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Abstract The effect of two different etching procedures

with inorganic acids (HSE and CSE)—one using addi-

tionally strongly oxidising conditions due to the presence

of CrO3 (CSE)—and consecutive storage conditions (dry

methanol and air) for previous corundum blasted titanium

surfaces is compared with respect to their wettability

behaviour and the potential of the etching processes for

removing remaining blasting material. The etching proce-

dures result in distinct different surface morphologies.

Whereas the HSE surface shows sub-mm to sub-lm

structures but neither porosity nor undercuts, the CSE

surface is extremely rugged and porous with structures

protruding the more homogeneously attacked areas by

several micrometers. By EDX analysis both remaining

blasting material and chromium and sulphur from the

etching treatment has been detected on the CSE surfaces

only. Both surfaces states show super-hydrophilic behav-

iour immediately after etching and storage up to 28 days in

dry methanol. Whereas contact with air does not change

super-hydrophilicity for the CSE samples, wettings angles

of the HSE samples increase within minutes and reach

about angles of about 60� and 90� after one and 2 days

exposure to air, respectively. The increasing hydropho-

bicity is discussed with respect to the formation of

a surface coverage from hydrocarbons originating from

aromatic compounds present in traces in air.

1 Introduction

In biomaterials research, based on investigations of a

number of groups it is well accepted that surface energy

and with this wettability of implant materials play an

important role in protein adsorption [1–4], resulting protein

conformation [1, 2, 4], and in vitro biological response to

these surfaces [5–10]. For load bearing implants it could be

shown that surface morphology too influences strongly the

functional capacity of the implant surface in vivo [11, 12].

In recent years numerous techniques have been devel-

oped to produce defined surface morphologies. Besides

depositing methods like plasma spray [13, 14] mechani-

cally and chemically based ablation techniques like blast-

ing with corundum [9, 10, 14, 15], glass beads [9, 14],

zirconia [10], and titania [16] and chemical etching in

mixtures of inorganic acids [16, 17] either alone or in

combination are widely used especially for treatment of

titanium based materials.

In parallel it has been shown for blasted surfaces, that

without a very serious post-treatment these surfaces con-

tain remaining particles from the blasting material even in

their final commercial status [15, 18]. And there are indi-

cations that these particles are associated with early loos-

ening of implant in the sense of third body wear [15] thus

giving an etching treatment following the blasting step two

associated combined effects. First is to remove mentioned

blasting material particles completely from the materials

surface. Besides, as the second effect the etching treatment

results in the formation of an additional sub-lm surface

morphology which has been shown to give only little
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biological effect in vitro [19, 20] but to significantly

enhance bone response in vivo [19, 21–23].

In this work, the effect of two different etching proce-

dures and consecutive storage conditions for titanium sur-

faces will be compared with respect to their wettability

behaviour. It will be analysed how both, the etching pro-

cess and the storage conditions influence the stability of the

super-hydrophilic surfaces resulting from both etching

processes. Besides the effect of both etching procedures on

removing remaining blasting material will be investigated.

Results will be discussed with respect to surface chemistry

and morphology of the samples after the etching process.

2 Materials and methods

Corundum blasted samples from c.p. titanium grade 4

underwent two different etching processes as described in

brief in the following.

The first process (HSE) was only one etching step in a

solution from 50% HCl (32%), 25% H2SO4 (95–97%) and

25% of distilled water. Treatment was performed for 300 s

at a temperature of 108�C (±3�). Following samples were

immediately transferred to a bath from distilled water with

three washing steps in total.

The second process (CSE) as already used by Jennissen

et al. [17, 24] is a two step method, consisting in an etching

step in diluted nitric acid and a consecutive oxidation step

using a chromic oxide containing sulphuric acid. In short the

process consists of an etching treatment in 5% HNO3 at 80�C

for 2 h, followed by washing steps in distilled water. Finally

samples are washed and stored in dry methanol until the

oxidation treatment. For this, first 1.3% CrO3 are dissolved

by stirring in hot 92% H2SO4. After heating to 235�C (±5�)

the samples were stored for 1 h in this solution. Subsequent

washing steps in distilled water are followed by a boiling

step in 2% EDTA (pH 7.0) for 30 min. The EDTA-treatment

is followed by boiling in distilled water for 30 min, washing

with distilled water, drying with dry methanol.

