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A temperature controlled carbonization process (5-800 °C for 1-4 h) of metal forms of different kinds of partially or totally saturated
sulphonated styrene-divinylbenzene copolymer based ion-exchangers loaded with various valence state metal ions has been evaluated. The
effect of temperature, nature and valence of metal ions, crosslinking and other parameters on the composition and properties of the formed
composites have been evaluated. Depending on the ionic form and the saturation degree of the ion exchangers the sulphur content of the
ion-exchangers can partially transform into metal sulphides, SO3 or SO2. Ni(ll), Mn(Il) and Zn(1l) forms of the ion-exchangers resulted the
appropriate M"S type metal sulphides (NiS, MnS or ZnS), while copper(ll) resulted metallic copper formation at 500 °C in 2 h. Both
iron(11) and iron(l11) forms of sulphonated styrene-divinylbenzene copolymers resulted FeoosS and o-Fe formation at 800 °C for 2 h,
however, the ratio of these compounds depended on the valence state of iron and were found to be 8:1 and 7:2 in the case of Fe(lll) and
Fe(I)-forms, respectively. The shape of the formed carbon particles are bead-like and the hardness of the formed carbon beads proportional
with the divinylbenzene content of the starting polymer. The higher divinylbenzene content the harder beads of carbon forms. All the beads
have a leak due to evolution of gases which emitted at the weakest part of ball-like bead. The ball-like metal-containing activated carbon
beads have low hydrodynamic resistance towards fluid streams and this carbonisation method can be used as an environmentally friendly
way for processing of waste ion-exchangers into industrially usable carbon based metallic containing composites.
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experiments performed with sulphonic acid type active
group containing styrene-divinylbenzene copolymers loaded
with various valence state metal ions and containing
different amount of crosslinking agent (divinylbenzene) are
presented.

Experimental

Synthesis of metal-loaded ion-exchangers were performed
in column experiments with H*-forms of the sulphonic acid
type ion-exchangers (Varion KS, Varion KSM, Varion
KS660 and Lewatit P100). The columns were filled with
100 g of the ion-exchangers and activated with the saturated
aqueous solutions of zin(ll) sulphate, manganese(ll) nitrate,
iron(ll) chloride, iron(lll)-chloride, zinc(ll) sulphate,

Introduction

Numerous metal or metal-compound loaded carbon
composites have already been been synthesized, and studied

in various chemical processes as catalysts, chemosorbents or
reactive materials.! The preparation of these composites
generally based on adsorption/chemosorption of a particular
metal compounds which is transformed into the active
ingredients on the surface of the carbon, or a mixture of
carbon precuros and metal compounds are carbonized
together. These processes generally give heterogeneous
composites which properties hardly controlled or can be
adjusted only in separated processes. In order to solve these
problems a simple method has been introduced to prepare
metal-loaded activated carbons with unique features and
homogeneous metal/metal compound loading.

We have developed a simple method for preparation of
iron(l1) oxide containing carbon supported catalysts of
paracetamol production? based on the temperature controlled
carbonization of iron form of a carboxylate type iron(lll)-
ion saturated ion-exchanger polymer. In this communication,
the preliminary results obtained in the analogous
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nickel(I1) sulphate and copper(ll) sulphate until complete
saturation. All saturation experiments were performed at
room temperature. The activated resins contained
homogeneously distributed metal loading at the active
groups were washed with distilled water and dried in open
air overnight. The partially saturated saturated ion-
exchangers were prepared by using method of Somogyi et
al.3

The carbonisation experiments were performed between
500 and 800 °C for 1-4 h under flowing N2 in an50 cm long
quartz tube. Metal content of the composites were
determined by inductively coupled plasma (ICP) emission
spectrometric measurements with an Atomscan 25 (Thermo
Jarrel Ash) spectrometer after digestion of carbonized
samples in 3:1 cc. HCI:HNO3 mixture for 24 h.

X-ray powder diffraction measurements were performed
by means of a Philips PW-1050 Bragg-Brentano
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parafocusing goniometer, equipped with a secondary beam
graphite monochromator and proportional counter; scans
were recorded in step mode by using CuK, radiation at 40
kV and 35 mA tube power. Evaluation of the diffraction

patterns have been obtained by full profile fitting techniques.

TG-MS measurements were accomplished by a STD 2960
Simultaneous DTA/TGA (TA Instruments) + Thermostar
GSD 200 Q-MS (Balzers) device with 5 °C heating rate in
Ar flow.

SEM measurements were performed with a Hitachi S-570
scanning electron microscope equipped with a Rontec EDR
288 detector.

BET surface areas were determined from N, adsorption-
desorption isotherms with using a Quantachrome
AUTOSORB-1 instrument.

Results and Discussions

Preparation of metal-containing ion-exchangers were
performed in an usual way with loading of hydrogen forms
of sulphonated ion exchangers with using saturated aqueous
metal salt solutions.® The carbon composites were prepared
by controlled temperature carbonization (5-800 °C for 1-4 h)
of the metal forms of various styrene-based ion exchangers.
The carbonization temperatures were adjusted on the basis
of the TG-MS results, and the optimal carbonisation time
was found to be 2 h. Depending on the ionic form and the
saturation degree of the ion exchanger the sulphur content of
the ion-exchangers can partially transform into metal
sulphides, SOz or SO, which could be detected by TG-MS
unambiguously. The yield of metal/metal sulphide
containing carbon composites strongly depends on the
nature of metal, ion-exchanger and the carbonisation
conditions as well.

The sulphonated styrene-divinylbenzene copolymers are the
most frequently used cation exchangers used which results
a large amount of waste ion-exchangers. Fully (100 %) and
partially saturated forms (25 and 50 % of theirs capacity) of
Varion KS and Varion KSM resins were carbonised at
500 °C for 2 h. Depending on the nature of metal, sulphide
(MnS, NiS and ZnS, FeSogs) species or elemental metal (Cu,
o-Fe) were formed. In case of iron, FepgesS and a-Fe were
formed together at 800 °C, the sulphide component was the
major product, however the ratio of FeggsS:a-Fe depended
on the valence form (Fe' or Fe'") of the iron loaded onto the
ion exchanger resin.

The saturation degree has no important effect on the
chemical form of the metal in the composites formed at the
studied temperature range. The shape of the formed carbon
particles is bead-like (Fig.1.), and the hardness of the
formed carbon beads proportional with the divinylbenzene
content of the starting polymer, the higher divinylbenzene
content the harder beads of carbon formed. All the beads
have a leak due to evolution of gases which are emitted at
the weakest part of ball-like bead causing leaking. Due to
evolution of large amount of gases within the structure of
beads which evolve at the moment when the resistance of
the resin material becomes lesser than the inner pressure, an
“explosion-like” emitting of gases (SO2, H,O, hydrocarbon
crack gases) could be observed, and the resin beads “jump”
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during the carbonization. The formed ball-like metal-
containing activated carbon beads have low hydrodynamic
resistance towards fluid streams and these materials are
potential candidates for treatment of liquid flows.

The SEM npicture of the nickel-carbon composite with ca.
30 % nickel content can be seen in Fig.1.
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Figure 1. SEM picture of the nickel sulphide containing
carbon composite bead prepared from Lewatit S100 (8 %
divinylbenzene content) loaded fully with Ni(II) at 500 °C
for2h

The bead-like reisns formed in the pyrolysis of Lewatit S100
resin contained 2.3 mekv g nickel(ll) resulted a carbon
composite of NiS with 35 % nickel content. The specific
surface area was found to be 371 m?g?, but the specific
surface area strongly depends on the pyrolysis temperature
and the divinylbenzene content (porosity) of the starting ion
exchanger. The specific surface areas of nickel sulphide
containing carbons formed at 500 °C in 2 h in the case of
Varion KS and KS660 resins were found to be 172 and 341
m?2 g, respectively.

Two kinds of iron form (Fe" and Fe'"' loaded) of Varion
KSM resins were carbonised at 800 °C for 2 h. The same
products were formed, FeoosS and metallic iron (o-Fe),
however, the ratio of these products depended on the
valence of the iron loaded on the ion-exchanger. The approx.
ratio of iron sulphide/a-Fe were found to be 8:1 and 7:2 in
the case of Fe'" and Fe" forms of the Varion KSM ion
exchanger, respectively. It can be the consequence of the
oxidizing nature of Fe" which partially prevents the
complete reduction of sulphonic acid group into sulphide.

The metal or metal-compound containing activated
carbons can be activated with vapour or other methods and
their metal content can also be removed by acidic treatment,
e.g. with digestion in dilute HCI or HNOs;. The formed
metallic salt solutions can be recycled into loading new ion
exchangers into metallic forms, and the formed carbons can
be utilized as simple activated carbons as well.

This method can be candidate as an environmentally
friendly way to transform the waste ion-exchangers into
useful materials. The acidic or oxidative acidic leaching of
the metal-containing species formed during the
chemosorption leads to activated carbons with acidic and
oxidized surface characteristics.
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Conclusion

lon-exchanger materials, particularly sulphonated styrene-
divinylbenzene copolymers can be transformed into
metal/metal sulphide composites at 500-800 °C in 1-4 h.
These composite materials can be used as catalyst or
chemosorbents (with or without further activation) in
various  technological  processes. The  systematic
investigation of the effect of functional groups,
divinylbenzene content, the composition of polymer chain,
temperature, reaction time and other factors are in progress.
Further studies on the utilization of various metal-containing
activated carbon composites prepared in this way, and their
transformation with acidic or oxidative acidic leaching into
activated carbons are in progress.
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INVESTIGATION OF EFFECTS OF TWO ENVIRONMENTAL
E B HEAVY METALS IN A COMBINED EXPOSURE MODEL ON
THE NERVOUS SYSTEM IN RATS

A. Pappl*, E. Horvath!®, Zs. Matéld, A. Szabol?

This paper was presented at the 4th International Symposium on Trace Elements in the Food Chain, Friends or Foes, 15-17 November,
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In the present study, the interaction of inhalational and oral exposure to manganese and lead was investigated. Young adult male Wistar rats
(2 x 10 per group) were treated orally with MnClz (15 and 60 mg/kg b.w.) or Pb acetate (80 and 320 mg/kg) for 3 or 6 weeks. Then, one
half of the groups was further treated by intratracheal instillation of nanoparticulate MnO2 (2.63 mg/kg) or PbO (2 mg/kg) for an equal
period of time. Body weight gain and signs of general toxicity were regularly checked. Finally, the rats’ motor behavior was tested in an
open field box, and their spontaneous and evoked cortical electrical activity was recorded in urethane anesthesia. MnO2 nanoparticles
caused disproportionately strong reduction of body weight gain but with Pb the weight effect was more dependent on dose. In the open field
test, Mn caused hypomotility, more strongly after 6 weeks oral plus 6 weeks intratracheal than after 6 weeks oral treatment. Pb-treated rats
showed increased ambulation but less rearing and somewhat longer local activity. Spontaneous cortical activity was shifted to higher
frequencies after oral Mn application, but this change was not intensified by subsequent nanoparticle application. Oral Pb had an opposite
effect. Cortical evoked potentials showed latency lengthening. In several cases, the effect of Mn and Pb was about as strong after 3 weeks
oral plus 3 weeks intratracheal as after 6 weeks oral administration, although the summed dose was ca. two times lower in the former case.
There can be a more-than-additive interaction between the amounts of heavy metals entering the organism in different routes and chemical
forms.
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NPs’ small size and large specific surface area, together
with the high numbers of NPs entering the organism in a

Introduction typical exposure situation, result in great biological and
pathogenetical activity?.

Chemical risk, resulting from application of metal-based
and other xenobiotics, is a major problem of our days.
Numerous metals are regarded as xenobiotics because they
either are completely useless and toxic for the human
organism (e.g. mercury, lead or cadmium) or are essential
micronutrients but toxic when overdosed (manganese,
chromium, copper, etc.).

Apart from inhalation, the second most important route of
exposure to heavy metals is ingestion. Airborne particles can
be ingested directly; dust can contaminate food or drink, etc.
Metals from the sedimenting dust can be incorporated into
edible parts of cultivated plants, either directly or via soil
pollution (as it happened near the metal reprocessing plant
Metallokémia in Budapest?). Ingested heavy metals are
absorbed in the intestine mostly to ca. 10%. Common metal
transport mechanisms, responsible for the uptake of
essential metals, are involved, which explains that
individuals with increased calcium or iron demand absorb
more of the toxic metals. Toxic metals are transported as
“free-riders” not only from the intestine to the blood but also
from the blood to the central nervous system (CNS).
Trivalent metal ions, like Mn®*" use transferrin to pass the
blood-brain barrier.

Exposure to heavy metals is mostly occupational. Metal-
containing dusts and fumes are generated along the
complete life cycle of metal products (e.g. during welding?),
and can be found in the workplace atmosphere, causing
exposure primarily via inhalation. The resulting internal
dose is influenced by chemical form and size of the
suspended particles. In the last 20 years nanoparticles (NPs)
and their interaction with living organisms, raised health
concerns?. Combustion processes and working on materials
at high temperature generate NPs (particles which are
smaller than 100 nm at least in one dimension), their
composition being determined by the materials worked on Based on practical importance and on previous
or burnt. Likewise, manufactured nanomaterials contain at  experiences of our research group®®7, lead and manganese
least one component with at least one dimension in the 1-  were chosen for the present study.

100 nm range.
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Lead (Pb) has been a ubiquitous environmental pollutant
for centuries, and is toxic even in low concentrations®.
Primary production and reprocessing of Pb causes
substantial emission of metal fumes. Neurological effects
were observed in workers with chronic Pb exposure:
headache, lethargy, dizziness, diminished reaction time,
worsened cognitive and visuomotor performance, and
reduced nerve conduction velocity®. The general population
is exposed mainly by contaminated drinking water or food.
Pb is accumulated in the central nervous system, first in the
cortex and hippocampus®®, and produces encephalopathy.
Exposure to low concentrations of Pb has been associated
with behavioral abnormalities, learning and hearing
impairment and impaired cognitive functions in humans and
in experimental animals’. Some approximations suggest
that, in exposed children, every 100 pg/L increase in blood
Pb level is associated with a 1-5 point decrease in the 1Q
level*2, such an effect was observed also in Hungary®3. Pb
can also pass the placenta and cause serious damage to the
nervous system before birth.

Manganese (Mn) is an essential micronutrient, e.g. as
cofactor in metallo-enzymes:. The human body contains
about 10 mg Mn, stored mainly in the liver and kidneys. The
daily demand is 2-3 mg'4. Mn is used in many important
alloys, so welding fumes and similar industrial emissions are
also a source of Mn-containing NPs. Chronic inhalation of
Mn-containing dust and fumes is the typical form of
occupational exposure. The Mn-related chronic neurological
disorder (manganism) starts with apathy, anorexia, headache,
hypersomnia, weakness of the legs etc. and progresses to a
Parkinson-like syndrome®®. Such disorder was also observed
in patients undergoing maintenance hemodialysis'® or in
inadvertent oral overdosing of Mn. Thus, other
physicochemical forms of Mn and other routes of exposure
are also relevant to the health of the CNS. In several regions
of the USA with Mn-rich drinking water, loss of visual and
verbal memory, typical for Mn-induced brain damage, was
described®”. The neurotoxic spectrum of Mn is variable and
goes beyond the classical manganism. In shipyard workers,
EEG and visual evoked potential alterations were observed
and elevated blood Mn levels were measured?®,

The aim of this work was to model the complex
(occupational and environmental) human exposure to Mn
and Pb in rats as a model, with combined — oral and
intratracheal — administration using dissolved and
nanoparticulate form of the metals.

Methods

Animals and treatment

Young adult male Wistar rats (initial body weight 280—
350 g) obtained from the Breeding Centre of the University,
were used for the experiments.

The animals were housed under standard conditions (22—
24°C, 12 h light/dark cycle with light on at 6:00 a.m., up to
four rats in one cage) with free access to conventional
pelleted feed and drinking water

Eur. Chem. Bull. 2012, 1(10), 401-406
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Aqueous solution of Mn and Pb was given to the rats
orally by gavage (per os, po.), while the suspension of the
metals in NP form was instilled in the trachea
(intratracheally, it.; for details see®.

Table 1 The substances used for treatment and the doses applied

DOI: 10.17628/ECB.2012.1.401

Group 1 Treatment
code Substance and dose (mg kg™ b.w.) time
MnC3 untreated 3 weeks
MnVC3  distilled water, per os 3 weeks
MnL3 MnCl2-4H20 15 mg kg b.w. po. 3 weeks
MnH3 MnCl2 60 mg kg b.w. po. 3 weeks
MnC33 untreated* 6 weeks
distilled water, po. + 3 weeks +
MnVvC33 HEC (hydroxyethyl cellulose) it. 3 weeks
-1
MnL33 MnClz 15 mg kg b.w._po. i 3 weeks +
MnO2 NPs 2.63 mg kgt b.w. it. 3 weeks
MnClz, 60 mg kg b.w. po. + 3 weeks +
MnH33  \ino, NPs 2.63 mg kg bw. it. 3 weeks
MnC6 untreated* 6 weeks
MnVC6  distilled water, po. 6 weeks
MnL6 MnCl215 mg kg b.w. po. 6 weeks
MnH6 MnCl2 60 mg kgt b.w. po. 6 weeks
MnC66 untreated 12 weeks
distilled water, po. + 6 weeks +
MnVvC66 HEC it. 6 weeks
-1
MnL66 MnClz, 15 mg kg b.w: po. + . 6 weeks +
MnOz NPs 2.63 mg kgt b.w. it. 6 weeks
MnClz, 60 mg kgt b.w. po. + 6 weeks +
MnH66 MnO2 NPs 2.63 mg kg* b.w. it. 6 weeks
Group Substance and dose (mg/kg b.w.) Tree_xtment
code time
PbC3 untreated 3 weeks
PbVC3  distilled water, po. 3 weeks
PbL3 Pb(CH3COO)z2, 80 mg kg b.w. po. 3 weeks
PbH3 Pb(CH3COO)2, 320 mg kgt b.w. po. 3 weeks
PbC33  untreated™ 6 weeks
PbVC33 distilled water, po. + 3 weeks +
HEC it. 3 weeks
PbL33  Pb(CH3COO)2 80 mg kg! b.w. po. + 3 weeks +
PbO NPs 2 mg kgt b.w. it. 3 weeks
PbH33  Pb(CHsCOO0)2, 320 mg kg* b.w. po. 3 weeks +
+PbO NPs 2 mg/kg b.w. it. 3 weeks
PbC6 untreated* 6 weeks
PBVC6 distilled water, po. 6 weeks
PbL6  Pb(CH3COO)2,80 mg kg b.w. po. 6 weeks
PbH6  Pb(CHsCOO)2, 320 mg kg b.w. po. 6 weeks
PbC66  untreated 12 weeks
PbVC66 distilled water, per os + 6 weeks +
HEC it. 6 weeks
PbL66  Pb(CH3COO)2 80 mg kg b.w. po. + 6 weeks +
PbO NPs 2 mg kgt b.w. it. 6 weeks
PbH66  Pb(CH3COO)2, 320 mg kgt b.w. po. 6 weeks +
+PbO NPs, 2 mg kg b.w. it. 6 weeks

* C33 and C6 were always two different groups of rats.
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Chemical identity and dose of the substances applied to
the rats, along with treatment times, are given in Table 1.
For intratracheal administration, the NPs were suspended in
1% hydroxyethyl cellulose dissolved in PBS (pH 7.4). This
vehicle was physiologically neutral and slowed the
aggregation of the NPs. There was one administration every
workday (that is, 5 times a week); body weight was
measured before every administration to determine the exact
daily doses and to follow weight gain.

