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Prof. Dr. Luminita Silaghi-Dumitrescu at her 70" anniversary
Editor in chief Studia UBB Chemia

The 9% of March 2021

On the occasion of Prof. Dr. Luminita Silaghi-Dumitrescu’s 70" birthday
anniversary, the editorial board of Studia Universitatis Babes-Bolyai journal,
at which she is serving as Editor in Chief for Chemia series since the year
2000, wish to honor her as an outstanding member of Babes-Bolyai University’s
academic community (dean of the Faculty of Chemistry and Chemical
Engineering in 2000-2007, vice-rector of Babes-Bolyai University in 2008-2011)

with a lifetime of academic and scientific experience characterized by great



EDITORIAL DEDICATED TO PROFESSOR LUMINITA SILAGHI-DUMITRESCU AT HER 70™ ANNIVERSARY

devotion, integrity and morality. It has been our privilege to be the colleagues
of Prof. Dr. Luminita Silaghi-Dumitrescu and we express the best wishes to

her for a good health and every success in her future endeavors.

On behalf of the Editorial Board of Studia UBB Chemia
Castelia Cristea

Executive Editor
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DEVELOPMENT OF ELECTROCHEMICAL METHODS FOR
PRODUCTION OF PURE THALLIUM

YENLIK ZH. USSIPBEKOVA?, GULZIYA A. SEILKHANOVA?®*,
ANDREY V. BEREZOVSKIY?, ANDREY P. KURBATOV?,
MICHAEL K. NAURYZBAEV?

ABSTRACT. In this work, the electrochemical studies were carried out to
improve the purity of rough thallium. The results were obtained by the rough
thallium refining through the anodic deposition of thallium oxide (TI203),
followed by its reduction to TI+ by hydroxylamine and repeated electrolysis. At
the same time, platinum anode material was replaced with glassy carbon
material to reduce economic costs in production. It was found that the addition
of ammonium thiocyanate after the dissolution of thallium oxide(lll) in nitric
acid promotes the inhibition of re-formation of thallium oxide at the anode, as
well as more complete oxidation of trivalent thallium to a monovalent state.
The thallium obtained in this way is characterized by a purity of 99.96%. Based
on the obtained experimental data the principal schemes for obtaining pure
thallium are proposed.

Keywords: thallium, glassy carbon, discharge ionization, refining, thallium
oxide, reduction, polarity reversal, electrolysis.

INTRODUCTION

Currently, the successful development of many branches of chemical,
metallurgical, instrument-making, space fields is directly related to the use of
new materials based on rare elements with specific application characteristics.
Due to its physical and chemical characteristics, in particular, thallium, as
well as its compounds of high purity, are widely used in many areas of
science and technology. It is known that alloys containing thallium have high
wear resistance, inertness with respect to acids, fusibility [1-5]. Thallium

@ Al-Farabi Kazakh National University, Faculty of Chemstry and Chemical Technology, 71 Al-
Farabi av., 060040 Almaty, Kazakhstan
*Corresponding author: g_seilkhanova@mail.ru



Y. ZH. USSIPBEKOVA, G.A. SEILKHANOVA, A.V. BEREZOVSKIY, A.P. KURBATOV, M.K. NAURYZBAEV

compounds are widely used in optical and radiation engineering [6-8].
Thallium and its compounds are very toxic [9, 10]. However, the toxicity of
thallium is not a fundamental reason to refuse to use it. Nevertheless,
pyrometallurgical methods, where high temperatures and pressures are
applied, fade into the background in the age of development of
hydrometallurgy. There are various methods for refining thallium. These include
amalgam methods, vacuum distillation, zone recrystallization, electrolysis [2].
The amalgam method makes it possible to obtain high-purity thallium from
dilute solutions after decomposition of thallium concentrates. The disadvantage
of this method is the use of a toxic metal - mercury. The methods of vacuum
distillation and zone recrystallization are characterized by a complex
technological implementation of the process of obtaining a pure metal. Studies
have shown that thallium is successfully purified by zone recrystallization and
by drawing out from the melt of the impurities of copper, aluminum, zinc,
cadmium, mercury, cobalt and magnesium [11]. However, there is no effect of
purification of thallium by crystallization methods from lead impurities. In this
regard, electrolysis as a method of refining is one of the best methods for
producing high-purity metals [12]. It is characterized by the simplicity of
instrumentation, the ability to effectively conduct processes at normal
temperatures and pressures, and high performance. In [13-17] the authors
demonstrated the fundamental possibility of electrochemical thallium refining
through the stage of production of thallium oxide (llI).

In this regard, research in the field of electrochemical methods for
producing high purity thallium has particular relevance.

This paper presents the results of the development of methods for
producing pure thallium, which can be used to optimize the technology of
refining rough thallium. The object of the study was the model solution of the
following composition: 95% - Tl, 2.5% - Pb, 0.75% - Cu, 1.5% - Cd, 0.25% -
Fe. This composition corresponds to 95% rough thallium.

RESULTS AND DISCUSSION

In order to obtain pure thallium, the polarization curves of thallium
sulfate (TI,.SO.) were recorded, and the thallium recovery potential was
found. Previously, it was investigated that the maximum conditional current
efficiency of thallium is typical for sulfate solution than nitrate and acetate,
due to the lower contribution of adverse reactions. Sulfate electrolyte was
chosen for this purpose [18].

10
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As can be seen from Figure 1, a wave at a potential of -0.85 V is
observed in the sulfate electrolyte on the polarization curve in the cathode
region, which corresponds to the process of thallium reduction (TI*+1e™—TI),
and then hydrogen is released. On the reverse course of the polarization
curve, an anode peak is observed at a potential of -0.7 V, which corresponds
to the dissolution of the precipitated thallium (TI°—TI*+1e").

Table 1. The conditional current efficiency at different sweep rates

Electrode v [mV/s] Output current, %
Glass carbon 50 60.0£3.3

20 83.0+3.7

10 59.0+2.9

5 58.0+2.6

The conditional current efficiency at different sweep rates was also
calculated during the study. The results showed that 20 mV/s is an optimal
rate (Table 1). At a sweep rate of 50 mV/s thallium ions cannot settle on the
cathode due to the high speed, hence, the dissolution at the anode is less.
At low sweep rates other side reactions can occur along with thallium
deposition, therefore the current is not completely consumed for thallium
reduction. Based on the results obtained, a sweep rate of 20 mV/s was
chosen for further research.

In order to optimize the process of purification of rough thallium, studies
were carried out in a bulk electrolysis cell at a potential of -0.85 V, in which
a glassy carbon plate was used as the cathode, platinum served as the
anode, the reference electrode was silver chloride electrode. It has been
established that in addition to deposition on the cathode of thallium
(TF+1e~—TI%), at the anode at pH>2, the platinum plate is covered with a
dark brown precipitate, which is the trivalent thallium oxide (T1.O3) according
to the literature [19,20]. In this case, the following reaction takes place at the
anode:

2T+ 3H20 = TI203 + 6H* + 4e- [1]

11
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Figure 1. Polarization curves of TI2SO4 on glassy carbon electrode at different
scan rates, Experimental conditions: electrolyte, 10 mol L' TI2SQOa; scan rates,
1-50, 2- 20, 3- 10, 4- 5mV/s; starting potential 0.3 V, pH=2

The fact of the anodic formation of TI>O3 in the work was used for the
selective deposition of thallium from the model solution of the following
composition: 95% - Tl, 2.5% - Pb, 0.75% - Cu, 1.5% - Cd, 0.25% - Fe (this
composition corresponds to 95% rough thallium). The results of qualitative
and quantitative analysis of impurities of cathode and anode sediments
obtained by atomic emission spectroscopy are presented in table 1. As can
be seen from this table, almost complete deposition of lead ions in the form
of PbSO, occurs after contact with sulfuric acid with a model solution. At the
same time, high content of other impurities (copper, cadmium, iron) is
observed in the cathode precipitate, due to close or more positive electrode
potentials.

Influence of pH. The most pure, i.e. with a smaller amount of these
impurities is the anodic precipitate - Tl.Os. It should be noted that its most
dangerous impurity is an admixture of iron, which co-precipitates with thallium
oxide, due to the close pH values of hydrate formation [21]. After electrolysis,
TI,03 is formed at the anode (at pH=5, the degree of purity of the oxide is
99.60%), then this oxide was dissolved in concentrated nitric acid. Then,
thallium (lll) was reduced by hydroxylamine to the monovalent state:

12
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2TP* + 2NH20H = 2TI* + N2O + H,0 + 4H* [2]

Further, repeated electrolytic cathode emission of thallium on glassy
carbon at pH = 2 was carried out. As can be seen from table 2, the degree
of purity of thallium was 99.73%.

Also, an attempt was made to obtain pure thallium by replacing the
polarity. In this case, the platinum plate on which the thallium oxide is
deposited becomes the cathode and repeated electrolysis was carried out at
pH = 11. At the second stage of electrolysis, pure platinum was used as the
anode. The electrolysis was carried out at a potential of -0.85 V for 30 minutes.
During repeated electrolysis, thallium reduction directly from Tl.Os was
observed. At lower pH values, reduction to metallic thallium is complicated
by the side reaction of hydrogen evolution, since the overvoltage of hydrogen
on platinum is low. As can be seen from table 1, in this case, the purity of
the precipitated thallium is 99.81%. This method has the potential for
implementation in production, since it is less time-consuming, however it is
necessary to develop optimal conditions for increasing the purity of thallium.

Table 2. The content of impurities in the anode and cathode sediments.

Electrode,
pH

Content of
TI, %

Content of
Cd, %

Content of
Cu, %

Content of
Fe, %

Content of
Pb, %

before
electrolysis

95.00+0.07

1.50+0.05

0.75+0.02

0.25+0.01

2.50+0.08

Cathode
(GC), pH=2

97.40+0.09

0.93 +0.01

1.50£0.05

0.17 +0.01

0

Cathode,
pH=5

98.70+0.08

0.72 +0.06

0.45+0.02

0.13+0.01

Anode, pH=5
(degree of
purityTI203)

99.60+0.09

0.03 +0.01

0.07+0.01

0.30+0.02

Cathode
(GC), pH=1
after
reduction
with
hydroxylamin
e (from
T1203)

99.73+0.01

0.02+0.002

0.26+0.01

Cathode
(GC), after
replacing
polarity

99.81+0.003

0.03+0.001

0.006+0.001

0.10+0.02
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Based on the analysis of experimental data, the following schemes for
obtaining pure thallium are proposed, which are presented in Figures 2-3. In
the proposed schemes, the production of pure thallium is carried out by
repeated electrolysis of the solution obtained by dissolving the anode

precipitate Tl.Os.

