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The influence of the process of sealing has been studied in aqueous solutions of Ce(l1l) ions in regard to the protective
ability of Al,O3 film prepared anodically on aluminum. The oxide film was being formed on aluminum Al-1050 in
electrolyte, containing HsPO4 — 40g/l, under voltostatic conditions of anodizing. The sealing of the films has been
carried out in 0.5M CeCls solution at 25° and 60°C. The composition, the morphology, the structure and the chemical
state of the elements of the investigated systems have been characterized by means of scanning electron microscope
(SEM), energy dispersive analysis (EDS) and X-ray photoelectron spectroscopy (XPS). Potentiodynamic and
chronoamperometric studies have also been carried out aiming at establishing the influence of the Ce®* ions, Ce;03
phase respectively, involved and appearing in the anodically formed porous Al,Os film upon its corrosion protective
ability. It has been ascertained that as a result of the so accomplished sealing of the Al,O3 film both inside the pores, as
well as on its surface Ce(OH); and/or Ce,O3 are formed and occluded, which determines the decrease in the corrosion
currents of the system Al;O3/Al in the model corrosive medium (0.1M NaCl) and this fact leads to promoting its
stability with respect to pitting corrosion.
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INTRODUCTION

Aluminum has been used in many fields,
such as aerospace systems, aviation systems,
auxiliary parts of locomotives and so on. However,

Sealing concepts involve various combinations of
temperature and sealing bath chemical composition
— all of them promoting the corrosion resistance to
a certain degree [6]. Sealing traditionally is being

aluminum alloys manifest many disadvantages,
such as poor corrosion resistance and lower
mechanical strength. It is of essential importance to
improve the corrosion stability of aluminum alloys
through anodization technology or passivation
directly [1].

The anodization is among the most widely
applied methods for surface treatment of aluminum
and its alloys aiming at enhancement of the
corrosion stability. It is known that the protective
anodic oxide films consist of two layers: an internal
one — barrier layer and an external one — porous
layer. The porous layers could be the defects
reducing corrosion  resistance of anodized
aluminum. Pitting corrosion could be easily
developing in porous layers due to electrochemical
processes occurring between intermetallics and
grain boundaries [2]. Hence, it is necessary to
develop such kind of methods leading to sealing of
the pores within porous layers, which would help to
improve mechanical and chemical properties [3-5].

* To whom all correspondence should be sent:
E-mail: stoychev@ipc.bas.bg

done through immersion in boiling water — the so
called “hot water sealing” method [7-9]. The need
of applying high temperature to achieve slow
kinetics, however, means considerable energy
consumption [10]. As a result the hot water process
has been gradually replaced since 1980s by cold
sealing [8]. Dichromate and nickel acetate sealing
are well established now to be the most effective
sealing methods for corrosion prevention [6].
However, it has been proved that Cr®* ions have
toxic effect [9, 11-13]. A number of sealants have
been put forward for sealing applications and some
new sealing processes are also developed [14]. In
spite of these efforts to improve the performance,
more convenient and effective processes are still
needed [15].

The aim of the present work was to study the
influence of the cerium ions, included as
component of the solution for sealing of anodically
formed oxide films, respectively the role of cerium
oxides/hydroxides being deposited from this
solution inside the pore sand on the surface, in
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regard to the corrosion behavior of the system
Al/AlO3 in aggressive medium containing chloride
ions.

EXPERIMENTAL

In the present work we have applied a
conventional procedure of anodization of Al in
aqueous solution of HsPO4. High degree of purity
aluminum Al-1050 was used for anodization. The
aluminum substrates (10x2x0.2 cm) were degreased
in aqueous solution of NaOH (6wt. %) at 60°C
followed by etching and surface activation in
aqueous solution of HNO; (50 wt. %) for 30s at
room temperature. Anodization was conducted
under constant cell potential in 4wt.% H3PO,
aqueous solution. The temperature in each case was
maintained constant at 25°C. The DC voltage in
each case was 40 V. The current density was varied
from 2 to 0.2 mA.cm2. The aluminum sample was
anodized for 120 min. After anodizing the samples
were rinsed with distilled water and then sealed.
The thickness of the formed Al.Os layers varied
between 5 and 7 pm.

Two different sealing technigues were applied to
the anodic films after anodizing:

1. Boiling distilled water sealing (pH 6-7.5) for
60 min.

2. CeCl; sealing: The specimens were dipped in
0.5M CeCl; solution (at 25°C for 48 h and at
60°C for 2 h).

All the samples were rinsed by cold (25° C)
water after sealing and air dried. The thickness of
formed conversion layers was about 2 um.

The morphology, structure and elemental
composition of the aluminum oxide films, as well
as the distribution of the elements on the aluminum
surface, prior to and after the deposition and sealing
of the protective layers, were observed by the
electron microscope JEOL JSM 6390 (under the
conditions of secondary electron image - SEI, back-
scattered electrons - BEC and characteristic energy
dispersive X-rays EDS, the applied voltage was 20
kV, I ~ 100 pA) and XPS studies. The XPS
measurements were carried out on AXIS Supra
electron- spectrometer (Kratos Analitycal Ltd.)
using monochromatic AlK, radiation with a photon
energy of 1486.6 eV. The energy calibration was
performing by normalizing the C1s line of adsorbed
adventitious hydrocarbons to 285.0 eV. The
binding energies (BE) characterize the surrounding
in the depth of the films and they were determined
monitoring the areas and binding energies of C1s,
Ols, Al2p, Nals and N1s photoelectron peaks.
Using the commercial data-processing software of
Kratos Analytical Ltd. the concentrations of the
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different chemical elements (in atomic %) were
calculated by normalizing the areas of the
photoelectron peaks to their relative sensitivity
factors.

The corrosion behavior of the samples was
tested in 0.1M NaCl (“p.a.” Merck) model medium
at 25°C. Platinum electrode was used as the counter
electrode having dimensions 10x10x0.6 mm, while
the reference electrode was saturated calomel
electrode (SCE), (Esce=+0.240V vs. SHE). All the
potentials in this study are compared to SCE. The
anodic and cathodic polarization curves were
obtained by means of a potentiostat/galvanostat
Gamry Interface 1000, whereupon the obtained
results were processed with the help of specialized
software. The curves were recorded at a sweeping
rate of the potential 1.0 mV.s? in the range of
potentials from —2500 up to + 2500 mV.

RESULTS AND DISCUSSION

Figure 1 illustrates SEM images of as deposited
anodically formed protective Al,O3; films on
aluminum AIl-1050 (Fig. 1a); the same films after
their sealing in boiling distilled water (Fig. 1b) and
those sealed in 0.5M CeCl; solution (Fig. 1c -1f),
respectively at 25° and 60°C. Figure 1la illustrates
the porous structure of Al,Os prior to subjecting the
anodically prepared film to the so called “sealing
procedure”, with the purpose to enhance its
protective ability. As a result of the process of
sealing in boiling distilled water (the widely applied
standard sealing procedure) one can observe a
definite decrease in the size of the pores of the
oxide film (Figure 1b). Obviously, the reason for
this effect is owing to the fact that the sealing in
boiling distilled water results in partial filling up of
the pores by the hydrated aluminum oxide -
boehmite ( Al,Os+ H,O — 2AIO(OH)) [1].

Figure 1c — e illustrates the morphology on the
surface of the treated samples after sealing of the
anodic layer in aqueous solution of 0.5M CeCls at
temperature 25°C in the course of 48 hours. It can
be seen in the figure that in the case of such
treatment on the surface of the anodic film a thick
coating has been formed, which was screening the
pores of the anodic film. It is built up of segments
having macro-cracks (Fig.1c), whereupon the
boundaries between them (the darker zones Fig.1d)
are also formed by a layer of similar structure, but
having smaller thickness. The EDS analyses of
these layers in the bright spots and in the dark spots
of the formed layer shows that a coating of cerium
oxide has been deposited [16]. Evidently, as a result
of the processes of sealing a cerium oxide layer is
being deposited, which initially is filling up the
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temperature of 60°C. The so obtained conversion
film on the anodized surface in this case is
continuous and uninterrupted and it consists of
some smaller aggregates. The EDS proved that
depending on the conditions of sealing the
thickness of the conversion film grows up,

respectively the concentration of cerium on the
anodized aluminum substrate is growing up from
5.29% after time interval of sealing 120 minutes in
hot solution (60°C) of 0.5M CeCls, up to 10.42
wt.% in the case of sealing at room temperature for
48 hours of immersion time interval [16].

Fig. 2. The cross section structures of: (a) unsealed as deposited Al,Os film formed at 40V for 2 hours on Al-1050; (b)
the same layer sealed for 1h in boiling water; (c) sealed in cold CeCls for 48h; (d) sealed in hot CeCls for 2h.
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Fig. 3. Polarization curves of systems tested in 0.1M
NaCl at 25°C.

Figure 2 presents the morphology of the cross
section of the anodic film, obtained in phosphoric
acid before and after its treatment in boiling
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distilled water or in aqueous solution of 0.5M
CeCls. It is seen that as a result of the sealing
carried out in boiling distilled water the anode layer
becomes more compact (Figure 2b). In the case of
the samples, sealed in 0.5M CeCls (Figure 2c and
2d), in addition to the even stronger sealing of the
porous part of the anodic film one can observed
also difference in the thickness of the formed
surface film. This effect is the result of occurring of
the processes of sealing—filling up of the pores of
Al,O3; by cerium oxides and hydroxides and
deposition of a superficial conversion cerium oxide
film upon the anodically formed Al,Os layer.

Figure 3 presents the anodic and cathodic
potentiodynamic  curves  for:  non-anodized
aluminum (AI-1050) sample; anodized aluminum
sample, as well as for the anodized aluminum
sample, sealed respectively in boiling distilled
water and in aqueous solution of 0.5M CeCl; (at
temperatures 25° and 60°C) in corrosive medium of
0.1M NaCl.
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Judging from the changes in the course of the
polarization curves one can conclude that the
sealing of the anodic oxide films in 0.5M aqueous
solution of CeCls at temperature 6025°C (Fig. 3)

leads to more substantial decrease in the corrosion
current of the system Al/Al,O3z under the conditions
of a steady state, observed at the chosen rate of
sweeping the potential (Table 1).

Table 1. Electrochemical parameters (E and i ) obtained from the potentiodynamic curves.
corr corr

Corrosion potential,

Corrosion current,
2

Investigated samples E .V i Acm
Al/Al,O3 native system -0.660 8x10°
Unsealed anodically formed -6
Al/Al,Ozsystem -0.710 1.75x10
Anodically formed Al/Al,O3 system -6
sealed in boiling water -0.701 1.65x10
Anodically formed Al/Al;O3 system 2
sealed in cold CeCl_(48h) -0.674 2.27x10
Anodically formed Al/Al;Ossystem =
sealed in hot CeCl_(2h) -0.702 3.16x10
The juxtaposition of the cathodic polarization
curves, characterizing the depolarization reaction of
reduction of oxygen, shc_)ws t_hat th(_e filling up of the oxt0s  1'—— AUALO native
pores of the anodic oxide film with Ce(OH)s and 12— anodized Al 2n)
Ce,0s3 (see Fig.5b) inhibits the reaction of reduction 71071 3 —— sealed by hot water (1h)
of oxygen, which is most strongly expressed for 6x10°{p  4'—— sealed by cold CeCly (48h, 25°C)
treatment time intervals respectively 48 hours, at ~  510° ]\ 5 sealed by hot CeCly (2n,60°C)
room temperature — Fig. 3 and 2 hours-at T wand 1
temperature 60°C. A similar effect, although :‘ 1
weakly expressed, is observed also with the — 5x10*
respective anodic potentiodynamic curves. For
comparison Fig. 3 gives the anodic and the cathodic
potentiodynamic curves for anodized samples,

sealed in boiling distilled water for 60 minutes.
Obviously, the standard sealing in boiling distilled
water, leading to filling up of the pores of the
anodic film by hydrated aluminum oxide
(boehmite) [1], whose influence has a barrier effect,
is resulting in insignificant changes in the kinetics
of the corrosion process (Fig.3) and it is
characterized by significantly weaker protective
effect comparing with sealing in solutions of 0.5M
CeCI3.

In order to check the validity of this conclusion,
we carried out a parallel cycle of
chronoamperometric measurements with analogous
samples, where upon the samples were exposed to
corrosive medium for 60 minutes at a potential,
close to the potential of pitting formation [17] of
aluminum AI-1050. This cycle was accomplished
by recording the chronoamperometric curves for
each one of the studied samples. After conducting
this set of experiments, the samples were washed
thoroughly with distilled water and subjected to
XPS analyses, with the aim to establish the
occurring changes in the chemical composition and
in the chemical state of the elements in the surface
layer of the systems Al/Al,O; and Al/Al;O3/Ce20:s.

0 500 1000 1500 2000 2500 3000 3500 4000

Time, sec.
Fig. 4. Chronoamperometric curves of the systems tested
in 0.1M NaCl at 25°C

Figure 4  represents the results of
chronoamperometric measurements, carried out at
potential -0.5V (SCE), close to the potential of
pitting formation of the studied aluminum in 0.1M
NaCl. Based on the course of the separate curves
we can derive the character of the corrosion attack
judging from the type of the appearing pitting
defects. It is seen that in the case of non-treated
aluminum (AI-1050) sample, after its immersion at
the potential in the corrosive medium, the density
of the corrosion current is increasing sharply (curve
1), which is an indication of the appearance and
development of pitting corrosion, after 75 seconds
of interaction with the chloride ions. No substantial
fluctuations of the current density are observed with
the sample, upon which anodic film is formed, but
it is not subjected to consecutive sealing procedure,
until about 3400 seconds time interval (curve 2").
Thereupon the current density relatively low values
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— of the order of 5.2x10* A.cm?, which is an
indication for the appearance of pittings, which,
however undergo quickly repassivation and they do
not reach the stage of further development. It can
be seen in the chronoamperogram that the relatively
thick porous layer Al,Os;, which had been formed
during the anodic treatment, is prolonging the
incubation period for the appearance of pitting
corrosion on aluminum from ~75 to ~3400 seconds.
The samples, sealed in boiling distilled water
(curve 3Y), both in cold solution (curve 4') and in
hot solution (curve 5') of CeCls, are characterized
by stable protective film. The proofs for this
conclusion are the low values of the corrosion
currents and the lack of fluctuations of their values
in the respective chronoamperograms (Fig.4).

It follows from the results, obtained with the
additionally  subjected to sealing procedure
samples, that in accordance with the established
stability of the studied systems with respect to the
appearance and development of general and pitting
corrosion, they can be arranged in the following
order: Al<Al/Al,O3<Al/AIO; (sealed in boiling

distilled water) <Al/Al,03/Ce;0O3 (sealed in 0.5M
CeCls at 60°C for 120 minutes) <Al/Al,03/Ce203
(sealed in 0.5M CeCls at 25° C for 48 hours).

On the basis of the XPS analyses, carried out
with the studied samples, including the corrosion
products being formed on their surface under the
conditions of anodic polarization at potential close
to that of the pitting formation on aluminum in
0.1M NacCl, an attempt was made to explain the
character of the corrosion process of the studied
systems, when during the sealing process of the
anodically formed Al,O; layer cerium ions are also
participating. It was based on juxtaposition of the
data for the composition and the chemical state of
the elements on the surface of the samples. This
includes comparison of the data on as deposited
samples, the samples after applying the sealing
procedure and those after the occurring changes,
which appear on their surface during anodic
polarization (the chronoamperometric
measurements), simulating corrosion process under
conditions close those for pitting formation.
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Fig. 5. a)Al2p spectra of the investigated samples: 2 — Al/Al,O3 unsealed; 2' — the same system after
chronoamperometry; 3 — Al/Al,O3 sealed in boiling water; 3'— the same system after chronoamperometry; 4 —~Al/Al,O3
sealed in cold CeCls for 48h; 4' — the same system after chronoamperometry; 5 — Al/Al,O3 sealed in hot CeCls for 2h;
5'— the same system after chronoamperometry; b) Ce3d spectra of the films: 4 — corresponds to the curve 4 on Fig.3 —
Al/Al,O3 sealed in cold CeCls for 48h; 4' — corresponds to the curve 4' on Fig.4 — the same system after
chronoamperometry measurements.

Figure 5a represents the spectra ofAl2p for the
studied samples. It can be seen in the figure, that
the spectra of the samples, non-treated by anodic
polarization at potential close to that of pitting
formation (i.e. after the chronoamperometric
measurements) are comparatively widely extended.
The spectra of the samples, subjected to
chronoamperometric investigation, are considerably
different. Most of them (spectrum 2', 3', 4', 5
display additional peaks at higher binding energies.
Aiming at more precise identification of the nature
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and the quantity of the separate chemical
compounds on the surface of the films, a
deconvolution of the basic peaks of Al2p (Fig.6 a-
h) and O1s was made (not given here).

It is seen in the deconvoluted spectrum of Al2p
for the anodized Al sample (Fig.6a) that it can be
divided into three peaks — two of them have binding
energies of 74.7 eV, 76.0 eV and there is a small
peak at 78.5 eV. In this way the presence mainly of
Al>,O3 on the surface of the sample not undergoing
chronoamperometric  investigation is  proven
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(characteristic peak at 74.7 eV) [18] and also some
small quantities of Al(OH); (the characteristic peak
76.0eV) [19]. The third peak at BE 78.5eV is
owing to the presence of agglomerates of Al(OH);
having various sizes, which determines the different
extent of their charging [20]. For all the samples we
have compared the areas of the deconvoluted peaks
of Al2p, normalized with respect to corresponding
value of Relative Sensitivity Factors (RSF), with
the areas of the peaks normalized in regard to the
respective value of RSF for the deconvoluted peaks
of Ols. The obtained ratio between them is in
correspondence with the stoichiometry of the

respective compounds: Al,O; and AI(OH)s. The
spectrum of Al2p (Fig.6b) on the surface of the
same sample, subjected to anodic polarization up to
a potential close to the potential of pitting
formation (i.e. after the chronoamperometric
characterization) shows that the surface consists
again of Al,Os and AI(OH)s mainly, however here,
as a result of the occurred corrosion processes of
anodic dissolution, the quantity of AI(OH)s is
smaller (see Table 2, sample of anodized aluminum
prior to and after the chronoamperometry). One
samples decreases from 4.55 to 1.19.

Table.2. Comparison of the areas of the integrated peaks, calculated after deconvolution of the spectra of Al2p

Area of the integrated

Area of the integrated  Ratio of the areas of

. . peak(s) associated Al>,O3 to AIOOH
Different treatment methods Vp\)ltietahk'(:?zgsgsciglaje]i with AIOOH (and (orfand Al(OH)s),
Hl Al(OH)3), [a. u.]* [a. u]*
Al/AlLO3 unsealed 4653 1023 4,55
Al/Al,O3 unsealed — after 2294 1923 1.19
chronoamperometry
Al/Al;O3 sealed in boiling 1280 730 1.75
water
Al/Al>,O3 sealed in boiling 1784 1618 1.10
water— after
chronoamperometry
Al/Al,O3sealed in hot CeCl; 0 1443 -
for 2h
Al/Al,O3sealed in hot CeCl; 0 3191 -
for 2h— after
chronoamperometry
Al/Al,Ossealed in cold CeCls 0 1852 -
for 48h
Al/Al,O3sealed in cold CeCls 0 3174 -
for 48h- after
chronoamperometry

*arbitrary units

A similar picture is also observed with the
anodized sample, subjected to sealing in boiling
distilled water (in the course of 1 hour at 100°C —
Fig. 6¢). In the Al2p-spectrum of the studied
sample again peaks are observable, characteristic of
AlbOs and AI(OH);, but here the ratio
Al,O3/AI(OH)s is substantially different from that
of the sample, not subjected to this treatment. In the
case of the anodized sample, sealed in boiling
distilled water, the amount of AI(OH); is
significantly higher than that of the anodized but
not sealed sample, whereupon the ratio
Al,O3/AI(OH); for the latter sample is 4.55, while
in the case of former sample it is 1.75. No peaks are
displayed by this sample, which could be associated
with the presence of particles having different
extent of charging, i.e. the surface is more
homogeneous.  After carrying out chrono-
amperometric measurements with this sample, one

can observed again on the surface the presence of
Al,0; and AI(OH)s, and in this case also the
guantity of AlI(OH); is decreasing again (from 1.75
down to 1.10 — see Fig. 6¢, d). In contrast to the
sample, not subjected to chronoamperometric
investigation, here the presence of phases is
observable having different extent of charging, due
to particles of various sizes (hence different
charging) both of Al,O3 (the peak at 76.2 eV), as
well as that of AI(OH)s (the peak at 79.9 eV). This
splitting of the peaks is visible also in the spectrum
of O1s (not given here).

In the case of the sample, sealed in solution of
CeCls in the course of 2 hours at 60°C — Fig. 6e and
6f, the presence of one basic peak is observable at
75.0 eV, characteristic of AIO(OH). Considering
this peak, after carrying out the chronometric
investigation, again an additional splitting of the
basic peak at 75 eV is observed — splitting into two
additional peaks. Their presence is again due to the
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appearance  (after the  chronoamperometric
investigation) of agglomerates of AIO(OH) on the
surface having different charge.

The spectrum of Al2p for sample anodized and
sealed in 0.5 M CeCl; for 48h at temperature 25°C,
indicates the presence of a single peak at 75.1 eV,
characteristic of AIO(OH) (Fig. 6g). A specific
feature of this samples is the fact that after
subjecting it to chronoamperometric investigation,

a multitude of agglomerates of AIO(OH) appears
on the surface having various sizes and therefore
different charging (Fig. 6h). This phenomenon is
observed also in the spectrum of Ols of these
samples. The spectra of Ce3d for these samples —
before and after the chronoamperometric
investigation (Figure 5b) — prove the formation of
Ce03 layer.
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74.7 eV ALO, 74.6 eV
ALO, H o AI(OH),
A\ AI(OH), 1 \ 76.0 eV
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Fig 6. Deconvoluted Al2p spectra of the films: (a) Al/Al,O3 unsealed; (b) — the same system after chronoamperometry;
(c) — Al/Al;O5 sealed in boiling water; (d) — the same system after chronoamperometry; (e)Al/Al>O; sealed in hot CeCls
for 2h; (f) the same system after chronoamperometry; (g) Al/Al,Os sealed in cold CeCls for 48h; (h) — the same system

after chronoamperometry.
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Table. 3. Concentrations of the chemical elements in the investigated films. The concentrations are calculated from
XPS spectra of the elements, presented in atomic percents.

Amount of Al in
the layer [at.%]

Different treatment methods

Amount of O in
the layer [at.%]

Amount of Ce in the
layer [at.%)]

Al/Al;Ozsealed in hot CeClsfor 2h

Al/Al;Ozsealed in hot CeCls for 2h— after
chronoamperometry

Al/Al;Ozsealed in cold CeCls for 48h

Al/Al;Ozsealed in cold CeCl; for 48h —
after chronoamperometry

0.9 89.6
0.9 80.4
0.8 85.2
0.8 80.7

The spectrum of the cerium oxide layer, formed
on the surface of the oxidized Al substrate, sealed
in CeCls solution in the course of 2 hours at
temperature 60°C, is characterized by complex
structure, owing to hybridization of cerium ions
with the ligand orbitals of oxygen and partial
occupation of the 4f valence orbital [21]. As a
result of this there occurs spin-orbital splitting of
the doublet peaks, whereupon each doublet as an
additional structure, owing to the effect of the final
state. The peaks, denoted by u™ and v" at 916.9 eV
and 898.4 eV are characteristic of CeO; and result
from a 3d°4f! final state. The spectrum shows that
as a result of the process of immersion treatment, a
layer of Ce203 has been formed.

It is seen in Table 3 that the relative
concentrations of cerium oxide of both samples,
prior to and after the chronoamperometric
investigation, remain constant. In the case of the
sample, sealed in solution of CeCls in the course of
2 hours at 60°C, the concentration of Ce,Os3 prior to
the chronoamperometric investigation is 0.9 at.%
(see Table 3). No change in the concentration of
Ce;03 after chronoamperometric investigation. In
the case of the sample anodized and sealed in 0.5M
CeCl; for 48h at temperature 25°C, the
concentration of Ce, 03, before the
chronoamperometric investigation, is 0.8 at.% (see
Table 3). After the investigation it is again 0.8 at.%.
This fact gives evidence that as a result of the
chronoamperometric measurements, the chemical
composition with respect to the concentration of
ceria on the surface of the samples is preserved
unchanged. Therefore we can conclude that the
corrosion attack in this case does not lead to any
disruption of the integrity of the oxide films and no
localization of the corrosion process has been
registered.

CONCLUSIONS

The obtained results show that the sealing of
the anodic oxide films in boiling water or in
aqueous solution of CeCls, determines different
corrosion-protection behavior of the systems

Al/AI,O3 and Al/AlO3/Ce;0s. It follows from these
results that the anodic formation of porous
protective layers of Al,O3 on Al-1050 improves to a
considerable extent its corrosion behavior. The
accomplishment of an additional post-treatment
“sealing procedure” in boiling water improves even
better the protective effect of the anodic film in
regard to the processes of pitting corrosion and
general corrosion. The XPS analyses, registering
changes in the composition on the surface of the
studied samples as a function of the different
treatment procedures carried out, showed that under
conditions close to the appearance of pitting
corrosion, depending on the type of these treatment
processes, during the corrosion process changes in
the chemical composition are occurring (in favor of
increasing the concentration of Al(OH)s), which
improve the corrosion behavior of the system
Al/ALOs.

In the course of sealing procedure
accomplished in the presence of cerium ions, in
addition to the partial blocking of the pores of the
anodic AlLOs layer, there appears also a barrier
action of the conversion formed cerium oxide layer
upon the anodic coating. There upon the conversion
cerium oxide layer is not influenced practically by
the corrosion attack of the aggressive medium. The
changes occurring in the zone of potentials close to
the potential of pitting formation on aluminum,
consist mainly in increasing the concentration of
the corrosion products being formed (AIOOH and
Al(OH)3). As a result of these two effects the
corrosion stability of the system Al/Al,O3/Ce203
promoted, inclusively in respect to the appearance
and development of pitting corrosion.

Acknowledgements: The authors express their
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E®EKT HA IIEPUEBUTE MOHU BHPXY 3AIIUTHATA CIIOCOEHOCT HA AHO/IHO
®OPMUPAHU Al>03 CJIOEBE ITPU YIUTBTHABAHETO UM BbB BOJAHU PA3TBOPU

P. A. Arzpeesal, E. A. Crosuosal, A. C. Ilanes?, JI. C. Croiiuen!*

YUnemumym no usuxoxumus ,, Axademux Pocmucnae Kauwes “, Bvneapcka akademus na naykume, yi. ,, Akao.
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[ocrermna va 22 romm, 2016 1. kopurupana Ha 6 nexemspH, 2016 T.
(Pestome)

W3yueHo e BIMSHUETO Ha Mpolleca Ha YIUTBTHSABaHE BB BoAHU pa3TBopu Ha Ce(Ill) HoHM BBpXy 3ammTHATA
cocobroct Ha aHomHO monydeH AlOs; ¢wnm Bepxy anmymuHuil. OKCHUIHHAT QuiM e (GopMHpaH BBPXY
anymunuii Al-1050 B enextpomnut, chappxkain 409/l HsPOs, mpu BonTacTaTHuHHM YCIOBHSI HA aHOJHPAHE.
YmnerHsiBaHeTo Ha ¢uinmure € ockinectBeHo B 0.5M pasrBop Ha CeCls npu temneparypu 25° u 60°C.
CberaBbT, MOP(OJIOTHATA, CTPYKTYpaTa 1 XUMHUYHOTO ChCTOSIHUE HA €JIEMEHTUTE Ha M3CJICIBAHUTE CHCTEMH Ca
OXapaKkTepHU3UpaHH C MOMOIITAa Ha CKaHWpala elekTpoHHa MuKpockonus (SEM), enepruitHo nucnepcroHeH
ananmu3 (EDS) u pentreHoBa dortoenekrponna crnekrpockormus (XPS). [IpoBeaeHu ca ¥ NOTCHUMOANHAMUYHHU H
XPOHOAMIIEPOMETPUYHH HM3CIICIBAHMS, C IeJl YCTAHOBSIBAaHE Ha BJIMSHHETO Ha BKJIIOYBALIUTE CE€ B aHOIHO
¢dopmupanus Al,O3 punm uepuesn ionw, peci. hopmupania ce Ce,03 dasa, BbpXy KOPO3HOHHO-3aIIUTHATA MY
CMOCOGHOCT. YCTAHOBEHO €, Ue B pe3y/ITar Ha MpoBeAeHOTO yiursTHABaHe Ha Al,O3 humm kakTo B mopwure, Taka
M Ha ToBBpxocTTa My ce (dopmupar u BrmouBat Ce(OH)s; w/mnmu CeyOsz, koeto o0yciaBs MOHWKABaHE Ha
Kopo3uoHHHTE TOKOBe Ha cuctemara Al,Os/Al B momenHara koposuonna cpena (0.1M NaCl) u Boaum a0
MOBHUILIABaHE Ha YCTOHYMBOCTTA i KbM MMUTHHIOBA KOPO3HSI.
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In the present work is studied the effect of two types binders (polyvinylidene fluoride (PVDF) and
polytetrafluoroethylene (PTFE)) on the pore structure of chosen nanocarbons as electrode materials for symmetric
supercapacitors. The PVDF influences both the micro and macro pores, while PTFE attacks preferentially the
macropores. The commercial product TDA-Research with PTFE binder, which possess the highest micropore volume
and micropore surface, shows the highest and stable discharge capacity in comparison to both other studied carbons.

The addition of 6.2% B-Ni(OH), to the positive electrode in the supercapacitor increases the discharge capacity
significantly (around 35-40% at 30-60 mAg™). The obtained result is promising and it deserves further examination.

Keywords: activated nanocarbon, binder, supercapacitor, aqueous electrolyte, Ni(OH),

INTRODUCTION

In the recent years many research groups work
on the development and the use of alternative
energy sources in order to respond to the enhanced
needs of light and compact high capacity sources
[1].

Among the various realistic solutions, energy
can in particular be stored electrochemically in
accumulators  (batteries) and supercapacitors.
Supercapacitor is one of the most promising electric
energy storage devices, which possesses high
power density, ultrafast charge discharge capability
as well as long cycling life. It has a great
application potential in the fields of hybrid electric
vehicles (HEVS), EVs, portable electronic devices,
and renewable energy [2].

Recently, supercapacitors have been proposed
and widely marketed for variousapplications.
Coupled for example with a battery/internal
combustion  engine in  hybrid  vehicles,
supercapacitors improve the battery lifetime/fuel
economy and the energy recovery efficiency in
braking. They can also stabilize current when
intermittent renewable energies are introduced in
the energetic mix [3].

Although supercapacitors are now commercially
available, they still require improvements,
especially for enhancing their energy density and
cut the cost at the same time. It requires a
fundamental understanding of their properties and
exact operating principles, inaddition to improving
electrode materials, electrolytes and integration in

* To whom all correspondence should be sent:
E-mail: |_stefanov@iees.bas.bg

systems.

The physical and electrochemical characteristics
of used materials are very important for the
development of supercapacitors. A very important
problem is associated with the physical gas phase
properties of nanoporous material, like the
nanopore diameter and pore size distribution, the
conductivity and the accumulation of energy in the
space-charge surface layer, i.e., the so-called
capacitance of the thin layer obtaining the
characteristic  relaxation frequencies, specific
energy and power densities and  other
characteristics of the supercapacitors [4].

A various carbon materials are investigated as
electrode materials for electrical double-layer
capacitors, owing to their high conductivity and
surface area, a rich variety of dimensionality,
excellence corrosion resistance, high thermal
stability, controlled pore size distribution,
processability andcompatibility in composites,
relatively low cost, etc. It is usually anticipated that
the capacitance of the porous carbon should be
proportional to its available surface-area. In
practice, the major factors that contribute to this
relationship, often with a complex non-linear
character, are: the assumptions in the measurement
of electrode surface-area, variations in the specific
capacitance with differing morphology and pore-
size distribution, variation in surface chemistry,
conductivity of the carbon particles, etc. There are
contradictory reports in the literature on the effect
of increasing surface area and porosity on the
intrinsic electronic conductivity of compact carbon
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powders, but the presence of micro pores is very
desirable. A developed surface area and controlled
distribution of pores for porous carbons, produced
by well established chemical and physical
activation methods, determine the
electrode/electrolyte interface in supercapacitor
applications [5-7].

Activated carbon is the most widely used active
material due to its high surface area and relatively
low cost. Its activation is used for the addition
formation of porous network in the bulk of the
carbon particles with high specific surface area [8].
Other advantage of those materials is the possibility
to produce highly porous structures with high
specific surface area and to develop various
composite  electrode structures by adding
electrochemically active materials to the carbon
matrix [4].

Further improvement of the performance of
activated carbon can be achieved by a modification
with transition metal oxides or hydroxides.
Recently, p-Ni(OH), has been proposed as a
suitable agent for the modification of
electrochemical  properties of  carbonaceous
materials [9-12]. It has been shown that the
capacity of hydroxide modified carbonaceous
materials increases at the expense of the loss of
cyclic stability. In fact, an ideal performance of
supercapacitors included high capacitance, good
stability and wide voltage window, its mass balance
needs reevaluation [13]

By the construction of the supercapacitor
electrode the metallic current collector is coated by
slurry containing the electrochemically active
material (activated carbon) together with a binder
and the conductive agents (carbon black, etc.)
playing as percolator between the AC grains [9].
The nature of the binder plays an important role for
the capacitor performances too. The most used
materials are polyvinylidene fluoride (PVDF) and
polytetrafluoroethylene (PTFE).

The electrolyte also plays an important role in
the supercapacitors performance. The electrolyte
must possess certain properties, such as high ionic
conductivity, wide voltage window, and high
electrochemical and thermal stability, low viscosity,
low toxicity, low cost, etc. The currently used
electrolytes are aqueous electrolytes (H.SO4 and
KOH), organic electrolytes (propylene carbonate
and acetonitrile based ones), and recently ionic
liquids [14]. Compared with non-agueous
electrolytes, the agueous medium provides a much
higher conductivity leading to higher power
density. On the other hand, low cost and easy
manipulation could be further advantages for
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aqueous electrolytes. Unfortunately, the lower
voltage of agueous medium is restricted via the
thermodynamic window of water at 1.23 V and it is
much lower than in non-aqueous electrolytes [15].

The aim of the present work is to study effect of
the binder on the pore structure of chosen carbons
(commercial and synthesized products) as electrode
materials for symmetric supercapacitors in alkaline
solutions on their capacitance behavior. The
modification of the positive electrode with 6.2% -
Ni(OH); is also electrochemically tested.

EXPERIMENTAL
Electrode materials

In the present work three kinds of activated
carbons are studied as electrode materials for
supercapacitor cells — two commercial products
(TDA-Research and  Norit-CGP) and one
synthesized carbon (AC-1400). AC-1400 is
prepared by carbonization of mixtures of coal tar
pitch and furfural, with a subsequent hydrothermal
treatment [4]. As an additive commercial S-
Ni(OH), containing 4.2% Co (FCO5(1I1), Umicore
Cobalt & Specialty Materials) is used.

Morphological and structural characterization of
the electrode materials

The materials used are structurally characterized
by X-diffraction (XRD) method. The powder X-ray
diffraction patterns are collected in the range from
5.3° to 80° 26 with a constant step of 0.02° 20 angle
on Bruker D8 Advance diffractometer with Cu Ka
radiation and Lynx Eye detector. Phase
identification was performed with the Diffractplus
EVA using ICDD-PDF2 Database.

The morphology of the electrode materials is
examined by Transmission electron microscopy
(TEM).

The pore structure of the carbons is evaluated by
nitrogen gas adsorption. The adsorption isotherm of
the sample at —196 °C is recorded and used to
calculate the specific surface area, pore volumes
and pore size distributions [4].

Electrochemical tests

The activated carbon materials are used to
fabricate electrodes for electrochemical cells for
capacity measurements. The supercapacitor cell
contains two identical electrodes (surface area
~1.75 cm?) from activated carbon (80%), graphite
ABG 1005 EG-1 (10%), binder (10%) and alkaline
electrolyte containing potassium hydroxide with the
addition ~ 35gL*  lithium  hydroxide (7M
KOH/LiOH) [15]. The electrodes are fabricated by
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applying two kinds of binders: PTFE
difluoride). The supercapacitor cells are assembled
with the addition of 6.2% S-Ni(OH); to the positive
electrode.

The formed sheet electrodes are dried at 140 °C
for 12 hours and pressed under pressure of 20 MPa.
The obtained electrodes are soaked in the same
electrolyte under vacuum and then mounted in a
coin-type cell with Glassmat separator and filled
with electrolyte. The capacitor cells were subjected
to galvanostatic charge-discharge cycling using an
Arbin Instrument System BU-2000 [16, 17]. The
test program is carried out at constant current mode
at different current load (from 30 to 360 mAg™) at
25 cycles and room temperature. Some cells are
subjected to continuous cycling charge/discharge at
current rate 60 mAg? up to 700 cycles.

RESULTS AND DISCUSSIONS
Physicochemical characteristics

Figure 1 shows powder X-ray diffraction
patterns of the carbonaceous materials. Both
commercial TDA-Research and Norit-CGP samples
display typical amorphous hums in the range of 20-
25° and of 38-48°, respectively. These not-well
resolved diffraction peaks are due to (00I) and
(101) diffraction planes of the graphite-type
structure. The XRD pattern of Norit-CGP sample
shows lower value of graphitization in comparison
to the TDA-Research sample [18]. The XRD
pattern of AC-1400 shows several stronger
amorphous “humps”, located at 20 values of about
24.5° and 43.5°, corresponding to the (002) and
(100)+(101) peaks of 2H-hexagonal crystalline

a

500 nm

(Polytetraflourethylene) and PVVDF (polyvinylidene
graphite and indicate the formation of graphite
domains with higher crystallite sizes [19].

Table 1 summarized the data on specific surface
area and pore volume for carbonaceous materials.
For each of the materials, there are three types of
pores - micro, mezo and macro, conventionally
divided according to their size. Although the TDA-
Research sample exhibit mainly micro pores (about
80% of the total pore volume), the other two
samples AC-1400 and Norit-CGP are characterized
with 70% and 30% of micropores, respectively. It is
seen that the investigated carbons have very high
specific surface area, as the micropore volume of
TDA-Research is the highest compared to the two
other carbon materials.

3000

TDA-Research
AC-1400
2500 Norit-CGP

2000

1500

Intensity (a.u.)
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Fig. 1. XRD patterns of the used carbon material.

Pa

Fig. 2. TEM image of activated carbon samples: TDA Research (a) and Norit-CGP (b).

The TEM images show that for TDA-Research
sample the large plate-like aggregates dominate,
while the Norit-CGP carbon consists of both plate-
like aggregates and small thin particles (Fig. 2). In
AC-1400, there are mainly small particles. All these

data suggest that Norit-CGP surface is highly
developed, which corresponds to the data from
Table 1.
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Electrochemical characteristics

The assembled symmetric capacitance cells with
different activated carbons and binders are
electrochemical studied at constant current charge—
discharge mode in the voltage window 0.1-1.0 V
and at low current density of 60 mAg? during
prolonged cycling (700 cycles). The specific
discharge capacitance of the electrodes was
calculated according to [20].

The value of the specific capacity C is obtained
from the charge-discharge cycling measurements
according to the following equation:

C=41At/mAV (1)

where I, At, AV and m are respectively, the constant
current applied, charge/discharge time, voltage
window and the total mass of the electrode
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material.

Figure 3 gives the dependences of the discharge
capacity as a function of discharge current density
for studied carbon electrodes fabricated by using
PVDF and PTFE as binders. The comparison shows
that the structure of the binder plays a significant
role on the supercapacitor performances. By using
of PVDF as a binder (Fig. 3a), it appears that the
electrochemical performances of three types of
carbonaceous materials are similar. Contrary, the
discharge capacity curves of supercapacitators with
different carbons and PTFE as a binder are essential
different. The highest capacity values are observed
for commercial AC-TDA Research in the whole
range of current rates. In the system with AC Norit-
CGP the capacity drastically reduced (Fig. 3b).

TDA-Research
1004 AC-1400
80
°
)
&= 604 s
E i
g A
& 404 \.
o
204 \\\-
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0 +——— ——

— 7T —T
0 50 100 150 200 250 300 350 400 450
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Fig. 3. Dependence of the discharge capacity of supercapacitors with different carbons on the current load: a) PVDF-
binder and b) PTFE-binder.
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Fig. 4. Galvanostatic charge-discharge profiles of activated carbons with different binders: a) PVDF and b) PTFE at
current rate 240 mAg*

To rationalize the effect of the binder on the
electrochemical performance of carbonaceous
18

materials, Figure 4 illustrates the charge-
discharge profile curves of all studied samples



L. Soserov et al.: Activated nano-porous carbons as electrode materials for supercapacitors in aqueous electrolyte

fabricated in electrodes with PVDF and PTFE-
binders. The profiles of all curves shown are
typical for supercapacitor systems, and here it
is evident the influence of the binder on the
capacitive properties of nanoporous carbons as
electrode materials. From the discharge curves,

the "ohmic potential drop” (iR-drop) can be
calculated, the values being giving in Table 1.
The iR drop has a great influence on
electrochemical ~measurements, and their
effects should be considered during the
interpretation of electrochemical data.

Table 1. Pore parameters of the carbon materials: activated surface (Sgem), total pore volume (Vio), micropore volume
(Vmicro) micropore surface (Smicro) Of activated carbon samples and iR-drop.

Sample SBET, Vtot, Vmicro, Smicro, iRPTFE, \Y iRPVDF, \Y
m2gt cmdg? cm3g?t m?g! (at 240 mAg™) (at 240 mAg™)
AC-1400 1400 0.630 0.453 1008 0.17 0.17
TDA- Research 1524 0.680 0.550 1234 0.08 0.11
Norit-CGP 1825 1.400 0.380 495 0.71 0.12

As one can see, the calculated values of IR-
drop are close for carbonaceous materials
fabricated in electrodes with a PVDF binder,
while for the PTFE-binder there is a clear
tendency for increasing the IR-drop for AC-
1400 having lowest micropore volume. These
results suggest that the PVDF binder affects
both micro and macro pores, as a result of
which the capacitive values are close for all
samples studied irrespective of their porous
structure. In addition, Norit-CGP has a largest
surface and the highest discharge capacity is
observed in this case.

