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ABSTRACT

In many places, charcoal production, using Australian Blackwood, is still a rudimentary process, generating
huge environmental impact, due to the release of pyrolysis smoke into the atmosphere. Both the society and
governmental agencies is pushing the factories to condense the smoke, generating byproduct known as pyro-
ligneous liquor. Although it's largely used for agricultural purpose, as a fertilizer and phytosanitizer, its
chemical composition presents hydrogen and oxygen rich compounds, making it a potential electrolyte in the
surface treatment industry, especially for anodization. Organic alternatives are being used to replace these
electrolytes to make the anodizing process cleaner. Then, for the first time, Australian Blackwood pyroligne-
ous liquor was used as an anodizing electrolyte for titanium TICP-G2, to obtain oxides for protection and
coloring of the metal. For such, suitable parameters to execute the process were determined (dilution, current
density, temperature, agitation, pH, conductivity) and an analysis of the transient potential over time was
made. The anodized surfaces were characterized using top view Scan Electronic Microscopy (SEM) and
Grazing Incidence X-ray Diffraction (GIXRD). Based on the results presented, it can be concluded that the
best parameters to anodize the titanium were obtained with 50% pyroligneous liquor diluted in water, obtain-
ing colored surfaces and promoting the formation of oxide crystallites clusters mainly in longer process
times (3600s).
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1. INTRODUCTION

Environmental problems increase the interest sources in renewable energies. In order to replace the current
energetic matrix based on fossil fuels, pyrolysis, which is a controlled thermal degradation of biomass rich in
cellulosic material, stands out as an alternative for obtaining energy. Its use may be either direct (in a heating
boiler for steam generation) or to obtain byproducts of significant commercial value, such as charcoal. Alt-
hough there are still controversies, charcoal has a positive balance of carbon consumption, since the biomass
used is derived from reforestation areas or co-processing techniques [1]. The last Brazilian Energy Balance,
published in 2013, showed that biomass accounts for about 6% of the national energy matrix, overtaking coal
(1.25%).

The methods of charcoal production by pyrolysis are known and consolidated. However, its produc-
tion is still marginalized, being developed in Brazil mainly by small farmers, who draw their livelihood from
this activity. Small coaling communities installed in Vale do Rio dos Sinos, Taquari and Cali, in eastern Rio
Grande do Sul, sustain an agriculture-based economy. Charcoal production became a forest cultivation by-
product, mainly based on black wattle. In this region, the city of Brochier, for example, has much of its area
devoted to the cultivation of this species for the production of charcoal [2], thanks to its rugged topography.
Currently, 4,500ha of the 10,500ha of the municipality are destined to the cultivation of the species, which
supplies charcoal for about 500 artisanal ovens in rural properties. It is estimated that there are about 30,000
small coal producers who are established in the state of Rio Grande do Sul, using mainly black wattle as raw
material, but also eucalyptus, pine and cedar.
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In Brazil, charcoal is used mainly in the steel industry [3]. Rio Grande do Sul’s production, howev-
er, is primarily intended for domestic consumption and the gastronomic sector, for instance, bars and restau-
rants. Its consumption is closely linked to the local population cultural identity: charcoal is used as a basic
ingredient in barbecue preparation, the main icon of the native cuisine of this state [4], and as fuel for fire-
places, countryside stoves and wood stoves.

The production process of charcoal in these communities is rather rudimentary, made with low tech-
nology and with little regard to process parameters or even waste generation [5]. As technology is primitive,
the operational control of the decarburization furnaces is small and there is not a qualitative or quantitative
control of the production [3,6]. The product of the carburization process is about 30% to 40%, in other words,
less than half of the total biomass is converted to charcoal. The remainder is released in the form of gases and
vapors, which end up being a major problem for air pollution. The smoke from pyrolysis is composed of nu-
merous chemical compounds (furans, alcohols, carboxylic acids, hydrocarbons, etc.) [7,8], which has led to
serious discussions on sustainable development of these communities in order to prevent environmental deg-
radation.

While in Brazil, the collection of these gases is practically ignored [7], in Japan it is a common prac-
tice to liquefy the smoke [9,10], thus yielding pyroligneous liquor. This product is also known as pyroligne-
ous liquid, pyroligneous acid, wood vinegar, liquid smoke and even bio-oil. Among the components of pyro-
ligneous liquor, there are phenol, tar, cresols and ketones. However, its predominant ones are water (about
80%), acetic acid and methanol. Some compounds in pyroligneous liquor have a particular commercial value,
such as acetol, which can be used in pharmaceutical industry. The development of techniques and technolo-
gies that promote pyroligneous liquor to the status of raw material can add value to the collection processes.
With this perspective, small farmers could favor cleaner, controlled and sustainable processes, ensuring envi-
ronmental integrity and continuously improving the process.

The use of pyroligneous liquor has been, for many years, empirical in agriculture [11]. It has been
added to the environment without regard to its disposal or possible effluent treatment. This leads to the possi-
bility pyroligneous liquor’ utilization as an electrolyte in anodizing industries, in which wastewater treatment
is a bottleneck.