Rough thallium (T1)
Dissolution inconc. HaS0,
Addition of KOH or NH4OH to pH=5
i
Electrolysis (E-085 V)

Cathode, Tl Anode, TLO;

Dissolution (conc. HNOs) + hydroxyvlamine,
for reduction T 'to 1T

Repeated electrolysis (E-0.85 V, pH=2)

Cathodic deposition of T1 =99 .73%

Figure 2. The scheme for obtaining pure thallium using hydroxylamine

14
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Rough thallium (1)
Dissolution in conc. H804
Addition of KOH or NH4OH to pH=>
Electrolysis (E -0.85 V)

Cathode, T1 Anode, ThLO;

v

Polanty replacement

Fepeated electrolysis (E-0.83 V, pH=11)

Dieposiion T1=99.81%

Figure 3. The scheme for obtaining pure thallium by replacing the polarity

The influence of reducing agent. Based on the results of
quantitative analysis, it was established that the main impurity, which is found
in thallium oxide (lll), is an iron impurity. 10 ml of 102 mol L' solution of
ammonium thiocyanate (NH4SCN) was added to bind iron ions to the
electrolyte formed by dissolution of thallium oxide (lll) in nitric acid. It is
known that this results in the formation of the iron thiocyanate complex [22]:

Fe3* + 3SCN- = Fe(SCN); [3]
It was found that the addition of thiocyanate also contributes to the
inhibition of the process of re-formation of thallium oxide. It should be noted

that after the dissolution of thallium oxide (lll) in nitric acid, repeated
electrolysis to produce metallic thallium should be carried out at pH=1-2.

15
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Since at higher pH values Tl.Os3 is precipitated, the formation of which is
undesirable at this stage. And at low pH values, the formation of metallic
thallium at the cathode is complicated by the parallel hydrogen release.
Therefore, for electrolysis at higher pH values, it is necessary to introduce an
additive into the electrolyte, which will inhibit the re-formation of TI,O3 at the
anode. For this purpose, as well as a complexing agent, a low molecular
weight ligand of ammonium thiocyanate was added to the electrolyte. As a
result of the addition of ammonium thiocyanate, in addition to iron
thiocyanate, thallium (1) thiocyanate is formed, which is soluble in water [21]:

3TPR*+4SCN- +4H,0= 3TI* SCN-+HCN+7H*+S04* [4]

This allows thallium to be converted from oxidation state (+3) to
thallium (+1), which also eliminates the possibility of re-formation of TI>Os.

Figures 4 (a and b) show the cyclic voltamogramms of thallium
without the addition of ammonium thiocyanate (a), with the addition of
thiocyanate (b). In Figure 4a, in the anode part, two peaks are clearly visible:
the peak at -0.6 V (TI°—> TI*+1e") corresponds to the dissolution of metallic
thallium, and the peak at -0.48 V (TI*—TP¥*+2e") - to the oxidation of
monovalent thallium to trivalent. Figure 4b shows one peak at -0.6 V (TI°—
TI*+1e") corresponding to the dissolution of metallic thallium. The obtained
experimental data prove that, with the addition of ammonium thiocyanate,
trivalent thallium is absent in the solution, i.e. it is completely reduced to its
oxidation state (+1).

When metal thallium is obtained, dendrites are formed at the cathode,
which reduces in this place the distance between the cathode and the anode.
The decrease of the interelectrode distance leads to a decrease in electrical
resistance, and, consequently, to a local increase in current density [23]. The
latter causes the accelerated deposition of thallium on the dendrite and its
accelerated growth. Dendrite growth can eventually lead to a short circuit
between the cathode and the anode. In the presence of dendrites, a highly
developed cathode surface holds a large amount of electrolyte and is poorly
washed, that worsens the quality of the target product, and also reduces the
purity of thallium.

To improve the cathode surface, various surface-active additives are
introduced into the electrolytes: glue (wood), gelatin, etc. [24]. One explanation
of the mechanism of surfactants is that they are adsorbed on the most active
parts of the surface, and at the same time induce a local increase in electrical
resistance, which prevents the growth of dendrite, as a result, the surface
becomes smoother, and the cathodic precipitate more dense. After the
cathode surface is aligned, the colloidal particle is desorbed into the electrolyte.

16
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Solutions of additives are introduced into the circulating electrolyte. Usually
glue and gelatin are introduced together. It is known from the literature that
20 g of glue and 40 g of gelatin are usually injected per ton of produced metal
[25].

1, 10%A/em?
&
]
k4

5000 A2

1,10 A/em?

4000+

g

3000+
2000+
1000

-15004 -10004 {
20004

-30004 € C2

—————————————————— -3000 +—+———————————————————
-1200-1000-800 600 -400 200 0 200 400 600 ~1200-1000 -800 600 -400 -200 0 200 400 600
E10°V E, 10°V

a) b)
Figure 4. Polarization curves of 1072 mol L' TI2SO4 on glassy carbon electrode

without (a) and with the addition of 1072 mol L-' ammonium thiocyanate (b).
Experimental conditions: scan rate, 20 mV*s-1; starting potential 0.3 V, pH=2

In this work, 10 ml of a solution containing 0.0001 g of wood glue and
0.0002 g of gelatin were added to the electrolyte to obtain pure thallium. In
this case, a homogeneous cathodic precipitate of thallium was obtained, the
purity of which is not deteriorated in comparison with thallium obtained
without these additives. In the case of thallium without surfactant additives,
it is a spongy mass poorly kept on the cathode. As it is known, continuous
mixing of the solution is required to intensify the adsorption of surfactants on
the electrode [26]. For these purposes, a magnetic stirrer was used, and the
effect of the stirring rate of the solution on electrochemical processes was
studied, the cyclic voltamogramms are shown in Figure 5.

As can be seen from the obtained polarization curves, there is an
increase in the currents of reduction and oxidation of thallium with an
increase in stirring rate of the electrolyte. In this case, there is a linear
dependence of the current density in the anode and cathode processes on
the square root of the stirring rate, which indicates the diffusion mode of the
cathodic and anodic processes with the participation of thallium.

After repeated electrolysis using this method, cathode thallium was
obtained with a purity of 99.96% (TI, %=99.96, Cd, %=0.03, Cu,%=0.01).

17
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Figure 5. Polarization curves of 1072M T1.SO4on glassy carbon electrode at
different stirring rates. Experimental conditions: scan rates,20mV*s-1;
starting potential 0.3 V, pH=2.
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Figure 6. The dependence of the catodic (a) and anodic (B) peak current densities
on V@ where w is the stirring rate of solution. Experimental conditions: see Fig 5.

Based on the obtained experimental data, the following scheme for
obtaining pure thallium is proposed:
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Rough thallium (T1) 5g (95%)
Dissolution in conc. Hy504 100ml
Addition of KOH or NHyOH to pH=5
Electroly=is (E 0.85V)
Cathode, T1 Anode, T1;O5

Dissolution of Tl;05 in conc. HNO;, bringing to pH=5,
addition of 10 ml of 107 mol L! NH4SCH,_ addition 10 m! of a solution confaining
0.0001 g of wood glue and 0.0002 g of gelatin

Repeated electrolysis (E 0.85V)
Rotational speed of the stirrer 730 rpm

Tl deposition at the cathode
(degee of purity = 99 96%)

Figure 7. The scheme for obtaining pure thallium with the addition of ammonium
thiocyanate, wood glue and gelatin; electrolysis pH=2.

Thus, it was found that the addition of hydroxylamine to restore to
monovalent state of thallium, after the dissolution of thallium oxide in nitric
acid, and the purity of thallium is significantly increased. For this purpose,
platinum anode material was also replaced with glassy carbon material to
reduce the economic costs of production.

CONCLUSIONS

Thus, the best results showed that the addition of thiocyanate, after
the dissolution of thallium oxide in nitric acid contributes to the inhibition of
the re-formation of thallium oxide at the anode, oxidation of trivalent thallium
to monovalent and production of thallium with a purity of 99.96 %, due to the
disposal of iron impurities.
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EXPERIMENTAL

In this paper, the measurements were carried out with a computer
interfaced AUTOLAB-30 potentiostat-galvanostat. Glassy carbon electrode
was used as a working electrode (GC, surface area 1 cm?). The auxiliary
electrode was a platinum electrode (surface area 1 cm?), a silver chloride
electrode (Ag/AgCl, KCI 3M) served as reference electrode (E=-0.222 V). In
addition, hydroxylamine solution, 102 mol L' was used as a reducing agent,
ammonium thiocyanate solution, 102 mol L' — as a complexing agent, wood
glue (synthetic wood glue - a condensation product of urea with formaldehyde
in an alkaline and acidic environment (urea-formaldehyde resin MP-RHK))
and gelatin (food grade) were used to improve the quality of the cathode
precipitate. In order to dissolve the obtained thallium (Ill) oxide and to
precipitate lead ions, 63% HNO3z and 93.6% H>SO4 (CP grade) were used,
respectively. Sulfate electrolyte (TI,SO4, CP grade) and aqueous solution
salts of lead, copper, cadmium and iron (PbSQO4, CuSO4, CdSO4, FeSO., CP
grade) were used as the test electrolyte.

Qualitative and quantitative analysis of impurities of cathode and
anode sediments was carried out by atomic emission spectroscopy (Perkin
Elmer, 5ICP OES 8000, Germany).
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ABSTRACT. The aim of this study was preparation of one low cost and
environmentally friendly material for wastewater treatment toward both
inorganic and organic pollutants, based on natural zeolite from one of the
largest zeolite deposits in Serbia (Zlatokop, Vranjska Banja). The idea was
to integrate zero-valent bimetallic FeNi particles onto zeolite, based on
liquid-phase reduction method. Obtained material zvFeNi@zVB showed
good sorption properties with high removal efficiency under the investigated
conditions toward inorganic (M(ll) heavy metal ions Cu, Cd, Pb, Zn) and
organic (dyes Reactive Blue 19 and Methylene Blue) pollutants. Compared
with pure FeNi material, modified zeolite (zvFeNi@zVB) showed better
sorption properties and “faster clean” water from evaluated pollutants.

Keywords: low cost-, environmentally friendly- material, bimetallic zero-
valent FeNi particles, zeolite, wastewater treatment.

INTRODUCTION

Water pollution by inorganic and organic hazardous materials
presents serious environmental problem throughout the world. Different
ways of water contamination can be produced by numerous sources
(industry, agriculture, human activities). The main goal of many studies from
different parts of the world was to find high efficiency material for water
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treatment. That material must be cheap and easy to prepare, but at the same
time made from some natural and widely available material or an industrial
nus-product; and of course, to be environmentally friendly [1-3].

Different materials and methods for water treatments can be found in
the literature, like untreated and/or the chemically modified biomasses, such
as papaya wood [4], Coriandrum sativum [5], peanut hull pellets [6], sago
waste [7], rice husk ash and neem bark [8], grape stalk wastes [9], Lagenaria
vulgarias shell [1,2] etc. Natural and chemically modified zeolites are widely
used as low-cost material for water treatment due to their three-dimensional
aluminosilicate framework high surface area and good ion-exchangeable
capacity. Zeolite was chemically modified by acids, bases, or salts treatment
and/or hydrothermally [10-14]. Recently, researchers have modified natural
zeolites with inorganic salts (like iron, manganese) to enhance their affinity
towards pollutants by making the surface area larger and number of active
sites increased [15-17].

Materials based on zero-valent metal (for example iron, iron-nickel)
particles, such as clay modification materials, have been investigated in
recent years as a potential sorbent [18-22].

The goal of our study was to prepare a new low cost and
environmentally friendly material based on chemically modified natural zeolite.
That was done by treating natural zeolite with zero-valent, bimetallic iron-nickel
particles. The natural zeolite was collected from one of the largest Serbian
deposits (Zlatokop deposit near Vranjska Banja). We have chosen this zeolite
because there were no data of its application in the literature (in the context of
this type of the modification). Due to comparison and evaluation of its potential,
beside zero-valent iron nickel zeolite (zvFeNi@zVB) material, bimetallic zero-
valent iron nickel (zvFeNi) referent material was synthetized as well. After the
preparation of these materials preliminary environmental application on
wastewater treatment was conducted as sorption experiments of removing
inorganic (M(ll) heavy metal ions Cu, Cd, Pb, Zn) and organic (anthraquinone
reactive dye C.l. Reactive Blue 19 (RB 19) and Methylene Blue - MB)
pollutants. Also, FTIR, SEM-EDX, XRD, and BET characterizations of new
prepared materials were done.

