained by following the 
procedure described in Section 2.3, and they are listed in Table 2. In all 

cases, bandgaps of ~3.3 eV were obtained, i.e., slightly higher than the 
reported values for anatase (3.2 eV) (Grimes and Mor, 2009). This 
higher value could be due to the effect of mirror reflections from the 
substrate on the spectra, resulting from the relatively small thickness of 
the films; it can also be due to a quantic confinement from the nanotube 
walls (Vera et al., 2018) (Table 2). It is noted that the anodizing con
ditions do not affect the bandgap value. 

3.2. Cr(VI)/EDTA photocatalytic experiments with the new 
photocatalysts 

3.2.1. Photocatalytic efficiency 
The efficiency of the photocatalytic activity of the nanotubes were 

determined applying the procedure described in Section 2.4 on the 
reduction of Cr(VI) in the presence of EDTA ([Cr(VI)]0 = 0.8 mM; 
[EDTA]/[Cr(VI)] = 1.25; pH 2; E0 = 3700 µW cm− 2). The results for the 
different nanotube samples are presented in Fig. 10 where the Cr(VI) 
concentration during the experiments (C) is normalized with respect to 
the initial Cr(VI) concentration (C0) and plotted as a function of the 
irradiation time; a comparison with the system in the absence of pho
tocatalyst (i.e., blank test) is also shown. The results are presented in 
different figures to analyze the effect on the efficiency due to the NH4F 
concentration (Fig. 10 (a)), anodizing time (Fig. 10 (b)), and substrate 
preparation (Fig. 10 (c)). In all cases, the experimental points were fitted 
using the following equation: 

C
C0

= e− k1× t (1)  

where k1 is the pseudo-first-order kinetic constant. The fittings were 
very good in all cases (R2 > 0.98) showing that this kinetics adjusts very 
well to the results with photocatalysts with large surface area as in the 
present case, indicating that the surfaces of the nanotubes are not 
saturated with adsorbed chromium. The reduction rate of Cr(VI) de
pends on its concentration, similarly to that observed in experiments of 
homogeneous photocatalysis (Vera et al., 2018). In all cases, Cr(VI) 
reduction was faster in the presence of the photocatalyst than in the 

Fig. 8. SEM micrographs of the top of the coatings obtained with different preparations of the surface of the substrate. (a) G-0.27M-20V-2h-P; (b) G-0.27M-20V-2h-C; 
(c) G-0.27M-20V-2h-D; (d) G-0.27M-20V-2h-R. 
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blank experiment. 
The values of the kinetic parameter k1 for each of the twelve samples 

and the blank are listed in Table 3. It is noted that a faster kinetics is 
obtained in samples anodized at higher NH4F concentrations (Fig. 10 
(a)), and for longer times (Fig. 10 (b)), meaning longer nanotubes and 
samples with a greater amount of anatase crystals (Masahashi et al., 
2009). This is supported by the result of the lower efficiency of the G- 
0.06M-20V-2h-C-TT sample, which has the shortest nanotubes (sample 
1 in Table 2 and sample 9 in Table 3). Moreover, higher concentration 
and longer anodization time should be tested in the future in order to 
explore the optimum synthesis condition able to produce more efficient 

Fig. 9. XRD patterns of samples of nanotubes grouped by: (a) NH4F concen
tration, (b) time, (c) substrate preparation. A = anatase, R = rutile, Ti 
= titanium. 

Fig. 10. Evolution profile of normalized Cr(VI) concentration (C/C0) in pho
tocatalytic experiments of Cr(VI) transformation in the presence of EDTA under 
UV irradiation. Influence on the photocatalytic activity of: (a) NH4F concen
tration; (b) time; (c) substrate preparation. Conditions: [Cr(VI)]0 = 0.8 mM; 
[EDTA]/[Cr(VI)] = 1.25; pH 2; E0 = 3700 µW cm− 2. The dashed lines are the 
fittings of the experimental points with Eq. (1). 
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photocatalysts. 
On the other hand, Fig. 10 (c) shows that the substrate preparation 

method has minor effects on the photoactivity of the films, as expected 
since the process is controlled by the amount of anatase crystals. 
Transformations were around 90%, the largest value of 93.8% corre
sponding to the polished sample. This is an important result from a 
technological point of view since the pickling technique for the prepa
ration of the substrate surface is simple and suitable for production at a 
larger scale. Moreover, this technique can be employed for non-flat 
surfaces like tubes, rings, and others. 

The effect of the anodizing voltage on the photocatalytic efficiency is 
presented in Fig. 11. The best efficiency is achieved in the case of the 
nanotubes produced at 20 V, followed by the sample produced at 10 V 
and that produced at 30 V. The nanotube array of the sample produced 
at 20 V is very uniform, long, and without nanograss, which are favor
able properties for a good photocatalytic efficiency. The sample ob
tained at 10 V has shorter nanotubes and is covered by nanograss. The 
presence of the nanograss structure is associated with the slimming of 
the nanotube walls, which could produce their bending and collapse at a 
long anodizing time (Yasuda and Schmuki, 2007; So et al., 2012). This 
may alter the photocatalytic efficiency by shadowing the nanotubes for 
the incidence of the UV irradiation. The sample produced at 30 V, in 
which the nanotubes are longer but very inhomogeneous, presents the 
lowest efficiency. 

3.2.2. Reproducibility and reuse of the photocatalysts 
For the use of the present photocatalysts in the construction of pilot 

and plant photoreactors for water treatment, they must show at least 
two important behavior characteristics with respect to the efficiency: 1) 
they should change the efficiency within limits of tolerance when pro
duced by the same technique (reproducibility), and 2) they should show 
similar efficiencies with the repeated use (reuse). 

