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Editorial

Achieving the objective of climate neutrality in EU by 2050. will not be possible without deep
decarbonization of industry, transport and energy sectors. Decarbonization of hydrogen
production holds the central place in these efforts as it can be used as high energy value fuel (in
combustion engines or fuel cells) for transport and domestic use, but also for electrical grid
stabilization and full utilization of solar and wind power. Furthermore, production of hydrogen
solely for Haber-Bosch process uses 1 % of the world's energy production, with the 1.4 % share

of total CO2 emissions.

Hydrogen produced by electrochemical water splitting using solar, wind or nuclear energy has
zero carbon footprint. However, efficiency of this process, as well as the overall efficiency of
electrochemical hydrogen cycle (electrochemical production, electrochemical compression,
electrochemical utilization) significantly depends on the thermodynamics and kinetics of
fundamental electrochemical processes at the electrode/electrolyte interface. Consequently,
rational design of affordable and scalable materials with excellent electrocatalytic performance
(activity, stability and selectivity) towards the hydrogen evolution, hydrogen oxidation, oxygen
evolution and oxygen reduction reactions has never been more important and appreciated.
Current research approaches absoultely rely on the knowledge of fundamental catalytic and
electrochemical processes combined with quantum mechanics and computational methods,

which enables rational planing of experimental work.

Although Bosnia and Herzegovina is not yet part of the European Union, its geographic position
and existing industry dictates the need for prompt investments in research and development for
transition to hydrogen-based green technologies. University of Sarajevo — Faculty of Science is
currently the only academic/research institution in Bosnia and Herzegovina with active
research projects dealing with (electro)catalysts for hydrogen economy.

Project Optimizing Fuel Cell Catalyst Stability upon Integration with Reforming, funded by NATO
Science for Peace programme and realized in colaboration with National Institute of Chemistry
from Ljubljana and University of Belgrade - Faculty of Physical Chemistry, addresses stability of
new Pt/modified graphene and nonPt/modified graphene composites for PEM-FC. Beside
scientific outputs of the project, development of the real system (PEM fuel cell) has been done in

colaboration with the project end user Center for Advanced Technologies Sarajevo.




Also, first investments in green hydrogen production are starting to formalize, as private
company HEET d.o.o. from Rama-Prozor is setting up the first green hydrogen production plant

in Bosnia and Herzegovina, based on PEM electrolyzer supplied by solar energy.

These first steps are important because Bosnia and Herzegovina will soon be at the
decarbonization or isolation crossroad, as there is still no strategy necessary for smooth

connection to already well established European activities.

Editors
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Abstract: Bioactive compounds are produced as secondary metabolites in plants. Positive
correlation between presence of bioactive compounds and health benefits of plants have been
reported in many studies. Sour cherry contains high content of bioactive compounds, mostly
polyphenols and anthocyanins. They are mostly consumed in fresh state, but are also used to
produce jam, jelly, marmalade, juice, and syrup. Aim of this study was to evaluate total phenolic
content, anthocyanins, as well as the antioxidant activity in two sour cherry cultivars and their
products, jams and juice, prepared using traditional recipes. Total phenolic content was
determined using Folin-Ciocalteu method and antioxidant activity was assessed using ABTS
radical cation decolorization assay. pH-Differential method was used to determine anthocyanin
content. Marasca cultivar had higher content of phenols, anthocyanins and antioxidant activity

than Oblacinska cultivar. Processing of sour cherries had a greater impact on the reduction of

Phone: 00-387-36-514-207

anthocyanin content but did not have significant effect on antioxidant activity.

INTRODUCTION

Fruits are natural sources of bioactive phytochemicals
that are produced in plants as secondary metabolites.
Numerous studies have shown the protective effect and
positive influence of fruit consumption on human health
(Jakobek Seruga, Medvidovié-Kosanovi¢, et al., 2007;
Shashirekha, Mallikarjuna, and Rajarathnam 2015).
Beneficial effects of fruit have been attributed to the
presence of the bioactive compounds. Sour cherries
(Prunus cerasus L.) are rich in bioactive compounds, and
they contain high levels of phenolic compounds and
anthocyanins (Khoo, Clausen, Pedersen et al., 2011;
Serradilla, Fotiri¢ AkSi¢, Manganaris et al., 2017).
Several studies have demonstrated that sour cherries
contain significant levels of anthocyanins that have
strong antioxidant and anti-inflammatory activity with a
real impact on human health (Khoo et al., 2011; Blando,
Gerardi and Nicoletti 2004; He and Giusti 2009; Levaj,
Dragovi¢-Uzelac, Delonga et al., 2010). It has been
shown that consumption of sweet or sour cherries may
reduce the risk of cancer, inflammatory diseases
including arthritis, and muscle soreness, (Prvulovi¢,
Popovi¢, Malenci¢ et al., 2012) cardiovascular diseases,
osteoporosis as well neurodegenerative diseases and

diabetes mellitus (Kim and Padilla-Zakour, 2004;
Viljevac Vuleti¢, Dugali¢, Mihaljevi¢ et al., 2017).

