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Abstract

The Bi,0; films-based anodes were synthesized by electrodeposition of Bi on stainless steel
substrate at constant current density and during different deposition times, followed by
calcination, forming Bi,03. The thickness of the films was determined by two methods: the
observation under the microscope and by calculation from mass difference. The electro-
chemical processes at the anodes were ivestigated by linear sweep voltammetry. At the
anodes obtained within 2, 5, 10 and 15 min of deposition, two dyes, namely: Reactive blue
19 and Crystal violet, were decolorized by oxidation with "OH radical, generated from H,0,
decomposition at the anodes. Decoloration times of the anodes varied, and the shortest
one was achieved with the anode obtained during 5 min of deposition, with the film thick-
ness of 2.5+0.3 um. The optimal H,0, concentration for the dyes degradation was found to
be 10 mmol dm>.
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Industry releases huge amounts of more or less
colored effluents into the environment. Color itself
could be very pernicious to the receiving water sources
due to the toxicity towards many aquatic organisms
and because colored compounds reduce water trans-
parency, which, in turn, affects photosynthetic activity,
thus causing severe damage to the ecosystems [1].

The electrochemical processes for wastewater
treatment have many advantages, including: environ-
mental compatibility, versatility, high energy efficiency
and safety, because they operate at mild conditions.
For these reasons, they have been largely developed
and utilized. Among them, the electrochemical oxi-
dation is the most popular electrochemical procedure
for removing organic pollutants from wastewaters and
it has been widely used for decolorizing and degrading
dyes from aqueous solutions. The oxidation of pollut-
ants can be done as the direct anodic oxidation, and
direct electron transfer to the anode, which yields poor
decontamination; or chemical reaction with electro-
generated species from water discharge at the anode
surface such as “active oxygen”, i.e., hydroxyl radical,
‘OH, which is considered the responsible species for
the electrochemical degradation of organic pollutants
[2]. Various materials are used as the anodes: Pt [3],
boron-doped diamond [4,5], graphite [6] activated
carbon fiber [7] and the electrodes based on metal
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oxides, such as PbO,, RuO,, IrO,, Sn0O,, SbO,, etc. and
their mixtures [8-13]. When hydrogen peroxide is
applied to the electrochemical system, the radicals
would be electrogenerated with hydrogen peroxide
and they would further attack the organic pollutants in
the system. In the presence of hydrogen peroxide, both
hydroxyl radicals and hydroperoxyl radicals were pro-
duced with hydrogen peroxide at the cathode and
anode, respectively [14,15]:

H,0, +e” — ‘OH + OH~ (1)
H,0, = HO,  +H + +e~ (2)

The oxidation of organic dyes by hydroperoxyl radi-
cals can be neglected; however, highly reactive hyd-
roxyl radicals produced via reaction (1) could react with
the organics, resulting in their degradation. In acidic
effluents, in the presence of small quantity of Fe”,
H,0, decomposes to produce ‘OH and Fe** [2]:

H,0, + Fe** — Fe®* + "OH + OH~ (3)

Generated "OH can further decompose the organic
molecules.

Anode material is a very important factor deter-
mining the extent of decoloration in electrochemical
dye degradation processes [2,7,8,12,16—-18]. It should
possess several important characteristics: an inert sur-
face with low adsorption properties which does not
provide catalytically active sites for the adsorption of
reactants in aqueous media (providing the formation of
high concentration of "OH from water discharge), high
corrosion stability and high O, evolution overvoltage.
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Boron-doped diamond electrodes possess all these
properties and they have the highest color removal
efficiency [2,4,18]. However, their application at indus-
trial scale is not suitable, mainly due to the difficulties
in their preparation and high production cost [2].

Anodes based on metal oxides have high surface
area and excellent mechanical and chemical resistance
even at high current densities. Various materials based
on metal oxides have been used for electrochemical
degradation of dyes, showing different color removal
efficiency [8-13]. Some semiconductor metal oxide
based anodes are used in photoelectrocatalytic pro-
cesses [2].

Microcrystalline Bi,O; can offer large surface area,
electrochemical stability and catalysis behavior [20],
which makes it an interesting material for electroche-
mical oxidation of various organic pollutants. The
Bi,05/Ti electrode was used in oxidative degradation of
Acid orange 7 by electrolysis, photocatalytic oxidation
and photoelectrocatalytic oxidation processes [21]. In
addition, Bi,Os is relatively low cost and easy to pre-
pare.

The electrodeposition is a very convenient method
of material synthesis, because it is simple and it offers
rigid control of film thickness, uniformity, and depo-
sition rate and is especially attractive owing to its low
equipment cost and starting materials. In cathodic elec-
trodeposition, the metal ions or complexes are hydro-
lyzed by electrogenerated base to form oxide, hydro-
xide, or peroxide deposits on cathodic substrates. Hyd-
roxide and peroxide deposits can be converted to cor-
responding oxides by thermal treatment [22].

In this work, Bi,Os-based anodes were synthesized
by Bi electrodeposition on stainless steel substrate, at
constant current density and during different depo-
sition times, followed by calcination. The aim of the
work was to investigate the ability of the anodes

obtained during different electrodeposition times to
degrade anthraquinone reactive dye Reactive blue 19
and triphenylmethane dye Crystal violet.