In this context, the anodizing process may be the most indicated among galvanic processes, since the
layer is made of metal from the anodized substrate itself, not requiring the deposition of metal from the elec-
trolyte. The anodizing process gives to the metal an anticorrosive protection, and in the case of titanium, its
use is widespread in the jewelry and biomedicine industries. In the case of titanium, the most common elec-
trolytes used in anodizing processes are sulfuric acid - H,SO,, phosphoric acid - HsPO,4 [12] and acetic acid -
CH3COOH [13]. In anodizing in H,SO,, the obtained surface is usually microporous, where the pores are
produced by spark. In anodizing in acetic acid, or solutions containing acetate, grooves or structures with
large depressions are formed [14]. Xie et al [14] determined that in the galvanostatic process, the acetate ion
(CH3COO)) solubilizes the amorphous titanium oxide of the barrier layer formed in the initial stages of ano-
dization.

Quintero et al [15] verified a strong dependence of current density on the thickness and kinetics of
the formation of anodized Ti-CP2 films, using 1.5 M H,SO, + 0.3 M H3PO, electrolyte. Comparing oxides
grown by galvanostatic anodization at 15 mA / cm? and 55 mA / cm™, the author identified the formation of
a duplex oxide in all samples: the oxide layer adjacent to the metal is thin and compact (typical structure of
barrier oxide), and on it grows another layer, thicker, of porous film. The formation of pores [15] is associat-
ed with the generation of sparks, and the phenomenon generates temperature increase, causing localized fu-
sion in the formed oxide. The molten oxide point is rapidly cooled by the surrounding electrolyte, and is
characterized by depression in the oxide, which forms the pore [16,17,18].

Xing et al [19] studied the evolution of the titanium oxide layer when obtained by potentiostatic an-
odization in 0.1 M H,SO,, with application of 10V and 30V. The results showed clearly that "like flowers"
concretions are formed from 10 minutes of anodization only at 30V potential, but they do not appear if the
voltage used is 10V. Xing et al [19] associated the behavior difference in the two potentials analyzed by the
oxide formation dynamics. At 10V, there is little OER (Oxygen Evolution Reaction), so oxygen bubbles are
"adsorbed" briefly on the metal / electrolyte interface. The oxide grows around the bubble, which then de-
taches, forming a micropore. The thickening of the anodized layer occurs with increasing the anodizing time
(this process is known as oxide aging). In 30 V, on the other hand, there is a large OER, which causes nano-
crystals to appear in amorphous oxide, which act as ionic conduction channels, and evolve into concretions
like flowers. The thickening of the oxide occurs with TiO2 already crystallized, which presents a rough ap-
pearance.
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In order to add value to pyroligneous liquor, making its use viable in other sectors, and taking into
account its easy obtention and disposal and the fact that its predominant constituent is acetic acid, this work
will study viability of utilization of pyroligneous liquor as electrolyte for anodizing. This study aims at ano-
dizing the titanium with pyroligneous liquor, evaluating the main parameters of anodizing, such as electrolyte
concentration, current density, potential for obtaining titanium oxides, and characterizing the oxides obtained,
regarding morphology and crystalline structure.

2. MATERIALS AND METHODS

2.1 Substrate
Commercially pure titanium of grade 2 — TiCP 2 was used as substrate to anodizing, in accordance to ASTM
B348-11 (Table 1), in sheet form with thickness of 1 mm.

Table 1: Chemical composition of the plate and bar of TiCP 2 used in this research.

ELEMENT %
N 0.03
C Maéx. 0.08
H 0.015
Fe 0.3
(0] 0.25
Ti Balance

Other 0.1

The titanium sheet was cut into samples with dimensions of 15 mm x 10 mm. A hole was made near
the top edge, centered, through which a copper wire passed to allow electrical contact with the electric cur-
rent source. The junction of the copper wire was coated with titanium epoxy resin for insulation, and the ex-
posed surface of each sample for anodizing was 3 cm?. The samples were pickled in a solution of HF:HNO,,
proportions of 1:3, for 6 s, immediately before anodizing to remove the native oxide, so as not to influence
the growth of oxide in the anodized layer. Afterwards, they were rinsed in deionized water.

2.2 Anodizing electolytes

Pyroligneous liquor solutions were used as electrolytes for anodizing. Pyroligneous liquor used in this study
was obtained from the charcoal burners from Vale do Rio dos Sinos region, in Rio Grande do Sul. The liquor
came from black wattle pyrolysis (Acacia mearnsii De Wild) for charcoal production, and underwent a de-
cantation process of 3 months. The liquor had reddish brown color, was translucent and had a strong smoky
odor. The composition of pyroligneous liquor used in this study was determined by Furtado et al. [20]. The
liquor was diluted in 25% v/v and 50% v/v with deionized water. The pure pyroligneous liquor was also used
as electrolyte. Dilution of the main electrolyte is also a study parameter.

Pyroligneous liquor was further distilled to minimize the pronounced color of the solution, thus allow-
ing us to better visualize the samples during anodizing. The liquor distilled was translucent and colorless, but
the characteristic odor remained. After the distillation process, the condensed liquid was diluted with 50%
deionized water, and this solution was also used as electrolyte. However, this electrolyte was used only for
better visualization of the formation of interfering color laboratory phenomenon, since it is of great im-
portance to maximize its use industrially, which involves adding the lowest possible cost.