RESULTS AND DISCUSSION
Fourier Transform Infrared (FTIR) Spectrometry

The FTIR spectra of natural zeolite (zVB), zero-valent iron-nickel
(zvFeNi) material and zero-valent iron-nickel chemically modified zeolite
(zvFeNi@zVB) material recorded in the wavelength region between 400 and
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4000 cm™' are shown in Figure 1. The FTIR spectrum of natural zeolite from
Zlatokop locality (Vranjska Banja, Serbia) which is shown on Figure 1a is
characterized by bands typical for alumo-silicate materials. Detailed FTIR
analysis of zZVB is given in our previous study [14]. The low peak (Fig. 1b) at
around 3400 cm' belongs to stretching vibrations of -OH group from small
trace of iron-oxide hydroxide, while adsorption peaks around 460 and 530
cm™' correspond to Fe-O stretching vibrations. This peaks in FTIR spectrum
of zvFeNi material can be explained by air corrosion of iron [22,23].

j 1Y
k’/ L“: H

I I I I I I I
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (c:m_I )

Figure 1. FTIR spectra of: (a) zVB, (b) zvFeNi and (c) zvFeNi@zVB material.

Changes in FTIR spectrum obtained from zvFeNi@zVB compared to
spectra of natural zeolite (Figure 1a) are presented in Figure 1c. Intensity
decrease of the adsorption peaks at around 690 and 790 cm is a result of
partly destruction of Si-O and Al-O bands by treatment with NaBH4 during
preparation of zero-valent iron nickel particles. Good integration (loading) of
FeNi particles onto natural zeolite is observed in Figure 1, where the
adsorption peaks of FeNi spectrum (Figure 1b) are also appeared in
zvFeNi@zVB spectrum (Figure 1c) [24].

X-ray diffraction analysis

XRD diffractograms of zvFeNi and zvFeNi@zVB samples are shown
in Figure 2. As reported in our previous research, zeolite that was used in the
study is good quality with clinoptilolite as dominant mineral, more than 90%
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(an intense peak at the 20 angle of 22°). Also, investigated natural zeolite
contained other minerals like quartz, mordenite, albite and calcite in minority
[14]. According to the data from XRD diffractograms high intense peak of 26
angle of c.a. 45° indicates the presence of zero valent metals Fe® and Ni° in
zvFeNi and zvFeNi@zVB material. Low intense peaks at about 26 angle of
35° and 65° indicates a present of small amount of iron oxide hydroxide
which is in accordance with FTIR data [21,25].
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Figure 2. XRD diffractograms of: zvFeNi and zvFeNi@zVB material.

Scanning electron microscopy with energy dispersive X-ray spectroscopy

The morphology of obtained materials zFeNi (Figure 3a) and
zvFeNi@zVB (Figure 3b) was observed by scanning electron microscopy.
These micrographs show porous structure with a low agglomeration [19].
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Figure 3. SEM micrographs of: (a) zvFeNi and (b) zvFeNi@zVB materials.
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The elemental composition of investigated materials was evaluated
by electron dispersive X-ray analysis (Figure 4). In EDX spectrum of zvFeNi
material (Figure 4a) intensive characteristic peaks for iron and nickel were
identified, which confirmed bimetallic nature of obtained material. The
presence of oxygen peak was a result of small iron oxidation during
manipulation with material, which was in accordance with data obtained by
FTIR and XRD analyses. Data from Figure 4b indicate good integration of
bimetallic zero-valent iron nickel particles into aluminosilicate structure of
zeolite. The appearance of the peak for copper in EDX spectrum on Figure
4c indicate sorption ability (affinity) of zvFeNi@zVB toward copper(ll) ion
from waste waters.
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Figure 4. EDX spectra of: (a) zvFeNi, (b) zvFeNi@zVB material and (c)
zvFeNi@zVB material after treatment of Cu contaminated water

Environmental aspect of obtained materials - preliminary sorption results

The effect of contact time on the residual concentration of analyzed
inorganic and organic pollutants, in aqueous solution with zvFeNi and
zvFeNi@zVB material is shown in Fig. 5. Experiments were performed with
model wastewater system at an initial concentration of 50.0 mg dm3, a
sorbent dose of 4.0 g dm3, at 20+0.5°C and pH 5.0.
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Figure 5. Effect of contact time on removal: (a) Cu(ll) ion, (b) Cd(ll) ion, (c) Zn(ll) ion,
(d) Pb(ll) ion, (e) MB and (f) RB19 by zvFeNi (m) and zvFeNi@zVB (e®) material.

The adsorption capacity, g. [mg g'], and removal efficiency, RE [%],
of the investigated materials calculated according to equation (1) and (2) are

shown in Figure 6.
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Figure 6. The adsorption capacity and removal efficiency of zvFeNi and
zvFeNi@zVB material toward investigated pollutants in aqueous solution
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These preliminary results, based on data from Figures 5 and 6, indicate
that zero-valent iron-nickel (zvFeNi) and zero-valent iron-nickel modified
natural zeolite (zvFeNi@zVB) materials showed good sorption properties
toward investigated pollutants. Both materials were very efficient toward
copper(ll) and lead(ll) ions. After five minutes zvFeNi removal efficiency
toward Cu(ll) was 88.90% (ge = 11.11 mg g') and it totally removed this ion
after fifteen minutes (RE = 100%), while zvFeNi@zVB material showed better
sorption characteristics (faster remove this heavy metal ion) and after two
minutes completely removed Cu(ll) ion from aqueous solution, RE = 100% and
ge = 12.50 mg g'. In the case of Pb(ll) ion zvFeNi@zVB showed the same
properties like in the situation of removing Cu(ll) ion (RE = 100% and ge =
12.50 mg g), while the zvFeNi material showed better removal properties
toward Pb(ll) than Cu(ll) ion, and totally removed it after five minutes. Material
zvFeNi is potentially good sorbent to ,clean” water from cadmium(ll) and
zink(II) ions RECd(n): 74.05% and REZn(u): 89.76% (qe(Cd(u)) =9.26 mg g'1 and
Qecaqy = 11.22 mg g'), but zeolite modified with zero-valent iron-nickel
particles showed better cleaning properties toward these heavy metal ion
RECd(u): 99.54% and REZn(u): 99.97% (qe(Cd(n)) = 12.44 mg g'1 and Qe(cd(y) =
12.497 mg g™'). Investigated materials showed good removal efficiency toward
methylene blue 77.31% (qems= 9.66 mg g') zvFeNi and 88.60% (qems= 11.07
mg g') zvFeNi@zVB. In the case of reactive blue 19 zvFeNi@zVB removed
95.6% after three minutes, and 100% after five minutes, while zvFeNi removed
98.70% after five minutes and totally removed RB19 after 10 minutes. Material
obtained as modification of zeolite with zero-valent metals showed better
sorption properties than material which contained only zero-valent iron-nickel
particles. Also, zvFeNi@zVB material faster removed some pollutants from
water than zvFeNi material (Figures 5 and 6), probably due to high surface
area and porous and rigid structure of zeolite [26, 27].

Since these were preliminary sorption tests, zvFeNi@zVB material
will be further examined under different experimental conditions (contact time,
pH of solution, pollutant concentration, particle size of zeolite, temperature,
dose of sorbent etc).

Surface Area Analysis Using the Brunauer-Emmett-Teller Method

The textural properties of the zvFeNi and zvFeNi@zVB material (BET
surface area, BJH cumulative desorption pore volume and average pore
diameter) are shown in Table 1. These textural properties could be important
characteristics for the sorption properties of investigated materials, because
they can affect the sorption efficiency of selected pollutants.
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Table 1. Textural properties of the zvFeNi and zvFeNi@zVB material

BET surface Averade pore BJH cumulative
Material area Sget . ge p desorption
> diameter (nm) 3.1
(m3g™) pore volume (cm’g™)
zvFeNi 85.74 9.87 0.30
zvFeNi@zVB 56.34 11.33 0.22

The determined textural properties of the analyzed samples, indicates that
zvFeNi sample has a slightly larger BET specific surface area (85.74 m?g") and
BJH cumulative desorption pore volume (0.30 cmig™') compared to the
zvFeNi@zVB sample BET (56.34 m?g") and BJH (0.22 cm?3g"), also zvFeNi
sample has a slightly smaller average pore diameter (9.87 nm) compared to
the zvFeNi@zVB sample (11.33 nm). These differences in BET surface area
between obtained materials are probably due to size of powdered zeolite
particles compared to obtained clear zvFeNi particles. Despite a little difference
in textural properties both material are very efficient toward sorption of the
investigated pollutants. Additionally, we also suggest that improvements of the
adsorption activity of the mentioned zvFeNi@zVB sample were obtained.
Improvements were done in a way to synergism physico-chemical properties
such as greater pore diameter, more favorable composition of crystal phases,
and potentially greater number of active sites as well as the absence of internal
and/or external diffusion restrictions under the selected process parameters.

The N2 adsorption/desorption isotherms of the analyzed samples
showed a typical s-shape behavior of IV-type with a type-H3 of hysteresis
loop that indicated the existence of mesopores (Figure 7). The characteristic
presence of this type of hysteresis loop, can be attributed to multilayer adsorption
followed by capillary condensation, and, where additionaly, aggregates particles
forming slit-like pores [14,27].

51— | I ) ‘ ;
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Figure 7. N2 adsorption/desorption isotherm of: a) zvFeNi and
b) zvFeNi@zVB material
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The pore system of samples was in the meso-pores range, with pores
characterized with maxima in pore size between 30-35 nm for sample zvFeNi,
and maxima in pore size between 30—40 nm for sample zvFeNi@zVB (Figure 8).
According to the BJH desorption isotherms (Figure 8) average pore diameter
for zvFeNi and zvFeNi@zVB samples were around 10 nm in size and 11 nm
in size respectively.
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Figure 8. Pore size distribution of: a) zvFeNi and b) zvFeNi@zVB material

CONCLUSIONS

According to the data obtained with FTIR, XRD, SEM-EDX and BET
good integration of bimetallic zero-valent iron nickel particles onto alumo-
silicate structure of natural zeolite was achieved. Obtained material
(zvFeNi@zVB) showed porous structure with the pore system in a mesopore
range. zvFeNi@zVB material showed good sorption affinities for both
inorganic and organic investigated water pollutants. Compared to FeNi
material, zvFeNi@zVB remove investigated pollutants faster and with very
high removal efficiency. Based on BET data both materials showed s-shape
behavior of IV-type with type-H3 of hysteresis loop, which can be attributed
to multilayer adsorption. Since these preliminary sorption tests showed good
results and obtained material zvFeNi@zVB is low cost and environmental
friendly, it will be further examined under different experimental conditions
(contact time, pH of solution, pollutant concentration, particle size of zeolite,
temperature, dose of sorbent etc.) toward inorganic and organic water
pollutants.
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EXPERIMENTAL SECTION
Materials and chemicals

Natural zeolite (zZVB) was sampled from Zlatokop deposit (located in
south-eastern Serbia, near the place Vranjska Banja) [14]. The raw zeolite
was grounded in ball mill until it became powder, and then washed with
deionized water on shaker and dried in oven overnight at 105 °C.

