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 New nanotubular TiO2 coatings were obtained by anodic oxidation of titanium 

cp. 

 Aqueous and organic electrolytes containing F− produced short and long 

nanotubes. 

 Photocatalytic activity was evaluated for the model Cr(VI)/EDTA system. 

 Higher voltages yield more active samples. 

 The activity is related with dimensions and crystallinity of the nanotubes. 

 
 
 
Abstract  

 

Nanotubular TiO2 coatings prepared by anodic oxidation of titanium were evaluated for 

the first time in the photocatalytic Cr(VI) reduction in the presence of EDTA. Small 

nanotubes (SN) were prepared by using aqueous hydrofluoric acid as electrolyte, and 

long nanotubes (LN) were made by using an ethylene glycol solution containing 

ammonium fluoride and water. The samples were characterized by scanning electron 

microscopy, X-ray diffraction and UV-Vis diffuse reflectance spectroscopy. The 

photocatalytic reactions were performed using [Cr(VI)]0 = 0.8 mM, a EDTA/Cr(VI) 

molar ratio = 1.25 and pH 2. The photocatalytic activity increased with the applied 

voltage due to an increase of the average diameter, wall thickness and length. The most 

active SN coating yielded 98% of Cr(VI) transformation after 300 min, while all LN 

samples achieved a complete transformation in the same time or less. The photocatalytic 

activity was in almost cases higher than that of a P25 supported sample.  
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Keywords: TiO2 Nanotubes, Anodic Oxidation, Hexavalent Chromium, Heterogeneous 

Photocatalysis 

 

1. Introduction 

 

TiO2 is a well-known photocatalyst for water and air disinfection and 

decontamination. When TiO2 is irradiated under UV light, very reactive species are 

created, able to transform pollutants by heterogeneous photocatalysis (HP) [1]. 

Although photocatalysis has been widely used with TiO2 suspensions, the recovery of 

the catalyst involves expensive and time-consuming separation processes, which could 

be avoided by the immobilization of the photocatalyst on suitable substrates [2]. 

However, immobilization generally leads to a decrease of the overall photocatalytic 

activity due to a reduction of the surface area and limitations in mass transfer. To solve 

these problems, the use of one-dimensional nanostructures such as nanotubes has been 

recently proposed. TiO2 nanotubes combine unique geometrical features (high 

surface/volume ratio and short diffusion path) with remarkable optical, electrical and 

chemical properties such as faster electron transport and lower charge recombination 

[3,4]. This explains the great variety of use of these materials in advanced applications, 

such as sensors, dye sensitized solar cells, hydrogen generation, molecular filtration and 

drug delivery [5 and Refs. therein] including water and air decontamination [6]. One of 
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the major challenges for the application is to obtain TiO2 coatings with high surface area 

and photocatalytic activity, combined with good mechanical strength to allow reuse [7]. 

TiO2 nanotubes have been produced by a number of methods, e.g., use templates of 

nanoporous alumina, sol-gel transcription processes with organo-gelator templates, 

seeded growth mechanisms, and hydrothermal techniques (see e.g., [8]). None of these 

methods, however, offers a superior control over the nanotube dimensions compared 

with titanium anodization [9], especially in a fluoride-based electrolyte [5,10,11]. As 

very well known, anodic oxidation is a simple and low-cost process that creates an 

oxide coating over a metallic surface, whose properties depend on the electrolyte 

composition and the electrochemical parameters [5]. When the electrolyte contains 

fluoride ions (F−), typical morphologies of titania nanotubes are obtained depending on 

the competition between TiO2 formation and chemical dissolution of the anodic titania 

layer [12-16] (see the supporting information (SI, section S1) for a description of the 

process). 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 m long, grown in aqueous solutions of fluoride salts; a 3rd 

generation of smoother and longer nanotubes, up to 100-1000 m, grown in organic 

electrolytes containing F− and small amounts of water (0.1-5 wt%) [17 and Refs. 