Finally both sample types were stored either in dry

methanol or in a desiccator.

Dynamic contact angle measurements were performed

with distilled water using an OCA 30 system (dataphysics,

Filderstadt, Germany) at room temperature.

Surfaces were investigated using scanning electron

microscopy (SEM) (DSM 982 Gemini, Carl Zeiss,

Oberkochen, Germany) with 1 keV acceleration voltage to

visualise the real topography of the outermost surface for

imaging and by energy dispersive X-ray spectroscopy

(EDX) using an acceleration voltage of 15 keV with a

Noran Voyager 3000 System (Noran Instruments, Middle-

ton, USA). For element specific imaging the Ka lines of Cr,

S, and Al were used.

XPS measurements were carried out at a PHI 5600 CI

system (Physical Electronics) equipped with a hemispheric

electron energy analyser. Both monochromatic (Al–Ka)

and non-monochromatic (Mg–Ka) radiation and an ana-

lyser pass energy of 29 eV was used. Binding energy

identification was done by handbook data [25] and some

recent investigations on Cr-states in battery material [26].

3 Results

3.1 Surface morphology and chemistry

Surface morphologies of the titanium samples resulting

from the etching processes have been investigated by

scanning electron microscopy. Figures 1 and 2 give mor-

phologies for the treatments HSE (Fig. 1) and CSE (Fig. 2)

in two different magnifications each. The HSE treatment

(Fig. 1a and b) results in a surface morphology which can

be described as an overlay of irregularly shaped groves, the

larger being in the range between 10 and 40 lm and the

smaller being around 2 lm in diameter. Additionally the

morphology is shaped by numerous flat groves of even

smaller diameter (Fig. 1b).

For the CSE treatment (Fig. 2) a highly rugged surface,

showing additionally irregularly shaped wholes (ranging

from sub-lm to about 10 lm in diameter) is obtained.

Clearly two types of surfaces can be distinguished with the

extremely rugged, more dark shining in SEM being pro-

truding the more homogeneously attacked (see lower left

part in Fig. 2b) by several micrometers. Furthermore, a

number of particles as the one in the upper right part of

Fig. 2a have been detected.

To analyze the chemical composition of the surfaces,

EDX-mapping and XPS analysis have been performed. For

the HSE treated samples no elements besides titanium could

be detected (data not shown). However for the CSE treat-

ment an enrichment of both chromium and sulphur could be

shown (Fig. 3) with both elements being clearly co-located

as follows from Fig. 3b and c. The measured XPS spectral

shapes (Fig. 3e) point to sulphur in mainly S6? (sulfate)

state and some residuals of S0 (elemental or sulphide).

Chromium (Fig. 3f) is mainly in Cr3?; some parts of Cr6?

maybe found in the high energetic peak shoulder. Quanti-

fication of the XPS spectra result in 4.4 (±0.3) atom-%

chromium and 0.8 (±0.1) atom-% sulphur, respectively.

Besides these elements a local enrichment of aluminium

was detected too for this surface. Figure 4 gives a SEM

image for a CSE sample with a particle which can be

identified as a remaining from the blasting treatment

because of its shape and elemental composition (Fig. 4b)

rich in aluminium. Non comparable particles could be

detected for the HSE samples.
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3.2 Wetting angle measurements

After the etching treatment the titanium samples have been

stored in dry methanol or in a desiccator in air, both at

room temperature for up to 28 days. Wetting angles mea-

sured for these samples as a function of storage time are

given in Fig. 5. For both storage types the two etching

procedures result in distinct differences in the wetting

angles. Whereas for the process CSE irrespective on the

storage type values clearly below 5� are measured for all

exposure times, HSE samples show wetting angles above

20� for all time points and both storage types. Besides, for

these samples the wetting angles strongly depend both on

storage type and exposure time. For storage in dry meth-

anol wetting angles of 34.4� (SD 9.3�) and 52.1� (SD

20.4�) are determined for 1 and 7 days of exposure,

respectively. Sample storage air resulted in an even faster

increase of the wetting angles reaching a plateau in the

range between 120� and 130� after about 4 days of

exposure.