Behavioral investigation by the open field method

At the end of the treatment periods, open field (OF) test
was done, in one 10-min session per rat, to assess their
spontaneous locomotor activity. The test was performed
between 8 and 11 hours in the morning, after 30 min
adaptation to the dimly lighted test room. The instrument
recorded the animal’s horizontal and vertical motor activity,
from which counts, time and run length of the activity forms
(ambulation, local activity, immobility, rearing) were
automatically calculated (for technical details and suitability,
see’).

Electrophysiological investigation

The electrophysiological recording was done on the same
day after the OF test or on the following day. The animals
were anaesthetized by intraperitoneal injection of 1000
mg/kg b.w. urethane, and the left hemisphere was exposed
by opening the bony skull. For recording, the rat was placed
into the stereotaxic frame of the electrophysiological setup.
Body temperature was maintained by the thermostated
(+36.5°C) support plate. To record spontaneous and evoked
cortical activity, a ball-tipped silver recording electrode was
positioned on the dura over the primary somatosensory (SS)
area. SS stimulation was done by a pair of needles inserted
into the whiskery part of the nasal skin, delivering square
electric pulses. The recording session started with six
minutes recording of spontaneous activity
(electrocorticogram, ECoG) first. From the ECoG records,
the relative spectral power of the frequency bands. Then
evoked potentials (EPs) from the same cortical site were
recorded. Electrical stimulation of the whiskers was done by
delivering rectangular electric stimuli (3-4 V, 0.05 ms).
Trains of 50 stimuli were applied, one each with 1, 2 and 10
Hz frequency. Individual EPs were automatically averaged,
and their latency and duration was measured manually.

From the general toxicological, behavioral and
electrophysiological data, group mean values (+SD) were
calculated. All results were checked for normality by means
of the Kolmogorov-Smirnov test, then were tested for
significance using one-way ANOVA with post hoc LSD test
by the SPSS 15.0 for Windows software package.
Significance was accepted at p<0.05.During the whole study,
the principles of the Ethical Committee for the Protection of
Animals in Research of the University were strictly
followed. The authority competent in animal welfare issues
licensed the methods used in the experiments under No.
XX1./02039/001/2006.
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Results

Body weight gain

Oral Mn treatment had minimal effect on body weight; but
as soon as it, administration of Mn NPs started, the weight
gain in the treated groups got substantially slower than
either in the vehicle-treated (MnVC; Fig. 1) or untreated
(MnC, not shown) control. Oral Pb had visible effect on
body weight gain from the 4" week on (Fig. 1) but
switching to it, administration on the 6™ week caused also
here a marked drop.
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Figure 1. Top: body weight curves of high dose Mn and Pb treated
rats and the corresponding controls. Middle and bottom:
relationship of metal dose and weight gain. See Table 1 for group
coding and doses.

The relationship between weight gain and summed dose

was dissimilar: for Mn it was more influenced by the form
(NP vs. dissolved) but for Pb, more by the summed dose.
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Open field motility

Noteworthy changes in OF motility were seen only after 6
and 6+6 weeks of metal exposure (Fig. 2). Mn decreased
ambulation and rearing (the latter, only after 6+6 weeks) and
increased local activity and immobility. Pb caused increased
ambulation but decreased rearing.

OF time share
100% -

80% -

60% -

) . - -
20% @ AMBULATION TIME 8 LOCAL TIME
. I OIMMOBILITY TME B REARING TIME .
I

MnVC66

0% -
MnL66 MnH66

Groups

MnVC6 MnL6 MnH6

OF time share

100% -

80% -

60% -

. . - - - .
*
20% - B AMBULATION TIME @ LOCAL TIME
. I OIMMOBILITY TME B REARING TIME .
I

PbVC66 PbL66

0% -
PbVC6 PbL6 PbH6 PbH66

Groups

Figure 2. Time share of the four open field activity forms in the
total session time (top, Mn treated; bottom, Pb treated rats).
*, **: p<0.05, 0.01 vs. VC.

Cortical electrical activity

The general trend in the electrocorticogram (ECoG) band
spectra on Mn effect was decrease in the delta, and increase
in the theta and in the fast (beta, gamma) bands. Similarly to
the OF effects, these changes were relatively more
pronounced only after 6 and 6+6 weeks Mn treatment (Fig.
3). After 6 weeks oral Pb treatment, increased slow and
decreased fast ECoG activity was seen, compared to the
control PbVVC6. However, in the rats receiving 6+6 weeks
Pb exposure, this frequency shift disappeared.

Latency of the SS EP was increased by Mn (Fig. 4). This
increase was seen at all stimulation frequencies but the slope
of frequency dependence of the latency (a possible indicator
of metal-induced cortical fatigability) was not much altered.

Latency lengthening was of similar magnitude in MnL33
and MnL#6 (and was only slightly more different in MnH33
vs. MnH®6) in spite of the dissimilar summed dose, in
accordance with the relationship of summed Mn dose and
body weight (Fig. 1).
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Figure 3. Band spectrum of the spontaneous activity recorded from
the somatosensory cortex of rats after 6 and 6+6 weeks of Mn (top)
and Pb (bottom) exposure.

*:p<0.051vs. VC

Latency of the SS EP was increased in the Pb-treated rats
(Fig. 5). The change was significant vs. vehicle control in
rats with 3+3, 6 and 6+6 weeks treatment. The change in
PbH33 and PbH6 was nearly equal, and in PbL33
somewhat bigger than in PbL6; indicating that the NP form
could have disproportionately strong effect on the nervous
system (but not on body weight, see Fig. 1) also in case of
Pb. In PbH33 and PbH66, the frequency dependent
lengthening of latency became also more intense.

Discussion

General and neuro-functional parameters indicated
repeatedly that there could be a non-additive interaction
between the amounts of heavy metals given by po. and it,
application.

In Mn exposure, the disproportionately strong effect of
NPs was seen on the body weight gain, a general toxic
parameter. Metal level data from previous comparable
experiments®’ suggest that inhaled NPs cause internal
exposure more efficiently than ingested, dissolved metals.
Pb is known to affect BBB', which may explain that,
among the Pb-treated rats, lengthening of SS EP latency was
nearly equal in PbH33 and PbH6, despite the ca. twice
higher summed dose in the 6 weeks po. Pb administration.
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Figure 4. Latency of the somatosensory evoked potential in Mn
treated rats (relative values normalized to VC, 1 Hz).
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Figure 5. Latency of the somatosensory evoked potential in Pb
treated rats (relative values normalized to VC, 1 Hz).

*, *F* *Hxp<0.05, 0.01, 0.001 vs. VC

°, °°: p<0.05, 0.01 vs. 1 Hz stimulation within the same group.
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Metal NPs are always likely to cause oxidative stress.
Metabolites indicating oxidative damage upon Pb exposure
were detected in humans®. Generation of reactive oxygen
species was detected in the brain in case of both Mn and Pb,
resulting in membrane lipid peroxidation?°2!, leading to
changes of membrane functions, such as synaptic
transmission, which may be reflected in various forms of
cortical activity.

Increased latency in the rats treated with both metals
might be, at least partly, due to decreased synaptic
efficiency. Pb?* and Mn?* ions block the voltage-gated Ca-
channels in presynaptic endings, impeding this way
intracellular Ca?* rise and depolarization on arrival of an
axonal discharge, and preventing synchronous emptying of
vesicles. Inside, however, both ions can activate a number of
Ca-dependent processes including those involved in
exocytosis, so the spontaneous release of the transmitter will
be more likely?223,

Glutamate, the main excitatory transmitter in the CNS, is
neutralized by uptake in astrocytes and conversion to
glutamine; and this uptake is decreased by Mn? and Pbh?®.
Excess glutamate may desensitize the postsynaptic receptors
leading finally to smaller/slower cortical evoked responses.
Altered glutamatergic excitation, and energetic shortage
from mitochondrial effect of the metals, might have opposite
effect on the ECoG spectrum. The resulting net change was
in fact different depending on the relative strength of the
two opposite influences.

The changes in open field motor behavior may result from
the general CNS effects, but even more from the
dopaminergic effects, of the metals or NPs. Motivation,
determining OF activity, is regulated by
mesolimbic/mesocortical dopaminergic structures.
Dopaminergic neurons are especially vulnerable to oxidative
stress, due to the auto-oxidizing tendency of dopamine and
to the presence of monoamine oxidase producing hydrogen
peroxide?® and the metals investigated are known to cause
oxidative stress as mentioned above. Decreased horizontal
movements in-group MnH66 is a feature of general
hypomotility, possibly analogous to the Mn-exposed
welders’ syndrome?’. Increased locomotion of the Pb-treated
rats may be analogous to the human “attention deficit
hyperactivity disease” found more frequently among
children with elevated blood Pb?.

Conclusion

The attempt to model a complex metal exposure, coming
both  from  environmental  (food/waterborne)  and
occupational (inhalational) sources, was apparently
successful. With respect to the general use and ubiquitous
presence of metals, their health effects in general, and in
particular the nervous system and other sensitive systems,
are of primary concern. Occurrence of metals in
nanoparticulate form, let it be nanotechnological materials
or unwanted pollutants, adds a new feature to the old
problem.
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In January and March 2000 two tailings dam failed in Baia Mare (Nagybanya) and Baia Borsa (Borsabanya) which resulted cyanide and
metal pollution in the Lapos - Szamos - Tisza and metal pollution in the Vis6 - Tisza rivers, respectively. The main aim of this study was to
evaluate the long term effects of pollution on environment. Samples of easily available metal contents were collected in year 2011 from
these floodplains and pastures along the Tisza (Tivadar, Vasarosnamény, Rakamaz, Tiszacsege) and were investigated and compared with
our earlier results. It was noticed that during an 11 year span the easily available Cd, Cu, Zn and Pb contents of the floodplain soils have
increased. This may be due to the periodical floods and the mobilization of the pollutants. Furthermore, high concentration of Zn and Pb

contents — crossing the natural background values of available metal content — were also observed in the soils studied.
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Introduction

The Hungarian part of the Tisza River is highly
contaminated by metals from mining activities in Romania.
Mining in Maramures County (former Maramaros)
traditionally exploits host ores of base metals (Cu, Zsn and
Pb) and precious metals (Au and Ag). Besides mining, metal
pollution in upper Tisza catchment has also a long history.!
Nowadays the processing of old tailings pond material by
using cyanide in the recovery of Ag and Au is spread over
this region. Mining activities use dangerous and toxic
chemicals like cyanide which is prime source of
contamination. Besides this, wastewater may contain some
other heavy metals associated with fine-grained sediments.
However, metal concentration of river water is not
remarkable 30 km downstream from the point sources,?
sediment-associated metals are dispersed at much greater
distances.

Table 1. Sampling sites

In January and March 2000 two tailings dam failed in
Baia Mare (Nagybanya) and Baia Borsa (Borsabanya) and
resulted cyanide and metal pollution in the Lapos - Szamos -
Tisza and metal pollution in the Viso - Tisza river systems,
respectively.®

The short term effects of the pollution events were studied
by many of researchers, and the Lapos-Szamos-Tisza and
Viso-Tisza river systems were found to be contaminated by
Cu, Zn, Pb and Cd.?**®

The mining accidents were followed by floods; therefore
the metal pollution of the floodplains were also observed.®*°
Deposition of contaminated sediment on floodplains during
flood events and the mobilization of the pollutants may
increase the plant available metal content of the upper soil
layer.

The mobility and phyto- availability of metals depend on
their chemical compositions.’ Hence, the floodplain soils
and river sediment were measured by sequential extraction
procedures (SEP)*® and Lakanen-Ervid evtraction.® A
remarkable rate of Cd and Zn contents of polluted sediments
(Lapos, Szamos and Tisza Rivers) were in exchangeable
form.* Besides this, the Cd and Zn contents of the floodplain
soils (Szamos and upper Tisza ) could be found in an easily
available form.°

Sampling sites  Geographical coordinates River km Type of samples Additional information

Tivadar E 24285 gf 82: 709 active floodplain affected by the 2™ pollution event
Vésarosnamény II;I 24285 fg ;:55 683 pasture affected by the 1%t and 2" pollution events
Rakamaz II;I :f; gg :8378 543 pasture affected by the 15t and 2™ pollution events
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The aim of this study was to evaluate the phyto-
available metal content of soils by Lakanen-Ervio
extraction, and comparing these results to our earlier
results.

Experimental

Soil samples were collected in April 2011 by deep
drilling with a Nordmeyer drill (Nordmeyer Holland,
Overveen, The Netherlands). We collected samples from
the 300 cm deep soil layer in three replications. Sampling
sites are represented in Table 1.

The control area was an arboretum in Tiszakiirt. The
metal content of the soils originated from Tiszakiirt could
be considered as natural background levels, because the
only source of pollution was atmospheric deposition in
this site.

Soil samples were air dried, grinded and sieved
(<2mm) for further analysis. The extraction of the easily
available metal content was conducted according to
Lakanen and Ervi6.'* Cu, Zn contents were determined by
an Optima 3300 DV ICP-OES (Perkin-Elmer). The
measurement of Pb and Cd was conducted by a QZ 939
GF-AAS (Unicam) in 2000 and by an X7 ICP-MS
(Thermo Fisher) in 2011.

All statistical analyses were performed with SPSS
(version 13). Significant differences between the metal
contents of the soils in the year 2000 and 2011 were
examined by nonparametric, two related samples test
(Wilcoxon test).

Results and discussion

Lakanen-Ervio extractable Zn, Pb and Cu contents of
the studied soils (average element content of the 100 cm
deep soil profile) and the background values are
presented in Figure 1. Tivadar floodplain is considered to
be unpolluted, because its metal content did not exceed
background values. Our finding is in accordance with the
results of other researches.’? The easily available metal
contents of Vasarosnamény, Rakamaz and Tiszacsege
were remarkable compared to the background levels.

Cadmium contents of Vasarosnamény, Rakamaz and
Tiszacsege (Figure 2) were found in remarkable amount
comparing them to the average Cd content of the
unpolluted reference soil. The Cd content of
Vasarosnamény was higher by two orders of magnitude
than that of unpolluted soil.

Sharma et al.*® studied the easily mobilizable (Lakanen-
Ervio extraction) Cd, Cu, Pb and Zn contents of high,
medium and low contamination areas (due to mining
activities). Comparing our observations to these results it
is concluded that the Cd, Cu and Zn contents of the
studied soils in Vasarosnamény, Rakamaz and Tiszacsege
exceed the average Cd, Cu and Zn contents (0.87, 12 and
26 mg kg%, respectively) of the low contamination area.

Eur. Chem. Bull. 2012, 1(10), 407-409
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Sampling sites

Tivadar
Visarosnamény Wzn
Orb
ECu
Rakamaz
Tiszacsege
Tiszak tirt*
0 80 100

20 40 60 1
Metal content (mg kg )

Figure 1. Available Zn, Pb and Cu contents (mg kg-1) of the 1
m deep soil profile (2011) (*Natural background value for the
measured river section; Remark: Error bars represent the 95%
confidence interval)

Farsang et al.® studied the health risk of metals in the
topsoil of a Fluvisol soil (pHuo 7.7, loamy texture)
located near the River Tisza. They found moderate risk (if
the proportion of vegetables grown in the studied soil is
extremely increased in the consumption) when the
Lakanen-Ervio extractable Cd, Cu and Zn contentS were
0.41, 27.1 and 53.1, respectively. Cadmium contents in
Vasarosnamény, Rakamaz and Tiszacsege, and Zn
contents in Vasarosnamény and Tiszacsege exceed these
values, which refers to the hazard of the agricultural use
of these soils.

an

Tiszacsege

[N
- o
1 1

Cd content (mg kg *)
o
[3,]

Tivadar  Vasarosnamény Rakamaz

Figure 2. Cadmium contents (mg kg?) of the 1 m deep soil
profile. Cadmium level of the unpolluted reference soil
(Tiszakiirt) was <0.02 mg kg't; Remark: Error bars represent the
95% confidence interval).

We compared the metal contents of the 300 cm deep
soil profile with our earlier results [9]. Significant
increases were observable (P<0.05) in the case of Zn, Cd
and Pb contents (data not shown). The increase was
remarkable in the upper soil layers of the pasture near
Vasarosnamény (Figure 3).
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Figure 3. The Lakanen-Ervi6 extractable metal content of the 0-
70 cm deep soil layer of a pasture near Vasarosnamény in 2000
and 2011

Conclusion

Our results proved that the sampling sites affected by
the first pollution event (Baia Mare, January 2000) are
significantly contaminated. Zinc, Pb and Cd contents of
Vasarosnamény, Rakamaz and Tiszacsege were
remarkably high. The effect of the second pollution (Baia
Borsa, March 2000) on the available metal contents of the
Tivadar floodplain was not detectable.

We found that during the 11 year period the easily
available Cd, Zn and Pb contents of Vasarosnamény
floodplain increased significantly. This may be due to by
the periodical flood events and the mobilization of the
pollutants.
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Trace elements are essential for maintenance and production of farm animals, but most of the feeding stuffs do not contain adequate amount
of most of them, therefore to supplement them in complete feed with trace elements is necessary. However, the rate of absorption and tissue
deposition of trace elements from different complexes is also different which may have food safety aspects because of the maximum level
of some trace minerals. The present review, based on scientifically proved results, discussions about the rate of absorption and deposition of
different metal (Cu, Zn, Fe and Mn) proteinates, amino acid chelates (e.g. lysine, methionine, methyl-hydroxy-methionine) and humic acid
complexes of trace elements. The results showed that metal proteinates have higher rate of tissue accumulation as compared to inorganic
salts, and additionally some metal-proteinates (e.g. copper-proteinate) also improves the tissue deposition of manganese. Metal propionates,
as possible new trace element supplements have positive effects on the rate of absorption which was proved by the higher blood serum
levels. In the case of humic acid chelates there are some results about their positive effects on bioavailability of trace minerals but those
were not scientifically proved. In conclusion it can be stated that organic metal complexes have better bioavailability than their inorganic

counterparts, in particular modern farm animal genotypes with higher requirement level and also in stress conditions.
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Introduction

Trace elements are essential elements for maintenance and
production of farm animals, because they are constituents of
hundreds of proteins involved in intermediary metabolism,
hormone secretion pathways, and immune defense systems.*
However, most of the feeding stuffs do not contain adequate
amount of most of the trace minerals,23* therefore
supplementation of complete feeds with trace elements is
necessary. However, the bioavailability and tissue
deposition of trace elements is different from different
sources, which may have food safety aspects because of the
maximum level of some trace minerals. Knowledge on
typical concentrations and accumulation in edible tissues
and products of the element is an important tool for risk
assessment and consumer protection.