therein]. To assess the photocatalytic activity of anodic nanotubes, some works 

analyzed the removal of uranium(VI) and lead(II) [18], Paraquat [19] or phenol [20,21], 

but most of them used the degradation of dyes [22-29]. However, degradation of dyes is 

not a suitable test because parallel processes, such as photolysis, reductive bleaching or 



Page 5 of 35

Acc
ep

te
d 

M
an

us
cr

ip
t

 5

sensitization, interfere with the photocatalytic process [10,30-32], making unclear the 

true phenomenon. For this reason, the use of other well established probe systems, such 

as the very good and fast Cr(VI) conversion to Cr(III) in the presence of 

ethylenediaminetetraacetic acid (EDTA, see e.g. Refs. [33-43]), is highly desirable for a 

better comparison of the photocatalytic activities, through a very simple monitoring of 

the Cr(VI) concentration. In addition, this represents a good alternative for the removal 

of dangerous hexavalent chromium species from aqueous systems. Cr(III) has been 

observed in TiO2 coatings as a product of the Cr(VI) photocatalytic transformation 

[44,45]. Although many works have been done for TiO2 photocatalytic Cr(VI) 

reduction, either in suspension or supported, none of them have been done with anodic 

TiO2 nanotubes. 

In the present work, the activity of two types of nanotubular TiO2 coatings 

synthesized by anodic oxidation of titanium has been tested for the first time with the 

Cr(VI)/EDTA system, 1st generation small nanotubes (SN) were made by using aqueous 

hydrofluoric acid as electrolyte, and 3rd generation long nanotubes (LN), were prepared 

by using an organic solution of ethylene glycol (EG) containing ammonium fluoride and 

water. The influence of the applied voltages on the photocatalytic activity has been 

evaluated. 

 

2. Experimental 

 

2.1. Materials and methods 
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All chemicals were reagent grade and used without further purification. Hydrofluoric 

acid (HF, Cicarelli, 48%), ammonium fluoride (NH4F, Biopack), EG (Biopack, 99%), 

potassium dichromate (K2Cr2O7, Merck), EDTA (Riedel de Haën AG, Seeelze – 

Hannover), diphenylcarbazide (DFC, UCB), acetone (Anedra, 99.5%) and phosphoric 

acid (Biopack, 85%) were used. All other reagents were of the highest available purity. 

Deionized water (conductivity = 0.05-0.06 S cm−1) was obtained with an OSMOION 

Agua Ultrapura Apema equipment. All pH adjustments were made with perchloric acid 

(Merck, 70-72%). P25 Evonik was used as received. A PHM210 Meter Lab® 

(Radiometer Analytical) pHmeter was used. For anodization, a JMB direct current 

source, model LPS360DD, was used. For dip-coating, a homemade dip-coater was 

employed. For the thermal treatments, a SIMCIC oven was employed. A Hewlett-

Packard diode array UV-Vis spectrophotometer model HP 8453 A was used for 

spectrophotometric measurements.  

 Scanning electron microscopy (SEM) was performed using a Carl Zeiss Supra 40 

equipment with an Oxford Instruments INCA x-act detector for energy dispersive X-ray 

spectroscopy (EDS). The analysis of the SEM images was made with the ImageJ 

software [46]; the average inner diameter (Di) and the wall thickness (W) of the 

nanotubes were determined as the average of 50 measurements of the top view SEM 

micrographs, and the lengths (L) were measured after scratching the coatings to obtain 

cross-sectional views. For glancing incidence X-ray diffraction (GI-XRD), a 

Panalytical, Empyrean diffractometer with a Pixel 3D detector was used with CuK 
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radiation at a scan rate of 0.02º (2θ)/s and a glancing angle of 1°. The accelerating 

voltage and the applied current were 40 kV and 30 mA, respectively. The UV-vis 

diffuse reflectance spectra (DRS) of the samples were obtained at room temperature in 

air using a Shimadzu, UV-3600 UV-vis-NIR spectrophotometer equipped with an 

integrating sphere and BaSO4 as the reference.  