The presence of PTFE in the electrode,
however, substantially alters the
electrochemical ~ characteristics  of  the
supercapacitors,  since it  preferentially
influences the macropores. The highest
capacity values, excellent cycle ability and very
stable capacity at prolong cycling are registered

60 mAg", iR=0.04V
——240 mAg', iR=0.11V

0.9 1

S
=N
1

Voltage, V

0.3

v T v T v T
0 200 400 600

Time, s

for commercial AC-TDA Research with PTFE-
binder compared to other tested materials. This
carbon possesses much high micropore surface
area and the highest micropore volume (Tabl.1)
and significantly lower resistance compared to
Norit-CGP (around 9 times at 240 mAg™).

Figure 5 compares the charge-discharge
profiles at low and high current loads (60 and
240 mA g1 of supercapacitors with TDA-
Research based electrodes assembled with the
both PVDF and PTFE binders. The curve
profiles and the calculated iR-drops show that
already at low current density, the electrode
resistance with PVDF-binder is higher than that
with PTFE. This is in agreement with the
suggestion that the electrode binder acts
differently on the macro- and micro pores of
the nanocarbons and thus on their adsorption
ability.

b) — 60 mAg', iR=0.02V
——240 mAg iR=0.08V
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Fig. 5 Galvanostatic charge-discharge profiles of TDA Research with different binders: a) PVDF and b) PTFE at
current rates 60 and 240 mAg™.
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Fig. 6. Dependence of the discharge capacity of supercapacitors with TDA-Research /PTFE and modified with 6.2%
Ni(OH); on the current load.

Based on the best electrochemical
performance of TDA-Research sample with
PTFE binder, we further modified the
properties of the sample by B-Ni(OH)2 (Fig. 6).
The electrochemical cell consists of TDA-
Research/PTFE as a negative electrode and
modified with 6.2% B-Ni(OH). TDA-
Research/PTFE as a positive electrode.

The comparison of the capacity-discharge
current plots shows that the addition of small
amount of B-Ni(OH). to the positive electrode
in the supercapacitor increases the discharge
capacity significantly (around 35-40% at 30-
60 mAg™) at low current density. This effect of
B-Ni(OH). becomes smaller when higher
current density is used. This result implies that
at low current density, the mechanism of the
electrochemical reaction is changed. The
obtained result is very interesting and it
deserves further examination.

CONCLUSIONS

Three types of activated nanoporous carbons
having different micropore structure are
investigated as electrode materials for
supercapacitors. It was found that the binder
affect  strongly  their electrochemical
characteristics, acting differently on the pore
structure. The PVDF binder influences both the
20

micro and macro pores, while PTFE attacks
preferentially the macropores. The highest and
stable discharge capacity demonstrates the
commercial activated carbon TDA-Research
(USA) with PTFE binder, which possesses the
highest micropore volume and surface.

The modification of the positive electrode
with 6.2% B-Ni(OH). increase the discharge
capacity by around 35-40 Fg?t at low current
density.
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AKTUBUPAHU HAHOBBIJIEPOJU KATO EJIEKTPOJHU MATEPUAJIA 3A
CYIIEPKOHAEH3ATOPU BbB BOJIEH EJIEKTPOJIUT

JI. C. COCGpOBl*, A. E. Crosinosal, P. K. CtosiHoBa

2

YUnemumym no enexmpoxumus u enepautinu cucmemu, BAH, 1113 Cogus, Bvreapus
2Uncmumym no obwa u neopzanuuna xumus, 5AH, 1113 Cogpus, Bvreapus

IToctenuna Ha 27 ronu, 2016 r. kopurupana Ha 6 aekemBpu, 2016 .

(Pesrome)

B HacTtosiaTa pabora e u3cienBan eekThT Ha [Ba Buaa cebp3saniu Bemrectsa (polyvinylidene fluoride (PVDF) u
polytetrafluoroethylene (PTFE)) BBbpxXy cTpykTypaTa Ha mopuTe Ha u30paHH HaHOPa3MEPHH BBIJIEPOIH KaTo
eNICKTPOJJHN MaTepHaji 3a CUMETPUYHH cynepkoHaeH3aTopu. PVDF oka3Ba BiHsSHHE BbPXY MHKPO- H MAaKpOIIOPHTE,
nokato PTFE arakyBa mnpuemymiectBeHo Makporopute. Twprosckust mnpoaykt TDA-Research cbc cBbp3Baiio
BemectBo PTFE, mpurekaBam Haii-Brcok 00eM M MOBBPXHOCT Ha MHKPOIIOPUTE, TOKa3Ba HAH-BHCOK W CTaOWICH
pa3psiieH KanalyTeT CIPsMO OCTAHAJIMTE JBa BHA M3CIICIBAHU BHIIICPOIH.

Hobaskara Ha 6.2% B-Ni(OH)2 kbM TONOKHUTENHUS €IEKTPOJ HA CYNEPKOHJCH3AaTOpa YBEIMYaBa ChIIECTBEHO
paspagHus My KamanuTeT (¢ okomo 35-40% mpu 30-60 mAgQ™?). IlomydeHuar pesynTar € MHOrOOGEIIABAIl H H3HCKBA
M0-HATATBIIHH H3CIIEIBAHNUSI.
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The aim of this study was to collect specific electrochemical conditions for separate copper deposition from mixed
copper-iron model electrolytes. The investigation is devoted for further utilization of copper rich industrial wastes.
Reasonable, the composition of studied model electrolytes was considered with real solid and leach secondary wastes.
The electroextraction of copper has been studied in the presence of ferrous ions from acidic sulphate electrolytes by
means of potentiodynamic and galvanostatic methods. The potentiodynamic behaviour of copper was tested by adding
or inclusion the ferrous ions from the investigated system. The obtained experimental results show that the harmful
effect of ferrous ions on copper deposition could be minimized or modulated favorable without removing the iron
contamination only by increaseng the cupric content. Ferrous ions could be separated potentiodynamically from copper
ions by restriction of the range of the scanning potential. In all cases the presence of ferrous ions at the potentiodynamic
studies reduces the anodic peaks of copper dissolution. In galvanostatic regime the monitored current efficiency
declines abruptly with increase of ferrous ions concentration. At sufficiency high cupric ion concentrations this
important parameter was higher than 90% and practically was independent from the presence of ferrous ions. The
copper coatings obtained from equally mixed Cu?*/Fe?* electrolytes were dark red in color, brittle and powdery. In
comparison at higher Cu?*/Fe?* ratio 5:1 the coatings were light red in color, smooth and semi-bright in appearance. In
both cupric ions concentrations the coatings were composed only by copper metal phase proven by powder diffraction
and scanning electron microscopy methods.

Keywords: selective electroextraction; cupric ions; ferrous ions, cyclic voltamperometry; galvanostatic deposition,

SEM, XRD
INTRODUCTION

After a number of pyro or hydrometallurgical
ore treatments, large amounts of wastes with high
metal content remain. The waste product known as
“blue powder” that results from condensing furnace
gases during the thermometallurgical processing of
non-ferrous ores contains large amounts of zinc,
iron and copper compounds [1, 2]. Lead-zinc cake,
produced as a result of zinc concentrate leaching,
contains extractable zinc, lead, copper and iron
compound residues [3]. Similar composition could
be attributed to other specific wastes as “Flue
dusts™ at a secondary copper smelter treated in the
electrowinning zinc plant [4]. The industrial “Zinc
residue”, which is a mixture of zinc scrap and zinc
dross resulting from the zinc cathode industry
contains large amounts of valuable zinc in the
presence of copper and iron contaminants [5]. The
residue discarded as a “cake” from a Waelz kiln
processing zinc-lead carbonate ores contains mainly
lead, zinc and iron compounds [6]. There are
numerous papers concerning the recovery of metals
contained in low concentrations in the wastewater

* To whom all correspondence should be sent:
E-mail: gyunver@ipc.bas.bg

produced in the metal plating industry by means of
liquid extraction or other chemical methods. These
methods, however, are inapplicable to the
extraction of metals from solid wastes like
powders, cakes, dusts, drosses, scraps, etc., where
the content of non-ferrous metals is much higher.
We found in the literature only three papers that
discuss in a systematic way the influence of ferric
and ferrous ions on the electroextraction of copper
from electrolytes with low metal concentration. By
means determination of polarisation curves Dew et
al. studied the effect of ferrous and ferric ions on
the cathodic and anodic reactions for dilute acid
copper sulphate electrolytes with  varying
concentrations and mixtures of reacting species [7].
The results describe the limiting rate of mass
transfer for the deposition of copper and reduction
of ferric ions. The cathodic reduction of ferric to
ferrous ions results in a mixed potential at the
cathode during copper electrowinning, and
consequently the current efficiency of deposition
would decrease significantly at high ferric
concentration. Re-oxidation of ferrous to ferric ions
at the anode would increase the effect of the ferric
ions concentration on the current efficiency [7]. In a
following study the same authors also investigated
the effect of ferrous and ferric ions on the efficiency

22 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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of copper recovery from solutions containing less
than 2 g/L cupric ions, with an equivalent or greater
concentration of iron as ferrous and ferric ions [8].
Experiments showed that the current efficiency
decreased in proportion to the increase in the ferric
ions concentration. The work has shown that by
using of the Chemelec cell can achieve reasonable
efficiencies for direct electrowinning from dilute
leach liquors [8]. Das et al. studied the influence of
ferric ions concentration (varied from 0.5 to 6.0
g/L) on the current efficiency, power consumption
and cathode quality during copper electrowinning
in an open channel cell [9]. A decrease in current
efficiency started with increasing ferric ions
concentration at each of the flow rates studied.
When ferrous ions were added to Cu?'-Fe®*
electrolyte, the harmful effect of ferric ions on the
current efficiency was reduced. More than 90%
current efficiency may be achieved if the Fe**/ Fe?*
ratio is maintained at less than or equal to 1. A
marginal increase in the current efficiency was
observed during increase in Cu?* concentration. The
authors referred this tendency to increased solution
viscosity at higher cupric ion concentrations and
thus retarding the distribution of ferric ions over the
cathode surface [9]. A decrease in current
efficiency was observed when the ferric ions
concentration were increased from 1.0 to 2.0 g/L at
each sulphuric acid concentration.

For more details on the investigated system were
examined some noticeable works on iron
electrodeposition from sulphate electrolytes. For
example Mostad et al. were collected the long
experience from an industrial plant and semi-plant
pilot electrolytic cell and paid attention for using
electrode diaphragm for separation of anode side
reaction involving iron ions [10]. The authors
reported for the important role of solution pH and
its role on the current efficiency. At the same time
Diaz et al. published polarization curves and
impedance diagrams with detailed step increase of
the cathode potential and solution pH. After a deep
analysis the authors suggest an interesting
mechanism of “at least three adsorbed species” of
iron electrodeposition from acid sulphate solutions.
For more details on the proposed kinetic model see
reference [11].

Nevertheless the complicated electrochemical
behavior of iron the paper is devoted to the
practical importance of ferrous ions on the process
of copper recovery. All experiments were carried
out from sulphate electrolytes containing cupric
ions and ferrous ions in ratios close to the
proportion of these two metals in the solid

metallurgical ~ wastes,  especially
precipitates from zinc hydrometallurgy.

secondary

EXPERIMENTAL

Analytical grade iron (Il) sulfate heptahydrate,
copper (Il) sulphate pentahydrate and sulphuric
acid were used for electrolyte composition. Ferrous
ions (1, 5 or 10 g/L) were added to electrolytes
containing 10 or 50 g/L cupric ions in the presence
(60 or 130 g/L) and absence of free sulphuric acid
(pH=0.1). For metal compounds dissolution and
acid dilution laboratory bi-distilled water was used.
All  chemicals and electrodes gravimetric
measurements were carried out on a precise
analytical vessel Sartorius BP 301 S.

The potentiodynamic experiments were carried
out in a thermostated (37 + 1°C), three-electrode
glass cell (300ml) without stirring of the
electrolyte. The cathode (2.0 cm?) and both anodes
(4.0 cm? total area) were Pt plates. The reference
electrode was a mercury/mercurous sulphate
electrode in 0.5M H2SO, (SSE), its potential vs.
NHE being +0.720 V. The cyclic potentiodynamic
studies were carried out by potential scanning at a
rate of 30 mV sec? in the potential range starting
from +1.200 to - 1.800 V vs SSE using a
computerized PAR 263A potentiostat/galvanostat
with  Soft Corr Il software. Galvanostatic
depositions were carried out in sulphate electrolytes
(500ml) on copper cathodes (5.0 cm?) and Pb-Ag
(1%) alloy anodes at a current density of 2 A dm™
for 5 hours.

Current efficiency (CE) in the potentiodynamic
regime was determined by graphical integration of
obtained cyclic voltammograms (CVA) curves by
the help of potentiodynamic software. For more
details see next section. In galvanostatic deposition
current efficiency was determined by precise
gravimetric measurement of the metal quantity
deposited on the cathode. Copper plates prepared
for working cathode in form were tarred before and
after the electrolysis. A special attention was paid
when the final deposit was rough and powderly for
any losses in the total mass of the working cathode.

To determine the yield at current efficiency is
used the relationship between the real gravitate
mass of deferred copper coating to the theoretical
multiplied by a hundred:

CE % = (Am Cath./ Am theor_) . 100

In the case of cathodic deposition of copper
sulphate electrolyte, where copper ions are second
valence, ke accepted values 0,329 mg /C or 1,186 ¢
/ A.h relative time one hour:
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AM weor. [0] = 1,186 [g/AR] 1[A] At [h]

A Philips PW 1050 X-ray powder diffractometer
with angular scanning range of 20-110 (20) was
used. The surface morphology of the deposits was
examined and EDX Analysis was performed by
scanning electron microscopy (SEM) using a JEOL
JSM 6390 microscope.

RESULTS AND DISCUSSION

1. Cyclic voltammetry

In order to assess the intimate role of ferrous
ions in cupric electrolyte potentiodynamic scans
were performed. In Figure 1 (a, b, ¢) by curve 1
was recorded the behavior of copper electrolyte in
absence of ferrous ions. The potentials of very first
scans were extended to -1.6 V to detect hydrogen
evolution area. Potentiodynamic investigations
were started with an electrolyte containing 10 g/L
cupric ions and 130 g/L sulphuric acid. The
electrolyte composition is referred in the auxiliary

table in Fig. 1.
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A 200 |
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-400 -2

20

composition of the electrolyte

2+
Cu  (g/lL) Fe  (gl)
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H2S04 (g/L)

10 - 130
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Fig. 1. Cyclic voltamperograms of electrolytes containing cupric and ferrous ions: a) view to full negative scan; b)
spread area near iron deposition/dissolution; c) restricted scan to Everex = -0.6 V.
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Following the first recorded potential-current
trace some important points can be observed.
Importantly, at potential -0.400 V the cathodic
current starts to increase resulting from the
reduction of cupric ions. On further increase in the

potential (in negative direction), the cathodic
current decreases from -57.1 mA cm? at -0.745 V
to -544 mA cm? at -0.860 V due to the
concentration polarization of reaction 1 (Table 1).

Table 1. Specific reactions in potentiodynamic regime and standard potentials with reference to a standard hydrogen
electrode or a saturated mercury sulphate electrode.

CVA scanning Order of standard potentials
Reaction Ne Half-Reaction Ne E VS\')HE’ E VSVSSE’
Cu?* +2e =Cu 1 Fe?* + 2" #Fe 1S -0.44 -1.16
2H* + 2e = H; 2 Fe3* + 3e- #Fe 2S -0.04 -0.76
Cu - 2e" = Cu?* 3 2H* + 2e" F2H; (g) 3S 0.00 -0.72
2H:0 - 46@2) AHT+ 0z |y Cu? +e PCU* 45 0.16 -0.56
Fe’ + e = Fe?* 5 Cu?* + 2e- &Cu 5S 0.34 -0.38
Fe?* - e = Fe®* 6 Cu*+e #Cu 6S 0.52 -0.20
Fe’" + 3e = Fe 7 Fe¥* + e FEFe?* 7S 0.77 +0.05
+ -
Fe - 3¢" = Fe3* 8 02(Q) + 4H* + de 4 8s 1.23 +0.51
2H,0
Cu?* + Fe** =Cu* + 9
Fes*
2Cu*=Cu®*+Cu 10

Then the cathodic current begins to increase
again as a result of the reactions 1 and 2. During the
reverse potential scan (in positive direction),
dissolution of the copper coatings starts at -0.470 V
(reaction 3) yielding an anodic peak. At +0.900 V,
evolution of oxygen commences and the current
rises again. Curve 2 shows scan to -1.6 V in an
electrolyte containing only 10 g/L ferrous ions and
130 g/L sulphuric acid. At potential -0.020 V, the
cathodic current starts to increase resulting from the
reduction of ferric ions (reaction 5). The ferric ions
are a result of the reaction 6 proceeding on the
working or counter electrodes when their potentials
are sufficiently positive for the oxidation of ferrous
ions to commence. On further increase in potential,
the cathodic current decreases due to the
concentration polarization of reaction 5. Then (at -
0.720 V), the cathodic current begins to increase
again as a result of the reactions 2 and 7. During the
reverse potential scan dissolution of the iron
coating starts at -0.525 V (reaction 8) yielding at -
0.485 V very little (0.7 mA c¢cm) anodic peak. At -
0.230V oxidation of ferrous to ferric ions starts and
the current rises (reaction 6). At +0.900 V,
evolution of oxygen commences and the current
rises again as a result of reaction 4.

In the presence of ferrous ions, the reaction 9
proceeds in the bulk electrolyte. Cuprous ions
disproportionate rapidly to cupric ions and
elemental copper (reaction 10). Since no copper

precipitate is observed in the studied electrolytes, it
can be concluded that the amount of cuprous ions
produced by reaction 9 is very small.

Curves 3 and 4 show scans to -1.6 V or -0.6 V in
an electrolyte containing 10 g/L cupric ions, 10 g/L
ferrous ions and 130 ¢/L sulphuric acid. At
potential of -0.020 V, the cathodic current starts to
increase and at potential -0.130 V the curves feature
peaks resulting from the reduction of ferric ions
(reaction 5). In this case the ferric ions are as a
result both of the oxidation of ferric ions by the
reaction 9 taking place in the bulk electrolyte and
the reaction 6 proceeding on the working or counter
electrodes when their potentials are sufficiently
positive for the oxidation of ferrous ions. On further
increase in potential, the cathodic current decreases
due to the concentration polarization of the reaction
5. At -0.475 V the cathodic current begins to
increase again to -29.5 mA c¢cm? (-0.680 V) as a
result of the reactions 1. On further potential
increase, the cathodic current decreases to -19.4
mA cm? (-0.910 V) due to the concentration
polarization of the reaction 1. Then the current rises
again as a result both of Cu deposition (reaction 1)
and hydrogen evolution (reaction 2). During the
reverse potential scan, dissolution of the copper
coating starts at -0.480 V yielding an anodic peak
as a result of reaction 3 with a standard potential of
-0.380 V. On further scanning to more positive
potentials, the current starts to increase and new,
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considerably lower anodic peak (curve 4) occur due
to the ferrous ions oxidation (reaction 6). At +0.900
V, evolution of oxygen commences (reaction 4) and
the current rises.

The graphical integration of the cathodic and
anodic peaks of the cyclic voltammograms
recorded on scanning to -0.6 V vs. SSE in
electrolytes with different composition, allows
determination the quantity of electricity (Qcan)
consumed by the different reactions. Integration of
the cathodic peak resulting from reaction 5 and of
the anodic peak produced by reaction 3 gives the
values of the quantity of electricity consumed for

the reduction of ferric ions to ferrous ions (q
rea+/iFe2+) and for the dissolution of copper to cupric
ions (g cuwcuz+), respectively. The remaining part of
the cathodic electricity goes for the evolution of
hydrogen. This approach is mostly based on the fact
that no side chemical reactions proceed during the
potential scanning and that no other reactions take
place within the integration regions, except for
reaction 3 or 5, respectively [12]. The obtained
results of the above calculations, which may be
called partial contribution (or current efficiency) of
the respective reactions to the overall process are

100
90

presented in Figure 2 a,b.
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Fig. 2. Partial contribution of the reactions taking place on the electrodes.

At the lower cupric ion concentration, the part of
the reduction of ferric ions increases and even
becomes predominating (50.5%) in the electrolyte
containing 10 g/L ferrous ions (Fig. 2a, curve 1).
The partial contribution of the reduction of cupric
ions decreases rapidly with increase of the ferrous
ions concentration and becomes 34.6% at 10 g/L
ferrous ions (Fig.2a, curve 2). Similar relationships
have been observed at 50 g/L cupric ions
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concentration (Fig. 3a, curves 3 and 4), but in this
case the influence of the higher ferrous ions
concentration is considerably weaker.

The part of the reduction of ferric ions decreases
with the increase of cupric ions concentration
(Fig.3 b, curve 5). The partial contribution of the
reduction of cupric ions increases rapidly with the
increase of cupric ion concentration (Fig. 3 b, curve
6).
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2. Galvanostatic deposition

Current efficiency of copper decreases sharply
with increase in ferrous ions concentration during
deposition in electrolytes containing 10 g/L cupric
ions and 130 g/L sulphuric acid (Fig. 3 a) and is
practically  independent on  ferrous ions
concentration during deposition in electrolytes
containing 50 g/L cupric ions and 130 g/L sulphuric
acid (Fig. 3 b). When the deposition is conducted in
electrolytes containing 50 g/L cupric ions and 130
g/L sulphuric acid, the current efficiency is higher
than 90%. The very weak influence of ferrous ions
on the recovery of copper from electrolytes
containing 50 g/L cupric ions can be explained by
the impeded access to the cathode of the ferric ions
formed on the anodes. The reduction of ferric ions
to ferrous ions on the cathode and increased
hydrogen gas evolution may lead to a decrease in
copper current efficiency. This is, probably, the
reason for the significantly lower current efficiency
when the concentrations of cupric ions and ferrous
ions are equal (10 g/L).

The results of the microprobe analysis indicate
that obtained metal coatings contains only copper
phase (Fig. 4 a-d). However, in the presence of
ferrous ions the coatings have a more fine-grain
structure. The coatings are dark red, fragile and
brittle (powdery).

In structural aspect it is seen that the preferred
orientation of the Cu coating changes from a plane
of lower density (220) (Fig. 5 a) to a plane of
higher density (111) (Fig.5 b) despite the fact that
EDX results show that no iron is co-deposited with
the copper. However, the EDX technique is not
sufficiently accurate to detect small quantities of
metals due to its poor precision. A more detailed
information can be obtained if the value of cell

16em 011194
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Fig. 3. Current efficiency of copper depositions
depending on ferrous ion concentration and the presence
of free sulfuric acid. Deposition at current density 2.0
Aldm? for 5 hours.

parameter is calculated from the X-ray diffraction
data. If small quantities of ferrous ions are
incorporated in the cell, it would provoke a
distortion in the copper cell parameter. The
formation of alloys, even in small portion, could
also explain the change in the preferred orientation
observed in the copper deposit. It is possible also
iron ions to inhibit the growth of crystal face with
(220) orientation.

10pm 0070 ) 10 40 SE

SNQ0KV- . X1,000 \:%m\oosb: 09 50 SEI

Fig. 4. Morphology of deposited copper coatings in the presence and absence of ferrous ions. SEM images x1000,
current density 2.0 A/dm?, deposition time 5.0 h, free sulphuric acid 130 g/L. Metal ion concentrations shown on
pictures in g/L.
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Fig. 5. Powder diffraction analyses of copper samples.

The surface morphology of coatings is not
changed in the presence of ferrous ions when cupric
ions dominate in the solution (Fig. 5 ¢, d). At
similar ratio between cupric and ferrous ions the
microstructure is changed substantially (Fig. 5 a, b).
In both cases the obtained coatings are light red in
color, smooth and semi-bright. The SEM
microprobe analysis detects only copper content in
all tested samples (Fig. 4 a-d).

The results of X-ray diffraction analysis of
coatings deposited in acidic electrolytes in the
absence of ferrous ions (Fig. 5 a, ¢) and in the
presence of ferrous ions (Fig. 5 b, d) shows that at
higher (50 g/L) cupric ions concentration the
preferred (220) orientation of the coatings is not
changed which can be explained by the impeded
access to the cathode of the ferric ions formed on
the anodes.

The ferrous ions have a similar potential to that
of copper ions. This circumstance makes it almost
impossible  their  electrochemical  separation,
although the influence of the sulphuric acid the two
metals have separate, distinct peaks anodic
dissolution. In cathodic reduction, however, cupric
and ferrous ions practically tend to a codeposition
process. Therefore, attention to ferrous ions is
mainly directed to their role on the morphology and
purity of the resulting coatings and the extraction
stream.
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CONCLUSIONS

Using classical electrochemical methods as
cyclic  voltamperometry  and  galvanostatic
deposition was demonstrated the contribution of
ferrous ions on the behavior of copper sulphate
electrolytes. The obtained results were aimed for
application to real systems by selective
electroextraction of valuable non-ferrous metals
from secondary wastes. By scanning of the
electrode potential were selected the specific
conditions for best observation of separate and
mixed copper and iron metallic phases. The
presence of free sulfuric acid affirmatively
contributes to  copper-iron  separation and
minimization  of their  co-deposition. At
comparatively large amounts of ferrous ions the
observed reduction of current efficiency was
overcome by simply increasing the cupric part. In
galvanostatic regime this allows practical recovery
of copper metal despite the presence of iron
contaminants with low electricity losses and
sufficient purity. In this study ferrous ions have a
significant influence in cases where the copper ions
are at a concentration up to 10 g / L, the current
efficiency by reducing of the copper ions of less
than 40%. At high concentrations of copper ions in
the electrolyte, in the range of 50 g/ L, the presence
of ferrous ions decreases the current efficiency to a
level not lower than 90%. This reduction occurs at
concentrations comparable to those of copper ions
(10 g/L). In this case, the impurity ferrous ions will
mostly have a role on the morphology and purity of
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the resulting copper coatings without compromising
recovery as a whole. In all cases where the content
of minded copper is low and in the same time
ferrous ions in the waste electrolyte is around and
above 1.0 g/L it is appropriate that they should be

removed before conducting selective
electrochemical recovery.
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EJIEKTPOXUMHNYHO U3BJIMYAHE HA MEJ] B [TIPUCBCTBUETO HA BPEIHU 3A
[IPOLIECA ®EPOMOHU

I'. A. Xomxkaormy

Hucmumym no gusuxoxumus ,, Axao. P. Kauwes - bPvieapcka Axademusn na Hayxume (MDX-BAH) ,
yia. ,,Akao. I'. bonuee” Bn. 11, 1113 Coghus, bvreapus

[Moctenuna Ha 23 ronu, 2016 r. kopurupana Ha 2 HoemBpH, 2016 T.
(Pesrome)

Lenra Ha TOBa U3CIEABAHE € Ja c€ ChOepaT KOHKPETHHU €IEKTPOXUMUIHH YCIOBHS 32 pa3JellHO OTiaraHe Ha MeJl OT
CMECEHH MEIHO-)KEJIC3HH MOJICITHH eIeKTPOIUTH. V3cne1BaHeTo € MOCBETEHO 3a MO-HATaThITHO U3I0J3BaHe Ha OoraTtu
MEIHU WHAYCTpHATHU OTmaabii. ChCTaBBT HA W3CJICIBAHUTE EINEKTPOJIUTH € CHhOOpa3eH C PEATHHUTE TBHPAU H
U3ITYy’)KEHU BTOPUYHHU OTMAIbIM. Upe3 MOTEHIIMOJAWHAMUYHHM M TaJBAHOCTATUYHH METOJM € OCBIIECTBEHA ENeKTPO-
EKCTPAKIUATA HA MEJl B MPUCHCTBUETO HA YKEJIE3HU HOHM OT KUCENH CyIdaTHH eNeKTpoauTu. [IoTeHIMOAn HAMUIHOTO
MOBEJICHME Ha MeITa € TecTBaHO 4pe3 Jo00aBsiHe Ha (epoioHM KbM H3cie[BaHaTa cuctema. [lonmydeHure
EKCIICPUMEHTAJIHN PE3yJITaTH MOKa3BaT, 4ye BPEIHOTO Bb3ICHCTBHE HA (DePOHOHUTE BHPXY OTJIAraHETO HA MEATa MOXKE
na Oble CBEIEHO J0 MHHHMYM 4Ype3 yBEJHuYaBaHe HAa MeaHaTta KOMIOHeHTa. JKenesHute WOHM MoraT jga ObaaT
pasdeneHd OT MEOHWTE WOHHM B IOTEHIIMOAMHAMIYCH PEKUM 4Ype3 OrpaHMYaBaHe Ha o0XBaTa Ha IOTEHIMala Ha
cKkaHMpaHe. BbB BCHUKM cilyyan, HAIMYUETO Ha JKeJIE3HW HOHM HamaJslsiBa aHOJHUTE MUKOBE Ha pa3TBapsiHe Ha MeaTa. B
raJIBAHOCTATUYCH PEIKUM CE HaOJII0]aBa Ps3KO HaMaIsIBaHEe Ha TOOWBA MO TOK C yBelMYaBaHE KOHIEHTpamus Ha (epo-
vonure. [Ipu BUCOKAa KOHLEHTpALMs HA MEAHUTE WOHHM TO3U Ba)KEH MapaMeTbp € Mo-BUCOK OT 90% u Ha mpakTuka e
HE3aBUCHM OT IMPUCHCTBHETO Ha Xeyie3HW HoHu. [loyydeHnTe MEIHM HOKPUTHS OT €JHAKBO CMECEHH MEHI-)KEeJs30
€JIEKTPOJIUTH Ca THMHO Y€PBEHHU Ha IBAT, PEXaBU U MpaxooOpa3Hu. [Ipu mo-BIUCOKO CHOTHOIIIEHHE HA MEI-XKeNsi30 5: 1,
MOKPUTHATA Ca CBETJIO YEePBEHW Ha IBAT, miagku u Onectsmu. Ot mpoenennte CEM u mpaxoBo-audpakinnoHeH
aHAJIN3 ce BIK/A, Y€ MOKPUTHATA ChIABPIKAT EAMHCTBEHO METATHA MEI.
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Nickel-phosphorus and composite nickel-phosphorus coatings with dispersed diamond particles (with 14-20 um
particles size) are produced by electroless deposition onto an Acrylonitrile-Butadiene-Styrene (ABS) substrate. The
influence of deposition time and solution acidity on the deposition rate, phosphorus content and microhardness of the
obtained coatings is investigated. The corrosion resistance of coatings deposited at two different pH values of the
electrolyte is evaluated by Neutral Salt Spray (NSS) tests and the potentiodynamic investigations are carried out in a
model corrosive medium 0.5 M NaySOs solution with pH 5.9. Scanning electron microscopy (SEM) is employed to
examine the morphology of the deposites before and after the corrosion resistance test, and the changes in elemental
composition of the coatings are determined by X-ray diffraction analysis (XRD). The results of these tests and analyses
show that incorporation of diamond particles in the Ni-P coatings is advantageous for forming better passive films with

improved corrosion resistance.

Keywords: electroless deposition, composite coatings Ni-P, diamond particles, microhardness, corrosion resistance,

SEM, XRD
INTRODUCTION

The electroless coatings are mainly applied for
wear resistance and corrosion resistance operations
[1-6]. The properties of the electroless nickel-
phosphorus alloy (Ni-P) strongly depend on the
phosphorus content [2]. The P content can be
changed by varying certain conditions of plating,
such as composition and pH of the plating bath used.
Typically, higher pH values yield lower phosphorus
content in the deposit, while lower ranges produce
high phosphorus deposits. Several studies have
shown that Ni-P alloys provide good anticorrosive
coatings. In general, electroless Ni-P is a barrier
coating, protecting the substrate by sealing it off
from the corrosive environments, rather than by
sacrificial action [7]. The high resistance was a result
of the amorphous nature and passivity of the Ni-P
deposits. The corrosion resistance of electroless Ni-
P coatings is a function of composition. Most
deposits are naturally passive and very resistant to
corrosion attack in most environments. Their degree
of passivity and corrosion resistance, however, is
greatly affected by their phosphorus content. Alloys
containing more than 10 mass % P are more resistant
to attack than those with lower phosphorus content
in neutral or acidic environments. Alloys containing
low phosphorus content (3 to 4 mass % P) are more
resistant to strong al kaline envi ronment than high
phosphorus deposits [3]. It is believed that anodic

* To whom all correspondence should be sent:
E-mail: vchakarova@ipc.bas.bg

dissolution is accompanied by preferred dissolution
of nickel and phosphorus enrichment to the surface
[8].

To further enhance the properties of the Ni-P
deposits, second phase particles have been
introduced into the Ni-P matrix. The characteristics
of Ni-P composite coatings depend on phosphorus
content of the Ni-P matrix and on certain properties
of the particles such as type, shape and size [9].
Incorporation of particles improves the mechanical
and tribological properties of the Ni-P deposits [1, 9-
12], but there is a disagreement among researchers
regarding the corrosion resistance of the electroless
composite coatings [9, 13].

The choice of appropriate particles is very
important for the simple production of functional
composite coatings with specific characteristics. A
great number of studies have been devoted to the
production of Ni-P composite coatings with
incorporated diamond particles of various sizes [9,
13-20]. The obtained results have demonstrated that
Ni-P/nano-diamond composite coatings exhibit
better performances than Ni-P coatings and also
optimum deposition of Ni-P/nano-diamond shows
more desirable characteristics of corrosion
properties rather than as deposited Ni-P coatings [9,
13, 15, 17].

The aim of the present work is to study the
corrosion behaviour of Ni-P and composite Ni-P
coatings with dispersed 14-20 um diamond particles.
The coatings are deposited onto acrylonitrile-
butadiene-styrene (ABS) samples to eliminate the
influence of the substrate.
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Table 1. Technological scheme of the processing samples of ABS

Operation Substance Concentration, g.I'* ~ Time, min ~ Temperature,”C
Etching CrOs 367 15 65
H2SO04 253
Pre-activation HCI 3M 3 20
Activation PdCl; 0.8 5 20
Acceleration NaOH 1M 5 20
Chemical metalization In Table 2

Table 2. Chemical compositions and operating conditions of the plating bath

Substance Concentration
NiSO..7H.0, g.I* 25
NaH.PO,.H.0, g.|'l 22
CH3COONa, g.I* 20

Lactic acid, g.I* 20
Stabilizer 2 (a commercial product of TU-Sofia), mg.I* 1

NaLS, g.I' 0.01
Operating condition

pH 46-4.8
Temperature, (°C) 82

EXPERIMENTAL

The nickel coatings were deposited onto samples
of ABS (Novodur PM/2C, Bayer, Germany) with a
working area of 0.2 dm? The employed
technological scheme is presented in Table 1.

The composition of the Ni-P bath is presented in
Table 2.

Diamond particles with particle size of 14-20 um
(D) were added to the solution for chemical
deposition in concentration of 5 g.I":. The conditions
of electroless deposition of Ni-P and composite Ni-
P (Ni-P/D) coatings are described in earlier papers
[20, 21].

The deposition rate, expressed in terms of the
amount of deposited nickel, resp. the relative
thickness of the obtained coating (5, pum), was
determined gravimetrically as the difference in
sample mass before and after deposition of the
composite coating:

8=Am.10*/ p.S, [um]

where, p - density of nickel in [g.cm™]; S - working
area in [cm?]; Am - mass of the deposited coating.

The coatings were tested for corrosion resistance
employing a Neutral Salt Spray test (NSS) (5%
NaCl, pH 6.6-7.2) (VSN 1000, Vétsch
Industrietechnik GmbH), comprising three test
cycles of 24 hours each. The corrosion damage was
determined gravimetrically based on mass loss. The
microhardness of the coatings was measured by the
Vickers method at a load of 50 p (Durimet, Ernst
Leitz GmbH).

Open circuit potential (OCP)-time transients
were plotted in 0.5 M Na»SO;, solution with pH 5.9.
Potentiodynamic polarization was applied to study

the anodic dissolution of the coatings. A potential
scan rate of 1 mV.s* was applied by starting from a
potential 250 mV more cathodic than the OCP and
scanned in anodic direction. The investigations were
performed in a three-electrode cell with a volume of
50 ml, Hg/Hg.SO. reference electrode, working
electrode with surface area of 0.2 cm? and Pt counter
electrode. All electrochemical experiments were
carried out using a potentiostat/galvanostat model
263A (EG&G Princeton Applied Research, USA)
and SoftCorr Il software. The polarization resistance
(Re) and the corrosion current density (jeor) Were
calculated from data collected during the
potentiodynamic polarization.

The structures of the produced thin films were

characterized by X-ray diffraction (XRD) using a
PANalytical Empyrean equipped with a
multichannel detector (Pixel 3D) using (Cu Ka
45 kV-40 mA) radiation in the 10-100 26 range,
with a scan step of 0.01 for 24 s.
The morphology and structure of the obtained
coatings, as well as the distribution of the dispersoid
particles on their surface, were examined by a
Metallographic Microscope (AMPLIVAL® pol u
Carl Zeiss JENA, Germany) and by Scanning
Electron Microscopy (SEM) (JEOL JSM 733,
Japan). The average amount of co-deposited
particles per square centimeter (N.cm?) was
determined based on the number of particles,
counted on the surface of the composite coating by
SEM (the counting was done in three arbitrarily
chosen zones at a magnification 200x). Energy
Dispersive Spectroscopy (EDS/INCA) was used to
determine the elemental chemical composition of the
coatings.
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RESULTS AND DISCUSSION
Characterization of Ni-P and Ni-P/D coatings

Hypophosphite reduces nickel ions at electrolyte
pH values higher than 3. The rate of hypophosphite
oxidation and of nickel deposition increases with
increase of solution pH, but at pH values above 5.5,
the electrolyte stability decreases. Therefore, two pH
values were selected within the range 3.0-5.5 for
electroless deposition of Ni-P coatings and
investigation of the deposition rate and
microhardness tests of the obtained coatings. The
obtained results are summarized in Table 3.

For the same deposition time, the thickness of the
coating deposited in electrolyte with pH 3.8 is twice
smaller than that obtained at pH 4.8. With increase
of the electrolyte pH the P content of the coating
decreases, but its microhardness increases.

70 ——————

Table 3. Influence of the pH of the electrolyte on the
thickness and microhardness of Ni-P coatings on t = 30
min.

pH 3.8 4.8

3, (um) 4.8 10.2
HVso, (kg.mm2) 275 640
P, (mass %) 14.9 6.4

The significantly lower microhardness of the
coating deposited at pH 3.8 is not related to its
thickness. Similar microhardness values were also
measured for samples with a thickness of 30-35 um.
These results made us initiate deposition tests in the
electrolyte with pH 4.8 but for different deposition
times. It was established that the microhardness of
the coatings increased but slightly with increase of
coating thickness (Fig. 1).
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Fig. 1. Influence of deposition time on the thickness and microhardness of Ni-P coatings. Electrolyte pH 4.8

(b)
Fig. 2. SEM image of: a) Ni-P coating; b) Ni-P/D coating, T = 30 min.
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Fig. 3. XRD pattern of as deposited Ni-P, Ni-P/D coatings and diamond particles with size of 14-20 um.

Composite coatings were deposited with addition
of diamond particles to the solution for chemical
deposition in concentration of 5 g.It. The number of
incorporated particles is of the order of 150 000 —
200 000 N.cm. Figure 2 shows the morphology of
such a coating.

The microhardness tests of the Ni-P/D coatings
were not conducted, because of the great number and
size of incorporated particles.

XRD analysis of Ni-P and Ni-P/D coatings

Figure 3 shows the XRD patterns of the obtained
Ni-P and Ni-P/D coatings. Both coatings have
amorphous structure. For comparison, the X-ray
diffractogram of diamond particles is also presented
and it indicates that the reflexes for the composite
coating come from the incorporated particles.

Corrosion resistance tests of in a NSS chamber

Three samples from each type of coatings were
prepared for testing in the corrosion chamber. The
samples were with sizes 5 X 10 cm. The thickness of
the coatings was in the range of 20-25 pum. The
coatings were not evaluated visually or by optical
methods because there were no visible signs of
corrosion damage on their surface. The mass loss
values for the respective coatings after the NSS test
are presented in Table 4.

Table 4. Weight loss for the Ni-P and Ni-P/D coatings
after 72 hours in a neutral salt spray chamber.
Weight loss, mg

pH Ni-P Ni-P/D
38 38 10.1
4.8 3.3 8.3

All coatings lose mass with prolonged time of
stay in the chamber, the measured mass loss being
more substantial for the composite coatings with
incorporated particles. This is, probably, due to

localized corrosion around the particles, which leads
eventually to their shedding off the coating. Figure 4
shows the morphology of the specimens after the
NSS test.

Electrochemical corrosion performance of Ni-P
and Ni-P/D coatings

Figure 5 presents the potentiodynamic
polarization curves of dissolution of the Ni-P and Ni-
P/D coatings in model corrosive environment: 0.5 M
Na>SO4, pH 5.9. The indifferent substrate used
allowed plotting of polarization curves up to
potentials sufficiently positive for oxygen evolution.
On grounds of the obtained results it can be
concluded that incorporation of diamond particles in
the coating improves its corrosion behavior as
compared to that of the deposit on pure Ni-P matrix.
The corrosion potential of the composite coating
deposited at pH 3.8 shifts to more positive values
and the corrosion rate is much lower within a wide
potential range. A plateau appears at about -600 mV
which, according to literature data, is related to
saturation of the surface layer with phosphorus
resulting in impeded coating dissolution [8]. The
curve for the composite coating deposited at pH 4.8
features an even broader passivation plateau and
hence lower corrosion rate.