EXPERIMENTAL

Materials and equipment

All chemicals were of reagent grade and used
without further purification. Bismuth (Ill) nitrate penta-
hydrate was purchased from Carlo Erba (Chezch Rep-
ublic), nitric acid, hydrogen peroxide, sodium sulfate;
Reactive blue and Crystal violet were purchased from
Sigma Aldrich.

All electrochemical experiments were carried out
using Amel 510 DC potentiostat (Materials Mates, Italy)
furnished with VoltaScope software package. The dye
concentrations were determined using UV—Vis spectro-
photometer Shimadzu UV-1650 PC (Shimadzu, Japan).
Samples were taken during the experiments and their
absorbencies were recorded at the wavelengths of 592
nm for Reactive blue 19 and 590 nm for Crystal violet,
respectively, at which the dyes show their absorption
maxima (Table 1).

Preparation of the anodes

The electrodeposition was performed at room tem-
perature in the two-electrode cell with a stainless steel
sheet (10 mmx25 mm) as a substrate for the film depo-
sition (cathode) and Au sheet (10 mmx20 mm) as auxil-
lary electrode (anode). The distance between working
and auxiliary electrode was 15 mm. Before the depo-
sition, the substrate was polished with different abra-
sive papers, ultrasonically cleaned with ethanol and
deionized water. One group of stainless steel samples
was anodically treated in 0.5 M oxalic acid at current
density of 500 mA cm > for 30 min. All electrodepo-
sition solutions were prepared with distilled water. 0.1

Table 1. Main characteristics of Reactive blue 19 and Crystal violet dyes

Characteristic

Reactive blue 19

Crystal Violet

Chemical structure

N'(CEh

O MM,
SO Na

S0,CH,CH,0S0 Na ‘|

(CHz)LN N{CHz),

C.l. generic name Reactive blue 19 -

Synonym Remazol Brilliant Blue R -
IUPAC Name 2-(3-(4-Amino-9,10-dihydro-3-sulpho-9,10-dioxo- Tris(4-(dimethylamino)phenyl)methylium
anthracen-4-yl)aminobenzenesulphonyl)vinyl) chloride
disodium sulphate
Molar mass, g mol™ 626.54 407.98
Amax / M 592 590
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M Bi** solutions were prepared by dissolving the
required amount of bismuth nitrate in 1 M HNO; water
solution. The electrodeposition was carried out at cons-
tant current density of 40 mA cm’ (with regard to geo-
metrical surface area of the stainless steel substrate)
with the deposition times of: 1, 2, 5, 10, 15, 30 and 45
min. After the deposition, the electrodes covered with
the films were washed with distilled water, dried at
room temperature for 24 h, calcined at 500 °C for 90
min in air in a furnace and cooled in the open air. Mea-
surements of the films thickness and the observation of
the anodes surfaces were performed using MZ16 A
microscope (Leica), equipped with micrometer scale.

In order to perform a more detailed investigation of
the obtained material and processes taking place on its
surface, another group of the anodes was prepared by
electrodeposition under the same experimental condi-
tions as described above, but they were not calcined.
Also, following materials were prepared and used as
the anodes: a pure stainless steel sheet anodically
treated in 0.5 M oxalic acid at current density of 500
mA c¢cm > for 30 min (the same conditions as the sub-
strates for the Bi deposition); and a stainless steel
sheet anodically treated in 0.5 M oxalic acid at current
density of 500 mA cm > for 30 min and calcined at 500
°C for 90 min in air.

Electrochemical characterization

Characterization of electrochemical processes at
the anodes surfaces was performed using linear sweep
voltammetry. Voltammograms of the anodes were
recorded in the solutions which contained 10 mM H,0,
and 1 mM Na,SO, by scanning from 0.6 to 3 V at a scan
rate of 20 mV s_l, using saturated calomel electrode as
a reference electrode and Au sheet as an auxiliary elec-
trode. The compositions of the solutions were the
same as the ones for the dye degradation, but without
the presence of the dyes. All the potentials in this work
are given versus standard hydrogen electrode.

Dye degradation experiments

Dye degradation experiments were carried out at
room temperature, in two-electrode cell, at constant
current density of 10 mA cm >, with each of the
anodes, using Au sheet as a cathode. Reactive blue 19
and Crystal violet solutions of 50 mg L™ of the dye, pH
7.0£0.1 and 10 mM H,0, were prepared separately by
dissolving the proper amounts of powdered dye and
H,0, in water. Each of the solutions contained a 1 mM
Na,SO,, which provided their electrical conductivity.
During the decoloration experiments, the dye solutions
were stirred on a magnetic stirrer. Dye decoloration
experiments were also carried out using non-calcined
bismuth anodes and stainless steel anode. Calcined
stainless steel anode was not electrochemically stable
enough to be used as the anode; at high potentials

which are applied in our experiments, an intensive
corrosion of the anode and oxygen evolution takes
place. The decoloration time was observed for each of
the anodes. All experiments were performed in trip-
licate.