 

 

 

  

2.2. Photocatalyst preparation 

 

 Commercially pure titanium plates (Grade 2 according to ASTM B367), 30 × 20 

mm2 and 2 mm thick were used as substrates for the coatings. They were polished with 

abrasive SiC papers (Köln) with decreasing granulometry (from # 120 up to # 1500), 

finishing with diamond paste (Praxis, 1 m) lubricated with EG. For polishing, a 

mechanical polishing machine (250 rpm) was used. The prepared surfaces were then 

cleaned with water and detergent, rinsed with alcohol and hot air dried. One of the 

substrates (labeled as Ti) was not anodized. To protect the anodic contact, an acrylic 

protection was used in the longest side of the plate, giving ~ 9 cm2 of effectively 

anodized surface (see Fig. S1(a)). The uncoated section was cut previously to the 

irradiation. 
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 Anodic oxidation was carried out at room temperature (25 ºC) in a plastic beaker 

containing the electrolyte solution. A DC electric current was applied at a constant 

voltage between two Pt sheets used as cathodes and a Ti anode, separated each other by 

5 cm, as illustrated in Fig. S1(b); the evolution of the cell voltage (V) and the current 

density (J) were followed during the process (Fig. S2). Immediately after the oxidation, 

the samples were rinsed with demineralized water and dried with hot air. Some samples 

were submitted to thermal treatments (TT) in the oven at 450 ºC in air at a 10 ºC/min 

heating rate, and the cooling down was made inside the oven. 

 Short nanotubes (SN) were obtained in 1% v/v HF at 8, 12, 15 and 20 V applied 

voltages during 15 min, followed by a TT lasting 1 h. Long nanotubes (LN) were 

obtained in an EG-based solution containing 0.6 wt% of NH4F and 3.5 wt% of water 

with applied voltages of 20, 30, 40, 50 and 60 V during 2 h. The TT lasted 2 h. The 

complete nomenclature for the coated plates were SN or LN for short or long nanotubes, 

respectively, followed with the letter V and the voltage value, e.g. SN-V8, LN-V50, etc. 

The suffixes TTS and TTL were added to identify the TT applied to short or long 

nanotubes, respectively. 

 A sample of supported P25 prepared as described in Kleiman et al. [38] was used as 

reference in the photocatalytic tests.  

 

2.3. Photocatalytic tests 
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 A 0.4 mM K2Cr2O7 aqueous solution containing 1 mM EDTA as sacrificial 

synergetic agent was used for the photocatalytic tests. The initial pH was adjusted to 2. 

The photocatalyst samples were immersed into 10 mL of this solution contained in 

cylindrical reactors (3.6 cm diameter and 5 cm high) under magnetic stirring, and six 

samples were irradiated simultaneously using a BLV MHL-404 UV lamp ( > 250 nm, 

maximum emission at 365 nm). Between the UV lamp and the reactor, a water filter and 

a glass filter were located, to avoid IR radiation and UV wavelengths lower than 300 

nm, respectively. The mean UV irradiance incident on the surface of the solution (E0) 

was 2700 μW cm−2, measured at 365 nm with a Spectroline DM-365 XA radiometer. 

 Prior to irradiation, the solutions were kept under stirring in the dark for 30 min, to 

assure the adsorption equilibrium between the pollutant and the photocatalyst. No 

significant changes in Cr(VI) concentration were observed after this dark period. 50 L 

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 [47] using a Hewlett-Packard diode array UV-visible spectrophotometer, 

model HP 8453 A. 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 photocatalytic experiments. The fitting of the experimental 

points was made with Origin 8.0 software, with reduced c2 as the iteration-ending 

criterion. 

 

3. Results and discussion 
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3.1. Synthesis of coatings 

 

In section S3 of SI, the evolution of current density during the early stages of 

anodization to obtain SN and LN samples is described, indicating the different stages 

leading to the corresponding samples. 

 

3.2. Characterization of the coatings 

 

Samples have been characterized by SEM/EDS, DRS and XRD.  