The corrosion potential (Ecorr), COrrosion current
density (jcorr) and polarization resistance (Rp) of the
different coatings, determined from the respective
potentiodynamic polarization curves, are presented
in Table 5.

Passivation of the remaining coating layer is
recorded at about +600 mV in the curves for all
samples. On completion of the potentiodynamic
measurements, the remaining coating layer on the
surface of all specimens has an average thickness of
the order of 1 um (Table 6).
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Table 5. Corrosion characteristics of Ni-P and Ni-P/D Table 6. Influence of electrochemical treatment according
coatings deposited at pH 4.8 in model corrosive

environment.

ECOI’I’y jCOI’I’y Rp,

(mVv)  (uAcm?)  (kQ.cm?)
Ni-P -870 21 24
Ni-P/D  -890 1.0 35

Fig. 5 on the thickness of the Ni-P and Ni-P/D coatings.

3, (um)
Ni-P Ni-P/D
Befor_e pgtentlodynamlc 125 9.2
polarization
After_pot_entlodynamlc 11 19
polarization

(@) (b)
Fig. 4. Optical imaging of coatings after 72 hours in neutral salt spray chamber: a) Ni-P; b) Ni-P/D.
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Fig. 5. Potentiodynamic polarization curves in model corrosive environment of Ni-P and Ni-P/D coatings deposited
in electrolyte with a pH: a) 3.8; b) 4.8.

The SEM images in Fig. 6 compare the surface of
the coatings without (Fig. 6a) and with (Fig. 6b)
incorporated  diamond  particles after the
potentiodynamic tests. The composite Ni-P/D
coating dissolves more uniformly than the Ni-P
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coating. The latter features general thinning in the
central work area and dissolves completely in the
peripheral zones (Fig. 6a).
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Fig. 6. SEM images of coatings (deposited at pH 4.8) after anodic potentiodynamic dissolution:
a) Ni-P; b) Ni-P/D.
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Fig. 7. XRD pattern of Ni-P and Ni-P/D coatings (deposited at pH 4.8) after anodic potentiodynamic dissolution
according Fig. 5.

The XRD spectra show that both the Ni-P and Ni-
P/D coatings have preserved their amorphous
structure after the electrochemical test (Fig. 7). The
results of the X-ray microanalysis indicate that the
percent P content is preserved, too. The recorded
reflexes evidence the incorporated particles in the
coatings, irrespective of their low thickness, which
is an indication of their good adhesion to the matrix.

CONCLUSIONS

Ni-P and composite Ni-P/D coatings with
diamond particles sized 14-20 um are produced by
electroless deposition in electrolytes with two pH
values: 3.8 and 4.8.

With increase of the electrolyte pH the thickness
and microhardness of the Ni-P coatings increase, but
the P content decreases.

A slight increase in microhardness of the Ni-P
coatings with deposition time is observed when they
are deposited at electrolyte pH 4.8.

With increase of the time of stay in the neutral
salt spray chamber the coatings lose mass, more
notably when they contain incorporated diamond
particles.

On anodic polarization in sulfate medium up to
the potential of oxygen evolution, the coatings do not
dissolve completely. The composite Ni-P/D coatings
dissolve more uniformly than the Ni-P deposits, they
preserve their amorphous structure and exhibit lower
corrosion rate.
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KOPO3MOHHA YCTOIMUMBOCT HA BE3TOKOBH Ni-P [IOKPUTUS [IOJTYYEHU BBPXY
[TOJIUIMEPHA O/JIOXKA (ABS)

B. Yakbposa, M. ['eopruesa, M. Ilerpoa

Hucmumym no ¢uszuxoxumus - Bvreapcka akademus Ha HayKume
Cogpus, 1113, yn. ,,Axao. I'. Bonues”, 61.11
cexyus ,, Enexmpoxumus u koposus”

Tloctprmna Ha 26 romm, 2016 1. kopurupana Ha 31 okTomBpH, 2016 .

(Pestome)

ITo metona Ha Ge3TokoBo omiarade ca nomydeHn Ni-P u xommosutHu Ni-P MOKpuTHs ¢ THaMaHTEHW YacTHIU C
pasmep 14-20 um BBpXy MOJUIOKKA OT AKPHJIOHHUTPWII OyTagueH cTUpoil. M3cienBaHO € BIMSHHUETO Ha BPEMETO Ha
oTJIaraHe 1 KMCEJIMHHOCTTA Ha Pa3TBOPa BbPXY CKOPOCTTA Ha OTJIaraHe, ChAbpxKaHueTo Ha (pochop U MUKPOTBBPAOCTTA
Ha TOKpuTHATa. KOPO3HOHHM W3MUTAaHUS HAa TOKPHUTHA, NMOJYYCHH NpPH IIBE CTOHHOCTH Ha pH Ha enexrponura ca
MIPOBE/ICHU B KaMepa 3a HeyTpajlHa COJIEHa MbIJIa, a ITOTSHIIMOAMHAMIYHI KPUBH Ca CHETH B MOJICITHA KOPO3HOHHA cpea
- 0.5M NazSO4 solution with pH 5.9. C momorra Ha ckaHMpalia eleKTPOHHA MUKPOCKOIIHS € H3cieBana Mopdoorusra
HA MTOKPUTHSTA TIPEIU U CIISN M3IHUTAHKITA, 8 Ype3 PSHTTCHOB MUKPOAHAIN3 ca ONPEIeICH N3MEHEHMATA B €IEMCHTHHS
cheTaB. PesynraruTe MOKa3BaT, ue BKIIOYBAHETO ¢ Ha JuaMaHTeHd dactuli B Ni-P mokputne ce oOpasyBar macHBHH

¢uamu ¢ 1o6pa KOPO3UOHHA YCTOHYUBOCT.
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Electroless deposition of silver on poly(3,4-ethylenedioxythiophene) obtained in the
presence of polystyrene sulfonate or dodecyl sulfate ions — effect of polymer layer
thickness
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Poly(3,4-ethylenedioxythiophene) (PEDOT) layers are electrochemically synthesized in the presence of excess of
perchlorate ions and either polystyrene sulfonate (PSS) or dodecyl sulfate (DDS) as co-doping ions. Electroless
deposition of silver is studied in two silver plating solutions containing Ag* cations or [AgEDTA]®* anion complexes.
The electroless reduction of metal ions occurs at the expense of oxidation of mildly pre-reduced PEDOT/PSS and
PEDOT/DDS layers with different thickness. It is established that the amount of deposited silver, Qag depends linearly
on thickness with steeper dependence obtained in solution of silver anion complexes in comparison to silver cations. At
constant thickness, Qag depends on the type of PEDOT layers with PEDOT/DDS providing higher Qag, especially in
[AgEDTA]* solution. The results are discussed in terms of limited diffusion of [AgEDTA]* ions inside the polymer
structure, possible switching of the rate determining step from diffusion (in the Ag* case) to charge transfer across the
polymer layer (in the [AgEDTA]®* case), and expected organic ions-induced difference in the internal PEDOT structure.
SEM images reveal the possibility to affect markedly the number, size and size distribution of the metallic particles. In
terms of homogeneous surface coverage with small monodisperse silver particles best results are obtained with thin
PEDOT/PSS|Ag* and thick PEDOT/DDS|[AGEDTA]® layers.

Keywords: electroless deposition, silver, PEDOT, polystyrene sulfonate, dodecyl sulfate

INTRODUCTION

Conducting polymers (CP) are often used as
supporting materials for metal particles deposition
due to their high electrical conductivity, well
developed surface and opportunities for using
different chemical and electrochemical deposition
techniques to obtain well dispersed metal phase
(see [1-6] and literature cited there in). Along with
the conventional chemical deposition approach
based on metal ions reduction occurring at the
expense of oxidation of dissolved reductant species,
CPs present another opportunity to drive electroless
metal deposition in a way that is close to the
immersion techniques for chemical deposition [2,
6]. This method is based on the intrinsic ability of
CPs to occupy different interconvertible oxidation
states and couples, following reactions:

Me™ + ne” — Me? Q)
CP™ — CPM™M* 4 ne )

where n is the number of electrons exchanged
for reducing a single metal ion and m denotes the
extent of initial oxidation of the CP material. For
instance, if pre-reducing polyaniline (PANI) in the
leucoemeraldine state and immersing it in solution
of metal ions with positive enough equilibrium
potential, such as silver or palladium, PANI will

* To whom all correspondence should be sent:
E-mail:tsakova@ipc.bas.bg

undergo oxidative transition to the emeraldine state.
This oxidative transition will go in parallel with
reduction of the corresponding metal ions. Apart
from complete transition between two chemically
different oxidation states, electroless metal
deposition may occur also in the potential region,
where CPs show only pseudo-capacitive behavior
characterized with different amount of oxidized
monomeric units within one and the same formal
oxidation state. In any case the amount of deposited
metal phase is limited by the available intrinsic
redox charge of the CP layers and depends on the
extent of CP initial reduction and the amount of the
polymer material. In general, smaller amounts of
intrinsic CP redox charge are involved in
electroless metal deposition when working in the
pseudo-capacitive potential region and thus, smaller
amounts of metal become dispersed in the CP
material.

Silver-modified CP-based electrodes have been
recently intensively investigated for various
applications, such as solar cells [7, 8],
electrochromic devices [9], sensing applications
[10, 11], Surface Enhanced Raman Spectroscopy
(SERS) substrates [12], etc. Silver is considered
also as an antimicrobial agent that becomes easily
combined with polymeric materials [13, 14]. For all
these applications the way of dispersing the silver
phase is of utmost importance. Silver electroless
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deposition at the expense of CP oxidation was
studied mainly for PANI [15-25] and polypyrrole
[17, 25-30]. Few studies address silver electroless
deposition  on  polythiophenes, such  as
polyalkylthiophenes [31, 32] and poly(3,4-
ethylenedioxythiophene) (PEDOT) [30, 33],
although the latter is one of the most studied CP
material. The investigations so far performed
concern PEDOT layers obtained in aqueous
solutions containing either perchlorate or nitrate
ions. It is known that PEDOT is very often
synthesized in the presence of organic anions such
as polystyrene sulfonate (PSS) or dodecyl sulfate
(DDS) which act as both surfactant and doping
species and affect markedly the CP properties.

The aim of the present investigation is to study
the dependence of the amount and type of
electroless deposited silver on the thickness of
PEDOT layers, synthesized in the presence of PSS
or DDS ions. A further goal concerns the
comparison between electroless deposition from
plating solutions containing two different silver
ionic species - silver cations and silver complex
anions. In all cases, before immersion in the silver
plating solution, PEDOT is subjected to mild
reduction in the pseudocapacitive potential region
for this polymer, in order to limit the amount of
deposited silver. This investigation is a further
extension of a series of studies [34-37] trying to
elucidate the effect of the co-doping organic anions,
used in the course of synthesis of PEDOT, for
various characteristics of the polymer layers, such
as surface morphology, electroanalytical sensitivity
and selectivity with respect to oxidation of organic
species and electrochemical and electroless metal
deposition.

EXPERIMENTAL

The electrochemical experiments were carried
out by means of Autolab PGSTAT 12
potentiostat/galvanostat equipped with GPES
software (Eco Chemie, Utrecht, the Netherlands). A
three electrode set-up was used with glassy carbon
disk as working electrode (with surface area S =
0.08 cm?) and a platinum plate as counter electrode.
The  reference  electrode  was  saturated
mercury/mercury  sulfate (Hg/HgSO4/0.5 M
K>S0,) electrode (MSE). Emse = 0.66 V vs standard
hydrogen electrode. All potentials in the text and
figures refer to MSE. Argon gas was used to
remove dissolved oxygen from the electrolyte
solutions before electrochemical measurements.

Electrochemical polymerization of EDOT was
performed at constant potential E.= 0.38 V in
aqueous solutions of 10 mM EDQT, 0.5 M LiClO4
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and 34 mM organic anionic dopants - sodium PSS
or sodium DDS. The PEDOT coatings obtained in
the presence of the organic dopants will be further
denoted by PEDOT/PSS and PEDOT/DDS,
respectively. The thickness of the PEDOT layers
was varied by using different polymerization times
and fixing the polymerization charges at Qpoy=1, 2
or 4 mC.

Electroless deposition of silver was carried out
at pre-reduced PEDOT layers. The electrochemical
reduction was accomplished in supporting
electrolyte (0.4 M HCIO,) at constant potential (-
0.62 V for 15 min), corresponding to the high
conducting state of PEDOT. The reduced PEDOT-
coated electrodes were transferred in the silver
plating solution consisting of either 10 mM AgNO3;
and 0.4 M HCIO4, or 10 mM AgNOQOs 0.02 M
NazC10H1403N2 (NaEDTA) and 0.5 M KNO3. In the
latter solution the silver species form [AgEDTA]*
anionic complexes [16]. The equilibrium potentials
of silver in these solutions are E°= -0.002 V vs
MSE for Ag* and E° = -0.040 V vs MSE for
[AGEDTA]*. The time for silver electroless
precipitation was set at 50 s. After each silver
deposition experiment silver was dissolved in 0.4
M HCIO, by applying voltammetric scans (at 5 mV
s1) at potentials more positive than the equilibrium
potential of Ag. The amount of silver was
calculated by integrating the dissolutions peaks
registered within the first two scans. The presented
data for the amount of silver deposited under each
set of experimental conditions (i.e. polymerization
charge, type of layer and type of silver ionic
species) is the average of three
deposition/dissolution experiments. Within
individual experiments at otherwise fixed
experimental conditions the amount of the silver
dissolution-related charge varied within 15 % of the
average value.

The surface morphology of the various Ag-
precipitated PEDOT layers was examined by
scanning electron microscope JEOL 6390 equipped
with Inca Oxford EDX analyzer.

RESULTS AND DISCUSSION

Fig. 1 shows open circuit potential (OCP)
transients measured in the course of electroless
silver deposition from Ag* and [AgEDTA]*
solutionsat PEDOT/PSS and PEDOT/DDS layers
obtained at different polymerization charges. For all
transients a steep OCP drop is observed within the
first few seconds followed by a gradual
establishment of steady state OCP values. The final
OCP values are in all cases more negative than the
equilibrium potential of Ag in the respective silver
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plating solutions, indicating the establishment of not show a strong thickness effect (Fig. 1 b and d).
mixed potentials affected by the redox potential of A stronger effect with thickness on OCP transients
the PEDOT layers themselves. With increasing is observed for PEDOT/PSS layers (Fig. 1 a and c).
Qpoy the transients measured at PEDOT/DDS do
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Figure 1. OCP transients obtained in Ag* (a, b) and [AGEDTA]* (c, d) solutions at PEDOT/PSS (a, ¢) andPEDOT/DDS
(b, d) layers with different amounts of polymerization charge: 1 mC (dashed line), 2 mC (dotted line), 4 mC (full line).
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Figure 2. Amount of deposited silver from Ag* (a) and [AgEDTA]*(b) solutions at PEDOT/PSS (A ) and
PEDOT/DDS () layers with different polymerization charge.

In this case, the final OCP value shifts to more to establishment of different mixed potential
negative potentials for Ag* solution, and to more equilibria depending on PEDOT/PSS thickness.
positive values for [AgEDTA]?* solution, pointing Comparison of the OCP transients obtained in Ag*
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and [AgEDTA]* solution for the thickest
PEDOT/PSS layers show that the final OCP values
coincide irrespective of the type of depositing silver
ions. This result, together with the shift in OCP
with increasing PEDOT layer thickness, may be
considered as indications for possible PSS-induced
Ag complex formation. The possibility for
formation of Ag/PSS complex species was
considered in [38]. Formation of a complex of Ag
with another polysulfonic acid was also discussed
in the context of polysulfonic-acid-doped
polypyrrole [39]. It can be suggested that with
increasing Qpoly, the amount of PSS involved in
doping of the PEDOT increases, and gives rise to
complexation of silver. The latter may affect the
establishment of a mixed potential in the
PEDOT/PSS|Ag systems.

The amount of deposited silver obtained in the
course of electroless deposition in the two silver
plating solutions is presented in Fig. 2. The
comparison shows a much steeper thickness
dependence of Qag in the presence of silver
complex ions, than in the presence silver cations.
At doubled polymerization charge Qpay, the silver
amount increases by a factor of 1.25 for Ag*
solution and by a factor of about 2 in the
[AgEDTAJ?* solution. There is also a difference in
the amount of silver depending on the type of
PEDOT with PEDOT/DDS layers, providing larger
amounts of silver in the [AgEDTA]* plating
solution.

To discuss these results let us consider the
individual steps that may affect the overall rate for
electroless metal deposition under OCP conditions
[30]: i/ ions transport from bulk solution to the
polymer surface; ii/ ions mass transfer within the
polymer phase; iii/ inter and intra electronic charge
transfer across the polymer chains and iv/ charge
transfer between the metal ions and the polymer
phase. Phase formation phenomena (i.e. metal
nucleation and growth) may additionally
complicate the situation. Obviously, one or several
of these steps are affected by the type of silver ions
involved in the electroless deposition process. Bulk
diffusion of Ag® is faster than bulk diffusion of
[AgEDTA]®. lonic transport within the PEDOT
structure should be easier for Ag* than for the bulky
[AGEDTA]* ions, which means that Ag* should
have faster and easier access to both external and
internal polymer phase surface. This may be in the
origin of the large amounts of silver deposited even
at low polymerization charges. The somewhat
lower amount of Qag, Observed for the thickest
PEDOT/PSS layer, should be attributed to the fact
that equilibrium is established at a more negative
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potential. The latter corresponds to less oxidized
PEDOT which predetermines the deposition of
smaller amount of metal.

In general, the charge transfer between a
conducting electrode and a metal anion complex is
expected to be slower, and to require more negative
potentials than the charge transfer of the
corresponding cationic species. Electrodeposition in
metal ion complex solutions requires usually higher
overpotentials. According to the OCP transients in
both solutions, the electroless deposition process
occurs in the same range of potentials, which
corresponds formally to lower overpotentials in the
silver anion complex solution case. The role of the
[AgEDTA]J* species should be considered also
from another point of view. Diffusion of these
relatively large anionic species inside the polymer
structure will be impeded in comparison to cationic
silver. On the other hand, anionic species are
involved in the doping of PEDOT occurring in the
course of oxidation. However, bearing in mind the
large excess of nitrate ions present in the silver
plating solution, this should occur at the expense of
these inorganic anions. Thus, electroless deposition
in the [AGEDTA]* solution is expected to take
place at the polymer/solution interface, rather than
inside the polymer structure, which means that the
transfer of charge across the polymer layer may
become the rate determining step of the overall
process. This transfer will definitely depend on the
polymer layer thickness and specific internal
polymer structure. The latter is expected to be
influenced by the doping ions used in the course of
synthesis. Thus, the difference in the behavior of
PEDOT/DDS and PEDOT/PSS layers, established
in [AGEDTAJ* solution, could be attributed to a
different internal structure affecting the charge
transfer across the polymer phase. Although, it is
difficult to study and reveal the polymer structure,
especially inside the polymer phase, SEM studies
of PEDOT/PSS and PEDOT/DDS layers give
evidence for a difference in the surface morphology
of these two materials [35].

SEM observations of the silver deposit, carried
out for the various PEDOT layers (Fig. 3), give
additional evidence in support of the above
considerations. The micrographs demonstrate that
both the type of PEDOT layer and the type of the
silver species used for deposition affect the number,
size and size distribution of the metallic particles. It
is readily seen that use of silver complex anions
results in a narrow size distribution of smaller
crystals and homogeneous coverage of the whole
surface (Fig. 3 e and f). This is an expected effect
of metal anionic complexes in metal deposition that
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was demonstrated in studies on silver plating in the
presence of EDTA [40]. Thin and thick PEDOT
layers (compare Fig. 3a and 3b with Fig. 3c and 3d)
behave in different ways depending on the type of
organic dopant used for their synthesis. With
increasing thickness the silver deposit on the
electrode surface becomes more homogeneous

.
L

L lunty s .0

(smaller size distribution and larger number of
crystals) in the PEDOT/DDS case. On the opposite,
a more homogeneous silver deposit is found on the
PEDOT/PSS layer with smaller thickness (Fig. 3 a).
These different trends should relate again to organic
dopants-induced difference in the PEDOT
structure.

» ® 20KV .-¥15,000 _1pm <
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Figure 3. SEM of Ag-modified polymer layers with Qpoy=2 mC (a, ¢, €) and Qpoly=4 mC (b, d, f) obtained at
PEDOT/PSS (a, b) and PEDOT/DDS (c, d, e, f) in Ag* (a, b, ¢, d) and [AgEDTA]* (e, f) solutions.
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CONCLUSIONS

The present study shows that electroless
deposition of silver on PEDOT is a process that
depends markedly on several parameters, such as
polymerization charge, type of organic ions used in
the course of synthesis, and type of the depositing
metal ions (cations or complex anions). Varying
these parameters provides the opportunity to obtain
not only different amounts of silver, but also
completely different number, size and size
distribution of the metallic phase. The type of the
metal ion provides the opportunity to affect the
diffusion inside the polymer phase, and to complete
the process by involving both internal and external
or, alternatively, mainly external polymer interface.
Thus, the rate determining step becomes very
probably affected, and limiting diffusion becomes
replaced by limiting charge transfer across the
polymer phase. As far as internal polymer structure
is determining for this process, organic doping
ions-induced properties of PEDOT start playing a
decisive role.

The results presented so far reveal also the
possibility to affect the electroless deposition by
metal-complex formation at the expense of the
doping ions used in the course of CP synthesis.
Indications in this respect are obtained in the
PEDOT/PSS|Ag* case. This opportunity should be
studied in further details by exploring PEDOT
layers obtained in the presence of PSS alone,
without addition of inorganic anions, in order to
reveal better this effect.

Finally, from a practical point of view, the
opportunity to obtain a highly homogeneous
monodisperse surface distribution of metal particles
as provided by thin PEDOT/PSSJAg* and thick
PEDOT/DDS|[AgEDTA]* layers is important and
supports various applications of the Ag-modified
PEDOT material.
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BE3TOKOBO OTJIAI'AHE HA CPEBPO BBPXY ITOJIN(3,4-ETUJIEHIUOKCUTUODEH),
I[TOJIYYUEH B ITPUCBCTBHUE HA ITOJIMCTUPEHCYJI®OHATHU NI
JIOJELNJICYJIGATHU MOHU — EGEKT HA JIEBEJIMHATA HA ITOJIMMEPHOTO
I[TOKPUTHUE

Bacunena U. Kapaboxukoa, Becena L. [lakoBa™*
Huemumym no gusuxoxumus, BAH, 1113 Cogus, bvreapus
Ilocrprmna Ha 17 aBrycr, 2016 r. kopurupana Ha 24 oktomBpH, 2016 r.
(Pestome)

[Monu(3,4,erunenauokcutnodpen) (IIEJOT) e cuHTe3upaH eNEKTPOXUMUYHO B HPUCHCTBUE HA M3JIUIIBK OT
nepxyiopaTHl HoHM M Ha nonuctupeHcyiaponatHu (IICC) mmm momeumncyndatan (AJC) xo-motupaimu HOHH.
Be3ToK0BO OTyIaraHe Ha cpebpo € M3CIeIBaHO B JiBa PasTBOpa Ha cpeObpHH HonM, kaTnonu u [AGEDTA]® anuonnu
KOMIUIEKCH. be3TokoBaTa peayKuys Ha METaJIHUTE HOHH ce OCBIIECTBSIBA 32 CMETKa Ha OKHCIICHHE Ha NPeBapUTEIIHO
peayuupanu cioese ot [IEJJOT/TICC u IIEJOT/AJIC ¢ pasnuyHa nebearHa Ha MOTUMEPHOTO MOKPUTHE. Y CTAHOBEHO
€, 4e KOJMYECTBOTO Ha OTJIOXKEHOTO cpebpo, Qg 3aBHCH JMHEHHO OT JeOenrHaTa HA MOJIMMEPHHS CIIOM KaTo
3aBUCHMOCTTa € MHOTO TIO-CTPBbMHA IIPU M3IOJI3BaHE HA Pa3TBOP HA CPeOBPHU AaHHMOHHU KOMIUIEKCH B CPaBHEHHE ChC
cpeObpHE KaTHOHU. [Ipu mocTosHHA neOenrHa Ha MOJUMEPHOTO MokpuTHe, Qag 3aBucH oT Buma Ha [IEJJOT xato
cnoesere or HEJOT/IAC ocurypssaT HO-BUCOKM cToMHOCTH Ha Qag, ocobeHo B pasteop Ha [AgEDTAJ.
Pesynrature ca oOchIeHM OT TJIeHA TOYKA HA OrpaHnMyYeHa IU(y3us Ha aHHOHHUTE KOMIUIEKCH Ha CpeOpOTO BHB
BBTPELIHOCTTAa Ha IMOJIMMEpPHAaTa CTPYKTYpa, Bb3MOXHA NMPOMsIHA Ha CKOPOCTOOMpEAesIIaTa CThIIKa Ha Ipoleca OT
nudysus (B ciydas Ha AgH) KbM NPeHOC Ha 3apsjl Npe3 MOJMMEPHOTO NokpuTHe (B ciaydas Ha [AgEDTA]®), kakrto n
OuYaKkBaHa, CBbP3aHa C KO-JOTHUPAILIUTE OPTaHUYHU HOHH, CTPYKTypHa pa3nuka Ha aBata Buaa mokputus ot IIEZIOT.
MUKpPOCKOIICKH CHUMKH Pa3KpHBaT Bb3MOXKHOCTTA J1a C€ BIHsIE CHIIECTBEHO BBPXY Opos, pa3mepa U pas3npeieleHHeTo
10 pa3Mep Ha METAJIHUTE YaCTHIM B 3aBUCHUMOCT OT BHJa U JeOenrHaTa Ha TONMMEPHOTO MOKPUTHE, KAKTO U HAa THUMA
Ha oTjlaramus ce MeraysieH HoH. Haii-moOpu pe3ynTatu OT IiieHa TOYKAa Ha XOMOTEHHO IOKPHUTHE Ha MOJMMEpHaTa
MOBBPXHOCT C MAJIKH MOHOIMCIICPCHH CPEOBPHH YacTHIM ca mojydeHdn B ciydas Ha TeHkH [IEJJOT/TIICCIAQ* u
ne6emu IIEAOT/IJIC|[AGEDTA] crnoese.
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Polyolefin material - polyolefin wax, a by-product from industrial production of polyethylene at low pressure - was
used for preparation of nanoporous activated carbon. The adsorbent surface characterization revealed well-developed
surface area and presence of high amount of surface functional groups, capable of binding the adsorbate molecules. The
results suggest a possible use of polymer waste as a suitable precursor for production of nanoporous activated carbon,
thus lowering the cost of wastewater treatment processes. The obtained activated carbon was applied for adsorption of
pentachlorophenol (PCP) from aqueous solution. Batch adsorbing experiments were performed under different
conditions, i.e. concentration of pentachlorophenol, pH, contact time, etc. The adsorption of pentachlorophenol was
found to follow Langmuir equation, as well as Freundlich equation.

Keywords: Adsorption, activated carbon, pentachlorophenol, water purification, polymer waste

INTRODUCTION

Chlorinated phenols are widely used as flame
retardants, solvents, herbicides, insecticides and
fungicides [1]. Effluents from polymeric resin
production and oil refining, steel, petroleum, paint,
pharmaceutic, paper industries also contain
chlorophenolic compounds [2]. Pentachlorophenol
(PCP) is one of the seven industrially produced
chlorophenols [1]. PCP is accumulated in sediments
and aquatic systems, however it has slow
biodegradation rate [1]. Pentachlorophenol is toxic
and mutagenic for microorganisms and mammals;
as it is an inhibitor of oxidative phosphorylation [2].
PCP uncouple oxidative phosphorylation via
making cell membranes permeable to protons,
resulting in dissipation of trans-membranes proton
gradients and consequential electrical potentials [3].
Maximal PCP discharge concentration in industrial
effluents is limited down to 1 — 2 mg/I. [1].

There are several methods for PCP removal -
oxidation, biological degradation, membrane
filtration, ion exchange, reverse  0SMOSIs,
photocatalytic degradation [4]. Adsorption is a
simple and effective method and it has been widely
applied for the removal of different organic and
inorganic pollutants. Activated carbons (AC) are
considered to be efficient adsorbents, however the
industrial anthracite-based activated carbon are
expensive. In the last years there is a special

* To whom all correspondence should be sent:
E-mail: racheva89@abv.bg
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attention towards production of low-cost activated
carbons from different waste materials - biomass
(agricultural by products, different sources of
plants, etc.), coal by-products, polymers wastes, etc.

Polymer by-products from production of
different polymer materials are very promising raw
materials for synthesis of activated carbons, due to
their availability at a low price. Thermo-chemical
conversion of plastic by-products has received
attention of the researchers, which is connected with
the potential of these materials to produce energy as
well as activated carbon with very good
characteristics [5-8].

There are some reports for PCP removal by
different adsorbents — bentonite [9], activated
sludge biomass, [2] spent mushroom compost [3],
pine bark [10], almond shell residues [1], coal fly
ash [11] and fungal biomass [12]. Till now activate
carbons from waste polymers have not found
suitable application. It is possible to use them for
removal of different organic pollutants, especially
different substituted phenol compounds like PCP,
which is one of the aims of this research paper.

In the present paper, novel carbon adsorbent was
synthesizes from polymer waste (a by-product at the
producing of polyethylene at low pressure) by
carbonization with sulfuric acid and subsequent
hydro-pyrolysis.

Surface area, porosity and structural properties
of obtained activated carbon were characterized in

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria


mailto:racheva89@abv.bg

details. The adsorption of activated carbons towards
pentachlorophenol was investigated.

EXPERIMENTAL AND THEORETICAL
METHODS
Synthesis of activated carbon

The initial raw materials for synthesis of
activated carbon are polyolefin wax and phenol-
formaldehyde resin. Polyolefin wax is a waste
material, obtained as a by-product from production
of polyethylene at low pressure. The mixture of
polyolefin wax and phenol-formaldehyde resin
(50:50%) was heated up to the melting temperature
(150°C) and then concentrated sulfuric acid was
added until solidification. The solid product was
cooled down and washed with water, then dried at
150°C, and carbonized at 600 °C in a covered silica
crucible with a heating rate of 10 °C min? under
nitrogen atmosphere. The obtained carbonizate
product was subjected to hydro-carbonization at
800°C in a stainless steel vertical reactor for 1 h.

Surface measurements

Textural characterization was carried out by
measuring the N> adsorption isotherms at -196 °C
using Quantachrome NOVA 1200 apparatus. Prior
to the adsorption measurements the samples were
outgassed under vacuum at 300°C overnight, to
remove any adsorbed moisture and gases. The
isotherms were used to calculate specific surface
area Sget and total pore volume V..

Micropore and mesopore volumes were obtained
by applying the DFT model to the N, adsorption
data, assuming a slit-shaped pore geometry [43].

Oxygen functional groups

The content of oxygen-containing functional
groups with acidic character on the carbon surface
was determined applying the Boehm method by
neutralization with bases of increasing strength:
water solutions of NaHCOs, Na,COs, NaOH and
sodium ethoxide. About 0.5 g (the same quantity is
used for all the basic solutions) of the activated
carbon sample was put in contact with 100 ml of
0.05 N water base solutions in sealed flasks. The
suspensions were shaken at least 16 h, and then
filtered. The excess of base remaining in the
solution was determined from back-titration after
adding an excess of standard HCI water solution. It
was assumed that NaHCO; was capable of
neutralizing all carboxylic groups, Na;COs; -
carboxylic and lactonic groups, NaOH - carboxylic,
lactonic and phenolic groups, and sodium ethoxide
was assumed to neutralize all acidic groups [14].
The total number of basic sites was determined by
titration with 0.05 N HCI [15]. The procedure is the

same as above mentioned, as back-titration of the
excess of HCI was performed using titration with
0.05 N NaOH water solution.

The point zero charge (pHyzc) was determined by
inserting six portions of 50 ml 0.1 M NaCl solutions
in six closed Erlenmeyer flasks. The pH of the
solutions (pHo) in each flask was adjusted to values
2,4, 6,8, 10 and 12, respectively, by adding 0.1M
HCI or 1 M NaOH solutions. Furthermore six
portions of 0.2 g adsorbent were added and agitated
in a shaker for 1 h, and allowed to stay for 48 h
(with intermittent manual shaking) to reach
equilibrium. Then, the final pH vaues (pHs) of
supernatant liquids were measured [16]. The value
of pHpz is determined in the case when pHo= pHs.

The infrared measurements were performed
by Bruker Tensor 27 FTIR Spectrometer in the
range 4000 - 400 cm* with a resolution of 1 cm™ by
means of reflection technique using an MIRacle-
Diamond/ZnSe Crystal Plate ATR accessory (Pike
technology).

pH determination

The following procedure was carried out: 4.0 g
of carbon was put into a 250 cm?® beaker and 100
cm?® of distilled water was added. The beaker was
covered with a watch glass and heated to a boiling
temperature for 5 min. The mixture was then set
aside and the supernatant liquid was poured off at
60°C. The decanted portion was cooled down to
room temperature and measured to the nearest 0.1
pH value [17].

Adsorption measurements

The adsorption capacity of the carbon toward
PCP was determined by the following procedure:
0.1 g portions of the activated carbon were added to
four aqueous solutions (50 cm® of PCP with
different concentrations - 0.01, 0.02, 0.025, 0.03 g/I,
respectively.  The initial and equilibrium
concentrations of the PCP in the solution were
determined  spectrophotometrically by UV
spectrophotometer Pharo 300 at 305 nm. The effect
of pH on PCP removal was studied using 0.1 g
activated carbon and 0.03 g/l water solution of PCP.
The pH is adjusted by HCI and NaOH water
solutions.

RESULTS AND DISCUSSION
Chemical characterization

The chemical analysis of activated carbon is
presented in Table 1. The results show that hydro-
pyrolysis increases carbon and oxygen content. The
activated carbon sample has very low ash content
and high hydrogen content, whereas sulfur content
decrease two times during hydro-pyrolysis.
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Table 1. Chemical characterization of activated carbon.

Sample Wa Al C H N S 0
wt.% wt.% wt.% wt.% wt.% wt.% wt.%
AC 2.02 2.78 84.54 2.18 1.65 0.02 11.52

W2 — water content, ash free basis; A? — ash content, dry basis

Textural characterization

Porosity has strong effect on the adsorption
properties of activated carbon. The pore structure of
obtained activated carbon was investigated by N
gas adsorption. Textural characterization was
carried out by measuring the N; adsorption
isotherms at —196°C. The nitrogen adsorption
isotherms of the activated carbon are presented in
Fig. 1. Analysis of nitrogen adsorption data shows
that activated carbon from mixture of polymer
waste and phenol-formaldehyde resin has high
surface area (Sger) and well-developed pore
structure. The part of the isotherms in the range of
the relatively lower pressures has a steep increase
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with a tendency for saturation, which is typical for
microporous adsorbents. The obtained N
adsorption isotherms correspond to IV type,
according to Brunauer classification at low pressure
[13]. The main textural parameters of the prepared
carbon, obtained from the analysis of the nitrogen
adsorption isotherms, are complied in Table 2.

Our results show that using precursor mixture of
polyolefin wax and phenol-formaldehyde resin
(containing oxygen) leads to activated carbon with
high surface area. The pore volume analysis show
that this activated carbon has prevailing content of
micropores.
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Fig.1. N2 adsorption isotherm (a) and pore size distribution (b) of activated carbon at 196 °C.

Table 2. Physico-chemical characteristics of the activated carbon.

BET surface ~ Microporous External Total pore  Total pore  Average pore
area surface area surface area volume volume diameter
Samp|e SgeT, Smi, Sext s Vi, Vi, Dav,
m2/g m?/g m2/g cmi/g cmi/g nm
AC 870 729 141 0.59 0.38 2.7

Oxygen-containing groups

The chemical character of the surface of the
activated carbon was investigated by determining
the amount of oxygen functional groups, and also
by pH measurements and IR spectra. The oxygen-
containing functional groups are very important
specific characteristics of the activated carbon,
because they have strong effect on its adsorption
properties. The identification and quantification of
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the oxygen groups for the investigated carbon
sample are shown in Table 3. The Boehm titration
reveals that various oxygen-containing groups with
different chemical properties are present on the
activated carbon surface.

A large amount of carbonyl groups are detected
on the surface of activated carbon, prepared from
the mixture of polyolefin wax and phenol-
formaldehyde resin. The activation with water



Table 3. Quantification of oxygen groups on carbon surface (mEquiv/g)

Sample Carboxylic Lactonic Phenolic Carbonyl Basic groups pH
groups groups groups groups
NaHCO; Na;COs; NaOH EtONa HCI
AC 0.050 0.047 0.050 2.021 0.4 8.31

vapor leads to considerable increase of the amount
of basic groups, which is in a good agreement with
the pH measurements. It should be mentioned that
this distribution of the amount of different oxygen
groups is logical, because in principle the
application of the hydro-pyrolysis leads to
formation of activated carbon with basic character
of the surface.
IR spectroscopy

The IR spectroscopy results confirm the presence of
oxygen-containing groups on the surface, which
increase the adsorption properties of activated
carbon.

IR spectra of the activated carbon sample are
presented in Fig. 2. Stretch vibrations of associated

—OH groups around 3400-3230 cm™ were detected.
The bands at 3000- 2800 cm™ are due to aliphatic
stretching vibrations. C-H stretching vibrations in
the region of 3000- 2800 cm? are related to
aliphatic structures. The band at 1709 cm™ could be
related to the stretching of C=0 in linear aliphatic
aldehydes, ketones and carboxyls [18, 19]. The
bands around 1660 cm® cannot be interpreted
unequivocally. They could be due to: 1) aromatic
ring stretching coupled to highly conjugated
carbonyl groups (C=0); 2) stretching vibrations of
C=C bonds in aromatic structures; 3) OH groups
[18, 19]. The bands in the region of 1200-1000 cm*
are due to C-O in complex ethers and ring
structures.
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Fig. 2. IR spectrum of activated carbon: 4000-3200 cm™ (a); 3200-2600 cm™* (b); 2600-2000 cm™* (c); 2000-1000 cm*
(d); 1000-500 cm'* (e).

Adsorption of PCP from water solution.
Adsorption Kinetics
The kinetic curves in Fig. 3 show the adsorption
behavior of PCP on the synthesized activated
carbon from water solution with PCP concentrations
of 0.01-0.03 g/l. PCP adsorption increases sharply
at short contact time. The adsorption process is
quite fast and efficiently illustrates that the
adsorption of PCP is completed almost on the whole
surface of activated carbon. Furthermore, the

adsorption capacity increases slowly and the
adsorption equilibrium is established within 10 min.
The removal curves are smooth and continuous,
leading to saturation, suggesting the possibility of
formation of monolayer coverage of PCP on the
surface of the adsorbent [20]. However, the low
amount of basic functional groups and saturation of
less accessible adsorption sites could lead to delay
of the adsorption process.
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Fig. 3. Effect of treatment time and initial PCP concentration on the adsorption of PCP. Conditions: activated carbon
amount - 0.1 g per 50 ml solution; PCP concentrations - 0.01, 0.02, 0.025, and 0.03 g/I.

Adsorption of PCP from water solution.
Adsorption isotherms

The isotherms are obtained using a similar
procedure as for the adsorption experiments
previously mentioned. The adsorption capacity was
investigated for different initial concentrations
(0.01-0.03 g/l) for PCP for 60 min (Fig. 4). The
adsorption isotherm for PCP was described by the
well-known adsorption isotherm models of
Langmuir and Freundlich. The Langmuir model
isotherm based on monolayer adsorption is
expressed as follows [21]:

Ce/qe = Ce/qm+ 1/(b Qm) (1)

where ge is the equilibrium PCP concentration on
the adsorbent (mg/g), C. - the equilibrium PCP
concentration in the solution (mg/l), gm - the
monolayer adsorption capacity of the adsorbent
(mg/g), and b is the Langmuir adsorption
equilibrium constant (I/mg), related to the free
energy and the affinity of adsorption.

Freundlich  isotherm  for sorption on a
heterogeneous surface is expressed as follows:

logQe = logKs + (1/n)logCe 2

where K is a constant related to the adsorption
capacity, and n is an empirical parameter,
corresponding to adsorption intensity, which
depends on adsorbent homogeneity (Fig. 5).

The values of the applied equations of the
models are presented in Table 4.

The maximum adsorption capacity calculated
from Langmuir equation is 29 mg/g, which is the
highest value in comparison with other activated
carbons, obtained from different raw materials [25,
26].
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Table 4. Data for PCP adsorption obtained from
Langmuir and Freundlich plot

Model Parameters R (linear
regression
coefficient)
Langmuir Qo =29 mg/g ; 0.97144
b =4.741/mg
Freundlich Ki=63.68; 0.98261
n=0.9143
0014—‘ .
0012:
%7 0010: u -
c:“’ 0v008-.
Om oooe:
0004:
0.002-‘1
0.000 +—+—7"—"——"7F"—r—1T—"—""T""—""T"—"T"—"T"—"T"—"T"—T"—T
0.00 0.02 0.04 006 008 0.10 0.12 0.14 0.16 0.18 0.20 0.22
C,, mg/l

Fig. 4. Langmuir plot for PCP adsorption on activated
carbon. Conditions: PCP concentrations - 0.01, 0.02,
0.025, 0.03 g/l; 60 min contact time; activated carbon
amount - 0.1 g per 50 ml solution.

Effect of pH on adsorption

The pH of the solution is related to the surface
chemistry of adsorbent and chemistry of adsorbate.
In order to find optimum pH for maximum PCP
removal onto activated carbon, the experiments
were performed in the pH range from 2 to 10, using
adsorbent amount of 0.1 g activated carbon and
0.03 g/l PCP water solution. The pH is adjusted by
addition of hydrochloric acid and NaOH. The
results are presented in Fig. 6.
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Fig. 5. Freundlich isotherm of PCP adsorption.
Conditions: activated carbon amount 0.2-0.8 g; time of
treatment 60 min.
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Fig. 6. Effect of pH on PCP removal. Conditions: time
of treatment - 60 min, activated carbon amount - 0.1 g
per 50 ml solution; PCP concentration - 0.03 g/I.