For comparison of data with literature, sulfuric acid (H,SO, 1mol.L™) [21-23] and acetic acid [24, 25]
were used as control electrolytes. The electrolytes were disposed after 3600 s of anodizing. Table 2 summa-
rizes the electrolytes used and their concentrations.
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Table 2: Electrolytes used for anodizing.

ELECTROLYTE IDENTIFICATION
Raw pyroligneous liquor 25% pl 25%
Raw pyroligneous liquor 50% pl 50%
Raw pyroligneous liquor 100% pl 100%
Distilled pyroligneous liquor 50% Distilled 50%
H,S0, Sulfuric acid 1 mol.L™* H,SO,1 mol.L?
Acetic acid 1 mol.L™T AA 1 mol.L?

2.3 Anodizing

Anodizing was performed in galvanostatic mode. The evolution of the potential developed in the samples
according to the process time was monitored. For the anodizing process, current density of 1 mA.cm@ was
used, applied by external power source, with 80 rpm stirring at room temperature (25 °C). Two platinum
cathodes in the form of coiled wire were used, one on each side of the sample, to ensure the equal growth of
oxide on the titanium surface. The cathodes were placed parallel to and equidistant from the sample. The
experiments were performed in triplicate in a current source of 500 mA and potential of 300 V for 300 s, 600
s, 1800 s and 3600 s. The source was connected to a computer which had a software to collect the anodizing
process data. After the anodizing, the samples were rinsed with deionized water and cold-air dried.

2.4 Characterization

For the morphological characterization of the anodized surfaces, it was used a scanning electron microscope
JEOL JSM-6510CV with 129 eV of resolution. The anodized samples were metallized with a thin gold film.

Crystallographic characterization of anodic films on the surfaces of the obtained samples was carried
out by Grazing Incidence X-ray Diffraction (GIXRD). The equipment used for the tests was a Shimadzu
XDR-7000 diffractometer, using the incidence technique of X-ray beam at low angle. The equipment has an
X-ray generator tube with Cu target, which has a Ka radiation of 1.5406 A. The beam and the specimen sur-
face were angled at 1 degree and the acceleration voltage of the X-ray tube was 40 kV. A 25 mA of current
was applied to the X-ray tube, the scan ranging from 15 to 80 degrees. The scan rate used was 1.2 de-
grees/min. As the sample was thin and narrow, it was placed on a carrier that does not generate diffraction
peaks (non-reflecting material) supplied by the equipment manufacturer. X'Pert HighScore was the software
used for analyzing the results and comparing with standard spectra database. For GIXRD measurements, a
controlled diffractometer with a configuration called “Seemann-Bohlin geometry" was used, different from
the conventional geometry, called "Bragg-Brentano”.

3. RESULTS AND DISCUSSION

3.1 Potential transients

Titanium samples were anodized for 3600 s, presenting different behavior over anodizing time. Accordingly,
for better work understanding, the anodizing curve produced up to 300 s will be shown and discussed first,
followed by the curve obtained up to 3600 s.

Figure 1 shows the potential transient of titanium samples anodized in pyroligneous liquor, acetic acid
and sulfuric acid up to 300 s. It was observed that the curves exhibit similar behavior regardless of the ano-
dizing electrolyte. Curves show a sharp increase in potential with time up to 300s, with two distinct regions.
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Figure 1: Potential transients versus time of the samples anodized in different electrolytes (300 s).

In Figure 1, region 1 shows a linear increase in potential with time, known as anodizing rate (0V/ot).
This behavior is characteristic of barrier oxide film growth in which all the applied current is used for form-
ing oxide. In this region, 0V/0t remains constant. The behavior shown has been observed in other studies of
titanium anodizing with various operating conditions [21,26,27]. In Region 1, 6V/0t showed similar results
for the electrolyte containing pyroligneous liquor and the electrolyte containing acetic acid (AA) 1 mol.L™,
and was higher than the H,SO, 1 mol.L™electrolyte. It is known that the pyroligneous liquor has acetic acid
in its composition, which explains their similar behavior. For the GC/MS characterization of the pyroligneous
extracts, a dilution step was necessary prior to the chromatographic analysis due to the presence of a signifi-
cant amount of acetic acid and other organic acids, which could potentially damage the chromatographic col-
umn [20].

In region 1, the samples anodized in pyroligneous liquor and AA 1 mol.L™ showed maximum poten-
tial ranging between 4.8 V and 5.5 V, generating anodizing rates near 0.17 V.s™ (Table 3). Diamanti and Pre-
deferri [21] anodized titanium in various H,SO, concentrations as electrolyte and applied current densities
ranging from 200 A.m to 1080 A.m™. The authors observed an anodizing rate of 2.9 V.s™ in H,SO, 1 mol.L"
! with application of 200 A.m™ This value is in accordance with the anodizing rates, approximately 0.17 V.5
Yat 1 mA. cm™, presented in this study. According to Young [28], 8V/ét is approximately proportional to the
current density applied in the anodic process, varying from 0.1 to 10 times its value.

Table 3: Anodizing rates, in V/s, found for the anodized samples in electrolytes based on pyroligneous liquor.