 

3.2.1. SEM images: morphology 

 

In Fig. 1, top view micrographs of the SN samples are presented.  

 

(a) SN-V8-TTS    (b) SN-V12-TTS 
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(c) SN-V15-TTS    (d) SN-V20-TTS 

 

 

 

 

 

 
Fig. 1. SEM micrographs of the top of the SN coatings obtained at different voltages. 

Inset in Fig. 1(d): cross-sectional view of the corresponding coating. 

 

Figs. 1(a) and 1(b) show that the substrates anodized at 8 and 12 V, respectively, 

exhibit a sponge-like structure with the presence of randomly dispersed pores, a 

morphology that commonly appears prior to the formation of the nanotubes [48]. The 

sample obtained at a higher voltage (15 V, Fig. 1(c)) clearly evidences the top view of a 

nanotubular structure, with defined walls in light gray. At 20 V, the same nanotube 

structure, although with a larger diameter, is visibly observed (Fig. 1(d), see a cross 

section of about 200 nm length in the inset). This indicates the significant influence of 

the voltage on the formation of the nanotubes [14]. 

In Fig. 2, top view micrographs of the LN samples are presented, where, except in 

Fig. 2(a), another nanostructure identified as ‘nanograss’ [49] is observed, being a 

remnant of the oxides formed at the early anodization stages due to the limited 

dissolution in organic solutions [17,50]. The inset in Fig. 2(e) shows the cross-sectional 

view of the corresponding coating. Although different strategies for preventing the 
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formation and removal of the nanograss were developed [51-53], in photocatalytic 

applications it could be important to maintain those nanostructures because they 

increase the total surface area of the catalyst, as we will see later.  

 

(a) LN-V20-TTL    (b) LN-V30-TTL 

 

 

 

 

 

 

(c) LN-V40-TTL    (d) LN-V50-TTL 

 

 

 

 

 

 

(e) LN-V60-TTL     
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Fig. 2. SEM micrographs of the top of the LN coatings obtained at different voltages. 

Inset in Fig. 2(e): cross-sectional view of the corresponding coating. 

 

 In Fig. S3, the closed bottom of the nanotubes are observed, showing ribs along the 

walls; in fact, smooth nanotube walls have been reported when the water content in 

organic electrolytes did not exceed 0.5 wt% [16]. However, as in this work the water 

content of the EG solution was 3.5 wt%, the ribs may be the result of oxygen evolution 

due to the anodic electrolysis of water [16,52]. It is important to mention that when 

voltages higher than 50 V were applied in our experiments of LN formation, detachment 

of the coatings began to be observed. 

In Fig. S4, a correlation between the mean values of Di, W and L of SN and LN with 

the applied voltage is presented. The influence of the electrolyte on the dimensions of 

the nanotubes can be observed comparing samples obtained at 20 V (SN-V20-TTS and 

LN-V20-TTL). Whilst the electrolyte seems to have no influence on W, larger Di and 

smaller L are obtained in the aqueous electrolyte. Regarding L, in both cases, an 

exponential growth with the voltage is observed (Fig. S4). For SN, the time required to 

form the nanotubes is about 6 min; further increase of the anodization time results in 

more uniform nanotubes but without changes in L, because the oxidation/dissolution 

equilibrium has been reached [52], and the relatively high dissolution rate in the 
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aqueous electrolyte allows limited lengths not exceeding 500 nm [14]. In constrast, LN 

samples show a relatively faster growth rate in the first 30 min of anodization due to the 

relatively lower dissolution rate, and with a slightly retarded growth rate due to the limit 

of ion diffusion in the thicker layer [5]. L of LN were between 1 and 15 m, in 

agreement with literature data [17 and Refs. therein]. 