Due to the high scattering of the wetting angles for the

HSE samples after storage in dry methanol this sample type

has additionally been investigated as a function of exposure

time to air after storage in dry methanol (for 28 days) with

special attention to short exposure times in air (Fig. 6). As

indicated in the graph in Fig. 6b the wetting angles

increase rapidly within the first 100 min of exposure to air

to values of about 25�. Following the constant increase in

the wetting angle is less steep, however for an exposure

time of 1 day (1440 min) values in the range of about 60�
are already measured. Another day of exposure to air

results in a further increase of the wetting angle of about

30� to values around 90�. It has to be pointed out however,

that for extreme short exposure times to air (up to 5 min)

wetting angles close to 0� are detected.

Fig. 1 SEM images of the surface state HSE: a magnification 5009;

b magnification 50009

Fig. 2 SEM images of the surface state CSE: a magnification 5009;

b magnification 50009
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4 Discussion

4.1 Surface morphology and chemistry

The aim of this study was to analyse the stability of the

super-hydrophilic behaviour of titanium surfaces resulting

from two different etching processes as a function of time

for two different storage conditions (in dry methanol and in

dry air (desiccator)) and to investigate the effectivity of

both etching procedures to remove remaining blasting

material. Influencing factors to be analysed are the samples

surface morphology and chemistry after the etching step.

As shown in Figs. 1 and 2 the etching procedures CSE

and HSE give distinct differences in the surface morphol-

ogy of the samples.

The morphology resulting from the one step HSE

treatment (Fig. 1) resembles clearly to the superposition of

two material removing processes with the corundum

blasting process being mostly responsible for the sub-mm

to lm morphology and the etching treatment creating a

morphology mostly at the lm to sub-lm level. Clearly the

process is effective in removing remaining corundum

particles from the blasting treatment, because the EDX

investigations gave no signals for aluminium. Very similar

morphologies are reported for comparable etching pro-

cesses [4, 27].

Because a treatment of titanium in 5% HNO3 at 80�C for

2 h does not seriously attack the material (data not shown)

the highly rugged surface resulting from the two step CSE

treatment (Fig. 2) is mainly caused by the second, strongly
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Fig. 3 SEM image (a) and

EDX images for chromium (b),

sulphur (c), and aluminium (d)

(magnification 5009) together

with XPS S2p (e), and Cr2p-

spectra (f) for the surface state

CSE
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oxidising step, i.e. the exposure to 92% H2SO4 containing

1.3% CrO3 at a temperature of 235�C (±5�) for 1 h. The

morphology together with the EDX and XPS results (Fig. 3)

indicates that in this step a severe attack of the titanium

material is accompanied by a deposition process. This

process obviously results in very stable mainly chromium in

the oxidation state 3? and sulphur in the oxidation state 6?

containing products, i.e. a mixture from chromium (3?)

oxide and sulphate (see Fig. 3b, c, e, f) that are at least not

completely removed during the boiling step in 2% EDTA

(pH 7.0) for 30 min. The additional detection of aluminium

(Fig. 3d—in a few cases clearly particles could be detected

by SEM (Fig. 4)) indicates that the total CSE process is not

effective in removing alumina particles remaining from the

corundum blasting process. These results are difficult to

compare with former ones using this etching procedure

[17, 24] because in [17] only poorly resolved light micro-

scopic images are given and in even in [24] the resolution of

the SEM images is low. Neither in [17] nor in [24] any

surface analytical investigations have been performed.

4.2 Wetting angle measurements

The wetting behaviour of the surfaces resulting from the

etching processes CSE and HSE in Figs. 5 and 6 shows

significant differences with respect to the stability of the

super-hydrophilic behaviour. For the CSE samples, in

agreement with former investigations [24] both storage

conditions (dry methanol and air) give very similar wetting

angles below 10� irrespective of the exposure time with a

slight tendency for lower angles with increasing exposure

time for both storage conditions in the present investiga-

tion. Contrarily for HSE samples wetting angles strongly

increase with time for both storage conditions with the

exposure to air giving much higher values than measured

for storage in dry methanol.