RESULTS AND DISCUSSION

All of the films were electrodeposited at the same
constant current density, but during the different depo-
sition times. The color of the deposited material was
middle gray to pale gray.

For the H' concentration > 0.4 M, which is the case
in our work, the Bi** prevails, and the predominant
cathodic reaction may be [23]:

Bi*" + 3¢ — Bi’

Based on this equation and the color of the depo-
sited films, it can be assumed that bismuth metal was
predominantly deposited at the cathode and later, it
slowly oxidized in water and air during the drying pro-
cess.

After the calcinations at 500 °C, the color of the
deposited material changed to pale yellow, indicating
that the Bi,O5; was formed.

Adhesion of the films deposited on the surface
which was only treated with abrasives and ultrasonic-
ally cleaned, was not satisfying; unlike them, films
deposited on the surface which was anodically treated
with oxalic acid at high current density had very good
adhesion and mechanical stability, which was further
improved by calcinations.

Thickness of the films

The thickness of the obtained films was calculated
from the mass difference before and after the electro-
deposition and calcination, assuming the density of the
deposited material was the same as that of the bulk
material (0 =9.17 g cm”> for Bi,0;). Note that the thick-
ness determination was performed only for the cal-
cined anodes. Results obtained from this calculation
were similar to those obtained by the observation of
the cross sections of the stainless steel samples
covered with Bi,0; films under the microscope. The dif-
ferences between the results obtained from these two
methods for the current density of 40 mA cm, were
between 5 and 20% and they were the lowest for the
films with the thickness of about 1.5 to 6 um. These
films were the ones of the highest compactivity and
homogeneity. Figure 1 shows dependence of the film
thickness of deposition time. Note that the thickness
values given in Figure 1 are the ones obtained by obser-
vation and measurement under the microscope. The
thinnest film, obtained during 1 min of deposition, was
quite inhomogeneous, with significantly lower com-
pactivity, and, on some parts of the surface, it could be
noted that it wasn’t fully formed; its thickness varied a
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lot, and it was impossible to measure it with satisfying
accuracy, so the thickness value given for it is its cal-
culated value. The films thicker than 12 um were also
inhomogeneous, with larger particles attached to the
homogenous part of the film and they were not very
stable; when their thickness reached more than 15 um,
they became very unstable and peeled off relatively
easily.
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Figure 1. Dependence of the films thicknesses on deposition
time.

It can be observed that during the first 15 min of
deposition the film thickness rapidly grows with the
deposition time. After that time, the film thickness
growth becomes significantly slower. Moreover, as
mentioned above, the films obtained during the longer
deposition times tend to crack and relatively easily peel
off, so it can be assumed that the maximum film thick-
ness with the deposition parameters applied in this
work was obtained during the first 15—-20 min of depo-
sition.

Only the anodes with the film thickness of up to 10
pm were mechanically stable enough to be used in the
dye decoloration experiments. The measured thickness
values of the films deposited during 2, 5, 10 and 15 min
are: 1.5+0.3, 2.540.3, 5.6+0.5 and 9.6+1 um, respecti-
vely. As mentioned above, the thickness of the film
obtained during 1 min of electrodeposition was impos-
sible to measure with satisfying accuracy, so the thick-
ness value given for it is its calculated value of 0.7 um.
In further text, the anodes will be labeled: 0.7, 1.5, 2.5,
5.6 and 9.6, the numbers which correspond to their
thickness. The cross section of the anode with 2.5 um
film thickness, which showed the best decoloration
results, is presented in Figure 2.

The surfaces of the stainless steel/Bi,O3; anodes are
shown in Figure 3.

As it was expected, some differences between the
surfaces obtained during different electrodeposition
times are observed. During the first minute of depo-
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sition (anode 0.7, Figure 3A), a small aggregates have
been formed and randomly attached to the surface,
leaving a significant part of the metallic surface uncov-
ered. The observation of its cross section confirmed
that the Bi,0; film was not fully formed (result is not
shown). During the first two minutes (anode 1.5) rela-
tively, the compact layer has been formed (result is not
shown), showing that during that time Bi,O; aggregates
have covered practically the whole metallic surface
(Figure 3B). Though the aggregates are closely packed
and well adhered to the metallic surface, the coat that
they have formed still appears to be quite porous and
not very homogenous on its exposed surface. Surface
of the anode 2.5 (Figure 3C) is covered with larger
aggregates than anodes 0.7 and 1.5, indicating that
between the third and the fifth minute of deposition
the aggregates have significantly grown in size. Its sur-
face is also fully covered, though it seems that the layer
is little less compact and more porous than that on the
anode 1.5. It is, however, also well adhered to the
metallic surface, though the exposed surface of the film
is inhomogeneous. Surfaces of the anodes 2.5, 5.6 and
9.6 have similar structures (Figure 3C, D and E), mean-
ing that no further growth of the aggregates is
observed, but only the growth of the thickness of the
film they have formed. The surface coatings on the
anodes 5.6 and 9.6 appear to be little more compact
than that on the anode 2.5 and, as the measurements
have shown, they are thicker as well.

Figure 2. Cross section of the anode with the Bi,O3 film
thickness of 2.5 um.