Sour cherry is mostly used to produce jam, jelly, stewed
fruit, marmalade, and syrup in the food industry (Corts,
Rodrigues, Ortiz Marcide et al., 2008). The production
of cherries in the continental part of Bosnia and
Herzegovina is mainly related to the cultivation of the
Oblacinska cultivar, which is the most demanded variety
because of its high quality (Miti¢, Obradovi¢, Kosti¢ et
al., 2012) and high anthocyanin content. In Herzegovina,
due to different climates, Maraska is the most grown
sour cherry cultivar. The sour cherry Marasca is a rich
source of organic and inorganic bioactive compounds
(Pedisi¢, Levaj, Dragovi¢-Uzelac et al., 2007). Marasca
had higher polyphenolic content and higher antioxidant
activity compared to other sour cherry cultivars. Both
cultivars showed industrial potential for processing that
can be used in the production of various functional
beverages (Repaji¢, Bursa¢é Kovacevi¢, Putnik. et al.,
2015).

The aim of this study was to evaluate fresh samples,
jams and juices of two different sour cherry cultivars,
Oblacdinska and Marasca regarding the amount of total
phenolic content, anthocyanins and antioxidant activity.


https://doi.org/10.35666/2232-7266.2021.58.01

MATERIALS AND METHODS

Chemicals

Compound 2,2° - azino-bis (3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) was purchased from Sigma-
Aldrich (Germany) and 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) from
Across organics (USA). Potassium chloride was
purchased from Lach:ner (Czech Republic). All other
chemicals were purchased from Semikem (BiH).

Cherry samples

Fruits of two sour cherry (Prunus cerasus L.) cultivars
Oblacinska and Marasca were collected in May 2019, in
the area of Mostar, Bosnia and Herzegovina.
Immediately after harvesting, samples were frozen at -
200C until analysis. All fruits were harvested at the
optimum maturity stage for the technology of jam and
juice production.

Jam preparation

To prepare jams 350 g of fruits and 120 g of sugar were
mixed and stirred until boiling. Fruits were cooked under
atmospheric pressure for 20 minutes. Jams were
prepared in three series and filled into hot glass jars.
They were allowed to cool at room temperature and
stored in dark until analysis. Jams were analyzed within
one week.

Juice preparation

Juices were prepared in three series by mixing 300 g of
fruits, 100 g of sugar and 200 mL of water and cooked
for 15 minutes. Juices were filtrated after they were
cooked and filled into hot glass bottles. Samples were
stored in dark at room temperature and analyzed within
one week.

Extraction procedure

The amount of 200 g of frozen sour cherries from each
cultivar was homogenized using a food blender. 1 g of
homogenized sample was extracted with 10 mL of
acidified methanol (1% HCI) for 60 min at 200 rpm at
room temperature using an orbital shaker (Agitador
orbital, Optic lvymen System). All samples were
analyzed the same day when they were prepared. Jams
were extracted using the same procedure.

Determination of total phenolic (TF) content

Total phenolic content was determined with the Folin-
Ciocalteu colorimetric method described by Singleton,
Orthofer, and Lamuela-Raventos (1999) and as
previously described by Kazazic, Djapo and Ademovic
(2016). Standard curve of gallic acid was used for the
evaluation of results. For sample measurement, 100 pL
of the extract was added to 5 mL (1/10 dilution) of Folin
Ciocalteu phenol reagent and 900 pL of distilled water.
After 5 min, 4 mL of 15% sodium carbonate (Na2CO3)
was added. Following the incubation at room
temperature for 120 minutes the absorbance at 765 nm
was measured.

Kazazi¢ et. al

Data are presented as average values of three
measurements for each sample (R2=0.998 for fresh
samples, R2=0.999 for juices and R2=0.999 for jams).
The content of TF was expressed as mg of gallic
equivalent (GAE) per 100 g of fruits fresh weight (FW)
for fresh samples and jams. For juices the content of TF
was expressed as mg of gallic equivalent (GAE) per L of
juice.

