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Photo-degradation of acid orange 7 in aqueous solution was used as a probe to assess the photo-catalytic
activity of titanium dioxide nanotube layers under UV irradiation. The nanotube layers were prepared
by anodization of Ti foil in 0.4 wt% hydrofluoric acid solution and then annealed at different tempera-
tures between 300°C and 600°C for 1 h. The nanotube layers were characterized using X-ray diffraction
and scanning electron microscopy. After the 500°C anneal, the anatase and rutile mass fractions were
measured to be about 55% and 45%, respectively. After annealing at 500 °C, the anatase crystallite size

;fi]::l/ﬂfrf:dioxide nanotubes was maximum while the size and shape of the nanotubes remain unaffected. Such TiO, nanotube layers
Anatase showed strong photo-catalytic activity. During UV irradiation, we measured the total disappearance of
Rutile the organic carbon and the formation of anion species to confirm the total mineralization of the acid

Photo-degradation orange 7.
Acid orange 7 (AO7)

Mineralization
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1. Introduction

Titanium dioxide (TiO,) is a photo-catalytic material with appli-
cations in fields such as environmental purification, decomposition
of carbonic acid gases, and solar cells [1-7]. Several techniques
can be used to prepare TiO, thin films, including thermal oxida-
tion of titanium and sputtering [8-13]. TiO, nanotube layers grown
by anodic oxidation of Ti foils in an appropriate electrolyte pro-
vide ordered nanotube arrays with high surface area to volume
ratios [14-17]. Such layers have attracted much attention, including
recent work on wetting behaviour [ 18], oxygen adsorption [19], and
heterogeneous photo-catalysis [ 14]. One of the most active research
areas has been focused on environmental remediation, including
self-cleaning materials. For example, TiO,-based photo-catalysts
have been used to break down organic compounds in wastewa-
ter [1,3,5]. Indeed, many organic pollutants can be degraded and
ultimately mineralized using TiO, photo-catalysts in the presence
of UV radiation [14,20-25]. Recently, there have been studies inves-
tigating the degradation of organic solutions using TiO, nanotube
layers [4,14]. The nanotube layers give rise to a large specific sur-
face area and this should produce a greater photo-catalytic activity
for a given sample size. In this work, we assess the photo-catalytic
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activity of TiO, nanotube layers by monitoring the degradation of
an acid orange 7 (AO7) dye solution. The TiO, nanotube layers were
annealed in an oxygen atmosphere at different temperatures. The
study of structural evolution versus annealing temperature per-
formed by X-ray diffraction shows that at 500°C the anatase and
the rutile mass fractions are around 55% and 45%, respectively. At
this temperature, the size of the anatase crystallites was maximum
and the TiO, nanotubes demonstrated strong photo-catalytic activ-
ity under UV irradiation. Scanning electron microscopy (SEM) was
used to study the nanotube morphology. Finally, we show that the
photo-catalytic activity of TiO, nanotube layers leads to the total
mineralization of AO7.

2. Experimental details

To fabricate anodic TiO, nanotube layers, we used Ti foil (Good-
fellow, 99.6% purity) with a thickness of 0.025 mm. The Ti foils were
degreased by successive sonication in trichloroethylene, acetone,
and methanol, followed by rinsing with deionized water and blown
dry with nitrogen. Anodization was carried out at room temper-
ature (20°C) in 0.4 wt% HF aqueous solution with the anodizing
voltage maintained at 20V.

The crystalline structure and phase of the TiO, nanotube layers
were determined using a Scintag XRD X‘TRA diffractometer with
Cu Ko radiation. A JEOL J[SM-880 SEM was used for morphological
characterization.
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Photo-degradation of AO7 in aqueous solution was used as a
probe to assess the photo-catalytic activity of TiO, nanotube lay-
ers. Photo-catalytic experiments were conducted in 15 mL of AO7
solution (from Acros Organics, also called Orange II, CAS# 633-96-
5) with a concentration of 5.0 x 10~> mol/L, placed in a cylindrical
Pyrex glass reactor (1.1 cm diameter by 18 cm tall). The surface
area of the anodized samples was approximately 6.5cm?2. The
glass reactor was irradiated with polychromatic fluorescent UV
lamps (Philips TDL 8 W (total optical power, 1.3 W), 300 mm long,
wavelength range 350-400 nm) in a configuration providing about
2 mW)/cm? at the sample surface.