For instance copper concentrations are highest in most of
farm animals in the liver, and are related to the dietary
intake, whereas muscle concentrations are more conserved.®
Normal liver copper concentrations are higher in ruminants
than in pigs and chickens, and also found that relatively
small amounts of dietary copper greatly increase liver
copper concentrations in ruminants. Excess intake of zinc
leads to an higher deposition in the liver, pancreas, kidney,
and bone. Concentrations in milk and skeletal muscle of
various species are more conserved.® Zinc concentrations in
edible tissues linked with dietary intake of various zinc
compounds and doses.” When animals are exposed to
excessive amounts of iron, it is preferentially deposited in
the liver, spleen, and bone marrow. With very high doses,
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iron may be deposited in the heart and kidneys.® Generally,
livestock do not accumulate extremely high levels of
manganese in their tissues when excess manganese is fed.®
Manganese concentrations in edible tissues linked with the
dietary manganese intake.

Inorganic trace mineral supplementation of the diets of
farm animals result in a high level of mineral excretion.
Obviously, this is not only wasteful but also harmful to the
environment. For example, poultry manure, applied on a
nitrogen basis, contains Zn and Cu approximately 66 and
56%, respectively, above the level of crop requirements.® As
compared to Cu, Mn, and Zn, Fe increased linearly with
increasing intakes of these trace minerals, as was found in a
poultry experiments.® However, a noticeable reduction in Zn
and Cu (but not Mn or Fe), excretion could only be achieved
by dietary manipulation.’®* There are contradictory results
in respect of trace mineral excretion, as in a trial with broiler
chicken the replacement of inorganic copper or iron with
amino acid chelates decreased by 34% and 5-21% of Cu and
Fe respectively, in the excreta,*? but in another one a partial
or complete replacement of inorganic with amino acid
chelates of iron, copper, zinc and manganese at the rate of
25, 50, 75 and 100% in the diets but did not find consistency
in decreasing values of the above mentioned trace element
content of the excreta. However, the reduction was
significant in laying hens.™

Inorganic salts of trace elements usually have poor
bioavailability, primarily because of the numerous nutrient
and ingredient antagonisms that impair absorption.!* In
contrary organic metal complexes with small peptides (refer
as proteinates), lysine, methionine or methyl-hydroxy-
methionine chelates,’® propionates'® and humic acid
chelates!” have higher bioavailability.'® The higher
bioavailability in the case of chelates probably based on the
ring structure of such chelates which protects trace minerals
from chemical reactions in the gastrointestinal tract, and
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keeps its stability even at low pH. Additionally, chelates
carry negative charge therefore they are more effectively
pass through the intestinal wall, and by different other
routes, mainly by the amino acid transport system than
inorganic compounds. The rate of passive diffusion is higher
because of the less interaction between the mineral and other
nutrients. This alternative pathway for absorption is leading
to a reduction in the excretion. However, in the case of
propionates two postulations are available about their
absorption. The first is that metal-propionates absorb as
complex, and the other one is that before absorption the
complex hydrolyse and absorb independently the metal ion
and propionate.® Higher rate of relative bioavailability of
the so-called organic forms of trace minerals has been
proven, among others, in the case of copper, zinc,
manganese and iron.t” Chelated zinc increased by 35% more
broiler chicken tibia mineral content, manganese chelate
bioavailability is about 1.2 times of its sulphate; iron has a
bioavailability of 1.3-1.85 times of its inorganic form.?

Copper complexes

Relative bioavailability of different copper compounds in
poultry as compared to CuSOs in poultry was Cu-Lys:
114%; Cu-Met: 92%; Cu-proteinate: 108%,'° in piglets
CuCl; : 118%; Cu-Met: 85% and Cu-Lys: 105%% and in
ruminants (sheep and cattle) Cu-Lys: 104%.1°

In a mineral balance study with pigs?® the diet was
supplemented with 0, 50, or 100 mg kg* copper as Cu-
proteinate, or 250 mg kg?' as CuSO,4. There were linear
increases (P<0.001) in Cu absorption, retention, and ex-
cretion with increasing Cu-proteinate. Pigs fed 100 mg kg*
copper as Cu-proteinate absorbed and retained more and
excreted less Cu than pigs fed 250 mg kg™ copper as CuSO..
Blood plasma copper concentrations increased linearly with
increasing Cu-proteinate. However, 50 or 100 mg kg*
copper as Cu-proteinate increased Cu absorption and
retention, and decreased Cu excretion with 77 and 61%,
respectively, as compared to 250 mg kg™ copper as CuSQs.

In broiler chicken the most sensitive indicator is the tibia
which is showed a linear increase of its copper content with
the dose, but the rate of increase depends on the Cu salt or
complex. Organic complexes, such as Cu-proteinates show-
ed higher rate of accumulation as compared to in-organic
salt (CuSOs). The results also indicated that organically-
complexed copper demand the actual requirement at lower
dose than inorganic salt?*. However, in other trial®® partial or
complete replacement of inorganic Cu with amino acid
chelate at the rate of 25, 50, 75 and 100% in the diets did not
increase significantly the tibia copper content.

Zinc complexes

Relative bioavailability of different zinc compounds in
poultry as compared to ZnSO, and based on the tibia Zn
content was ZnO: 85 %; Zn-Met: 133 %; Zn-proteinate: 120
% and Zn-propionate: 126 %, *?>?8 in piglets ZnO: 55-87
%; Zn-Lys: 83%; Zn-Met: 99 % and Zn-proteinate: 100
%926 and in ruminants (sheep and cattle) Zn-Lys:102 %;
Zn-Met: 109 % and Zn-proteinate: 112%.1°
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The bioavailability of zinc from different sources also
depends on the composition of the diet. For instance higher
phytate and fibre content reduce the bioavailability of zinc
from sulfate, whereas zinc in the form of Zn-Met was
protected from their negative effect?.

Humic acid complexes of zinc did not increase the zinc
accumulation in muscle, kidney, liver and blood plasma,
which means that humic acid do not have positive effect on
bioavailability of zinc as compared to ZnSO,%* That
negative result is contrary to a few previous findings where
it was found that humic acid has high bivalent cation
binding capacity in the order of Cu?*>Fe2*>Mn?*>Zn?* and
improves their absorption. However, it also has been found
that the interaction of humic acid with metal ions in solution
increases with pH and humic acid concentration®® whereas
decreases with metal ion concentration.

In weaned piglet nutrition zinc-oxide used as antibacterial
compound against gastrointestinal diseases at high dose
(2000 mg kg feed as zinc)®! but it resulted high rate of zinc
excretion through feces, while zinc-methionine at the dose
of 200 mg kg feed as zinc reduce the occurrence of
diarrhea at the same rate.

In broiler chicken the Zn content of tibia showed a linear
increase with the dose of Zn-proteinate but even at the
highest dose did not lead to a higher concentration as in the
case of inorganic salt. However, zinc concentration reached
a plateau at a lower concentration level. This probably due
to a smaller exchangeable pool of zinc from organic
complexes, which mobilize more efficiently during the high
growth phase of fattening period than from inorganic
source.’> In contrary another trial** partial or complete
replacement of inorganic Zn with amino acid chelate at the
rate of 25, 50, 75 and 100 % in the diet did not increase
significantly the tibia zinc content.

Zinc as zinc propionate was more effective than inorganic
zinc salts or zinc-acetate, for the induction of moulting.
Additionally zinc propionate resulted quick recovery, and
more yields after the moulting period. It suggested that zinc
propionate is more effective, and less toxic, zinc source for
moult induction than inorganic or even some organic
compounds.®

There are few reports available about the effect of
different zinc complexes in ruminants. Zinc-methionine
chelate increased significantly the activity of Cu/Zn
superoxide-dismutase activity in dairy cows as compared to
the same dose of ZnSO,. Higher rates of incorporation of
zinc to metallo-enzymes, such as superoxide-dismutase,
probably due to the higher by-pass rate of Zn-Met through
rumen passage.>* This higher rate of incorporation of Zn-
Met into zinc metallo-enzymes would be the cause, that this
Zn-chelate improves the reproductive traits (fewer days to
conception after calving) of high lactating dairy cows.3®
Zinc propionate also recommended using as zinc complex
for dairy cows because of its significantly higher rate of
absorption, as determined by blood plasma zinc level after
bolus intake, than other zinc sources.®*
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Iron complexes

Relative bioavailabilities of different iron compounds in
piglets, as compared to ZnSO4, are as follows: Fe-fumarate:
95-100 %; Fe-proteinate: 110-122 % and Fe-Met: 177-
184%.%2

In broiler chicken the Fe content of tibia did not show
increase with the dose of Fe-proteinate, and iron excretion
increased with the dose, but it was lower, but not dose-
dependent manner and significantly than using inorganic
salt. Which means iron has no exchangeable pool of iron in
tibia, or that iron content of the basal diet was higher than
the actual requirement which resulted dose-dependent rate
of excretion.'®%

In laying hens replacement of inorganic iron with 75 or
100 % iron amino acid chelate in the diet significantly
decreased the iron content of the liver.'®

Manganese complexes

Relative  bioavailability = of different  manganese
compounds in broiler chickens based on tibia deposition as
compared to MnSQ; as follows: MnO: 127 %; Mn-Met: 110
%; Mn-Met-hydroxy analogue: 114 %.% Similar tendency
was found based on an ileal absorption study with broiler
chicken® and on the basis of tibia manganese content in
piglets MnO: 85 % and Mn-Met: 120 %, respectively.?
However, it should be noted that in the above mentioned
studies the Mn content of the diets was higher than the
maximum permitted level in the EU countries legislation.

Bioavailability of Mn from Mn-proteinate seems to affect
by, among other factor, some adverse situations, such as; it
was found that the bioavailability of Mn-proteinate showed
much higher values (125-140%) as compared to MnSQs in
heat-stressed broiler chickens.??

Tibia content is generally accepted as a suitable indicator
of manganese levels of animals. In contrary to that some
trials showed that partial or complete replacement of
inorganic Mn with amino acid chelates at the rate of 25, 50,
75 and 100% in the diets did not increase the tibia
manganese content’®, Additionally a novel manganese
chelate, Mn-methionine hydroxyl analogue also did not
result in significant higher tissue concentration than MnSQO4
at the same dietary levels®®. The same tendency was found
using tibia manganese content in laying hens and piglets and
excretion in milk as indicator®’.

Conclusions

In conclusion, based on scientifically proved data, it may
be assumed that organic metal complexes usually have
better bioavailability than their inorganic counterparts in
most of farm animal species. This is important for better
demand for the requirement of trace minerals of modern
farm animal genotypes in particular in adverse conditions,
and also important for decreasing the environmental load
with manure.
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CHLOROPHOSPONAZO 111 UTILIZATION FOR
SPECTROPHOTOMETRIC THORIUM DETERMINATION
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The presented work is devoted to the evaluation of important validation descriptors concerning the spectrophotometric determination of
thorium using Arsenazo 111 and Chlorophosponazo Ill. In diluted hydrochloric acid the complex between Th(IV) and Arsenazo 111 is formed
instantly and remains stable for 25 minutes with constant absorbance. Beer’s law is obeyed in the range from 0.70 to 11.64 umol - L2, The
molar absorptivity at 660 nm is equal to 9.74(x0.09)-10* cm™ mol™* L (data in parentheses stands for standard deviation). The relevant
relative standard deviations (RSD) reached +1.48 %, +4.34 % and +3.07, respectively. Thorium concentration can be quantified using
Chlorophosphonazo 111 in media of diluted nitric acid. The linear range of the proposed method was from 1.59 to 18.10 pumol L of
thorium(IV). The experimentally determined values of molar absorptivity reached ge91 = 3.76(= 0.05)*10* cm™ mol! L. The repeatability
and trueness of determination in the linear range did not exceed +2.2% and 3.3%, respectively. Color stability of the Th(IV)-
Chlorophosphonazo 11l complex maintained a constant value for at least two hours. LOD and LOQ values for both methods were

established applying three approaches — the 3-c, the ULA2 and the Hubaux-Vos ones.
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Introduction

Thorium is a naturally occurring radioactive element of
extraordinary long lifetime. The most reliable sources of
elemental concentrations in earth crust report values
representing approx. 6 ppm of thorium in average. Thorium
is first of all a worthwhile potential raw material for fissile
nuclear fuel production. Taking in account chemical and
geochemical determinateness of thorium, the quantification
of its concentration in different matrices requires in addition
to high accuracy also satisfactory detection limits. The
mentioned element can be determined by many instrumental
techniques based on different principles including mass
spectrometry ~ with  inductively  coupled  plasma?,
electrochemical methods®$, atomic emission spectrometry
with inductively coupled plasma,’® atomic absorption
spectrometry®, chromatography*®-% and others. A necessary
part of most analytical determinations of elements in real
matrices is separation and preconcentration. To achieve this
goal a number of effective procedures have been
developed!+*8. There are many spectrophotometric methods
for thorium determination in environmental samples.*%-%6

The application of  organic reagents for
spectrophotometric determination of thorium is well known
and continues to be interesting. Chlorophosphonazo 111 and
Arsenazo Ill belong to azo-dyes based on chromotropic
acids. The reagents have ability to form stable chelates and
can work in strongly acidic medium eliminating the chances
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of partial hydrolysis of metal ions to be determined. They
are complexing reagents suggested primarily for
spectrophotometric determination of lantanides, actinides
and alkaline earth metals.?’

Russian scientists Fadeeva and Alimarin® have published
the first use of complexing agent Chlorophosphonazo 111 for
spectrophotometric determination of thorium(IV) in diluted
hydrochloric acid media. Extraction of Th(IV)-
Chlorophosphonazo 111 complex into organic solvent led to
an increase of selectivity and sensitivity of the relevant
determination.?®3® In  monazite sand samples, the
spectrophotometric  determination of thorium using
Chlorophosphonazo 111 in presence of diluted phosphoric
acid was carried out as well. The relative error of the
determination did not exceed 1%.%! While the successful
applicability of Chlorophosphonazo i for
spectrophotometric  quantification of thorium(IV) in
different matrices is indisputable, the number of works
dealing with detailed evaluation of particular determinations
is surprisingly limited. The use of Arsenazo Il for
spectrophotometric  determination of thorium(IV) was
described in work of soviet scientist Savvin. Measurements
were carried out in presence of diluted hydrochloric acid at
the 665 nm. Molar absorptivity reached the value 1.3*10°
L mol* cm™. This method proved to be suitable for the
determination of microgram amounts of Th in minerals and
natural waters. The relative error of the determination does
not exceed 4%.32 A rapid and sensitive spectrophotometric
method has been developed for the determination of
thorium(1V) using 0.04% Arsenazo-I1l in a 2M perchloric
acid solution.®® The complex is formed instantly in
perchloric acid and remains stable for 45 minutes with
constant absorbance. Beer’s law is obeyed in the range 1 —
60 pg gt of thorium(IV) concentration with a molar
absorptivity at 654 nm = 3.07*10° M *.cm. The foreign
ions interference in thorium determination have been
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checked. The cations were tested at > 60-fold excess of
thorium(1V), Mn(ll), Fe(lll), Co(ll) and Ni(ll) interfere
negatively, whereas only Ce(lll) has increased the
absorbance. Among the anions, cyanide, phosphate,
thiocyanate and acetate at 150-fold excess of thorium(1V)
cause significant interference. However, thorium can be
determined in the presence of nitrate, chloride, oxalate,
tartrate, ascorbate, thiosulphate and citrate. The method has
been applied on certified reference material for thorium
determination after extractive separation and the result was
found in good agreement with the certified value.®

The utilization of mentioned complexing agents in
question has valuable advantages such as an excellent time
stability of the absorbance and a relatively wide linear range,
etc. Chlorophosphonazo Il and Arsenazo Il still have a
justified place among the complexing agents utilized in trace
analysis and the interest in their analytical applications
significantly grows in recent years.

The presented study is focused on the evaluation and
comparison of important validation parameters for
spectrophotometric determination of thorium in pmol L*
concentration range using abovementioned reagents.

Material and methods

We performed all measurements using the Cary WinUV
50 (Varian Inc.) spectrophotometer. We used three replicate
samples for each absorbance determination and we utilized
the average value of the signal versus blank in next
computations. The value of the specific conductivity of the
deionized water used in experiments was 0.054 uS cm. All
reagents used were of analytical grade and all the solutions
were prepared in deionized water. Thorium(lV) stock
solution (Fluka Analytical) containing 43.1 pmol L was
used. The concentration of solution of the
Chlorophosphonazo 111 (Dojindo Laboratories) was 0.04%
(w./v.) and Arsenazo Il (Fluka Analytical) was 0.02%
(w./v.). The medium of measured solutions has been
adjusted by addition of diluted nitric acid or hydrochloric
acid (Mikrochem) with concentration 10 mol L. The
foreign ions stock solutions were prepared by dilution of
standard solutions (Fluka Analytical, Merck).

Results and discussion

Arsenazo |11 method

Thorium stock solution containing up to 11.64 pmol L of
Th (IV) was transferred into 10 mL volumetric flask, then
2.3 mL of diluted hydrochloric acid and 2 mL of Arsenazo
I11 solution have been added. The mixture was filled up to
the mark with distilled water. After thorough mixing the
absorbance at 660 nm against a reagent blank was measured.
The upper limit of the linear range was established by
application of QC parameter®* and application of F-test of
significance of quadratic parameter.® The Beer’s law was
obeyed from 0.7 to 11.64 umol L (Figure 1). Beyond this
value, a significant deviation from the linearity was
observed. The molar absorptivity reached value
€660 = 9.74(£0.09)*10* cm™* mol™? L a (data in parentheses
represents standard deviation).
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Figure 1  Absorbance of thorium(IV)-Arsenazo Il
(Chlorophosphonazo 111) complex as a function of thorium
concentration against a reagent blank.

The optical density was found constant only 25 minutes
under normal laboratory conditions. A significant decrease
in the absorbance was observed only for thorium(1V)
concentration exceeding 6.90 umol L (data not shown).
The values of limit of detection (LOD) and limit of
quantification (LOQ) were calculated by 3-5,% ULA2% and
Hubaux-Vos® approaches as well. In the case of
computation by 3-c approach residual standard deviation
(Syw), standard deviation of y-intercept (s,) and standard
deviation of blank (Spiank) Were applied. Results of these
theoretical computations are summarized in Table 1.

Table 1 LOD and LOQ computed by using three different
approaches. 10 replicate determinations of blank.

3-o
spiarid LOD [umol L] 0.63
LOQ [umol LY 2.07
LOD [umol LY 0.34
Syl LOQ [wmol L7 112
5 LOD [umol L] 0.17
LOQ [umol L] 0.57
ULA2
LOD (a=0.05) [umol L] 0.23
LOQ (a=0.05) [umol L] 0.68
LOD (= 0.01) [umol L] 0.34
LOQ (a=0.01) [umol L] 1.03
Hubaux-Vos
LOD (&= 0.05) [umol L] 0.22
LOQ (a=0.05) [umol L] 0.65
LOD (= 0.01) [umol L] 0.31
LOQ (&= 0.01) [umol L] 0.93

DOI: 10.17628/ECB.2012.1.414

The experimentally verified limit of detection and limit of
quantification reached the following values: LOD = 0.22
pumol L and LOQ = 0.70 umol L. The best agreement
between theoretically computed and practically verified
values of LOD and LOQ was observed using ULA2 and
Hubaux-Vos approaches namely at significance level o =
0.05. The results were satisfactory even in the case of 3-c
approach application, where s, was implemented into the
calculation. The precision and trueness of the method was
examined using 7 replicate solutions and conclusions are in
Table 2.
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Table 2 Obtained data for precision and trueness appraisal
concerning the studied method.
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Table 4. LOD and LOQ computed by using three different
approaches. 10 replicate determinations of blank.