Used chemicals were p.a. grade, FeClsx6H,0, NiSO4x6H.0O, NaBH4 and
obtained from Merck K.G.A (Darmstadt, DE), while ethanol was obtained from
Zorka Pharma (Serbia). All solutions were prepared with deionized water (18 MQ).

Synthesis of zero-valent iron-nickel (zeolite) materials

The zvFeNi@zVB and zvFeNi materials were prepared based on
liquid-phase reduction method by Shi et al. [20] and Weng et al. [21]. Iron
and nickel solution 7.1x10-' M and 7.1x10-' M respectively, were prepared
by dissolving exact mass of their salts in 30 mL H>O:EtOH (1:4 v/v) solution.
Solution was then shaking for half hour under the nitrogen atmosphere. After
that, 2 g of powdered and prepared natural zeolite (washed with deionized
water) was added to iron-nickel solution and shook for 15 minutes. Freshly
prepared 1.1 M NaBH4 solution was added drop by drop until complete
reduction in system was done. All the time during the reduction process
solution was shaking under the nitrogen atmosphere.

Characterization of zero-valent iron-nickel (zeolite) materials

Fourier Transform Infrared (FTIR) Spectrometry

The FTIR spectra of samples were obtained by using KBr pellets with
Fourier transform infrared spectrometer Bomem Hartmann & Braun MB-100
spectrometer, in the wavelength range 4000 — 400 cm™'.

X-ray diffraction (XRD) analysis

Zeolite samples were finely ground using a mortar and pestle and
placed into standard sample holders. Data was collected with a Bruker D8
Advance X-ray Diffractometer (Bruker, Germany) in theta-theta geometry in
reflection mode with Cu Ka radiation. Data collection was between 5-70° 26,
step size of 0.02° and a counting time of 1 second per step. Scanning
electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX)

The morphology and elemental information of investigated samples
were analyzed by scanning electron microscope (SEM JEOL-JSM 5300) equipped
with energy dispersive X-ray analysis spectrometer (EDS -QX 2000S system).
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Surface Area Analysis Using the Brunauer-Emmett-Teller (BET) Method

The specific surface area was measured by a nitrogen adsorption
using the Micromeritics Gemini 5 Surface Area Analyzer, USA.

Environmental aspect of application

Environmental aspect of application, preliminary sorption abilities of
zero-valent iron-nickel (zvFeNi) material and zero-valent iron-nickel chemically
modified zeolite (zvFeNi@zVB) material were investigated in waste water model
system with M(ll) heavy metal ions (Cu, Pb, Cd, Zn) as described in our previous
investigations. The dropping concentrations of Cu(ll), Pb(Il), Cd(Il) and Zn(Il) ion
in the solution during time were determined by using an atomic absorption
spectrophotometer (AASAnalyst 300, Perkin—Elmer, USA), after filtration
through a 0.45 ym membrane filter (Agilent Technologies, Germany) [1-3].

Content of organic industrial colours RB19 and MB in the samples was
determined at 592 nm and 660 nm, respectively, using the UV-Vis technique
by the spectrophotometer Shimadzu UV-vis 1650 PC (Shimadzu, Japan),
after filtration through a 0.45 ym membrane filter (Agilent Technologies,
Germany) [29,30].

The adsorption capacity of the investigated materials, ge [mg g-1], at
equilibrium was calculated as:

ge= FOel Eq. (1)

m

where ge is the amount of pollutant (M(Il)-ion or organic colour) adsorbed
per unit weight of the adsorbent, V is the volume of solution, CO is the initial
concentration of pollutant [mg dm3], Ce is the equilibrium pollutant
concentration [mg dm-3], and m is the mass of the adsorbent [g].

The metal removal efficiency, RE [%], of the investigated materials
was estimated according to the following equation:

RE= 222¢x100 Eq. (2)

0
where CO and Ce are the initial and equilibrium concentrations [mg dm-3] of
pollutant in solution, respectively.
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POROUS SILICAS FROM MIXTURES OF Na:SizO7
AQUEOUS SOLUTION AND TEOS.
INFLUENCE OF SODIUM SILICATE AMOUNT

ELENA-MIRELA PICIORUS?, PAULA SVERA (IANASI)",
CATALIN IANASI*

ABSTRACT. Silicon-based mesoporous materials have become increasingly
used in various fields as industry, medicine, environment, etc. We developed
five samples in mild conditions, at room temperature, of mesoporous silica
by substituting tetra-ethyl-orthosilicate (TEOS) with different amount of
sodium silicate (Na2SisO7) precursor by maintaining the total ratio for SiOz at
1.8g. Acetic acid (CH3COOH)/hydrochloric acid (HCI) aqueous solution was
used as catalyst keeping the pH at 5. The samples were examined by FT-IR,
Raman Spectroscopy, Scanning Laser Confocal Microscopy and Nitrogen
Adsorption-Desorption Isotherms. The results indicate enhancements when
Na2SisO7 was added. Sample with TEOS and lowest amount of Na2SizO7
displayed the best surface area value (750 m?/g) and total pore volume (0.63
cm?®g). Highest amount of Na2SizO7 in the sample (P5) has considerably
influenced the roughness of the material.

Keywords: Na:Si307, TEOS, mesoporous materials, roughness, porosity

INTRODUCTION

Silica nanoparticles have received, in the last few years, an increased
attention and interest of scientific community due to their wide applications
such as photovoltaic cells [1], semiconductor electronic devices, catalysts
and ceramics [2, 3]. In addition, amorphous SiO, nanoparticles are widely used
for the fabrication of electronic substrates, thin film substrates, electrical and
thermal insulators, humidity sensors and other applications. The silica particles
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play an important role for each of these products. In some cases, the quality of
these products is highly dependent on the size and size distribution of the silica
particles [4-6]. The optical properties of silica nanoparticles can be attained
with respect to the surface defects correlated with large surface/volume ratio.
The synthesis of the SiO» nanoparticles can be achieved by several methods:
combustion, plasma, hydrothermal and sol-gel processing [7-9]. Among these
methods, the sol-gel method has an important advantage such as low
temperature synthesis, control of reaction kinetics by varying the composition
of chemicals, low cost and ease in controlling the properties of SiO,, purity
and homogeneity or other modifications of the material composition. In the
past reports, the silica particles were synthesized from an expensive raw
material such as TEOS. For many years, researchers have studied the sol-gel
process starting from TEOS precursor. Bogush and Zukoski [10] obtained
monodispersed silica particles with their sizes ranging from 40 nm to several
micrometers using-controlled hydrolysis of tetraethylortho-silicate (TEOS) in
ethanol, followed by condensation (polymerization) of the dispersed phase
material. Simpler approach was conducted by Arenas et al. [11] that
synthesized silica xerogels using only TEOS as precursor, acetic acid and
acetone. They observed that the simultaneous addition of acetic acid,
hydrochloric acids used as catalysts and acetone as solvent at room
temperature (20 °C) conduct to the formation of amorphous silica materials with
surface area up to 850 m?/g and a pore volume of 0.24 cm?3/g. Dubey et al. [12]
have synthesized silica nanoparticles for industrial applications using TEOS,
ETOH, acetic acid and PVP as surfactant via sol-gel method. They obtained
amorphous, mono-dispersed silica nanoparticles with 25 nm in diameter.
Colloidal silica nanoparticles were synthesized by Lazareva et al. [13] starting
from TEOS and by varying the catalyst type (HCI, NH3), temperature of the
thermal treatment (50-70 °C) and ratio of molar reactants, resulting in
particles with sizes between 12 and 150 nm. Guo et al. [14] synthesized SiO;
nanoparticles by sol-gel method using PEG 1000 as surfactant, TEOS as
silica source and ammonia as catalyst. By varying the amount of PEG-1000
between 0.025 g and 0.1 g they obtained an average size of the particles
between 9 and 35 nm.

However, using inexpensive source materials (Na>SiO3z or Na;Siz0O7)
is required for the mass production of the SiO: particles. The molar ratio
between silica and sodium oxide plays an important role in the chemical
behavior of sodium silicate [15]. Chenge Liu [16] investigated the relationship
between the rate of particle growth and factors as pH value, particle size, and
the molar ratio of SiO2:Na,O. Many studies are using for their synthesized
materials only sodium silicate as silica precursor without any other source of
silica or template agent in order to obtain more ordered framework structures.
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One example in this direction are synthesized silica nanoparticles via facile
and economic sol-gel processing, using sodium silicate (Na,SiOs) as precursor
[17]. They have obtained amorphous particles with almost well-defined and
regular spherical structures, including a diameter of 25 nm. Ui et al. [18]
synthesized mesoporous nanosilica powders from sodium silicate (Na2SiOs)
in acid medium (pH 1-6), using anionic surfactant, sodium dodecyl sulfate
(SDS). They demonstrated the pH influence over the surface area of the
aforementioned synthesised materials, indicating a value of 1370 m?/g in
case of pH=3, which decreased to 984 m?/g at pH=4. More studies regarding
the pH influence were conducted by Hayrapetyan et al. [19], considering the
effect of pH on the growth process of the colloidal silica sol particles.

However, few studies were made by substituting only the TEOS
component with sodium silicate. Following this direction, Liu et al. [20] have
synthesized mesoporous silica from mixtures of sodium silicate and TEOS in
acetic acid/sodium acetate buffer (pH 4.4) using PEO-PPO-PEO as template.
They obtained a surface area of 624 m?/g for the sample where the content
of sodium silicate was higher comparatively with the introduced amount of
TEOS. Chun et al. [21] synthesized silica mesoporous from NaSizO7 with
TEOS and Pluronic F127 using supercritical method. Their observation
regarding the synthesized TEOS based silicas under the supercritical CO;
atmosphere include the increase of surface area by 3.8 times. Therefore, the
formation of mesopores in NazSizO7; and TEOS based silicas are resulted
from collapsing micropores in supercritical CO, atmosphere. Fantini et al. [22]
produced cage-like mesoporous silica using TEOS and sodium silicate in the
presence of triblock copolymer template. Similar values for surface areas were
obtained with both silica precursors. Mesoporous organosilicas [20] were
prepared by using different silica precursor (organotrialkoxysilane with methyl,
vinyl, 3-mercaptopropyl functionalities) and sodium silicate. The results show
that the materials prepared from sodium silicate- organotrialkoxysilane have
more ordered framework structure and narrower pore diameter distribution
compared with the materials prepared from TEOS-organotrialkoxysilane.
The organic-inorganic hybrid materials have higher surface area (between
890-1040 m?/g) and pore volume (between 0.7-1.09 cm?/g).