Following Fig. 6 the values measured in Fig. 5 for the

surface state HSE/methanol however have to be discussed

as a function of the exposure time to air between the

storage in dry methanol and the start of the wetting angle

measurement. The result from Fig. 6, that even a storage

time of 28 days in dry methanol still gives super-hydro-

philic behaviour within the first few minutes of contact

with air, together with the large error bars for the surface

state HSE/methanol in Fig. 5 can be explained with vary-

ing (short) exposure time to air prior to these wetting angle

measurements. In the experiments for Fig. 5 samples were

removed from storage in methanol in the chemistry lab and

after drying in a work bench transported to the surfaces

science lab in a closed box. Thus following wetting angle

measurements started at a not exactly defined time point

with respect to a fully dry sample surface after evaporation

of the methanol. Consequently the experiments for Fig. 6

followed an alternative scheme, where samples were dried

already at the stage of the contact angle measurement
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system OCA 30. The change in the surface colour due the

complete evaporation of the methanol was exactly deter-

mined and taken for time zero with respect to the mea-

surements presented in Fig. 6.

With the results from Figs. 5 and 6, i.e. the ultra-

hydrophilic behaviour of both sample types after storage in

dry methanol, can be concluded that the contact of titanium

oxide surfaces with methanol does not result in the for-

mation of stable methoxy-groups under room temperature

conditions. These groups have been observed by Farfan-

Arribas et al. [28] as intermediate product for dehydroge-

nation and deoxygenation of methanol on different types of

TiO2 surfaces. Depending on the surface type and tem-

perature the methoxy-groups either recombined with OH-

groups to methanol or converted to formaldehyde or

methane.

Thus samples from the HSE etching procedure are stable

with respect to ultra-hydrophobic behaviour when stored in

methanol, however form very rapidly a hydrophobic

coating from hydrocarbons when exposed to lab atmo-

sphere in agreement with [29].

The first effect is observed for samples prepared by the

CSE etching procedure too, however exposure to lab

atmosphere does not change the ultra-hydrophilic behav-

iour of these samples neither. This different behaviour can

be addressed to two major reasons. Firstly, the morpholo-

gies resulting from the two etching procedures are very

different with the CSE morphology being extremely cliffy

and thus promoting wettability due to capillary effects.

Secondly, as indicated by the EDX results, the surface

chemistry of the CSE samples is at least not pure titanium

dioxide but contains chromium, sulphur and aluminium

derived species. It seems obvious that these species are

much less active than TiO2 with respect to the formation of

a hydrophobic coating from hydrocarbons when in contact

with air.

Discussing the differences in the behaviour of both

surfaces when in contact with dry methanol and air

respectively, results from Augugliaro et al. [30] have to be

taken into consideration. These authors compared the

photocatalytic oxidation behaviour of aromatic and ali-

phatic alcohols when in contact with surfaces from TiO2.

For solely aromatic alcohols they found two parallel

pathways corresponding to partial oxidation to an aldehyde

and mineralization. In a mixture form aliphatic and aro-

matic alcohols the aliphatic competed with the aromatic for

the mineralization pathway and did not show aldehyde

formation. Thus, besides differences in the surface chem-

istry, differences in the oxidation behaviour of methanol

and aromatic compounds present in traces in air are

expected to contribute to the different wetting behaviour of

the samples. Investigations of Farfan-Arribas et al. [31]

however, which compare the catalytic activity of the rutile

(110) surface with that of TiO2 nanoparticles point out that

the oxidation behaviour of methanol depends on the

coordination of the titanium ions too, i.e. the three-

dimensional, local structure. While they found formation of

methane for the nanoparticles this was not observed for the

rutile (110) surface. However this does not contradict to the

results of our investigations.

5 Conclusions

The two etching processes applied in this work result in

both, distinct differences of the surface morphology and

chemistry of the samples. While the morphology resulting

from the CSE treatment, due to the highly rugged surface

and the wholes of different diameters reaching up to more

then 10 lm, offers potential to immobilise and/or store

bioactive components within these surfaces, the chemical

status of this surface state together with the low potential
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of this treatment to remove particles from the blasting

material contradict the biological potential of this etching

process.

Both chemical and morphological surface properties

determine the different wetting behaviour resulting from

the two etching processes. Here again the lower activity of

surfaces resulting from the CSE process for the formation

of a hydrophobic coating from hydrocarbons when in

contact with air is accompanied by the chromium oxide and

sulphur/sulphate containing surface composition.

The stability of super-hydrophilicity for the HSE surface

state when in contact with dry methanol together with the

fast increase of the wetting angle of these samples when in

contact with air clearly point to the importance of aromatic

compounds for the formation of hydrophobic coatings from

hydrocarbons for surfaces from TiO2 under these conditions.
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