 An elemental analysis of the coatings was performed using EDS as a preliminary 

evidence of the presence of TiO2. In Fig. S5, EDS spectra of SN and LN samples are 

presented and the characteristic peaks have been associated with Ti and O. In the case of 

LN-V40-TL (Fig. S5 (b)), the quantitative analysis reveals that the atomic ratio of Ti 

and O is close to 1:2, indicating that TiO2 is the structure of the deposited materials. In 

contrast, a quantitative analysis could not be possible for SN-V20-TS (Fig. S5 (a)), 

because the SN coatings have a thickness of 200 nm, while the EDS penetration is 

around 1 m; therefore, the adsorbed quantities in the 200 nm superficial layer could 

represent less than the detection limit of EDS (0.1% w) (Table of Fig. S5 (b)). 

 Table 1 shows the results of Di, Wand L for all new samples, extracted from the SEM 

images, together with the calculated bandgaps discussed later in section 3.2.2. As 

expected, increasing applied voltages resulted in higher dimensions of SN and LN 

because a higher voltage increases both the growth rate of the nanotube arrays and the 

current density, disturbing the chemical dissolution and leading to longer TiO2 

nanotubes of larger diameter [14,17].  

 

Table 1 
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Characteristic dimensions and calculated bandgaps of SN and LN samples.  

Sample V [V] Di [nm] W [nm] L [**] Eg [eV] 

SN-V8-TTS 8 -* -* 34 ± 17 -* 

SN-V12-TTS 12 27 ± 12 5 ± 4 37 ± 18***  3.31 

SN-V15-TTS 15 50 ± 23 8 ± 4 40 ± 20 3.55 

SN-V20-TTS 20 63 ± 25 12 ± 7 200 ± 58 3.39 

LN-V20-TTL 20 40 ± 16 14 ± 4 1 ± 0.5 3.23 

LN-V30-TTL 30 60 ± 18 15 ± 4 2 ± 1*** 3.20 

LN-V40-TTL 40 82 ± 21 15 ± 8 3 ± 1 3.18 

LN-V50-TTL 50 93 ± 14 20 ± 1 8 ± 1 3.20 

LN-V60-TTL 60 97 ± 17 21 ± 5 15 ± 3 3.14 

* Not measured; ** SN samples in nm and LN samples in m; *** estimated by 

interpolation from Fig. S4.  

3.2.2. Diffuse reflectance spectra: bandgaps 

 

 The diffuse reflectance spectra (Fig. 3) were used to calculate the bandgaps of 

selected samples through Tauc plots (Eg was obtained by extrapolating to zero a linear 

fit to a plot of (khv)1/2 against hv, as reported in ref. [54]); the values are listed in Table 

1.  
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Fig. 3. UV-Vis diffuse reflectance spectra of selected samples: (a) SN and (b) LN.  

 

The bandgap estimated from DRS measurements for SN samples is ~3.4 eV. This 

value, higher than those reported for bulk anatase and rutile (3.2 and 3.0 eV, 

respectively [5]), is probably a result of the influence of the substrate specular reflection 

(shown in the inset of Fig. 3(a)) on the spectra of the samples because of the low coating 

thickness (< 1 μm (Table 1)) [19,55]. In the case of thin coatings, the light is not fully 

absorbed, and part of it is reflected at the coating-substrate interface; therefore, the 
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overlapping with the Ti spectra produces a blue shift of the maximum diffuse 

reflectance and, consequently, on the bandgap value. Moreover, a blue shift might be 

due to a quantum size effect and interband transitions in SN samples (wall thicknesses ≤ 

12 nm) [56]. In contrast, LN coating thicknesses are well above 1 μm, and wall 

thicknesses are higher than 12 nm, (Table 1), making negligible the influence of the 

substrate and the quantum confinement. Thus, the bandgap values of these samples are 

around 3.2 eV, in agreement with the anatase content (see section 3.2.3). 

 

3.2.3. XRD patterns: crystalline structures 

 

 Fig. 4 shows the XRD patterns of the Ti substrate and the coatings. In the spectra of 

SN-V20 and LN-V60, only diffraction peaks of the Ti substrate can be seen, indicating 

that the nanotubes without TT are amorphous.  
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Fig. 4. XRD patterns of: (a) SN and (b) LN. Ti = titanium, A = anatase, R = rutile. 