Herein, in our work, we used sol-gel route for the synthesis of mesoporous
silica from mixtures of Na>SizO7 aqueous solution and tetraethylorthosilicate,
both used as silica precursors (source of SiO,), in CH;COOH/HCI aqueous
solutions (pH 5) without using any template. We have gradually replaced the
TEOS with sodium silicate aqueous solution, because the NaySizO7 is an
economic raw material, environmentally benign and thermally stable. We selected
to use acetic acid due to its ease dissolution in a wide variety of precursors,
enabling a multitude of multi-cation solutions [23].
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RESULTS AND DISCUSSION(S)
Infrared characteristics of sodium silicate xerogels
In order to confirm the presence of development of SiO,, the samples

were characterized using FT-IR analysis. The spectra of the samples dried
at temperature of 100 °C are shown in Figure 1.
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Figure 1. FT-IR spectra of the TEOS xerogels replaced with sodium silicate
under acidic conditions

Silicate xerogels show the peaks of amorphous silica at 3463-3448
cm™' and could be assigned to the stretching vibration of the H.O molecules
[24]. Same vibrations can be attributed to the -OH stretching on the silica
surface which can also indicate the remaining water from the synthesis,
indicating incomplete TEOS condensation [25]. The band appeared at 1646-
1641 cm™ is due to bending vibration of the H,O molecules [26]. The broad
band in the range of 1092-1060 cm-' originates from the Si-O-Si asymmetric
stretching vibration [27]. Absence of the 1168 and 812 cm is an indicator
for the low level of hydrolysis process [28] which may have been replaced by
the condensation indicated in the literature [29]. The band at 959-942 cm™' is
due to the silanols groups and the Si-O stretching vibrations [30]. The
changes in the intensity of the same band is an indicator for the level of the
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hydrolysis and condensation level that occurs, whereas smaller peak indicates
lower hydrolysis and therefore increased condensation [25]. It should be
noted the fact that the Si-OH and Si-O- bonds have both specific bands
closely located (960-920 cm') which in present case is harder to evidence
due to the band overlap [7]. The band at 794-781 cm' is responsible for the
Si-O-Si symmetric stretching vibrations [31-34]. The bands at 474-455 cm-"
could be assigned to the Si-O asymmetric bending vibration of Si-O-Si [33].
In the literature the =960 cm™' peak is also referred as an indicator for the
C-H rocking vibrations specific for the methyl group present in TEOS [28].
Other carbon related groups interfering with the ones specific for the Si are
presented by the O-C-C deformations located at =473 cm-' [28]. In case of
Na:Si;O7 apart from the already aforementioned Si-O specific bonds, there
are no expectations for other bands [35]. The pH during the synthesis influences
greatly the results and therefore the peak intensities [35].

Raman Spectroscopy

In Figure 2(a), (b), the Raman spectra are shown for samples
obtained by substituting tetra-ethyl-orthosilicate (TEOS) with different percent
of sodium silicate (Na2SizO7) in two section of domain.
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Figure 2(a), (b). Raman spectra of the samples with different percent of
sodium silicate (Na2Siz07)

For the TEOS sample, specific bands (200-400, 430-490, 500-651,
812-815, 865-890, 912-1008, 1048, 1096, 1110-1135, 1195-1292, 1454-1481,
1500-1700 cm") were confirmed accordingly to the literature [36,37]. The
most prominent bands are located at 438, 914, 1008, 1096 and 1135 cm-".
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Si-O peaks which are expected for both TEOS and Na,SizO; materials are
generally observed in the 540-440 cm™' region, with a specific broad band,
accompanied by the presence of another specific peak around 950-1100 cm’
[38,39]. In addition, siloxane rings which were also detected in the 1000-
1300 cm" area, correspond to the asymmetrical Si-O stretching specific for
dissolved silicates and solid glasses [36]. Other indicator for the amorphous
glass type materials is the intensity of the 531-480 cm™" Si-Si bond stretching,
whereas the higher value indicates presence of metallic silicon compounds
while lower value indicates the presence of amorphous silicon materials [40].
More Si bonds were detected, such as Si-O symmetric stretching vibrations
in the 700-1000 cm™' range [36], Si-O-Si stretching vibrations at 809 cm™ [41] or
1049 cm™' [37], symmetric stretching of Si-OH at 960 cm-' [41] and asymmetric
stretching of Si-O-C at 1906 cm-* [41]. Wide band in the 430-490 cm™' region is
visible due to the silane bond bending [37]. Raman peaks in the region of
600-650 cm' are resulted from the connections between alkoxy groups and
silicon atoms, which are also an indicator for the hydrolysis efficiency [37].
According to the literature the peak around 651 cm' is representative for the
TEOS molecules consisting of four (-OC2Hs) groups connected to the silicon
atom [37]. This peak also is the main indicator for the hydrolysed TEOS [37],
which is gradually replaced by the condensation reaction that takes place
instead [29]. The hydrolysis-condensation processes are a consequence of
the pH, solvent and H,O amount used in the synthesis and as a result acid or
base-catalysed displacement reactions that take place [29]. The displacement
reactions are represented by the protonation of OH or OR substituents
bounded to the Si (in acidic conditions) or by the direct attack of the hydroxyl
or silanolate anions to the Si (in the basic conditions) [29]. In the material it
is observed the presence of the silica-methyl group’s connectivity indicated
by the 460 cm' band [41] which may be overlapped by the 400-450 cm’
SiO; stretching bonds [37]. In addition, rocking C-H (760 cm-") [41], C-H
asymmetric bending (1412 cm™) [41], C-H symmetric stretching (2907 cm™)
[41, 42] and C-H asymmetric stretching (2974 cm™") vibrations are also present
[41]. According to other studies the 880 cm™' is assigned to C-C-O stretching
[37] as a consequence of low hydrolysis that takes place. Si-C bonds were
also registered in the Raman spectra, being confirmed by the presence of the
1250 cm! peak [42]. The existence of silanols and silicon oxide bands on the
surface is evidenced by the 977 cm-', respectively the 1096 cm-! peak [42].
Regarding the Na,SizO7; sample, vibrational energies of Na-O were
expected and found below 300 cm" area [36]. It should be mentioned that
this Na-O bonds have less influence on the Si-O bonding, expecting less
modifications in the 1000-1300 cm-* area. In the same work [36] it is mentioned
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that materials prepared in basic conditions, have achieved higher intensity
values in comparison to the acid media prepared materials. Using alcohol in
the synthesis may also affect the structure orientation of the silica materials
[36]. The 780 cm™ peak which is only present in case of Na;Si;O; also
indicates the presence of Si monomers, whereas the 485 cm™ peak is an
indicator of siloxane rings [36]. Symmetric deformation (ds) at 423 cm™' was
assigned to the (X) O-Si-O(X) where x is presented as Na, H, or negative
ionic charge [38, 43]. The higher intensity of 1050 cm™' peak in comparison
to the one located at 980 cm™' is suggesting (in both TEOS and Na;Si;O7)
that the doubled siloxane rings are not suffering any breakage [36]. The two
peaks located around 450 and 650 cm-'! are showing the siloxane rings, in this
case, the TEOS having less since the 450 peak is lower in intensity [36]. Peaks
below 300 cm™ may show the breakage of large siloxane rings that contain
more than 6 members.

When comparing the P1, P2, P3, P4, P5 and the precursors (TEOS
and NasSizOy), overall signal intensity is different, suggesting fluorescence
interference. The higher energy excitation source (514 nm visible laser) can
strongly influence the appearance of the spectra [44], still the main peaks for
the Si based compounds are observed as expected around 971 cm,
together with =801 cm™" and 501 cm-" followed by the less prominent peaks
under 501 cm.

Scanning Laser Confocal Microscopy

A series of images were captured, at 10x and presented in Figure 3.
The samples show tempered glass chips like appearance of the crystals, with
various size and shapes. The obtained images show differences with the
increasing Na content and decreasing TEOS content, revealing unlike
presence of triangle and pyramidal shaped like crystals, which are visible in
case of sample P4 and less in P5. With the maximum 2.5 g Na, the P5
crystals shrink to smaller dimensions.

Calculated roughness values from the 50x images (see Figure 4)
(Average roughness (Sa), Mean Square Root Roughness (Sq), Maximum
peak height (Sp), Maximum valley depth (Sv), Maximum peak-to valley
height (Sz), Surface kurtosis (Sku), Surface skewness (Ssk)) for P1, P2, P3,
P4 and P5 samples are shown below in Table 1.
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Figure 3. Images of samples obtained at 10x

P2 P3

Figure 4. Images obtained for silica nanoparticles
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Table 1. Data parameters for silica nanoparticles

Whole area Average Mean |Maximum|Maximum|Maximum |Surface| Surface
(258 pm x 258 | roughness | Square peak valley | peak-to |kurtosis|skewness
pm) (Sa) Root height depth valley | (Sku) (Ssk)
Roughness| (Sp) (Sv) height
(Saq) (Sz)
P1 12.984 20.540 | 140.365 | 67.171 | 207.536 | 8.77 1.056
P2 4.046 5.570 93.368 | 50.002 | 143.370 | 5.100 | -0.149
P3 2.988 4.416 76.284 | 69.074 | 145.358 | 7.174 | -0.062
P4 1.506 5.270 154.246 | 31.426 | 185.672 | 4.133 | -1.592
P5 9.202 13.276 79.037 | 29.641 | 108.677 | 7.145 | -1.467

Roughness parameters are used for characterizing the roughness of
a material, whereas the most important parameters are Sa and Sq. Both Sa
and Sq parameters indicate the average roughness of the material using
different calculation formula. For the analysed materials, highest average
roughness is attributed to the P1, followed by the P5, P2, P4 and P3 sample.
High rugosity in case of the P5 resulted due to the presence of very small
crystals and therefore inability to analyse the surface of one single crystal as
it was in the case of the rest of the samples.

Ssk (skewness) is sensitive to the peak/valley overall tendency on the
surface of the material, whereas positive skewness (Ssk > 0) is more present
in case when high spikes protrude above a flatter average distribution, and
negative skewness (Ssk < 0), on the other hand, indicate deep valleys in a
smoother area, which is more specific for porous materials. In our case only
one sample has positive skewness, which is also visible from the 2d image
of the sample (P1) presenting large crystals.

All samples show the presence of inordinately high peaks and
low valleys based on the kurtosis (Sku) sharpness parameter of the profile
(Sku > 3) which is probably due to the “tempered glass chips” nature of the
sample, with occasional geometric morphologies that also imply the presence
of more edges.

Textural Characteristics

The N2 adsorption—desorption isotherms are given in Figure 5.
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Figure 5. N2 adsorption -desorption isotherms of silica nanoparticles

According to the International Union of Pure and Applied Chemistry
(IUPAC) [45], N2 adsorption-desorption isotherms of silicate xerogels produced
are Type Ib in case of sample P1, Type IVa for samples P2, P3, P5 and Type
IVb for sample P4. The type Ib isotherms are specific for materials with wider
micropores and possibly narrow mesopores under 2.5 nm. In case of type
IVa isotherms, the materials are characteristic for mesoporous materials and
capillary condensation is accompanied by hysteresis [45, 46]. The hysteresis
obtained for samples P2, P3 and P5 showed H2b type of hysteresis loops
characteristic for complex pore with larger neck widths. In case of sample P4
the type IV b isotherm is specific for mesopores with smaller width. Table 2
shows the parameters obtained from isotherms for the silicate xerogels
prepared.

Table 2. Textural parameters and data obtained from isotherms

Sample DFT BJH Desorption Multi-BET Total pore
name Pore width, Pore diameter surface area volume
[nm] [nm] [m?/g] [cm?¥g]
P1 2.50 3.068 316 0.17
P2 5.09 3.853 750 0.63
P3 4.89 3.450 702 0.54
P4 4.89 3.451 529 0.41
P5 3.40 3.443 591 0.43
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Using DFT method, pore size distribution profiles of prepared silicate
xerogels are given in Figure 6.
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Figure 6. Pore size distribution of silica nanoparticles

From Figure 6 we can observed that in case of sample P1 the
material presents a large unimodal distribution with an average of 2.5 nm and
for sample P4, the material presents a bimodal distribution with an average
of 4.89 nm. In case of the all-other samples the distribution of pores is
multimodal confirming the type of isotherms.