ELECTROLYTES 300 S 600 S 1800 S 3600 S

pl 25% 0.183 £ 0.046 0.194 +0.042 0.196 + 0.034 0.187 +0.011
pl 50% 0.164 +0.030 0.161 +0.031 0.183 +0.012 0.177 +0.015
pl 100% 0.176 +0.005 0.181 +0.022 0.164 + 0.007 0.180 +£0.014
Distilled 50% 0.185 +0.041 0.175+0.021 0.170 + 0.036 0.185+0.019

The transition from region 1 to region 2 of the anodizing curve (Figure 1) is accompanied by a de-
crease in V/ot. According to some authors [27,29], in valve metals, this change in curve’s slope may be due
to the sparking process accompanied by a dielectric breakdown of the film. However, in the anodizings car-
ried out in this study, no characteristic which could identify sparking was observed. Literature shows that the
sparking potential for anodized titanium samples occurs at potentials above 100V [27,29,30].

On the other hand, this change in the curve’s slope was accompanied by oxygen presence at the an-
ode, indicating that the water oxidation reaction and other compounds present in the liquor may have become
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the prevailing reaction in relation to the oxide formation. According to Liu et al. [27], the change in slope of
the curve occurs due to a decrease in the resistivity of the oxide, and the author suggests that tha anodization
reaction happens due to the ionic transport instead of the electronic one. In region 2, as the time of anodizing
is small (300 s), the oxide continues increasing its in thickness, characterized by the new increase in the po-
tential curve, up to the maximum potential (Emax), at the end of the process. Figure 2 shows the behavior of
the potential over time until 3600 s of anodizing.

The maximum potentials (Figure 2) varied as a function of the electrolyte and its concentration. The
maximum potential is related to the dynamics of the formation and dissolution of the oxide, a phenomenon
that occurs simultaneously. More concentrated solutions promote dissolution. In the case of the samples, a
similar behavior was observed among the transients, with small variations of potential. The low current den-
sity can influence the intensities obtained for the potential transients, as it generates anodic growth at steady
state.
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Figure 2: Potential transients versus time of the samples anodized in different electrolytes (3600 s).

The maximum potential generated, as well as the behavior of transients (Figure 2), suggest that there
is only barrier type oxide, because there is no electrical evidence of oxide breakdown, leading to the for-
mation of a porous layer. The curves show no oscillation in the potential, maintaining the direction of its
growth. Literature reports similar behavior in some studies [21,24,25,31], mainly associated with titanium
coloring process for decorative purposes, such as jewelry [31].

In general, electrochemical behavior of the anodic growth of titanium oxide is due to the electrochem-
ical dynamic established between formation and dissolution rates of the film [24,25]. These rates depend on
the nature of the electrolyte [28]. The potential transients of the samples presented in Figure 2 show that there
is a similar behavior between the electrolytes based on pyroligneous liquor and AA 1 mol.L™, which can be
associated to their similar nature. Thus, it is possible to infer that the acetic acid present in pyroligneous lig-
uor is primarily responsible for the anodic response of the studied systems.

Starting at 300 s, the potential continues increasing for pyroligneous liquor electrolytes and acetic
acid, but with variations in the rate 0V/ot. After 300 s, 0V/ot decreases, until reaching approximately 800 s,
followed by a further increase and a further decrease. This cyclical behavior indicates that the sample surface
creates conditions for oxide formation. A likely explanation for this would be the formation of amorphous
oxide in the first stage (up to 300 s), which crystallizes, and after that, continues to form oxide. This may be
associated with the change of color observed during anodizing.

Another hypothesis to explain this behavior would be the disruption of the film surface at some points.
According to literature, this disruption can occur by two mechanisms: either a dielectric breakdown potential
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is greater than 100 V [26]; or by mechanical disruption due to internal tensions arising from the volumetric
growth of the oxide [28,32].

According to Xie et al. [33], anodizing made in electrolytes containing acetate ion produces TiO
(CH3CO0),, that, in the presence of water, is responsible for the dissolution of the amorphous oxide barrier
layer formed in the process early stages. This localized dissolution would be proportional to the concentration
of acetate ion in the electrolyte and the current density used. In this study, a low current density (1 mA. cm™)
is used, which could lead to a homogeneous dissolution of the film in the case of electrolytes containing AA
(including the ones based on pyroligneous liquor). This fact can explain the changes in 6V/ét found in longer
times of anodizing.

3.2 Analysis of chromatic behavior — visual aspect of the samples

Figure 3 shows photographs of titanium samples after being anodized in pyroligneous liquor, as well as with
H,SO, and acetic acid control electrolytes. A different chromatic aspect in the samples was observed, in ac-
cordance with electrolyte and anodizing time. The formation of the color interference phenomenon is an indi-
cation of an oxide layer on metal. The light interference phenomenon is reported for thin oxide films, so that
they are still transparent, but colored. The color perceived bears direct relation to the film’s thickness, ac-
cording to Bragg's Law of interference [34].

According to literature [24,34,35], the change in color indicates the formation of a thin oxide film on
the surface of the substrate, resulting from the anodizing process. This change is associated with a variation
in the potential and the thickness of the formed film [25]. For each employed potential during anodizing,
there is a distinct color, which may change according to the nature of the electrolyte or the time of anodizing.
Similar hues were obtained in the same anodizing times using pyroligneous liquor at different concentrations,
in addition to the control electrolytes. However, differences between colors in hues are observed in the sam-
ples, as shown in Figure 3.