The photo-catalytic decomposition of AO7 solution was mon-
itored by the decrease of the solution’s absorbance at 254 nm
(centered in an absorption band of the AO7 solution), using a
Merck high-performance liquid chromatography (HPLC) system.
This HPLC system was equipped with a mono-channel (L-7400)
UV-vis detector, an automatic injector (L7200) and pump (L7100).
Experiments to investigate the decomposition of AO7 under UV
irradiation into smaller organic molecules were performed using
a reverse phase Interchrom column (Hypersil H5Cqig, 150 mm
long x 4.6 mm diameter) to analyze the solution. The flow rate of
AO7 solution was 1.0 mL/min and the injected volume was 10 L.
The elution was accomplished by water with ammonium acetate
(25 x 10~3 mol/L) and acetonitrile (75/25, v/v) with a flow rate of
1.0 mL/min. We followed the evolution of the 485 nm band of the
irradiated solution using a UV-vis and IR spectrometer (Shimadzu
UV-2101). The progress of the mineralization of AO7 solution was
monitored by measuring the total organic carbon (TOC) using a
Shimadzu Model TOC-5050A system, equipped with an automatic
sample injector. The calibration curve within the range 1-15 mg/L
was obtained by using potassium hydrogen phthalate, KCgH504,
and sodium hydrogen carbonate, NaHCO3, for organic and inorganic
carbon, respectively. The evolution of nitrate, nitrite and sulphate
ion concentrations was obtained as a function of irradiation time

using a Dionex, DX-100, ionic chromatography system. The elu-
tion was accomplished using Na,COs3 (1.8 x 10-3 mol/L)/NaHCOs
(1.7 x 10~3 mol/L) with a flow rate of 2.0 mL/min.

3. Results and discussion
3.1. TiO, nanotube layer characteristics

Fig. 1 shows SEM images of the TiO, nanotubes obtained by
anodizing a Ti foil. We observe ordered nanotube arrays grown
on top of the Ti foil with an oxide barrier layer separating the
nanotubes from the titanium foil. Fig. 1(a) shows the top down
image of the ordered array of TiO, nanotubes in the unannealed
state approximately 100 nm in diameter. Fig. 1(b) shows an oblique
view of the unannealed TiO, nanotubes (55° from normal). The
tube length determined by accounting for foreshortening from this
image was found to be approximately 430 nm. Fig. 1(c and d) shows
top and oblique views after annealing at 500 °C. Comparing before
and after views, we see no difference in the micrographs. Thus the
size and shape of the nanotubes are not affected by the 500°C
anneal.

Fig. 2 summarizes the X-ray characterization of Ti foil and TiO,
nanotube layers before and after annealing at different temper-
atures in oxygen for 1h. The unannealed TiO, nanotube layer
exhibits only the peaks from titanium metal foil under the nanotube
layer. In order to convert the nanotube layer to a crystalline phase,
the samples were annealed at 300-600°C in increments of 50°C.
The characteristic line of anatase (1 0 1) appears at 300 °C, while the
rutile line (1 10) appears at 500°C. These lines are shown in more
detail in Fig. 2(b). Crystallite size was calculated using the Scher-
rer formula, D=0.941/8 cos 6, where A is the wavelength of the Cu
Kap line, 6 is the Bragg diffraction angle, and g is the full-width
at half max (FWHM) of a peak. We calculated the crystallite size

Fig. 1. SEM images of TiO, nanotubes obtained by anodizing Ti foil. (a) Top view image of the ordered array of unannealed TiO, nanotubes showing typical diameter to be
about 100 nm. (b) Oblique view (55° from normal) of the unannealed TiO, nanotubes showing tube length of about 430 nm. (c) Top view of TiO, nanotube array annealed at

500°C. (d) Oblique view (55° from normal) of TiO, nanotube array at 500°C.
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Fig. 2. (a) X-ray diffraction patterns of Ti foil, as grown and annealed TiO, nan-
otube layers. Annealing temperatures are marked. Lattice planes indicate anatase
(A), rutile (R), and titanium (Ti). (b) Evolution of the (10 1) anatase, and (1 1 0) rutile
lines at 300-600°C. (c) Peak heights of (101) anatase and (110) rutile lines, and
crystallite size for anatase and rutile phases (calculated using Sherrer’s formula)
versus temperature.