E’:;\nﬂ)\lll)_ic])ncentratlon Relative error [%] RSD [%]
1.30 -3.09 +4.34
3.88 -0.72 +1.48
7.76 -2.11 +3.07

Influence of potentially interfering ions has been checked.
The impact of 60-fold foreign ions excess (Th(IV)
concentration 4.31 pmol L?) is summarized in Table 3. Our
results indicated that U(VI), Co(ll) and Ce(lV) caused
significant interference.

Table 3 Effect of chosen ions on thorium(IV) determination with
Arsenazo Il in hydrochloric acid.

Foreign ion A Foreign ion A
error [%] error [%]
Cu(ln? +3.74 La(llP +13.25
Zn(11)?2 +0.37 U(viy +57.50
Co(ll)? +49.63 Eu(ll)? +7.37
Mn(I1)2 +5.03 Ce(IV)? +36.99

(a) as nitrate  (b) as chloride

Chlorophosphonazo 111 method

Thorium stock solution containing up to 18.10 pmol L of
Th(IV) was transferred into 10 mL volumetric flask, then we
added 1.5 mL of diluted nitric acid and 0.7 mL of
Chlorophosphonazo 111 solution. The mixture was filled up
to the mark with deonized water. After thorough mixing, the
absorbance at 691 nm against a reagent blank
was measured. The upper limit of the linear range was
established by application of QC parameter and application
of F-test of significance of quadratic parameter as in
previous method. The Beer’s law was obeyed from 1.59 to
18.10 umol L (Figure 1). Beyond this value, a significant
deviation from the linearity was observed. The molar
absorptivity was established to be ggo1 = 3.76(£0.05) -10*
cm?® mol? L a (data in parentheses represents standard
deviation). The optical density was found constant at least
for 2 hours under normal laboratory conditions within the
linear range.

The values of LOD and of LOQ were calculated by 3-c,
ULAZ?2 and Hubaux-Vos approaches as well. Results of these
theoretical computations are summarized in Table 4. The
experimentally verified limit of detection and limit of
quantification reached the following values: LOD=0.55
umol L and LOQ = 1.59 pmol L. The best agreement
between theoretically computed and practically verified
values of LOD and LOQ was observed using ULA2 and
Hubaux-Vos approaches namely at significance level o =
0.05. This is due to the fact that the mentioned statistical
models take into account the uncertainty of the regression
line and multiplying factors are not fixed (as in 3-
o approach), but their values depend on the design of the
experiment.
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3-c
o LOD [umol - L] 0.12
LOQ [umol - L] 0.40
LOD [umol - LY 0.71
Syl LOQ [umol - LY 0.37
5 LOD [umol - L] 0.40
LOQ [umol - L] 1.34
ULA2
LOD (= 0.05) [umol - L] 0.53
LOQ (a=0.05) [umol - L] 1.61
LOD (a=0.01) [umol - L] 0.80
LOQ (&= 0.01) [umol - L] 2.41
Hubaux-Vos
LOD (a=0.05) [umol - L] 0.52
LOQ (&= 0.05) [umol - L] 1.57
LOD (&= 0.01) [umol - L] 0.75
LOQ (&= 0.01) [umol - L] 2.25

The precision and trueness of the method was examined
by 7 replicate solutions. The relevant conclusions are shown
in Table 5.

Table 5 Obtained data for precision and trueness appraisal for the
studied method.

h (IV)_ concentration, Relative error [%] RSD [%]
umol Lt

6.03 +0.11 +2.15
10.78 +3.32 +1.14
16.38 —2.27 +0.95

The influence of potentially interfering ions was checked.
The impact of 50-fold foreign ions excess (Th(IV)
concentration 6.47 umol - L) is summarized in Table 6.

It was carried out five replicate determinations for each
interfering ion. The average value of three replicate Th-
Chlorophosphonazo 111 absorbances (not containing foreign
ions) was taken into account as a reference value. Results
indicated that all the studied cations except of Ca(ll) caused
significant interferences.

Table 6 Effect of chosen ions on thorium determination with
Chlorophosphonazo Il in nitric acid.

Foreign ion Relative error [%]
Cerium(lVv)? +26.6(%1.8)
Lanthanum(I11)® +78.1(£3.8)
Europium(llIl)@ +22.2(%1.6)
Calcium(l1) ® —-0.4(£1.2)
Uranium(VI) @ +38.8(£2.9)

(a) as nitrate  (b) as chloride

Conclusions

The studied spectrophotometric methods for determination
of Th (IV) in water solutions using Arsenazo Il or
Chlorophosphonazo 111 in hydrochloric (nitric) acid enable
the quantification of the analyte in wide concentration range.

416



Utilization of Arsenazo Il1 and Chlorophosphonazo 111 for Th determination

Both reagents are characterized by excellent repeatability
of the results expressed by the relative standard deviation,
whose value does not exceed the limit of + 4.4% and also
favorable value relative errors (<3%). Some differences
between these two methods can be observed in the time
stability of absorbance. Using Arsenazo 111 method the time
stability of absorbance is limited to 25 minutes and the
concentration limits 6.90 umol L Th(IV), in contrast use of
Chlorophosphonazo 111 method extended stability up to two
hours within whole linear range. Influence of selected
foreign ions for accuracy determination of thorium is not
negligible, but after their removal, or masking it would be
possible to obtain relevant information about the
concentration of Th in some types of real samples. As
mentioned before - these complexing agents react with
many other elements, and because the content of thorium in
environmental samples is very low, it is not possible to use
the method described for the direct determination of this
element without appropriate separation and preconcentration
procedures.
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Determination of copper content in the root zone of Hungarian soil types
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History reveals that heavy metals have been used since ancient times. The human body contains about 80 mg copper, which can be present
mostly in eyes, brain, liver, heart, kidneys and musculature. In our study we determine the adsorption capacity of copper in five different
concentrations and in four different soil types: brown forest soil, chernozem, meadow and sand with humus. In our method we prepared soil
columns, in which we put 50 g experimental soil samples and poured on copper solutions of known concentrations. The concentrations of
runoff filtrates were determined by titration methods. The adsorption capacity of soil samples were calculated from the two different
concentration values.
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tendency of complex formation it develops complex
formation with varied biological molecules. The copper
binds strongly to these complexes, where as other cations
can only displace them with difficulty, except the hydrogen
ion. Consequently, the soluble copper content increases in
acidic medium. Mobility of copper is very low in soils. In
humus soil its deficiency has been observed. It was found,
that the humus complex forms have high stability, which is
typical in low pH °1°,

Introduction

Heavy metals have been used in the history since ancient Materials and methods
times.! Copper was the first heavy metal in the history,
which was used in large quantities. There was the Copper
Age in Europe between 3500 2500 B.C.? Shortly copper
turned out to be easily mixable. It was used for various
castings and in bronze also. An important feature of copper
is the resistance to corrosion that makes it a functional and

In this study our aim was to determine the adsorption
capacity of copper as laboratory method in root zone of
Hungarian soil types.

Four different soil types were examined: brown forest soil,

decorative material in construction since the Middle to
present ages of the history. 3

The chemical, physical and biological reactions between
the soil components and the pollution affect the form of
pollutions conditions of heavy metal. Considering the
adsorption, it is important that the humus is generally
negatively charged in 4.5 — 9.0 pH range. In aqueous phase
the interaction can be physical, phisico-chemical or
chemical bond between the solutes and solid surface. In the
physical adsorption (physisorption) the molecules bind to
surface with long-range, low bonds or electrostatic attraction.
The chemisoprion (chemical adsorption) results stronger
interactions than physisorption, in which small-range
chemical bonds are formed.*56

Earth crust contains 10-50 mg kg* copper, especially in
the form of copper sulphides. The copper content of
uncontaminated soil is 1-140 mg kg in global average - it
strongly depends upon the soil’s clay fraction content. 8.
Most of the copper is in divalent form bonded to organic or
inorganic adsorption surface in soil. Because of strong

Eur. Chem. Bull. 2012, 1(10), 418-421

meadow soil, chernozem and sand with humus. Each soil
type came from two sampling sites, so eight soil samples
were processed. The sampling sites and the soil types are
given in Table 1.

Table 1. Sampling sites and soil types

Sampling site Soil type
sand with humus
Tiszavasvari meadow soil
chernozem
Godolls brown forest soil

sand with humus

Budapest - Soroksar meadow soil
brown forest soil
Dunatijvaros chernozem

DOI: 10.17628/ecb.2012.1.418-421

The soil samples were collected from 0-30 cm depth, in
the month of March 2012. After sampling, exhaustive soil
analysis were done, e.g. pH (distilled water (DW) and KCI),
conductivity, total salt content, N-P-K-content, humus
content and quality, CaCO3% content were determined.
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One can observe the chemical properties of soil types
from different sampling sites in Table 2.

Table 2. Soil chemical analysis results of brown forest soil samples

. pH Content

Sampling Isalt, CaCOs, H

H Total sa al 3 umus
Site 4 ’ '

bw ket | o Hon

Godolls | 6,72 592 299 021 298
Budapest- ¢ 36 563 454 047 1,77
Soroksar

The brown forest soil came from Go6dolld and the
Experimental and Research Farm of Corvinus University of
Budapest, Soroksar. The chemical properties (pH, total salt
and carbonate content) of both soil showed similarity. In
humus content a small difference was noticeable, but copper
is expected to behave similarly in case of both soil samples.

Table 3. Soil chemical analysis results of chernozem soil samples

. pH Content
Sampling
site Total salt, CaCOs, Humus,
DW KCI mg L1 % %
Dunaujvaros 7,94 7,35 100,8 11,65 5,37
Tiszavasvari 5,83 4,49 385 0,84 3,29

The chernozem samples came from an oil trap from
Dunatjvaros and from a cultivated area from Tiszavasvari.
The effect of cultivation shows clearly in soil test results.
The acidifying effect of fertilizer resulted lower pH. Plants
detracted Ca ions and various ion forms, so the salt and

carbonate content were less in soil sample from Tiszavasvari.

There is a difference in humus content, because the effect of
cultivation and ventilation starts mineralization in humus. A
Difference is expected in copper adsorption capacity in case
of the two soil samples.

Table 4. Soil chemical analysis results of sand with humus samples

. pH Content
Sampling ™~ caco o
; Total salt aCOs umus
site ’ ) )

DW KCI mg Lt % HY%

Budapest —

, 7,78 7,31 69,3 472 1,42
Soroksar
Tiszavasvari 8,15 7,37 57,0 3,19 0,53

The humus with sand samples came from Soroksar and
Tiszavasvari. The sample from Tiszavasvari is also
cultivated (as the previous chernozem) which is reflected in
the analysis values: a CaCO3z % smaller, because the plants
are utilized the Ca ions, besides the humus content is lower
because of the cultivation. A difference is expected in case
of these two soil samples after copper pollution.

Table 5. Soil chemical analysis results of meadow soil samples

. pH Content

Sampling i

; Total salt CaCOsz, Humus
site ' ,

DW KCl mg Lt % H%

Budapest- ;63 734 1157 1328 415
Soroksar

Tiszavasvari 556 4,59 39,2 0,26 6,12
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The meadow soil samples came from Soroksar and
Tiszavasvari. The effect of agricultural cultivation is
noticeable in pH, total salt content and carbonate content. A
difference was found in humus content. The meadow soil
sample from Tiszavasvari was after ploughing — the crop
residues have begun to humificate, therefore higher humus
content was measured. Differences are expected in copper
adsorption capacity from these meadow soil samples.

The copper pollution in laboratory was carried out with
soil column experiments. The soil columns are shown in
Figure 1 a and b.

Figure 1. Soil column. Figure 2. Copepr pollution in

laboratory

The soil column was prepared as follows: a cork was
placed on top of a glass tube; a funnel was put in the middle
of the cork. The bottom of the glass tube was tied up with
mesh. 50 g pre-treated, air-dried soil samples were poured
into the top of the funnel. There was also a funnel at the
bottom of the soil column to guide the filtrate to the glass
cup directly.

The copper pollution was carried out with CuSO4 aqueous
solution. 50 g L concentrated copper solution was made,
which was extenuated to 25, 10, 5 and 1 g L concentrated
solutions. 200-200 cm?® copper solution were poured from
each concentration to each prepared soil columns, and then
the copper content of filtrate were determined by
complexometric titration method.

Before titration, 10 cm?® filtrates were pipette out into
titration flask, pH 9.0 — 10.0 was adjusted by concentrated
ammonia. Samples were titrated with murexid indicator,
0.05 mol L't EDTA from red to violet.

The adsorption capacity of the soil samples were
calculated from the two different concentration values.

Cadsorbed = Cpollution = Cfiltrate

Statistical analysis was carried out by two-factor ANOVA
(soil type and contamination concentration) for copper
adsorption of soil using SPSS 20 software
(http://www.spss.com). In order to normalize the data, after
a shift of +0.3, Box-Cox transformation was executed with
A=0.2" We also considered the effect size measure
(denoted by partial n?) which gives the variance explained

419



Determination of copper content in the root zone of Hungarian soil types

by a given independent factor of the variance remaining
after excluding variance explained by the other independent
factors as well as the observed power of the test. Normality
of residuals was proved using the Kolmogorov-Smirnov’s
test (p=0.2). Homogeneity of variances was tested by
Levene’s test (p = 0.19) and it was followed by Tukey’s post
hoc test for the contamination concentration.

Results and Discussion

The adsorption results of the brown forest soil are shown
on Figure 3 and Figure 4.

SU I
1 2 3 4

m Concentration of copper pollution (g1)

Concentration (g/l)
boe oM N oW oW s on
5 r B R &2 2 & &

v

—
5

m Copper concentration of filtrate (g/1)

Figure 3. The copper adsorption results of brown forest soil from
Godollo
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Figure 4. The copper adsorption results of brown forest soil from
Soroksar

Analysis results of these two soil samples showed
similarity. The same was expected by contamination.
Adsorption was observed in case of both soil samples by
each concentrations, so these two samples behave similarly
after copper pollution.

Figure 5 and 6 show the results of copper pollution in
chernozem samples.

The results of soil analysis showed difference in humus
content, which may result difference in copper adsorption. It
was confirmed by the laboratory analysis, because copper
adsorption capacity was higher in sample from Dunatjvaros
(expect 1 g L concentrated pollution), as more humus were
in the soil. According to the literature, the soluble copper
content increases in acidic medium, which is demonstrated
well in case of the sample from Tiszavasvari.
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Figure 5. The copper adsorption results of chernozem from
Dunaujvaros
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Figure 6. The copper adsorption results of chernozem from
Tiszavasvari
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Figure 7. The copper adsorption results of sand with humus from
Soroksar

Figure 7 and 8 show the results of sand with humus
samples., A difference was measured in humus content as in
the previous sample, which also resulted different copper
adsorption. The humus-rich sample from Soroksar adsorbed
more copper, than sample from Tiszavasvari in case of
every concentration.

Figure 9 and 10 show the results of copper adsorption
capacity in meadow soil samples from Soroksar and
Tiszavasvari. Although the sample from Soroksar has less
humus content, than sample from Tiszavasvari, the pH was
having more important role in this soil type. During
pollution demonstration very fast flow was observed, it was
a very short time to complex formation, but the small pH
resulted increasing soluble copper content, so the larger
concentrations were measured by sample from Tiszavasvari.
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Figure 8. The copper adsorption results of sand with humus from
Tiszavasvari
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Figure 9. The copper adsorption results of meadow soil from
Soroksar
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Figure 10. The copper adsorption results of meadow soil from
Tiszavasvari

Our results showed that the copper adsorption of soil is
significantly varied at different contamination concentration
(F(4;20) =11.81; p <0,001) with high effect size (partial
n? =0.88) and observed power (>0.99). However, the
difference is insignificant in case of the four soil types
(F(3; 20) = 1.45; p = 0.26). The results of the Tukey’s post
hoc test for the contamination concentration for each soil
type can be found in Table 6.
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Table 6. The results of the Tukey’s post hoc test for the
contamination concentration for each soil type

Soil type
Concentration | brown Cherno- sand with  meadow
forest zem humus soil
1gL7 0,036  -0,138 -0,058 0,061
a a a a
5q Lt 0,630 0,765 0,596 0,945
g ab ab ab ab
0,937 1,691 0,742 3,418
-1 ' ) ’ ’
10gL bc ab ab ab
2,625 3,399 2,171 2,710
-1 1 1 ’ 1
259l cd b be ab
6,084 3,034 5,950 6,049
L-1 1 ’ ’ ll
509 d b c b
Conclusion

Overall, it was observed that the copper adsorption
capacity of soils depends on pH and humus content. At
higher humus content, the copper adsorbs better in form of
chelate complex, so the copper adsorption increasing. At
lower pH level, more copper could be stationary, because
the soluble copper content of soil increases in acidic
medium.
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Anodic and cathodic processes in ionic liquid mixtures

ANODIC AND CATHODIC PROCESSES IN PIPERIDINIUM-
E B BASED IONIC LIQUID MIXTURES WITH AICl;

Section A-Research Paper
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John F. McCann®®, and Maria Skyllas-Kazacos!®

Keywords: aluminium chloride, cyclic voltammetry, ionic liquids, Al electro-deposition.

Low temperature molten salts based on ionic liquids have received considerable attention over the last 3 decades as potential alternative
solvents for aluminium reduction. Recent reports in the literature have identified 1-propyl-1-methylpiperidinium bis(trifluo-
romethylsulfonyl) amide ([C;mpip][NTf,]) as a promising candidate for low temperature aluminium reduction processes. The formation of
aluminium metal deposition was confirmed in these studies by both visual inspection and SEM-EDX analysis in the selected mixtures with
AICl;, but little is known about the anodic processes occurring in the cell. This work presents the results of a preliminary electrochemical
study of the anodic and cathodic reactions occurring in the ionic liquid mixtures 1-propyl-1-methylpiperidinium bis(trifluoro-
methylsulfonyl)amide ([C;mpip][NTf;]) with AICl; at different temperatures, concentrations and electrode materials. Analysis of
voltammetric responses of [Cympip][NTE]-[AICL;]c for x=0.3 indicated that the anodic process is limited by mass transport for this
particular electrolyte composition. In addition, the formation of Cl, was confirmed to take place at a dimensionally stable anode. Aluminium
deposition experiments gave inconsistent results however and gas analysis indicated that the [C;mpip][NTf,]-[AlICL;], mixture at a

prolonged elevated temperature at least partially decomposes into fluoro-carbons and chloro-compounds.
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1. Introduction

Aluminium is the most abundant element found in nature
and has wide range of applications in automotive, aviation,
ships and food packaging industries. Its corrosion resistance
and light weight makes it one of the most widely used
metals around the world. However due to its reactivity it
does not occur in the free elemental state in nature and has
to be extracted from bauxite using a very high energy
intensive process. The electro-deposition of aluminium from
aqueous solution is not feasible as the reduction of water to
hydrogen occurs before the negative potential required for
the reduction of aluminium ions can be reached. Therefore
the potential electrolytes used for aluminium deposition are
molten salts or non-aqueous organic solvents. The
conventional Hall-Heroult process originally developed in
1886' is still the primary process used for aluminium
production worldwide. This involves electrolysis at a very
high temperature (950-1000 °C), of calcined alumina
obtained from refined bauxite from the Bayer process. This
process has very high energy consumption, complicated
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operation and also produces emissions of gaseous
hydrofluoric acid (HF) and other vapourised fluorides
formed by hydrolysis during the electro-winning process. A
further drawback of the Hall-Heroult process is the use of a
consumable anode that gives rise to the formation of CO, as
a by-product of the electrowinning process”. Incremental
improvements to the Hall-Heroult process have occurred
over the last decade, especially in the area of process control
where major reductions have been made in anode effects
and accompanying CFC emissions. Despite these improve-
ments, however, no major breakthroughs which would
ameliorate the main disadvantages of the current Hall-
Heroult process are likely to occur’. In recent years with
growing awareness about global warming, cleaner and
greener alternatives are being sought to make the process
more environment friendly. Over the last few decades the
development of ionic liquids has provided an alternative
approach for a cleaner and less energy-intensive process for
low temperature aluminium electro-deposition.