Decoloration of dyes and electrochemical processes at
the anodes

Reactive blue 19 is very stable in the solutions used
in this work, and it practically does not react with H,0,
without electrochemical treatment during the time
period of 24 h. The study of Radovi¢ et al. [24] with the
same dye gave the similar results. Crystal violet slowly
reacts with H,0, and it takes about 15 h for it to be
completely decolorized.

Before the experiments with the calcined anodes,
dye decoloration was performed using non calcined
bismuth anode and stainless steel anode. All of the
experiments were performed under the same decolor-
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Figure 3. Surface structure of the anodes with the Bi,0; film thickness of: A) 0.7, B) 1.5, C) 2.5, D) 5.6 and E) 9.6 um.

ation conditions. Non calcined bismuth anodes were
not chemically stable under the experimental condi-
tions; they quickly started to corrode during the experi-
ments and the solutions became turbid; after the sedi-
mentation, the precipitate was dissolved in HNO; and
Bi metal was detected by atomic absorption spectro-
photometry (A Analyst 300 (Perkin Elmer, USA)),
indicating that the material obtained by electrodepo-
sition was predominantly metal Bi, which was anodi-
cally dissolved during the process. With stainless steel
anode purple color of Crystal violet and blue color of
Reactive blue 19 disappeared within 60 and 130 min,
respectively, but the color of the solutions after that
time became pale yellowish-green and it has not
changed during prolonged electrochemical treatment.
Though the solutions looked clear, after 24 h a small
amounts of precipitate have been detected; the preci-
pitate from both solutions was dissolved in HNO; and
Fe was detected by AAS, leading to the conclusion that
the dyes were electrocoagulated with iron originating
from stainless steel [2]. Decoloration on the calcined
bismuth anodes provided clear, completely colorless
solutions; though some Pourbaix diagrams show that Bi
might exist in some kind of dissolved form at neutral
pHs and high potentials [25], neither Fe nor Bi was
detected in the solutions, so it can be assumed that the
material obtained after the calcination at the stainless
steel surfaces was Bi,O3; and it was chemically stable
under those conditions. However, after dye decolor-
ation with the anode 0.7, iron was found in the solu-
tion. This iron probably originates from the parts of the
anode surface which were not covered with Bi,0s;.

In order to reveal and compare electrochemical
processes at different anode materials, a linear sweep

voltammetry investigation was performed in the abs-
ence of the dyes. Figure 4 represents current—potential
dependence of the stainless steel anode treated in
oxalic acid and Bi,O; anode 0.7 in the presence and
absence of H,0,, as well as the current-potential
dependences of Bi,O3; anodes 1.5, 2.5, 5.6 and 9.6 in
the absence of H,0,. Figure 5 represents current—pot-
ential dependence of Bi,O; anodes 1.5, 2.5, 5.6 and 9.6
in the presence of H,0,.

Figure 4. Linear voltammograms of: 1) stainless steel anode in
10 mM H,0, and 1ImM Na,SO,; 2) stainless steel anode in
1mM Na,SO,; 3), 4), 5) and 6): anodes 1.5, 2.5, 5.6 and 9.6,
respectively, in ImM Na,SO,.

Significant differences in the corresponding lines
between stainless steel anode and Bi,O; anodes can be
observed. Current—potential dependence of stainless
steel anode in the presence of H,0, (Figure 4, line 1)
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shows that the current starts to grow at the potential
of about 1.50 V. This growth can be attributed to a
corrosion of the anode and oxygen evolution. At the
potential of 1.95 V current starts to increase more
rapidly, with the higher slope of the corresponding line
than that between 1.5 and 1.95 V, indicating the begin-
ning of some other electrochemical process. Starting
from this potential (1.95 V), the growth of the current
is practically linear, and no significant further changes
in its shape are observed in the scanned potential
region. The current—potential dependence of stainless
steel anode in the absence of H,0, (Figure 4, line 2) has
very similar shape, with the little lower current values
than those in the presence of H,0,. This indicates that
similar processes are taking place in the presence and
absence of H,0, at this anode. A rapid growth of the
current starting from about 2V might be attributed to a
formation of ferrate ion, Fe042_. This anion can be
generated by anodic oxidation of iron and its alloys,
with the standard electrode potential of 2.20 V in acidic
solutions and 0.72 V in alkaline solutions, respectively
[26]. Dissolution of iron can be further confirmed by
corresponding Pourbaix diagram, which shows that at
neutral pHs and electrode potentials higher than 2V
(which is the case in our dye degradation experiments),
metallic iron exists mainly as Fe042_ [27]. Bi,O3-based
anode 0.7 has a similar electrochemical behavior as the
stainless steel anode in the scanned potential region, in
the presence and absence of. H,0, (results are not
shown). The rapid current increase is observed between
2.2 and 2.3 V, which is a little higher potential than at
the stainless steel anode. This difference can be attri-
buted to a different nature of the anodes’ surfaces. The
observed current is somewhat lower than that obtained
with stainless steel anode. Electrochemical behavior of
this anode is also similar in the presence and absence
of H,0,. This all indicates that at this anode dominant
processes are basically the same as those taking place
at the stainless steel anode. Having in mind that the
dye decoloration times for stainless steel anode and
anode 0.7 are very similar (60 min for Crystal violet for
both of the anodes and 130 and 110 min for Reactive
blue 19 for stainless steel anode and anode 0.7, res-
pectively), it can be assumed that electrogenerated
ferrates are responsible for the dyes decoloration at
both of these anodes. Current-potential dependences
of Bi,03 anodes 1.5, 2.5, 5.6 and 9.6 (Figure 4, lines 5, 6,
7 and 8, respectively) in the absence of H,0, is entirely
different than that of stainless steel anode and anode
0.7. No significant current is observed within the scan-
ned potential region. However, starting from about 2.2
V, a low current can be observed. It increases linearly
with the increasing potential and no further change in
the shapes of the corresponding curves is observed in
the scanned potential region. This current is much
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lower than the currents that correspond to electroche-
mical processes taking place at the stainless steel and
anode 0.7, as well as at Bi,03 anodes in the presence of
H,0, (see below); it is safe to assume that this current
cannot be attributed to any particular electrochemical
process which might lead to dyes decoloration; no
detectable decoloration of the dyes at anodes 1.5, 2.5,
5.6 and 9.6 in the absence of H,0, within 2 h at 10 mA
cm 2, 1 mM Na,SO, and 50 mg L™ initial dyes concen-
tration took place. This also indicates that direct dyes
oxidation at the anodes did not happen.