evolution by using the FWHM of the anatase (10 1) and the rutile
(110) peaks.Fig. 2(c)is a plot of crystallite size versus temperature.
We found that the size of anatase grows from 17 nm to 40 nm as the
annealing temperature is increased from 300 °Cto 500 °C. The rutile
crystallite size was 17 nm at 500 °C. After 500°C, the anatase peak
decreases significantly while the rutile peak increases. At 500°C
the anatase-to-rutile mass ratio was around 55:45. The anatase-
to-rutile mass ratio decreased to 30:70 and further to 20:80 after
one-hour annealing at 550 °C and 600 °C, respectively. It is interest-
ing to note, that even after annealing at 500 °C the size and shape
of the nanotubes are not observed to change, while the crystalline
structure clearly does change. This is in agreement with the results
described by Varghese et al. [15] and Macak et al. [14].

3.2. Photo-catalytic activity study

The photo-degradation of AO7 in the presence of TiO, nanotubes
under different conditions is summarized in Fig. 3. This shows the
AO7 concentration versus time as determined by the solution’s
absorbance at 254 nm. As shown in Fig. 4, a plot of absorption ver-
sus wavelength, 254 nm is at the center of an AO7 absorption band.
For Fig. 3, the initial concentration of the AO7 was 5.0 x 10~° mol/L.
Fig. 3, curve (a) shows the photo-degradation of AO7 under UV light
without TiO, present. This result indicates that AO7 is not substan-
tially degraded by UV radiation alone. Curve (b) shows that the
reduction in the concentration of AO7 in the presence of TiO, nan-
otubes for 40 h without UV irradiation was about 20%. Thus, the
effect of adsorption of the dye on the TiO, surface is small but not
negligible. Curve (c) shows the variation in the concentration of AO7
in the presence of unannealed TiO, nanotubes under UV irradia-
tion. Here we only observe the adsorption effect. Curves (d), (e) and
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Fig. 3. Photo-degradation of acid orange 7 (AO7) dye under UV-lamp irradiation at
wavelengths of 350-400 nm in the presence of TiO, nanotube layer, as measured
by the absorbance of the irradiated dye at 254 nm. (a) AO7 only with UV; (b) AO7
with TiO, nanotube layer without UV; (¢) unannealed TiO, nanotube layer; (d) TiO,
nanotube layer annealed at 300°C; (e) TiO, nanotube layer annealed at 400 °C; (f)
TiO, nanotube layer annealed at 500°C.

(f) illustrate photo-degradation of AO7 after the samples had been
annealed at 300°C, 400°C and 500 °C, respectively. We observed a
complete de-colorization of the AO7 dye after 40 h. These results
show the decay of organic molecules with UV irradiation in the
presence of the annealed nanotubes.

We observed the strongest photo-catalytic activity for the sam-
ple annealed at 500 °C. In this case, the kinetics are first order with
a rate constant of about 0.05 h~1. At this temperature the anatase-
to-rutile mass fraction is about 55:45 and the anatase crystallite
size of 40 nm was maximum. It seems that the TiO, nanotube lay-
ers show strong photo-catalytic activity when composed of mixed
crystalline phases (anatase and rutile) with excess anatase. This
behaviour is similar to that for the crystalline powder Degussa P25,
which exhibits a strong photo-catalytic activity and has an anatase-
to-rutile mass fraction of 80:20. Our results are in agreement with
those observed by Macak et al. [14] for the de-colorization of AO7
dye. The difference in the rate constant of Macak et al. compared
to our rate constant (0.63h~! vs. 0.05h~1) is due to differences in
their experiment to our experiment: nanotube length (0.5 wm vs.
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Fig. 4. Absorption versus irradiation time for the acid orange 7 (AO7) for polychro-
matic light (350-400 nm) without TiO, nanotube layers, and in the presence of TiO,
nanotube layers annealed at 300 °C with exposure times of 6 h, 15h, 24 h, 39 h, and
55h, as labelled.
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0.43 wm), illuminated sample area (1 cm? vs. 6.5 cm?), intensity at
the sample (60 mW/cm? vs. 2 mW/cm?), and AO7 volume (3 mL vs.
15 mL). In detail, taking our rate constant of 0.05h~! and convert-
ing it to the experimental situation of Macak et al., we expect a rate
constant of 0.05h~1 x (0.5/0.43) x (1/6.5) x (60/2)/(3/15), or Th~1,
which is in reasonable agreement with Macak’s rate constant of
0.63h~1 (see [26]).