The sample P2 has the highest surface area and a total pore volume
of 750 m?/g and 0.63 cc/g respectively. Pore size distribution was affected
by the gelation pH (high content of sodium silicate). The sample P2 presents
also the largest pore size of 5.09 nm.

CONCLUSIONS

Silica xerogels with high surface area, highly uniform pore structure
and high silanol group content were successfully synthesized using low-cost
silica source (Na.SizO7) and TEOS in the presence of acetic acid and
hydrochloric acid via sol-gel process. The use of acetic/HCI acid in sodium
silicate sol-gel process was important because them produce high surface
area of mesoporous materials without addition of any template agent.

The simultaneous addition of acetic/HCI acid as catalysts and used
of acetone as solvent, made possible to synthesize amorphous silica
nanomaterials with high surface area and pore volume. The highest BET
surface area of 750 m?/g and pore volume 0.63 cm®/g was registered for P2
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sample. Also, all xerogels silicate samples were kept at room temperature
for gelling, the temperature being another parameter satisfactory to obtain
the high surface area. FTIR spectra reveal the main characteristic bands for
porous SiO2 nanoparticles. Raman spectra certifies the structure of porous
SiO2 nanoparticles and emphasizes the presence of both hydrolysis and
condensation processes which are also confirmed by the FTIR spectra.
Laser confocal images put in evidence the influence of the TEOS/Na,SizOr
amount on the crystal size and rugosity.

EXPERIMENTAL SECTION
Materials

Tetra-ethyl-orthosilicate (TEOS, 98% Merck), acetone (CHIMREACTIV
SRL, 99.92%), Na;SizO7 (Loba Feinchemie), acetic acid (Chimopar, reactive
analysis), Hydrochloric acid (HCI, EMSURE R, ACS, ISO, Reag Ph. EUR 37%),
distilled water without further purification.

Xerogels synthesis

A series of five sample of silica was prepared using different quantities
of sodium silicate (Na.SizO7) by replacing TEOS and maintaining the total
ratio for SiO, at 1.8g. We solubilized the Na;SizO7 in different amounts of
distilled water in order to obtain a molar ratio of 1:722. Then, TEOS was
solubilized in acetone and form a second solution and added drop wise onto
the first solution. We added a 1: 9 solution of CH3COOH/HCI in order to
adjust the pH at 5. The precursors for the synthesis are shown in Table 3.

Table 3. Synthesis parameters

Samples P1 P2 P3 P4 P5
TEOS (9) 6.5 3.3 1.9 0.6 0
NazSizOr7 (g) 0 1.25 1.75 2.25 25
Acetone (g) 10 10 10 10 10
CH3sCOOH(g) 3 3 3 3 3
HCI (mL) 0.1 0.1 0.1 0.1 0.1
H20 (g) 3 65 91 117 130

The solutions were left to gel and were stored for 28 days at room
temperature for ageing. The obtained materials were washed in excess with
water for 5 times and 2 times with ethanol. The obtained materials were dried
at 100 °C and further analyzed.
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Characterization

The chemical structure of sodium silicate xerogels was confirmed by
using FT-IR spectrometry (JASCO 430 apparatus) in the wave number range
of 4000 to 400 cm™'. Raman spectra was done with Shamrock 500i Spectrograph
from Andor United Kingdom.

Imaging and roughness data were obtained with LEXT — 3D measuring
laser microscope OLS4000 with 405 nm laser light source.

Nitrogen adsorption measurements were carried out at 77 K with a
Surface Area and Pore Size Distribution Analyzer (Quantachrome Nova
1200¢e) to determine the pore size, pore volume and specific surface area of
the xerogels obtained. Specific surface area was calculated by the Brunauer-
Emmett-Teller (BET) method. Total pore volume was estimated from the
adsorbed N2 volume at ~1 relative pressure (P/Po) values. Barrett-Joyner-
Halenda (BJH) method was used to estimate pore size and pore volume by
using desorption branch of the isotherm.
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BEHAVIOR IN AC POLARIZATION OF
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ABSTRACT. The behavior of high-silicon cast irons in AC polarization was
studied in terms of elementary composition and morphological structure to find
suitable materials for inert anodes used in various electrochemical processes
with polarization in AC or DC with superimposed AC signal. Experimentally,
through optical emission spectrometry, XRD, and SEM-EDAX techniques, the
investigated samples' morphology and composition were determined. The
behavior in AC polarization at Jac current density between 1 and 300 A/m? was
assessed through electrochemical and gravimetric methods. The results
showed that the mass losses in AC polarization at Jac less than 10 A/m? are
insignificant (below 8.5x10° g/Ah), and at Jac 100 A/m?, samples with a Si
content higher than 8% were below 3.75x10~* g/Ah (approx. 150x less than in
the case of similar anodically polarized materials in DC). It was also noted that
the main processes that occur in the AC polarization of silicone cast iron in
aqueous media consist of the anodic oxidation of iron with the formation of
iron oxide films and the anodic dissolution with the formation of soluble
compounds of some metals from the composition of silicone cast irons (Mn,
Cr, Cu, etc.). Furthermore, these anodic processes are coupled with the
cathodic processes, which in natural environments consist most probably in
reducing the dissolved oxygen.

Keywords: silicon cast iron, corrosion, AC polarization, mass loss, inert
anodes
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INTRODUCTION

In the view of sustainable development, maintaining a clean environment
and conserving natural resources is a priority issue [1-3]. In this background, the
development and characterization of new materials, with functional characteristics
suitable for various applications, ensuring sustainable exploitation without toxic
waste at the end of their life span, are always current research topics [4].

The development of any chemical synthesis process is conditioned
thermodynamically by the activation energy required for the process. Thermal
control of chemical processes (ensuring the activation energy required to initiate
and carry out the process through thermal transfer) has many disadvantages,
compared to the electrochemical control (energy losses in the production
chain, transport and transfer of thermal energy, high response time, and
hysteresis of regulation/automation systems, complicated equipment/reactors
with high material consumption). In the case of electrochemical syntheses,
the process control is relatively simple by overvoltage n, respectively, by
controlling the current density J [A/m?], which crosses the surface of the
electrodes- Taffel's law (1):

1 =a+ blnj, @Y

where a and b are constants specific to the process/electrochemical system
and depend on the temperature [5].

Development and advanced characterization (including electrochemical
behavior) of materials suitable for the production of electrodes, which under
specific operating conditions exhibits stability and adequate electrochemical
behavior in anodic [6-12] or cathodic [13-16] polarization, limits the widespread
application of the electrochemical technologies. A particular case is the
applications of polarized electrodes in AC or DC superimposed with AC
signal, such as grounding systems of electrical power systems [17], electrical
and corrosion protection of underground pipelines interfered by induced AC
stray currents [18, 19].

Recent studies show that the microorganisms' biochemical activity,
including those in the activated sludge from wastewater treatments, can be
stimulated by exposing the biomass to an extremely low-frequency electric
field (ELF) [20-28].

High-silicon cast irons present high stability under anodic polarization
conditions (low dissolution rate) [29, 30] and are used frequently in the
production of anodes for cathodic protection systems of underground or
underwater metallic structures [31, 32].
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Therefore, for the development of suitable materials used in various
applications, such as long-lasting (lifetime over 100 years) earthing plats for
electrical grids or passive electrodes for bioreactors with electromagnetic
field stimulation, the paper aims to study the behavior of high-silicon cast
irons in AC polarization.

RESULTS AND DISCUSSION

Table 1 covers the chemical composition, determined experimentally,
and the assigned code for the high-silicon cast iron samples.

Table 1 shows that the samples obtained are iron alloys with high
silicon content (between 2.98 and 17.77%- depending on the dosed
metallurgical silicon, and a series of elements from the used raw materials
(steel scraps and metallurgical silicon).

Table 1. Composition and coding of high-silicon cast iron samples
Sample Content [%]

code Si Fe | C Mn | Cr | Mo | Cu S P |Others
Si3 298 [90.1]| 1.06 | 0.33 | 0.23 | 0.03 | 0.43 | 0.04 |0.05
Si8 812 (849|114 | 055|049 | 0.06 | 049 | 0.02 |0.04
Si11 11.21 |86.3| 0.85 | 0.64 | 0.51 | 0.09 | 0.16 | 0.03 |0.03
Si14 141 |81.1|1.05| 098 | 0.83 | 0.14 | 0.56 | 0.06 |0.07
Si18 17.77 {793 1.03 | 049 | 0.21 | 0.04 | 0.91 | 0.04 |0.06

Balance

Figure 1 illustrates the XRD diffractogram recorded for the Si3 sample.
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Figure 1. XRD diffractogram recorded on sample Si3.
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Figure 1 show that the Si3 sample contains two crystalline phases
FesSiand Fe.

The XRD diffractograms recorded on the Si8, Si11, Si14, and Si18
samples were similar and presented in Figure 2.

Figure 2 reveals that the investigated samples with Si content
between 8 and 18% contain a single crystalline phase, respectively FesSi
(cementite), result in compliance with those reported in [33].

Figure 3 illustrates the results recorded on the Si8 sample regarding
the evolutions of the open circuit potentials (Eoce= Ecorr at Jac= 0) and the
polarization potential Eac in 50 Hz AC, at Jsc current densities between 1 and
300 A/m?in 0.1M KCI solution.
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Figure 2. XRD diffractogram recorded on samples Si8, Si11, Si14, and Si18
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Figure 3. Time evolutions of Ecorrand Eacrecorded on the Si8 sample.
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Figure 3 analysis shows that at the immersion of the sample in 0.1M
KCI solution, the open circuit potential of the metal display a continuous
migration trend towards more electronegative values After an initiation/
stabilization time (approx. 20 minutes, in which the variations are significant) it
tends asymptotically to the value of -590 mV, expressing the mixed Ecor
corrosion potential of the sample. This value is determined by the electrolytic
system's nature (given primarily by the metal's electronegativity, the
electrolyte's composition, temperature, and dissolved oxygen/partial oxygen
pressure). Further, following the sample polarization in AC, the electrode
potential migration trend towards more electropositive values is more
pronounced, and the value at which the EAC potential stabilizes is determined
by the density of the Jac polarization current.

Annotating with Ag, the value wherewith the mixed corrosion potential
migrates to more electropositive values, under the influence of the Eac
polarization current, we have (2):

Ag = Esc — Ecorr = fUac) (2)

wherein f(J,.) expresses the variation function of the potential under polarization
in alternating current.

The evolution of the potential under the action of the polarization current
in AC can be explained by Figure 4, which graphically illustrates the response
of a metallelectrolyte electrochemical system, characterized by the
polarization curve i= f(E) to equilibrium disturbance by applying in Ecor of a
sinusoidal polarization voltages in AC having the period T.

is

Ti2 | I,

.
E v
COrr
ik

Figure 4. The metal/electrolyte system response at polarization through an AC
disturbing signal overlapped in Ecorr; ia - global anodic current; ik - global cathodic
current; Ecor- mixed corrosion potential; T- duration of one period of disturbing
sinusoidal signal; I~ evolution of the AC polarization current
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Figure 4 shows that the electrochemical system responds to
polarization in sinusoidal AC with a distorted alternating current, in which the
share of the anodic half-period (+) is higher than that of the cathode half-
period (-), which globally leads to an anodic polarization of the system and
implicitly to the migration with Ag towards more electropositive values of the
electrode potential.