Determination of total anthocyanin (TA) content

Total anthocyanin content was determined using the pH-
differential method (Zhishen, Mengcheng and Jianming
1999). Two solutions of fruit samples were prepared,
one with 0.5 mL of extracts in 2 mL of potassium
chloride buffer (0.025 M, pH 1.0) and other with 0.5 mL
of extracts in 2 mL of sodium acetate buffer (0.4 M, pH
4.5). The absorbance was measured at both 510 nm and
700 nm with a spectrophotometer (Genesys 20 thermo
spectronic) after 20 min. The total anthocyanin content is
expressed as mg of cyanidin-3-glucoside equivalent
(CGE) per 100 g of fruits fresh weight (FW) for fresh
samples and jams. For juices the content of anthocyanin
was expressed as mg of cyanidin-3-glucoside equivalent
(CGE) per L of juice.

Determination of antioxidant activity (AA) using the
ABTS method

Determination of the antioxidant activity with ABTSe
(Re, Pellegrini, Proteggente et al., 1999) was done as
described in work by Kazazic et al. (2016). ABTS cation
radical (ABTSe) was made by dissolving 19.5 mg of
ABTS and 3.3 mg of potassium persulfate in 7 mL of
distilled water and allowing free radical generationin the
dark at room temperature for 12-16h. Then ABTS
radical solution was diluted in ethanol to an absorbance
of 0.70 + 0.02 at 734 nm. Then 40 uL of the sample was
mixed with 4 mL of diluted ABTS radical solution in the
cuvette and absorbance was measured at 734 nm after 6
minutes. All the solutions were prepared on the same
day of the experiment. The results were expressed as
mmol of Trolox (TE) equivalent per kilogram for fresh
samples and jams, and as mmol of Trolox (TE)
equivalent per L in juices (R2=0.9942 for fresh samples,
R2=0.9939 for juices and R2=0.9947 for jams).

Statistical analysis

All measurements are expressed as mean * standard
deviations. The statistical differences are considered
significant at p < 0.05. All the analyses were done in
triplicates.

RESULTS AND DISCUSSION

Quantitative  content of investigated bioactive
compounds (total phenols and total anthocyanins) and
antioxidant activity in fresh sour cherries, jams and
juices are presented in Tables 1, 2 and 3.
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Table 1: The content of total phenols (TF), total anthocyanins
(TA) and antioxidant activity (AA) by ABTS method in sour
cherries

Cultivar  TF,mg GA/100 TA, mg

FW

AA, mmol
g FwW CGE/100g TE/kg FW

Marasca

340.80+23.23"  79.740.35° 29.03+1.49°
Obladinska  235.81+68.10*° 65.3+0.76* 23.66+0.96°

*Values with different letters in the same column are significantly
different at p<0.05

Table 2: The content of total phenols (TF), total anthocyanins
(TA) and antioxidant activity (AA) using ABTS method in sour
cherries jams

Cultivar  TF, mg GA/100 TA, mg AA, mmol
g Fw CGE/100g  TE/kg FW
FW

Marasca

366.34+29.78"  32.26+2.52" 28.90+1.80°
Obladinska  306.67+12.57% 21.10+1.85% 23.71+2.20°

*Values with different letters in the same column are significantly
different at p<0.05

Table 3: The content of total phenols (TF), total anthocyanins
(TA) and antioxidant activity (AA) determined by ABTS method
in sour cherries juice

Cultivar TF, mg GA/L TA, mg
FW CGE/L FW

AA, mmol
TE/L FW

Marasca

514.48+83.70° 48.78+3.28" 42.03+0.25°
Obladinska 365.59+15.17%  34.77+0.95* 30.55+0.072

*Values with different letters in the same column are significantly
different at p<0.05

The total phenolic content in the sour cherries was
235.81 mg (GA)/100 g FW in the Oblacinska cultivar
and lower than reported by Khoo et al. (2011), and Miti¢
et al. (2012). Sour cherry Marasca fruit had higher total
phenolic content (340.80 mg (GA)/100 g FW) than
Oblacinska which is in accordance with Viljevac Vuleti¢
et.al. (2017). Coga, Jurki¢, Zeman et al. (2017) reported
values for total phenolic content in Marasca fresh fruits
from 391.4 mg (GA)/100 g to 691.7 mg (GA)/100 g.
Variation of total phenolic content in Marasca cultivar
was due to significant difference in chemical
composition for fruits of Marasca cultivar depending on
climatic conditions (Coga et al., 2017).

For jam samples total phenolic content was 306.67 mg
(GA)/100 g FW for the Oblacinska cultivar and 366.34
mg (GA)/100 g FW for the Marasca cultivar which is in
accordance with values reported by Kim and Padilla-
Zakour (2004). Levaj et al. (2010) pointed that sour
cherry Marasca fruits and jams contained the higher
level of phenolic compounds than sour cherry
Oblacinska which is similar to our results. The study by
Poiana, Moigradean, Dogaru et al. (2011) showed that
changes in total phenolic compounds in sour cherries
were less pronounced compared to strawberry and

cherries during thermal processing and storage. Vukoja,
Pichler and Kopjar (2019) pointed that jams with a
higher concentration of added sugar have a higher
concentration of total phenols, comparable to the results
of our study.