Figure 5. Linear voltammograms of the Bi,Os-based anodes:
1.5,2.5,5.6 and 9.6 in 10 mM H,0, and ImM Na,SO,

Figure 5 shows current—potential dependence of
Bi,O3 anodes 1.5, 2.5, 5.6 and 9.6 in 10 mM H,0, and 1
mM Na,SO,. The shapes of the lines are very different
from the ones obtained in the absence of H,0,. At high
potentials, H,0, decomposes with the formation of
‘OH, a very strong oxidant which can oxidize many
organic compounds. Standard electrode potential for
that reaction is 2.8 V [2,28]. This is very close to the
potential values of current peaks at 2.65 V for the
anode 1.5 and between 2.74 and 2.78 V for the anodes
2.5, 5.6 and 9.6 in the presence of H,0, (Figure 5). The
current peaks values are 8.1, 4.90, 3.76 and 1.85 mA,
respectively, which is much higher than the values
obtained at the same potentials in the absence of H,0,.
Taking into account the potentials of current peaks,
and the fact that the dyes decoloration proceeded in
the presence of H,0, (see below), these peaks can be
attributed to a formation of oxidative species obtained
by the decomposition of H,0, at the anodes, probably
including "OH, which is responsible for the dye oxida-
tion in this system. All of described electrochemical
experiments with Bi,O3; anodes in the presence and
absence of H,0, were repeated several times and the
results were the same, meaning that all the current and
potential values were repeatable. No traces of bismuth
were detected in any of the solutions after the experi-
ments, including all of the dye decoloration experi-
ments as well. Also, there were no changes in the
weight of the anodes before and after the experiments
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(the anodes weight was measured before each of the
electrochemical experiments, they were cleaned after
the experiment and dried at 80 °C for 2 h and then
their weight was measured again). This all indicates
that the anodes are electrochemically stable in the con-
ditions applied in this work.

The current values in their maxima and after reach-
ing the maxima are different for different anodes and
they decrease as the thickness of the anodes increases.
Different current values at the same potentials indicate
different abilities of the anodes to produce oxidative
species by the decomposition of H,0, and this might be
attributed to different electrical properties of the
anodes. It might have occurred due to differences in
their thickness, but the reason might be a different
crystalline structure of the deposited Bi,0; films as
well: it is known that Bi,O; may appear in several crys-
talline structures: monoclinic a-Bi,0s, stable at room
temperature; cubic fluorite type &Bi,O3; which exists
above 729 °C up to melting point at 825 °C; and two
metastable phases, which may occur upon cooling near
650 and 640 °C, respectively: the tetragonal Bphase,
and body-centered cubic yphase. They usually trans-
form to a-phase upon further cooling to the room tem-
perature [29,30]. These phases have different electrical
conductivities; metastable phases have about one
order of magnitude higher conductivity than a-phase
[31]. Crystalline structure of Bi,O3 will certainly depend
on the synthesis conditions. In our case, the synthesis
parameter that varied for different anodes was the
time of bismuth electrodeposition and it is possible
that the anodes have different crystalline structures.
The differences can be already seen in macroscopic
structures of the anodes. The macroscopic surface
structure of the anode 1.5 is significantly different from
the others; the Bi,0; aggregates at its surface are much
smaller (Figure 3). The decomposition of H,0, at this
anode is observed at a little lower potential (2.65 V)
than at the others (2.74, 2.75 and 2.78 V for anodes
2.5, 5.6 and 9.6, respectively). Anodes 2.5, 5.6 and 9.6
have also exhibited different potentials for decompo-
sition of H,0, and the formation of corresponding oxi-
dative species. Although these differences are very
small, they still indicate that the nature and properties
of the examined anodes are different. It can also be
observed that Bi,Oj3 films of the anodes 5.6 and 9.6 are
little more compact than the others, besides the fact
that they are thicker (Figure 2). The reason for different
electrical behavior of the anodes obtained within dif-
ferent electrodeposition times might be different Bi,03
film thickness of the anodes, but it may also be exist-
ence of differences in their crystalline structures. At
this point, it is hard to assume how much impact each
of these two factors (thickness or crystalline structure
of the films) has. It is certain, however, that the change

of electrodeposition time, as the one of the synthesis
parameters in this work, brought the significant differ-
ence in abilities of the anodes to decompose H,0, and
form the corresponding species, which could oxidize
the dyes.