Thus, considering that the value of Agr indicates the effect of AC
polarization on the metallic material's electrochemical stability, it can be
considered a parameter in evaluating the material's passivity to polarization
in AC. Time evolutions of E¢or and Eac recorded on samples Si3, Si11, Si14,
and Si18 are similar to those of sample Si8 (Figure 3), the differences found
being in the values of Ecor and Ag.

The values in Table 2 show that as the Si content of the samples
increases (Table 1), the E.r values become more electronegative, and the
Ar value decreases, which indicates that the corrosivity of the material
decreases (passivity increases in AC polarization).

Table 2. Ecorr and Ae values recorded (100 minutes) for the investigated samples at
Jac current densities (50 Hz AC)

Samples
Jac Si3 (3 %Si) Si8 (8 %Si) Si11 (11 %Si) | Si14 (14 %Si) | Si18 (18 %Si)
[A/m?]| Eopc= Ecor | Ae | Eorc= Ecorr | Ae | Eorc= Ecorr | Ae | Eopc= Ecorr | Ae | Eorc= Ecorr | Ae
[MVsce]l |[mV]| [mVsce]l |[mVI| [mVsce]l |[mV]| [mVsce]l |[mV]| [mVsce] |[mV]

0 -562 0 -590 0 -590 0 -594 0 -599 0
0.1 10 5 4 3 2

1 25 20 15 7 5
10 51 35 25 16 12
80 88 63 55 45 41
300 115 81 72 63 61

Figure 5 shows the average mass losses recorded on the sample
pairs after exposure for 240 hours to AC polarization vs. current density (Jac).

Figure 5 shows that for all samples investigated at a current density
of up to 10 A/m?, the mass losses are insignificant (below 0.2 g, respectively,
below 8.3x10-° g/Ah). At a current density of 100 A/m?, for samples with a Si
content higher than 8%, the mass losses are less than 0.9 g, respectively
3.75x10™* g/Ah (about 150x less than in the case of similar, polarized
materials in DC [31]). The results on the AC polarization behavior of silicone
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cast iron samples in 0.1M KCI solution can be explained by Figure 4, which
shows that the investigated electrochemical system responds to AC
polarization through an anodic global current, results that are consistent with
those reported for the electrochemical behavior of similar materials [29].

3
2.5 ——Si3
= O+ Si8
2 2 A Sil1 /
] —%—Si14
] ju|
c 15 —o—Si18
[7)]
7]
©
s

1 A
N

0.1 1 10 100 1000
Current density [A/m2]

Figure 5. Mass losses vs. current density of the investigated samples.

Figure 6 illustrates the representative SEM images regarding the
investigated samples' morphology, according to the Si content: 3% Si, 8%
Si, and 18% Si.

Comparative analysis of images a, b, ¢, and d in Figure 6, highlights
as a common element the presence of graphite spherical precipitations, specific
to silicon cast iron with silicon content higher than 3% [33, 34]. The Si3 sample
(Figure 6 a- approx. 3% Si) presents a structure in which the two major
crystalline structures (distributed relatively homogeneously) are distinguished,
identified by XRD (Figure 1- Fe and FesSi cubically crystallized). The Si8
sample (Figure 6 b- 8% Si) shows a homogeneous structure, uniformly
crystallized (FesSi- according to Figure 2), which explains the unique
mechanical characteristics reported [29]. The Si18 sample (Figure 6c¢, d-
18% Si) shows a tense structure in which small crystals of FesSi prevail
(Figure 2), and the presence of intercrystalline cracks is noticed (explains the
high fragility reported [29]).
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Figure 6. SEM images of the samples: a- 3% Si, b- 8% Si, and ¢, d- 18% Si.

Table 3 summarizes the results of EDAX measurements (superficial
elementary compositions- average values for 5 spectra recorded in 5
different locations) obtained on surface A (unexposed to polarization in AC)
compared to surface B (exposed to polarization in 50 Hz, AC 300 A/m?, for
240 hours), normalized for the main elements identified (100% specified
components).
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The analysis of the data presented in Table 3 shows that, following the
polarization of the investigated samples in 50 Hz AC with 300 A/m?, the oxygen
content of the investigated surface layer (surface B) increases significantly as
compared to that of the samples not exposed to AC polarization (surface A).
The oxygen content of surfaces exposed to AC polarization decreases with
increasing Si content of the investigated samples.

Table 3. The value of 50 Hz AC polarization (240 hours at Jac 300 A/m?)
of the exposed (B) and unexposed (A) samples surface

Sample- content Wt [%]

Elements Si3 Si8 Si11 Si14 Si18
A B A B A B A B A B
Si 34 | 3.38 | 882 | 892 | 11.256 | 11.26 | 14.31 | 14.43 | 17.27 | 17.28
Fe 94.1 | 63.40 | 87.95 | 61.88 | 86.39 | 63.36 | 82.01 | 62.79 | 79.66 | 61.77
0 0.10 | 3195 | 0.15 | 27.9 | 0.20 | 2452 | 0.256 | 21.72 | 0.35 | 19.88
C 126 | 127 | 129 | 1.30 | 0.85 | 0.86 | 1.05 | 1.06 | 1.05 | 1.07

Mn 0.41 0 0.75 0 0.64 0 0.98 0 0.52 0
Cr 0.13 0 0.51 0 0.51 0 0.83 0 0.22 0
Cu 0.6 0 0.53 0 0.16 0 0.57 0 0.93 0

Also, during polarization in AC, the metallic elements Mn, Cr, and Cu
are entirely dissolved from the samples' surface. These findings, in context
with Figure 4, suggest that the main processes that occur in AC polarization
of silicone cast iron in aqueous media consist of anodic oxidation of iron with
the formation of iron oxide films (3):

xFe + 2yOH™ - Fe, 0, + yH,0 + 2ye~, 3

and the anodic dissolution of some metals Me from the composition of silicon
castirons (such as Mn, Cr, Cu), with the formation of soluble compounds (4):

Me —» Me?t + ze™, €))

where z* represents the valence of the dissolved metal, and e~ the
elementary charge (electron) released.

The anodic processes (3) and (4) are coupled with the cathodic process-
probably to reduce the dissolved oxygen in the solution, respectively (5):

02,—>20;0 +2e— 0%; H0 + 0> — 2 OH- (5)

Experimental results indicate that silicon cast irons with Si content
above 8% present high stability to AC polarization. Thus, such materials can
be used successfully to achieve long-lasting (life over 100 years) earthing
plats for power systems [17-19], durable electrodes for the protection of the
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underground gas pipelines exposed to AC stray currents [19], inert electrodes for
the electrochemical processes, including bioelectrochemical technologies
(stimulation of biological processes for wastewater treatment [28], acceleration
and control of fermentation processes to obtain biogas [26]). When used as
inert electrodes in electrochemical processes, it is necessary to consider the
effects of electrolyte impurity with metal ions found in the composition of
silicon cast iron used (Fe, Cr, Cu, and Mn).

CONCLUSIONS

Through electrochemical, gravimetric, XRD, and SEM-EDAX
investigations, silicone cast irons with silicon content between 3 and 18%
were characterized. Analysis of the obtained experimental data shows that:

-in the microstructure of the investigated samples, for the samples
with Si content of approximately 3%, Fe and FesSi crystals prevail, unlike
samples with Si content higher than 8%, in which XRD highlighted only
cubically crystallized FesSi;

-the Si content of the samples determines the electronegativity (the
open circuit potential- Ecor) of the investigated samples, immersed in 0.1M
KCI solution (between —562 mVsce for Si3 and —599 mVsce for Si18), and
increases with the Si content of the sample;

-at the AC polarization of the investigated samples, their potential
becomes more electropositive than Ec.r, the migration to more electropositive
values of Ar is determined by the density J.c of the polarization current
(increases with increasing Ja) and by the Si content of the samples
(increases with decrease in Si content);

-mass losses at AC polarization are determined by Jac (increases with
increasing Jac) and the Si content of the samples (increases with decreasing
Si content); at Ja, less than 10 A/m?, the losses are insignificant (below
8.5x10° g/Ah) for all samples, and at J,c 100 A/m?, samples with Si content
higher than 8%, below 3.75x10~* g/Ah (approx. 150x less than in the case of
similar anodized polarized materials in DC);

-the main processes that occur in AC polarization of silicon cast irons
in aqueous media consist of the anodic oxidation of iron with the formation
of iron oxide films and the anodic dissolution with the formation of soluble
compounds of some metals from the composition of silicon cast irons (Mn,
Cr, Cu), probably coupled with the cathodic process of reducing dissolved
oxygen in solution.

Based on these findings, silicone cast irons with Si content higher than
8% present high stability to AC polarization and can be successfully used to
achieve long-lasting earthing plats for power systems, protective electrodes for
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underground gas pipelines exposed to AC stray currents, inert electrodes with
applications in electrochemical and bioelectrochemical technologies (stimulation,
acceleration, and control of biological processes with industrial applications).

EXPERIMENTAL SECTION

Sampiles of high-silicon cast irons were obtained by usual metallurgical
techniques from steel scraps and metallurgical silicon (ferrosilicon). After
casting, the samples were sandblasted with sand, washed, and dried in an
oven at 90+50° C, preceding the experimental determinations. The elemental
analysis of the obtained alloys was performed through optical emission
spectrometry technique, with a specialized equipment type LAVWA 18 A from
SPECTRO Analytical.

XRD and SEM-EDAX techniques were employed in the morpho-structural
analysis of the obtained high-silicon cast iron samples. XRD measurements
were performed with D8 Discover equipment (from Bruker), configured on
primary optics with a Cu tube with primary radiation (A = 1.540598 A), Géebel
mirror, and on secondary optics with a 1D LynxEye detector. SEM-EDAX
measurements were performed using an energy dispersive X-ray spectrometer
(EDS), INCA Energy 250, Oxford Instruments, combined with Zeiss field emission
scanning electron microscope (FESEM).

In a parallelepiped vessel, two samples (approx. 100x100 mm with a
thickness of approx. 5 mm) were fixed in a parallel plane position (distance
between samples approximately 16 cm) and immersed in 0.1 M KCI solution.
The samples were connected to the output of a 50 Hz power supply with an
adjustable voltage between 1 and 20 V, thus ensuring polarizations in AC at
Jac between 1 and 300 A/m?. Time evolution of the potentials in the open
circuit (Ecor at Jac=0) and the evolution of the Eac polarization potential in 50
Hz AC were determined at Jac current densities between 1 and 300 A/m?,
against a saturated calomel electrode (SCE) with a PM2517E type multimeter
manufactured by Philips (input impedance higher than 10 MQ).