The effect of pH on PCP removal by the
activated carbon can be explained by the surface
chemistry of the adsorbent and the chemistry of
PCP in solution. The carbon surface is positively
charged at pH < pH,;c and negatively charged at pH
> pHpc [22]. It is also important to mention that
PCP is the strongest acid among phenol derivates,
with pKa value of 4.75 [23]. Thus, PCP in water
solution will be mainly in protonated form at pH <
pKa, and in deprotonated form at pH > pKa [22].

As can be seen from Fig 6, the maximum uptake
of PCP by activated carbon was achieved at pH = 7.
At pH =7 PCP is dominantly in deprotonated form.
Therefore attraction forces appear between PCP
ions and the adsorbent surface. According to [24],
at pH ~7 the adsorbent will tend to adsorb
preferably cations, due to the cooperative effect of
the net negative surface charge.

At pH values lower than adsorbent pHp., the
removal of PCP by activated carbon was minimal
because of the repulsive forces existing between the
positively charged activated carbon surface and the
PCP present in water solution in its protonated

form. The removal of PCP by activated carbon
decreased sharply at pH > 7. This observation was
attributed to the fact that at pH values higher than
pHpzc, the adsorbent surface will be negatively
charged. At the same time, PCP in the water
solution exists entirely in the anionic form at neutal
and basic pH. Therefore electrostatic repulsion
between the negatively charged adsorbent surface
and the anionic form of PCP in water solution will
appear at lower adsorption.

CONCLUSIONS

Activated carbon prepared from polymer waste
(polyolefin wax) and phenol-formaldehyde resin
has been successfully used as adsorbent for the
removal of PCP from aqueous solution. The
adsorption of PCP attains equilibrium in a short
time of 10 minutes. The adsorption was found to
follow Langmuir and Freundlich equations, as the
Langmir model showed better fit to the
experimental data. The maximum adsorption
capacity calculated from Langmuir equation is 29
mg/g, which is the highest value in comparison
with other reported activated carbons obtained from
different raw materials.
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In this study it was demonstrated for the first time that the application of silver modified nanoporous silica as a
carrier of natural flavonoid quercetin leads to the formation of efficient dermal formulation. By direct or post synthesis
methods finely dispersed silver nanoparticles can be stabilized in the channels or on the outer surface of nanoporous
silica support. High quercetin loading capacity (over 40 wt. %) could be achieved on the parent and Ag-containing
MCM-41 samples. The in vitro release process at pH=5.5 showed slower quercetin release from Ag-modified MCM-41
samples compared to the parent one. The cytotoxic experiments evidenced that quercetin encapsulated in Ag-modified

silica carriers has superior antineoplastic potential against HUT-29 cells compared to free drug.

Keywords: silver, quercetin, nanoporous silica, spherical MCM-41.

INTRODUCTION

In the recent years several efficient nanoporous
silica based drug delivery systems have been
developed [1,2]. Nanoporous silica carriers (SBA-
15 or MCM-41) are biocompatible materials and
have the capability both to load nanosized metal
particles into the channels and to be functionalized
with organic groups [3,4]. The functionalization of
the silica surface (inside the channels and/or the
outer surface) not only can enhance the adsorption
of drug molecules but give opportunities to modify
the release properties. The effect of modified drug
release can be combined with the antibacterial
effect of metallic nanoparticles, such as silver.
From antiquity silver has been used as a
disinfectant and for the treatment of burns,
ulcerations and bacterial infections. The silver
nanoparticles are widely explored and applied
because their toxicity to human cells is quite lower
than to bacteria and they had broad spectrum of
antimicrobial activity and low propensity to induce
bacterial resistance [5]. Silver nanoparticles can be
stabilized in the channels or on the outer surface of
mesoporous silica supports, and besides the empty
channels can be loaded by biologically active
molecules.

Flavonoids are natural pigments found in many
plants and fruits and they possess high antioxidative

dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-
one, Fig. 1) is the most widespread flavonoid with
the highest antioxidant activity among flavonoids.
It was chosen in our study due to its interesting
biological and pharmacological effects, such as
anti-inflammatory, antiallergenic, antiviral,
antibacterial and anticancer [6]. Biological activity
of the quercetin is characterized by multiple
mechanisms, including scavenging reactive oxygen
species (ROS) [7], inhibition of lipid peroxidation
[8], and chelating metal ions [9].

Due to their potential beneficial effects in the
prevention of oxidative stress, antioxidants are
studied not only for oral administration but also for
dermal applications for protection against UV
radiation damage [10,11] or for prevention of skin
cancer [12,13]. Their use as pharmaceutical agents
is extremely limited by their low water solubility
and high instability in a neutral and alkaline
medium [14]. To overcome this major hurdle and to
increase quercetin’s bioavailability, quercetin was
loaded in delivery systems on the basis of
mesoporous silica materials.

In this study silver nanoparticle containing
mesoporous silica MCM-41 carriers, prepared by
direct synthesis or post synthesis method, were
loaded with quercetin. In vitro release profiles of
quercetin from parent and Ag modified mesoporous

and antiradical activities. Quercetin (2-(3,4-  Silica particles were studied in respect of their
possible application as dermal formulations against
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cutaneous T-cell lymphoma. The cytotoxic
potential of non-loaded and quercetin loaded
particles was investigated against two types of
human cells, including HUT-29 cells as a model of
CTCL in vitro.

OH O
Figure 1 Molecular structure of quercetin.

EXPERIMENTAL
Materials

Cetyl trimethyl ammonium bromide (CTAB),
Quercetin  (>99.5%) and tetraethyl orthosilicate
(TEOS) were purchased by Aldrich.

Synthesis of siliceous MCM-41 material

Spherical nanosized (100 nm) MCM-41
particles were prepared according to the procedure
of Huh et al. [15]. This sol-gel procedure is carried
out at 80°C in water solution with NaOH as a
catalyst. The silica source was tetraethyl
orthosilicate (TEOS), and hexadecyltrimethyl-
ammonium bromide (CisTMABI) was applied as
template. The relative molar composition of the
reaction mixture was: 1 TEOS: 0.12 C1sTMABT:
0.31 NaOH: 1190 H,0. The formed gel was aged at
80°C for 2 h, than washed with distilled water until
neutral pH, and dried at ambient. Template was
removed by heat treatment in air at 450°C for 5Sh
with a heating ramp of 1°C/min.

Direct synthesis of Ag-MCM-41

Silver nanoparticles were loaded to the silica
carrier by the template ion-exchange method of Gac
et. al.[Error! Bookmark not defined.]. The
template containing MCM-41 material was ion-
exchanged by refluxing it at 80°C with 0.036 M
AgNO3 solution (50 ml/g MCM-41) for 20 h, and
then filtered on 0.2 um membrane filter, and
washed with distilled water. The ion-exchanged
material was heat treated in air at 550°C for 5 h
with a heating rate of 1°C/min. Silver containing
MCM-41 sample prepared by template ion-
exchange method was designated as Ag-MCM-
41(DS).
Post synthesis modification of MCM-41 with Ag

Modification of MCM-41 with AgNOs; by
incipient wetness impregnation technique was
52

applied for loading of 2, 4 and 5.5 wt. % silver. In a
typical experiment silver nitrate — 9.45 mg, 18.9 mg
and 259 mg for 2, 4 and 55 wt. % silver,
respectively, was dissolved in 1 ml ethanol (99.9%)
and 300 mg of mesoporous support (MCM-41)
were added. The functionalization was performed at
room temperature. Samples were calcined in air at
450°C for 3 hours and designated as XAgMCM-
41(PS) where x= 2,4 or 5.5 wt.% Ag.

Loading of quercetin on silver modified
nanoporous MCM-41 materials

Ag modified materials and quercetin in ratio 1:1
were stirred in 1 ml ethanol (99.9%) and then dried
at 50°C till the total evaporation of the solvent. The
quercetin  loaded MCM-41 formulation was
designated as AgMCM-41(DS)Qu, and XxAgMCM-
41(PS)Qu, where x= 2, 4 and 5.5 Ag wt.%.

Characterization of the samples

X-ray patterns were recorded by a Philips PW
1810/3710 diffractometer with Bregg-Brentano
parafocusing geometry applying monochromatized
CuKa (A=0.15418 nm) radiation (40 kV, 35 mA)
and a proportional counter.

Nitrogen physisorption measurements were
carried out at 77 K using TriStar Il surface area
analyzer, Micrometrics. The specific surface area
was calculated applying BET (Brunauer—Emmett—
Teller) method to the monolayer adsorption region
on the isotherms observed in the range of relative
pressures p/p, from 0.02 to 0.1. The pore-size
distribution was calculated from desorption branch
of the isotherms with the BJH (Barrett-Joyner-
Halenda) method. Silica samples were pre-treated
at 200°C, whereas drug loaded materials at 80°C
for 5 h before measurements [17,18].

TEM images were taken by using a
MORGAGNI 268D (100 kV; W filament; point-
resolution = 0.5 nm) electron microscope. Samples
were suspended in small amount of ethanol and a
drop of suspension was deposited onto copper grid
covered by carbon supporting film and dried at
ambient.

Thermogravimetric measurements were
performed with a Setaram TG92 instrument with a
heating rate of 5 °C/min in air flow.

In-vitro release study

An in-vitro quercetin release study was
performed in buffer (pH = 5.5) at 37°C. The drug-
loaded particles (2 mg) were incubated in 200 ml
phosphate buffer with pH=5.5 at 37°C under
stirring (300 rpm). At appropriate time intervals, 3
ml samples were withdrawn from the release
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medium and analyzed with UV-Vis spectroscopy at
a wavelength of 367 nm. The concentration of the
released quercetin was calculated according to the
standard curves prepared in pH=5.5 solution
(r>0.9993).

Cell lines and culture conditions

The cell lines HEK-293 (human embryonal
kidney cells) and HUT-78 (cutaneous T-cell
lymphoma - CTCL) were supplied by DSMZ
GmbH, Germany. Cells were cultured routinely in a
controlled environment: 37°C in 5% COz
humidified atmosphere. All cell lines were
maintained in RPMI 1640 supplemented with 2
mM L-glutamine and 10% fetal calf serum. The cell
lines were subcultured biweekly to maintain
continuous logarithmic growth.

Cytotoxicity assay

Cell survival was evaluated by using the
standard MTT-dye reduction assay (Mosmann,
1983) with slight modifications (Konstantinov et
al., 1999). The method is based on the ability of
viable cells to metabolize a yellow tetrazolium salt
to a violet formazan product which is detected
spectrophotometrically at 527 nm. Exponentially
growing cells were plated in 96-well sterile plates
at a density of 10 cells/ well in 100 uL of medium
and were incubated for 24 h. Thereafter the
guercetin and the tested mesoporous silica particles
were applied for 72 h, whereby for each
concentration a set of 8 wells was used. After a 72-
h continuous exposure period, 10 pL aliquots from
a 5 mg/ml MTT solution were added to each well
and the plates were further incubated for 4 h at

formazan crystals yielded were solubilized by
addition of a 5% solution of HCOOH in
isopropanol. The MTT-formazan absorbance was
read on a microprocessor controlled multiplate
reader (Labexim LMR-1). The cell survival data
were normalized as percentage of the untreated
control (set as 100% viability) and were fitted to
sigmoidal dose response curves and the
corresponding 1Cso values (concentrations causing
50% suppression of cellular viability) were
calculated.

RESULTS AND DISCUSSION
Material characterization

Low and high angle XRD powder patterns of
pure silica and silver containing MCM-41
materials, and their Qu loaded varieties are shown
in Fig. 1. AgMCM-41 samples prepared by
template ion-exchange method or post synthesis
modification show the typical patterns of highly
ordered hexagonal phase. The intensity of (100)
reflection is lower than that of parent silica material
indicating some decrease of structure ordering after
modification with Ag. More significant intensity
decrease and broadened reflections are observed for
the functionalized and quercetin loaded mesoporous
samples, indicating some loss of structure ordering
or pore filling (not shown).

Reflection characteristic of the crystalline form
of Ag could be observed only for AgMCM-41
prepared by direct synthesis and 5.5AgMCM-41
prepared by post synthesis method. For other
samples containing lower amount of Ag, crystalline
Ag was not registered (Fig.1 A).

37°C in a humidified 5 % CO. atmosphere. The
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Fig. 1 XRD patterns of silver containing nanoporous pure silica and silver modified silica samples (A) and their Qu
loaded varieties (B).
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High angle XRD patterns of quercetin loaded
parent and silver modified silica carriers are shown
in Fig. 1 B. Reflections of quercetin can be
observed on all samples. This is evidence that
guercetin is not only contained in the pore channels,

but can be found on the outer surface of the small
nanoparticles or in the voids among the particles.
Quercetin can be found in its anhydrous form after
loading due to its recrystallization in the ethanolic
media.
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——AgMCM-41Qu(DS)

1000
| —o—2AgMCM-41(PS)
9001 —o—4AgMCM-41(PS)
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n { —+— MCM-41
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Fig. 2 N2 physisorption isotherms of pure silica, silver containing and quercetin loaded varieties of nanoporous silica
materials.

The above observations were supported also by
the N2 adsorption data (Fig. 2). Textural parameters
are summarized in Table 1. The isotherms of pure
silica and silver modified MCM-41 materials
exhibited a sharp increase at a relative pressure of
p/po= 0.2-0.4, which was associated with capillary
condensation in the channels and narrow pore size
distribution (Fig. 2). The isotherms of the MCM-41
samples were reversible and did not show any
hysteresis loop. Specific surface area and the total
pore volume of Ag-modified MCM-41 sample are
slightly lower in comparison with the parent
material. However, after quercetin loading textural
parameters of the samples show a significant
decrease in the surface area and total pore volume,
due to the macrovoid filling revealed by the slower
adsorption at high p/po.
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Fig. 3 TEM images of 5.5AgMCM-41(DS) (A) and 4AgMCM-41(PS) (B) samples

The modification by silver does not influence
the original morphology of MCM-41 material as
evidenced by TEM investigations (Fig. 3).
AgMCM-41 and 5.5AgMCM-41 (Fig.3) show the
typical 100 nm spherical particles and the channel
system is well preserved. Silver nanoparticles with
different dispersity, among 5-20 nm, can be
observed on the images. These results are in
accordance with XRD results showing the presence
of separate silver phase on the outer side of the
particles.

Diffuse reflectance UV-Vis spectroscopic
investigation evidenced the formation of Ag
nanoparticles and incorporation of Ag into the silica
matrix. UV-Vis spectra of the parent and the silver
modified silica carriers can be seen in Fig. 4. The
spectra of the samples prepared by post synthesis
method show an intensive peak at around 400 nm
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which is due to the formation of Ag nanoparticles
[19, 20]. The registered peak at 280 nm in the
spectrum of AgMCM-41 can be assigned to the
presence of silver ions [19].

2.0

T

AgMCM-41(DS)

400

T

5.5AgMCM-41
(PS)

1.5

/ 4AgMCM-41
(PS)
1.0

0.5

Kubelka-Munk units

0.01
200

300 400 500
Wavelenght (nm)

Fig.4 UV Vis spectra of the studied silver containing
MCM-41 samples.

600

Adsorption of quercetin

Quercetin was adsorbed on silver containing
samples by dissolving it in ethanol (99.9%). Qu
penetrated into the channels of silica carrier and
partial pore filling was achieved, evidenced by the
N2 physisorption data (Fig 2, Table 1). However,

according to the XRD patterns of the Qu loaded
silica materials (Fig. 1 B) some amount of Qu can
be found as a separate phase in the sample as well.
The amount of quercetin loaded in the mesopores
of Ag-modified MCM-41 was quantified using
thermogravimetry (TG, Fig 5). TG data are
presented in Table 1. The studied samples showed
high loading capacity of quercetin (44 -50 wt. %)
The loaded amount of quercetin is higher for the
silver modified sample prepared by direct synthesis

(50 wt.%).
0 _ T

£ .20- 2AGMCM-41(PS)Qu
S |
= 5.5AgMCM-41 \\ #AgMCM-41(PS)Q
5 .40/ (PS)Qu e |
=

AGMCM-41(DS)Qu” 1 Zgo0°C

-60

100 200 300 400 500 600 700 800

Tempereature (°C)

Fig. 5 Thermogravimetric curves of Qu loaded silver
MCM-41 samples.

Table 1. Composition and textural properties of the studied samples.

Samples ao? Qu content BET surf. area Total pore vol. PDP

(nm) (mg/g) (m?/g) (cm*g) (nm)
MCM-41 4.4 - 1175 0.970 2.7
AgMCM-41(DS) 4.3 - 927 0.760 2.6
2AgMCM-41(PS) 4.2 - 1170 0.820 2.7
4AgMCM-41(PS) 4.3 - 1162 0.790 2.7
5.5AgMCM-41(PS) 4.3 - 1097 0.750 2.8
AgMCM-41(DS)Qu 4.3 50.0 430 0.371 2.6
2AgMCM-41(PS)Qu 4.2 44.0 539 0.380 2.8
4AgMCM-41(PS)Qu 4.2 44.7 568 0.400 2.8
5.5AgMCM-41(PS)Qu 4.1 44.0 530 0.370 2.8

3 Unit cell parameter (ao = 2d1 o0(37*2).
b Mean pore diameter calculated by the BJH method.
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Fig. 6 In vitro release of quercetin from parent and Ag-
modified MCM-41 carriers.

In vitro release of quercetin
The in vitro release of Qu from all samples was
investigated in a phosphate buffer (pH=5.5). The
latter pH value is widely applied for in vitro
experiments for dermatological formulations. The
drug release profiles are presented in Fig. 6. As
evident from the presented data the parent

burst quercetin release where over 60 % of the
encapsulated quercetin is released within 30
minutes. Contrary, the silver-modified silica
formulations' showed slower drug release and thus
within 6 h the Qu release reached not more the 36
%. Probably the main part of quercetin remains in
the pores of the silica carrier.

Cytotoxicity assessment

The cytotoxicity potential of mesoporous silica
non-modified or Ag-modified nanoparticles was
determined in two human cell lines with different
cell type and origin, namely non-malignant HEK-
293 and malignant HUT-78. The two cell lines
were chosen in order to discriminate between the
growth inhibitory potential of tested systems
against non-tumorigenic and malignant cell lines, as
the lack of toxicity is an important requirement for
all materials used in preparation of drug delivery
systems. In addition a comparative evaluation of
the cytotoxic effect of quercetin loaded system vs.
free drug (ethanol solution) in the above mentioned
cell lines was performed. HEK-293 cells represent
non-cancerous epithelial cells, whereas HUT-78 are
a suitable model for cutaneous T-cell lymphoma.

mesoporous MCM-41 silica are characterized with

100/ | .

—— 2AgMCM-41(PS)Qu
< ~ —+ 4AgMCM-41(PS)Qu
S 90| AgMCM-41(DS)Qu
% 7 -

(&]
o 801 |
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S - HEK-293 IHUT-29
0O 50 100 150 200 O 50 100 150 200

Qu conc. (uM)

Qu conc. (uM)

Fig. 7. The concentration-response curves determined by the MTT-dye reduction assay after 72 hours continuous
exposure. Concentration range of 25-200 uM quercetin corresponds to 0.2-1 mg/ml of mesoporous silica particles. Each
data point represents the arithmetic mean + SD of 8 separate experiments.

Table 2 Equieffective concentrations of tested quercetin formulations, vs. the free drug.

Cell line I1Cs0 (ULM)
Quercetin 2AgMCM-41Qu 4AgMCM-41Qu AgMCM-41Qu
(Qu) (PS) (PS) (DS)
HEK-293 n.d. n.d. n.d. n.d.
HUT-78 174.8 105.53 59.6 68.4

The growth inhibitory concentration-response
curves are presented in Fig. 7 and the
corresponding equieffective IC 50 values are
summarized in Table 2. Evident from the growth
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inhibitory concentration-response curves shown in
Fig. 7, the non-loaded silica particles, as well as
their quercetin loaded counterparts and quercetin
itself, failed to induce any significant decrease in



I. Trendafilova et al.: Silver and quercetin loaded nanostructured silica materials as potential dermal formulation

cell viability of non-malignant HEK-293 cells even
at the highest dose of 200 pM and furthermore in
the whole tested concentration range 1Cso were not
reached (Table 2). In contrast in malignant HUT-78
cells all tested formulations exerted clear
concentration dependent cytotoxic effect. These
findings show that the tested compounds are
characterized with high selectivity against
malignant cells and are non-harmful for normal
cells. In addition to their selectivity quercetin
loaded mesoporous silica nanoparticles were
superior in terms of cytotoxic activity as compared
to the free drug. The concentration-response curves
were shifted to the lower concentrations and
respectively the 1Cso values were app. two folds
lower as compared to those of free quercetin,
applied as an ethanol solution. This effect was more
pronounced in quercetin loaded 4AgMCM-41
particles prepared by direct synthesis, causing more
than 60 % eradication of viable cells at the highest
concentration.
CONCLUSIONS

In this study it was shown that silver modified
MCM-41 materials are suitable carriers for
bioflavanols, such as quercetin, to design dermal
delivery systems. It was found that nanoporous
silica materials can be easily modified by direct or
post-synthesis  methods to prepare  silver
nanoparticles inside the channels or on the outer
surface of the particles. Incipient wetness
impregnation method was used for quercetin
loading on parent and Ag-modified mesoporous
carriers. High quercetin loading capacity (over 40
wt. %) was registered on all samples. The in-vitro
release process at pH=5.5 showed lower and
incomplete quercetin release for silver modified
samples in comparison with the parent MCM-41
possibly due to the formation of complex between
guercetin and Ag. High quercetin loading and
controlled release indicate that the obtained
delivery systems are promising for dermal
application. The cytotoxic experiments show that
guercetin encapsulated in Ag-modified silica carrier
(4 wt. % Ag) prepared by post synthesis proved to
exert superior antineoplastic potential against HUT-
29 cells compared to free drug.
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MOANPUINPAHU CHC CPEBPO HAHOCTPYKTYPHU CUJIIMKATHN MATEPUAIJIN,
HATOBAPEHMU C KBEPLIETUH, KATO IIOTEHLIMAJIHM JEPMAJIHU IIPEITAPATHU

Us. Tpennadunosa'*, JI. Momekosa?, A. Cerean®, I'. Momekos?, [I. 3rypesa’, C. Boiuesa*, M. ITomosa®

YUnemumym no opeanuuna xumus ¢ Llenmop no gpumoxumus, BAH
2 @apmayesmuuen gpaxyrmem, Meouyuncka axademus, Cogus
$Uscnedosamencku yenmvp no npupoonu nayxu, Hucmumym no Mamepuanu u Xumus Ha OKOIHAma cpeoa, Yuaapus
4 Kameopa monnomexnuxa u sopena enepeemuxa, Texnuuecku ynusepcumem, Coqhust

IMoctrenmna Ha 21 romwm, 2016 1. Kopurupana Ha 22 HoemBpH, 2016 T.

(Pestome)

B mactosimoro wu3cnenBaHe 3a MbpBH NBT Moauduiupad cbc cpebpo MCM-41 cunmukar e
U3MOJI3BaH, KAaTO HOCWUTEN Ha MNpUpPOJHUS (JIaBOHOMJ KBEPLUETMH M Ha HEroBa OCHOBA €
pa3paboreHa edukacHa JiekapcTBeHa Gopma. Upe3 IUPEKTeH CHUHTE3 WM IMOCTCUHTE3€H METOJ ca
MOJyYeHH M cTaOwnm3upanu (UHHO TUCIEPCHH CPeObPHH HAHOYACTHIIA B IMOPUTE WIH BBPXY
BBHIIIHATA MOBBPXHOCT HAa HAHOMOPECTHsI cuiIMKat. IlocTUrHara e BUCOKa CTENEH Ha HaTOBapBaHe C
kBepueTHH (Han 40%) KakTO MpU M3XOIHUTE, Taka U MpU cpedpo-Chabpkaiy odpasuu. In-vitro
TectoBeTe npu pH=5.5 mokasBar 3a0aBeHO OCBOOOX/IaBaHE Ha KBEPLIETHHA OT MOIU(DUIMPAHHUTE
cbc cpedbpo MCM-41 npobu, B cpaBHeHue ¢ HeMoaubuupHuTe. LIUTOTOKCUYHUTE eKCIIEPUMEHTH
MOKa3BaT, Y€ KBEPLUETHHHT HATOBAPEH B MOJU(PHUIIMPAHH ChC CPeOPO CHIIMKATHU HOCUTEIH UMa T10-
BHCOK aHTHHeoIu1acTuyeH norennuan cpemy HUT-29 kneTku B cpaBHEHHE € YHCTOTO BEIIECTBO.
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Molten salt reactions between dittmarite-type NH4FePO4.H20O and different lithium eutectic
compositions are systematically investigated in order to obtain at low temperature olivine-type
LiFePOs which is valuable electrode material for lithium-ion batteries. Nanosized LiFePO4 powder
is successfully prepared by topotactic reactions using LiCI-LiOH eutectic compositions at 277-325
°C for short reaction time of 60—90 min. It is well crystallized with a preferred crystallite orientation
along a-crystallographic axis. The prepared LiFePOa is characterized by a plate-like morphology
inherited from the iron precursor. The micrometer LiFePO4 plates are composed of nanosized
spherical particles with dimensions about 50 nm which is favorable for further electrochemical

performance.

Keywords: LiFePO4, Phospho-olivine, Molten salts reactions, Lithium-ion batteries

INTRODUCTION

The iron-based compounds are very desirable as
electrode materials in alkaline-ion batteries since
they meet in largest extend the increasing
environmental and economic requirements for
usage of low-cost nontoxic metals. Among the iron-
based polyanion compounds, LiFePO, is the most
attractive  electrode material already found
application in high-power batteries for hybrid
electric vehicles [1,2]. It belongs to phospho-
olivine family, LIMPO4 (M?* = Fe, Mn, Co, Ni) that
is characterized by a stable crystal structure based
on three-dimensional phosphate framework. The
phospho-olivine structure presents one-dimensional
edge-sharing LiOs octahedra which define an
energetically ~ favorable  pathway for  Li*
intercalation.  LiFePOs  exhibits  remarkable
electrochemical storage properties in terms of
excellent safety due to the intrinsic lattice and
thermal stability in both lithiated and delithiated
states, long cycle life and reasonable energy density
[1,2].

One of the electrochemical characteristics of
LiFePO, electrodes needed to be improved is the
low rate capability owing to low electron and ion
conductivity. One of the prerequisites for
overcoming the problem is that phospho-olivines
have to be prepared as nanosized materials [3,4]. In
this regard “soft chemistry” routes are particularly
recommended [3]. More recently, we have
demonstrated  that manganese = compounds

* To whom all correspondence should be sent:
E-mail: vkoleva@svr.igic.bas.bg

MMnPO..H,0 (M* = K, NH,) having a dittmarite-
type structure can be effectively used as structure-
directed precursors for low temperature synthesis
(200-270 °C) of both lithium and sodium
manganese phospho-olivines [5-8]. Due to the same
topology of MZ%*-PO,*layers in the dittmarite
structure (along b-axis) and olivine structure (along
a-axis) [9,10], the transformation of dittmarite- into
olivine-type structure follows a topotactic pathway
by direct ion exchange of K* or NH.* for Li*
(accordingly Na*). In present paper we have
extended our studies on the preparation of LiFePO,
by ion exchange in molten lithium salts using
dittmarite-type NH4FePO4.H,O. This precursor is
cheap, easily obtained, remains stable and retains
the Fe?* state for long time.

There are only few reports on successful use
of NH4FePO4.H,0 as a reagent for the preparation
of LiFePOQsa. Ellis et al. [11] have obtained LiFePO4
with a unique tablet-shaped morphology at
hydrothermal conditions using NH4FePO4.H,O and
LiOH. Solid state reaction between NH4FePO4.H,O
and Li,COs in the presence of sugar at temperatures
between 600 and 850 °C for 12h also vyields
LiFePO4 [12].

EXPERIMENTAL

Precursor preparation
The precursor NH4FePO4.H20 is prepared
by a precipitation reaction between aqueous
solutions of (NHa)2Fe(SO4)2 (120 ml 0.65M
solution) and (NHs):HPO; (200 ml 2M
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solution). To prevent the oxidation of the Fe?*
sulphate were added to the iron solution. The
precipitation was performed at temperature
higher than 70 °C in order to avoid the
crystallization of NH4FePO4.6H.O having a
struvite-type structure. So that, both solutions
were preliminary heated to about 75 °C before
mixing. The precipitate is left in the mother
solution for 3-4h to achieve a better
crystallinity of NHsFePO4.H2O. Then, it is
filtered, washed and dried at room temperature.

LiFePO4 preparation

The reactions between NHsFePO4.H.0O
and molten lithium salts are examined
following, in general, the synthetic procedure
already developed in the case of manganese
dittmarites [5-8]. NH4FePO4.H>O and lithium
salts are thoroughly ground, the reaction
mixture is rapidly heated in an argon flow to
the given reaction temperature (in the case
melting point of the lithium salts). After
definite reaction time, the product is cooled to
room temperature, washed thoroughly with
water and ethyl alcohol (96 %) to remove the
biproducts and unreacted salts, filtered and
dried in air for about 5-6 h. We have
performed experiments with three different
lithium eutectic compositions having low
melting points between 270 and 325 °C. Based
on our previous experience [5,8] we have used
small excess of the lithium salts for very short
reaction times of 60 and 90 min. The detailed
description of the experimental conditions and
sample labeling are given in Table 1. Thus
prepared samples are additionally annealed at
500 °C for 10 h in argon flow and these
samples are briefly designated as LFP2-500,
LFP3-500, LFP4-500 and LFP5-500 (the
numbers 2, 3, 4 and 5 correspond to the
synthesis parameters according to Tablel). All
reagents used are of analytical grade.

Methods of characterization

The XRD patterns are recorded on a
Bruker Advance 8 diffractometer using CuKa
radiation. The lattice parameters are calculated
by WinPlotr programme. The TG-DTA
analysis of NH4FePO4.H20 is performed using
LABSYS™ Evo apparatus (SETARAM) in an
argon flow at a heating rate of 5 °C/min up to
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ions, several milligrams of hydrazine
700 °C. The infrared (IR) spectra are measured
on a Fourier transform Nicolet Avatar-320
instrument using KBr pellets (resolution < 2
cm™). The SEM images of the precursor and
LiFePO4 powders are obtained by JEOL (JSM-
5510) scanning electron microscope.

RESULTS AND DISCUSSION
Precursor characterization

The prepared NHsFePO4.H2O is well-
crystallized and free of impurities as revealed
by its XRD pattern (Fig. 1) where all
diffraction peaks match completely these in the
reference pattern. Moreover, the XRD pattern
shows a preferred crystallites orientation along
b-crystallographic axis which is evident by the
much higher intensity of the (010) diffraction
peak than that in the reference pattern. This is a
result of the plate-like morphology of the salt
(see further) which is consistent with the
layered dittmarite-type structure [9]. The
calculated unit cell parameters are: a =
5.6605(3) A, b = 8.8178(3) A, c=4.8254(2) A
(space group Pmn2:) and they coincide very
well with the reported values from neutron
diffraction data [9].

In accordance with our previous findings
[5-8] the topotactic transformation of
NH4FePO4.H0 into LiFePO4 should include a
direct ion exchange of NH4* from the precursor
with Li* from the molten salts in the
framework of the dittmarite structure, followed
by fast release of water of crystallization. For a
successful synthesis this mechanism suggests
that the dehydration of the precursor would be
better to take place with a maximum rate at
temperatures close to the reaction temperature.
In this regard we have examined the thermal
behaviour of NH4FePO4.H20 in Fig. 2.

The TG curve shows two steps: the first
one finishes at 315 °C and the second one is
between 315 and 550 °C (Fig. 2). The course of
DTA curve is consistent with that of the TG
curve exhibiting two endothermic effects with
peak temperatures 256 and 448 °C (Fig. 2). As
in the case of NHsMnPQO4.H.O [8] the first step
is due to simultaneous release of H>O and NHs
resulting in formation of an intermediate
FeHPO,s at 315 °C (18.64 % mass loss Vs
calculated 18.73 %). Above 315°C a
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dehydration-condensation process takes and
FeoP.0O7 is a final product at 550 °C (4.52 %
mass loss vs calculated 5.93 %). The small
exothermic effect observed immediately after
this process at 546 °C is most probably due to
the crystallization of Fe:P.O7. From obtained
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Fig. 1. Experimental and reference XRD patterns of
NH4FePO4.H20. In the plot of the experimental pattern,
the scale range of vertical y axis is much extended for
better view of the diffraction peaks.

Characterization of LiFePO4

The XRD patterns of the reaction products
between NHsFePO4.H,O and three lithium
eutectic compositions are presented in Fig. 3.
The phase analysis showed that LiCl:LiNO3
eutectic composition (LFP1-270) is not
appropriate because of the complete oxidation
of Fe?* to Fe3*, although the inert atmosphere,
with formation of mixture from o-LisFe2(PO4)3
(about 75 wt %) and a-Fe2O3 (about 25 wt%)
(Fig. 3). The replacement of LiNO3z by LiOH in
other eutectic compositions (Table 1) gave a
positive effect and in all next experiments the
major product is the target LiFePO4 (Fig. 3).
Thus, in the XRD pattern of the sample
obtained in molten LiOH:LiCl at 325 °C for 90
min (LFP2-325) only a weak peak from
admixture LisPO4 can be seen. The annealing
at 500 °C (LFP2-500) improves the
crystallinity of all reaction products, and now
the presence of biproducts LisPOs (4.5 wt %)
and a-Fe203 (3.5 wt %) becomes visible (Fig.
3). In order to increase the purity of the target
olivine phase in the next experiments we have
slightly decreased either the excess LiCl-LiOH
(LiFP3-325 in Table 1) or the reaction time to
60 min (LFP4-325 in Table 1). The XRD
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data one can conclude that the water molecule
is released from the iron precursor at
temperature that will favor the successful
transformation of dittmarite- into olivine-type
structure.
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Fig. 2. TG and DTA curves for NH4FePO4.H,0

patterns of LFP3-325 (Fig. 3) and LFP4-325
(XRD pattern not given) are the same and both
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Fig. 3. XRD patterns of: LFP1-270; LFP2-325; LFP2-
500; LFP3-325; LFP3-500 and LFP5-500. Symbols: *
denotes a-Fe,O; (PDF 01-073-0603); + denotes
LizFex(PO.)s (PDF 00-047-0107) and e denotes LizPO4
(PDF 00-15-760). The diffraction peaks without symbols
correspond to olivine-type LiFePOs..
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Table 1. Description of the synthesis parameters and sample labeling.

Sample Lithium eutectic T, °C Mole ratio Reaction
labeling compositions Li-salts:Precursor time, min
LFP1-270 LiCI-LiNO3 270 2:1 90
(0.12:0.88)
LFP2-325 LiCI:LiOH 325 2:1 90
(0.3:0.7)
LFP3-325 LiCI:LiOH 325 1.5:1 90
(0.3:0.7)
LFP4-325 LiCI:LiOH 325 2:1 60
(0.3:0.7)
LFP5-277 LiCI:LiOH 277 1.5:1 90
(0.35:0.65)

exhibit diffraction peaks only due to LFePO4 [10].
The annealed samples at 500 °C (LFP3-500 and
LFP4-500), however, contain a small amount of a-
Fe20; (about 2 wt %) according to the XRD data.
As an illustration, Fig. 3 displays the XRD pattern
of LFP3-500, while the IR spectrum of LFP4-500 is
included in Fig. 4b. We have also probed another
LiCI-LiOH eutectic composition having melting
point at 277 °C (LFP5-277 in Table 1). The result
obtained is the same as in the two previous
experiments which is evident from the XRD pattern
of the annealed sample at 500 °C (LFP5-500 in Fig.
3). In our opinion the formation of small amount of
a-Fe;03 during the ion exchange synthesis of
LiFePO. most probably arises from the presence of
residual oxygen in the argon flow. The calculated
lattice parameters of LiFePO, obtained at 325 °C
are: a = 10.3271(8) A, b =5.9912(8) A, ¢ = 4.6953
A (space group Pnma). These values are very close
to the reported data for single crystal grown by
hydrothermal method [10] as well as for
“defectless” LiFePOs4 powders obtained by other
methods [13-15]. It should be mentioned that
LiFePO, crystallites exhibit preferred orientation
along the a-crystallographic axis which is clearly
manifested by the much higher intensity of the
(200) diffraction peak than that of (311) peak. In
the case of random crystallite orientation the (311)
peak is the strongest peak in the XRD pattern of
LiFePO, [10,13-15]. This crystallite orientation is
inherited from the dittmarite precursor (the
difference in the space groups of the dittmarite and
olivine-type structures switches a and b axes)
[9,10].

The formation of LiFePO., by ion exchange
reactions is further supported by IR spectroscopy
(Fig. 4). All IR spectra are dominated by the strong
absorbance related to the fundamental vibrations of
the PO,* ions: P-O stretching vibrations in the
1137-947 cm? region and OPO asymmetric
bending vibrations in the 651-546 cm* region. The
two bands at 500 and 447 cm™ are mainly related to
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Fig. 4. IR spectra of: (a) LFP2-500; (b) LFP4-500; (c)
LFP3-325; (d) LFP3-500

the Li* translations but a mixing with the OPO
symmetric bending mode was also supposed
[16,17]. The positions of the IR vibrational bands
agree with these previously reported for well-
crystallized olivine phase LiFePO4 [16,17]. In the
IR spectrum of LFP2-500 (Fig. 4a), however,
additional shoulder at 1035 cm™ appears and it
most probably originates from LisPO, present in
this sample according to its XRD pattern (Fig. 3c).
In the IR spectrum of LisPO, the band at 1040 cm™
due to P-O stretching vibrations is the strongest
one [16]. It is important that the IR spectrum of
LiFePO, obtained at 325 °C for 90 min is identical
to that after annealing at 500 °C for 10h (Fig. 4 ¢
and d). This is an additional evidence that our
method ensures well-crystallized olivine phase
LiFePOs which remains stable upon further
annealing, although the low synthesis temperature
and very short reaction time of 60-90 min.
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Moreover, the absence of any pyrophosphate
phases gives further support that the ion exchange
between NH." and Li* occurs very quickly in the
framework of the dittmarite structure before the
precursor decomposition. This ion exchange
process is immediately followed by the H-.0
release, so that the dittmarite structure is easily
transformed in the olivine structure by a topotactic
pathway.

JSM-5518 ¢

18kU XS,@e8 4 Sk

B 16kU | X80, 008 . Srnm

Fig. 5. SEM images: (a) NH4FePO4.H,0; (b, ¢) LiFePO4
obtained at 325 °C.

The topotactic transformation is manifested by
the SEM images of NHsFePO4.H,O and obtained
LiFePO, (Fig. 5). Evidently, the plate-like
morphology of the precursor is preserved in the
reaction product. In both SEM images (Fig. 5a, b)
plates with basal dimensions of 2—7 pm are clearly
visible. At higher magnification (Fig. 5¢c) one can
see that micrometer plates of LiFePO, are
composed of spherical particles with sizes about 50
nm. The SEM particle dimensions are slightly
larger as compared to the crystallite dimensions (30

nm) determined by Scherrer equation from XRD
line broadening. This fact again evidences for the
good crystallinity of as-prepared LiFePO, powder
although the rapid low-temperature synthesis.

CONCLUSIONS

The present study confirms that the
dittmarite-type compounds are very effective
precursors for fast, low-temperature synthesis
of crystalline lithium iron and lithium
manganese phospho-olivines, LiMPO, (M?* =
Fe, Mn). In both cases the reactions between
dittmarite precursors NHsMPOs.H,O (M?*" =
Fe, Mn) and lithium salts follow a topotactic
pathway. This is manifested by the plate-like
morphology  and  preferred  crystallite
orientation of prepared LiMPOs which are
inherited from the wused dittmarite-type

precursors.
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HUCKOTEMIIEPATYPHO ITIOJIYHABAHE HA HAHOPA3MEPEH LiFePO4 YPE3 PEAKIIUIA
B CTOIIMJIKA

T. Bosmxuesa, P. CrossHoBa, E. XKeuena, B. Konesa*

Hucmumym no obwa u neopeanuuna xumus, bvicapcka akademus Ha Haykume
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Peaknuu B crommika mexny murMmaputeH-TAnl NHsFePO4.H>O w pasnuubu nUTHEBH EBTEKTHYHHM CHhCTaBU Ca
CHCTEMATHYHO H3CIEBAHH C 1€ HHUCKOTEMIIEPATypHO mMoiydaBaHe Ha onuBuHOB-TUN LiFEPOs, koiiTo e 1eHeH
CNEKTPOJIEH MaTepuaj 3a JINTHEBO-HoHHU Oartepun. Hanopasmepen LiFePOs e ycmemHo cuHTe3WpaH upe3
tornotakTHyHU peakiuu u3non3paiiku LiCl-LiOH eBrektiunm cheTaBu npu Temmnepatypu 277-325 °C 3a MHOTO KPaTKo
peaximonno Bpeme 60—-90 muH. Pocho-onmuBuHOBaTa (haza ¢ 100pe U3KPUCTATH3UPAIA C MPESANOYNTAHA OPHCHTAIIMS
Ha KpucCTanutute mo a-kpuctanorpadceka oc. IlpaxoodOpasuusit LiFePOs ce xapakrepusupa ¢ IUIOYKOBHIHA
MOp(dOJIOrHs, YHAcieAeHa OT JKeJe3HHs NpeKypcop. MHUKpOMETBHpPHUTE IUIOYKOBHIHM arperath Ha LiFePO,; ca
M3rpajieHd OT HaHOpa3MepHHW CHEpPHYHM YacTHIM ¢ pasMmepu okoso 50 HM, KoeTo e OnarompusreH (akTop 3a Io-
HATaTBIIHO ENEKTPOXUMHYHO NPHIIOKEHHE.
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Distribution phenomena in biphasic systems using slice selective NMR measurements are discussed. Two quantification
strategies are compared, demonstrating, that reliable data for the systems D,O/CDClI; are easily obtained, even on low

field spectrometer.