Decoloration efficiency of Bi,O3; anodes

All of the tested Bi,O3; anodes exhibited the ability
to decolorize two dyes in the presence of H,0,. It is
assumed that the dyes were decolorized by oxidation
with the strong oxidants formed by the decomposition
of H,0, at the anodes at high potentials. Decoloration
experiments were also carried out in the absence of
H,0, for both of the dyes, under the same experi-
mental conditions as in its presence; after 2 h of elec-
trolysis, the dyes decoloration was negligible. In order
to ensure that the possible corrosion of the stainless
steel trough Bi,0; film and formation of electro-Fenton
reagent (Fe™) did not occur (which could also lead to
the dye degradation), the Bi,O; films were deposited
onto titanium substrate, under the same conditions as
with the stainless steel; the decoloration experiments
in the presence of anodes with the fully formed films
gave very similar results as those with the stainless
steel substrate, assuming that, even if the electro-Fe-
ton reaction took place, their effect was negligible.

Figure 6 shows the efficiency of the tested Bi,O3
anodes for the decoloration of Reactive blue 19 and
Crystal violet. Decoloration efficiency is expressed as
decoloration time, i.e., the time needed for 100% deco-
loration of the dye solutions.

120

=
=
o

—s—Crystal Violet

o
o

—a— Reactive Blue

@
o

[
o

Decoloration time, min
5

o

Film thickness, pm

Figure 6. Decoloration times obtained for the anodes with var-
ious film thicknesses (initial dye concentration 50 mg dm™ 10
mM H,0,, 1 mM Na,SO,, applied current density 10 mA cm™).

The decoloration times of the anodes significantly
differ mutually. Decoloration times of Crystal Violet are
shorter then ones of Reactive Blue 19, which can be
attributed to the structure, and thus, the stability of
the dyes molecules [32]. It can also be observed that
two curves have similar shape, which indicates that in
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both cases the similar processes are taking place at the
anodes surfaces.

As can be seen in Figure 6, the shortest decolor-
ation times, for both of the dyes, are achieved for the
anodes with the film thicknesses between 2 and 4 um;
for the tested anodes, the shortest decoloration time
(17+1 min for Crystal violet and 351 min for reactive
blue 19) was achieved for the anode 2.5 (2.5 um thick-
ness) which was obtained during 5 minutes of deposi-
tion. As shown in Figure 5, current values in 10 mM
H,0,, attributed to a formation of "OH, are different for
different anodes at the same potentials and they dec-
rease as the thickness of the anodes increases from 1.5
to 9.6 um, Since the dyes are not oxidized directly, but
via oxidative species obtained by the decomposition of
H,0,, decoloration efficiency of the anodes depends on
their ability to produce those species. Based on the
current values for the anodes in Figure 5, the abilities
of the anodes to decompose H,0,, producing the oxi-
dative species which could degrade the dyes, can be
sorted in descending order: 1.5 > 2.5 > 5.6 > 9.6, and,
based on that, it is expected that decoloration effi-
ciency decreases in the same way. However, decolor-
ation time of anode 1.5 is longer than that of the
anodes 2.5 and 5.6, although it is expected to be able
to produce the highest concentration of oxidants that
can decolorize the dyes. After decoloration experi-
ments with anode 1.5, the purple and blue shade could
be observed at its surface. Desorption of the dyes was
performed by immersing the anode in water-ethanol
mixture and stirring it for 3 h at 50 °C, and Reactive
blue 19 and Crystal violet were detected in the solu-
tion, indicating that the dyes adsorbed onto the anode
surface and probably blocked the active places for H,0,
decomposition. The same experiment was performed
with the rest of the anodes, although their color did not
visually change; neither Reactive blue 19, nor Crystal
violet was detected in the solutions, indicating that
dyes did not adsorb onto the other anodes. It can be
assumed that anode 1.5 has the highest ability to
decompose H,0,, forming the oxidants which oxidized
the dyes, but also the highest sorption affinity for the
dyes, and that the second prevailed in this case, making
it less efficient for decoloration than anodes 2.5 and
5.6.