Sample mass losses were calculated by measuring the samples
before and after AC polarization (at various Jsc for 240 hours). Measurements
were performed with a digital analytical scale with an accuracy of + 0.0001g
(type Precisa 320 XR -model XR125SM from Precisa Gravimetrics AG). For
each sample, measurements were performed on the surface unexposed to
polarization in AC compared to the surface exposed to polarization in 50Hz
AC (240 hours at 300A/m?, in 0.1M KCI solution).
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BISMUTH DOPED ZnO/MoO. COMPOSITES FOR THE
CATALYTIC DEGRADATION OF METHYLENE BLUE

MUBBARA MUSHTAQ?, SHOOMAILA LATIF",
MUHAMMAD IMRAN?, AYESHA JAVAID?, LIVIU MITU®

ABSTRACT. From past years, the demand of clean water has been
increased due to shortage of portable fresh water. Parallel, the use of
composite materials for the catalytic degradation of pollutants particularly
dyes in industrial effluents has attracted good attention. In this work,
bismuth doped ZnO/MoO2 composites were synthesized by co-precipitation
method using bismuth chloride, zinc sulphate and sodium molybdate as
starting precursors. The structural/morphological studies of these composites
were accomplished by UV-Visible spectroscopy, Fourier Transform Infrared
Spectroscopy and Scanning Electron Microscopy. The catalytic activity of
the bismuth doped ZnO/MoO2 composites was investigated by degradation
of methylene blue (MB) dye. The degradation of MB was observed to be
75% at only 45 sec and enhanced catalytic activity was observed by
increasing Bi content in synthesized composites.

Keywords: ZnO/MoQO: composites; Bismuth doping; Methylene blue;
Catalytic degradation

INTRODUCTION

Metal oxides have recently attained rapid attention for remediation
and environmental protection. The degradation of dyes in waste water from
textile industry is really a challenging task and such dyes are a huge source
of water contamination. To cope with this challenge, significant consideration
has been paid to resolve this issue and as such catalytic properties of metal
oxides were improved by doping them with variety of metals [1].
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Among several metal oxides used for this purpose, TiO, and ZnO
have been broadly reported for degradation process of dyes due to their
remarkable properties. ZnO has recently been reported more advantageous
over TiO2 because of its low cost and high catalytic activity. Moreover, it has
similar conduction and valence bands to that of TiO2[2]. ZnO is also a good
semiconducting material of lI-VI type, with a wide band gap (3.37 eV) and a
large excitation binding energy (60 meV) at room temperature thus making it
good for photocatalytic applications [3].

Catalytic properties of zinc oxide have been enhanced either by
doping or by developing ZnO based composites such as ZnO/metal [4],
ZnO/metal oxide [5] and ZnO/polymer [6]. Doping is considered to be more
useful in this regard. A large number of dopants such as transition metals as
well as rare earth elements have been reported to enhance the catalytic
properties of ZnO [7-10]. Combination of different metal oxides can reduce
the band gap, hence, extending the absorbance range to visible region to
achieve a higher photocatalytic activity [11-14]. Some notable examples of
such combinations are CuO-TiO2 [15], WOs-TiO2 [16], ZnO/TiO, [17],
Zn0O/Sn0O; [11], TiO2/MgO [18], and SnO,/Zn0O [19].

NaBH4 supported by a catalyst is a well-known reducing agent for the
reduction of MB dye. Composites synthesized by doping have been reported
to assist NaBH4 [20, 21]. Keeping in view the literature background, in this
study, molybdenum oxide is chosen for modifying ZnO [22, 23] while bismuth
ion is selected as a dopant because of its previously reported role in
enhancing catalytic properties of ZnO [24]. According to accessible literature,
there is no work reported on the synthesis of Bi-doped ZnO/MoO, composite
material for catalytic degradation of MB. Therefore, in this study, we report
the preparation of Bi-doped ZnO/MoO, composite material together with its
catalytic reduction efficiency.

RESULTS AND DISCUSSION

Bismuth doped ZnO/MoQO. composites were synthesized by co-
precipitation method followed by annealing process. These composites were
subsequently characterized by different spectroscopic techniques. UV-Visible
Spectrum of the composite was recorded by UVD-T90+ Spectrophotometer in
the range 200-800 nm and exhibit maximum wavelength at 255 nm (Figure 1).
The single absorption indicates homogeneity across the sample of composite.
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Figure 1. UV-Vis spectrum of Bi-doped ZnO/MoO2 (1%) composites
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Figure 2.A: FT-IR Spectrum of 0.4% Bi-doped ZnO/MoO2 composite;
B: FT-IR Spectrum of 0.6% Bi-doped ZnO/MoO2 composite;
C: FT-IR Spectrum of 0.8% Bi-doped ZnO/MoQO2 composite;
D: FT-IR Spectrum of 1% Bi-doped ZnO/MoQO2 composite
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FT-IR spectral data provided valuable information about the
functional groups present in the synthesized bismuth doped ZnO/MoO-
composites. The FT-IR spectra of Bi-doped ZnO/MoO;, composites were
recorded in the range 4000-400 cm'. The spectrum of bismuth doped metal
oxide composites showed a broad band at 740-990 cm-" which was assigned
to Bi-O stretching mode vibrations [25] while the peak observed at 792 cm™’
is assigned to Mo-O in MoO- [26]. The band observed around 400-650 cm™"
is attributed to the zinc oxide bending vibrations [27]. FT-IR spectra of
Zn0O/MoO, composites with variable concentrations of dopant i.e. bismuth
were recorded and compared. All the spectra showed bands around same
frequency which confirmed the formation of bismuth doped ZnO/MoO-
composite (Figure 2).

The surface morphology of Bi-doped ZnO/MoO; appears to be dense
globular and rod-like structures with high porosity as shown by the SEM
micrograph of the prepared composite (Figure 3).

e 4
mag EH | mode | det | spot | HFW

Figure 3. SEM micrograph of the prepared Bi-doped ZnO/MoQO2 composite (1%)
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Catalytic degradation of MB by synthesized composites

To investigate the role of bismuth doped ZnO/MoO. composites as
catalyst, degradation of MB was studied in the presence of NaBH,4 by adding
variable concentration of composites as well as in the absence of composite.
NaBH; is a well-known reducing agent and its efficiency is associated with its
high electron injection capacity [28]. The rate of degradation was observed in
the range 400-800 nm at room temperature. Overall, Bi doped ZnO/MoO-
composites have shown enhanced catalytic activity for the degradation of MB.
The different color of MB in its oxidized and reduced form make it good
candidate for catalytic study. Figure 4A contains
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Figure 4. Catalytic degradation of MB using NaBH4 with Bi-doped ZnO/MoO:2
composites A: without composites; B: Bi-doped ZnO/MoO2 composites (0.4%);
|C: Bi-doped ZnO/MoO2 composites (0.6%); D: Bi-doped ZnO/MoO2 composites
(0.8%); E: Bi-doped ZnO/MoO2 composites (1%)
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absorption spectra of MB in the absence of composite and shows that
absorption peaks of the MB solution diminish gradually with time and finally
solution becomes colorless. Moreover, in this case, the absorption peak of
MB at 665 nm was found to decrease slowly with the increase in the reaction
time indicating a slow degradation rate in the absence of composite.

In the same manner degradation of MB was investigated by adding
variable concentration (0.4% to 1.0%) of synthesized composite as catalyst.
The results are graphically represented in Figure 4(B-E). Generally, it has
been observed that by increasing the concentration of Bi doping in
composite, rate for MB degradation was completed in less time interval. So,
it can be concluded that the addition of bismuth composite enhances the
degradation of the dye and maximum efficiency was observed especially in
case of 1% bismuth doped ZnO/MoO, composite as compared to other
compositions. This enhanced reduction efficiency is might be due to provision of
large surface by the Bi doped ZnO/MoO. composites which cannot be achieved
in its absence. Moreover, these findings are in agreement with previously
reported catalytic property of Bi doped ZnO composites [24].

CONCLUSIONS

The bismuth doped ZnO/MoO. composites were successfully
synthesized by a facile, simple, and low cost co-precipitation method. The
catalytic efficiencies of bismuth doped ZnO/MoO-, composites for degradation
of MB were reported. Bismuth doped ZnO/MoO, was found to be an efficient
catalyst to degrade MB dye, an environmental hazard.

EXPERIMENTAL SECTION

Chemicals used

Zinc sulphate ZnSO47H20, Sodium molybdate NaMoO4, Bismuth
chloride BiCls, Sodium hydroxide NaOH, Tetrahydrofuran C4HsO used were
of analytical grade and purchased from sigma Aldrich. These were used as
such without any further purification. Spectroscopic analysis of the
composites was performed by mean of UV-Vis spectrophotometer (Labomed
spectrophotometer system; model UVD-T90+), FT-IR spectrometer (Agilent
FTIR spectrophotometer; model CARY-630; range 4000-650 cm') and SEM
(Nova Nano 450-SEM field emission scanning electron microscope (FESEM).
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Fabrication of Bismuth doped ZnO/MoO, composites

Bi** doped ZnO/MoO; composites were successfully prepared by
simple co-precipitation method (Figure 5). Appropriate amounts of zinc
sulphate (1 mM), sodium molybdate (1 mM) and bismuth chloride (0.4 — 1.0 %)
were dissolved in 10 mL deionized water separately and stirred for few minutes
until solutions became transparent. To the solution of bismuth chloride, solutions
of zinc sulphate and sodium molybdate were added together with stirring on
hot plate. Then, NaOH (2 mol %) was added drop wise in the above resulting
mixture and stirred again vigorously by keeping the pH at 7. This resulted
yellow colored precipitates, which were filtered, washed several times with
deionized water, ethanol and finally dried in oven at 80°C for 2 hours. The
dried precipitates were crushed with mortar and pestle to obtain fine powder
and then placed in muffle furnace at 650°C for 4 hours to anneal at the rate

of (5 °C/min).
Na,MoO, \/ % ZnS0,.7TH,0

Addition of above solutions to BiCly
—p—p solution while constantly stirring

Addition of NaOH
(2 mol %) dropwise

’\ Fonuanou of yellow
prec1p|tates

Precipitates were After crushing to fine

filtered, washed and powder, annealed at 650°C
oven dried in muffle furnace

Synthesized nanocomposites

Figure 5. Schematic representation for the synthesis of
Bi doped ZnO/MoO2 composites
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Degradation of MB using Bi doped ZnO/MoO, composites

MB solution (2.0 mmol, 5 mL) was mixed with NaBH4 (0.2 g) in the
presence of variable amount (0.4 — 1.0%) of Bi-doped ZnO/MoO- catalyst at
room temperature. The degradation of dye was noted by UV/Visible Spectrometer
after every 15 seconds. The degradation rate of MB dye was calculated by
using the following equation:

Ao—A
A

x100

Degradation rate =

where A, shows initial absorbance, and A corresponds to variable absorbance.
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ALUMINUM PILLARED BENTONITE —
CHARACTERIZATION AND SYNTHESIS OPTIMIZATION
BY RESPONSE SURFACE METHODOLOGY
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ABSTRACT. Bentonite is a clay mineral whose chemical structure can be
easily modified by pillaring process for introduction of various cations such
as aluminum, chromium, nickel, zinc etc. fact that conducts to attractive and
versatile products suitable for diverse applications going from gas separation
to pollutants removal or excipients for food industry for example.

This paper deals with the synthesis of aluminum pillared bentonite based
on a process involving bentonite suspension and pillaring agent preparation,
bentonite intercalation and calcination. The raw material and the obtained
products were analyzed by X-ray diffraction, nitrogen adsorption-desorption
technique, ammonia-temperature programmed desorption and scanning
electronic microscopy. Three ratios of aluminum cations — amount of bentonite
(5 mmol/g, 12.5 mmol/g, 20 mmol/g) and three calcination temperatures (300
°C, 400 °C, 500 °C) were used according to a Response Surface Methodology
program aiming to attain the highest interlamellar distance, specific surface
area and surface acidity. Collected data were fitted to second order polynomial
equations. An aluminum catio