Sul et al. [24] observed that, although the oxide thickness is the main coloring agent, the non-
uniformity of the layer can influence the color spectrum obtained in anodized titanium. Thus, small changes
in color may be the result of these characteristics, even if the thickness of the oxide is related to the anodizing
times.

The colors observed in anodized samples change hue according to the time duration of the process,
which agrees with the studies of Delplancke et al. [34], Diamanti et al. [22,31], Gils et al. [36] and
Karambakhsh et al. [37]. Different times of anodizing also lead to different thicknesses of thin films. Accord-
ing to Diamanti et al. [31], for diluted acid solutions, the growth rates of titanium oxides at low potentials are
around 2 nm.V™*. As end potentials generated (Figure 2) are between 8 V and 27 V, this indicates that the
formed films in 300 s have 18 nm and in 3600 s have 54 nm, taking the minimum and maximum time as ref-
erence.

For the times of 300 s and 600 s, yellow tones were obtained. The curves representing these anodiz-
ing times (Figure 1 and Figure 2) show that the final potentials reached are similar for all pyroligneous liquor
dilutions, which justifies them having the same hue. Final potentials are very similar, varying from 8 V to 10
V. For the 10 V to 12 V range, Sul et al. [24], who worked with sulfuric acid 1 mol.L™, also obtained yellow
hues, which agrees with the results achieved in this study. H,SO,, AA and distilled pyroligneous liquor sam-
ples produced a lighter yellow film, suggesting that it is formed less thick. In fact, according to the potential
transient curves for time (Figure 1 and Figure 2), the final potentials generated in these samples are lower
(approximately 8 V) than the potential developed in the anodizing with different concentrations of raw pyro-
ligneous liquor (9 V to 10 V). This fact justifies the changes in colors, because of the small variations in
thickness between them, suggested by their potentials.

Among shorter and longer times of anodizing, the change of hue is well marked. The colors change
from yellow to purple at shorter times and to blue at longer times. At 1800 s of anodizing, the generated hue
is blue, developing final potentials between 18 V and 22 V. It is striking that the anodized sample in pyrolig-
neous liquor 100% is clear blue. The anodizing curve of this sample shows the final potential of 22 V, 4 V
higher than the ones developed by pyroligneous liquor 25%, 50% and distilled pyroligneous liquor 50% sam-
ples. This result agrees with the chromatic scale by Diamanti et al. [22] for thin titanium film, which starts at
yellow, followed by purple, blue and light blue, in direct dependence on the thickness of the oxide and final
potential generated. Zaniolo [38], in his study with AA 0.1 mol.L™* and 0.5 mol.L™, also obtained bluish hues
for a 20 V to 40 V potential range. Sul et al. [24], however, got a different color series for potentials close to
20 V in the anodizing of Ti-CP G1, according to the electrolyte, concentration, time and current density used:
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dark purple (H,SO, 1 mol.L™, 15 mA.cmz?, for 2 s); dark orange (AA 0.1 mol.L™, 5 mA.cm?, for 2 s), blue
(AA 1 mol.L™%, 5 mA.cm2, for 11.5 s), orange (acid phosphoric 1 mol.L™, 5 mA.cm?, for 6.5 s). These chang-
es in the usual color scale are assigned by the authors to stoichiometric differences in the film, as the pres-
ence of distinct phases and defects. In this study, however, the presence of those differences, if any, does not
seem to affect the interference color, because the hues are similar to each other, for the same anodizing time.

In an overview analysis, the colors obtained for all electrolytes used are similar for the same anodiz-
ing time, suggesting that the potential gradient prevails as a film forming factor, and not the nature of the
electrolyte. In fact, as shown in Diamanti et al. [21,31], this study indicates that there is a direct dependence
of the oxide growth with the developed potentials. In turn, the developed potentials have a direct relationship
with the anodizing time to the current density used. This dependency in the film formation and the generated
interference color was also perceived by Deplancke et al. [34], in a pioneer study of interference phenomena
in thin films of anodic oxides on titanium.
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Figure 3: Photographs of the anodized samples chromatic behavior.

3.3 Evaluation of the crystalline structure by GIXRD

Although the results obtained for all anodizing conditions presented for the potential transients and for the
visual aspect, the homogeneity of the samples was more consistent using pyroligneous liquor 50% as electro-
lyte. Colors obtained were compared only visually, because the greatest interest was to confirm if the electro-
lyte could to promote the anodizing. The obtained interfering colors and the transient curves from replicas of
this electrolyte were more similar than the other electrolytes. Therefore, samples anodized in pyroligneous
liquor 50% were chosen for further characterization analysis.

Figure 4 shows the GIXRD patterns for the electrolyte of pyroligneous liquor 50% where the curve
referred to as “Ti” is pure titanium after pickling. The lack of X-ray diffraction patterns characteristic of ei-
ther anatase or rutile may indicate either amorphous oxide or poorly crystallized anodic oxides, consisting of
ultrafine crystallites beyond the sensitivity of the used equipment. The thin oxide film is thus neither amor-
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phous nor cyrstalline but behaves more like a molecular layer [25,39]. Literature reports that TiO, oxides
formed by anodizing at high potentials (up to 70 V) are composed of the anatase phase [25,40,41]. However,
in this study, peaks of this phase were not expected, since the anodizing was carried out by applying 1 mA.
cm?, resulting in maximum potentials during anodizing, below 30 V for longer times of the process (Figure
2). In 300 s, only the titanium peaks appear, which suggested the formed oxide film has an amorphous struc-
ture at an early stage. However, it should be noted that the technique does not present the necessary sensitivi-
ty for confirmation of the hypothesis.