As already mentioned, the shortest decoloration
time was achieved for the anode 2.5. As the film thick-
ness increases from 2.5 to 9.6 um, the anode’s ability
to decompose H,0, and form the strong oxidants dec-
reases, and decoloration time slightly increases, as it
was expected. The current maxima obtained for the
anodes 5.6 and 9.6 were 3.76 and 1.85 mA (Figure 5),
which is 77 and 38% of the value obtained for anode
2.5, respectively. Decoloration times of Reactive blue
19 with the anodes 5.6 and 9.6 were 4711 and 100+3
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min, which is about 74 and 35% of the efficiency
demonstrated with anode 2.5, respectively (having in
mind that decoloration time of anode 2.5 for reactive
blue 19 was 3511 min). Decoloration times of Crystal
violet with the anodes 5.6 and 9.6 were 2411 and 4611
min, which is about 71 and 37% of the efficiency
demonstrated with anode 2.5, respectively (having in
mind that decoloration time of anode 2.5 for Crystal
violet was 1741 min). This indicates that decoloration
efficiency of these three anodes is determined by their
ability to decompose H,0,, producing the reactive
species which oxidize the dyes and no side effects are
observed, as in the case of anode 1.5. The smallest
difference in decoloration times is observed between
the anode 2.5 and 5.6, for both of the dyes. As it is
shown in Figure 6, for the film thicknesses higher than
about 6 um, the decoloration time significantly inc-
reases as well, and greater difference is observed
between the anodes 5.6 and 9.6, than between 2.5 and
5.6. It is not certain which phenomenon actually caused
those differences. They all have different thicknesses,
but, as mentioned before, it is also possible that their
Bi,0; films have different crystalline structures.
Decoloration reactions with varying concentrations
of peroxide were done with the anode 2.5, which has
shown the shortest decoloration times in the presence
of 10 mM H,0,. The results are shown in Figures 7 and 8.

1.0+

0.8 —eo— 1 mM H202
—o—2mMH,0,
—4—5mMH,0,
0.6+ —#—10mMH,0,

—<+20 mM H,0,
0.4 \

ce,

0.2
0.0 T T T T — T
0 20 40 60 80
f(minutes)

Figure 7. Effect of H,0, concentration on the decoloration
time of reactive blue 19 (1 mM Na,SO,, applied current
density 10 mA cm™).

The total decoloration times for reactive blue 19 in
the presence of 1, 2, 5, 10 and 20 mM H,0, are: 90, 60,
45, 35 and 45 min, respectively (note that the dye is
considered completely degraded when its concentra-
tion in the solution is below 1 mass% of its initial con-
centration). The total decoloration times for Crystal
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violet in the presence of 1, 2, 5, 10 and 20 mM H,0,
are: 45, 35, 20, 17 and 20 min, respectively. For both of
the dyes , for the lower peroxide concentrations (up to
10 mM H,0,), the total decoloration time decreases as
the peroxide concentration increases, because with the
increasing concentration of the peroxide, the concen-
tration of the hydroxyl radicals also increases, as the
peroxide is their source. Further increase in peroxide
concentration to 20 mM causes the slight decrease in
the decoloration time related to that in the presence of
10 mM H,0,, probably because of quenching reaction
of hydroxyl radicals with H,0, [24]. Thus, the optimal
concentration for the process is assumed to be 10
mmol dm>.

1.0 5
081 —e—1mMHLO,
—0—2mMH,0,
~v-5mMH,0
0.6 272
—=—10mMH,0,
Q ~<—20mMH,0,
Q
0.4
0.2
0.0
0

f(minutes)

Figure 8. Effect of H,0, concentration on the decoloration
time of Crystal violet (1 mM Na,SO,, applied current density
10 mA cm).

All of the dyes degradation experiments were rep-
eated several times, and after each of them, no traces
of bismuth were detected in the solutions; the weight
of the anodes after cleaning and drying remained cons-
tant; no cracks of the films were observed under the
microscope, which all indicates that they are electro-
chemically and mechanically stable enough under the
applied experimental conditions. The anodes with the
films thicker than 10 um were not tested, because they
did not possess required mechanical qualities.

As it is well known, the electrodeposition offers a
good control and reproducibility of the working para-
meters and therefore, the properties of the deposited
films; by the proper selection of the electrodeposition
conditions, it is possible to obtain material with the
desired properties and quality. In this case, it was
shown that optimal electrodeposition time in the syn-
thesis procedure was 5 min, ie., that the anode
obtained within this time exhibited the highest effi-

ciency for the dye decoloration under the applied expe-
rimental conditions.

Further investigation and optimization of dye deg-
radation parameters will probably improve the effi-
ciency of the process. It would be also interesting to
test them as the photo anodes. Since UV irradiation
would increase their electrical conductivity and there-
fore, the production of higher concentration of oxi-
dative species which can degrade the dye molecules
their surface, the increase of their efficiency is expected.