 

Fig. 4(a) shows, for coatings obtained at 8 and 20 V, that the TT allows 

crystallization into anatase (A) and rutile (R). According to the literature, A is formed in 

the nanotube walls, while R grew from the Ti metal by thermal oxidation [5,57]; the 

physical constrains imposed by the size of the nanotube walls make difficult the A to R 

transformation [5,58]. The A fraction of selected samples was calculated using the 

equation: XA= 1 / [1+2.18 (IR/IA)] ± 2%, where XA is the molar fraction of A, and IA and 
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IR are the total areas of the peaks of the X-ray intensities of the A and R strongest peaks, 

(101) at 2 25.28º and (110) at 2= 27.46º, respectively [59]. It could be observed 

that the A/R ratio increases with the increase in anodization voltages; e.g., the SN-V20-

TTS coating presents a higher A content (54% anatase; 1.17 ratio) compared with SN-

V8-TTS (14% anatase; 0.16 ratio). This is easily explained considering that the higher 

voltage produces larger nanotubes and more A is formed in the walls, while the R 

content does not change because the thermal treatment was the same. Fig. 4(b) shows 

that, after the TT, LN samples are composed only of anatase [19,27]. It has been 

reported that A nanocrystals with a size below a critical value (~45 nm [60]) present a 

lower total (bulk and surface) free energy [61] and are more stable than R crystals. In 

this case, while the oxide layer underlying the nanotube array could remain as rutile 

[57], this phase is not seen in the XRD spectra due to the great length of tubes obtained 

in the organic electrolyte [5,57].  

 

3.3. Cr(VI)/EDTA photocatalytic experiments 

 

The photocatalytic activities of SN and LN coatings were tested with the 

Cr(VI)/EDTA system ([Cr(VI)]0 = 0.8 mM; [EDTA]/[Cr(VI)] = 1.25; pH 2; E0 = 2700 

µW cm−2). Fig. 5 presents the results of normalized Cr(VI) removal using the new 

coatings together with those obtained over a P25 sample containing 0.03 mg TiO2 cm−2 

[38], and that obtained in the absence of photocatalyst under similar conditions (blank). 

It can be seen that the photocatalytic Cr(VI) reduction with all the new coatings is faster 
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than the reduction in the absence of TiO2, and all samples (except SN-V8-TTS) exhibit 

a higher photocatalytic activity than the P25 sample. It is important to remark that the 

amount of TiO2 present in the anodic coatings is not known and is not easy to be 

estimated. Although the preparation and characteristics (e.g., thickness and amount of 

TiO2) of this P25 sample is different from that of the anodic ones [10], it gives a 

reasonable and useful comparison of the reactivity. 

With respect to the morphological and structural stability of the nanotubular 

coatings, it is important to mention that short and long nanotubes kept their shape and 

structure after the photocatalytic tests, without collapsing evidence. 
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Fig. 5. Temporal evolution of normalized Cr(VI) concentration in photocatalytic 

experiments of Cr(VI) transformation in the presence of EDTA under UV irradiation 

over: (a) SN; (b) LN. Conditions: [Cr(VI)]0 = 0.8 mM; [EDTA]/[Cr(VI)] = 1.25; pH 2; 

E0 = 2700 µW cm−2. The dashed lines are the fittings of the experimental points with 

Eq. (1), and the solid lines are the fittings with Eq. (2). The adjusted curve of LN-V60-

TTL is superimposed to the adjusted curve of LN-V50-TTL. 

 

The experimental points for the homogeneous reaction could be fitted with Eq. (1):  
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tke
C

C
1

0

                   (1) 

 

where C is the Cr(VI) concentration in solution, C0 is the Cr(VI) concentration at the 

beginning of the photocatalytic test, and k1 is the pseudo-first order kinetic constant. 