The most significant intensity of the titanium peaks in other anodizing times sug-gests that the layer
formed is neither totally amorphous nor crystalline and due that the oxide film is so thin probably [21]. This
fact agrees with the results in the potential-transient (figure 2), where-the maximum potential achieved in
3600 s is 28.5V for 50% pyrolignous as electrolyte.

According to the literature [21, 35], the film growth rate of Ti is 2 nm.V*, which leads to a thickness
of 57 nm for the anodized film in 3600s. It was expected that the characteristic peaks of titanium lessened
intensity in diffraction spectrum with anodizing time, assuming the increase in film thickness [22]. However,
the titanium peaks at 35°, 38° and 40° [41] remained, and another appeared, which suggested the presence of
titanium at the peak of 53°, that was also observed by Song et al. [41].
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Figure 4: GIXRD diffractograms obtained from the samples anodized in pyroligneous liquor 50%.

Potential transients show, however, that the thickness of the film was evidenced by the increased po-
tential over time that was 8 V, 10.5V, 19 V and 25.5 V in 300 s, 600 s, 1800 s and 3600 s, respectively. The
relationship between the potential transients and the diffraction spectrum of the samples indicates that alt-
hough the film thickness increases, it is still thin. Some authors [32, 40] report the appearance of rutile as the
only crystalline phase in titanium anodizing at low potentials (5 V to 8 V), in low concentration acidic solu-
tions (H,SO,X 0.5 mol.L™%). However, the appearance of crystalline phases is more associated with porous
films [43], formed through sparking, in other words, through dielectric breakdown due to high potential [33]
developed during the anodizing, which is not shown by the behavior of potential transients (Figure 2) ob-
tained in this study. According to Arsov et al. [44], oxide crystallization occurs gradually during the anodiz-
ing process, and is associated not only to the dielectric breakdown, but also by stresses developed in the
formed film [45]. According to Vanhumbeeck et al. [46,47], when the potential reaches 12V, internal stress
occur in the oxide giving rise to the rutile phase. In this study, with the increase of film thickness from 600 s
of anodizing, potentials above 10.5 V and below 25.5 V are reached, but even so the rutile phase cannot be
evidenced by the XDR technique.

Although the literature [48, 49] reports a relationship between crystallinity and interfering colors ob-
tained, this effect cannot be completely associated with the result of this study. It can be seen, however, that
as the color scale changes from yellow to blue, with increasing anodization time and consequent thickening
of the film, the concretions arise, evidencing the beginning of the aging process of the film, agreeing with
literature.
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Figure 5 shows SEM micrographs for the samples evaluated in GIXRD (Figure 4). At 600 s and
1800 s of anodizing (Figure 5 (a) and (b), respectively), the appearance of small nodules in the oxide film is
observed. These nodules are small nuclei of crystalline oxide, mainly formed by the OER [19, 27]. At 600s,
the potential reached is 10.5V, which is in agreement with the literature that points that the crystallinity be-
gins to develop near 10V.

As seen in all 3600 s micrographs of anodized samples (Figure 5 (c) and (d)), the nuclei evolve into
structures called “like flowers” concretions [23, 48, 50], forming clusters in other parts of the sample. The
appearance of “like flowers” concretions indicates that the crystallization is a separation of the oxide from the
film, and that concretions reformed mainly of crystalline phase [23,48].

ey

lyzed by GIXRD at different times: (a)
600 s; (b) 1800 s; (c) 3600 s; and (d) detail of the surface of the sample anodized at 3600 s, showing clusters of concre-
tions “like flowers”.

Micrographs of Figure 5 show that there is a relationship between the anodizing time, with increas-
ing the potential, and the formation of “like flowers”. This indicates that there was thickening and aging of
the oxide film, which is in according with the literature [50, 51]. Films appear to be amorphous, and therefore
basically formed by suboxides and hydroxides [50], and would not have characteristic crystallization peaks in
the GIXRD spectrum, as indeed the anodized sample at 300 s shows. It is suggested that, from 600s, the sub-
oxides and hydroxides evolve to more complex and crystalline structures of oxides, and finally formed crys-
tal nuclei evolve to form “like flowers” at 3600 s, as evidenced by micrographs of SEM (Figure 5). As the
process develops in the galvanostatic mode, with a low current density, the amorphous-crystalline transition
appears to occur in a steady state, with slow changes [48,50].

As previously mentioned, the appearance of crystalline phases is closely associated with disruption
of the oxide, which behaves as dielectric. However, dielectric breakdown would be associated with sudden
drops in transient potential, which does not occur in this study. Liu et al. [27] suggest that the amorphous-
crystalline transition of the oxide is associated with the evolution of oxygen. The initial amorphous oxide
displays, without difficulties, electronic conductivity. Formation of oxygen bubbles at the oxide/electrolyte
interface creates small pores [47], which decrease the area of electronic conductivity and induces the film to
create alternatives in order to maintain the electronic transport and hence the features of the electric field
formed in the system. These changes are just the arrangement of oxide atoms in an organized manner, in
crystal planes and at localized points [50]. Therefore, the dielectric breakdown occurs in a superficial way,
which explains the absence of abrupt drop of the generated potential.