Ionic liquids generally have melting points below 100 °C,
with high conductivity, high solubility of metal salts and a
wide electrochemical window that allows the reduction of
highly electro-active ions, making them an attractive
alternative to high temperature molten salts with additional
benefits such as low operational cost, low energy
consumption®’. Aluminium electro-deposition from aroma-
tic hydrocarbons and ether has had limited success due to
factors such as low electrical conductivity, narrow electro-
chemical windows and the pyrophoric nature of the
materials involved®’. Extensive work has been done for
aluminium electro-deposition using chloroaluminate ionic
liquids showing successful electro-deposition®”?. These
studies indicate that the aluminium electro-deposition occurs
only from Lewis acid melts where the molar ratio of
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AICI/IL is greater than 1. At lower molar ratios (Lewis
base), the prominent aluminium species in the electrolyte is
AICl, and in this case the organic cations undergo reduction
at lower negative potentials than the dominant AICl,
anion™”.

In the case of Lewis acid melts, the AICl; forms a further
complex with AlICI; leading to formation of the Al,Cl; ion
which is the electro-active species responsible for Al
electro—de3p0sition. The reaction can be represented as
follows**".

4ALCL + 3¢ — Al + TAICL, (1)

Despite success in laboratory studies, aluminium electro-
deposition using chloroaluminate ionic liquids has thus far
been not commercially attractive due to their moisture
sensitivity and air instability. Recent reports in the literature
have identified 1-propyl-1-methylpiperidinium bis(trifluoro-
methylsulfonyl) amide ([C;mpip][NTf,]) as a promising
candidate for low temperature aluminium reduction
processes25'28’32; however, little is known about the
electrochemical reactions occurring in the cell. In the
present work, we have conducted a preliminary
investigation of the anodic reaction taking place in
[Csmpip][NTH,]-[AICL;]y mixtures using glassy carbon
electrodes and dimensionally stable anodes (DSA) (Ir,O; on
Ti) at various compositions and temperatures. The cathodic
reactions have also been the subject of a preliminary
investigation at a range of temperatures, as has the stability
of the ionic liquid under anticipated likely operating
conditions for metal deposition.

2. Experimental section

2.1. Synthesis of ionic liquid

N-Methylpiperidine (99 wt%), 1-iodopropane (99 wt%),
acetonitrile (99.8 wt%) and acetone (99.9 wt%) were used as
received from Aldrich.

Bis(trifluoromethane)sulfonimide lithium salt (LiNTf;)
(99.95 wt%) was purchased from Iolitec (Germany). The
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white hygroscopic powder was kept in a glove box with
moisture and oxygen levels ~ 5 ppm. Milli-Q deionized
water was used for the final liquid product rinsing. The
theoretical yield of [Cympip][NTf;] for the first batch was
75 ml (108.8 g) whereas the theoretical yield for the second
and third batches was 250 ml (362.5 g), assuming a
[Csmpip][NTf,] density of 1.45 g/ml.

The C;mpip-I solid precursor was synthesized by mixing
N-Methylpiperidine and 1-iodopropane for 24 hours in a
nitrogen atmosphere resulting in the following reaction:

Mpip (liquid) + 1-iodopropane (liquid) — Csmpip-I (solid)

The reaction was performed with 5 wt% excess of 1-
iodopropane with addition some acetone. An ice bath was
used in the first 3-4 hours to prevent the overheating of the
mixture (although no significant heat effects were
observed). The resultant yellow solid agglomerate was
crushed into powder and repeatedly washed with acetone
and collected with a Buchner funnel. The white powder was
collected and dried under vacuum at room temperature for at
least 48 h. The dried solid was recrystallised using
acetonitrile. The C;mpip-I saturation concentration level
was approximately 36 g/100 ml of acetonitrile at
temperature close to boiling temperature of 82 °C. The hot
saturated solution was either left on the bench top to cool
down to room temperature for 1-2 h or placed in a freezer
overnight. The crystalline product was collected and washed
with cold acetonitrile on the Buchner funnel. The use of a
freezer in the batch-3 recrystallisation was an attempt to
achieve better final yield. The white crystalline product from
each batch was dried in a desiccator under vacuum for at
least 48 h. In all drying and mixing steps described above
aluminium foil was used to cover flasks and desiccators to
minimise the Csmpip-I exposure to light and prevent
oxidation of iodide (I') to iodine (I,).

The ionic liquid [Csmpip][NTf,] was synthesised via an
ion exchange reaction between the C;mpip-I precursor and
bis(trifluoromethane)sulfonimide lithium salt:

C;mpip-I (aqueous) + LiNTf, —
[Csmpip][NT£,] (liquid) + Lil (aqueous)

Table 1. Phase behavior of [C3mpip][NTf,]-[AlCl;], sample mixtures at different IL: A1Cl; molar ratios and temperatures

X (AICl,) 0.30 0.50 0.70
22 °C gzlslt(;wwh white solid grey-brownish gel-like solid brownish gel-like solid
50 °C clear, hght. yeHOW.ISh grey-brownish gel-like solid brownish gel-like solid
monophasic solution
o monophasic yellowish biphasic layers (almost equal quantity), . R .
60°C solution upper layer brownish, lower turbid white brownish gel-like solid
- - —
70 °C monophasic yellowish biphasic layers (almost equal quantity), Sz)plgilr?; I%y erzr(ig“gr(;zzke ?)ro?n/coo(l)gli?tal
solution upper layer brownish, lower turbid white lower la}./erpils) cleaZcolourless solution >
- - — 0
80 °C monophasic yellowish biphasic layers (almost equal quantity), Sz)plgilr?; I%y erzr(ig“gr(;zzke ?)ro?n/coo(l)gli?tal
solution upper layer brownish, lower turbid white lower la}./erpis cleaZcolourless solution ’
1 1 ~ 0,
90 °C monophasic yellowish biphasic layers (almost equal quantity), 5:)13113?5:; l%yerzr({;)\x;erré:ﬁf q)rofw?’n /coocl)(l;tl(r)tal
solution upper layer brownish, lower turbid white lower la}./err;ls) cleaZcolourless solution >
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Equimolar amounts of [Csmpip][NTf,] and LiNTf,
were dissolved in Milli-Q water and then mixed together.
The resultant biphasic mixture which had a slightly
brown or yellow colour was stirred for 24 h under a
nitrogen atmosphere. The lower phase of the biphasic
mixture containing the crude [C;mpip][NTf,] product was
repeatedly washed with Milli-Q water using a separating
funnel. Batches 1 and 2 were each rinsed 10 times
although 6-7 times was enough to get rid of colouration
and achieve a negative iodide test by AgNO;. Batch 3
was washed 20 times and a negative silver test was
confirmed after 8 times rinsing. The final ionic liquid
product retained a very faint yellow tone. The residual
water was removed in vacuo on a rotary evaporator. The
products were stored in a flask inside a desiccator. We
chose not to take any additional precautions in terms of
lowering moisture content of the ionic liquid, since we
wanted to evaluate the commercial viability of these ionic
liquids for aluminium deposition when the moisture
content in the liquids was at the upper end of the
spectrum.

2.2. IL-AICI; mixtures preparations

AICI; (99.99%, Sigma) was dissolved slowly in
[Csmpip][NTf,] with stirring at room temperature in a
glove box under nitrogen atmosphere and heated to
complete dissolution. Table 1 shows the phase behavior
of these mixtures at various temperatures and
compositions.

2.3. Electrochemical cell and instrumentation

A three-clectrode cell consisting of a Pyrex glass
cylindrical vessel with a flat-flange joint at the top was
used for cyclic voltammetry tests of [Cympip][NTf,]-
[AICI;]x mixtures. The Pyrex top, which was connected to
the cell, had another glass flange joint with three standard
glass sockets for the working, counter and reference
electrodes. The electrochemical cell assembly was carried
out in a nitrogen atmosphere environment of a glove box
with oxygen and moisture level less than 5 ppm. After
filling the cell with electrolyte components and inserting
the electrodes into the sockets, the air-tight cell assembly
was removed from the glove box to carry out the
electrochemical studies.

A computer programmable Solartron SI 1287
potentiostat was used to study the electrochemical
behavior of [Csmpip][NTf,]-[AICL;]x mixtures. The
working electrodes were a Metrohm Teflon sheathed
glassy carbon (D= 2 mm), and a dimensionally stable
anode (DSA) (Ir;05 on Ti). The glassy carbon electrodes
were polished to a mirror-like finish, sonicated, washed
with acetone and dried in an oven at 60 °C for 3-5 hours
prior to the cyclic voltammetry tests. The glassy carbon
rod had a diameter of 2 mm while the dimensionally
stable anode was a 1 cm wide plate that was dipped into
the melt to a fixed immersion depth. The counter
electrode used for all the experiments was a graphite rod
and the reference electrode consisted of silver wire
dipped into a solutlon of silver triflate in the ionic liquid
under investigation®.
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3. Results and discussion

3.1. Electrochemical study

Cyclic voltammetry was used to investigate both the
cathodic and anodic processes in pure [Csmpip][NTf,]
and [C3;mpip][NTf,]-[AICL;]x mixtures. Figure 1 depicts
the voltammetric responses obtained for a glassy carbon
working electrode in pure [C;mpip][NTf,] at various
temperatures (60, 70, 80, 90 °C) at a scanning rate of 100
mV s'. A representative voltammetric response from
Figure 1 for pure C3mp1]i)] [NTf,] at glassy carbon
electrode at 80 °C, 100 mV s™ is depicted in Figure 2.

204

10 4

-10 4

.20

EIV

Figure 1. Voltammetric responses for glassy carbon working
electrode in pure [C3mp1p ][NTf,] at various temperatures (60,
70, 80, 90 °C), 100 mV s
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Figure 2. Representative voltammetric response from Figure 1
for pure [C3mp1p][NTf2] at glassy carbon electrode at 80 °C,
100 mV s™

During cyclic voltammetry, the potential was swept
from 0 V vs the reference electrode to —4V, then to +4V
and then back to 0 V. The wide scanning range as
opposed to the much narrower scanning range of about
1.8 to —1.1V (vs Fc|Fc") reported by earlier workers™ was
chosen so as to provide an indication of what was
occurring over a broader voltage range. As seen from the
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Figure 1, the decomposition of the pure ionic liquid
would appear to start at around —2.8 V and +3 V on the
cathodic and anodic sides respectively. Figure 3 depicts
the voltammetric response for [Csmpip][NTf,]-[AlICI;]
mixtures at 80 °C at various AlCI; mole fractions (x = 0.3,
0.5, 0.7).

40

I/mA cm’

T T

-4 -2 0 2 4
EN

Figure 3. Voltammetric response for glassy carbon working
electrode in pure [Csmpip][NTf,]-[AICL;], mixtures with
increasing AlCl; (x =0, 0.3, 0.5, 0.7) at 80 °C, 100 mV st

A cathodic reduction wave which is apparently due to
the reduction of an aluminium species in the ionic liquid
electrolyte (given that it is not present when Al is not
present in the electrolyte — see Figure 1) starts in the x =
0.3 mixture at around —1.7 V (see Figure 3). Figures 4
and 5 depict the voltammetric response for a
[Csmpip][NTf,]-[AICL;]x mixture (x = 0.3) at various
temperatures (50, 60, 70, 80 and 90 °C) from —4 V to +4
V. Figure 6 shows the cyclic voltammetric responses at
various scan rates for x=0.3 at 50 °C.

60
40 4

20+

I'mA cm*

=20 4

40

-60

-4 -2 0 2 4
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Figure 4. Voltammetric response for glassy carbon working
electrode in a [Cympip][NTf,]-[AICL;], mixture (x = 0.3) at
various temperatures (50, 60, 70, 80 and 90 °C), 100 mV s™.

As per Figure 3 in Figure 4 the cathodic reduction wave
which is apparently due to the reduction of an aluminium
species in the ionic liquid electrolyte (given that it is not
present when Al is not present in the electrolyte — see
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Figure 1) generally starts in the x = 0.3 mixture at around
—1.7 V apparently regardless of the temperature of the
electrolyte although unlike Figure 3 the onset of the
cathodic wave is masked somewhat by a large anodic
peak that appears in the cyclic voltammogram scan at 70
°C as shown in Figures 4 and 5.

(4] [5]
[=] (=]
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—
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MmA em™
o

[=]
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Figure 5. Representative voltammetric response from figure 4
for [Csmpip][NTf,]-[AICL;], mixture (x = 0.3) at glassy carbon
electrode at 70 °C, 100 mV s™.

As can be seen from Figs. 3 and 4 the aluminium
cathodic reduction peak seems to be present for x=0.3 at
temperatures 50-90 °C whereas according to the literature
temperatures greater than 80 °C were required to achieve
Al deposition”®. Surprisingly, however, the voltammetric
results presented in Figure 3 indicate that increasing the
AICl; molar ratio does not produce an increase in the
reduction peak height as would be expected if the
concentration of the electro-active aluminium species had
increased. This suggests a complex equilibrium associa-

20 - ”
——10mVs
——50mVs"
—— 100 mVs"’
10 4
> J
o
=10 4
=20 4
4 2 0 2 4
EIV

Figure 6. Voltammetric response for glassy carbon working
electrode in a [Cympip][NTf,]-[AICL;], mixture (x = 0.3) at
various scan rates (100, 50, 10 mV/s), 50 °C.

ted with the formation of the electro-active species
produced as a result of a reaction between [NTf,] and
AICIl;. Earlier workers have attributed this electro-active
species to be [AICI(NTE)] .
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A positive current peak is seen in each of the
voltammograms of Figures 1 to 6 for scans in the
cathodic direction of a glassy carbon working electrode in
the voltage range —0.5 to —3 V vs Ag triflate electrode.
The magnitudes and positions of the positive current
peaks at different temperatures were inconsistent with one
another as is especially apparent in the voltammograms of
Figures 4, 5 and 6 which utilized a [Csmpip][NTf,]-
[AICL;]x (x=0.3) mixture. The magnitude of the positive
current peak appearing at about —1.75 V vs Ag triflate in
the cathodic scan at 70 °C is much greater than the
positive current peaks occurring in the same regions of
the scans at 50 °C, 60 °C, 80 °C and 90 °C. Whilst it is
not clear as to what caused this variation it is noted that
the anodic peaks of variable magnitude and position
which appear to be at least partially temperature
dependent are clearly present in the region of about —0.9
to —2.8 V vs Ag triflate in voltammetric scans of pure
[Csmpip][NTf,] when scanning in the cathodic direction
(see e.g. Figure 1) and in the region of about —0.9 to —2.9
V vs Ag triflate in voltammetric scans of [Cimpip]
[NTf,]-[AICL;]; mixtures when scanning in the cathodic
direction (see e.g. Figures 3 to 6). It is noted from the
observations described in Table 1 that the appearance of a
[Csmpip][NTf,]-[AICL;]x mixture for x=0.3 did not
visibly change from the appearance of a monophasic
yellowish solution in the temperature range 60 °C to 90
°C when it had not been subjected to voltammetric
scanning. However, if each of these large magnitude
anodic current peaks is due to the dissolution of a film
formed on the electrode during forward scanning in the
anodic voltage range of 0 to 4 V vs Ag triflate then
variations in the nature of the film might be a possible
cause of these variations in peak magnitude and position.

In most of the voltammetric scans of Figures 1 to 6
covering both pure [C;mpip][NTf;] and [Csmpip][NTf,]-
[AIClL;]x mixtures, the anodic peak in the region —0.5 to
—2.75 V vs Ag triflate is followed by a cathodic wave
before a sharp cathodic drop-off starts in the region —2.75
to —2.9 V vs Ag triflate as the scanning progresses in the
cathodic direction. Comparing the CVs in both the
[Csmpip][NTf,] and [Czmpip][NTH]-[AIC]; ] mixtures, it
would appear from Figures 3 to 6 that aluminium reduc-
tion occurs in the potential range —1.8 to about —3.8 V vs
Ag triflate, while at cathodic potentials more negative
than about —2.8 V vs Ag triflate, decomposition of the
[Csmpip][NTHf,] is occurring simultaneously.

3.2. Deposition of Al and cathodic other reactions

To confirm the aluminium reduction process at —3.7 V,
galvanostatic experiments were conducted in which
aluminium was electrodeposited at 90 °C onto graphite
and copper electrode substrates from [Ci;mpip][NTf;]-
[AICL;]x (x=0.5) at potential —3.7 V for 10 min. The
presence of aluminium deposits were confirmed firstly by
visual inspection. Both substrates showed white metallic
coatings when taken out from the cell. The deposits were
then washed thoroughly with acetone and dried. Not
surprisingly, given the relatively negative deposition
potential of —3.7 V, the subsequent SEM-EDS analyses of
the deposits showed the presence of residual ionic liquid
and/or ionic liquid decomposition products on the
surfaces of the electrode substrates. This was particularly

Eur. Chem. Bull. 2012, 1(10), 422-433

Section A-Research Paper

evident for the graphite substrate which analysis showed
the existence of isolated Al. It was found to be very hard
to clean the coated graphite as the ionic liquid and/or
ionic liquid decomposition products were well adhered
and penetrated into the porous substrate surface.

The quality of the aluminium deposits can be seen from
BSE micrographs in Figs. 7, 8, 9, 10(a) and 10(b).

Figure 7. BSE image of aluminium electrodeposited at 90 °C
from [Csmpip][NTf;]-[AICL;], (x=0.5) onto graphite.

cpsfey

Figure 8. Energy spectra of aluminium deposits (whole area of
the Figure 7 scan).

As is apparent from the highlighted regions in Figure 7
the aluminium deposits on the graphite electrode substrate
appear to be in the form of crystals of up to 10 um in size.
The aluminium deposits on copper (Figures 9, 10(a) and
(b)) have a fractured surface comprising large and bulky
aluminium clusters with irregular shapes. The fractured
clusters are thought to have been induced by mechanical
stresses which occurred during the cleaning process.

From the BSE images it is evident that the nature of the
electrode substrate has a great influence on the quality of
the aluminium deposits.

Further Al deposition experiments were conducted with
a copper electrode. There was visible Al deposition on a
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copper electrode after 5 minutes at —1.0 V at 60 °C,
however at higher potentials a black deposit was observed
on the electrode which may have been due to the
decomposition of ionic liquid leading to poisoning of the
electrode surface. The products of the electrolyte decom-

15,0k 10.1mm %7

Figure 9. BSE image of Al film electrodeposited at 90 °C from
[C3mpipNTH,]-[AICL;], (x=0.5) onto Cu foil.