CONCLUSION

Bi,O; based anodes were synthesized by electro-
deposition of bismuth, followed by calcination to
obtain Bi,0; films. The films were deposited at constant
current density, during various electrodeposition times,
and their thickness varied from about 0.7 to 15 um,
depending on the electrodeposition time. Only the
films with the thickness of up to 10 um were mecha-
nically stable enough to be tested as the anodes. All of
the tested Bi,O; anodes have shown the ability to
degrade Reactive blue 19 and Crystal violet, with the
different decoloration times. Bi,0; film obtained within
1 min of electrodeposition was incomplete, with the
significant part of the uncovered stainless steel sub-
strate surface. Dyes decoloration with this anode pro-
ceeded through electrocoagulation with anodically
generated iron. Dyes decoloration with the rest of the
tested Bi,0; anodes proceeded thorough an oxidation
with the oxygen species, which was generated from
H,0, decomposition at the anodes surface. The decol-
oration time of the anode with Bi,0; film of 1.5£0.3 um
thickness was longer than expected, which was attri-
buted to dyes adsorption onto its surface during decol-
oration process. The shortest decoloration time was
achieved with the anode obtained during 5 min of elec-
trodeposition, with the film thickness of 2.5+0.3 um
and this is assumed to be an optimal electrodeposition
time in the synthesis procedure of the anodes for the
purpose described in the paper. Dye decoloration times
increased as the Bi,0; film thickness increased above
2.5 um. Effect of H,0, concentration on the dyes decol-
oration was investigated using the anode with the film
thickness of 2.5+0.3 um. H,0, concentration affected
the decoloration times. For both of the dyes, the opti-
mal H,0, concentration for the process is found to be
10 mmol dm™>.
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1ZVvOD

SINTEZA ANODA BAZIRANIH NA Bi(l1l)-OKSIDNIM FILMOVIMA ZA ELEKTROHEMIJSKU DEGARDACIJU BOJA REACTIVE

BLUE 19 | CRYSTAL VIOLET

Milica M. Petrovi¢, Jelena Z. Mitrovié, Miljana D. Radovié, Danijela V. Boji¢, Milos M. Kosti¢, Radomir B. Ljupkovic,

Aleksandar Lj. Boji¢
Prirodno—matematicki fakultet Nis, Univerzitet u Nisu, Nis,Srbija
(Naucni rad)

Anode bazirane na tankim filmovima Bi,03 su pripremljene elektrohemijskim
taloZenjem bizmuta na podlozi od nerdajuceg Celika, pri konstantnoj gustini struje
i tokom razli¢itih vremena taloZenja i potonjom kalcinacijom do Bi,0;. Debljine
filmova su odredene dvema metodama: posmatranjem pod mikroskopom sa mik-
rometarskom skalom i na osnovu razlike u masi. Elektrohemijski procesi na ano-
dama u prisustvu i odsustvu H,0, ispitani su tehnikom linearne voltametrije. Ispi-
tana je sposobnost anoda za obezbojavanje antrahinonske reaktivne boje Reac-
tive blue 19 i trifenilmetanske boje Crystal violet elektrohemijskom oksidacijom.
Film Bi,O3 na anodi dobijenoj u toku 1 minuta elektrotaloZenja je bio nepotpun i
obezbojavanje na njoj se odvijalo elektrokoagulacijom jonima Fe koji su dobijeni
anodnim rastvaranjem nepokrivenih delova povrsine nerdajuéeg Celika. Debljine
anoda dobijenih u toku: 2, 5, 10 i 15 min elektrotaloZenja iznosile su: 1,50,3,
2,540,3, 5,61+0,5 i 9,6+1 um, redom. Obezbojavanje u prisustvu tih anoda odvijalo
se oksidacijom ‘OH, dobijenim razlaganjem H,0, na anodama na visokim poten-
cijalima. U odsustvu H,0, nije bilo merljivog obezbojavanja. Sve navedene Bi,0;
anode su bile mehanicki i elektrohemijski stabilne u uslovima obezbojavanja.
Sposobnost anoda da generisu "OH opada s poratom debljine Bi,O; filmova, pa je
bilo ocekivano da na isti nacin opada i njihova sposobnost obezbojavanja, tj. da se
produZuje vreme obezbojavanja. Ipak, vreme obezbojavanja na anodi debljine 1,5
um je bilo duZe od ocekivanog, i ta pojava je pripisana adsorpciji boja na njenoj
povrsini, ¢&ime su verovatno blokirana aktivha mesta za generisanje "OH. Na osta-
lim anodama, debljina 2,5, 5,6 i 9,6 um nije bilo adsorpcije boja i kod njih su
vremena obezbojavanja rasla sa porastom debljine Bi,O; filma, ali se ne mozZe sa
sigurnoscu tvrditi da je debljina filma glavni uzrok te pojave; verovatno je da i kris-
talna struktura Bi,O3 filmova ima uticaja. Najkrace vreme obezbojavanja postig-
nuto je sa anodom debljine 2,5 um (17+1 min za Crystal violet i 351 min za
Reactive blue 19). Vremena obezbojavanja dve boje su bila razli¢ita na svakoj
anodi, zbog razlike u molekulskoj strukturi boja. Bi,O3 filmovi deblji od 10 um nisu
bili dovoljno mehanicki stabilni da bi te anode bile testirane. Uticaj koncentracije
H,0, na proces obezbojavanja je ispitan na anodi debljine 2,5 um. Koncentracija
H,0, je uticala na vremena obezbojavanja i nadeno je da optimalna koncentracija
H,0, u procesu obezbojavanja iznosi 10 mmol dm™ za obe boje.

Kljucne reci: Bizmut(lll)-oksid e Anode e
Sinteza e Debljina filma e Obezbojavanje
¢ Vodonik-peroksid

595




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