Keywords: Slice selection, NMR, biphasic samples, quantification

INTRODUCTION

Slice-selective  NMR is a relatively new
technique, allowing registration of spectral
information from different parts of the sample. The
idea of spatially resolved spectroscopy is not new
and numerous examples can be found in the
literature, using specialized equipment [1-3]. In the
last years its application on standard NMR
equipment is drawing increasing attention due to its
easier implementation. It is successfully used to
study diverse systems, where the sample
composition varies along the NMR tube, including
diffusion in polystyrene [4,5] agar gels [6] and
ionic liquids [7].

Surprisingly, little is done on its application on
biphasic samples. In 2000, Kozminski demonstrates
the possibility to record high resolution NMR
spectra in the system D,O/CDCI; [8]. More recent
papers investigate D,O/olive oil [9] and
D.O/octanol systems [10], but in all cases, no
attempt to derive quantitative information is made.

As a continuation of previous investigations, this
paper discusses the possibility to quantify biphasic
samples from the type chloroform/water and tries to
provide guidelines for performing that type of
analysis, using the distribution of vanillin as an
example.

* To whom all correspondence should be sent:
E-mail: yavor@orgchm.bas.bg

THEORY AND METHODS
1. Introduction to slice selection

Slice selection is achieved by the simultaneous use
of frequency selective pulses and pulsed field
gradients (PFG). Applying a gradient with strength
G in the direction of the external magnetic field
(Bo) induces linear variations in the local magnetic
fields, depending on their position (z):

B(z) = Bo + G*z 1)

Following the resonance condition, this results
in encoding of the spatial position of the spins in
their resonance frequencies:

v(2) = vo + G*z*y 2

where vq is the resonance frequency in the static
field and gamma is the gyromagnetic ratio.
Applying a frequency selective pulse during the
gradient will then affect only those resonances,
which fulfil Eg. 2. When the bandwidth is large
enough to cover the whole spectrum of the
compound under investigation, this results in the
selection of spins from a discrete region of the
sample (slice), with thickness Az, proportional to
the ratio of the bandwidth (BW) and the gradient
strength:
__ BW
TG ¥
Changing the offset of the selective pulse allows
to “scan” different parts of the sample along the
direction of the applied gradient (Figure 1).
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Figure 1. Principal scheme of slice selective NMR. The pulse bandwidth is 0.1*G*y, resulting in 1 mm slice thickness.

The fact, that only part of the sample is
observed marks the main drawback of the slice
selection approach — its lower sensitivity,
proportional to the thickness of the slice. However,
this also offers the opportunity to record series of
guantitative spectra at greatly reduced times, using
interleaved schemes of acquisition [6,11], making
the technique particularly suitable for quantification
of systems which change in time.

2. Choice of pulse sequence

The use of interleaved acquisition requires only
part of the sample to be irradiated at a time, which
is usually the case, when only frequency selective
pulses are used. In this respect, the slice selective

excitation is often the experiment of choice.
Consisting of only one pulse, it offers the best
sensitivity with minimum signal losses due to
diffusion or transversal relaxation processes.
However, when applied to biphasic samples, it
leads to the presence of artefacts, often observed in
the magnetic resonance imaging when change in
the magnetic susceptibility is present (Figure 2)
[12]. Spectra with much higher quality are acquired
when using a slice selective version of the spin
echo. The presence of a refocusing pulse flanked by
two spoil gradients effectively supresses the
susceptibility artefacts, yielding clean spectra with
excellent phase and baseline properties.

Z=+5mm
Z=-5mm
_J
Z=+5mm Uk
I ™
Z=-5mm
=i G:El aEla
7 6 5 4 3 2 1 [ppm]

Figure 2. Comparison between slice selective excitation (top) and spin echo (bottom). The corresponding pulse
sequences are shown on the right with filled and open shapes corresponding to excitation and refocussing pulses. The
used sample is 20 mM o-cyclodextrin in D0, layered on 50 mM camphor in CDCls.
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A drawback of the spin echo is the lower signal
to noise ratio, compared to the excitation scheme,
as the signal intensity depends on transverse
relaxation properties of the system and the two
spoil gradients also add possible diffusion losses
[13]. To minimize those unwanted effects, the echo
time is set to 1 ms, resulting in decrease of the
sensitivity by approximately 50%, compared to the
excitation experiment. Attempting to obtain higher
sensitivity, two additional approaches were also
examined — a mixed scheme, consisting of slice
selective excitation element, flanked by two
nonselective 180° pulses, [14] and the LOCSY
experiment [9]. In both cases susceptibility artefacts
were observed, which limits the choice to the spin
echo.

3. Quantification strategies

Commonly, quantification in the slice selective
NMR is done by conversion of the measured
absolute integral values in concentrations using
calibration curves. With samples of known
concentration, series of spectra with identical
experimental parameters are acquired and separate
curves for each slice are built. Although time
consuming, this method gives excellent precision,
as it accounts for possible diffusion and/or
relaxation processes during the experiment.

The presence of two different phases suggests
that separate calibration curves for each of the
solvents are needed. This is true for high-field
spectrometers, which are usually more sensitive to
solvent change. In this case, however, the optimal
90° pulse is practically the same - 14.1 ps for D,O
and 14.0 ps for CDCls, resulting in identical
intensity profiles (Figure 3).

The excellent agreement allows us to use single
calibration curve in the current study, but
performing that type of measurements on high-field

instruments may require separate quantification for
each solvent.

" S
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84 6 -4 2 0 2 4 6 8
Position in the sample (mm)
Figure 3. Intensity profiles, obtained for 40 mM vanillin

samples in D,O and CDCls.

An alternative approach, that could greatly
simplify the quantification process in such cases, is
the internal standardization. It relies on the
assumption, that the measured ratio of two
compounds is independent on the experimental
parameters, if no signal losses, due to diffusion or
relaxation are present. Additionally, when biphasic
samples are studied, care should be taken to
homogeneously spread the standard in both phases,
or, preferably, different standards for each phase

should be used. In this respect,
hexamethyldisloxane (HDMSO) and
tetramethylammonium bromide (TMAB),

commonly used for chemical shift referencing,
present good compounds for quantification. They
have relatively long T2 relaxation times and
diffusion coefficients, similar to vanillin, ensuring
minimal signal loss during the spin echo
experiment (Table 1).

Table 1. Diffusion and relaxation parameters of vanillin, HDMSO and TMAB.

Chloroform sample D,0 sample
Concentration (mM) | Vanillin HDMSO Vanillin HDMSO
D (m?/s) *1010 13.5 15.2 5.7 8.7
T1(s) 4.23* 2.32 1.52* 7.45
T2 (s) 3.76* 2.06 1.38* 6.31

* Values for the CH30- group

RESULTS AND DISCUSSION

Following the already mentioned considerations,
biphasic sample, containing 40 mM vanillin in the
D,O layer was prepared, and its distribution
between the two phases is measured. Preliminary
investigations revealed that the opposite approach
is not practical, as the higher solubility of vanillin
in chloroform [15] results in much slower diffusion

in the water phase. To ensure good temperature
stability, the sample is kept in the magnet for the
time of all measurements. Figure 4 summarizes the
results, which prove that both methods - using
calibration curve and using internal standard yield
satisfactory agreement, with difference in the
calculated concentrations of approximately 5 %.
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Significant  dependence of the wvanillin
distribution from the air flow, used to maintain the
sample temperature is observed (Figure 5). This
result is unexpected, as it is known, that increasing

the airflow results in better temperature stability, at
0.05 —@— 5 min.

0.04 30 min.

=—p¢= 60 min.

0.03

=~ 90 min.

=== 120 min.

Vanillin (M)

0.02

0.01

0.00———=—8—u—n
6 4 22 0 2 4 6

Distance from the interface (mm)

least in the active volume of the coil [16]. However,
recent study demonstrate, that often the sample
temperature at the bottom of the tube differs from
the one in the observable volume, thus promoting

convection flows along the tube [17].

0.05
—— 5 min.

0.04 30 min.
g - =3¢ 60 min.
£ - =90 min.
E =120 min.
; 0.02

Distance from the interface (mm)

Figure 4. Concentration profiles of vanillin in D,O/CDCI; sample at different times. The concentrations are calculated,
using calibration curve (left) and internal standard (right). The initial solution was 40 mM vanillin in D,0. Due to signal
broadening, data for the slice, containing the interface is not shown.
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Figure 5. Comparison between the distribution of 40
mM vanillin in D,O/CDCI; after 30 min. Air flows of
270 and 575 L/h were used.

EXPERIMENTAL

All experiments were conducted on Bruker
DRX 250 spectrometer (5.87 T magnet), operating
at 250 MHz H frequencies, equipped with 5 mm
BBO probe with z-gradient coil. The temperature
was maintained at 298 K, using Bruker B-VT 2000
temperature unit with airflow of 270 L/h. All
spectra were referenced against
tetramethylammonium bromide (TMAB, 3.15 ppm)
and hexamethyldisoloxane (HDMSO, 0 ppm) for
water and chloroform, respectively.

Slice selection is performed, using 2088.5 us G4
Gauss-Cascade [18] excitation pulse and 621.7 us
RSnob [19] for refocusing, both of them with
bandwidth of 3751 Hz. Combined with gradient
strength of 8.81 G/cm they produce 1 mm slices.
Changing the frequency offset for those pulses from
22506 Hz to -22506 Hz with a step of 3751 Hz,
results in 13 adjacent slices. The strength of the
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spoil gradients used in the spin echo sequence is
16.05 G/cm. The spectra are acquired with 4 scans
in interleaved mode of acquisition for a total
experimental time of 4 min.

Typical samples were prepared by using 250 pl
of chloroform, containing HDMSO in standard 5
mm NMR tube. 250 ul D20 solution of vanillin (40
mM) was carefully layered on top of it so that both
layers remain separated. The volume of both
solvents was chosen so that the interface appears in
the center of the coil as determined by the Bruker
sample depth gauge.

CONCLUSIONS

Slice-selective NMR experiments  on
D,O/CDCI; biphasic samples provide a quick and
easy technique to obtain quantitative data on
distribution processes. On low field instruments,
quantification is relatively simple, as no significant
difference between the NMR behaviour of the two
solvents is observed. As a proof of principle it is
shown, that the use of internal standard can be a
good alternative to the calibration curve method,
which could simplify the quantification on high-
field instruments, which are usually more
sensitive to changes in the solvent.
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I[TPOCTPAHCTBEHO CEJIEKTUBHA AMP CIIEKTPOCKOIIMA 3A U3CJIEJIBAHE HA
ITPOLECH HA PA3ITPEJAEJIEHUE B /IBY®A3HU CUCTEMU

S. H. Murtpes

Hnemumym no opeanuuna xumust ¢ Llenmwp no pumoxumus, Bvacapcka akademust na naykume, ya. Axao. I'. Bonues,
on. 9, 1113 Cogus

Tloctprmna Ha 16 romu, 2016 1. kopurupana Ha 29 oktomBpH, 2016 .
(Pesrome)

CraTusiTa pasmiiexia MpoIecH Ha pasmpeiesieHne B ABy(ha3Hu CHCTEMH, U3CIEABAHH C MOMOIITA HA MPOCTPAHCTBEHO
cesexkTuBHa JIMP CIICKTPOCKOIIUA. CpaBHeHI/Ie MEXKIY ABC CTPATCTHU 3a IMOJTYyYaBaHEC HAa KOJIMYCCTBCHU JTaHHU ITOKa3Ba,
Ye MoJyYaBaHETO Ha HAISKTHU JMaHHW 3a cuctemu oT tuma D,O/CDCls e necHo, mopu Ha CIEKTPOMETHD C HUCKA
paboTHa JecToTa.
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The layer by layer (LbL) technique was used to obtain a layered film consisting of two natural polyelectrolytes:
chitosan (CHI) and xanthan (X). The buildup of the film was monitored by a quartz crystal microbalance (QCM). The
obtained films showed exponential growth and, besides, some of the accumulated mass was washed away by the buffer.
This was attributed to the “free” CHI molecules which penetrate the entire film because of the initial difference of the
chemical potential in and out the film. When glutaraldehyde was added as a crosslinking agent substantial differences in
the film growth were observed. First, the crosslinked CHI layers become impermeable for “free” molecules and thus
each layer interacts only with its two adjacent layers. This leads to a linear growth of the polyelectrolyte films. Second,
crosslinking makes the outer layers stable enough to resist to dissolution during deposition of subsequent layers.

Keywords: QCM, chitosan, xanthane, thin films, drugs release.

INTRODUCTION

The Layer-by-layer self-assembly technique is a
powerful tool for production of polyelectrolyte
multilayer thin films that are widely used in drug
delivery [1], biosensors [2], food science [3] and
tissue engineering [4]. Among the polyelectrolytes,
the natural-based polymers received many
applications due to their excellent biological
performance, similarity with the extracellular
matrix and good chemical flexibility [5]. Most of
natural polyelectrolytes are polysaccharides such as
hyaluronan, chitosan and xanthan [6-8]. CHI is a
biodegradable, non-toxic and biocompatible
material which seems to be the only important
polysaccharide that charge positively in a suitable
water based solution. Due to its porous structure
and amine groups, chitosan is well-suited for
attachment of biomolecules and the chitosan films
are commonly used to elaborate selective coatings
for biosensors [9]. Another successful medical
application of CHI is its use for delivery container
where various vesicles could be filled with drugs
for controlled release after its degradation under
low pH [9].

Many of CHI properties are explained by the
presence of primary amine groups in its molecule.
At pH lower than 6.5, this amines are positively
charged and chitosan is soluble. At pH higher than
6.5 the amines are more deprotonated, and CHI
becomes insoluble [9]. Thus, the deposited CHI

* To whom all correspondence should be sent:
E-mail: sp_yaneva@uctm.edu
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films must be kept at a pH above 6.5 to prevent
them from dissolving. The ionic strength and pH of
the solution also influence the charge density of the
adsorbed and adsorbing layers which in turn plays
an important role in the LBL processing of the
weak polyelectrolytes.

Xanthan gum is a commercially important
polysaccharide that has various applications in
diverse fields of food and pharmaceutical
industries. It is a polysaccharide produced as a
secondary  metabolite  in  biotechnological
fermentation process based on cultivation under
aerobic  conditions of the microorganism
Xanthomonas campestris. Many microorganisms
are able to metabolize high  molecular
polysaccharides, but X gum is the only bacterial
polysaccharide obtained in larger industrial
conditions. X has gelling nature which determines
its ability in retarding drug release and potential of
entrapping the drug within the gel [10].

Despite of several publications concerning
properties of CHI/X gel complexes or focused on
the controlled drug release potential of the system
[12-14], data about building the CHI/X multilayer
system using a QCM microfluidic system appear as
not yet reported. Tablets of CHI/X were prepared
by direct compression method [15]. The samples
were made by mixing solutions of the two
electrolytes and then stirring [12, 16]. The
precipitates are separated either by
ultracentrifugation or by filtration. The same
method is used to obtain a gel for enzyme
immobilization [17, 18]. The rheological and
structural characteristics of a hydrogel spheres

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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composed of CHI and X, and obtained by adding
small drops of xanthan in chitosan solution were
studied [19]. The same method was used for
studying the influence of the pH solutions and the
polymer concentration on the crosslinking between
CHI and X, and to obtain a matrix for controlled
drug released [8, 14]. A LbL method combined
with dipping technique was used to obtain
multilayered CHI/X films and the influence of pH
and ionic strength on the films formation were
studied by optical methods [20].

A film consisting of alternating layers of these
two natural polyelectrolytes seems a good
candidate for delivery and retarded release of drugs.
CHI will be the carrier while the gelling nature of X
layers will make the drug diffusion and/or film
degradation  slower. Luckily, the two
polyelectrolytes charge oppositely in water based
solutions and thus electrostatic attraction can be
used to perform the LbL deposition technique.
QCM is a sensitive technique for measuring mass
changes on the quartz resonator [11] and when it is
incorporated in a microfluidic platform it allows the
building of the multilayer system to be monitored
in real time. The aim of this research was to study
the influence of different factors as pH of the
rinsing buffer solution, air flow and crosslinking
reagent on the formation of CHI/X structure
obtained by LbL technique. The deposition of
multilayer structures was performed by using a
fluidic system to deliver the solutions to a quartz
crystal microbalance.

EXPERIMENTAL
Reagents

Chitosan with medium molecule weight and 75-
85% degree of deacetylation, Xanthan (from
Xanthomonas campestris), NaOH p.a. (99%),
Glutaraldehyde, and Acetic acid were obtained
from Sigma-Aldrich. NaH,POs*2H.0, p.a. was
purchased from Valerus Co.

LbL assembly of the multilayered structure

Solutions of 0.1% wi/v chitosan and 0.05 % w/v
xanthan in 0.1 M sodium acetate buffer (pH 4.0)
were made. In order to remove the excess polymers
after each deposition of polysaccharides a rinsing
procedure was performed with 0.1 M sodium
phosphate buffers having different pH: pH 7.0 and
pH 7.5. A 25 % v/v glutaraldehyde in 0.1 M
phosphate buffer with pH=7.0 was used as a
crosslinking reagent. The first deposited layer in
our experiments was always CHI. Often, in order to
improve the attachment of the CHI molecules to
gold, the latter is first modified, for example with
cysteamine [21]. To keep things as simple as

possible, and also, in view of future medical
applications we didn’t modify the gold surface.
Deionized water was first introduced in the fluidic
system until the QCM data stabilized and then the
CHI solution was applied directly.

LbL characterization
Scanning electron microscopy

The morphology of the obtained structures was
observed with a dual beam scanning electron/
focused ion beam system LYRA | XMU, TESCAN
after being coated with a conductive thin gold film.

QCM experiments

A quartz crystal microbalance with a nominal
resonance frequency of 10 MHz was used for in
situ monitoring the formation of polyelectrolyte
layers. Sensor chips from Attana A100 (Attana AB,
Sweden) were used. The cell volume was
approximately 4 ul and the electrode surface — 16
mm?. Multilayer films were fabricated on the gold
electrode of quartz AT-cut resonators. These
resonators oscillate in a thickness-shear mode with
a displacement vector parallel to the plate surface.
According to Sauerbrey equation [22] there is a
linear relationship between the deposited onto the
quartz plate mass Am and the frequency change Af:
Am = - CAf provided that this additional mass is
less than 2% of the quartz plate mass. In our case,
the constant C is 0.7 ng/Hz. The frequency was
recorded every second from the beginning of the
introduction of the liquid flow in the cell by a
frequency counter and then stored in a computer
and displayed on the computer screen for
convenience. All of the reported experiments were
repeated three times and the repeatability was good.

RESULTS AND DISCUSSION

With regard to future medical applications of the
CHI/X films we first varied the pH of the buffer but
in all cases it was kept near that of pure water.
Then, in another set of experiments, an air was
introduced in the fluidic system in order to make
the layers more compact and resilient to the shear
forces that fluids exert on the attached to the QCM
layers. Finally, the influence of a cross-linker,
namely, glutaraldehyde, on the film growth was
investigated.

The surface of obtained LbL thin films was
investigated by SEM (Fig. 1). The SEM images
confirmed that there is CHI/X films formed onto
the quartz resonators. Fig. 1a shows the surface of a
film without added glutaraldehyde while in Fig. 1b
a film with glutaraldehyde added as a cross-linker
is presented. Both films show uneven surfaces.
However, a difference can be seen — the film
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without glutaraldehyde has a flake like structure

whilst the surface of the film in Fig. 1b appears to

have continuous and smoother structure. This
, » L
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difference in the structures may be in the origin of
the obtained results which are discussed later in the

text.
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Fig. 1. SEM images of a sample without glutaraldehyde (a) and with glutaraldehyde (b) added as a crosslinking agent.
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Fig. 2. Raw signal obtained from CHI/X layers at
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Fig. 3. Raw signal obtained from CHI/X layers at
pH=7.5. Arrows show polyelectrolyte or buffer injection.
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The QCM results of the use of 0.1 M phosphate
rinsing buffers with different pH are presented in
Figure 2 and 3. The order of the stages of each
cycle of depositions was chitosan - buffer - xanthan
- buffer. It is seen that the frequency shifts
associated with depositions of polymers increases
after each cycle but at the same time more mass is
washed away by the phosphate buffer from the
layers with the increment of the cycle number.

In the first experiment, (Fig. 2) four complete
cycles were performed before the resonator stopped
oscillating. The final frequency shift (Af) was about
6,900 kHz. In the second procedure, shown in Fig.
3, three complete cycles of depositions were
realized and then the oscillator stopped. The final
frequency shift (Af) was about 2,250 kHz meaning
that the increased pH of the buffer resulted in about
three times less polyelectrolyte mass deposited onto
the substrate. This could be attributed to a reduction
of the positive charges in CHI molecules as a result
of the higher alkalinity of the buffer. Furthermore,
the higher the effective charge density of X chains
is the more the free COO groups along the X
chains repel each other to make the chains with
more extended conformations, which does not favor
the X adsorption.

In both experiments, however, the frequency
shift was unusually high compared to other
structures with polysaccharides. For example the
formation of chitosan — hyaluronan was studied by
QCM and the frequency change was about 400 Hz
at the fundamental frequency after deposition of
four bilayers using high molecular weight CHI
[23]. This change corresponds to about 1600 Hz in
our case because the fundamental frequency of the
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QCM we use is 10 MHz compared to 5 MHz [23].
The high frequency change can be attributed to the
non-homogeneous structure of our layers which, in
case of films without glutaraldehyde has a flake-
like structure as can be seen from the scanning
electron microscopy image (Fig. l1a). Such a
structure favors the entrapment of water because
CHI is hygroscopic and forms hydrogen bonds with
water. This bonded water becomes a part of the
film and contributes to the frequency change. Also,
apart from CHI molecules bound electrostatically to
the X chains in the process of the film building,
another type of CHI chains, called “free chains” can
diffuse from the surface into the volume [23, 24].
Their existence is explained by the different initial
chemical potential of CHI molecules in the solution
and the film. As a result, these molecules diffuse
into the film until the chemical potentials in and out
the film equalize or the electric potential barrier
becomes high enough to prevent “free chains”
crossing the interface between the solution and the
film. In the next stage, however, when the structure
is washed by a buffer these “free” molecules
diffuse back in the solution. In principle, same
arguments may hold true for the polyanion
molecules but in our case the X molecules are much
less mobile. Such an explanation of the rapid
increase of the mass deposited onto the resonator is
also consistent with the results obtained when
glutaraldehyde is introduced in the system as a
crosslinking agent. These results are discussed later
in the paper together with the details on the film
growth.

In order to optimize the deposition conditions
for the multilayered system and stabilize the
polymer layers, in another set of experiments we
introduced air into the flow system after each
deposition of CHI (results not shown). Usually,
when polyelectrolyte films are exposed to air they
become more compact and rigid, and we hoped that
this would reduce the mass decrement during
washing steps. Unfortunately, the results were not
very different from the ones shown in Fig.2 and
Fig. 3. Crucially, the tendency for washing away
some material from the film after rinsing with
phosphate buffer remained.

Many polyelectrolyte films can be crosslinked
with reagents such as phenols, DTBP or
glutaraldehyde making them more chemically
resistant and physically harder [9]. In our next
experiments we used glutaraldenyde as a
crosslinking agent. The aldehydes groups of
glutaraldehyde molecule bind covalently to CHI
amine groups of different CHI molecules (or the
same one), therefore establishing a strong link
between them and forming polymer network. In our

case, the crosslinking stages were carried out with
using a glutaraldehyde water solution. The same
buffer but without glutaraldehyde was used for
rinsing. The sequence of deposition was as follows:
chitosan solution - glutaraldehyde solution - buffer
solution - xanthan solution - buffer solution. The
time for each stage was 5 min. The results are
presented on Fig. 4. The total frequency shift here
is about 6.3 kHz, and, as can be seen from Fig. 4,
the tendency of washing away the last layer after
introducing buffer in the fluidic system isn’t
observed. We can draw the conclusion that the
stable decrease of the resonant frequency of the
QCM after the introduction of glutaraldehyde
reflects the improvement of the stability of the
polymer films.
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Fig. 4. Raw signal obtained from CHI/X layers at
pH=7.01 with glutaraldehyde added after each CHI
layer. Arrows show chitosan (ch), xanthan (x) buffer
with glutaraldehyde (GA) or pure phosphate buffer (PB)
injection. In the inset data for the frequency change after
each double layer (CHI/X) deposition are shown
together with a linear fit.

Another striking difference is the frequency
change after every cycle with and without added
glutaraldehyde. In the inset of Fig. 2 the change of
the resonant frequency before introducing the
buffer into the fluidic system is presented for CHI
and X layers separately. It is seen that this change is
exponential, presumably reflecting the exponential
growth of the layers. Such an exponential growth
isn’t surprising since most of the polysaccharides
films are known to grow exponentially when LbL
technique is used [23]. This behavior is attributed to
the mobile CHI chains (in this case) that can
penetrate not only into the adjacent layers but the
whole system. Thus, such type of growth relies on
the diffusion of “free” chains in and out of the
whole structure during each deposition step. This
explanation is consistent with the decrement of the
deposited mass onto the quartz resonator during the
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washing stage. Such a decrement is observed also
in [23] for the system chitosan/hyaluronan although
on a much smaller scale. In view of the large
decrement of the QCM resonant frequency, it
seems that in our case some dissolution of the films
due to not strong enough electrostatic attraction is
also a plausible explanation. The added
glutaraldehyde binds the different CHI molecules
of one and the same layer and this seems to have
two major effects. First, the crosslinked CHI layers
become impermeable for “loose” molecules and
thus each layer interacts only with its two adjacent
layers. This leads to a linear growth of the
polyelectrolyte films [23]. In the inset of Fig. 3 this
linear growth is emphasized by showing the film
thickness after each deposition of a double layer
CHI/X and the best linear fit with linear correlation
coefficient (r) 0.998. Second, crosslinking makes
the outer films stable enough to resist to any
possible dissolution.

CONCLUSIONS

In this short communication, we report the results
of the study of CHI/X multilayers formation on
gold substrates. The recording of the QCM resonant
frequency every second allows monitoring of the
film formation under different conditions in real
time. Without a crosslinking agent the growth of
the film is exponential. Besides, after a few layers a
part of film is washed away by the buffer. These
two phenomena are attributed to the diffusion of
“free” CHI molecules throughout the entire film
which may be is the reason of partial dissolution of
the last layer. However, the addition of
glutaraldehyde as a crosslinker after deposition of
each CHI layer seems to limit the diffusion of CHI
chains to the neighboring layers. This results in
linear growth of the film and, more importantly, in
the formation of stable films - the first step towards
a study of potential applications of the system
consisting of chitosan / xanthan layers as a carrier
of drugs and their controlled release.
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In situ U3CJIEJIBAHE HA OTJIATAHETO CJIOH I10 CJIOM HA THhHKH ITOKPUTUS OT
XUTO3AH/KCAHTAH YPE3 KBAPLIOBO KPMCTAJIHA MUKPOBE3HA

Co. A. Suesal, I'. E. Anexcuesa?, 1[s. C. Benunos?

Xumuxomexnonozuven u memanypauuen ynueepcumem, Kameopa “Ocnosu na xumuunama mexnonozus”, o6yn. ,, Ce.
Knumenm Oxpuocku, 8, 1756, Coghus, bvaeapus.
2Coghuiicxu ynusepcumem, Kamedpa ~®Pusuxa na mespdomo msno u muxpoenexmponuxa ", oy, [Jowceiine Bayuep 5,
1164, Cogus, Bvaeapus.

Ilocrpnuna Ha 7 centempu, 2016 r. kopurupana Ha 14 oktomspu, 2016 .

(Pesrome)

3a moyiy4aBaHE Ha MHOTOCIOHHM (HJIMH OT NMPUPOJHUTE HOJUEICKTPOIUTH XUTO3aH M KCAaHTaH ¢ W3ION3BaHa
TeXHHKaTa ,,cloi 1o cioi“. HapactBaHeTo Ha (uiMa ce perucrpupa 4pe3 KBapLOBO KpUCTajlHa MHKpOBe3Ha. Ilpu
(dopMHpaHe Ha MHOTOCIOWHHTE CTPYKTYpH ce HaOlojaBa eKCIIOHCHIIMAHO HapacTBaHE KaTo IPH TOBAa YacT OT
HaTpymaHaTta Maca ce oTMuBa oT Oydepa. ToBa ce 00sCHABA ¢ HAIMYMETO HA ,,CBOOOJHH XHTO3aHOBU MOJICKYJIH,
KOWTO MPOHUKBAT B IICJIUsI MHOTOCIIOSH (MM, B CJICACTBUE HA PA3IMKaTa B XUMUYHHUS OTCHIMAI B M U3BBH (HIMA.

[Ipu BKJIIOYBAHETO Ha TIIYTApOB AJJCXH] KAaTO OMPEKBAIl arcHT Cce¢ HaOJI0MaBaT 3HAYMTEIHU PAa3IUKUA TPU
HapacTBaHeTo Ha (unma. [IbpBO, OMpeKeHHTEe XUTO3aHOBHU CJIOEBE CTaBaT HEMPOHUIAEMH 34 ,,CBOOOIHHUTE* MOJIEKYIIH.
ITo To31 HAYMH BCEKH CIION B3aMMOJICHCTBA caMO C JiIBaTa My ChCEIHHU ClIosl, a GUIMBT HapacTBa JIMHeHO. ChIlo Taka
OMpPEKBAHETO NMPaBU (UIMHUTE NOCTaTHYHO CTaOMJIHM, 32 Ja He ObJAT OTMHBAaHU IIPU OTJIATAHETO Ha CIIEABAIINUTE
CIIOeBe.
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Glasses with compositions xZn0.(35-x)Ba0.65V20s (x=1, 3, 5, 7, 10, 15 and 20 mol%) were prepared using a
conventional melt quenching method. XRD, DTA and DSC analysis were performed. The results of XRD analysis
confirm amorphous nature of the samples. The ternary glasses possess low glass transition temperatures T4 and
crystallization temperatures Tx. The measured density decreases with increase of ZnO content from 3.974 g/cm® to 3.245
g/cm®. The theoretical refractive index, electronic oxide ion polarizability and optical basicity of the glasses were
calculated by Lorentz-Lorenz equation. The glasses were found to possess high refractive index (2.112-2.421), high
electronic oxide ion polarizability (2.692-2.725 A3%) and high optical basicity (1.050-1.057). The third order nonlinear
optical susceptibility ¥ was determined by generalized Miller’s rule. It was established that ¥® is high in the 0.58-
2.24x10? esu range. The average single bond strength By.o and interaction parameter A(no) were calculated. The bond
strength was found to vary from 251 to 253 kJ/mol and interaction parameter was in the 0.049-0.053 A= range, thus
suggesting the presence of weak chemical bonds. Such bonds, namely Ba--O=V, V-NBO (nonbridging oxygen), V-O-Zn
and V-0O-V were confirmed by IR-spectra of the glasses. The high polarizability of the oxide ions in these bonds accounts
for the observed linear and nonlinear optical properties of the glasses. A structural model of glasses containing VOs, VO4

and ZnO4 groups is proposed.

Keywords: oxide glasses, refractive index, electronic polarizability, optical basicity, chemical bonding, IR

spectra, nonlinear optical materials
INTRODUCTION

One of the most important properties of materials,
which is closely related to their applicability in the
field of optics and electronics, is the electronic
polarizability of ions. It demonstrates the ease of
deformation of their electronic clouds by the
application of an electromagnetic field. It is closely
related to interionic interactions as well as to many
properties of the materials such as refraction,
conductivity, electro-optical effect, ferroelectricity,
optical basicity along with optical nonlinearity [1-4].
An estimate of the state of polarization of ions is
obtained using the so-called polarizability approach
based on the Lorentz-Lorenz equation [5]. The
polarizability = approach was  systematically
developed in our recent investigations concerning
the origin of electronic ion polarizability and optical
basicity of numerous simple oxides and oxide
glasses [6-8].

According to the pioneering studies of Duffy
and Ingram [9], the bulk optical basicity, A, of an
oxide medium is a numerical expression of the
average electron donor power of the oxide species
constituting the medium and can be a measure of the

* To whom all correspondence should be sent:
E-mail: tina.tasheva@gmail.com

acid-base properties of oxides, glasses, alloys, slags,
molten salts, etc.

V.05 containing oxide glasses are non-
conventional group vitreous materials and their
electronic  conductivity and  semiconducting
properties are well known [10, 11]. Recently, the
optical properties of vanadate glasses have attracted
much attention because of possible application in the
field of nonlinear optics. The nonlinear optical
properties of V,0s thin film and TeO,-V:0s bulk
glasses have been investigated and high values of the
third order nonlinear optical susceptibility ¥® have
been obtained [12, 13]. Also recently, ¥©® of BaO-
VzOs, Fezos-BaO-Vzos, B,03-Ba0-V,05 and TiOQ-
BaO-V-0s glasses has been predicted [14-16]. The
obtained values of y©® based on experimental data
and predicted data are rather large, indicating that
such glasses are interesting materials for non-linear
optical devices.

On the other hand ZnO possess interesting
mechanical, thermal, electrical and optical
properties. That is why today ZnO-based materials
and devices including magnetic semiconductors,
light emitting devices, photodiodes, metal-isulator-
semiconductors, transparent thin-film transistors and
nanostructures  are  very attractive  [17].
Simultaneously, the oxide glasses containing high
ZnO content seem also promising materials from

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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optical nonlinearity point of view. For example,
Ticha et al. have reported high values of nonlinear
refractive index for PbO-ZnO-P,Os glasses [18].
Recently, Zawadzka et al. have measured second and
third harmonic generation of ZnO thin film for NLO
applications and obtained high values for nonlinear
optical susceptibility [19].

That is why it is of scientific and practical interest
to check the together influence of V,0s and ZnO on
the optical properties of the glasses. In this
connection the purpose of the present study is to
investigate the electronic oxide ion polarizability
that is optical basicity, interaction parameter and
average single bond strength of ZnO-BaO-V:0s
glasses and have looked for some intrinsic
relationship between them and predicted third order
nonlinear optical susceptibility. The correlation with
the structure of the glasses has been also estimated.

EXPERIMENTAL

Glasses with composition of xZnO.(35-
x)Ba0.65V,0s (x=1, 3, 5, 7, 10, 15 and 20 mol %)
were prepared by using a conventional melt-
guenching method. Chemical powders of reagent
grade ZnO, V.05 and BaCOs; were mixed together
and melted in a porcelain crucible at 900 — 950°C in
an electric furnace for 15 min. The melts were
poured onto an aluminum plate and pressed to
thickness of 1-2 mm by another copper plate.

Densities of the glasses at room temperature were
determined by pycnometer using distilled water as
immersion liquid. The IR-spectra of glasses were
recorded in the 2000 — 400 cm™* range by using FT-
IR spectrometer Varian 600-IR. The samples for
these measurements were prepared as KBr — discs.
The precision of the absorption maxima was +3 cm’
1. DSC curves were made at 10 °C/min using STA
PT 1600 TG-DTA/DSC LINSEIS Messgerate
GmbH calorimeter. The glass transition temperature
Tgand crystallization temperature Ty were estimated
from the DSC curves. The amorphous nature of the
samples was identified using X-Ray diffractometer
Philips APD15 Cu k, graphite monochromator.

RESULTS AND DISCUSSION
Density, X-ray diffraction and DSC/DTA analysis

The obtained results of the density of the glass
samples are presented at Table 1, column 2. As can
be seen with increasing ZnO content the density
decrease from 3.974-3.245 g/cm?.

X-ray diffraction investigation of the studied
glasses reveals no diffraction peaks and the results
indicate that the prepared samples were of high
guality glasses. An example of X-ray diffraction

pattern of 5Zn0.30.Ba0.65V,0s glass is presented
in Fig. 1.

The values and compositional dependence of the
glass transition temperature Ty and the
crystallization temperature Tx of ZnO-BaO-V:0s
glasses were similar to each other. The glasses
possess low glass transition temperatures T4 of 262°
— 303 °C and crystallization temperatures Ty of 315°
— 372°C. For example the DTA and DSC curves of
glass with composition 5Zn0.30Ba0.65V,0s are
shown in Fig. 2. As can be seen Tg4 is 299 °C and
sharp exo effect corresponding to Tx exist at 372°C.
At the same time the difference AT = Tx - Ty is small
in the 50 - 73 °C range which indicates for low
thermal stability of ZnO -BaO-V:0s glasses.
Recently, similar results were obtained for BOs-
BaO-V.0s and TiO,-BaO-V,0s glasses [15,16].
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Table 1. Composition, density d, molar mass M, molar volume V, , optical basicity A, electronic oxide ion

polarizability ao® and molar refractivity Rm of ZnO-BaO-V,0s glasses

Composition d, g/cm? M, g/mol  Vn At ao?, A3 Rm

1Zn0.34Ba0.65V,0s  3.974 171.17 43.07 1.057 2.725 26.63
3Zn0.32Ba0.65V,0s  3.928 169.73 43.21 1.056 2.721 26.56
57n0.30Ba0.65V,0s  3.852 168.29 43.69 1.056 2.718 26.50
7Zn0.28Ba0.65V,0s  3.591 166.86 46.47 1.055 2.714 26.43
10Zn0.25Ba0.65V,0s 3.415 164.70 48.23 1.054 2.709 26.33
15Zn0.20Ba0.65V,0s 3.337 161.10 48.28 1.052 2.701 26.17
20Zn0.15Ba0.65V,05 3.245 157.51 48.54 1.050 2.692 26.00

Application of polarizability approach to ZnO-
BaO-V,0s glasses

Electronic polarizability and optical basicity of
Zn0O-Ba0-V,0s glasses

Determination  of electronic oxide ion
polarizability is an object of so called polarizability
approach. Polarizability approach in glass science is
based on the Lorentz-Lorenz equation which relates
molar refraction R, to refractive index n, and molar
volume Vn, of the substance by,

This equation gives the average molar refraction
of isotropic substances, i.e., for liquids, glasses and
cubic crystals. Rm can be expressed as a function of
molar polarizability am. With am in (A% the
following equation can be used,

Rm = 2.520m (2

Assuming that molar polarizability am of a glass
is additive quantity, it follows that for ternary oxide
glass with general molar formula xZnO.(0,35-
x)Ba0.0,65V,0s the molar refraction could be
presented as follows,

ny2-1
Ry, = m- m 1)
Rm =252 + Nagz-) = 2.52 (a. azp,2+ + b.agye+ + c.ays+ + N.agz-) (3)

where X o; denotes molar cation polarizability, a2+ optical basicity of the oxide medium A, proposed by

, Apqz+ and a5+ are cation polarizabilities of Zn?" |
Ba** and V°* respectively, a,z-is electronic oxide
ion polarizability, a, b, ¢ are numbers of cations and
N is number of oxide ions in one molecule of glass.
According to [6] the cation polarizabilities are:
f\““ =0.283 A%; ap,2+=1.595 A%; a5+ =0.122
3

The electronic oxide ion polarizability a,2-
which participate in Eq. 3 we have calculated from
theoretical optical basicity An of ZnO-BaO-V,0s
glasses in accordance with the approach proposed by
Duffy and Ingram [20]:

Ath = XznoAzno T XpaoABao + Xv,0,Av,05:

(4)

where X750, Xpaoand Xy, o are equivalent fractions
based on the amount of oxygen contributed by each
oxide to the overall glass stoichiometry, Az, Agqo
and Ay, . are optical basicities of individual oxides
(Azn0=1.08; Agyp=1.22 and Ay, =1.04 [7,21]).

On the basis of an intrinsic relationship between
electronic polarizability of the oxide ions ¢,2- and
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Duffy [22] the oxide ion polarizability can be

calculated by using this equation:
1,67

o>~ = Te7-2 ©)
Using the obtained basicity data with Eq. (4) the
oxide ion polarizability «y2- of ZnO-BaO-V:0s
glasses was determined my means of Eqg. (5). On the
basis of the data for oxide ion polarizability the
molar refraction Ry of the glasses was calculated
using Eq. (3). The molar volume Vn, was estimated
on the basis of the molar mass and density of the
glasses. The data for molar volume Vn, theoretical
optical basicity Awm, oxide ion polarizability 2~ and
molar refraction Ry are listed in Table 1. It is seen
that the glasses possess high optical basicity (~1) and
high electronic oxide ion polarizability (2.725 -
2.692 A% which indicate for their basic nature.
Refractive index of ZnO-BaO-V:0s glasses

According to the Lorentz-Lorenz equation the
refractive index n, of the substance can be presented
as,
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We have estimated the theoretical refractive
index of ZnO-Ba0-V,0s glasses using Eq. 6. The
data are listed in Table 2, column 2. As can be seen
the glasses possess high values of refractive index in
the 2.421-2.112 range. The results shown in Table 2
are in good agreement with experimental data for
refractive index of thin films of V.05 (n,=2.59) [12]
as well as crystalline ZnO (n,=2.008) [6].

Chemical bonding of the glasses
Average single bond strength of the glasses

Based on Sun’s fundamental condition of glass
formation [23] Dimitrov and Komatsu [24] proposed
an approach for calculation of average single bond
strength Bw-o of oxide glasses using values of single
bond strength Bwm-o for corresponding simple oxides
and taking into account the molar part of each oxide
in the glass composition. The bond strength of
different glasses such as phosphate, silicate,

germanate, tellurite and bismuthate glasses has been
estimated [24, 25]. In the case of ZnO-BaO-V:0s
glasses the following equation can be used,
Bm-o= XBzn-o + yBga-o + (1-X-y) Bvo (7)

where Bzn.o, Beao and Bv.o are single bond
strength of M-O in the corresponding individual
oxide ( 138 kJ/mol for BaO, 151 kJ/mol for ZnO and
313 kJ/mol for V.0s (see Ref. 26)). We have
determined the average single bond strength Bm.o of
the glasses by means of Equation (7). The obtained
data are presented in Table 2, column 3. It is seen
that with increasing ZnO and decreasing BaO
content the single bond strength show small increase
from 251.2 to 253.7 kJ/mol. These values of Bu-o
suggest predominantly ionic character of the bonds
in the glass structure. Probably V-NBO, V-0-Zn
along with V-O-V chemical bonds are formed in
their structure. Similar type of bonds namely Te-
NBO, Te-O-Te, Bi-O-M (M=B, P, Si and Ge) and
Bi-O-Bi with high ionic contribution are formed in
the structure of tellurite and bismuthate glasses [24,
25].