Map data 35
MAG: 700 x HV: 15.0 k¥ WD: 10.1 mm

S

Map data 35
MAG: 700 x HV: 15.0 kV WD: 10.1 mm

(b)

Figure 10. (a) aluminium, and (b) fluorine mapping of
aluminium deposits for the image in Figure 9.
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position may also have been passivating any aluminium
deposited during the cathodic scan and preventing the
appearance of the anodic re-oxidation peak on scan
reversal, as would normally be expected during any metal
deposition process. This might explain the absence of the
expected metal re-oxidation peaks in most of the cyclic
voltammograms presented above.

Additional cathodic potentiostatic experiments were
carried out to study the deposition of Al from
[Csmpip][NT£]-[AICI;] mixtures at copper electrodes as
well as graphite and stainless steel electrodes. The
constant potential values were chosen from previous
studies and electrolysis was carried out at 90 °C for 2
hours. The chosen test potentials of —1, —1.5, =2, —2.5 and
-3 V yielded no aluminium deposits however, unlike
results reported previously in literature®. One likely
reason for the failure to produce aluminium deposits in
these latter experiments is thought to be at least partially
due to the level of the moisture content in the ionic liquid
electrolytes used in these experiments since after drying
in a rotary evaporator they were not further subjected to
drying in vacuo at elevated temperatures for an extended
period in attempt to simulate extreme conditions that one
might encounter in an industrial scenario. This view is
consistent with the observations of earlier workers, albeit
for a different type of ionic liquid, who have reported that
even if only a small amount of water remained in the
ionic liquid they were using, namely an aliphatic
quaternary ammonium imide-type ionic liquid containing
metal ions, even after dehydration in vacuo, it can cause
some 3problems in metal deposition from the ionic
liquid®*. Another reason for the lack of Al deposition is
probably due to the formation of a passivating film on the
electrode surface caused either by the presence of a small
amount of water in the ionic liquid electrolyte or by
decomposition of the ionic liquid or a combination of
both (see for example the BSE image of the film on the
graphite electrode substrate shown in Figure 7
surrounding the isolated Al deposits). This finding
suggests that if Al was to be deposited from a
[Csmpip][NT£]-[AICL;]; mixture on a commercial scale
that the water content and the deposition potential would
need to be carefully controlled for Al deposition and
minimal electrolyte decomposition as was apparently
done by earlier workers®® who used thoroughly dried
[C3mpip][NT£,]-[AICL], electrolytes® and a narrow
potential range for Al deposition in order to achieve good
quality deposits of Al In addition, those earlier workers*®
indicated that [Cmpip][NTf,] is “air- and water-stable”,
however, this statement should perhaps be a more
qualified one that warns of the potential risks of too high
a level of water in the electrolyte and of exposing the
electrode on which Al is to be deposited to too negative
or too positive a potential on either side of the optimum
Al deposition potential range. Otherwise, a film
detrimental to Al deposition may be formed on the
electrode.

3.3. Anodic reactions

Linear sweep voltammograms obtained at the DSA
electrode in the mixture [Csmpip][NTH]-[AICL]x (x =
0.3) are shown in Figure 11 at various temperatures and at
a scan rate of 10 mV/s.

427



Anodic and cathodic processes in ionic liquid mixtures
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Figure 11. Linear sweep voltammograms obtained at DSA
electrode for [Cympip][NTf,]-[AICL;], (x = 0.3) at various
temperatures, 10 mV/s.

A small anodic peak is seen at around 1V beyond
which the current increases before reaching a limiting
current at about 4 V. The initial anodic peak inthe 0 -2 V
range is assumed to be at least partly associated with an
anodic reaction occurring prior to chlorine evolution. This
peak is also present in the absence of AICI; (see Figs. 1
and 2) and consequently it is thought to be associated
with the oxidation of [C;mpip][NTH,].

As expected, the limiting current increases with
increasing temperature due to the higher diffusion rates of
the reacting ions. The slope of the voltammograms is
indicative of a high cell resistance. This is again e)g)ected

given the low conductivity of these ionic liquids®**°.

Galvanostatic experiments were also carried out to
confirm evolution of chlorine. After completion of the
electrochemical studies the visible appearances of the
mixtures changed markedly and the initial colourless
appearance had changed to a light to dark yellow colour
with a CI, like odour. Another indication of gas formation
was the presence of bubbles around the electrode. To
identify the possible reaction products, further
potentiostatic tests were carried out and the collected
gases were analyzed using GC-MS. Scanning electron
microscopy and XPS techniques were also used to
investigate the nature of deposits on the electrode
surfaces.

Electrode level above the

electrolyte level where some
/ depaosited material was observed

Electrode area immersed in the
electrolyte

Figure 12. Schematic diagram of a DSA electrode subjected to
the electrolysis tests of Figures 13 - 19.
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For these studies, [Csmpip][NTf,]-[AICL;]x mixtures (x
= 0.24, 0.35) were used as electrolytes with a DSA (Ir,0;
on Ti) working electrode (see Figure 12). All tests were
carried out in a single compartment cell.

3.3.1. SEM and XPS analysis

(b)(ii)

Figure 13. (a) SEM image and elemental mapping results for
(b)(1) Al, and (b)(ii) CI for a DSA anode after a potentiostatic
test (2 V vs Ag/Ag triflate for 2 hours) for [Csmpip][NTf,]-
[AICIL;] mixture (x=0.24).
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Potentiostatic experiments were performed on a DSA
working electrode at an anodic potential of 2 V vs Ag
triflate reference electrode for 2 hours in a [Cimpip]
[NTf,]-[AICL;]x mixture (x = 0.24). The morphology of
the DSA electrode was then examined for any deposits
using scanning electron microscopy and elemental
mapping was used to identify the deposits. Figure 13 (a)
shows the SEM image of the electrode while Figures
13(b)(i) and (ii) show the corresponding mapping results
for Al and Cl respectively.

The presence of aluminium and chlorine is believed to
be due to physical adsorption of the ionic liquid mixture
on the electrode surface as when the electrode was
completely washed with acetone, these materials were not
detected. To understand the exact nature of the deposits
on the DSA electrode, XPS was used and binding energy
value comparisons were done for better understanding of
bonding involved. The corresponding XPS data are
shown in Figures 14(a) and 14(b).
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Figure 14. Binding energy spectra obtained at the DSA working
electrode after a potentiostatic test in a [Csmpip][NTf,]-[AlCl;],
mixture (x = 0.24): (a) C, and (b) F.

The spectral lines (peaks) in Figure 14(a) correspond-
ding to binding energies 285, 289 and 291 eV values
correspond to carbon (ls states) in fluorocarbon
compounds27 [e.g. CF4, (-CF,-CF5-),]. This is in complete
agreement with the binding energy values obtained for
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fluorine shown in Fig. 14(b). The peak corresponding to a
binding energy of 689 is due to F(1s) state [e.g. CF, etc]
which indicates the presence of fluorocarbons. The gas
analysis for the DSA electrode is discussed later.

cond vapour(3)

10 I :5533*:'55@

)

cond vapour(3)

10 Hr™ 25583*:'655.35

(b)(i)

Figure 15. (a) SEM image of condensed vapours deposited on
DSA electrode after a potentiostatic test (2 V for 2 hrs, 90 °C) in
a [C3mpip][NTE,]-[AIC];], mixture (x = 0.24) and correspond-
ding elemental mapping for (b)(i) Al and (b)(ii) CL
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Another interesting observation was the presence of
some condensed material on the DSA working electrode
that was not in contact with the electrolyte directly (see
schematic in Figure 12). This deposited material was
analyzed using SEM and XPS techniques. Figure 15 (a)
shows the SEM image of condensed vapours on part of
the electrode and Figures 15 (b)(i) and (b)(ii) show the
corresponding elemental mapping for Al and Cl
respectively.

These results possibly indicate the sublimation and
condensation of AlCI; from the mixture. This electrode
structure was also investigated using the XPS technique.
XPS line spectra for the condensed vapour region using
the DSA electrode are shown in Figures 16(a) and (b).
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Figure 16. XPS spectra of the DSA electrode surface with
deposited condensed vapours for a [Csmpip][NTf,]-[AICL;], (x
= 0.24) mixture at 90 °C: (a) C, and (b) F.

The peaks in Figure 16(a) corresponding to 285, 289
and 292 eV values represent C (1s spectral lines)*’. This
is characteristic for fluorocarbon compounds. Also a
spectral line for F (1s spectral line) shows a peak at
around 689 eV which confirms the presence of
fluorocarbon based compounds (-CF,-CF,-),. To confirm
if these compounds were actually formed as a result of an
anodic reaction or decomposition of the ionic liquid due
to heating (without any electrolysis), an experiment was
carried out where the mixture was heated for 3-4 hrs at 90
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°C and electrodes immersed in the mixture in a sealed cell.
The XPS analysis of these samples confirmed the
presence of fluorocarbons on the electrodes, indicating
that these compounds were formed as a result of
decomposition of the ionic liquid itself at higher
temperatures.

3.3.2. GC-MS analysis

For identification of gaseous reaction products, mass
spectral data was acquired in positive ion electron impact
(EI") mode using a Thermo Trace DSQ II GC-MS
(Thermo Scientific). Gaseous samples (100 uL) were
injected onto a 30 m x 0.25 mm J&W DB5-MS capillary
column (Agilent Technologies), at an initial temperature
of 35 °C with helium carrier gas set to a constant flow
rate of 1 mL/min. The GC temperature was ramped to
260 °C. The spectral matches were obtained using
Xcalibur library associated with the instrument.

Separate experiments were carried out for a
[Csmpip][NTH,]-[AICL;]x mixture (x = 0.35). In a first
experiment the mixture was simply heated at 90 °C for 3
hours (without any electrolysis test). The GC-MS
analyses qualitatively determined the presence of (a)
Methanamine  N,N-bis(trifluoromethoxysulfinyl);  (b)
Chlorotrimethyl silane; and (c) Dichloro dimethyl silane.
A second mixture was subjected to electrolysis at
constant potential of 3 V vs Ag triflate for 3 hrs, the gas
samples were analysed using GC-MS and the analyses
qualitatively determined the presence of (a) Methanamine
N,N-bis(trifluoromethoxysulfinyl); (b) Ether, bis(chloro-
methyl); (c¢) Tromethamine; (d) Chlorotrimethyl silane;
and (e) Dichloro dimethyl silane. Also a fused silica
column was used instead of DB5-MS capillary column
and the analysis with this arrangement confirmed
qualitatively that chlorine gas was being formed in the
second mixture.

The GC-MS results confirm the formation of various
decomposition products of the ionic liquid electrolyte
even without any electrolysis tests. Cl, is also seen to be
present since it reacts with the column to form
chlorosilanes. Further, the formation of fluorocarbons
found in the XPS spectra may be difficult to avoid due to
the operating conditions required for Al electro-
deposition. The occurrence of fluorocarbons thus suggests
that on a commercial scale the process is unlikely to be
environmentally  friendly.  Other  products like
trimethanamine and chloro-ethers are also formed during
the electrolysis. Due to formation of these decomposition
products, the ionic liquids are unlikely to be reusable in
an Al deposition process. This conclusion is supported by
Roudopoulos et al.*

3.3.3. Al NMR spectroscopy

Aluminium speciation change during the electrolysis
was investigated by *’Al NMR spectroscopy using a
double compartment H shaped cell. Electrolysis was
conducted in a potentiostatic mode at 2.0 V vs Ag triflate
at 90 °C for 20 hours in [Cympip][NTH]-[AICI;],
mixtures where x= 0.24, 0.35 and 0.45. The counter
electrode was a graphite rod with a diameter of 15 mm,

430



Anodic and cathodic processes in ionic liquid mixtures

the working electrode was a stainless steel wire (L= 25
mm and D= 0.8 mm) and a 0.5 mm silver wire dipped in
silver triflate was used as reference electrode. The *’Al
NMR of electrolyte samples before the tests and samples
from the cathodic and anodic compartments after tests
were recorded at a temperature of 90 °C. The *’Al
chemical shift values were measured relative to an
aqueous solution of AI(NO;);9H,O as an external
reference. The interpretation of *’Al NMR spectra in
connection with speciation in these mixtures is well
presented by T. Rodopoulos et al.?® and was adopted in
the following analysis. The Al NMR shifts (8) of the
resonances obtained in the experiments are shown in
Figures 17 to 19.

Z7AI NMR [COmPIR]INTZIRICKS x0.24
Ebectrolysls m 2.0V for 20h 21 90°C

m otk
§ chodic

P .—"I(‘-‘\',; B initial

Figure 17. The Al NMR spectra of [C;mpip][NTf,]-[AICIs],
mixture at x=0.24 taken at 90 °C before and after electrolysis
test. Cell voltage kept 2.0 V for 20 h at 90 °C.
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Figure 18. The Al NMR spectra of [C;mpip][NTf,]-[AICLs],
mixture at x=0.35 taken at 90 °C before and after electrolysis
test. Cell voltage kept 2.0 V for 20 h at 90 °C.

The *’Al NMR shifts (8) of the resonances obtained in
the experiments are summarized in Table 2. All samples
showed the dominant strong resonance at 6=104 ppm
(Figs. 17-19) which has been assigned previously to the
presence of a 4-coordinated AICl, ion”®. The following
equilibrium has been suggested in [Cimpip][NT£E]-
[AICI;]x mixtures:
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2NTf27+ 2A1C13 > A1C147 + AlClz(NTf2)27 K] (2)

A large equilibrium constant K, for reaction (2) would
account for the strong resonance observed.

274) WM, [CImpIg][NTHY[AICK] 045
Electrolysls at 2V for 20h 2t 90°C

N initil
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Figure 19. The *’Al NMR spectra of [C;mpip][NTf,]-[AICLs],
mixture at x=0.45 taken at 90 °C before and after electrolysis
test. Cell voltage kept 2.0 V for 20 h at 90 °C.

Table 2. ’ Al NMR shifts (8) of the resonances in the spectra of
[C3mpip][NTE]-[AICL; ] mixtures for x= 0.24, 0.35 and 0.45
initially and mixtures in the anodic and cathodic chambers after
being held at 2 V at 90 °C for 20 h.

X Sample & [ppm] for

[Csmpip][NTF,]-[AICIs]

0.24 Initial mixture 104 s, 98m, 94m, —5vw, —18m

Anodic chamber 104 s, 98m
mixture
Cathodic 104 s, 98m, —1w

chamber mixture

0.35 Initial mixture 104 s, 98m, 90w

Anodic chamber
mixture

104 s, 98m, 94m, —3vw, —18m

Cathodic 104 s, 98m, 94m, —3vw, —18m
chamber mixture

0.45 Initial mixture 104 s, 98m, 94mw, —3vw, —18m

Anodic chamber
mixture

104 s, 98m, 94mw, —3vw, —18m

Cathodic 104 s, 98m, 94mw, —3vw, —18m
chamber mixture

A peak similar to the medium resonance at =98 ppm
found in all test samples has been assigned in previous
studies to being due to a hydrolysis product®®®.
Analogously, we suggest the medium resonance at 6=98
ppm found in the present study is likely to be due to a
hydrolysis product resulting from the reaction of residual
water with the [Ciympip][NTf,]-[AICI;]y mixtures.
Franzen et al.’’ identified hydrolysis products as
ALCIfOH and ALOCIls using secondary ion mass
spectrometry. Other reaction products were determined
by passing nitrogen gas over a [Cympip][NTf;]-[AICL; ],
mixture and bubbling the off-gas in a silver nitrate
solution for 2 hours. The silver nitrate solution showed a
transparent to milky appearance transition which is
indicative of the presence of chlorine ions (Cl). The
absence of aluminium ions in the silver nitrate solution
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was verified by an alizarin test. These tests suggest that
another by-product was hydrogen chloride (HCI). The
magnitude of the peak at 3=98 ppm is consistent with the
electrolytes containing more hydrolysis products than has
been reported in an earlier study”® in which the magnitude
of the peak at 6=98 ppm was weak. This would at least
partly explain the poor Al deposition outcomes obtained
in the present study compared with those reported
earlier™, but once again casts doubt on the industrial
viability of these apparently moisture sensitive ionic
liquids.

The tetrahedral [AICL;-(NTf,)] electro-active ion
resonance at 6=94 ppm (assigned previously by T.
Rodopoulos et al.® and thought to be the 4-coordinate Al
species from which Al can be electrodeposited) is evident
in the initial mixtures with x= 0.24 and 0.45 (Figs. 13 and
15) and is not present in the initial mixture with x=0.35
(Fig. 14) although both cathodic and anodic samples with
x=0.35 showed the resonance at =94 ppm in the form of
a broad shoulder adjacent to a hydrolysis resonance at
6=98 ppm. The aluminium electro-active ion resonance at
0=94 ppm correlates with the presence of an octahedral
AI(NTf;); complex at 6=—18 ppm (see Figs. 17-19)
(assigned previously by T. Rodopoulos et al.** and
thought to be due to a number of isomers of AI(NTH,);).
In addition to this, it can be noted that cathodic and
anodic x=0.24 sample mixtures showed neither =94 nor
0=—18 ppm resonances at a given temperature. These
correlations suggest that both the AI(NTT,); complex and
the [AICL;-(NTf,)] electro-active ion could be the
equilibrium products of some reaction. These results
support the following equilibrium reaction:

2AICL(NTE), < AICL(NTE) + AINTE); + CI Ks (3)

It should be noted that this correlation is only valid at
temperatures above 55 °C. At temperatures below 55 °C
the electro-active ion [AICl;-(NTf,)]” becomes unstable,
while the AI(NTf,); complex is well manifested in Al
NMR spectrum®.

The lack of an AI(NTf,); complex resonance in the
initial sample mixture with x=0.35 could be due to slow
kinetics of reaction (2) during AICl; dissolution although
this would need to be confirmed by further experiments.

The presence of the octahedral ion AICL(NT),
resonance at =3 ppm is clearly visible in the cathodic
sample spectrum with x=0.24 (Fig. 17) and both the
cathodic and anodic samples’ spectra with x=0.35 (Fig.
18). It also has a faint presence in all samples with x=0.45
(Fig. 19). The low intensity for this resonance is likely to
be due to a very high equilibrium constant K, for reaction
(3) that provides a very low relative concentration of the
AICLL(NTH,), ion in [Cympip][ NTf,]-[AICl;]x mixtures.

The broad resonance at around 6=66 ppm in all spectra
is due to aluminium in the solid material used in the probe
and is not associated with the sample mixtures. This is
consistent with the electrode reactions being:

Cathode:
[AICL-(NTH)] +3e = Al+3CI +(NTH)  (4)
Anode:
2CI - 2e = Cly(g) (5)
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although the chlorine ion is very likely to be part of an
aluminium complex ion coordination, so the anode
reaction is more likely to be of the form:

Anode:
2AICl, - 2e =2AICl; + Cly(g) (6)

The tetrahedral AICl; (6=104) resonance decreased in
intensity for anodic samples with x = 0.24 and 0.45. The
AICl; product is expected to be consumed by reaction (1)
and partially sublimes as was noted earlier with DSA
anodes.