3.4 Analysis of the superficial topography through SEM

Figure 6 shows a comparison between the sample, as received, and the sample after pickling with HF:HNO,.
In Figure 6 (a), there is a formation of elongated risks compatible with the lamination process. A formation of
a texture that follows the orientation of the lamination marks is also observed, which probably indicates the
presence of native titanium oxide formed in air. Titanium forms a layer that grows spontaneously, and con-
sists primarily of TiO and Ti;Os [40]. This layer is a few nanometers thick and is not porous, similar to the
topography found by Fadl-Allah and Mohsen [50] for Ti-CP, although the surface found by the authors did
not present evidence so significant of native oxide.

Pickling removes the native oxide layer (Figure 6 (b)), letting the sample with an irregular surface,
forming alveoli that suggests the dissolution of substrate parts by acids. This effect on pickling is due to the
presence of HF in solution, as monitored by Vermesse et al. [50], in a study of Ti-6Al-4. In that study, it can
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be seen that by gas evolution seen in the process, both the native titanium oxide layer and the base metal re-
act with HF (the native oxide generates water and TiF®* complex ions) promoting evolution of hydrogen and
formation of Ti*" ions.

Figure 6: Micrograph of Ti-CP surface of the samples (a) as received and (b) after pickling.

Figure 7 shows the micrographs of samples anodized for shorter process time (300 s and 600 s), sug-
gesting that the thickness of the oxide is also small. For titanium potentiostatic anodizing at 10 V in H,SO,
for 3600 s, Xing et al. [19] found similar surface topography to the ones found in this study for short anodiz-

ing times.
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Figure 7: Top view micrographs of samples anodized at 300 s and 600 s in the electrolytes: (a) pyroligneous liquor 25%;
(b) pyroligneous liquor 50%; (c) pyroligneous liquor 100%; (d) distilled pyroligneous liquor 50%.

It is observed in Figure 7 that the samples after the anodization presented a surface similar to the
sample Ti-CP after pickling, Figure 6-b. This result indicates that the oxide film formed after the anodization
has a low thickness, maintaining a topography similar to the original Ti sample. There is no pore formation or
structures that denote formation of crystalline phases in 300 s of process, which agrees with the GIXRD spec-
trum found (Figure 5).

Over time, the anodizing process evolves and the oxide film grows, as evidenced by the increase of
potential in 600 s. However, the oxide still seems to be thin, since there is no significant change in the topog-
raphy of Figure 7 for the anodized samples at 600 s in relation to the previous ones. The surface of the sam-
ples also shows alveolar irregularities arising from the pickling. However, to the samples anodized with raw
pyroligneous liquor (50% and 100%) and distilled pyroligneous liquor (50%), formation of protrusions in the
form of precipitates isolated at some points of the surface can be seen. In the sample anodized in pyroligne-
ous liquor (25%) small points also appear, that can be small nuclei of amorphous oxide that grew randomly.
These apparently nodular concretions show that the film starts its amorphous-crystalline transition [48,51].
Xing et al. [19] point that for potentials around 10 V, the crystallization process is extremely slow, fact that
explains the few and small concretions found in samples at 600 s.
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As for the potential in the beginning of the process, most of the current is used for film growth, as
evidenced by linear behavior of potential transient up to 300 s of anodizing (Figure 1). From 300 s to 600 s,
there is a sharp decrease in growth rate, and the potential rises little, being very close to 10 V.

Figure 8 shows the micrographs of the samples at longer process times (1800 s and 3600 s) for the
electrolytes studied. The topography of the surfaces presented the alveoli from pickling, but less pronounced.
This indicates that the film is still thin, but without the presence of pores. In pyroligneous liquor 25%, there is
no evolution in topography between 1800 s and 3600 s, but there is thickening of the film, as evidenced by
the potential transients (Figure 2). This shows that the film remains amorphous and, in this electrolyte, it fol-
lows a slower growth rate compared to other electrolytes.

1800 s 3600 s

(d)

Figure 8: Top view micrographs of samples anodized at 1800 s and 3600 s in the electrolytes: (a) pyroligneous liquor
25%,; (b) pyroligneous liquor 50%; (c) pyroligneous liquor 100%; (d) distilled pyroligneous liquor 50%.

The concretions, which emerge on the surfaces of the samples in Figure 8, are called "like flowers"
due to their shape, and literature suggests that they are crystalline structures of titanium oxide, which evi-
dence a film breaking event [23,27,33,48,51]. These structures were found by other authors in various elec-
trolytes such as H,SO, [23,41,48], H3PO, [30] and sodium acetate [33]. Structures "like flowers", as suggest-
ed by the mentioned works, are more strongly correlated with the potential developed than with the nature of
the electrolyte used. Bartlett [23] found insipient concretions in 25 V, and Xing et al. [19] and Fadl-Allah and
Mohsen [50] at around 30 V. In this study, the concretions on the surfaces begin their formation around 20 V
(Figure 2), and grow preferentially in the alveolar sites originated from the pickling.