Table 2. Composition, refractive index no, single bond strength Bm.o, interaction parameter A and third-order nonlinear
optical susceptibility ¥® of ZnO-BaO-V,0s glasses.

Composition No Bwm-o, A A3 @ (no).

kJ/mol 102, esu
17n0.34Ba0.65V20s 2.421 251.2 0.049 2.24
3Zn0.32Ba0.65V20s 2.406 251.5 0.050 2.11
57n0.30Ba0.65V,0s 2.372 251.8 0.050 1.84
7Zn0.28Ba0.65V,0s 2.227 252.0 0.050 0.99
10Zn0.25Ba0.65V,05 2.147 252.4 0.051 0.68
15Zn0.20Ba0.65V,0s5 2.133 253.1 0.052 0.64
20Zn0.15Ba0.65V705 2.112 253.7 0.053 0.58

Interaction parameter of the glasses

Yamashita and Kurosawa [27] have proposed
a general theory of the dielectric constant of simple
ionic crystals based on quantum-mechanical
treatment of the electronic structure of constituent
ions in order to take into account the effect of charge
overlapping  between neighboring ions. A
quantitative measure of this complex interaction is
given by the so-called interaction parameter A,
which in fact for a chosen cation-anion pair
represents the charge overlapping of the oxide ion
with its nearest positive neighbor. Dimitrov and
Komatsu have proposed approach for calculation of
the interaction parameter in the case of oxide glasses

(3,921 — ape-)

[8,26]. According to this approach the interaction
parameter of ZnO-BaO-V,0s glasses was calculated
by us using the following equation, where Xzno, Xgao
and Xvzos are equivalent fractions based on the
amount of oxygen each oxide contributes to the
overall glass stoichiometry, oo.- IS oxide ion
polarizability in the glass and oz+**, aea®*, and ow®*
are cation polarizabilities. Pauling’s value of 3.921
A3 for the electronic polarizability of the free oxide
ion is used. The calculated data of interaction
parameter of ternary ZnO-BaO-V;0s glasses are
given in Table 2, column 4. The glasses possess
small values of the interaction parameter in

(3,921 — ape-)

A= X + X
0 2 (agnz+ + 3,920 (pz- + aznz+) P90 2(agge+ + 3,921)(apz- + apge+)
(3,921 — ap2-)

+ Xy,

% 2(ays+ + 3,921)(apz- + ays+)

(8)
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the 0.049-0.053 A® range. Small interaction
parameter means week interionic interactions
resulting in large unshared electron density at one
averaged oxide ion. Since both interaction parameter
A(no) and average single bond strength Bm.o are
assigned to an average chemical bond M-O in the
glass structure, it is of scientific interest to
investigate the correlation between them. For that
purpose we have plotted the data of interaction
parameter A against the data of single bond strength
Bumo of ZnO-BaO-V,0s glasses in Fig. 3. A
systematic increase in the interaction parameter with
composition corresponds to a systematic increase in
the average single bond strength. Simultaneously,
the average single bond strength and interaction
parameter of the ternary vanadate glasses are close
to these of pure V205 (Bv-0=313 kJ/mol and
A(ny)=0.057 A?) which means that the interaction
along V-0 bonds in ternary glasses have significant
effect [26].

IR spectra of ZnO-BaO-V,0s glasses

The IR-spectra of ZnO-BaO-V.0s are presented in
Fig 4. Three well defined maxima at 910 cm™*, 796-
774 cm® and 658 cm? are outlined in the IR spectra
of the glasses with small ZnO (1-5 mol%). A
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v, 0.0515
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A(nD);

0.0505 "
0.0500 .
00495
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By.o, kl/mol

Fig. 3. Interaction parameter as a function of single bond
strength of the glasses.

shoulder appears at 972-969 cm™ and the band at
796-774 cm disappears in the spectra of glasses
containing 7-20 mol% ZnO. At the same time, the
intensity of the band at 910 cm™ decreases and the
band is shifted to lower frequencies up to 896 cm™.
The assignment of these bonds could be made on the
basis of large number of previous results on IR
spectra of crystalline and vitreous phases [28-33].
On this basis the band at 910 cm? is assigned to
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Fig. 4. IR spectra of ZnO-BaO-V:0s glasses.

Fig. 5. Structural model for glass with high ZnO content.

while the band at 796-774 cm* could be attributed to
asymmetrical stretching vibrations vyg, of these
groups. The appearance of the shoulder at 972-969
cm? could be connected with the transformation of
part of VO, tetrahedra into VOs trigonal bipyramids.
VOs groups are formed in the structure of crystalline
and vitreous V.0s Their IR spectra show band at
1020 cm?, assigned to the vibrations of isolated
V=0 bonds in VOs trigonal bipyramids [28].
According to the mechanism suggested in Ref. 28
Ba?* ions occupy a position between V-O-V layers.
This is why they have a direct influence on the
isolated V=0 bonds of the VOs groups according to
the scheme:
Ba2+...O:Vs+

This leads to an elongation of the affected V=0

bonds and a drop in the frequency down to 972-969
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cmt. The shift of the band at 910 cm™ to lower
frequencies up to 896 cm* could be explained with
formation of V-O-Zn bridging bonds created by the
influence of Zn?* ion on non-bridging oxygen from
VO, groups. According to Ref. 33 the band at 658-
648 cm? could be assigned to asymmetrical
stretching vibrations vi7* ,_,,. At the same time the
shift to lower frequencies with increase of ZnO
content is probably due to Zn-O vibrations of
tetrahedral ZnO.. Such vibrations in the spectra of
glasses were reported in the range of 550-400 cm'?
[34]. On the basis of obtained IR spectral results we
presented in Fig 5 possible structural model of glass
with high ZnO content. VO4, VOs and ZnO4 groups
participating in the model. V-O-V, V-O-Zn and
Ba?*-O=V** chemical bonds are formed between
the groups.

Third order nonlinear optical susceptibility of the
glasses

The third order nonlinear susceptibility yx® of
Zn0-Ba0-V,0s glasses was estimated by

generalized Miller’s rule,

x® = [y®]". 107, esu ©)
where @ is linear optical susceptibility, calculated
by,
1) _ noz -1
A== (10)

The obtained data are presented in Table 2,
column 5. ZnO-Ba0-V,0s glasses show high values
of the third order nonlinear optical susceptibility in
the 0.58-2.24 x 102 esu range, which is about 100
times larger than that of pure silica glass (2.8x101*
esu). The obtained results are in good agreement
with the experimental data obtained by Hashimoto
and Yoko [12] for the third order nonlinear optical
susceptibility of thin films of V,0s (y®=1.1x10""
esu). This means that ZnO-BaO-V,0s glasses are
probably good candidates for nonlinear optical
applications. Recently, detailed analysis was made
on the relationship between electronic oxide ion
polarizability —and third nonlinear  optical
susceptibility of different binary oxide glasses [35].
It was established that third nonlinear optical
susceptibility »® of the glasses increases with
increasing electronic oxide ion polarizability, that is
optical basicity. This is associated with the high
electron donor ability of the oxide ion and the high
refractive index. In this connection we have plotted
the data of the third order nonlinear optical
susceptibility ¥® as a function of refractive index n,
of ZnO-Ba0-V,0s glasses in Fig. 6. It is seen that
¥ increases with increasing the refractive index.
The high values of the third order nonlinear optical

susceptibility of ZnO-BaO-V,0s could be attributed
to the presence of V-O-Zn, V-O-V and Ba?*~0=V>*
bonds in their glass structure. Such bonds were
confirmed by the IR spectra. Probably, the high
electronic polarizability of the oxide ions in these
bonds is responsible for high optical nonlinearity of

the glasses.
2.5

o
3]

x3.1012 esu
i
.

o
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Fig. 6. Third order nonlinear optical susceptibility as a
function of refractive index of the glasses.

CONCLUSIONS

Ternary ZnO-BaO-V,0s glasses have been
investigated by means of XRD, DTA and DSC
analysis. XRD analysis confirmed amorphous nature
of the samples. DTA and DSC analysis show that the
glasses possess low glass transition temperatures Tq
of 262° — 303 °C and crystallization temperatures Ty
315° — 372°C. The experimental density was found
to be in 3.974-3.245 g/cm?® range. The polarizability
approach based on Lorentz-Lorenz equation has
been applied to ZnO-BaO-V;0s glasses. With a view
to elucidate theoretical refractive index, electronic
ion oxide polarizability and optical basicity of the
glasses was calculated. It was established that the
glasses possess high refractive index (2.421-2.112),
high electronic ion polarizability (2.725 - 2.692 A3)
and high optical basicity (1.050-1.057). The
theoretical  third order nonlinear  optical
susceptibility ¥®® was determined and it was found
that the glasses possess high values of ¥ in the 0.58-
2.24 x10%? range. It was established that the glasses
have small single bond strength and interaction
parameter, thus suggesting the presence of weak
chemical bonds. Such bonds, namely VV-O-Zn, V-O-
V and Ba?*~O=V>" where confirmed by IR spectral
analysis of the glasses. The high polarizability of
oxide ions in these bonds accounts to the observed
linear and nonlinear optical properties of the glasses.
Structural model of glass with high ZnO content
containing VOa, VOs and ZnO4 groups is proposed.
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EJIEKTPOHHA TIOJIIPU3YEMOCT, OIITUYECKA OCHOBHOCT U XUMWYECKO
CBDBP3BAHE HA IMHK-BAPUN-BAHATATHHU OKCHUIHU CTBHKIIA

T. P. Tamesa*, B. B. Jlumurpon

Kameopa ,, Texnonozus na cunuxamume *“, Xumuxomexnoaocuuen u memaiypeuien ynugepcumem, oyi. Ki. Oxpuocku 8,
Cogpus 1756, bvreapus

[octpnuna va 27 1onu, 2016 r. kopurupana Ha 11 HoemBpH, 2016 T.
(Pesrome)

Crpkia cse cbetaBu xZn0.(35-x)Ba0.65V.0s (x= 1, 3, 5, 7, 10, 15 u 20 mon %) 6sxa CHHTE3UPAHU MOCPEACTBOM
PSI3KO OXJIaXKIaHe Ha CTOIMIKH. [IpoOuTe Osxa aHATM3MPaHU MOCPEACTBOM PEHTTEHOCTPYKTYPEH M TEPMUYEH aHAJIM3.
PesynraTure OT PEeHTreHOCTPYKTYPHHS aHaJIM3 JOKa3axa amop¢Hara npupoja Ha oOpasuure. TpHKOMIIOHEHTHHUTE
CTBKJIa NIPUTEkKABAT HUCKU TeMIlepaTypH Ha 3acTbKisaBaHe Tg u kpucranusauus Tx. MI3MepeHara mirbTHOCT HamalsiBa ¢
yBeNMuaBaHe chabpikanueto Ha ZnO ot 3.974 g/em® mo 3.245 g/cm®. Teoperuunus nokasaTen Ha NMpeYyNBaHE Ha
CBETJIMHATA, KUCIOPOAHATA EJIEKTPOHHA IOJIIPU3yEMOCT M ONTHYECKaTa OCHOBHOCT Ha CTBKJIATa Oelle M3YHCICHA
nocpencTeoM ypasaenuero Ha Jlopenti-Jlopeni. CThKiIaTa puTeXaBaT BUCOK MOKa3arel Ha npeaymnBane (2.112-2.421),
BHCOKA KMCIOPOJIHA IeKTPOHHA moyspuzyeMoct (2.692-2.725 A3) u Bucoka omrtmuecka ocuoBroct (1.050-1.057).
Henunueiinata ontuyecka Bb3MIPMEMYMBOCT OT TpeTH mnopsabk y© Geiie ompejeneHa MOCpeacTBOM MUJIEPOBOTO
npasuio. belle ycTaHOBEHO, e CTHKJIATAa NMPHTEXkaBaT BHCOKM croiHocTH 3a ¥ (0.58-2.24x107%2 esu). CpenHaTa
3/paBMHA Ha XUMHUYHATa Bph3ka Bm.o M mapamerspa Ha MEXIYHOHHO B3auMoJeicTBHE A(no) CHINO OsiXa W3YUCIICHU.
3npaBuHaTa Ha XMMHYHAaTa Bpb3Ka Bapupa B rpanunu ot 251 mo 253 kJ/mol , a mapamerspa Ha MeXIyHOHHO
B3aumojieiictare ot 0.049 1o 0.053 A, koeto mpeanonara HaTMUKETO Ha clabM XMMHYHHM BPB3KU. TakuBa BPb3KH, a
nmenHo Ba...O=V, V-NBO (uemocroBu kuciopon), V-O-Zn u V-O-V 0sxa norBbpaeHu ¢ HH(ppadepBeHa
crekrpockonus. Bucokara monsipu3yeMoCcT Ha KHCJIOPOJIHUTE HWOHM B Te3W BPBH3KM € NMpPUYMHATA 32 HaOJI0JaBaHUTE
JIMHEHHU ¥ HEJIMHEHHM ONTHYHM CBOMCTBA Ha cThKiIaTa. [IpeasoxkeH e CTpYKTypeH MOAeN Ha CThKia chabpkamy VOs,
VO4 u ZnO4 rpymnu.
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Assembling and test of a system for determination on site of acid dew point of
exhaust flue gas from power steam boilers
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Acid dew point occurs due to decreasing of the temperature of exhaust flue gas from steam boiler in thermal power
plant. From other point of view the lower temperature is the main requirement for higher boiler efficiency. When the
temperature of flue gasses up to the value of acid dew point, the part of streams are saturated consistent and the acidic
gases form liquid acid. This temperature is the thin limit between efficiency and stable operation. Its determination is
important to achieve best performance of thermal power plants. Theoretical prediction of acid due point is complicate
and includes validation with additional laboratory test. Aim of this study it to assemble system for determination acid
dew point, which can be used on site on different power steam boilers. After choosing the appropriate components and
their assembling, the system was tested in laboratory condition. The achieved result of 56°C was compared to the data
received from three different equations for theoretical prediction of acid dew point. The data comparison proved that the
assembled system can operate reliable.

Key words: thermal power plants, performance test, flue gas, acid dew point

4NO; + 2H,0 + O, — 4HNO3 (7)

INTRODUCTION NO; + SO, + H:0 — H;S0s + NO  (8)

As a result, from the combustion process in
power steam boilers, are generated exhaust flue gas,

which contain mainly carbon dioxide (CO,), water
vapor (H.0), nitrogen (N2) and excess oxygen (O2)
remaining from the combustion air. There are few
additional gases compounds as carbon monoxide
(CO), nitrogen oxides (NOx), sulfur dioxide (SO>)
and sulfur trioxide (SOs), which has smaller
concentrations but bigger environmental impact. At
the saturation temperature of the exhaust gas, the
acidic gases interact together with the oxygen and
the condensed water vapor to compose liquid acids
[1, 2] as shown below:

All those reactions lead to a very complex
gaseous system. From other point the particular
composition of the flue gas depends on the
organization of the combustion process, which is
preconditioned by the combustion system and fuel
properties.

There are a lot of studies for theoretical
prediction of acid dew point of exhaust flue gas.
The five equations below were developed from
different authors with the aim to determine
theoretically flue gas acid point:

According Ohtsuka [3]

SO; + H20 <> H2SO;s 1)
H,SO3 + O, — H,S0, (2) th=20 lg V+ A (9)
250, + 02 — 2S0s (3) A constant depending on moisture content (°C) -
SOz + H0 — H>S0, (4)  184.at5 %, 194 at 10 %, 201 at 15 %.
2NO + SOz — N2O + SO () Neubauer’s equation [4]
NO; + SO, — NO + SO3 (6)
(0.0959+0.143p 4y, 5~ 0.1669p%, |
tp = ts + (290.54 — 30.79px20) Pip, : (10)

According Mueller [5] / Pierce [6] / Okkes [7]:

th = 203.25 + 27.6 lg(puz0) + 10.83 1g(C psoz) + 1.06{1g(C psoz) + 8}21° (11)

Verhoff & Banchero [8] relation for acid dew point
prediction:

Tp = 10000 / [15.13 — 0.2943 In(pr20) — 0.858 In(C psoz) + 0.062 {6.633 — In(C psoz)} {6.633 — In(ph20)}]

* To whom all correspondence should be sent:
E-mail: krum.ts.todorov@gmail.com
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Haase and Borgmann [9] equation for acid dew
point:
o = [255 + 27.6 Ig(puz0) + 18.7 1g(C pso2)] (13)
where:
o Tp : Dew-point temperature (K)
o tp : Dew-point temperature (°C)
o ts: Saturation temperature of water at total
pressure of exhaust flue gas (°C)
e C: Conversion rate of SOz from SO by volume
® psoz : mole fraction of SO, equivalent to partial
pressure (in atm) with the mixture of gases at
standard atmospheric pressure (101.325 kPa)
e pu2o : mole fraction of water, equivalent to
partial pressure (in atm) with the mixture of
gases at standard atmospheric pressure (101.325
kPa)
V : H,SO4 concentration (vol %)
According to above equations there are cases
where the results for acid dew point evaluated by
them have difference of 20° K [2]. This shows that
theoretical determination of temperature of acid
dew point depends on many factors as: exhaust flue
gas content and conditions in the duct, even from
fuel quality and combustion process organization.
So the proved way to evaluate acid dew point of
flue gas is to assembly a measuring system, which
may be used on site at different boilers,
independently of the fuel used and the combustion
process organization.

EXPERIMENTAL

Assessment of acid dew point of flue gas
requires measurement of the temperature of a
cooled surface at the moment when a liquid aced
appears over it. Measuring principle of the
constructed sensor is demonstrated on Figure 1.

y Measured signal of temperature

Temperature
measurement tc

Main sensor
Electrical lines Controller

Control signal

Switch

Hot Flue Gas
Cooling Air

Fig. 1 Principle of measurement of acid dew point.

The main sensor gives two signals. The first is
for the temperature measurement and the second is
for existence of liquid acid. The signal of acid

appearance is registered from a controller, which
switch the main flow to hot flue gas pass over the
sensor if it is necessary to increase temperature or
switch to ambient air — to cool the sensor from the
outside. The result of this regulatory process is
temperature deviation around the acid dew point to
the moment of achieving stable value.

Main elements of the acid dew point measuring
system are presented on Figure 2. The operational
principle of the system, is sampling exhaust flue
gas from the duct and analyzing it to determine the
acid dew point.

1 2 3 4 5
—\\ —ﬂ“'\ /','_ .
; 5 > Y
O '
/|
93“"14&\ 6 7 8
=Y T\ SO i

Fig. 2 Acid dew point measurement system: 1 — Ceramic
sampling probe, 2 — Ceramic conductive sensor, 3 —
Cooling fan,4 — Sensor’s unit, 5 — Control unit, 6 —
Transmitter TMT 181, 7 — Air supply line, 8 — Electrical
line, 9 — Pneumatic ejector.

Electrode 1 Hole for

thermocouple
Electrode 2

Fig. 3 Ceramic sensor.

The acid dew point measuring system includes a
ceramic pad with metal overlay - Fig. 3, which
forms two electrodes. Ceramic sensor (2) is
attached tight to a metal tube with good seal to
prevent leakage of ambient air. There is a small
hole, Imm in diameter, into the pad for mounting
the thermocouple, and seal it with clay. Outer
surface of the pipe is thermally isolated, except the
back side of the sensor, because it has to be cooled
by the cooling fan (3).

For the purpose of this system is used an FTW
325 electrical unit [10], which is very sensitive to
condensate formation. It can detect condensation,
which is not visible for the human eye. The
electrical unit provides AC with frequency of 20
Hz, which prevents electrodes destruction.
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Temperature measurement is assured by a J-type
thermo-electrical thermometer. This thermocouple
can measure temperature in the range -
200...1200°C. The thermocouple is connected to a
TMT 181 temperature transmitter, produced by
E&H [11]. Its role is to convert the raw signal from
thermometer to a unified electrical signal of
4...20mA.

To increase the accuracy of the measuring
system it is important to select a thermo-sensitive
element with small inertia. In other case, there is a
risk to read data different from the real temperature
of the sensor.

In assembled system was used programmable
logical controller — Vision 120-R1 [12]. It is
responsible for reading both the temperature sensor
and condensation detector, and manages the PID
regulator, which controls the temperature of the
ceramic pad, by switching on and off the cooling
fan.

Sensor

QOutlet

Fig. 4 Sampling unit.

One of the main components of the system is the
sampling unit - Fig. 4. It contains an ejector, by
which part of the exhaust flue gas is directed
toward the ceramic sensor.

The ejector works with compressed air, provided
by a compressor, external to the sampling unit. The
air enters the pipe (1), through a nozzle (2) and is
lead into a Laval nozzle (3). The high speed of the
air flow expires within the Laval nozzle result to
static pressure drop. Obtained by Laval nozzle
dilution in necessary to compensate linear and local
pressure loses through sampling system. The
quantity of the collected flue gas depends on the
compressed air flow rate. So compressor operation
is managed by a Vision 120-R1 controller.

The assembled flue gas acid dew point
measuring system gas was tested in the laboratory
for Heat and Gas Supply - Fig.5 in department
“Thermal and Nuclear Power Engineering” in
Technical University of Sofia.

For the test was used RIELLO gas boiler with
24 kW thermal power. The combustion chamber
and the burner, which are responsible for
organization of the combustion process, are shown
on Fig. 5b.

The acid dew point test is conducted ten times,
at different setting for the hysteresis cycle of gas
sampling and sample cooling, controlled by Vision
120-R1. Received data are statistically analyzed
and an average value for acid dew point is
estimated.

RESULTS AND DISCUSION

After conducting tests for determination of acid
dew point of exhaust flue gas from laboratory
boiler, achieved result was compared with data
from equations 10, 12 and 13, for theoretical
prediction of the same temperature. Other two
equations 9 and 11 are not used, because they are
appropriate for flue gas with high sulphur
concentration. Comparison of the results from the
test and the one calculated by the equations are
shown above in Table 1.

Table 1. Comparison between laboratory test and theoretical equations.

Method Lab. test Haase&Borg. Verh.&Banch. Neubauer
Value 56°C 48°C 68°C
After the analysis of compared data from Table REFERENCES

1, the conclusion is that the assembled
measurement system for determination of acid dew
point of exhaust flue gas works properly. This fact
proves that it can be used to provide determination
on site of acid dew point.
Outlook

To achieve on site tests at different power steam
boilers, with different fuels, respectively different
combustion process conditions and flue gas content.
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ACEMBJIMPAHE 1 TECTBAHE HA CUCTEMA 3A OIPEJAEJIIHE HA MSCTO TOUYKATA
HA POCATA HA U3XOJAIIWU JUMHUN I'’A3OBE OT EHEPTUMHU ITAPOI'EHEPATOPHU

Kp. LI. Tomopos*, P. A. Acenos, Ac.H. AceHos

Texnuuecku ynusepcumem — Coghus, kameodpa ,, Tonnoenepeemura u aopena enepeemuxa ", oyn. ,,c8. Ki. Oxpuocku
Ne8, Cogpusi 1000, Bvacapus

Tloctenmna Ha 14 romu, 2016 r. kopurupana Ha 24 okromspu, 2016 1.
(Pestome)

Konnenzamnusara Ha BOAHUTE MapH M Ta3000pa3HUTE KUCEIHMHU Pe3yiaTaT OT TOPUBHHS MPOLEC MPU E€HEprHiHN
IaporeHepaTopy HAacThIIBa NPH MOHMKABaHE HA TeMIlepaTypaTa Ha OTHaJHUTE AUMHH rasose. HyxmaTa oT mo-HHUCKH
TEMIIEpaTypu € MPOJUKTYBaHa OT CTpEeMe)ka 3a NOBHUILIAaBaHE Ha e(EKTUBHOCTTA Ha KOTiIMTe. Todkara Ha pocaTa
NpeACTaBs TeMIeparypara, IpH KOATO 3amouBa (OpPMHUpaHETO Ha KHcelnHH B TeuyHa ¢asa. Tasum Temmeparypa
NPe/ICTaBIsIBa ThHKATA TPaHUIIA MEeXy e(peKTUBHOCT U HaJAEXKHA eKciuioaranus. HeliHoTo onpenensiHe € He0OX0 MO
3a 7a ce IMOCTHIHE onThMmanHa pabota, Ha exHa TEILl. OmpemensHeTo Ha TOYkaTa Ha pocaTa 4pe3 TEOPETHYHHU
3aBUCHMOCTH € CI0)KHO M BKJIIOUBA IIPOBEKAAHE Ha JOBIHUTEIHHN J1JaAOOPaTOPHH TECTOBE 3a JOKa3BaHE HA MOyUCHUTE
pesynraru. LlenTta Ha HACTOAIIOTO M3CIIEABAHE € J1a ce aceMOImpa cucTeMa 3a ONpeelsiHe TOUKaTa Ha pocara, KOATo Ja
MOXe 112 Ob/ie 3M0JI3BaHa Ha MACTO IIPH Pa3IM4YHU eHepruitHu naporeHeparopu. Ciex kaTo 0sxa M30paHu MOIXO SN
eJIEMEHTH 3a aceMOMpaHe, cucTeMara Oele TecTBaHa B JlaboparopHH ycioBus. [lomyuennsaT pesynrar ot 56°C Gemre
CBIIOCTaBEH C IaHHHU OT PA3IMYHU TEOPETHYHM 3aBUCHMOCTH 3a ONpeNeNisiHe Toukara Ha pocata. CpaBHEHHETO Ha
JAHHHUTE JOKa3a, 4e aceMOIMpaHaTa CuCTeMa MOXKe Ja paboTu HaJekK THO.
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The modification of the optical and sensing properties of Nb,Os and SiO, oxides thin films through doping with
nanosized zeolite crystals with MFI and EMT- types framework was studied. Thin films of pure oxides and oxo-zeolite
composites consisting of oxide matrix embedded with zeolites were deposited by spin-coating method using pre-
synthesized metal sols and colloidal stable zeolite suspension mixed at the desired ratios and subjected to post-
deposition annealing. The surface morphology of the films and their optical properties were investigated by SEM and
UV-VIS-NIR spectroscopy, respectively. The sensing behavior was studied by measuring the reflectance spectra before
and after exposure to probe molecule (acetone vapors) and successive calculation of the changes in effective refractive
index due to vapor condensation in the porous films. The potential of the developed materials for optical sensing

applications is discussed.

Keywords: sol-gel materials; nanosized zeolites; films; optical properties; optical sensing.

INTRODUCTION

Enhanced performance, low manufacturing
cost, simple processing and possibility for
integration in different devices are essential
preconditions for novel materials to be used in
advanced technologies. In this context, the solution
processed metal oxides have increasingly attracted
scientific interest due to their potential applications
for improving the performance of different devices
such as Bragg gratings, optical filters, photonic
crystals, sensors etc. [1-3].

Among these applications, the optical sensing
is highly promising and it has also been intensively
studied [4,5]. The idea behind the sensing is the
change of refractive index of the oxide due to
capillary condensation of vapors inside the pores.
Therefore the generation of well-defined and
interconnected pore system inside the oxide film is
essential for its sensing application. Two general
approaches have been reported in the open
literature for porosity creation, each one with its
pros and cons. In the first approach, porosity has
been generated using sacrificing organic template
which after its removal through an appropriate
annealing or  chemical treatment leaves
interconnected or closed pores inside the films [6].
Alternatively, thin films with different porosity
have been fabricated using suspensions of
nanoparticles in different aggregation states [7].

In this paper, a different approach for porosity

* To whom all correspondence should be sent:

E-mail: klazarova@iomt.bas.bg
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generation via using zeolites nanocrystals as
dopants for dense metal oxide matrix is applied.
The approach is similar to the one already used for
preparing meso-structured silica films containing
nanosized zeolite [8] and silica / zeolite composites
[9]. Since zeolites are crystalline materials with
well-defined ordered micropore structure on the
molecular scale it is expected that their intrinsic
microporosity will introduce additional porosity in
the sol-gel oxide thus improving oxide-sensing
properties. Besides, due to the low refractive index
of zeolites [10] it is anticipated that the effective
refractive index of oxo-zeolite composite can be
tuned in wide range when matrix with high
refractive index such as Nb,Os, V,0s oxides is used
[11, 12]. This will allow production of multilayered
structures such as Bragg stacks where the same
material with different doping level, i.e. different
porosity can be used for achieving significant
optical contrast instead of alternation of different
materials thus overcoming the incompatibility
issues.

Herein we report the optimization of optical
sensing properties of Nb,Os and SiO, oxides films
through doping with EMT and MFI-type zeolite
nanocrystals. Pre-synthesized metal sols and
colloidal stable zeolite suspension were mixed
together at the desired volume ratios and used for
the preparations of thin films by spin-coating
method. The optical and sensing properties are
studied by measuring of reflectance spectra. The
potential of the developed materials for optical

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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sensing applications is demonstrated.
EXPERIMENTAL

Nb-sol was prepared by a sonocatalytic
method using 0.40 g NbCls (99%, Aldrich) as a
precursor, 8.3 ml ethanol (98%, Sigma-Aldrich)
and 0.17 ml distilled water [11, 13]. The solution
was subjected to sonication for 30 min and aged for
24 h at ambient conditions prior to deposition. The
Si-sol was prepared using 2.2 ml tetraethyl
orthosilicate (TEOS) as a precursor dissolved in 4.6
ml H.O and 11.8 ml ethanol and magnetically
stirred for 4 h at 50 °C. Pure silica MFI-type zeolite
(Si-MFIl) was synthesized according to the
procedure described before; the synthesis was
performed at 90 °C for 3 days. [14]. While the
synthesis of nanosized EMT-type zeolite with
particle size of 10-15 nm was performed according
to the procedure published in [15]. The synthesis
was performed at 35 °C for 36 h. Both zeolites were
extracted via high-speed centrifugation (20 000
rpm, 60 min) followed by re-dispersion in double
distilled water; this procedure was repeated several
times until the final colloidal suspensions reached
pH of 8.5.

The doping of metal oxides with zeolites was
realized in liquid phase by adding different volumes
of zeolites solutions to the already prepared metal
sols thus achieving doping levels from 0% (pure
metal oxide film) to 100 % (pure zeolite films) in
the film. It should be noted here that in the case of
Si-sol the highest doping levels were 60 % and 70
% for Si-MFI and EMT zeolites, respectively.
Further doping deteriorated the film’s optical
quality and resulted in increased scattering. Prior to
mixing, the zeolites and sols were sonicated for 30
minutes in order to redispersed the aggregated
particles.

Oxo-zeolites thin films were prepared by
pouring of 0.3 ml of sol / zeolite mixture on
preliminary cleaned silicon substrates and spinning

at a rate of 3000 rpm for 30 s. A post deposition
annealing was applied to all films for 30 min at 320
°C with temperature ramp of 10 °C / min. Our
additional experiments have shown that further
annealing at 320 °C did not modify the samples
properties.

The aqueous cellulose solution (1.5 wt.%) is

added to zeolite suspension in order to improve the
adhesion of zeolite film on silicon substrate.
The surface morphology of the films and their
structures were characterized by Philips 515
scaning electron microscope. The refractive index
(n) and extinction coefficient (k) along with the
thickness (d) of the films were determined from
reflectance spectra of the films measured at normal
light incidence by UV-VIS-NIR spectrophotometer
Cary 05E (Varian, Australia) using non-linear curve
fitting method [16]. The experimental errors for n, k
and d were 0.005, 0.003 and 2 nm, respectively.
The vapor sensing measurements on films were
conducted by measuring reflectance spectra prior to
and after vapor exposure using Cary O5E
spectrophotometer equipped with a homemade
bubbler system for generation of vapors from
liquids with controlled concentrations [17].

RESULTS AND DISCUSSIONS
Thin films of Nb,Os doped with Si-MFI type
zeolites

Fig. 1 shows the surface morphology of the
Nb.Os films doped with Si-MFI zeolites with
different volume ratio from 0 to 100 %. It is seen
that the pure oxide film has a very smooth and
featureless surface, while the pure zeolite film
exhibits rough surface with grainy morphology.
The surface morphology of the oxo-zeolite
composites is dependent on the fraction volume
between zeolites and oxides. The results show an
increase of the surface roughness as the
concentration of zeolite crystals increased (see Fig.
1c).
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Fig. 1. SEM images of the surface of films (a) pure Nb2Os, (b) 50% Nb205:50% Si-MFlI, (c) 25% Nb20s:75% Si-MFI
and (d) 100% Si-MFI.
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Fig. 2. (a) Refractive index and (b) thickness of the Nb,Os films doped with Si-MFI zeolite.
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Fig. 3. Absolute change of (a) the reflectance and (b) effective refractive index of Nb2Os films.

The variation of the refractive index (n) and
thickness (d) of Nb.Os/Si-MFI films as a function
of the volume fraction of zeolites is shown in Fig.
2. For determination of the optical properties of the
films, reflectance spectra of all samples were
measured and their thicknesses and refractive
indices were calculated according to [16]. It is seen
from Fig. 2 that by increasing of the doping level of
zeolite, the refractive index of the composite
decreases exponentially from 2.02 for undoped film
to 1.11 for 100 % doped film (pure Si-MFI film).
The thickness for pure Nb,Os and Si-MFI-zeolite
films is 36 nm and 102 nm, respectively, while the
thickness of the composites changes exponentially
with increasing the doping level. Since the
refractive index of zeolites is lower than oxides
[10], the reduction of n can be expected due to the
increase of zeolite volume fraction in the oxo-
zeolite composites, which leads to a decrease of the
effective refractive index of the films. Due to the
small size of zeolite crystals (30 - 40 nm) there is
no significant increase of optical losses due to
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scattering for doped samples as compared to the
pure Nb,Os films.

The results presented (Fig. 2) are very useful
when materials with specific optical characteristics
are required for certain applications. For example,
this approach can be used for production of rugate
filters that exhibit sine profile of the refractive
index across the film thickness [18] because a wide
range of refractive index values can be covered
simply by doping of Nb,Os films with zeolites.

We have already shown [10] that Si-MFI zeolite
films change their effective refractive index when
exposed to analytes due to adsorption and
condensation of vapors in their micro- and meso-
pores. To the contrary, no changes are observed for
pure Nb;Os films. However, when Nb2Os film is
doped with zeolites it may be expected the
formation of mesoporosity in addition to the
microporosity of the zeolites inside the films. In
order to clarify the results, we studied the sensing
properties of the films through measurements of
reflectance spectra of the samples before (Rair) and
after exposure to acetone vapors (Ri), and the
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change in effective refractive index (An) is
calculated. The absolute changes in reflectance, AR
(= |Rair - Rac|) and refractive index, An, are displayed
in Fig. 3. The calculation of An is performed using
already measured values of AR and it is explained
in details elsewhere [19].

As can be seen (Fig. 3a), with increasing of the
volume fraction of zeolites, AR increases gradually
from 0 % for undoped film to 0.27 % for 50 %
doped one and reaches the value of 0.82 % for pure
zeolite film. The total pore volume increases with
doping of the films with zeolite, since the vapor
penetrates more easily and condense in the pores
due to the capillary condensation. As a result the
effective refractive index increases with 0.004 -

0.005 for doped films to 0.007 for pure zeolite film
(Fig. 3b). Thus doping of the Nb,Os layers with Si-
MFI zeolites improves their sensing properties and
allows control of the optical characteristics.

Thin films of SiO, doped with Si-MFI and EMT-
types zeolites

The same approach for preparing SiO-based
oxo-zeolite composites was applied where thin
films of SiO, was used as a matrix for incorporation
of Si-MFI and EMT-type zeolites with different
volume fractions (Fig. 4). The pure silica surface is
not shown in Fig. 4 because it is very similar to the
surface of pure Nb,Os (Fig. 1a).

500 nm

Fig. 4. SEM images of the surface of SiO; films doped with Si-MFI (a, b) and EMT (c, d) type zeolites with a volume
fraction of 17 % (a, c) and 60 % (b, d).
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Fig. 5. Dependence of (a) the effective refractive index (n) and (b) thickness (d) of SiO, based oxo-zeolites films on
the volume fractions of zeolite crystals.

With increasing the doping level, the smooth
oxide surface changes to a granular one where the

Si-MFI  zeolites are  distributed  almost
homogeneously on the surface in comparison with
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the EMT-type zeolite crystals. It should be noted
that the addition of zeolites in the volume fraction
greater than 60% and 70 % in the cases of Si-MFI
and EMT, respectively, leads to films with strong
scattering and it is practically impossible to be
realized.

The optical properties of the oxo-zeolite
composites were studied, i.e., the refractive index
and extinction coefficient were calculated from the
reflectance spectra. Fig. 5 shows the refractive
index (n) and thickness (d) of SiO, doped with Si-
MFI and EMT-types zeolites. It is seen that the
influence of zeolites on the effective refractive
index of the film is similar in both cases: n
decreases from 1.43 to 1.34 for Si-MFI-type zeolite
and to 1.31 for EMT-type zeolite, when the volume
fractions vary from 0 to 60% and from O to 70 %,
respectively. The smaller values of n could be due
to the existence of bigger empty spaces between the
EMT-type zeolites in comparison with Si-MFI-type
zeolite as dopants (Fig. 4 (b) and 4 (d)). According
to the thickness dependences, the difference in
thickness values of oxo-zeolite composites prepared
using different zeolite types is stronger for volume
fractions higher than 30 % while for small amount
of zeolites added to the matrix, the d-values are
very similar in both cases (Fig. 5b). The similar
film morphologies for small doping levels and
significantly different surface status for higher
doping (Fig. 4) may explain the observed

dependences.
0.008
—u— SiO, : MFI
0.006 - —A— Si0, : EMT
S
<0.004 +
‘\A
0.002
0.000

O 20 40 60 80

Volume fraction of zeolites (%)
Fig. 6. Refractive index change of SiO; films doped with
different volume fraction of Si-MFI and EMT-zeolites
exposed to acetone vapors at partial pressure p/po=0.15
(po is the saturated vapors pressure at 0°C)

To check whether there is an improvement of
sensing properties of oxo-zeolite composites in
comparison with pure silica matrix, the reflectance
spectra of the films are measured prior to and after
exposure to acetone vapors with partial pressure
p/po=0.15 (po is the saturated vapors pressure at 0
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°C). The changes in reflectance are used further for
calculation of the refractive index (An) shown in
Fig. 6. For EMT composites there is a weak
enhancement of sensitivity that is independent of
the volume fraction of added zeolites. The
refractive index of EMT/SiO, composites changes
with 0.003 after exposure to acetone vapors, while
for pure silica the change is 0.002. In addition
EMT-type zeolite is highly hydrophilic, which
decreases its selectivity and adsorption toward
acetone vapors. However, when hydrophobic Si-
MFI type zeolite is used as dopant, there is a
significant improvement of the sensing properties
of the composite with zeolite volume fraction
around 20 % where the increase in sensitivity is
more than 3 times. The achieved change in n is
comparable with An for pure zeolite film (Fig. 3b).

The supplementary advantage of the SiO./MFI
film is the smoother surface and higher refractive
index, both are very important if the films are used
as building blocks of wvapor responsive Bragg
stacks. The first one will guarantee smooth
interfaces between the layers in the stack thus
leading to the stronger reflectance band. The higher
value of n for the composite (1.43) as compared to
1.11 for zeolite film will allow an omnidirectional
reflectance to be achieved because the condition of
refractive index higher than 1.2-1.30 for one of the
stack’s constituents will be fulfilled [20].

Interestingly, for the rest of composites there is
no improvement of An, even weaker changes are
obtained as compared to SiO, matrix. Previously,
we have shown that the surface hydrophobicity and
tension mainly influence the adsorption strength
[21]. We can speculate that there is an optimal
value of MFI volume fraction where the interplay
between these two parameters intensifies their
positive impact on adsorption thus leading to the
highest optical response.

For further increase of the sensitivity, the
SiO/Si-MFI composite can be used as a building
block of Bragg stack along with an appropriately
chosen material with high refractive index (doped
Nb,Os for example). Our additional calculations
have shown that the reflectance changes of 0.14%
for single film can be increased to 0.7%, 1.6 % and
2.6 % using 3, 5 and 7 layered stacks, respectively.

CONCLUSIONS
The fabrication of oxo-zeolite composites
comprising SiO2/Nb,Os matrix doped with Si-MFI
and EMT-type zeolites was demonstrated. It was
shown that in the case of Nb.Os matrix the
refractive index of the resulting composite can be
tune in a wide range from 2.02 to 1.11, while for
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SiO; the refractive index varies from 1.43 to 1.34
and 1.31 for MFI and EMT zeolites, respectively.
Besides, the highest possible volume fraction of
zeolites inserted in SiO, matrix depends on zeolite
type, and it is 60 % and 70 % for zeolites with MFI
and EMT-types frameworks, respectively. Further
increase of the doping level leads to deterioration of
the optical quality of the films and increased
scattering.

A significant improvement of sensing
properties was observed for the Nb,Os composites
where there is no change for pure oxide: the
effective refractive index of composites increases
with 0.004 - 0.005 after exposure to the probe
molecules (acetone vapors) that is very close to the
change obtained for pure zeolite films (0.007). The
reason is the porosity induced in the oxide matrix
through doping with zeolites. The increase in
sensitivity more than 3 times was achieved for SiO;
film doped with Si-MFI zeolites with volume
fraction around 20%.