No aluminium was deposited on the graphite rod
cathode during the tests suggesting that another cathodic
reaction is occurring at the set potential that would
explain a decrease in resonance intensities for both
tetrahedral AICl, and octahedral AI(NTf;); ions and the
presence of AICI(NTf;), resonance in the cathodic
samples, namely:

Cathode:
AI(NTL,);+2AIC1, +e =AICLL(NTL), +2AICL+H(NTL) (7)

Alternatively, a plausible reason for the absences of
aluminium deposits is the hydrolysis of the electro-active
ion [AICI;-(NTf;)] and possible electrode passivation. A
more rigorous drying procedure both in preparation and
testing of these liquids should prevent deactivation of the
[Csmpip][NT1,]-[AICL;]x mixtures, but this would be a
significant additional cost on an industrial scale.

4. Conclusion

In the present study of the deposition of aluminium and
other cathodic reactions, the ionic liquid was not stable
since decomposition products co-deposited on the
electrode at the Al deposition potential investigated of
—3.7 V. In addition, the deposition of aluminium from
[Csmpip][NTH]-[AICL;] mixtures was generally found to
be highly inconsistent and it is thought that sensitivity of
the ionic liquid mixtures to moisture and exposure of the
electrode substrate to a deposition voltage in which
decomposition of the ionic liquid is occurring
simultaneously is at least partly responsible for the
presence of passivation products on the electrode surface
during deposition.

In the present study of the anodic reactions taking place
in [Csmpip][NTH,]-[AlCL;]x mixtures using glassy carbon
electrodes and dimensionally stable anodes (DSA) (Ir,03
on Ti) at various compositions and temperatures indicated
that some decomposition of the ionic liquid was occurring
at least under the conditions investigated. Formation of
Cl, was confirmed to take place at dimensionally stable
anodes as a part of the anodic reaction of
[Csmpip][NTf,]-[AlCI;] mixtures (at least when x=0.35);
however analysis of the mixture indicated that at
temperatures near to a potential operating temperature of
the [C;mpip][NTH,]-[AICL;]x, the mixture at least partially
decomposes into fluoro-carbons (at least when x=0.24)
and other chloro-compounds (at least when x=0.35). It
would appear therefore, that the formation of
fluorocarbons, at least for the ionic liquids investigated in
this study, may be difficult to avoid under the operating
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temperature required for Al electro-deposition from a
[Csmpip][NT1,]-[AlCIL;]x mixture. The formation of these
anodic decomposition products has the further
disadvantage that the [Csmpip][NTf,] liquid may be
difficult to reuse.

In summary, the ionic liquids may have a poor usage
life and may need to be regularly replaced under
industrial operation due to the potential anodic reactions
as illustrated in the present study by the decomposition
reactions found to be occurring at a DSA electrode at a
potential of around 2 V vs Ag triflate under typical
conditions envisaged for aluminium deposition. Given
this and the apparent additional disadvantages of moisture
sensitivity of Al electro-deposition in these ionic liquids,
the inconsistency of Al deposition and the potential for
the cathodic decomposition of the ionic liquid and the co-
deposition of the resultant electrolyte decomposition
products on the cathode as has been shown to occur when
the potential of the cathode is made too negative, a
commercial process of electro-deposition of Al from
[Csmpip][NTE]-[AICI;]y mixtures may prove to be
difficult to develop and perform satisfactorily on an
industrial scale.
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Toxic and radiotoxic metals of liquid wastes are sorbed by the sludge of Waste Water Treatment Plants (WWTPs) with a high efficiency..
Sludges with low toxic metals concentrations can be temporally stored or utilized as soil conditioners in agriculture. Other possible and
economically acceptable way is repeated utilization of the sludge as heavy metals sorbent. Since effluents can contain several metals, it
is necessary to study the simultaneous sorption of two or more metal ions and also to quantify the mutual effect of one metal on the other.
In the present study, we have undertaken the study on the sorption characteristics of Dried Activated Sludge (DAS) from industrial WWTP
for sorption Co?* and Zn?* ions from their binary aqueous system in batch experiments using radiotracers °Co and 5Zn technique. Values
of maximum sorption capacity (Qmax) of DAS at pH 6 calculated from extended Langmuir adsorption isotherm were 247 & 15 pmol g for
Co?* and 479432 pmol g* for Zn?* ions. Results revealed that the sorption capacity of DAS for both the metals increases with increased
initial concentration in the range 100 — 4000 umol dm® CoClz and ZnClz, respectively. Presence of Zn?* ions as co-ions caused more
significant decrease of Co?* uptake in binary Co-Zn system than vice versa. Experimental data Co and Zn sorption in binary system were
well described by extended Langmuir model and affinity parameter b indicate higher affinity of DAS to Zn?*in comparison with Co?* ions.
Prediction of total Co-Zn sorption by DAS using extended Langmuir model was less suitable due to dissimilarity of Qmax value of DAS for

Co?* and Zn?* in single systems.
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Introduction

Industrial effluents treated with wastewater treatment
plants (WWTPs) contain high amounts of organic matter
and pollutants including metals such as Co, Cd, Zn etc.!
Toxic metals of liquid wastes are sorbed by the sludge of
WWTPs with a high efficiency. Liquid part of sludge is
being dispersed to an aqueous recipient but solid part is
processed for the next disposal (e.g. temporally storing,
landfilling, incineration). The increased amount of sewage
sludges (which are not having a tendency to settle) are a
global environmental problem.

Sludges witha low toxic metals concentration can be
temporally stored or utilized as soil conditioners in
agriculture processes. Activated sludges produce high
amounts of extracellular polymeric substances (EPS) which
are metabolic products of bacteria accumulated on the cell
surface.? EPS as soil beneficial substances are mainly
composed from polysaccharides, proteins and humic
substances, containing high concentration of ionizable
functional groups.® The matrix of extracellular polymers is
involved in the processes of microbial aggregation in flocs,
stabilization of biofilms, water retention and uptake of
exogenous organic compounds.* Organic polymers play also
crucial role in the sorption process of heavy metals by
biomass of activated sludge. Composition of activated
sludge as a consortium of bacteria, microalgae, fungi and
protozoa and metal sorption characteristics varies depending
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on type of waste waters and technology used. Reversibility
of metals binding represents the condition of metals entry to
the food chain.

Other possible and economically acceptable way is
repeated utilization of the sludge as heavy metals sorbent.
Biological materials have effective sorption capacity and
cheaper regeneration cost as compared to conventional
sorbents and ion-exchange resins.® For instance, diverse
variety of microorganisms were used extensively for toxic
and radiotoxic metals sorption and accumulation studies.®
Bivalent metal ions such as Co?* and Zn?* can be removed
from aqueous solutions not only by inorganic sorbents, such
as zeolites but also by sorbents prepared from microbial
biomass.”® Adsorption and precipitation on sorbent surface
are predominant in the process of metal uptake. Only small
fraction of Me?* ions is localized intracellularly.® The bio-
sorption is largely attributed to the binding of metals onto
the bacterial cell surface due to the presence of active
functional  binding sites.® Moreover, sorption in
multicomponent systems is complicated, because of the
possible interactions among the metals. Different adsorption
characteristics of metal ions as one of the major sorption
process parameter can affect metal positions on surface
binding sites of sorbents. Competitive effect of metal
components can be evaluated by many statistics and
mathematics tool.'® MareSova et al.l' used extended
Langmuir type equations to describe the sorption of Co?*
and Sr?* in binary system by sorbent prepared from moss
biomass. On the basis of that, the objective of our study was
to investigate sorption characteristics of DAS from
industrial WWTP for sorption Co?* and Zn?* ions from their
binary aqueous system. To obtain reliable experimental data,
radiotracer technique with ®©CoCl, and ®ZnCl, was used.
Binary equilibrium isotherm data of Co-Zn system were
described using extended Langmuir model.

434



Sorption characteristics of activated sludge for Co-Zn binary system

Experimental

Material

Samples of activated sludge were obtained from aerobic
phase of WWTP in Enviral Inc, the plant producing
bioethanol (Leopoldov, Slovak Republic). After washing
twice in deionised water, the sludge was oven dried at 90 °C
for 72 h, ground and sieved. Powdered dried activated
sludge (DAS) of particle size <450 pm was used for metal
sorption studies.

Standardized %°CoCl, solution (5.181 MBg cm; 20 mg
dm CoCl, in 3 g dm? HCI) and %2ZnCl; solution (0.8767
MBg c¢cm?3; 50 mg dm3 ZnCl, in 3 g dm? HCI) were
obtained from the Czech Institute of Metrology. Chemicals
used were of analytical reagents grade.

Sorption experiments

Batch sorption experiments were carried out by
suspending of DAS biomass (2.5 g dm=3d.w.) in 8 cm® water
solutions of CoCl,and ZnCl;in variable molar concentration
range 100 - 4000 pmol dm? in molar ratios 2:1, 1:1, 1:2
spiked with 8°CoCl, (65 kBg dm®) and %ZnCl, (63 kBq dm"
3. The reaction pH was adjusted to 6.0 + 0.1 with 0.1 mol
dm NaOH and 0.1 mol dm HCI. Flasks were agitated on
reciprocal shaker (120 rpm) at 22 °C and samples were
taken for equilibrium study. Biomass was filtered out,
washed twice in deionised water and radioactivity of both
activated sludge and liquid phase was measured. All
experiments were performed thrice. Presented data are
arithmetic mean values. The metal uptake was calculated as:

\

Qeq = (CO _Ceq)v

@

where Q is the uptake (umol g?), Co and Ceq are the liquid-
phase concentrations of metal at initial and equilibrium
(umol dm3), V is the volume (dm3), and M is the amount of
dried bio-sorbent (given in grams).

Analytical equipments

The gamma spectrometric assembly using well type
scintillation detector 54BP54/2-X, Nal(TI) (Scionix, the
Netherlands) and the data processing software Scintivision
32 (ORTEC, USA) were used for %Co and 2zn
determination in DAS and supernatant liquids at the energy
of y- photons: ®Co - 1173.24 keV and %Zn - 1115.52 keV.

Determination of initial cobalt and zinc content in sorbent
was made by atomic absorption spectrometry (ETAAS)
device ShimadzuAA-6300 (USA) with an electrothermal
atomization equipment Shimadzu GFA-EX7i using a
Shimadzu autosampler ASC6100 and background correction
method of Smith-Hieftje, after decomposition samples of
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high-pressure digestion mineralization equipment DAH406
Berghof (DE).

Sorption isotherm models

Analysi
QmaxMe1 bMelceq (Mey) ] of
Qgq (Meg) = sorption
1+bypre, Ceq (Mey) +bpe, Ceq (Me2)  equilibriu
m  data

was done using extended Langmuir adsorption isotherms
equations:

)
o (Ve Qmax Me, bMe2 Ceq (Mey)
e =
eq 2770 bMelCeq (Mey) + bMe2 Ceq (Mey) A3)
By, = ! and Dy, = 1
KMel KMez
where Ceg(Mey) and

Ceq(Me2) represent concentration of metals in equilibrium
and Qmaxmer and Qmaxmez represent the maximum sorption
capacity for both metal present in reaction solution, bve: and
bwmez represent affinity constants of Langmuir model for both
metals and Kwmer and Kuez are constants of equilibrium for
surface binding sites of sorbent available for metals Me; and
Me,.

To calculate maximum sorption capacity of the sorbent
and the corresponding parameters of adsorption isotherms
ORIGIN 8.0 Professional (OriginLab  Corporation,
Northampton, USA), GraphPad PRISM 5.0 (GraphPad
Software Inc., USA) and Table Curve 3D 4.0 (Systat
Software, Inc., Chicago, USA) were used.

Results and discussion

In comparison to the single metal solutions sorption in
binary systems is complicated, because of possible
interactions among the metals.

molar ratio Co : Zn A
—m—1:1
—o0—1:2
—e—2:1
—o—1:0

L L L L L L

1000 1500 2000 2500 3000 3500 4000
!

ceq(Co) [Hmol/dm?]
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Figure 1. Cobalt (A) and zinc (B) sorption from binary system Co-

TS ° Zn at variable initial molar [Co]: [Zn] ratios by dried activated
500 —e-12 sludge (2.5 g/dm3, d.w.) at 22°C and pH 6.0.
iv]
E 300 e} .-/-
74
100 o D/D“D
Metal o QP Model— __ Qmx B 4 K . 1/n R2
o 500 éooc(zn;ﬁ)linouczjt;%] 2500 [:]337101 gu%] [L p.mol ] [L g ]
Zn%* “Langmuir 441 + 14 0.0045 £ 0.0015 - - 0.96394
Freundlich - - 40.6 £15.31 0.29+0.10 0.81961
Co% Langmuir 256 +£9 0.0010 £ 0.0001 - - 0.99353
|  Freundlich - - 429+136  048+0.04  0.96704

Table 1. Comparison of Langmuir and Freundlich equilibrium parameters (+SD) for Co?* and Zn?* sorption by dried activated sludge from

single system at pH 6 obtained by non-linear regression analysis 1°

Table 2. Extended Langmuir isotherm parameters for Co?* and Zn?* sorption in binary Co-Zn system by dried activated sludge calculated

by non-linear regression analysis.

Sorption Qmax [pmol g'l]

bco [dM® pmol?]

bzn [dM® pmol?] R? RMSE

247+ 15
479+ 32

Qmax Co
Qmax Zn

Sorption of cobalt and zinc ions by dried activated sludge
from binary Co-Zn system increased with an increasing
initial concentration of both metals in the range of 0 — 4 000
umol dm™ CoCl, and ZnCly, respectively. Obtained results
are shown in Fig. 1A, B. The presence of co-ion in solution
caused significant decrease of uptake of primary ion. Zn?* as
co-ion caused the decrease about 85% of Co?* ions sorption
from 200 umol gt to 25 umol g' d.w. of sludge. The
competitive effect of zinc increased with increasing of its
solution concentration. On the other hand Co?* as co-ion in
sorption of Zn?* ions caused decrease about only 68% from
390 pmol g? to 125 umol g d.w. of sludge. At equimolar
concentration of both metal ions (ratio 1:1) maximum
sorption capacity of activated sludge was 325 pumol g for
zinc and 60 pumol g* for cobalt. For a description of Co?*
and Zn?* sorption equilibrium in single-component systems
was more suitable Langmuir adsorption model (Table 1).

Experimental data from two-component system (Co-Zn)
were fitted and evaluated by extended Langmuir competitive
model.** For determination of sorption equilibrium of Co?*
and Zn?*ions we used Eqgs. 3 and 4. Parameters of extended
Langmuir model for single and binary metal uptake
calculated by non-linear regression analysis are shown in
Table 2.
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0.001 +0.0002
0.002 +0.001
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0,005 + 0,001
0,004 + 0,001

0,975
0,949

8,15
32,89
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Fig. 2. Comparison of experimentally observed data with predicted
data obtained using the extended Langmuir model.

The degree of affinity is expressed in the form of the
parameter b, which is the Langmuir constant. The
relationship between value and its affinity for metal sorbent
is proportional, based on Arrhenius equation to express
energy of sorption process. Parameter bz, is higher than bc,
that indicates higher affinity of sorbent prepared from
activated sludge to zinc ions in comparison with cobalt ions
in sorption process from binary system Co-Zn.

The correlation between predicted and experimental
values of metal sorption by DAS is shown in Fig. 2. Since
most of the points are distributed around the line, this
indicates that equation used described the sorption data well.
The adequacy of model was also compared by coefficient of
determination and by RMSE (Table 2). It is evident that
extended Langmuir model fits the data well.

The extended Langmuir model can be represented by
adsorption isotherms in 3-D space (Fig. 3 AB). X and Y
axes represent the concentrations of cobalt and zinc in
equilibrium (Ceqco, Ceqzn), While the Z axis represents plotted
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value of sorbed cobalt and zinc (Qeq). Experimental sorption
values of metal uptake are presented as individual points.

The Fig. 3 shows that at higher concentrations of the metal
ions, binding sites of sorbent can be easily saturated what is
presented by the plateau of sorption surface. This adsorption
model is suitable and has a high efficiency for the
description and prediction of single metal sorption. For
determination of binary metal sorption, the method has
proved to be less effective. It is mainly due to the different
values of maximal sorption capacities of Co?* and Zn?* ions.
Extended Langmuir model is suitable for description of
metal cations sorption processes for which parameters
(Qmax) are approximately similar.!* The sorption capacity of
activated sludge for zinc was higher about 50% as compared
to cobalt sorption.

This difference in affinity of sorbent for Me?* ions could
be because of different physico-chemical characteristics of
metal ions.'? Remenarova et al.® showed different sorption
capacity of DAS for Cd?* and Zn?* ions. Metal ions can be
classified according to covalent index that reflects different
ligand affinities.'

A

g G
35 3
5 5
3 8
= b
o (e}

B

500 500

?‘? 400 400
£ 300 00 I
=1 <]
= o 200 5
(=
@% 100 100 N
Z
0o G

500
N

Fig. 3. 3-D sorption isotherm surfaces of Co?*-Zn?* binary system:
(A) Co?* sorption (n mol g1); (B) Zn? sorption (u mol g1). The
sorption surfaces are predicted by the competitive Langmuir model
(Egs. 2 and 3) and the points present experimental data obtained at
pH 6 and 22 °C. Error-bars represent 90% confidence interval.

Higher affinity of reactive sites on sludge surface for zinc
ions in binary sorption system is also related to the covalent
index, ionic radius and electronegativity (Table 3). lonic
index is responsible for the preference of the metal ion
binding to the oxygen ligands. Co?* ion has higher value of
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covalent index that indicates a covalent binding to the active
sites of sulfo and nitro functional groups.

Table 3. Physico-chemical properties of Co?* and Zn?* ions

DOI: 10.17628/ECB.2012.1.434

Properties Co* Zn%
Atomic weight 58.93 65.39
lonic radius r (pm) 72 74
Electronegativity (Pauling) Xm 1.88 1.65
Covalent index (Xm?r?) 25 2.04
lonic index (z%r1) 5.4 54
Conclusion

Sorbent prepared from DAS from industrial WWTP has
an ability to remove cobalt and zinc from binary aqueous
system. Experimental data of batch metal sorption were
obtained using radiotracer technique with %°Co and %2zn.