It is useful to compare the photo-catalytic activity of this TiO,
nanotube surface with other TiO, surfaces. Macak et al. compares
the activity of a similar nanotube surface to a standard prepara-
tion of Degussa P25 powder and finds comparable activity for equal
illuminated sample areas (0.63 h=! vs.0.50 h—1). This indicates that
the TiO, nanotube surface is promising. Comparing our TiO, nan-
otube surface to an optimized sputter-deposited TiO, surface [27]
(sputtered from a Ti target in a reactive Ar-O, gas mixture) we
find similar rate constants, even though the sputtered TiO, surface
has a lower specific area in comparison. This implies the photo-
catalytic activity of the surface of the TiO, nanotubes is lower than
that of an optimized sputtered surface, indicating there is room for
improvement in the activity of the surface of the TiO, nanotubes.

Fig. 4 shows typical UV-vis spectra obtained during UV irradi-
ation of AO7 in the presence of the TiO, nanotubes annealed at
300°C. (Results for nanotube layers annealed at the higher temper-
atures are similar.) These spectra clearly show that the intensity of
the characteristic band of AO7 at 485 nm decreases as a function of
irradiation time, so that after 50 h of irradiation the AO7 solution is
colorless.

Mineralization of AO7 was studied by following the disappear-
ance of the total organic carbon (TOC), as shown in Fig. 5. The
formation of anion species (nitrites, nitrates, and sulphates) was
followed by using ionic liquid chromatography during irradiation.
Fig. 5 shows that the TiO, nanotube structure is efficient at elimi-
nating the AO7 dye in aqueous solution. During the UV irradiation,
arapid decrease in the number of carbon atoms was observed cor-
responding to the scission and oxidation of AO7.

Conversely, Fig. 6 shows the increase of the concentration of
anions (formed after mineralization) with irradiation time. The
chemical formula for AO7 is HOC1oHgN=NCgH4SO3Na, so there is
one sulphur atom and two nitrogen atoms for every AO7 molecule.
Regarding sulphur, the concentration of sulphates reaches a plateau
of about 4.7 mg/L or 4.9 x 10~> mol/L. Given the starting concentra-
tion of AO7 is 5.0 x 10~° mol/L, essentially all (98%) of the sulphur
in the starting AO7 is converted into sulphates. Regarding nitro-

Total Organic Carbon (mg/L)

0 50 100 150 200 250 300
Irradiation Time (hours)

Fig. 5. The evolution of total organic carbon (TOC) of acid orange 7 (AO7) dye (start-
ing concentration 5.0 x 10~> mol/L) versus irradiation time in the presence of a TiO;
nanotube layer annealed at 500°C.
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Fig. 6. Formation of inorganic anions, nitrates, nitrites, and sulphates, upon UV
irradiation of AO7 dye in the presence of a TiO, nanotube layer annealed at 500°C.

gen, the formation of the nitrate and nitrite ions reached a plateau
in concentration of 0.6 mg/L or 1x 10~>mol/L, and 0.1 mg/L or
0.2 x 10> mol/L, respectively. Taking into account the two N atoms
in AO7, 10% (2%) of the nitrogen ends up as nitrate (nitrite). This
suggests the remaining 88% of the nitrogen forms N, [20,24] and/or
ammonium ions that are not directly tracked [21,25].

4. Conclusions

Photo-degradation and the mineralization capacity of TiO, nan-
otube layers were studied using AO7 in aqueous solution as a probe.
Anodization of Ti foil results in ordered arrays of TiO, nanotubes.
The TiO, nanotube layers annealed at 500 °C for 1 h in oxygen show
strong photo-catalytic activity, in agreement with earlier studies
[14]. After this anneal, X-ray diffraction indicated the nanotube
layer is composed of mixed crystalline phases (anatase and rutile)
with an excess of anatase in agreement with the earlier work
[14-16]. For the nanotube layer annealed at 500 °C we observe the
breakdown of AO7 by following the absorption of the UV-irradiated
solution at 254 nm. Complete de-colorization of the AO7 dye was
observed after 40 h. The mineralization of the AO7 was confirmed
by direct measurement of the reduction of total organic carbon, and
by the direct measurement of the increase in the concentration of
sulphate, nitrate and nitrite anions in the UV-irradiated solution.
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