In order to investigate these two technological aspects, two samples 
of “G-0.27M-20V-2h-C-TT” were produced under the same conditions in 
different batches. This sample was chosen not for its efficiency but 
because of the surface treatment (chemical pickling), which is the 
simplest method and requires less time (only 2 min) and no previous 
preparation and, more importantly, it may be used for different surface 
geometries. These advantages would greatly compensate for a little 
lower efficiency, permitting the design and construction of photo
reactors with non-flat geometries. 

The original sample and the second one (duplicate, labeled as “d”), 
were tested to assess anodization reproducibility. For testing the reuse, 
the original sample was evaluated a second time and the corresponding 
curve was labeled as “r” in Fig. 12. 

Fig. 12 shows that the original sample and its duplicate have an 
almost identical behavior, showing that the production technique is 
reproducible. On the other hand, the efficiency of the Cr(VI) reduction 
decreased by approximately 36% after the first reuse (see also Table 2). 
The reduction in the efficiency of the catalyst after reuse could be 
attributed to the saturation of the photocatalyst surface by adsorption of 
Cr(III) species, which reduces the effective active surface. This last result 
indicates that the reutilization of the photocatalyst would require a 
reactivation process that must be designed and applied before its reuse 
(Salaeh et al., 2017). The reactivation treatments will be investigated in 
next experiments. Some possibilities are the cleaning of the sample with 
hydrogen peroxide (Gandhi et al., 2012), which has been demonstrated 
to be successful for TiO2 particle suspensions, the cleaning with solvents 
followed by heat treatment (Salaeh et al., 2017), or a combination of 
these treatments adjusting sequence, concentration, time of cleaning 
and temperature in the last case. These experiments and the evaluation 
of the photocatalytic efficiency are underway. 

4. Conclusions 

TiO2 films were produced by anodizing Ti substrates in electrolytes 

Table 3 
Pseudo-first-order kinetic constants (k1) and percentage of Cr(VI) removal in the 
presence of EDTA at 300 min, extracted from Fig. 10.   

Sample k1 × 10− 3 (min− 1) R2 %Cr(VI) removal 

1 Blank  0.77  0.941  18.3 
2 G-0.27M-20V-2h-C-TT  7.50  0.997  88.9 
3 G-0.27M-20V-2h-P-TT  9.75  0.992  93.8 
4 G-0.27M-20V-2h-D-TT  6.99  0.992  91.8 
5 G-0.27M-20V-2h-R-TT  7.13  0.986  93.7 
6 G-0.27M-20 V-1 h-C-TT  5.37  0.996  78.2 
7 G-0.27M-20 V-0.5 h-C-TT  4.87  0.995  74.2 
8 G-0.15M-20V-2h-C-TT  4.82  0.983  71.2 
9 G-0.06M-20V-2h-C-TT  3.83  0.995  65.3 
10 G-0.27M-10V-2h-P-TT  4.99  0.987  81.1 
11 G-0.27M-30V-2h-P-TT  3.25  0.986  63.3 
12 G-0.27M-20V-2h-C-TT-d  7.03  0.997  88.1 
13 G-0.27M-20V-2h-C-TT-r  2.56  0.960  56.1  

Fig. 11. Evolution profile of normalized Cr(VI) concentration (C/C0) in pho
tocatalytic experiments of Cr(VI) transformation in the presence of EDTA under 
UV irradiation. Influence of the type of nanostructure obtained at different 
voltages on the photocatalytic activity. Conditions: [Cr(VI)]0 = 0.8 mM; 
[EDTA]/[Cr(VI)] = 1.25; pH 2; E0 = 3700 µW cm− 2. The dashed lines are the 
fittings of the experimental points with Eq. (1). 

Fig. 12. Evolution profile of normalized Cr(VI) concentration (C/C0) in the 
photocatalytic experiments of Cr(VI) transformation in the presence of EDTA 
under UV irradiation performed with two samples prepared in a similar way 
and with a reused sample. Conditions: [Cr(VI)]0 = 0.8 mM; [EDTA]/[Cr(VI)] =
1.25; pH 2; E0 = 3700 µW cm− 2. The dashed lines are the fittings of the 
experimental points with Eq. (1). 

A.N. Dwojak et al.                                                                                                                                                                                                                              



Environmental Nanotechnology, Monitoring & Management 16 (2021) 100537

10

prepared with glycerol–NH4F–H2O. The objective was to obtain TiO2 
nanotube arrays with the best possible efficiency for heterogeneous 
photocatalysts to be used for water decontamination in photoreactors at 
pilot and plant scales. Several parameters and substrate preparations 
were assessed experimentally, namely NH4F concentration, applied 
voltage, anodizing time, and different surface finishing. To increase the 
amount of anatase crystals, the films were thermally treated. 

From the results of anodization it can be concluded that, for a good 
photocatalytic efficiency, the nanotube arrays must present the largest 
length and be homogeneous in size and morphology. The best arrays 
were obtained by using the following anodizing conditions: 0.27 M 
NH4F concentration, 20 V during 2 h, followed by a thermal treatment. 
All the others conditions produce non-uniform arrays, amorphous 
morphology, nanograss, and other defects that reduce the efficiency. 

The best efficiency for reducing Cr(VI) in the presence of EDTA was 
93.8% after 5 h of UV radiation and was obtained with the G-0.27M- 
20V-2h-P-TT sample. This was attributed to a good anatase crystallinity 
and the high contact area provided by the longest nanotubes. Moreover, 
higher concentrations and longer anodization times will be tested in the 
future in order to explore the optimum synthesis condition able to 
produce more efficient photocatalysts. 

The applied fabrication technique results in reproducible nanotube 
arrays in size, morphology, and also in photocatalytic efficiency. 
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