Values of maximum sorption capacity (Qmax) 0f DAS at
pH 6 calculated from extended Langmuir adsorption
isotherm were 247+15 pmol g* for Co?* and 479+32 pmol
g* for Zn?* ions. Results revealed that the sorption capacity
of DAS for both metals increases with an increase in initial
concentration in the range 100 — 4000 pmol/dm® CoCl; and
ZnCl,, respectively. Presence of Zn?* ions as co-ions caused
more significant decrease of Co?* uptake in binary Co-Zn
system than vice versa. Experimental data Co and Zn
sorption in binary system were well described by extended
Langmuir model and affinity parameter b indicate higher
affinity of DAS to Zn?* in comparison with Co?" ions.
Prediction of total Co-Zn sorption by DAS using extended
Langmuir model was less suitable due to dissimilarity of
QOmax value of DAS for Co?* and Zn?* in single systems.
Determination of binding mechanisms of cobalt and zinc
from binary system to active sites of sludge surface as
content variable microbial mass will require detailed study
for further storage or disposal this material. Zinc and cobalt
as metals included to the borderline class bind to the
residues of histidine and free amino groups of proteins.
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REACTION CONDITIONS AND KINETICS FOR

SYNTHESIZING n-BUTYL ACETATE

Cong Yufeng

Keywords: reaction conditions; Kinetics; n-butyl acetate; synthesis

Effects of different reaction conditions on the synthetic method of n-butyl acetate have been reviewed in the present paper. Different
catalysts consisting inorganic salt like (Ce(S20s)2/SBA-15, NHsFe(SO4)2:12H20) and oxide (MoOs/SiO2) have also been introduced.
Kinetics equations have also been applied on n-butyl acetate system. The results showed that kinetic equations may predict the distribution
of product and the experimental data are in agreement with the quantitatively analytical conclusions drawn from the calculated data.
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Introduction

n-Butyl acetate is one of the important fine chemical
products. It is widely used in different areas such as
solvent, plasticizer, resin, painting, perfume, cosmetics,
medicine, surfactant and other organic syntheses! Acetic
acid and n-butanol are used as feedstock to manufacture
n-butyl acetate in the industry. Concentrated sulphuric
acid is one of the main catalysts. Apart from several
advantages, concentrated sulphuric acid has a lot of
disadvantages also, such as tainted products due to strong
oxidizing nature, it is very difficult to purify, even after
several washings, due to complicated process lot of waste
water is discharged which is also a environmental
pollution problem and equipments are corroded.?
Inorganic salt like (Ce(S205)2/SBA-15,
FeNH4(S04)2:12H,0) and oxide (MoO3/SiOy) are the best
catalysts. They have high catalytic performance,
selectivity and non-corrosive in nature. 3

In the present paper, different catalysts such as
inorganic salt (Ce(S20s)2, NH4Fe(SO4),:12H,0) and
oxide (MoO3/SiOz) have been discussed. Effects of
different reaction conditions on the synthetic method of
n-butyl acetate have also been reviewed. Furthermore,
kinetics equations have also been applied.

Discussion

Effects of the reaction time on the yields of n-butyl
acetate by the addition of Ce(S:0sg); -SBA-15 as a
catalyst

Yin Yanlei * has reported the preparation of n-butyl
acetate and the effect of the reaction conditions on its
yield. Ce(S.0s). and SBA-15 catalysts were ground and
roasted to generate n-butyl acetate. It was supposed that
molar ratio (1.0:1.2) and amount (0.0375g) of acetic acid
to n-butanol and the amount of catalyst kept constants.
Effects of the reaction time on the yield of n-butyl acetate,
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has also been discussed. Table 1 showed effects of the
reaction time on the yields of n-butyl acetate. The yields
of n-butyl acetate increased with an increase of the
reaction time. The maximum yield of n-butyl acetate was
96.58%, when the reaction time was about three hours.
The experimental results showed that Ce(S;0g), and
SBA-15 had good catalytic performance and were reused
several times.

Table 1. effects of the reaction time on the yields of n-butyl
acetate

Reaction 0.5 1.0 15 2.0 25 3.0
time, h

Yield, % 30.00 69.98 83.21 9513 96.01 96.58

Effect of the AcOH/n-BuOH ratio on the yield in the
presence of NHsFe(SO4)2:12H20 catalyst

Kong Xiangwen 5 explained why NHsFe(S0,)2:12H,0
as a catalyst replaced concentrated sulfuric acid to
generate n-butyl acetate. It was found that the reaction
time and the amount of catalyst kept at constants were
0.75 hours and 1.1g, respectively. Effects of the molar
ratio of acetic acid to n-butanol on the yields of n-butyl
acetate had been discussed. Results are recorded in Table
2. First the yields of n-butyl acetate increased and then
decreased with an increase in the molar ratio of acetic
acid to n-butanol. When the molar ratio of acetic acid to
n-butanol was 1.0:1.2, the maximum vyield of n-butyl
acetate reached 98.1%. NH4Fe(SO4)2-12H,0 one of the
best catalysts was used to synthesise n-butyl acetate
because it was very economic, stable and insoluble in
organic acids and alcohol. After the reaction,
NH.Fe(S04)2-12H,0 became insoluble material and was
easily separated from the reaction system. It had high
catalytic performance and selectivity and non-corrosive.

Table 2. effects of the molar ratio of acetic acid to n-butanol on
the yields of n-butyl acetate

Molar ratio 1.0:1.0 1.0:11 1.0:12 1.0:1.3 1014
of AcOH to
n-BuOH
Yield (%) 90.7 93.6 98.1 94.3 90.4
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Effects of the amount of MoOs/SiOz catalyst catalyst on the
yields of n-BuOAc

Li Shuchang® described the preparation of M0Q3/SiO;
and the effect of the reaction conditions such as the
reaction time, the molar ratio of acetic acid to n-butanol,
the amount of catalyst and number of reuse of catalyst on
the yield of n-butyl acetate. It was found that the reaction
time and the molar ratio of acetic acid to n-butanol kept at
constants were 3 hours and 1.0:4.0, respectively. Effects
of the amount of catalyst on the yields of n-butyl acetate
had been discussed. Table 3 presented effects of the
amount of catalyst on the yields of n-butyl acetate. The
yields of n-butyl acetate firstly increased and then
decreased with an increase in the amount of catalyst.
When the amount of catalyst was 1.0, the maximum yield
of n-butyl acetate arrived at 95.6%.

Table 3. effects of the amount of catalyst on the yields of n-
butyl acetate

Catalyst 0.6 0.8 1.0 1.2 14
amount, g

Yield, % 62.3 78.6 95.6 91.7 84.5

Kinetics equations of n-butyl acetate

Qiu Ting 7 used cation exchange resin as a feedstock
and described effects of the reaction conditions such as
the stirring speed, the catalyst particle size (cation
exchange resin), the reaction temperature, the molar ratio
of acetic acid to n-butanol and the amount of catalyst on
the yield of n-butyl acetate. The kinetic model LHHW
was used to calculate the experimental data. The
experimental results showed that the surface reaction was
the main control step of acetic acid and n-butanol. Its
reaction enthalpy was -1.838x10% J/mol. The activation
energies of the forward and reverse reaction were
5.238x10* J/mol and 3.929x10* J/mol, respectively. The
pre-exponential factors were 1.015x10* mol/(g-s) and
3.148 mol/(g-s), respectively.

The reaction of acetic acid and n-butanol was the
heterogeneous catalytic liquid-solid reaction. It consisted
of several steps such as the reactant was diffused from the
liquid phase to the external surface area of the catalyst,
and then spread from the external surface area of the
catalyst to the internal surface area. The reactant was
absorbed and the reaction took place at the same time.
The product was desorbed and diffused to the external
surface area of the catalyst, and then spread from the
external surface area of the catalyst to the liquid phase.
The real reaction process was absorption, the surface
reaction and desorption in advance of ignoring the
internal and external diffusion. Based on the principle of
LHHW model, it was supposed that (1) catalytic and
active centres were their acid parts. (2) The reactant
competed to be absorbed on catalytic and active centres
with the product whose absorptions totally were single
layer. (3) Acetic acid absorbed on one catalytic and active
centre reacted with n-butanol absorbed on another
catalytic and active centre. n-Butyl acetate was obtained

Eur. Chem. Bull. 2012, 1(10), 438-441
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from the internal surface area of the catalyst. (4) The

surface reaction was the main control step.

The reaction of acetic acid and n-butanol was listed as

follows:
HOAc + BUOH &= BuOAc + H,0

Absorptions:

k
_AA
HOAC + O'T HOAc.c

k
_B .\
BuOH + GTBUOH.U

The surface reactions:

k
f
HOAc.c +BuOH.c & —BuOAc.c +H,0.0

“

Desorptions:

BuOAc.c k(%) BuOAc + o
C

k
HZO.GFDHZO+O'

D

where o means the adsorption site. HOAc.c, BuOH.c,
BuOAc.c and H»0.c are the adsorption state of acetic
acid, n- butanol, n-butyl acetate and water, respectively.

It is supposed that
KsHoac=Ka/k’a,
Kssuor=ks/k’s,
Kssuoac=k’c/kc and
Kst20=K’p/Kp.

Furthermore, Kshoac, Kseuor, Kssuoac and Kswzo are
adsorption equilibrium constants of acetic acid, n-butanol,
n-butyl acetate and water, respectively. The total reaction

rate, r is written as follows:
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. _ "XBuoH _
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dt

where

r - the reaction rate, mol s

Mecat - the amount of catalyst, g

Kt - the positive reaction rate, mol g*-s
Ks - the negative reaction rate, mol g*-s?

2
@+ KyoacXHoAc + KsBuoH *BuoH + KsBuoacXBuoAc * KstoXHzo)

(7)

Xi - the molar fraction of substance

n — the amount of substance, mol.

When the reaction equilibrium constant Ks is equal to
KiKsHoacKssuon/KoKsuoacKsizo,  Eqn. (7)  can  be
simplified to Eqgn. (8)

K

X X
BuOAcsH,0"H,0

McatK ¢ KnoacKsBuoH | XHOACXBUOH ~ <

r =

®

The experimental data are calculated by using the
particle swarm optimization algorithm. The above model
parameters are shown in Table 4. The reaction
equilibrium constants (Ks) decrease with an increase in
the reaction temperature, however, the positive and

Table 4. parameters of kinetic model

= 2
A+ KspoacXHoAe + KsBuOH XBuoH * KsBuOACXBuOAcKsHZOXHZO)

negative reaction rate gradually increase with the increase
in the reaction temperature. This proves that this
particular reaction is an exothermic in nature. The higher
the reaction temperature shorter is the time to reach
reaction equilibrium.

T (°C) KsHac KsBuoH KsBuac KsHz0 Ksx104 Kp %108 Ks
(mol/(g-s)) (mol/(g-s))

75 4.2051 5.8754 14.9870 8.6886 1.2530 4.0149 5.9215

80 4.1115 4.3115 12.8400 7.8040 1.4862 4.8346 5.4383

85 4.0884 2.9421 11.0160 7.2986 1.9465 5.8273 4.9973

90 3.9753 1.8702 9.5009 6.4785 2.6502 7.0350 4.5502

Based on the above the experimental data, the regression Eqn.
(9), (10), (11) and (12) are written as follows:

KsHoac=1.188%exp(3.658%103/RT) (9)

Ksauor=5.80x10"2xexp(8.014x 104/RT) (10)

KsBuoac=2.40x10"4xexp(3.197x104/RT) (11)

Ks20=8.941x103xexp(1.991x104/RT) (12)
Conclusion

Using acetic acid and n-butanol as feed stocks and
(Ce(S20s)2/SBA-15,  FeNH4(SO4)2:12H20) and  oxide
(MoOs3/SiO2) as catalysts, effects of the reaction time, acetic
acid/ n-butanol ratio and the amount of catalyst have been
discussed. The experimental results obtained are as follows:

Eur. Chem. Bull. 2012, 1(10), 438-441

The maximum vyield of n-butyl acetate reached 96.58% in
three hours by the addition of Ce(S20s)2/SBA-15.

The maximum yield of n-butyl acetate arrived at 98.1% under
the condition of acetic acid/n-butanol ratio (1.0:1.2).

The maximum yield of n-butyl acetate was 95.6% when the
amount of catalyst was 1.0.

The reaction speed rate Eqn. was obtained and predicted the
distribution of product.
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Cobalt (Co) is an essential trace element and its accumulation affects the concentrations of other elements also. Co(ll) is shown to compete
with iron (Fe) for the transferrin receptor and to form a stable complex with haemoglobin thus affecting haematopoiesis. There are lack of
data regarding the effect of chronic exposure to Co compounds on Fe content in spleen and liver of mice. The study deals with the effect of
long-term treatment with cobalt-EDTA (Co-EDTA) on iron content in the spleen and liver of immature mice. Pregnant ICR mice were
subjected to chronic treatment with daily dose of 75 mg/kg Co-EDTA which continued until day 25pnd of the newborn pups. Results show
accumulation of Co(ll) and altered Fe content in the spleen and liver of treated mice compared to age-matched controls with significantly
increased Fe concentration in the livers of treated mice. The changes could explain impaired haematopoiesis and immune responses of
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Introduction

Cobalt (Co) is an essential trace element and its
accumulation in blood plasma and other organs affects the
concentrations of other elements®. The wide use of cobalt
alloys in medical devices requires full elucidation of its
biological role in cells, tissues and organs after long-term
exposure?3, Co(ll) is shown to compete with iron (Fe) for
the transferrin receptor and to form a stable complex with
haemoglobin* thus affecting haematopoiesis. Barany et al.
found higher concentrations of Co in blood at low body iron
storrages®.

Iron is another essential micronutrient required for
erythropoietic ~ function, DNA  synthesis, oxidative
metabolism and cellular immune response®’. Spleen and
liver are the main sites of iron storage in the body.

There are lack of data regarding the effect of chronic
exposure to Co compounds on Fe content in spleen and liver
of mice. Data show that cobalt is transferred from food into
human milk®. Added cobalt caused an increase in cobalt
concentration in the milk during late gestation and early
lactation in cows®. According to Shingfield et al. ruminal
infusion of Co-EDTA alters milk fatty acid composition in
lactating cows™.
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The aim of the present study is to investigate the effect of
long-term treatment with cobalt-EDTA (Co-EDTA) on iron
content in the spleen and liver of immature mice.

Methods
Synthesis of Co-EDTA complex

All chemicals and solvents used were of AR grade. Co-
EDTA was synthesized according to modified literature
procedures'**? as already described?®,

In vivo animal model

Pregnant ICR mice in late gestation were subjected to
cobalt EDTA (Co-EDTA) treatment at daily doses of 75
mg/kg that continued until day 25 of the newborn mice.
Cobalt compound was dissolved and obtained from drinking
tap water. Each pregnant mouse received 1.7 mg Co-EDTA
dissolved in 8 ml tap water. Our studies have shown that this
is the amount of water that an adult mouse drinks per day.
Pure tap water was used as control. Animals were fed a
standard diet and had access to food ad libitum. Mice were
maintained in the institute’s animal house at 23°C + 2°C and
12:12 h light-dark cycle in individual standard hard bottom
polypropylene cages to ensure that all experimental animals
obtained the required dose.

The newborn pups (n=3 per group) were sacrificed on
days 18 and 25. Mice were weighed weekly and the
experimental cobalt concentration was adjusted accordingly.
Spleen and liver were excised and used for measuring cobalt
bioaccumulation and Fe content.

The studies were approved by the Ethics Committee of the
Institute of Experimental Morphology, Pathology and
Anthropology with Museum — Bulgarian Academy of
Sciences.
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Analysis of cobalt content in spleen and liver

Cobalt and iron contents in the spleen and liver were
determined after nitric acid wet digestion by flame atomic
absorption spectrometry (FAAS) using Perkin Elmer
AAnalyst 400, flame: air — acetylene.

Statistical analysis

The obtained results are presented, as mean value = SD.
Statistical significance between the experimental groups was
determined using Student’s t-test. Difference was considered
significant at p<0.05.

Results

Since cobalt is transferred from food into the mother’s
milk the newborn pups were exposed to it as well. Co
concentration in the milk was not measured in this study.
The pups showed no differences regarding number and
viability when compared to control ones. Reduction in food
or water consumption was not observed and all animals
survived the experiment.

Preliminary results indicate that chronic exposure of
immature mice to Co-EDTA increased Co(ll) content in the
spleen and liver of treated animals (Figs. 1 and 2).
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Figure 1. Cobalt(Il) content in the spleen of experimental animals.
Each column represents mean+SD, n = 3. Asterisk (*) represents
statistical differences (p<0.05).
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Figure 2. Cobalt(ll) content in the liver of experimental animals.
Each column represents mean+SD, n = 3. Triple asterisk (***)
represents statistical differences (p<0.001).
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Livers of treated mice accumulated up to ~ 15-fold Co(ll)
compared to untreated controls. Spleens accumulated less
which indicates that liver is more sensitive to Co(ll)
exposure than spleen.

The Co(ll) measured in the organs of the control mice
could be due to cobalt containing supplements in the food
they obtained.

Exposure to Co-EDTA induced changes in the iron
content as well. Surprisingly, spleen of dayl8 Co-EDTA-
treated mice had less Fe compared to the controls (Fig.3).
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Figure 3. Iron content in the spleen of experimental animals. Each
column represents mean+SD, n = 3.

Iron was significantly increased in the liver of treated
mice compared to age-matched controls (Fig.4).
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Figure 4. Iron content in the liver of experimental animals. Each
column represents mean+SD, n = 3. Triple asterisk (***) represents
statistical differences (p<0.001).

Discussion

As inorganic and complex compounds (with organic
ligand) cobalt(ll) is used as nutritional supplement,
preservative, in drinks, as therapeutic agent for treating
different diseases, etc. Co(ll) compounds are shown to
induce DNA damage, gene mutations, sister chromatid
exchanges and aneuploidy in in vitro studies on animal and
human cells}*. On the other hand, treatment with EDTA
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alone has shown to induce severe biochemical and
histopathological changes in bone marrow, liver, kidneys
and testes of treated rats®®. The compound led to a higher
incidence of micronucleated polychromatic erythrocytes and
chromosome aberrations in bone marrow cells in mice and
Syruan hamster embryo cells®>!6, The lowest EDTA dose
reported to cause a toxic effect in animals was 750
mg/kg/day. The dose of Co-EDTA used in the present study
is 75 mg/kg/day or 10-fold less and toxic effects on the
experimental animals should not be expected.

In our studies chronic exposure to Co-EDTA resulted in
accumulation of Co(ll) ions in the spleen and liver of treated
mice which affected iron content as well. The results are in
good agreement with WHO report that spleen and liver are

sensitive to cobalt treatment and accumulate the metal ions'’.

Korf et al. also show significant uptake of radioactive cobalt
in rat spleen 24h after injection?®.

Under physiological conditions there is a balance between
iron absorption, transport and storage in the human body’.
TfR1 and TfR27 mediate the uptake of transferrin-bound Fe
by the liver from blood plasma.

Surprisingly, dayl8 mice had less Fe in their spleen
compared to the controls. This is possibly the reason for the
decreased haemoglobin content and other erythrocytic
indices of the treated mice (data not shown). Hypoxia
increases iron storage in the spleen®®. Day 25 mice show
increased Fe content in their spleen that may be due the
prolonged treatment and the effect of hypoxia induced by
Co-EDTA. The results could explain our previous
observation about disturbed extramedullar haematopoiesis in
the spleen (reduced number of megakaryocytes), after long-
term treatment of mice with low (75 mg/kg) or high (125
mg/kg) dose Co-EDTA?.

Liver plays a key role in body’s detoxification which
explains the high amount of Co(ll) accumulated. Hepcidin,
produced mainly by the haepatocytes is responsible to liver
iron levels, inflammation, hypoxia and anemia and is the
key Fe regulatory hormone for iron absorption and
recirculation’. Anemia and hypoxia trigger a decrease in
hepcidin levels?. Cobalt is a hypoxia inducing agent and
this could explain the increased Fe content in the liver due to
suppressed hepcidin levels. Garoui et al. find that exposure
of rats to cobalt chloride during pregnancy and early
postnatal periods affects antioxidant enzyme activities and
lipid peroxidation in the liver of treated mothers and their
offspring?. Possible effects may be suggested for Co-EDTA
as well.

Co-EDTA treatment affects early postnatal mouse
development altering Fe homeostasis. Administration of the

complex in the animal feed requires full elucidation of its
effects on key physiological processes.
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