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ABSTRACT
Numerous advanced surface modification techniques exist to improve bone integration
and antibacterial properties of titanium based implants and prostheses. A simple and
straightforward method of obtaining uniform and controlled TiO2 coatings of devices with
complex shapes is H2O2-oxidation and hot water aging. Based on the photoactivated
bactericidal properties of TiO2, this study was aimed at optimizing the treatment to
achieve high photocatalytic activity. Ti-6Al-4V samples were H2O2-oxidized and hot
water aged for up to 24 h and 72 h, respectively. Degradation measurements of rhodamine
B during UV-A illumination of samples showed a near linear relationship between
photocatalytic activity and total treatment time, and a nanoporous coating was observed
by scanning electron microscopy. Grazing incidence x-ray diffraction showed a gradual
decrease in crystallinity of the surface layer, suggesting that the increase in surface area
rather than anatase formation was responsible for the increase in photocatalytic activity.
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INTRODUCTION
Titanium and titanium alloys such as Ti-6Al-4V are widely used as biomaterials in
orthopedics and dentistry, much due to their excellent mechanical properties, corrosion
resistance and well renowned biocompatibility [1]. The two latter properties and the limited
release of metal ions can be attributed to a thin layer (4-6 nm) of protective oxide, which
forms naturally on the titanium surface when exposed to air or water [1-3]. However, this
film, which is mainly composed of amorphous or nanocrystalline TiO2, is too thin and nonuniform to meet specific demands for clinical applications [1]. Numerous advanced
modification techniques and treatments are available to obtain a thicker and more stable TiO2
surface with tailored characteristics to improve bone integration, bioactivity and/or
bactericidal properties. These include anodic oxidation [4-6], sol-gel coating [7], pulse
magnetron sputtering [8], plasma source ion implantation [9, 10] and chemical or physical
vapor deposition [11, 12]. A more straightforward method of modifying the surface of Tibased materials is through simple chemical treatments to obtain an amorphous titania gel
coating, either in alkali solution [13] or in hydrogen peroxide (H2O2), followed by heat
treatment [13-18] or aging in hot water [19-22] to crystallize the coating into anatase for
improved bioactivity. Regarded as a low-temperature process, the H2O2-oxidation combined
with the hot water aging technique has economical advantages due to its relative simplicity
and the fact that it also permits uniform, controlled coating of titanium devices with complex
shapes.
Photocatalysis of TiO2 has been researched extensively since the 1970s.
Initially, research focused on energy storage and renewal, while in the 1980s and 90s interest
shifted towards purification of wastewater and polluted air [23, 24]. The real breakthrough of
the technology came with TiO2 coatings on solid surfaces, providing self-cleaning, antifogging and more recently antibacterial functions based on the photo-induced hydrophilicity
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and decomposition reaction [24-26]. When anatase TiO2 is irradiated with UV light having a
wavelength shorter than 385 nm, corresponding to the material’s band gap of 3.2 eV, an
electron-hole pair is generated. Nearby oxygen and water will swiftly be reduced and oxidized
to produce superoxide ions (O2-) and hydroxyl radicals (•OH), respectively. Other reactive
oxygen species, such as singlet oxygen (1O2) and H2O2 are also produced. These are then
readily available to decompose nearby organic material, such as adherent bacteria, into CO2
and H2O [26-28].
In order to make use of the photocatalytic bactericidal effects of TiO2 in the
biomedical field, several coatings have been evaluated [8-10, 25, 29-31] including the
naturally formed protective oxide [32]. With few exceptions [33], little research has been
performed on photocatalytic activity of chemically treated commercially pure Ti or Ti-6Al4V. To the authors’ knowledge, no such study is available where the treatment has been
limited to H2O2-oxidation combined with hot water aging.
There are some inherent difficulties in the application of photocatalytic,
antibacterial surfaces on biomedical devices implanted in the body. The surface has to be
irradiated by UV light to become active and the activity of the reactive species responsible for
decomposition of organic compounds ends shortly after UV exposure [32, 26]. Interestingly, a
residual bactericidal effect, not related to photocatalysis, has been suggested to last for up to
60 min after surface irradiation [32]. However, applications are limited to sterilization or
activation of implant surfaces prior to use and/or for devices where UV light can be directly
applied, i.e. devices penetrating the skin. One such application is dental implants and dental
prostheses, where titanium screws, crowns and bridges are used to replace lost or missing
teeth. A well-recognized and reoccurring issue connected to dental implants is peri-implantitis
– an inflammatory response to bacterial colonization on and around the implant, which can
lead to loss of osseointegration and ultimately implant failure [34, 35]. Onset of peri4	
  