The k1 value, 2.77 × 10−3 min−1 (R2 = 0.992), was obtained for the blank and is similar 

to those previously reported for the same system under similar conditions [38-40]. For 

the reaction with supported photocatalysts, we used the model previously reported by 

us, in which the experimental points are adjusted with an equation composed of a first 

order term corresponding to the homogeneous reaction (k1) plus a zero order term 

describing the reaction on the immobilized catalyst surface (k0). This model considers 

that the area of the photocatalyst is saturated by Cr(VI) adsorbed during the 

photocatalytic run, making the reduction rate independent of the Cr(VI) concentration in 

solution [38-40]: 

 

1

0

1

0

0

1)1(
k

k
e

k

k

C

C tk                     (2) 

   

k1 was calculated by Eq. (1) and used to adjust the curves of the immobilized catalysts 

to obtain the k0 values. For SN samples, the rate constants calculated from the plots are 

presented in Table 2, together with the extent of Cr(VI) removal after 300 min 

irradiation. The fitting curves using Eq. (2) show a good agreement (R2 > 0.97) with the 

experimental points. 
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Table 2 

Zero order kinetic constant (k0) and percentage of Cr(VI) removal in the presence of 

EDTA at 300 min for SN samples extracted from Fig. 5(a). 

Sample k0 × 103 (min−1) R2 % Cr(VI) 

blank 2.77* 0.992 57 

SN-V8-TTS 1.03 0.993 80 

SN-V12-TTS 1.64 0.998 90 

SN-V15-TTS 1.86 0.997 95 

SN-V20-TTS 2.19 0.993 98 

SN-V20 0.63 0.977 67 

P25 1.64 0.997 88 
* k1 (2.77 × 10−3 min−1).  

 

As shown in Fig. 5(a) and Table 2, the maximum removal (98%) obtained for SN 

samples occurred with SN-V20-TTS, the percentages of removal and the k0 values 

increasing with the applied voltage. This enhancement of the photocatalytic Cr(VI) 

reduction can be explained because of the higher diameters and lengths of the samples 

(Table 1), which allows the pollutant and the light to penetrate deeper in the tubes [19]. 

The relationship between higher anodization voltages and higher activities for TiO2 

anodic nanotubes has been also reported for methyl orange degradation [26,62]. The 

lowest removal (67%) was obtained with SN-V20, indicating the importance of the 

crystallinity of the photocatalyst for the activity [13]. Similar k0 values for Cr(VI) 

transformation were reported for porous (non nanotubular) TiO2 coatings made by 
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cathodic arc [38], anodic spark oxidation [40], and sol-gel dip-coating combined with 

P25 [39].  

In the case of LN coatings, a complete Cr(VI) removal occurred at 300 min for all 

samples. Moreover, the complete removal was faster for LN-V50-TTL and LN-V60-

TTL than for LN-V20-TTL, LN-V30-TTL and LN-V40-TTL (3 h and 4 h, 

respectively). With the sample without TT (LN-V60), the reaction was even slower, the 

complete transformation occurring after 5 h of irradiation, reinforcing the importance of 

the crystallinity of the photocatalyst [13]. Once again, the higher the voltage, the faster 

the photocatalytic Cr(VI) reduction, indicating that the removal depends on the 

accessibility of light and contaminant to the nanotubes, given by the higher diameters; 

the content of TiO2, given by the higher wall thickness and length of the nanotubes 

(Table 1), is also a relevant factor. In this case, all curves responded to a first order rate 

law (Eq. (1)), as shown in dashed lines of Fig. 5(b). The calculated k1 rate constants are 

presented in Table 3, together with the time for the complete Cr(VI) removal.  

In order to evaluate the purity of the coatings after the photocatalytic tests, EDS 

spectra of LN-V40-TTL after the test were taken (Fig. S6). Ti, O, C and Cr were 

detected. Ti and O correspond to the TiO2 coating, C comes from the remaining EDTA 

used as organic electron donor and Cr comes from the Cr(III) adsorbed on the coatings 

after the Cr(VI) photocatalytic transformation [44,45]. The mapping of each element 

shows a homogeneous distribution of all the elements on the surface. In the EDS of SN-

V20-TTS after the photocatalytic test, only Ti and O were detected. This is a logical 

result taking into account that the SN coatings have a thickness of 200 nm while the 
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EDS penetration is around 1 m; therefore, the adsorbed quantities in the 200 nm 

superficial layer could represent less than the detection limit of EDS (0.1% w). 