Although the obtained changes in refractive
index are comparable with these for pure Si-MFI
films the composites have the supplementary
advantages of smoother surface and higher
refractive index, both opening the pathway of using
them in vapor responsive Bragg stacks.
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OIITUMU3HUPAHE HA OIITUYHUTE U CEH30PHU CBOMCTBA HA OKCU/JIH,
[TOJIYUEHMU 110 30JI-I'EJI METOA, YPE3 JOTHUPAHE CbC 3EOJIMTU

K. Jlazaposa'*, X. Asana?, [Ix. En ®amnax?, M. Bacunesal, C. Munrosa?, 11s. baGesal
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(Pestome)

B HacTosI0TO HM3CieaBaHEe € W3y4eHO MOAMGHIMPAHETO Ha ONTUYHHTE U CEH30PHU CBOWCTBA Ha THHKHU CIIOEBE OT
Nb2Os u SiO; upe3 norupane ¢ Hanopazmeptu 3eoautd MFI u EMT - tun. TeHKHTE GUIAMH OT YUCTH OKCHIHM U OKCO-
3€OJIUTHU KOMIIO3UTH, CHIBPIKAIIN OKCHIHA MAaTPULIA C BIPaCHH 3€0JIHUTH, ca IIOJIYYeHHU Upe3 LHeHTPodyKHO HaHACSHE
W TOCTICIBAIO 3arpsiBaHe, W3MOJI3BAMKN NMPEIBAPHTEIHO CHHTE3MPaH 301 M CTAOMIM3UPAHU KOJOHWIHU PA3TBOPH HA
3€0JIUTH, CMECEHH B Pa3MYHO CHOTHOLICHHE. [loBbpXHOCTHaTa MOp(ONOTHs HA (GUIMUTE M TEXHHTEC ONTHYHU
cBoiicTBa ca m3cnenBaHu choTBeTHO upe3 SEM m UV-VIS-NIR cnekrpockorms. CeH30pHHUTE CBOWCTBA ca M3YYCHU
Yype3 W3MEpBaHE HA CHEKTbpPa Ha OTPaXKCHHE MpPEAW M CJeI W3JIaraHeTo Ha (HIMUTE HA TECTBAHUTE MOJIEKYJIH
(aueToHOBH mMapu) M IIpecMsTaHe Ha IMPOMEHHTE Ha e(EeKTUBHUS IMOKa3aresl Ha IpedyylBaHe, BCIEICTBHE Ha
KOHJICH3aIlMATa Ha MapuTe B HOpuTe Ha rimMa. [UCKYTHpaH € MOTEHIUAIBT Ha Pa3pabOTEHUTE MaTepUalIy 3a ONTHYHU
CCH30PHH NPUIIOKECHUSL.
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The photocatalytic efficiency of Ag and La doped ZnO materials, obtained using the impregnation followed by thermal
treatment, was studied and compared in the reaction of oxidative degradation of RB5 dye as model contaminant in
aqueous solutions under UV irradiation. The structure, phase composition, morphology and specific surface area of the
non-doped and doped ZnO photocatalysts were investigated by Powder X-ray diffraction analysis, Scanning electron
microscopy and BET method. The results indicated that the highest degree of degradation of RB5 dye (69%) after 120
minutes of illumination was achieved using La doped ZnO photocatalyst, comparing with the degree of degradation
over the others samples - Ag doped ZnO (35%) and non-doped ZnO (20%). The apparent rate constants of RB5 dye
degradation decrease in the following order: La-ZnO (9.2x10 min) > Ag-ZnO (3x10° min™?) > ZnO (1.4x10° min?)

due to the interplay of La®* and La®* ion pair.

Keywords: ZnO, dopants, photocatalytic oxidation, Reactive Black 5.

INTRODUCTION

Developing effective and green methods for
pollutants removal (among them dyes from textile
industry) is important environmental hot topic of
the day [1]. Heterogeneous photocatalysis using
semiconductors has demonstrated its productivity in
this aspect, especially in degrading persistent
organics into CO: and H:O or into easily
biodegradable compounds [2, 3]. ZnO is among the
most popular photocatalysts for dyes degradation
due to its ability to absorb a wide solar spectrum [1,
4]. An effective approach for decreasing the
recombination of photo-generated charge carriers
and enhancing photoactivity is the modification of
ZnO using doping with metals or nonmetals, metal
deposition and coupling with other semiconductors
[5].

The activities of Ag/ZnO samples were
investigated by photodegradation of aqueous
solution of Acid Blue 113, Rhodamine B, Basonyl
Violet and Methylene Blue dyes under UV
illumination [6-11]. Ag/ZnO photocatalysts were
evaluated by the dye degradation also under direct
sunlight [12-15]. Mechanism of photodegradation
of Methyl Orange [16-18] and Methylene Blue dye
on Ag/ZnO nanocomposites for UV and visible-
light was studied [16, 17, 19]. ZnO nanosheets were
hybridized with AgsPOs nanoparticles and their
photocatalytic activity for the degradation of
Rhodamine B dye under visible-light illumination
was investigated [20]. The  Fenton-like
photocatalytic activity for the degradation of

* To whom all correspondence should be sent:
E-mail: kmilenova@ic.bas.bg

Rhodamine B and Methylene Blue in the mixed dye
solution using Ag/ZnO hybrid samples was studied
[21]. Photodegradation of dye mixtures of
Methylene Blue and Methyl Orange by Ag/ZnO
under UV-irradiation were performed in [22].

Mechanisms of the degradation of three
different dyes on La doped ZnO photocatalyst using
visible light was presented in [23]. The
photocatalytic degradation of Reactive Black 5 dye
in distilled and sea water using La/ZnO samples
under UV-light irradiation was described in [24].
The photodegradation of the Metasystox,
Paracetamol drugs, 2,4,6-trichlorophenol and
Methyl Orange dye on La-doped ZnO powders
were reported [25-28].

The aim of the present paper is to study
comparatively the photocatalytic properties of non-
doped and Ag- or La-doped-ZnO photocatalysts
obtained by impregnation method for degradation
of aqueous solution of Reactive Black 5 dye as
model contaminant.

EXPERIMENTAL

The activated ZnO powder was prepared by
procedure presented in Bulgarian Patent Ne
28915/1980 by Shishkov et al. (CI. Index C 01 G
9/02) [29]. The commercial ZnO was dissolved in
nitric acid and after that simultaneous treatment by
adding NH4OH and bubbling CO,. The obtained
precipitate Zn(OH)COs was filtered, washed, dried
at 110 °C and thermally treated at 400 °C for 4 h.
ZnO powder was impregnated with definite
amounts of the aqueous solutions of the AgNOs and
La(NOs)s (prepared by dissolving of La;Os in nitric
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acid). The concentrations of Ag and La metal
dopants were so preset to give 1.5 wt% metal
content with respect to Zn amount. The doped ZnO
samples were calcined at 500 °C for 2 h in air
atmosphere [30-32].

The powder X-ray diffraction analysis, scanning
electron microscopy (SEM) and single point
Brunauer-Emmet-Teller (BET) method were used
to study the phase composition, morphology and
specific surface area of the catalysts. The PXRD
patterns were registered on a TUR M62 apparatus
with PC control and data acquisition, using HZG-4
goniometer and CoKa radiation. The Scherrer’s
formula was used to calculate the crystallites size.
The morphology of the ZnO photocatalysts surface
were investigated by scanning electron microscope
(SEM) JEOL, model JEM-200CX, scanning
adaptor EM-ASID3D. The specific surface area of
the samples was measured in a conventional
volumetric apparatus Micromeritics FlowSorb I
2300 (USA) applying single point BET method and
using nitrogen adsorption from a mixture 30%
N2+70% He at the boiling temperature of liquid
nitrogen (77.4 K). Before determining the specific
surface area the materials were degassed at 423 K
for 30 min to liberate the entire surface from
adsorbed impurities until the residual pressure
became lower than 1.333x102 Pa. The nitrogen
(N2) monolayer formed was used to evaluate the
specific surface area (Aser) using the BET
equation, whereupon He was the carrier-gas [30-
32].

The photocatalytic degradation of Reactive
Black 5 (RB5) dye as contaminant in aqueous
solution under UV-A polychromatic illumination
(18 W) was tested. The change of absorbance
during the photocatalytic tests was monitored by
UV-Vis absorbance spectrophotometer CamSpec
M501 in the wavelength range from 200 to 800 nm,
observing especially the wavelength maximum of
absorbance at Amax = 599 nm for RB5. The initial
concentration of RB5 dye was 20 ppm. The studied
systems were left in the dark for about 30 min
before switching on the UV irradiation in order to
reach adsorption-desorption equilibrium state. A
semi-batch slurry photocatalytic reactor was used
continuously feeding air flow creating large excess
of O, compared to stoichiometry. The
measurements were carried out by taking aliquot
samples of the suspension out of the reaction vessel
after regular time intervals. The powder was then
separated from the aliquot solution by
centrifugation before the UV-Vis
spectrophotometrical measurements. After that, the
aliquot solution, together with the photocatalyst
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powder, were returned back quantitatively into the
reaction vessel, which ensured the operation under
constant volume and constant catalyst amount [30-
32].

RESULTS AND DISCUSSION

On the Figure 1 the Powder X-ray diffraction
patterns of the undoped and doped ZnO materials
are displayed. The presence of ZnO wurtzite phase
(PDF-36-1451) was registered in the spectra of the
investigated samples. The low content of La and Ag
is possible reason explaining the absence of their
peaks on the X -ray diffractograms. The determined
crystallites size of the studied samples is varying
within the range 50+57 nm (Figure 2). The results
established smaller crystallites size of Ag and La
doped ZnO (50 and 54 nm) compared to the non-
doped ZnO sample (57 nm). The SEM images of
the Ag and La doped ZnO materials are presented
in Figure 3. The smaller size of the particles is
observed for Ag doped ZnO than that in the case of
La dopant. The aggregates consisting of nanosized
particles with irregular shape can be seen on the
Figure 3. The Ag-ZnO (32 m?g) and La-ZnO (30
m?/g) doped photocatalyst samples possess
somewhat higher specific surface areas compared
to that of the pure ZnO (19 m?%g) [30- 32].
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Fig. 1. PXRD patterns of studied non-doped and doped
ZnO samples.

The adsorption capacities of non-doped and
doped ZnO samples after 30 minutes dark period
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(adsorption discoloration) were calculated by the
equation:
_(C,-C)V

where Co and C are the initial and after 30 minutes
in the dark concentrations of the dye, V is the
volume of the solution and m is the weight of the

Q m @ catalyst.
= 57
C
g 54
N
(%]
v
p 50
=
=
O
Ag/ZnO La/ZnO ZnO

Fig. 2. Crystallites size of investigated non-doped and doped ZnO materials.

~

Fig. 3. SEM images of 1 - Ag doped ZnO and 2 - La
doped ZnO photocatalysts

The adsorption capacities of the investigated
samples decrease in the following order: ZnO
(0.028 mg/g) > La-ZnO (0.025 mg/g) > Ag-ZnO
(0.018 mg/g).

Figure 4 presents concentration changes of RB5
dye related to the surface area of the photocatalyst
based on the changes in the intensity of the

maximal absorbance at 599 nm with time under UV
irradiation. Photocatalytic degradation degree of
RB5 dye on the studied samples are different for
doped and undoped zinc oxide photocatalysts. We
observed lower activity for ZnO, while doping with

0.40
] —m—2Zn0O
i —e— Ag-ZnO
0.85 ! —A—La-ZnO
NE ‘-h.\-\
= 0.30- —
) B
€ 0.251
2 ]
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Fig. 4. Concentration changes of RB5 dye related to the
surface area of the photocatalyst based on changes in the
intensity of the maximal absorbance at 599 nm
corresponding to the peak of the diazo bond (-N=N-) for
RB5 respectively, with the course of time under UV-A
irradiation

Ag and La improved it especially in the case of La-
ZnO sample. Figure 5 illustrates the reaction course
of dye degradation of investigated catalysts with the
time of illumination. The results for degradation
conversion degrees are in correlation with those of
Figure 4 as they followed the order of activities:
Zn0O (20%)< Ag-ZnO (35%)< La-ZnO (69%). The
degradation apparent rate constants (pseudo first
order kinetics) have been calculated using
logarithmic linear dependence of the concentrations
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Fig. 5. Degradation of Reactive Black 5 dye calculated
as [(Co-C)/Co]x100,% with the course of time under UV-
A illumination at 599 nm absorbance maximum,
attributed to the peak of the diazo bond (-N=N-) for RB5
using non-doped and Ag and La doped ZnO
photocatalysts.

ratio on the time: —In(C/Co) = k.t. and they are
represented in Figure 6. The highest photocatalytic
activity is demonstrated by La doped ZnO
photocatalyst. In comparison with our previous
work on La-ZnO photocatalyst this new sample
possesses higher value of the rate constant than
those of Co, Mn, Ni or Cu doped ZnO samples

[32].
12

10+ La-ZnO

(o<}
1 i1

k(x10°min™)

Photocatalysts
Fig. 6. Apparent rate constants of non-doped and Ag and
La doped ZnO photocatalysts.

The enhanced photocatalytic activity in
oxidative photodegradation of organic compounds
is probably due to the decrease in rate of
recombination of the photogenerated -electron-
holes, synergistic effect between dopant and ZnO
[10], production of a large number of oxygen
vacancies on doped ZnO, which strongly adsorb
OH™ [27]. Among the lanthanides doped ZnO
catalysts, La/ZnO shows the best photocatalytic
activity because of: higher dark adsorption
capacity, electron accepting ability, more OH
radical production capability [28].
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The doped photocatalysts have higher specific
surface area than the non-doped ZnQO. The higher
photocatalytic efficiency of La-ZnO samples,
compared to that of Ag/ZnO, can be explained in
terms of differences in dark adsorption capacity and
higher degree of crystallinity.

The superiority of the La/ZnO photocatalytic
material is probably due to the interplay of the
La**«sLa?" ion pair  representing  an
oxidation/reduction catalytic cycle, whereupon the
reduction of La® ions into La?" ions is caused by
the photoexcited electrons, while the oxidation of
La%" into La*" is caused by the oxygen molecules in
large stoichiometric excess in comparison to the
pollutant concentration in a semi-batch reactor
feeding continuously air to the photoreactor
(equation 2). This interplay of an ion couple is
missing in the case of Ag/ZnO sample.

La%* + 0, — Lad* + O, (2)

Similar supposition has been put forward by
Okte [28]. The produced superoxide anion-radical
(O27) is responsible for the generation of highly
reactive *OH radicals, due to their electrophilic
nature.

In the meantime, photogenerated holes may
react with H,O molecules and produce <OH
radicals. Thus, loading of lanthanum ions on the
surface of ZnO matrix can suppress the
recombination of photoinduced charge -carriers
either with only electron capture ability or with
steps forward to produce *OH radicals.

CONCLUSIONS

The present study on the photocatalytic behavior
of Ag and La doped ZnO materials in the oxidative
degradation of aqueous solutions of RB5 dye under
UV light, shows that the doping affects the
photocatalytic activity, the crystallite size and the
specific surface area of ZnO material. The Ag and
La doping of ZnO lead to increase in the
photocatalytic activity and specific surface area and
decrease in the crystallite size, comparing with
those characteristics of the non-doped ZnO
material. Lanthanum doped ZnO photocatalyst
exhibited higher efficiency in the oxidative
degradation of RB5 dye than Ag doped ZnO
samples due to the interplay between La?* and La%*
ions, which effect is missing in the case of Ag
dopant.
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EOEKTUBHOCT HA ZnO ®OTOKATAJIM3ATOPU JIOTUPAHU C Ag U La
K. 1. Munenosa'*, K. JI. 3axapuesa’, . JI. Cram6onosa?, B. H. Busckos?, A. E. Enusc!
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Cous, Bvreapus

[Toctenuna Ha 27 1onu, 2016 r. kopurupana Ha 11 HoemBpH, 2016 1.
(Pesrome)

dotokaranuTuyHaTa edektuBHocT Ha AQ u La morupanu ZnO marepuany, TMOJyYeHH 4Ype3 MMIPErHUpaHe H
nocnezBaiia TepMudHa o0paboTka, Oele M3ciieABaHAa M CPaBHEHA B PEaKlMsITa HAa OKHUCIUTEIHO pasrpakiaHe Ha
PeaxtueHO YepHo 5 Garpuino (PU5) kato MoJieieH 3aMbPCUTEN BbB BOAHM Pa3TBOPHU 10 AeHCTBHETO HAa Y B cBeTIHHA.
Crpykrypara, (a3oBusi ¢bcTaB, MOp(oOrusaTa U criennpuIHaTa MOBBPXHOCT HA HEAOTHPAHUTE W gotupanute ZnO
(orokaTanuzaTopu Osixa M3CIIEIBaHHM 4Ype3 PEHTIeHOBa AW(PaKIMs, CKaHHWpaIla eleKTpoHHa MHKpockomust U BET
MeToJ. Pe3ynraTuTe ycTaHOBHXA, Ye Hail-BUCOKa CTemeH Ha pasrpaxkaane Ha PUS5 6arpuno (69%) cnen 120 mMunyTH
ocBeTsiBaHe Oelle MmocTUrHaTa u3noi3Baiiku La gotupan ZnO ¢orokaTanuzaTtop B CpaBHEHHE C ApYyrure npodu - Ag
notupan ZnO (35%) u wemotupan ZnO (20%). CxopocTHHTE KOHCTAHTH Ha pasrpaxigaHe Ha PUS5 Oarpuiioro
HamansBar B cneanus pex: La-Zn0 (9.2x10° min?t) > Ag-ZnO (3x10 min?) > ZnO (1.4x1073 min?) gemkanio ce na
obMeHHO B3auMmoeiicTere Ha Lat u La®" nBoiika #HoHH.
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This contribution aims to assess the effect of the particle sizes on the thermoelectric efficiency of oxides. Two groups of
oxides are studied: p-type semiconductor LaCo:-«xNixFexOs with a perovskite structure and n-type semiconductor Zn;.<AlxO
with a wurtzite structure. The particle sizes are simply varied from 20 to 500 nm by increasing the annealing temperature
from 400 to 900 °C. Structural and morphological characterizations are carried out by powder XRD, SEM and TEM
analysis. The thermoelectric efficiency of oxides is determined by the dimensionless figure of merit, calculated from the
independently measured Seebeck coefficient, electrical resistivity and thermal conductivity. The results show that the
particle dimensions affect mainly the electrical conductivity, while Seebeck coefficient and thermal conductivity remain
unchanged.

Keywords: Thermoelectric oxides; cobalt-based perovskites and ZnO.

INTRODUCTION

Thermoelectric oxide materials are nowadays
considered as a key factor for clean energy
production of the future since they are able to
generate electric energy by using waste, geothermal
or solar heat as an energy source [1,2]. Since the
first report on thermoelectric efficiency of layered
sodium cobalt oxides in 1997 till now, there is a
challenging research competition aimed at defining
the most suitable oxide composition and structure
having simultaneously a high Seebeck coefficient, a
high electrical conductivity and a low thermal
conductivity [1-3]. As a result, several groups of
compounds have been proposed: p-type conducting
materials including Co-based perovskites and misfit
CasCo409 oxides, as well as n-type conducting
materials comprising metal doped Zn:xM,O and
SrTiO; [4]. The state-of-the-art research is mainly
devoted to the enhancement of the thermoelectric
efficiency of oxides by a single metal substitution
or by a particle-size engineering [5,6].

Recently we have demonstrated that the multiple
substitution for cobalt ions in the framework of the
perovskite-type structure is an effective way to
improve the thermoelectric performance of
LaCoOgs-based  ceramics [7-9]. The  best
thermoelectric efficiency is established for Ni, Fe-
double substituted cobaltates LaCoogNio.1Feo 103,
which is an order of magnitude higher than that of
LaCoQ;3 at room temperature [7-9]. The improved
performance is explained with a synergic effect of

* To whom all correspondence should be sent:
E-mail: sonya@svr.igic.bas.bg
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Ni and Fe ions substituted for Co ions to reduce
effectively thermal conductivity of cobaltates [7-9].
The strategy for the metal substitution is also
fruitful for improving thermoelectric properties of
Zn0 semiconductor [10-12]. It has been found that
substitution of aliovalent AI** ions for Zn?* in
regular lattice sites yields ZnixAlO oxides
(0<x<0.005) with improved thermoelectric
efficiency which is a consequence of the decreased
electrical and thermal resistivity [10-12].

This contribution aims to examine the effect of
the particle sizes on the thermoelectric efficiency of
metal substituted LaCoosNio1Feq10s perovskites
and wurtzite-type Zno.gesAlo.oosO. These two oxide
compositions are chosen due to their high
thermoelectric efficiencies reported early [7,12].
Both LaCOo,gNio,lFeo_log and Zno,995A|0_005O oxides
are prepared by thermal decomposition of
homogeneous precursors such as freeze-dried
LaCoosNioiFeo:1 citrates and  co-precipitated
ZnogesAlooos  carbonate-hydroxides, respectively.
The temperature of oxide formation is determined
from TG and DTA analyses. The particle sizes are
simply varied by increasing the annealing
temperature.  Structural and  morphological
characterizations are carried out by powder XRD,
SEM and TEM analysis. The thermoelectric
efficiency of the oxides is determined by the
dimensionless figure of merit, calculated from the
independently measured Seebeck coefficient (S),
electrical resistivity (p) and thermal conductivity

().
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EXPERIMENTAL

Perovskite LaCoogNio1Feo103 is obtained from
corresponding freeze-dried citrates following the
procedure described elsewhere [7]. The thermal
decomposition of the citrate-precursors was
achieved at 400°C for 3 h in air. The obtained solid
residue was annealed at 600 and 900 °C for 40 h in
air, then cooled down to room temperature with a
rate of 5°/min.

Waurtzite-type oxide Zno.essAlo.oosO is prepared
by co-precipitation from aqueous solution of
Zn(N03)2.6H20 and AI(N03)3.9H20 with
NHsHCO;. The details are given in details
elsewhere [12]. The mixed hydroxide-carbonate
precipitates are treated at 450 and 700 °C for 10h.

X-ray structural analysis is performed on a
Brucker Advance 8 diffractometer with Cu Ka
radiation.  Step-scan recording for structure
refinement is carried out using 0.02 °26 steps of Ss
duration. XRD patterns are analyzed by a structural
model comprising rhombohedrally  distorted
perovskite-type structure (R-3c space group), as
well as a model on the basis of wurtzite-type
structure (P6smc space group). The crystallite size
of oxides was calculated by the Scherrer equation
from the line width of the (012) and (024)
perovskite reflection peaks, as well as of the (101)
wurtzite peak: Dua = A /((B%P2) 2cos0mi) where A
is CuKa radiation, B is the peak width at the half
height corrected with instrumental broadening and
Ona is the Bragg angle. The line width was
determined by profile analysis using a WinPlotr
program.

SEM images of pellets coated with gold are
obtained by Zeiss DSM 962 microscope and Philips
XL30 scanning electron microscope. The TEM
investigations are performed by TEM JEOL 2100 at
accelerating voltage of 200 kV. The specimens are
prepared by grinding and dispersing them in
ethanol by ultrasonic treatment for 6 minutes. The
suspensions are dripped on standard holey
carbon/Cu grids. The analysis was carried out by
the Digital Micrograph software.

The thermal analysis (simultaneously obtained
DTA, TG and DTG) of precursors is carried out by
a combined LABSYS™ EVO DTA/TG system of
the SETARAM Company, France, with a gas-
analyser of the OmniStar™ type. The samples are
investigated in air, a heating rate of 5 °C/min and
sample mass of 10 mg.

The transport properties of the oxides are
measured on pellets sintered at 600 and 900 °C for
40 hours. Pellet density was determined by

Archimedes’ method. The property was evaluated
by comparison with the theoretical density of
LaCoOs and ZnO.

Electrical resistivity (p), density and mobility of
charge carriers were determined by MMR’s
Variable temperatures Hall System (k2500-5SLP-
SP) using Van der Pauw method over a temperature
range of 250 - 600 K. The benchtop permanent
magnet (0.5T) is used. Thermal conductivity was
determined at room temperatures on Thermal
Conductivity Analyzer TCi (SETARAM). In order
to compare the thermal conductivities of samples
having different porosity, the thermal conductivity
is normalized to 95% of the theoretical density (A)
using the following density correction [13]: A =
M0.952°)/(1-P)15, where A is the measured thermal
conductivity and P is the fractional porosity of the
pellet.

RESULTS AND DISSCUSIONS

Structure and morphology of LaCogsNio1Fep103
and Zno.gesAlo.00s0

The organic component has been shown to be an
important factor determining the thermal properties
of precursors [14,15]. Figure 1 compares the DTA,
DTG and TG curves of freeze-dried
LaCoosFeo1Nig1 citrate and  co-precipitated
ZnogesAlooos carbonate-hydroxide. For citrates, the
DTA curves display two endothermic processes at
149 and 180°C, followed by strong exothermic
process above 280 °C (Fig. 1la). According to the
thermal properties of citrate complexes [14-16], the
endothermic processes can be assigned to the
dehydration and to the transformation of the citrate
into aconitate, while the exothermic processes
correspond to the combustion of the residual
organics. The process is finished at around 380°C.
The thermal decomposition of co-precipitated
ZnogesAlooos carbonate-hydroxide is accomplished
at one endothermic peak at 246 °C, the process
being completed up to 300 °C.

At 400 °C and short heating time of 3 hours, the
product of thermal decomposition of freeze-dried
citrate is a mixture of cobalt-based perovskite,
spinel and Lay0,COs, which agree with our
previous data [12,13]. The well-crystallized single
perovskite phase is only obtained by increasing the
temperature from 400 to 600 °C, as well as by
prolonging the heating time to 20 hours (Fig. 2). At
these conditions, the XRD pattern consists only of
rhombohedrally  distorted  perovskite  phase
LaCog.sFeo.1Nig.10s.
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Figure 1. DTA, DTG and TG curves of freeze-dried LaCoo.sFeo.1Nio.1 Citrate (&) and co-precipitated Zno.gesAlo.00s
carbonate-hydroxide (b).
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Figure 2. XRD patterns of LaCoosNio.1Feo.103 (a) and Zno.gesAlo.0050 (b). The samples are annealed at 600 and
900°C for LaCoogNig.1Feo.103, as well as at 450 and 700 °C for Zng.ggsAlo.0050.

Table 1 Lattice parameters (a, ¢, V) and XRD crystallite sizes (rxrp) for LaCoo.gNio.1Feo.103 and Zng.g9sAlo.0050.

Unit cell parameters
Samples xrp, NM
a+0.0001, A ¢+0.0003, A Vv, A®

. 5.4470 13.1752 338.54 37
LaCo, ;Ni, ,Fe, ;0,600

. 5.4532 13.1191 337.86 131
LaCo, ;Ni, ,Fe, ;0,900

710 505l 0050450 3.2505 5.2084 47.66 22

710 505Al0 0050-700 3.2504 5.2062 47.64 36

This means that the multiple substitutions at Co
sites proceed in the framework of the perovskite
type structure. Further annealing of
LaCog.sFeo.1Nio103 at 900 °C does not provoke any
changes in the perovskite structure. Lattice
parameters for LaCoosFeo.1Nio.1Os annealed at 600
and 900 °C are listed on Table 1. The only
parameter that is changed is the line width of the
diffraction peaks. Using the correlation between the
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line width and the crystal size, Table 1 gives also
the calculated crystallite sizes for the perovskite
annealed at low and high-temperature. The result
reveals a strong increase in the XRD crystallite
sizes (more than 3 times) when going from 600 to
900 °C.

The same picture is observed for Al doped ZnO.
The well-crystalline wurtzite-type oxide is formed
at 400 °C. The lattice parameters are close to that of
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undoped ZnO: a = 3.2486 and ¢ = 5.2035 [12].
Further annealing at 700 °C is related with an
increase in the crystallite size of ZnggesAlo.oosO
without changing the lattice parameters (Table 1).
The comparison shows that changes in the
crystallite  sizes are more restricted for
ZNog95Alo0osO in comparison with that for the
perovskite phase. Based on solid state 2’Al MAS
NMR, we have established that aliovalent AI** ions
substitute for Zn?* in the wurtzite-type of structure

when the samples are annealed in the temperature
range of 400-700 °C [12]. As a result, the
temperature range of annealing of Al-doped ZnO is
chosen between 400 and 700 °C so that to ensure
both the particle growth and the preservation of
AP ions inside the wurtzite structure. All XRD
results reveal clearly that the perovskite and the
wurtzite structures remain unchanged in the
temperature range of annealing.

Figure 3. TEM and SEM images for LaCog 3Nig.1Feo.103 (a) annealed at 600 and 900 °C. SEM images of
Z19.995A10.00s0 (b) annealed at 450 and 700 °C.

The morphology of the oxides is a critical
parameter in order to fabricate the dense pellets
suitable for electrical resistivity measurements.
Therefore, Figure 3 compares the morphologies of
LaCoosNio1Fe0103 and  ZnggosAlo.oosO having
different particle dimensions. At low annealing
temperature, LaCoosNio1Feo10s displays well-
shaped individual particles with a mean dimension
of about 50 nm, while a significant crystal growth
is observed at high annealing temperature: a mean
particle size reaches a value of about 500 nm. The
observed changes in the particle sizes during
perovskite annealing are consistent with that

established for the crystallite sizes calculated from
XRD line width (Table 1). The temperature-
induced changes in the morphology are less
obvious for Zno.gesAlo.oosO (Fig. 3b), which is also
in agreement with the calculated XRD crystallite
sizes.

The important finding is the fact that both
LaCOo,gNio,lFeo,103 and Zno,995A|o,0050 form dense
pellets irrespective of the different particle
dimensions. For the perovskite phase, well shaped
particles fused one to another give rise to the pellet
porosity varying between 20 — 25 %. Irrespective of
the smaller particle sizes, the pellet porosity of
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ZNng.995Al0.0050 1s also close to 25 %. The similar
pellet porosities allow us to compare the
thermoelectric  properties of samples having
different particle dimensions.

Size-dependent transport properties of
LaCoosNio1Feo103 and Zng.ggsAlo.00s0

The performance of thermoelectric materials is
usually characterized by the dimensionless figure of
merit ZT=S?T/(p.A) where S is the Seebeck
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coefficient, T is the absolute temperature, p is the
electrical resistivity, and A is the thermal
conductivity. The improvement of their properties
can be achieved by rational control of carrier
density, electrical and thermal transport. All results
on transport properties of the perovskite and the
wurtzite phases are summarized on Figure 4 and
Table 2.
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Figure 4. Temperature dependence of the electrical resistivity for LaCogsNio 1Feo.1O3 (a) annealed at 600 and 900 °C,
as well as for Zngp.995Alo.00s0 (b) annealed at 450 and 700 °C.

Table 2. Electrical resistivity, carrier density (CD), carrier mobility (CM), Seebeck coefficient, thermal conductivity,
power factor and figure of merit for LaCog sNio.iFeo.103 annealed at 600 and 900 °C (P600, P900) and for Zn.995Al0.00s0
annealed at 450 and 700 °C, (W450, W700) respectively.

Samples p, Q.cm CD, CM, S, A, PF FM
cm?®x10®  cm?Vs  pVIK W/(m.K)
+0.04
P600 0.793 2.9 2.5 +189 0.20 0.045 0.007
P900 0.072 8.6 2.7 +234 0.17 0.758 0.134
W450 333.5 1.5 0.01 - 259 0.33 2.0x10* 1.8x10°
W700 4570.1 0.05 0.03 -590 0.30 0.8x10* 0.8x10°

Figure 4 shows the temperature dependence of
the electrical resistivity of LaCoosNio1Feq10s and
Zno99sAlo.0050 having different particle dimensions.
For all of the samples studied, the electrical
resistivity decreases with raising the temperature
from 250 to 600 K, thus indicating their
semiconducting behaviour. While the electrical
resistivity of the perovskite phase increases with
decreasing the particle dimensions, the wurtzite
phase displays an opposite trend: the electrical
resistivity is higher for the sample having higher
particle dimensions. It is worth mentioning that the
changes in the resistivity of the wurtzite phase are
more significant in comparison with that for the
perovskite phase.

In accordance with our previous data, the
temperature dependence of the electrical resistivity
of LaCoosNig1Feo10; annealed at 900 °C is
describes by the model based on the nearest
neighbors hopping of small polarons [p=psTexp(-
Ex/kT)], the activation energy being 0.0909(5) eV
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[5]. It is noticeable that the same model can be used
to describe most adequately the temperature
dependence of the electrical resistivity of
LaCoosNioiFeo10; having one order smaller
particle dimensions. Moreover, the activation
energy for LaCoogNioiFeo103 with smaller
particles tends to that for LaCoosNig1Feo10s with
bigger particles: 0.093 eV. Contrary to the
perovskite phase, the temperature dependence of
the electrical resistivity for the wurtzite phase can
not be described with one model in the temperature
range of 250 — 600 K.

The observed changes in the resistivity for the
perovskite and the wurtzite phases are related with
the density and mobility of the charge carriers
(Table 2). As one can see, for the perovskite phase
the carrier density increases with an increase in the
particle dimensions, while the carrier mobility
remains the same. This means that the smaller the
particle sizes, the lower the carrier density is. The
observed dependence suggests that defects in the
perovskite structure induced by the smaller particle
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sizes destroy the charge carriers. Keeping the
carrier mobility unchanged, the mechanism of the
electrical conductivity stays insensitive towards the
particle dimensions.

The wurtzite phase displays the opposite
behavior. By increasing the particle dimensions, the
charge carriers decrease. As in the case of the
perovskite phase, the carrier mobility is insensitive
towards the particle sizes. This indicates that size-
induced defects in the wurtzite structure give rise to
the charge carrier (Table 2).

The Seebeck coefficient is strongly dependent
on the structure type (Fig. 8). All perovskites
display positive sign of the Seebeck coefficient (S),
thus indicating that the predominant mobile charge
carriers are holes (p-type semiconductor). Contrary,
the sign of the Seebeck coefficient is negative for
the wurtzite phase, thus revealing that the
predominant mobile charge carriers are electrons
(n-type semiconductor). While the Seebeck
coefficient remains size-independent for the
perovskite phase, the wurtzite phase displays an
increase in the Seebeck coefficient with particle
dimensions.

The thermal conductivity is the next parameter
that is independently determined for the perovskite
and the wurtzite phases (Table 2). The results show
that thermal conductivity does not undergo any
measurable changes with variation of the particle
sizes. This can be understood if we take into
account the physical meaning of thermal
conductivity. The thermal conductivity can be
expressed by two terms due to the electronic and
lattice contributions. For the oxides, the total the
thermal conductivity is mainly governed by the
lattice contribution. This means that the phonon
scattering for the perovskite and the wurtzite
structure is  size-independent. The lattice
contribution can be tentatively related with the
carrier mobility, which is also size-independent
parameter.

Taking into account the Seebeck coefficient and
electrical resistivity data, the power factor is
calculated: PF=S%p (Table 2). In general, the
comparison shows that PF is higher for the
perovskite phase than the wurtzite phase. In
addition, the highest PF is observed for the
perovskite with bigger particle sizes. Contrary, the
wurtzite phase with smaller particle sizes displays a
high PF value.

In addition to PF, Table 2 gives also a
calculated figure of merit. It appears that the
perovskite phase with bigger particle sizes exhibits
a highest thermopower activity, while the wurtzite
phase with smaller particles has a better

performance. This reveals that by a variation of the
particle sizes it is possible to control the
thermopower efficiency of the perovskite and the
wurtzite phases in respect to their desired
applications.

CONCLUSIONS

Two groups of compounds are studied in order to
assess the effect of the particle dimensions on the
thermoelectric efficiency: p-type semiconductor
LaCoosNio.1Feo 103 with a perovskite structure and
n-type semiconductor ZngggsAloosO  with a
wurtzite structure. Although the bigger particles
contribute to an increase in the thermopower
activity of the perovskite phase, the wurtzite phase
is better performed in the case when smaller
particles dominate. The particle sizes affect mainly
the density of charge carriers, while the carrier
mobility, Seebeck coefficient and thermal
conductivity are size-independents. The variation in
the particle sizes has an opposite effect on the
transport properties of the oxides in comparison
with that of metal substitution: the metal additives
reduce effectively the heat transport in the oxide
matrices. This study demonstrates the capability to
control the thermoelectric efficiency of oxides by
rational combining of the type of crystal structure,
the kind of metal dopants and sizes of the crystal
particles.
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E®EKT HA PASBMEPA HA YACTHULMUTE BBPXY TEPMOEJIEKTPUYHATA
E®EKTUBHOCT HA METAJI BAMECTEHMU LaCo;.xNixFexO; [IEPOBCKUTU U
BIOPHI/IT an_xAIXo

C.T. Xapuzanosa®”, E. H. Xeuesa!, B. JI. Bbaues?, M. I'. Xpuctos?, I1. B. Mapkos!, P. K. Crosnosa’

Unemumym no obwa u neopeanuuna xumus, bvieapcka akademus na naykume,
oyn. Akao. I'. Bonues, 6. 11, Coghus 1113, bvreapus
2@usuuecku Paxynmem,Cogpuiicku Ynusepcumem, 1164 Cogus, Bvazapus

Tocrprmna wa 27 ronu, 2016 1. kopurupana Ha 24 okromspH, 2016 T.

(Pestome)

[IpoBeeHOTO M3CNEBaHE MMa 3a Liel Ja OLCHHU eeKTa Ha pa3Mepa Ha YACTHULHUTE BbPXY TEPMOCICKTPHYHATA
e(eKTHBHOCT HA OKCHIHM MaTepuaid. J[Ba Kiaca OT OKCHAM ca M3CIEABAHU: HONynpoBogHUIHM oT P-tun LaCo;-
xNixFexOs ¢ mepoBckuTOBa CTPYKTYpa M monynpoBoaHuIm oT N-tun ZNi1xAlxO ¢ BopTiuTHa cTpyKTypa. Pazmepa
Ha gactunute ca Bapupanu ot 20 7o 500 nm upe3 yBennyaBaHe Ha TeMIepaTypara Ha oTrpsiBaHe B uHTepBana 400
—900 °C. CtpykTypHOTO M MOP(HOIOTHYHO OXapaKTepU3UpaHe € MPOBEICHO ¢ M3MOJ3BaHE Ha NIPAaXxOB PEHTTEHOBO
mudpakmuone anamm3, SEM m TEM amammu. TepmoenektpudyHata e(QEKTHBHOCT € OIpenelieHa dpe3
Oe3pa3MepHaTa BeJIMUMHA IPECMETHAaTa OT HE3aBUCHMO H3MEpeHUTE KoepHIMEeHT Ha 3eedeK, eNeKTPHUYHO
CBIIPOTHBJICHHE U TEPMHYHA MPOBOAUMOCT. Pe3yiraTurte Moka3Bar, ye pa3MepbT HAa YACTHIIUTE BIIHSIE OCHOBHO
BBPXY EJIEKTPUYHATA MPOBOAMMOCT, J0KaTo KoepUIMEHTHT Ha 3eeOeK M TepMHUYHATA MPOBOJUMOCT OCTaBaT

MIPAKTUYECKU HEIPOMEHEHH.
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Palladium containing nickel-iron-cobalt perovskite catalysts La(CogsNio.1Feo1)1-xPdxOs with x=0.05 and 0.15 were
synthesized at 600 °C from citrate precursors obtained by freeze-drying. Structural and morphological characterization
was carried out by XRD, BET surface measurements, TEM and XPS. The reduction properties of catalysts were
examined by TPR with H, combined with ex-situ XRD measurements. The results obtained indicate formation of
cobalt-based perovskite phases in which Pd ions are incorporated into the crystal structure. For the sample with the
higher Pd content, traces of PdO and/or La,Pd,Os also appear. The oxide compositions are studied as catalysts for
complete oxidation of propane as model substance of saturated hydrocarbons. The reaction parameters as light-off
temperatures (for achievement of 50 % conversion, Tsp), pre-exponential factors and the apparent activation energies
were determined, internal diffusion effect being taken into account within the applied reactor model. The observed
increase in the reaction rate constant when palladium is incorporated in into the perovskite structure is accordance with

the concentration and forms of the palladium, exposed on the catalytic surface.

Key words: palladium, cobalt perovskites, propane, complete oxidation

INTRODUCTION

The catalytic combustion of volatile organic
compounds (VOCs) is considered as one of the best
methods for waste gases purification. Noble metals
and transition metal oxides are intensively studied
as catalysts for VOCs neutralization. The
“classical” exhaust catalysts contain noble metals
(Pd, Pt, Rh) for pollutant treatment. The high price
of the noble metals and limited abundance, as well
as their sintering ability and sensitivity to catalytic
poisons, are the driving force for the development
of new catalysts for VOCs neutralization.
Perovskite-type oxides containing transition metals
are considered to be a promising catalyst for
pollution abatement because of their low cost, high
activity and thermal stability, which makes them
potential alternatives to noble metals. In 1972
Voorhove was the first who reported the high
catalytic activity of perovskite oxides for
heterogeneous  oxidation [1]. These studies
stimulated a lot of research that was related to
exhaust control catalysts (see, for example refs. [2-
4]. Perovskites are mixed oxides with general
formula ABOs, where A is usually a lanthanide ion
and B is a transition metal ion. The B-site cation is
surrounded octahedrally by oxygen, and the A site
cation is located in the cavity made by these
octahedra. Both A and B ions can be partially
substituted, leading to a wide variety of mixed
oxides. For complete oxidation reactions, cation B
is responsible for the catalytic activity [4], while
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E-mail: stanchovska@svr.igic.bas.bg

should be sent:

cation A, especially when partially substituted by a
cation of different oxidation state, governs the
stabilization of unusual oxidation states for B,
leading to different catalytic performance [4-6]. It
has been reported that the highest catalytic activity
belongs with lanthanum as metal A and Co, Mn, Fe
and Ni as metal B [2,7,8]. For oxidation of CO and
hydrocarbons, LaCoOs is demonstrated to be one of
the most active perovskites [9]. In the last decade
the interest in the perovskite catalysts revived, due
to the elaboration of the so-called “intelligent”
three-way catalysts based on Pd-containing
perovskite oxides [10, 11]. It was established that
these catalysts display self-regenerative function
under operating conditions through the interaction
of Pd (or other platinum group metals) with the
perovskite lattice. In response to the periodic
reducing and oxidizing reaction conditions in
stoichiometric engines fuelled by natural gas, Pd
segregates and re-dissolve into ABOs lattice, thus
preventing extensive particle sintering under
prolonged operation at high temperature [10, 12,
13].