implantitis often occurs around the peri-implant sulcus, where an on-demand bactericidal
feature added to dental implants and customized prostheses could inhibit or delay bacterial
infections in situ and facilitate debridement.
The aim of the present study was to optimize the H2O2-oxidation and hot water
aging technique to obtain high photocatalytic activity on Ti-6Al-4V, evaluated through the
degradation of a model substance, and relate this activity to the surface characteristics, such as
morphology, roughness and crystal structure. The input variables were limited to soaking time
in H2O2 and time in hot water in order to study the evolution of the coating and investigate
whether short-term treatments could produce a coating with sufficient photocatalytic activity
to be considered antibacterial.
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MATERIALS AND METHODS
Discs of Ti-6Al-4V measuring 9 mm in diameter and 1 mm in thickness were cut from
electron beam melted (EBM) rods, produced by Arcam AB (Mölndal, Sweden). EBM is a
new and promising additive manufacturing technique to produce low-cost, patient specific
prostheses with high detail resolution and the ability to fabricate complex geometries [36]. It
presents an interesting and viable alternative to more traditional production methods and can
successfully be used to fabricate Ti-6Al-4V implants and prostheses [37-39]. The samples
were successively ground down to 1200 grit using SiC paper and mirror polished using 6 and
3 µm diamond suspension, followed by ultrasonic cleaning in acetone, ethanol and distilled
water for 15 min each. Samples were then dried in air before further treatment. Surface
modification was conducted by placing each sample in a 50 mL falcon tube containing 10 mL
of 30 mass% H2O2 solution held at 80°C, followed by aging in distilled water at 80°C. After
treatment the samples were gently rinsed with distilled water and dried in air at room
temperature. Designated times for H2O2 oxidation (t1) and H2O aging (t2) were mandated by a
design of experiments (DOE) software package (MODDE, Umetrics AB, Umeå, Sweden) to
optimize the treatment for high photocatalytic activity. A full factorial experimental design
with short treatment times, i.e. t1 up to 2 h and t2 up to 6 h was initially performed, but
inconclusive results called for an expanded design with extended treatment times. A DOptimal experimental design was therefore used to merge initial results with follow-up
experiments. D-Optimal designs can be used when classical designs, such as factorials, do not
apply or require an unreasonable amount of runs. Instead, an optimal set of design runs is
chosen by a computer algorithm, based on a candidate set of possible runs. A partial least
squares (PLS) method was used to fit the following two-factor polynomial interaction model
to the data:

y = !0 + !1 x1 + !2 x2 + !12 x1 x2 + "

(1)
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The parameters goodness of fit (R2), goodness of prediction (Q2), model validity, and
reproducibility were obtained from the software. A total of 16 runs were performed in
accordance with the experimental design, including repetitions at key points. Variables t1 and
t2 for each run ranged from 0.5 to 18 h and 1.5 to 54 h respectively, as indicated in Table 1.
Untreated EBM discs of Ti-6Al-4V served as a control, and discs with t1 = 24 h and t2 = 72 h
were used to validate the model.
Photocatalytic activity of samples was determined by monitoring the
degradation of rhodamine B with the aid of absorbance measurements in a spectrophotometer
(Model UV-1800, Shimadzu, Kyoto, Japan). Rhodamine B is an organic dye and reactive
oxygen species generated from the TiO2 surface under UV-light due to photocatalysis will
degrade the dye molecules, causing the solution to gradually lose its pink color. For each
measurement, four identical sample discs were placed in a flat-bottomed cuvette filled with
2.5 mL of 5µM rhodamine B solution. A small well drilled in the bottom of the cuvette
allowed magnetic stirring for an even distribution of the dye during tests. Pulsing (100 Hz)
UV light at 365 ± 10 nm was irradiated at a distance of 2 cm from the sample surfaces,
resulting in a measured average intensity of 6.7 mW/cm2. Degradation of rhodamine B was
monitored by automated stepwise absorbance measurements at 5 min intervals for up to 8 h,
using the peak wavelength of absorbance for rhodamine B at 554 nm.
Surfaces were imaged using the in-lens detector in a LEO 1550 scanning
electron microscope (SEM; Zeiss, Oberkochen, Germany), operated at 3.0 kV. Surface
roughness parameters Ra (average roughness) and Rq (root mean square roughness) after
certain treatments were measured using a WYKO NT1100 optical profiler (Veeco
Instruments Inc., CA, USA) in vertical shift interferometry mode. Crystal structure of surface
layers was analyzed by grazing incidence x-ray diffraction (GI-XRD) using a Siemens D5000
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diffractometer (Bruker AXS Gmbh, Karlsruhe, Germany) with 2θ ranging from 20° to 60°,
scanning at 0.0125°/s and the incident beam set to 1°.