In the anodization of 1800 s in 100% pyroligneous liquor, an increase in the quantity of concretions
in relation to the anodized samples in 50% pyroligneous liquor and 50% distilled liquor is observed (Figure
8). This suggests that the speed of the crystallization process is related to the concentration of the electrolyte.
This agrees with the results of Diamanti and Pedeferi [21], which suggest that the higher the concentration of
the electrolyte, the higher the rate of crystallization of the film.

In fact, in the electrolytes of pyroligneous liquor 50% and distilled liquor 50%, there is a growth in
concretions as well, with increasing anodizing time, (Figure 8). The Figure 8 shows that the concretions in-
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crease in volume over time of anodizing, but seem to decrease in quantity. This is probably due to the aging
of the oxide with thickening of the anodized film, or by competition between dissolution processes and for-
mation of oxide. This result agrees with that found by Xing et al. [19] in the potentiostatic anodizing at 30 V
in different times. For potential transients (Figure 2) of the present study, the potentials generated for these
samples at 3600 s were 25.5 V (pyroligneous liquor 50%) and 28.5 V (distilled liquor 50%).

The sample of pyroligneous liquor 100% at 3600 s (Figure 8) shows the disappearance of concre-
tions. There is a thickening of the film, evidenced by smoothing the alveolar marks of pickling. A slight
crack on the film surface is likely to form in a region of about 30 micrometers.

As there is no evidence of decrease in the potential (Figure 2), this suggests that the crack is superfi-
cial and appears because of the thickening of the oxide and the mechanical stresses resulting from this pro-
cess [28]. Another fact to be mentioned is the disappearance of the concretions in the anodized sample in
3600 s for pyroligneous liquor 100%. The concretions give place to a slightly rough film, maintaining the
original topography, with pickling pores. In accordance to Xing et al. [48], this behavior is characteristic of
the aging process of the film. The disappearance of the concretions is associated with the dissolution of the
oxide, that is a concurrent process with the oxide formation [27, 48]. As the potential transients of the ano-
dized sample in distilled pyroligneous liquor 50% were similar to the sample of pyroligneous liquor 25% , it
is suggested that the topography of these samples should also be similar, which in fact occurs.

Figure 9 shows the micrographs of sample anodized in AA 1 mol.L-1 for 3600 s for comparison
with other samples analyzed. On the sample surface, it is observed a great quantity of concretions clusters,
occupying mainly the alveolar sites originated from pickling. The behavior of this sample is similar to the
pyroligneous liquor. Such result suggests that the anodizing agent may be acetic acid present in the pyrolig-
neous liquor. However, the crystallization in pyroligneous liquor seems to have a lower velocity than in pure
acetic acid. This can be explained by crystallization that occurs with aging, which in turn is associated with
the oxygen evolution reaction (OER). The organic compounds present in the pyroligneous liquor, such as
phenols, hemicellulose and aldehydes [20], may be acting as inhibitors of this process, since organic com-
pounds are normally related as having this characteristic [52,53]. They act by blocking the surface of the
electrodes (mainly the cathode) by adsorbing their molecules on the metal surface [52,54], which would act
to prevent OER.

The literature [52,55] shows that the inhibitory activity increases with the higher concentration of
the inhibitory organic compounds, which would explain the low concretion condition in the samples with
pure pyroligneous liquor in relation to the sample anodized with 1 mol AA. L-1. Concerning the behavior of
pyroligneous liquor electrolytes, the greater presence of concretions in pure pyroligneous liquor electrolyte
may be related to the amount of acetic acid present. Obviously, the 25% dilution has a lower concentration of
this compound than the others, and therefore the OER process (already impaired by the presence of the other
compounds of the pyroligneous liquor) and consequent aging of the film is slower than in the other samples
of pyroligneous.

20kV x1,500 10p 0%V
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Figure 9: Micrograph of the sample anodized in acetic acid 1 mol.L™ at 3600 s.

Although the crystallization behavior is different in the samples, the potential generated (Figure 2)
and interfering colors obtained (Figure 3) show that the thicknesses of obtained oxides are similar for all
samples, depending on the anodizing time. This agrees with the results of Xing et al. [19] and suggests that
the growth of the film and crystallization processes are distinct but interconnected, since it is necessary that
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the film thickens, so that concretions may arise. Crystallization of the film is a gradual process of growth of
the initial amorphous oxide.

4. CONCLUSIONS

These work presented a study on the anodization of titanium samples with pyroligneous liquor. It was ob-
served that is possible to anodize titanium using different concentrations of pyroligneous liquor. For this it
was used the current density of 1 mA.cm™ and the maximum potentials obtained were be-tween 25 V and 30
V.

The GIXRD analyzes showed that the oxide formation process starts amorphously and becomes crys-
talline. However, SEM analysis showed that the formation of "like flowers" concretions occurs in the anodic
films with the increase of anodizing time. Moreover, the oxides obtained by anodizing of titanium with pyro-
ligneous liquor and with acetic acid are very similar, considering the conditions of potential and current den-
sity used in this study.

Based on the results presented, it can be concluded that the best results to anodize the titanium were
obtained with 50% pyroligneous liquor diluted in water, obtaining colored surfaces and promoting the for-
mation of crystalline oxides with concretions, mainly in longer process times (3600 s).
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