Generally, the catalytic activity of the
“intelligent” catalysts is governed by the chemical
state and redox behavior of Pd, which, on its turn,
depends on the composition of the perovskite phase
as well as on the feed stream composition and
operating conditions. The preparation method is of
crucial importance for the activity of these catalysts
[14-17].

In this study we present data on the synthesis of
a Pd-containing Co-based perovskite oxide and the
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impact of Pd additives on the catalytic oxidation of
propane as model substance for saturated
hydrocarbons. In the cobalt perovskite studied, Ni
and Fe were partially substituted for Co, since,
according to ref. [18], these compositions display
improved catalytic activity as compared to pure
LaCoOsz. In order to ensure homogeneous
distribution of Co, Ni, Fe and Pd, the samples were
prepared using the citrate precursor method.

EXPERIMENTAL

Homogeneous La-Co-Ni-Fe-Pd citrate
precursors for the target perovskite compositions
La(CoosNio1Feo.1)1xPdx0s, x=0, 0.05 and 0.15,
were obtained by the freeze-drying method. La-Co-
Ni-Fe and La-Co-Ni-Fe-Pd citrates were prepared
by adding La(NOs)..6H,O, CoCOs;, NiCOs,
Fe(NOs)2.xH20O and Pd(NO3).xH,O 5M to a 0.1M
aqueous solution of citric acid (CA). After stirring
at 60 °C, a clear solution was obtained. After
concentration to 0.5 M La, the solution was cooled
to room temperature, then frozen instantly with
liquid nitrogen and dried under vacuum at -20 °C in
an Alpha-Christ freeze dryer. The thermal
decomposition of the citrate precursors was
achieved at 400 °C for 3h in air. The obtained solid
residue was annealed at 600 °C for 3 h in air.

X-ray structural analysis was performed on a
Bruker Advance 8 diffractometer with Cu Ka
radiation. Step-scan recordings for structure
refinement by the Rietveld method were carried out
using 0.02° 20 steps of 5 s duration.

The TEM investigations were performed on a
TEM JEOL 2100 instrument at accelerating voltage
of 200 kV. The specimens were prepared by
grinding and dispersing them in ethanol by
ultrasonic treatment for 6 min. The suspensions
were dripped on standard holey carbon/Cu grids.
The analysis was carried out by the Digital
Micrograph software.

The XPS measurements were carried out in the
UHV chamber of the electron spectrometer
ESCALAB MkIl (VG Scientific) using a AlKa
excitation source. The spectra calibration was
performed by using the C 1s line of adventitious
carbon, centred at binding energy (BE) of 285.0 eV.

The specific surface area of the catalysts was
determined by low temperature adsorption of
nitrogen according to the BET method using Nova
1200 (Quantachrome) apparatus. Temperature
programmed reduction (TPR) experiments were
carried out in the measurement cell of a differential
scanning calorimeter (DSC), model DSC-111
(SETARAM), directly connected to a gas
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chromatograph (GC), in the 300-973 K range at a
10 K/min heating rate in a flow of Ar:H; = 9:1, the
total flow rate being 20 ml/min. A cooling trap
between DSC and GC removes the water obtained
during the reduction. To obtain the ex situ XRD
patterns of the partially reduced oxides, the
reduction process was interrupted at selected
temperatures and then the samples were cooled
down to room temperature in an Ar:H; flow
followed by Ar treatment for 10 min.

The catalytic activity tests were carried out in a
continuous-flow type reactor. The following testing
conditions were applied: catalyst bed volume of 0.5
cm?®, irregular shaped particles having an average
diameter of 0.65 £+ 0.15 mm, reactor diameter of 7.0
mm, quartz-glass (Dreactor/Dparticles > 10). The
gas hourly space velocity (GHSV) was fixed to 60
000 h™%. The inlet concentration of propane was 0.1
vol. %, while the oxygen supply was kept at 20.9
vol.%. The gas mixture was balanced to 100 % with
nitrogen (4.0). The gas analysis was performed
using an on-line gas-analyzers of CO/CO2/0,
(Maihak) and THC-FID (total hydrocarbon content
with a flame ionization detector, Horiba). For
compensation of the adiabatic effect of the reaction,
the catalyst bed temperature was maintained almost
constant. The pressure drop of the catalytic bed was
measured to be less than 2 kPa, and it was not taken
into account. The axial dispersion effect was
neglected as the catalyst bed is corresponding to a
chain of more than 10 ideal-mixing cells along the
reactor axis. Therefore the  geometrical
characteristics and the flow conditions of the
catalytic reactor justify the conclusion that the
reactor is close to the case of isothermal plug flow
reactor (PFR) except for the effect of radial velocity
profile inside the catalyst bed.

RESULTS AND DISSCUSIONS

Figure 1 displays the XRD diffraction patterns
of La(COo_sNio,lFeo,l)Og and La(COo_gNiollFeoll)l_
«Pdx0O3, x=0.05 and 0.15, obtained at 600 °C. The
XRD peaks correspond to a rhombohedrally
distorted perovskite phase (space group R-3c). No
additional reflections are visible for
La(COo_sNio,1FEO,1)O3 and La(COo,sNio,1Feo,1)1.dex03
with x=0.05. For La(COo,gNio,1F€o_1)1.dex03 with
x=0.15, additional low intensity peaks are observed
which correspond to traces of impurity PdO and/or
La,Pd.Os phases (inset of Fig. 1c).

The unit cell parameters of the perovskite phase
for the three samples are listed in Table 1. The
substitution of Pd for transition metal ions leads to
a lattice expansion, which is in accordance with the
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higher ionic radius of palladium ions (0.615 for
Co®* (low spin 0.545 A), Ni** (low spin 0.56 A,
high spin 0.60 A) and Fe®* (0.645 A).

The XRD results indicate the formation of
perovskite phases in which Pd ions are incorporated

Pd** and 0.64 A for Pd?*) as compared to that of
into the crystal structure. This underlines an
effectiveness of the citrate-precursor method for the
preparation of perovskite oxides.

Table 1. Unit cell parameters and specific surface area of La(Coo.sNio.1Feo.1)1-xPdxOs,

a, A c, A V, A3 S, mi/g
x=0 5.4482 (7) 13.1763 (22) 338.71 (8) 13
x=0.05 5.4479 (8) 13.1827 (23) 338.84 (9) 14
x=0.15 5.4576 (9) 13.2048 (31) 340.61 (11) 15
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Palladium  additives poorly affect the La(CoosNio.1Fe0.1)0.95Pdo.0s03 the Pd 3d5/2 peak is

morphology of the perovskite phase. The specific
surface areas have close values (13-15 m?/g) and
the particle sizes are in the nanometer range (30-50
nm, Figs. 2a and 2b). Figures 2a and 2b show the
electron diffraction images of La(CoosNio1Feo1):-
«PdxOs. It can be seen that both materials were
polycrystalline with a rhombohedral perovskite as a
main phase.

The oxidation states of Pd on the surface of the
powder catalysts were analyzed by means of XPS.
Figure 3 shows the Pd 3d3/2 and 3d5/2 core level
spectra  of  La(CoosNio1Feo1)1xPdxOs.  For

located at 338.1 eV and appears symmetrical (Fig.
3a). For the sample with the higher Pd content
x=0.15 the experimental spectrum of Pd 3d5/2 is
asymmetrical and can be deconvoluted into two
peaks centered at 338.1 and 337.2 eV, respectively
(Fig. 3b). The XPS spectra of Pd in palladium-
containing perovskite catalysts in their oxidized and
reduced form are presented in several papers [19-
21]. The unusual high Pd 3d5/2 peak observed for
these catalysts at about 337.7-338.2 eV was
ascribed to Pd** or Pd*" species inserted in the B-
site of the perovskite structure, whereas the peak
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with the lower energy at 336.1-336.6 corresponds
to Pd?" in PdO [19-21].

This means that for the
La(Coo:sNio.1Feo1)o.9sPdoosO3 sample Pd is mostly
incorporated into the perovskite structure, whereas
for La(Coo.sNio.1Feo.1)0.e5Pdo.1503 the palladium ions
are distributed between the perovskite phase and a
Pd-rich phase (PdO or La.Pd,0s) , the ratio
between these two Pd species being of about 2:1.
The Pd concentration in the surface layer of the two

(b)
Figure 2. Bright field micrographs and polycrystalline electron diffractions of La(Coo.sNio.1F€0.1)0.95Pd0.0s03 (a) and
La(Coo.gNio.1Fe0.1)0.85Pd0.1503 (D).

3381

348 346 344 342 340 338

Binding Energy, eV

Figure 3. XPS spectra in the Pd 3d3/2 and Pd 3d5/2
regions for La (CogsNigiFeo1)oosPdoosOs (a) and La
(Coo.sNio.1Feo.1)0.85Pdo.1503 (b).
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samples is close to that in the bulk: 3.6 and 4.6 at.
% Pd in the surface versus 1.7 and 5 at. % for the
bulk composition.

The amount and the forms of Pd in
La(CoosNio1Feo1)1xPdxOs is related with their
thermal reduction properties. Figure 4 compares the
TPR curves with H, of pure La(CoosNio.1Feo1)Os
and the Pd containing samples. The TPR profiles of
La(CoogNio1Feo1)Os  shows two  successive

Perovskite PdO
312, 211,

Perovskite  PdO La,Co,0,

L. 41T, 202, 412,

e S\\ 018, 103, 117,

: 222,

3 3 LU0 002, 020,
i

77 012,

reduction peaks, the first one with Tma=420 °C and
the other with Tmax=570 °C. It is well documented
that the reduction of LaCoOs; is a two-staged
process including a reduction of LaCoOj3; to Lax0Os
and Co® via the formation of intermediate
Brownmillerite-type phases containing Co?" ions
[22-25]. The presence of Pd in the catalysts shifts
the reduction of the perovskite phase to lower
temperatures [21, 26-29]. For La(CoosNio1Feo1):-
xPdxO3 samples Pd affects only the first reduction
stage: for the sample with x=0.05 the first reduction
stage is shifted to significantly lower temperatures
and the peak is split into three components with
Tmax=86, 155 and 209 °C, respectively. For the
sample with x=0.15 the reduction temperature is
lowered remarkably, thus reaching values of Tmax =
66 °C and 110 °C, respectively (Fig. 4). It is
interesting to note that for both samples the second
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stage of the reduction process is not affected by the
presence of Pd in the catalysts. This means that the
perovskite-derived Brownmillerite phases do not
contain Pd.

In the literature, the first low-temperature peak
with a low-intensity appearing in TPR curves has
been explained by the reduction of Pd oxide species
into Pd metal whereas the other peaks have been
assigned to the reduction of Co®* to Co° via Co?*
[30]. It is suggested that Pd facilitates the reduction
of cobalt due to spillover of the dissociated
hydrogen atoms which were formed on the
palladium particles [30].

= LaCo gNij ;Fey 104

579

o B
T ----La(Cog gNig 1Fep 1)0.057 00503

p  — — La(Cog gNig 1Feg 1)0.85P%0.15C3

H, Consumption

100 200 300 400 500 600 700
0

Figure 4. TPR curves for La(CoosgNio1Feo1)1xPdxOs3
perovskites.
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Figure 5. ex-situ XRD patterns of partially reduced
LaPdo0sMoges0s. The symbols correspond to: * -

LaoPd,0s or La,PdOs; + - Pd; - La,C0,0s, | — La,05; 0
— CoPd; x — Co/Ni.

To rationalize the observed difference in
reducibility of La(CogsNio1Feo.1)1xPdxOs, ex-situ
XRD measurements of partially and completely
reduced samples were undertaken. The reduced
compositions were obtained after interrupting the

reduction process at selected temperatures. The
reduction of La(CoosNio1F€o1)09s5Pdo0sOs starts
below 100 °C with the separation of La-Pd oxide
phases of the type La>C020s or La,PdO4 from the
Co-perovskite matrix (Fig. 5). Reduction up to 120
°C leads to the formation of metallic Pd and
oxygen-deficient perovskite phases, LaMOs-5. At
280 °C, the reduction of Co®* to Co?* is completed
and Co-brownmillerite is formed. The end products
of the reduction of La(CoosNio.1Feo.1)0.95Pd0.0s03 are
CoPd, Co/Ni metals and La,Os. Hence, in the case
of Pd substituted perovskites, the reduction of the
Pd species to metallic Pd is preceded by their
separation from the perovskite phase, La;Pd,Os or
La,PdO, oxides containing Pd?* being formed.

In order to examine the applicability of the
synthesized materials as combustion catalysts, the
reaction of complete oxidation of propane was
investigated. The results from catalytic experiments
are presented in Figure 6. The data from the
conversion — temperature dependencies were used
for fitting the Kinetics parameters by using of one —
dimensional pseudo-homogeneous model of plug-
flow isothermal reactor [31,32].

GHSV =60 000 h” (experiment) GHSV =12 000 h* (model)
—A—13(Co_.Ni Fe )O —*—LaPd . (Co Ni Fe ) O

08 01 0173 015( 08 01 0170853
—u—LaPd

Co_ Ni Fe_ )
100 1—e—LaPd

O.US( 08 01 70.170.95

Co_ Ni Fe_ )

0.15( 08 0.1 70.1/0.85

03
03

80

CH: 01 vol. %, 0,:20.9 vol. %
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/
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T50

250 ' S(I)O ' 3é0 ' 4(I)O ' 4é0 ' 5£I)0 ' 550
Temperature, °C

Figure 6. Dependencies of the conversion on the

reaction temperature during complete oxidation of

hydrocarbons on  La(CoosNioiFeo1)Os and La
(COo,sNioAlFeo,l)l»dexO& x=0.05 and 0.15.

For the calculations of the pre-exponential
factors (ko) and the apparent activation energies
(Eapp), data for conversions below 20-25 % were
utilized. At such reaction conditions the calculated
values for the average effectiveness factors
(accounting for the irregular shaped catalyst
particles) were within the limits 0.87-0.99 and
therefore the effect of the internal diffusion effect
had to be implemented in the reactor model by
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applying of an iterative approach. The calculated
reaction parameters are presented in Table 2.

The calculated values for the apparent activation
energies are very close (within the limits of the
experimental error), thus leading to the assumption
for similarity of the reaction mechanism. Further,
the model calculations show that at gas-hourly

space velocity of 12 000 h the expected Tso can be
lowered with about 80 °C, which can be considered
as a promising basis for development of catalyst for
cleaning of waste gases containing saturated
hydrocarbons (conversion of 99 % can be reached
at 500 °C (GHSV =12 000 h%).

Table 2. Reaction parameters for the complete oxidation of hydrocarbons on La(CoosNig1Feo1)Os and La
(COo,gNio,lFEo,l)l.dexO3, X =0, 0.05 and 0.15.

Catalyst: X=0 X = 0.05 X =0.15

Tso, [°C] 511 505 479

Ko, [51] 1.67x 107 2.88 x 107 1.09 x 108
Ezpp, [KJ/mol] 87 89 94

As stated above, the XRD results indicate a
formation of cobalt-based perovskite phases in
which Pd ions are incorporated into the crystal
structure. The quantitative analysis of the reaction
rate parameters show that the incorporation of
palladium in the basic composition with x=0.05
leads to an increase in the reaction rate constant
with about 10 %, while the effect of x=0.15 is in the
range of 70 %. When similar comparative analysis
is applied to the Pd - containing samples only, the
average increase of the reaction rate constants (Pd
from x=0.05 to x=0.15) is 54 %, i.e. much less than
the expected tentatively three times higher activity
if the effect of the added palladium was
proportional to its content. However, this result is
in better accordance with the XPS — data for the
concentration and forms of the palladium, exposed
on the catalytic surface — the difference in the rate
constants in this case is in the range of 30 % (higher
being for x =0.15 sample). It should be pointed out
that in our case XRD - results revealed that within
the x=0.05 sample Pd is mostly incorporated into
the perovskite structure, whereas for x=0.15 the
palladium ions are distributed between the
perovskite phase and a Pd-rich phase (PdO or
La,Pd.0s), at ratio between these two Pd species
being of about 2:1. As reported by Eyssler at all
[20], the highest catalytic activity for similar
samples was measured for catalysts where
palladium was predominantly dispersed as
supported PdO particles thus stating that Pd
incorporation in the perovskite-type lattice may not
be favorable for methane oxidation. However, the
main goal is the finding of stable palladium — based
combustion catalyst and the incorporation of
palladium within the perovskite-type lattice is a
perspective  approach to prevent sintering
phenomena [20].
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CONCLUSIONS

Using citrate precursors, monophase perovskite
oxide La(Coo.sNio.1F€0.1)0.95Pdo.0s03 can be prepared
at 600 °C, in which the Pd ions are incorporated
into the perovskite structure. For higher Pd content,
traces of PdO and/or La:Pd,Os also appear .The
amount and the forms of Pd in La(CoosNio1Feo1):-
«PdxO3 catalysts affect their thermal reduction
properties. Pd has a significant effect on the
reduction temperature of Co®" to Co?*, intermediate
cobalt Brownmillerite - type phases that do not
contain Pd being formed.

The observed increase in the reaction rate
constant when palladium is incorporated into the
perovskite structure is accordance with the
concentration and forms of the palladium, exposed
on the catalytic surface. Despite that the
incorporation of palladium within the perovskite-
type lattice leads to some lowering of the catalytic
activity when compared to Pd/PdO - based
samples, the applied approach for synthesis of
materials with prevented sintering properties and
self-regenerative function can be considered as
perspective in searching of stable palladium — based
combustion catalyst.
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CHUHTE3 U OXAPAKTEPU3UPAHE HA CBHIBPXKAILN IMAJIAJIMA HUKEJI-
XKEJIA30-KOBAJITOBU ITEPOBCKUTOBU KATAJIM3ATOPU 3A ITBJIHO
OKUMCJIEHME HA TIPOITAH

C.T. Cranuoscka’, P. K. CtosiHoBa, E. H. XKeuesa, A. 1. Haiinenos

Hucmumym no obwa u neopeanuuna xumus, bvicapcka akademus na naykume,
oyn. Akao. I'. Bonues, oa. 11, Coghus 1113, Poaeapus

ITocTenuna Ha 15 ronu, 2016 r. kopurupana ua 28 okromspu, 2016 T.

(Pesrome)

IManaguii-ChIppIKaIIU MEPOBCKUTOBH KaTaau3atopu ¢be cbeTaB La(CoosNio1Feo1)1-xPdxOs , x=0.05 u
0.15, ca cunresupanu npu 600 °C ot mmodunmsupanu urpatan npexypcopu. XRD, n3mepBanus Ha
cneuduuyHaTa nobpxHocT mo merona Ha BET, TEM u XPS ca u3noj3BaHu 32 CTPYKTYpHOTO U
MOP(]OJIOTHYHO OXapaKTepu3rpaHe Ha 00pa3uuTe, a peAyKIHOHHUTE UM CBOMCTBa ca n3ydenu upe3 1PR
¢ Hz B komOuHanus ¢ ex-situ XRD umepBanus Ha MexIuHHUTE NpoaykTu. [TokasaHo e oOpa3yBaHeTo Ha
CMECeHH KOOANTOBH IEPOBCKUTH, B KouTo Pd HOHM ca BKIOYEHH B KpHCTanHata CTpykrypa. [lpm
KaTalu3aTtopa C MO-BHCOKO chabpkanue Ha Pd ce HabmomaBat u cienu ot PdO u / win LaPdyOs.
[lepoBckuTHTE Ca W3CiEABaHM KAaTO KATaJM3aTOPH 32 ITBJIHO OKHCIICHHE Ha TPONaH KaTo MOJIETHO

CBbCIMHCHUE Ha HACHUTCHUTE BBIJIEBOJAOPOIN. OHpe)IeHeHI/I ca

PCAKMUOHHUTEC TIapaMETpU KaTo

TeMIeparypaTa 3a JOCTHraHe Ha KoHBepcus oT 50 %, npenexkcnoHeHNMANHASA (akTop W Habmo1aeMaTa
AKTHUBHUpaAIa €HECPIrusd, KaTo B MU3MOJI3BAHWUA MOJICT Ha PEAKTOpP € OTYCTCHO BIIMAHUCTO Ha BBTPEIIHATA
Judy3ust. YCTaHOBEHO €, 4e BrpaKAaeTo Ha Maliajinsl B IIEPOBCKUTOBATA KPUCTAIHA CTPYKTypa BOJHU 10
NOBHIIABaHE CTOHHOCTTA HAa CKOPOCTHATa KOHCTaHTa HA PEAaKLUATa, KaTO HApacTBAaHETO KOpEIUpa ¢
KOHIICHTpAIATa U (opMHuTE Ha Majaaus B MIPUIIOBBPXHOCTHHUS CIION Ha KaTaln3aTOPHUTE.
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Effect of phase composition on the formation of active sites in titania-ceria catalysts
for ethyl acetate total oxidation
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The aim of current investigation is to elucidate the effect of phase composition of titanium-cerium mixed oxides on
their textural, structural and surface properties. Nanosized mesoporous TiO,-CeO, oxide materials were prepared by
template-assisted hydrothermal synthesis using CTAB as a structure directing agent. The obtained samples were
characterized by Nitrogen physisorption, X-ray diffraction, temperature-programmed reduction with hydrogen, UV-Vis,
FTIR- and Raman spectroscopies. The catalytic activity of the obtained materials was tested in total oxidation of ethyl
acetate as a representative member of hardly oxidized O-containing volatile organic compound (VOCs). All bi-
component samples possess improved textural characteristics and redox properties due to the increased dispersion. All
bi-component oxides demonstrate improved catalytic activity and selectivity in comparison with the mono-component
materials in total oxidation of ethyl acetate. This could be a result of the improved textural characteristics and redox

properties due to the increased particle dispersion.

Keywords: nanostructured metal oxides, ethyl acetate combustion.

INTRODUCTION

Recently, volatile organic compounds (VOCs)
have gained a significant contribution to air
pollution [1], which makes the control of their
emissions strongly imperative. Nowadays, there are
numerous different methods for VOCs elimination
such as adsorption, thermal oxidation and catalytic
oxidation [1, 2]. Among them, the catalytic total
oxidation has been recognized as more
economically  efficient process for VOCs
elimination even at low concentrations, reducing
also the level of toxic by-products emissions in a
high extent [1-4]. Transition metal oxides are one
of the alternatives to noble metal-containing
catalysts due to their thermal stability, low cost and
high catalytic activity [2,4]. Nanostructured metal
oxides have been found to be very active, both in
total and selective oxidation of hydrocarbons and
their catalytic properties are related to the type of
metal oxide species involved in the oxidation
process [5, 6]. Besides, the wuse of a
multicomponent system could enhance the catalyst
performance due to the synergism that may occur
between the components. Anatase-type titanium
dioxide has been extensively used in environmental
applications due to its high activity, chemical
stability, robustness against photocorrosion, low
toxicity and availability at low cost, especially for
the detoxification of water and air [7, 8]. The
surface properties of TiO are primarily dependent

* To whom all correspondence should be sent:
E-mail: : issa@abv.bg

upon various factors such as particle size, structural
defects/distortion and the presence of other dopants
[7]. 1t is well known that the properties of metal
oxide can be modified by the incorporation of
another metal oxide to form mixed oxides at
surface level. It was established that the doping of
titania with different metal oxides could improve
the redox properties of the obtained
nanocomposites due to the appearance of
interaction and/or  synergism  between the
components [8]. Such modifications generate novel
material properties, including higher catalytic
activity in various reactions. Among the doping
metals, cerium species have attracted particular
attention due to their excellent redox chemistry and
oxygen storage capacity [8, 9]. The catalytic
properties of cerium reflect two features, which are
the redox couple Ce**-Ce** with the ability of
cerium to shift between CeO, and Ce,Os under
oxidizing and reducing conditions, and the facile
formation of labile oxygen vacancies with the
relatively high mobility of bulk oxygen ions [9].
Recently, titania-ceria materials have been studied
as good alternative for the oxidation catalysts and
supports [8, 9]. Yang et al. [10] studied catalytic
wet air oxidation (CWAOQ) of phenol over TiO,—
CeO, catalysts. They observed an increase in the
efficiency of the mixed materials due to the
promoting effect of ceria in the structural and redox
properties of titania. They found that the catalytic
activity was seriously influenced by Ti/Ce mol
ratio. A lot of data in the literature aimed on the
highlighting of the relationship between the
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catalytic activity and the defective structure of these
oxides.

The aim of current investigation is to study the
catalytic behaviour of TiO,-CeO. materials as
catalysts in volatile organic compounds oxidation
using ethyl acetate as a probe molecule. On the
base of a complex study with different methods,
such as Nitrogen physisorption, XRD, Raman-,
FTIR-, UV-Vis spectroscopy and temperature-
programmed reduction with hydrogen, the effect of
Ti/Ce ratio on the structural, textural and catalytic
properties of the obtained binary oxides are
discussed.

EXPERIMENTAL
Materials

Titania (TiO;) and ceria (CeO;) materials were
synthesized by template-assisted technique using
hexadecyl-N,N,N-trimethyl ammoniumbromide
(CTAB) as a template, hydrothermal treatment at
373 K and calcination at 773 K according to
procedure described in [11]. Similar synthesis was
applied for the bi-component oxides, denoted as
TiCe where the Ti/Ce mol ratio was 1:1, 1:2 and
2:1.

Methods of characterization

Specific surface area (BET method) and total
pore volume data were collected from nitrogen
adsorption-desorption isotherms measured at 77 K
using a Quantachrome NOVA 1200 apparatus.
Powder X-ray diffraction patterns were collected on
a Bruker D8 Advance diffractometer with Cu Ka
radiation using a LynxEye detector. FTIR spectra in
the region of skeletal vibrations were recorded on a
Bruker Vector 22 spectrometer at a resolution of 1—
2 cmt, accumulating 64-128 scans and KBr pellets
technique. The UV-Vis spectra were recorded on a
Jasco V-650 UV-Vis spectrophotometer equipped
with a diffuse reflectance unit. Raman spectra were
acquired with a DXR Raman microscope (Thermo
Fischer Scientific, Inc., Waltham, MA) using a 780
nm laser. The TPR/TG analyses were performed on
a Setaram TG92 instrument using a flow (100 cm3
min-1) of 50 vol. % H; in Ar and a heating rate of 5
K min™.

Catalytic oxidation of ethyl acetate

The catalytic oxidation of ethyl acetate was
performed in a flow type of microreactor, 0.030 g
of the catalyst diluted with crash glass (weight ratio
of 1:3), particle size of 0.3-0.6 mm and catalytic
bed volume of about 0.5 cm with a mixture of ethyl
acetate in air (1.21 mol %) and WHSV of 100 h.
Before the catalytic activity experiments the
samples were treated in argon at 373 K for 1 h. Gas
chromatographic analyses were done on a HP 5890

apparatus using carbon-based calibration. The
products distribution was calculated as selectivities
to CO: (Sco2), acetaldehyde (Saa), ethanol (Sg:) and
acetic acid (Sacac) calculated by the equation: Si=
Yi/X*100, where Si and Yi were the selectivity and
the yield of (i) product and X was the conversion
value.
RESULTS AND DISCUSSION

In order to obtain information for the textural
characteristics of the studied materials, nitrogen
physisorption measurements are done (Table 1).
According to IUPAC classification the acquired
isotherms are of type IV, typical of materials with
mesoporous structure (not shown) which could be
expected when using CTAB as a structure-directing
agent during synthesis and/or obtain a material
comprised of nanosized particles. All obtained
materials are characterized with high BET specific
surface area and total pore volume. The addition of
ceria to titania leads to an increase in the surface
area and pore volume of the bi-component systems
(Table 1). This effect is more pronounced for
8Ti2Ce sample. Note, that the BET surface area of
all mixed oxide samples overcomes that one if the
samples were mechanical mixtures of the individual
oxides. This suggests interaction between the
studied metal oxides.

Table 1. Nitrogen physisorption data and specific
catalytic activity (T=600 K) of studied materials.

Sample BET Total Pore Specific
m?/g Volume catalytic
ml/g activity (SA)
CeO; 46 0,26 1,76
TiO, 85 0,28 0,29
2Ti8Ce 55 0,29 1,01
5Ti5Ce 99 0,45 0,61
8Ti2Ce 166 0,62 0,39
|
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Figure 1. XRD patterns of TiO, CeO; and TiCe
materials.
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Fig. 1 shows the X-ray diffraction patterns of
titania-ceria materials. For pure TiO, only
reflections of anatase titania (20=25.6°, 38.3°, 47.8°
and 62.5°) were detected [12] (Fig. 1, Table 2). In
bi-component material with high titanium content
(8Ti2Ce), the reflections of anatase are still present
and no reflections of ceria are observed. With
further increase of Ce content the former reflections
become weaker and the wider. This indicates a the
decrease in the crystal size of TiO, with the
increase of Ce content in the samples (Table 2).
This can be due to large lattice distortion resulting
from the cerium addition. For pure CeOg, the strong
reflections are attributed to cubic fluorite-like

structure (26 = 28.5¢, 33.1¢, 47.5°, 56.3° and 69.4°)
[13]. For the Ce-rich sample (2Ti8Ce), no titanium
oxide phases are detected. In this sample, the
registered diffraction reflections are characteristic
of cerianite CeO and they are slightly shifted to
higher Bragg angles, which is due to a slight
decrease of the ceria unit cell parameter (Table 2).
Taking into account that the radius of Ti**-ion is
0.74 A, CN=6 and that one for Ce**-ion is 0.97 A,
CN=6, the latter observation could be due to the
incorporation of smaller Ti**-ions into the ceria
lattice [14, 15]. However, the observed results are
insufficient to assume formation of a solid solution
with cerianite structure as was reported in [16].

Table 2. XRD data for TiO,, CeO; and TiCe materials.

Sample Space Group Unit Particles size,
cell nm
TiO2 Anatase, syn 3.7861 17.4
Tetragonal — Body-centered 141/amd 9.493
CeO2 Cerium oxide 5.416 10.0
Cubic - Face center - Fm-3m (225)
2Ti 8Ce Anatase, syn
Tetragonal — Body-centered 141/amd
Cerium oxide
Cubic - Face center - Fm-3m (225) 5.409 17.0
5Ti5Ce Anatase, syn 3.782 <5
Tetragonal — Primitive P42/mnm (136) 9.514
Cerium oxide
Cubic - Face center - Fm-3m (225)
5.403 12.0
8Ti2Ce Anatase, syn - -
Tetragonal — Primitive P42/mnm (136)
Cerianite (Ce), syn
Cubic - Face center - Fm-3m (225)
a b
TiO, Tio,
CeO CeO

2Ti-8Ce

Absorbance, a.u.

W

5Ti-5Ce

8Ti-2Ce

2Ti-8Ce

Absorbance a.u.

i

5Ti-5Ce

8Ti-2Ce

4000 3000 2000 1000
4
Wavenumber, cm

200 300 400 500 600 700 800

Wavelength, nm

Figure 2. FTIR spectra (a) and UV-Vis spectra (b) of TiO,, CeO, and TiCe materials.
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In order to obtain more information about the
state of wvarious metal oxide species, FTIR
measurements were also done (Fig. 2a). For the
pure TiO, sample, the peaks at 460, 620 and the
shoulder at 910 cm, typical of anatase titania are
registered (Fig. 2a) [14]. The broad and intensive
band below 700 cm™ observed for the pure CeO;
sample is related to the Ce—O bond vibrations. The
band around 1600 cm™ is due to adsorbed water
molecules [17]. The broad band in the interval
3100-3700 cm™* is assigned to O-H stretching
vibrations. The variations in the intensity of these
peaks in the FTIR spectra of the bi-component
samples with cerium content implies that a possible
interaction of ceria with titania provides differences
in the surface defects, which reflects on the amount
of surface hydroxyl groups and adsorbed water.

The diffuse reflectance UV-Vis spectra were
further recorded (Fig. 2b), since this technique is

very sensitive to obtain more information for the
environment of metal ions. The strong absorption
feature in the UV-Vis spectrum of pure TiO: (Fig.
2b) at 350 nm is due to d-d electronic transition
between Ti**-ion and O? ligand in anatase [18],
which is consistent with the observation from XRD.
The absorption in 300-500 nm range which is
registered in the spectra of CeO, sample
corresponds to Ce**«—0? charge transfer (CT) [19].
The band at 250 nm could be due to the O* —Ce®*
CT transitions, which implies the occurrence of
oxygen vacancy defects. In accordance with the
XRD and nitrogen physisorption data, the observed
changes in the 350-500 nm region for all bi-
component materials confirm the assumption done
above for the existence of strong interaction
between the different metal ions and/or the increase
in the metal oxides dispersion.

a b c
: 3 5
> = °
= = 2
[72] w h—]
5 5 2
E ST N 2
- = IS )
CeO, Tio,
2Ti-BCL
Raman shift, cm™ Raman shift, cm” Raman shift, cm™
Figure 3. Raman spectra of CeO- (a), TiO; (b) and TiCe (c) materials.

In order to obtain more information for the type

of interaction between the metal oxide

5Ti5Ce nanoparticles, Raman spectra were recorded (Fig.

3). The spectrum of pure TiO, sample (Fig. 3c)

presents the main peaks at 149, 198, 398, 515 and

g 8TioCe 644 cm, typ_ical of anatase TiO; structure [20]. !n

" case of the mixed samples, the observed decrease in

= the intensity of the main peak, typical of titanium

o oxide accompanied with its slight broadening could

2Ti8Ce

P

600 650 700 750
Temperature, K

Figure 4. TPR-DTG profiles of TiO,, CeO; and TiCe
materials.

be due to particle size decrease, which is in
accordance with the XRD data (Fig. 1, Table 2).
The spectrum of CeO; consists of intense peak at
463 cm?, which is assigned to F2g mode of CeO;
fluorite structure (Fig. 3a) [21]. The appearance of
an additional intense and weak broad band at about
600 cm™ is assigned to the formation of oxygen
vacancies [15, 20]. For the bi-component materials,
a slight shifting and broadening of the main
Raman-active mode accompanied with a decrease
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in its intensity is detected (Fig. 3b). This could be
assigned to partial replacement of Ce ions with Ti
ones, resulting in Ce-O bonds shortening and
formation of smaller crystallites with defect
structure. In the case of 8Ti2Ce sample, no peaks
are observed for CeO,. According to XRD and UV-
Vis data, we assign these effect to the improved
metal oxide dispersion and/or the formation of
mixed oxide phases.

Fig. 4 presents the TPR-DTG profiles of the
samples treated in hydrogen. In case of pure ceria
(Fig. 4), the registered weight loss corresponds to
about 14 % reduction of Ce** to Ce®". The reduction
effect for the bi-components samples is larger in
comparison with pure CeO and starts at lower
temperature. In accordance with the
physicochemical measurements, the observed
effects indicate increased mobility of lattice
oxygen. This effect is especially well pronounced
for the sample with the lowest Ce content.

In Figure 5 is presented the evolution of the
catalytic behaviour of mono- and bi-component
materials in oxidation of ethyl acetate with time on
stream at selected temperature (600 K). Beside CO;
which is the most important product of ethyl acetate
oxidation, ethanol (EtOH), acetaldehyde (AA) and
acetic acid (AcAc) are also registered as by-
products. The catalytic properties of pure CeO;
remain almost unchanged during the whole
investigated interval (Fig. 5), however, it exhibits
low selectivity to ethyl acetate total oxidation
(27 %), while ethanol (47%) is detected as the main
by-product. At the same time, well defined
tendency of a decrease in the catalytic activity after
two hours of time-on-stream was observed for the
pure TiO, sample that could be due to the release of
hardly desorbable carbon based by-products (Fig.
5). The TiO, sample demonstrated high selectivity

90 -
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to CO; in the first two hours of the reaction (Fig.
5b), and then the selectivity steeply decreased at the
expense of by-products formation, mainly AA
(25 %), EtOH (22 %) and ethane (18 %) at 600 K.
No changes in the catalytic activity with time on
stream are registered for all bi-component materials
(Fig. 5a). Note that all bicomponent materials
represent better catalytic activity than the
corresponding mono-component ones. Taking into
account the physicochemical data we assign this
result to the considerable improvement in the
textural characteristics of the mixed oxide materials
and/or to the presence of more active mixed oxide
phase. In order to ignore the effect of different
specific surface area of the samples (Table 1), the
specific catalytic activity was calculated as
conversion at selected temperature (600 K) per unit
surface area (Table 1). The obtained results
demonstrate well defined tendency for specific
activity increase with ceria content for the bi-
component samples and extremely high value is
observed for the pure CeO,. Thus the facilitated
effect of doping of titania with cerium is not in
simple relation with the increased specific surface
area of metal oxides, as a result of the improved
dispersion of the individual oxides. Moreover, TPR
results clearly indicate presence of more readily
reducible particles in bi-components materials (Fig.
4). In accordance with the XRD and Raman
analyses, the improved reducibility of the mixed
oxides could be due to the incorporation of Ti*
ions into the ceria lattice. This weakens the Ce—O
bond and promotes the mobility of bulk oxygen in
CeOs.. As reported by Russo et al. [22], the lattice
oxygen plays a crucial role in the VOCs oxidation
catalysis via Mars-van Krevelen mechanism, which
was also discussed for total oxidation of ethyl
acetate [23].
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Figure 5. Ethyl acetate conversion (a) and selectivity to CO; (b) with time on stream at 600K of TiO,, CeO; and TiCe
materials.

In conclusion, as compared to the mono-
component materials, bi-component ones were
characterized with higher dispersion, better textural
parameters and improved redox properties. This
affects the catalytic activity and selectivity of the
samples in ethyl acetate combustion, which could
be successfully controlled by the Ti/Ce ratio. The
formation of these finely dispersed mixed oxide
crystallites promotes ethyl acetate oxidation via
Mars van Krevelen mechanism, where the release
of lattice oxygen is of primary importance. The
increase in the Ti/Ce ratio for these materials
promotes the segregation of finely dispersed and
easily reducible mixed oxide nanoparticles which
has a beneficial effect on the catalytic activity.
Further investigation is in progress.

CONCLUSIONS

To obtain new insight into the structure—activity
relationships for the titania-ceria mixed oxides, a
series of mono-component and bi-component TiO,—
Ce0, samples with different Ti/Ce molar ratios
have been synthesized. Well defined effect of metal
oxide dispersion improvement is registered for all
bi-component systems. The strong interaction
between CeO, and TiO, as well as the
crystallization of particles in the nanoscale
obviously improve the redox properties of the
TiO—CeO, mixed oxides. All bi-component oxides
demonstrate improvement in the catalytic activity
and selectivity in comparison with the mono-
component ones. In addition, the high specific
surface area of CeO-TiO, mixed oxides also play
an important role in enhancing their catalytic
performance in the total oxidation of ethyl acetate.

Acknowledgements: The authors thank the
National Science Fund of Bulgaria (project DFNI
02/2/2014) for financial support.
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BJIMAHHNE HA ®A30BUS CbCTAB BbPXY ®OPMUPAHETO HA AKTHUBHU
HEHTPOBE B TUTAH-IEPUEBU KATAJIM3ATOPU 3A IThJIHO OKUCJIEHUE
HA ETUJIIALETAT
I'.C. Ucca', M. JI. Iumurpos?, JI. I'. Koauepa?, 1. Xenux®, B. llenrsa®, T. C. Llouena?

Uncmumym no opeanuuna xumus ¢ Llenmwp no pumoxumus, FAH
2Uncmumym no obwa u neopeanuuna xumus, FAH
SUncmumym no neopeanuuna xumus, Yexus

Ilocrpnuna Ha 15 ronu, 2016 r. kopurupasa Ha 16 HoemBpy, 2016 1.
(Pesrome)

Llen Ha HACTOAIIOTO W3CIEIBAHE € Ja Ce M3SACHM BIMSIHUETO HAa ChCTaBa Ha MOJYyYCHUTE TUTAH-LECPUH
CMECEHH OKCHJIM BBPXY TEXHHUTE TEKCTYpPHH, CTPYKTYpHH W IMOBHPXHOCTHH CBOWCTBa. 3a Ienra ca
MOJIYYeHH TUTaH-LEPU CMECEHH OKCHIMU 4Ype3 XHIPOTEpPMaJeH CHHTE3 B IPUCHCTBUETO HAa OPraHUYEH
TemIuieidT. OOpa3uuTe ca XapakTepH3UpaHu C pa3iniHu QU3MKOXUMUYHU TEXHUKU — GU3NYHA aico0uus
Ha a30T, [IpaxoBa peHreHoBa Audpakuus, JUdy3UOHHO-OTpaKkaTelIHa yITPaBOJICTOBA, HHpayepBeHa U
paMaH CIIeKTPOCKOIUH, KaKTO U TeMIIepaTypHO-IIPOorpaMHupana peayKius ¢ Bogopoa. Karanmurninara um
aKTHMBHOCT € TEeCcTBaHa B pEaKIHs Ha IIbJIHO OKHCJICHHE Ha eTHWJAaleTaT, Karo IpelCTaBHTeNl Ha
TPYIHOOKHCIIsIeMO O-ChIBpIKALIO JETIMBO OPraHMYHO CheIUMHCHHE. BCHUKM MONydeHH MaTepHaiu ca
Jno0pe KpUCTalTHU KaTo OMKOMIIOHEHTHHTE CE XapaKTepH3HPAT ¢ MOTOOPEHN TEKCTYPHU XapaKTePHCTHKU
B CpaBHCHHC C MOHOKOMIIOHCHTHHTE OKCHIH, BCJICACTBHE YyBeIUYaBaHEe JAUCICPCHOCTTA Ha
M3TPXAAIINTE TH HAHOYACTUIIM M TEXHUS 3HAYUTEIIHO MO-TOJISIM TOpoB 0obeM. [Toka3aHo € 1 Hamnm4yue Ha
B3aUMOJCIHCTBHE MEXIY METATHHTC OKCHAM B CMeceHHUTe oOpasim. Tesm pesynratd OJIaromnpusTcTBaT
KaTAIUTUYHOTO MOBE/ICHUE Ha OMKOMIIOHCHTHHTE 00pa3Ly B U3CICBaHATA PEAKIUS U Pa3KPUBAT TEXHUS
MOTEHIMAJ 32 eJIEMUHUPaHEe HA TOKCUYHU I'a30BU EMHUCHH.
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