8	
  

RESULTS
Fig. 1 shows the concentration of rhodamine B as a function of UV illumination time of
selected samples from the D-Optimal design, the untreated control samples, and samples after
t1 = 24 h and t2 = 72 h. The degradation rate is expected to be dependent on rhodamine B
concentration and photocatalytic activity of the samples can thus be quantified by
approximating the degradation rate as a first order reaction [40], following the equation

r=!

d[C]
= k[C] ,
dt

(2)

where r is the reaction rate, [C] is the rhodamine B concentration, t is time and k is the rate
constant. Solving for [C] gives

[C] = [C]0 exp(!kt)

(3)

where [C]0 is the initial concentration. Table 2 shows the rate constants and R2 values for each
curve, obtained by regression analysis. The shorter oxidation times, i.e. total treatment time
(t1+t2) less than 8 h, yielded samples of noticeable but rather poor photocatalytic activity.
However, a gradual increase in photocatalytic activity was seen with increased total treatment
time, with 98 % of rhodamine B degraded after 4 h for samples with t1 = 24 h and t2 = 72 h.
Introducing rate constants from the 16 experiments included in the experimental
design to the DOE software package yielded the contour plot shown in Fig. 2a. The predicted
value of rate constant k is shown as a response to the variables t1 and t2, ranging from 0.5 to
18 h and 1.5 to 54 h, respectively. Scaled and centered values of regression coefficients for
the model are shown in Table 3. In Fig. 2a, one can observe a qualitative increase in
photocatalytic activity with both increasing t1 and t2. However, the model showed that both
direct (t1 and t2) and interactive (t1*t2) effects on photocatalytic activity were non significant
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at the 0.05 level (see Table 3). As a response, the rate constant k was plotted against the total
treatment time (t1+t2), and a near linear relationship was found, as seen in Fig. 2b. In this case,
the linear regression coefficient was 1.60*10-4 h, and statistical analysis showed a p-value less
than 0.05 (7*10-12). In applying the model to the validation experiment with t1 = 24 h and t2 =
72 h, the obtained rate constant k was 0.0136 min-1, with predicted lower and upper values of
0.0010 min-1 and 0.0172 min-1, respectively. This compared to the experimental result of
0.0178 min-1, shown in Table 2.
Fig. 3 shows the surface structures of a polished and untreated sample (3a), a
sample after t1 = 1 h and t2 = 1.5 h (3b), and a sample after t1 = 2 h and t2 = 3.75 h (3c). The
effects of short-term H2O2-oxidation could be seen as selective corrosion of the native
passivation layer found on Ti-6Al-4V, where the Al-rich alpha phase was more effectively
passivated than the V-rich beta phase. As also reported by Ferraris et al. [18], a pitting effect
occurred at the grain boundary and the beta crystal successively detached from the surface.
Longer treatment times resulted in oxidation of the entire surface and produced a
nanostructured surface with a sponge-like appearance, as seen in Fig. 4 and Fig. 5. Fig. 4
reveals that the general structure and morphology of the surface obtained by H2O2-oxidation
was maintained throughout H2O aging. It can also be seen that after 8 h in H2O2, some
remains of presumably alpha phase crystals were still present. Fig. 5a shows the highly porous
and homogenous surface structure obtained after t1 = 18 h and t2 = 54 h. Continued oxidation
led to the morphology shown in Fig. 5b, displaying even finer porosity.
Fig. 6 shows the evolution of surface layer crystal structure from untreated Ti6Al-4V to H2O2-oxidized and hot water aged for 24 h and 72 h, respectively. Peaks
representing metallic titanium were visible in all spectrums, but a gradual decrease in
crystallinity of the top layer was noted with increased treatment time. None of the samples
demonstrated clear peaks of crystalline TiO2.
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In Fig. 7, results from the surface roughness analysis of selected samples from
the D-Optimal design show a gradual increase and a near doubling of Ra and Rq values from
untreated to samples after t1 = 18 h and t2 = 54 h.
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DISCUSSION
Numerous methods are available to fine-tune the surface characteristics of titanium and
titanium alloys for improved bone integration or increased photocatalytic bactericidal activity.
Although effective, more advanced methods tend to require substantial investments in
equipment and a carefully controlled environment. As an alternative, the H2O2-oxidation and
hot water aging technique of titanium and titanium alloys presents a cheap and
straightforward way of obtaining photocatalytically active surfaces with on demand
antibacterial properties. Whereas previous studies on similar treatments focused on bioactivity
while altering substrate materials or treatment medium [19-22], the current study aimed at
investigating the properties of Ti-6Al-4V after being subjected solely to H2O2 and H2O at
80°C for various periods of time, and optimizing the treatment for high photocatalytic
activity. Photocatalytic TiO2 films have been shown to be multifunctionally effective in
biomedical applications due to its superhydrophilic and bactericidal properties, both induced
by UV illumination [8]. The possibility of adding an in situ self-cleaning and antibacterial
feature to biomedical implants and devices where UV light can access, using a simple
method, could successfully help reduce infection related complications.