The top nanograss in some LN coatings (Fig. 2) was not detrimental for the 

photocatalytic activity. This was in contrast with that reported by Mazzarolo et al. [63] 

on AO7 dye photocatalytic experiments, where the observed decrease on the activity 

was attributed to the nanograss hindering the access of reactants to the tubes. In the 

present case, probably a compromise between crystalline TiO2 mass and surface area 

can explain the enhanced photocatalytic rate.  

 

Table 3 

First order kinetic constants (k1) and time for the complete Cr(VI) removal in the 

presence of EDTA for LN samples, extracted from Fig. 5 (b). 

Sample k1 × 102 [min−1] R2 100% Cr(VI) [min] 

blank 0.277 0.992 > 300 

LN-V20-TTL 1.488 0.997 240 

LN-V30-TTL 1.581 0.989 240 

LN-V40-TTL 1.494 0.980 240 

LN-V50-TTL 2.347 0.999 240 

LN-V60-TTL 2.319 0.998 180 

LN-V60 0.769 0.968 300 

P25 0.790 0.998 > 300 

 

The different kinetic regime obeyed by the SN and LN coatings can be attributed to 

the higher surface areas of the long nanotubes that cannot be saturated by adsorbed 
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chromium (see Fig. S6), making, in this case, the reduction rate dependent on the Cr(VI) 

concentration in solution, as the case of the homogeneous systems. 

 

4. Conclusions 

 

Short (SN) and long nanotubes (LN), prepared by anodic oxidation of commercially 

pure titanium in aqueous HF and EG based F− solutions as electrolytes, presented high 

photocatalytic activity for Cr(VI) reduction in the presence of EDTA due to their high 

surface area and crystalline structure. The reaction over SN samples followed a 

combined rate law (first order plus cero order) and a pseudo-first order rate represented 

better the experimental results for LN coatings. The photocatalytic activity of the 

nanotubes for Cr(VI) reduction increased with the applied voltage, as this caused an 

increase of the average diameter, wall thickness and length, and was in almost cases 

(except SN-V8-TTS), higher than that of a supported P25 sample. 

The application of these materials as immobilized TiO2 heterogeneous photocatalysts 

for water and air decontamination can be foreseen, especially for those obtained in 

aqueous HF solution at 20 V and those obtained in EG-based solution at voltages below 

50 V, in both cases with subsequent TT. 
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Legends to the Figures 

 

Fig. 1. SEM micrographs of the top of the SN coatings obtained at different voltages. 

Inset in Fig. 1(d): cross-sectional view of the corresponding coating. 

Fig. 2. SEM micrographs of the top of the LN coatings obtained at different voltages. 

Inset in Fig. 2(e): cross-sectional view of the corresponding coating. 

Fig. 3. UV-Vis diffuse reflectance spectra of selected samples: (a) SN and (b) LN. 

Fig. 4. XRD patterns of: (a) SN and (b) LN. Ti = titanium, A = anatase, R = rutile. 

Fig. 5. Temporal evolution of normalized Cr(VI) concentration in photocatalytic 

experiments of Cr(VI) transformation in the presence of EDTA under UV irradiation 

over: (a) SN; (b) LN. Conditions: [Cr(VI)]0 = 0.8 mM; [EDTA]/[Cr(VI)] = 1.25; pH 2; 

E0 = 2700 µW cm−2. The dashed lines are the fittings of the experimental points with 

Eq. (1), and the solid lines are the fittings with Eq. (2). The adjusted curve of LN-V60-

TTL is superimposed to the adjusted curve of LN-V50-TTL. 
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