In this study, surface oxide growth and subsequent photocatalytic activity of Ti6Al-4V were investigated and shown to be strongly dependent on oxidation time. Long-term
treatments in the range of t1 = 8 h and t2 = 24 h were found necessary to achieve notable effect
(see Fig. 1 and Table 2). The gradual increase in photocatalytic activity was coupled with
thickening of the titania-gel layer, and SEM images confirmed that prolonged treatment leads
to an increasingly porous and homogeneous coating. The ensuing increase in surface area is
suggested to be largely responsible for the increase in photocatalytic activity. Extended hot
water aging has previously been shown to aid crystallization of the amorphous TiO2 formed
on commercially pure Ti after H2O2 oxidation into anatase [19, 20, 22, 41]; however, similar
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treatment only induced poorly crystalline anatase on Ti-6Al-4V [22]. The absence of peaks
from crystalline TiO2 and the gradual intensity decrease from metallic Ti in the GI-XRD
results of the current study (Fig. 6), indicate a successive growth of amorphous or poorly
crystalline TiO2. Wu et al. [20] suggested that the main process responsible for crystallization
of amorphous TiO2 in hot water aging was a dissolution-precipitation mechanism, where
hydrolysis of Ti-O-Ti bonds was aided by the highly porous structure and anatase was later
precipitated back onto the surface from the Ti(OH)4-saturated solution. The results presented
in this study show that this process was seemingly hindered at some point by using Ti-6Al-V
substrates instead of commercially pure Ti. It is commonly believed that the anatase phase of
TiO2 is more photocatalytically active than other configurations, such as rutile. The higher
activity of anatase could be explained by its greater capacity of adsorbing water and hydroxyl
groups combined with an increase in surface area, as suggested by Ding et al. [42]. However,
since neither anatase nor rutile was detected in the GI-XRD analyses it is reasonable to
believe that thickness and porosity of the coating had a direct effect on its photocatalytic
properties.
For this study, DOE and statistical analysis were used to optimize the treatment
and to cover substantial variations in treatment time while at the same time limiting the
number of experiments. Although an effective method for optimization of process parameters
for desired output or properties, both the direct (t1 and t2) and interactive (t1*t2) effects on
photocatalytic activity were shown to be non-significant at the 0.05 level in the statistical
model used. The trend however towards increased photocatalytic activity with increased total
treatment time is apparent (see Fig. 2), indicating that an experimental design with even
greater factor variation is needed for more statistically conclusive results. The predicted range
of photocatalytic activity for the validation experiment was found to be just below the result
obtained experimentally. It should also be noted that the point where the photocatalytic
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activity of the coating stops increasing with treatment time, using the material and method
described, is still unknown. Achieving a coating with sufficient photocatalytic activity to be
considered antibacterial under UV light was found challenging while using the described
method and keeping the treatment time at a minimum. However, by prolonging the treatment
time, a photocatalytically potent surface with homogeneous, nanometric features was
produced, also making it interesting for bone bonding applications as studies have shown
similar surfaces to be bioactive [18, 22], and sub-micron topography has been shown to
promote osteoblastic adhesion and differentiation [43]. It has also been reported that
nanotextured Ti-surfaces, such as those presented in this study, can influence early stage
osteogenesis and accelerate bone formation [44]. As an alternative or complement to hot
water aging following H2O2-oxidation, heat treatment of samples up to 600°C could induce
crystallization of the amorphous TiO2 layer into anatase and possibly increase its
photocatalytic activity further [14, 45]. The presented method and resulting surface thus
presents a simple approach towards obtaining a material with a potential dual functionality;
bioactive with early bonding and an added on demand, in situ, antibacterial feature.
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CONCLUSIONS
H2O2 oxidation up to 24 h, followed by hot water aging up to 72 h was used to produce TiO2
coatings on Ti-6Al-4V substrates for analysis of photocatalytic activity and hence potential
bactericidal effects. The treatment resulted in increasingly porous and homogeneous coatings
of poorly crystalline TiO2, coupled with an increase in surface area and photocatalytic
activity. The relationship between total treatment time and photocatalytic activity was shown
to be of near linear character, and consequently extended treatment time was necessary to
maximize photocatalytic properties. The treatment offers a simple method of obtaining a
nanostructured, photoactive surface on Ti-6Al-4V implants and devices with the potential to
reduce bacterial pressure and infection related diseases.
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TABLES
Table 1 D-Optimal experimental design including the two variables time in H2O2 (t1) and time
in H2O (t2).
Exp. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

t1: Time in H2O2 (h)
6
2
1.25
2
2
0.5
0.5
0.5
1.25
0.5
18
18
8
8
8
8

t2: Time in H2O (h)
18
3.75
6
1.5
1.5
6
6
3.75
1.5
1.5
54
54
24
24
24
24
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Table 2 Degradation rates of rhodamine B solutions under UV illumination of sample discs,
presented in ascending order according to total treatment time (t1+t2).
t1: Time in
H2O2 (h)
0
0.5
1.25
2
2
0.5
2
0.5
0.5
1.25
6
8
8
8
8
18
18
24

t2: Time in
H2O (h)
0
1.5
1.5
1.5
1.5
3.75
3.75
6
6
6
18
24
24
24
24
54
54
72

Total treatment
time (t1+t2, h)
0.00
2.00
2.75
3.50
3.50
4.25
5.75
6.50
6.50
7.25
24.00
32.00
32.00
32.00
32.00
72.00
72.00
96.00

Rate constant
k (min-1)
0.0001
0.0003
0.0014
0.0006
0.0006
0.0012
0.0031
0.0019
0.0010
0.0012
0.0039
0.0038
0.0062
0.0053
0.0053
0.0117
0.0094
0.0178

Coefficient of
determination R2
0.918
0.988
0.991
0.974
0.930
0.969
0.994
0.991
0.963
0.963
0.997
0.998
0.993
0.983
0.985
1.000
0.998
0.993

Table 3 Scaled and centered regression coefficients for the polynomial interaction model of
photocatalytic activity and parameters obtained from the PLS regression analysis.
Coefficient
β0 (constant)
β1 (t1)
β2 (t2)
β12 (t1*t2)

Scaled and centered value
0.0036
0.0016
0.0017
-0.0001

P
0.000
0.339*
0.307*
0.782*

Parameter
Value
2
R
0.940
Q2
0.906
Validity
0.953
Reproducibility 0.918
*Non-significant values at the 0.05 level.
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FIGURES

Fig. 1 Photocatalytic activities of selected samples from the D-Optimal design, shown as
degradation of rhodamine B under UV illumination of sample discs. Legend indicates t1 + t2
	
  

Fig. 2 a) Contour plot displaying predicted degradation rate constant k for varying t1 and t2,
and b) degradation rate constant k as a function of total treatment time (t1+t2)
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Fig. 3 Surface morphology of Ti-6Al-4V samples: a) untreated, b) t1 = 1 h and t2 = 1.5 h and
c) t1 = 2 h and t2 = 3.75 h
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Fig. 4 Ti-6Al-4V surfaces after a) t1 = 8 h and b) t1 = 8 h and t2 = 24 h
	
  

	
  
Fig. 5 Ti-6Al-4V surface after a) t1 = 18 h and t2 = 54 h, and b) t1 = 24 h and t2 = 74 h
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Fig. 6 GI-XRD patterns of untreated sample and samples after t1 = 2 h and t2 = 3.75 h, t1 = 18
h and t2 = 54 h, and t1 = 24 h and t2 = 72 h
	
  

Fig. 7 Surface average roughness (Ra) and root mean square roughness (Rq) for untreated
sample and representative samples from the experimental design, indicated by t1 + t2
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