The total phenolic content in juices ranged from 365.59
mg (GA)/L FW for the Oblacdinska cultivar and 514.48
mg (GA)/L FW for the Marasca cultivar.

The concentration of total anthocyanins in sour cherries
was 65.3£0.76 mg CGE/100 g FW for the Obladinska
cultivar and 79.7£0.35 mg CGE/100 g FW for the
Marasca cultivar. These results are in accordance with
the anthocyanin content determined by Blando et al.
(2004) (27.8 - 80.4 mg (CGE)/100 g FW). Viljevac
Vuleti¢ et al. (2017) investigated the impact of season,
location, and cultivar influence on bioactive compounds
of sour cherries and reported that total anthocyanin
content was higher in Marasca cultivar compared to
Oblacdinska. Anthocyanin concentrations reported by
Vijevac Vuletic et al. (2017) were higher than
anthocyanin concentrations in this study due to the
difference in extraction method used. Anthocyanins are
vacuola pigments and ultrasound extraction which was
used by Viljevac Vuleti¢ et al. (2017) enhances transfer
from the sample to the solvent improving the extraction
of anthocyanins (Rodrigues, Fernandes, Sosua de Brito
etal., 2015).

Total anthocyanin content in jam samples ranged from
21.10+1.85 mg (CGE)/100 g FW for Oblacinska cultivar
and 32.26+2.52 mg (CGE)/100 g FW for Marasca
cultivar. Anthocyanin losses are probably due to
complex formation with other compounds during jam
processing, namely sugars and degradation products of
ascorbic acid (Bursa¢ Kovacevi¢, Levaj and Dragovié-
Uzelac 2009).

Antioxidant activity depends on the method of extraction
and method used for their determination. The ABTS
assay was performed to assess the antioxidant activity of
sour cherries and their products jams and juices. ABTS
is not found naturally, so there is possible criticism that
the assay is not directly relevant to any biological
function. Model of synthetic radicals has been used
frequently in many laboratories around the world for
screening and routine determination even though they
are not directly related to food. Yet these methods are
used to determine the antioxidant activity in most studies
due to their simplicity, low cost and repeatability (Mili¢
et al., 2021; Sokol-Letowska et al., 2020; Miguel-
Chévez, 2017). ABTS assay can be used to determine
the antioxidant capacity of numerous compounds,
namely carotenoids, phenolic, and plasma (Re et al.,
1999). Antioxidant activity of compounds with redox
potential that is lower than that of ABTS can be
determined using this assay. Since phenols have redox
potential lower than ABTS, this radical is used to
determine the antioxidant activity of these molecules
(Miguel-Chéavez, 2017). The antioxidant activity in the



Marasca cultivar was 29.03+1.49 mmol (TE)/kg which is
lower than reported by Dragovic-Uzelac, Levaj, Bursa¢
et al. (2007) (45.36+3.05 mmol TE/kg FW). In
Oblacinska cultivar antioxidant activity was found to be
23.66+0.96 mmol (TE)/Kkg.

Juices and jams represent a noticeable source of
antioxidants despite processing. It has been previously
reported that the inclusion of sugar and industrial
processing of sour cherry does not significantly impact
their antioxidant capacity (Kirakosyan, Seymour,
Urcuyo Llanes et al., 2009). Anthocyanin losses are
compensated by the formation of Maillard products that
can contribute to the antioxidant properties (Vukoja et
al., 2019).

The correlation between antioxidant activity and total
polyphenol content was statistically significant (r =
0.906, p < 0.01), whereas the correlation between
antioxidant activity and total anthocyanin content was
non-significant (r = 0.212, p > 0.05). This can be
explained by the high content of melatonin (a phenolic
substance), which is a strong antioxidant, in the sour
cherry juice (Burkhardt, Tan, Manchester et al., 2001;
Reiter, Tan, Leon et al., 2005).

CONCLUSIONS

In conclusion, the content of total phenols and
antioxidant activity were well preserved after processing
in the final products of sour cherry. The treatment
process had a greater impact on the reduction of the
anthocyanin content but did not have a significant effect
on the reduction of the content of total phenols and
antioxidant activity. Results showed that juices and jams
possess noticeable content of bioactive compounds with
antioxidant activity in the diet.

The obtained results also showed that there are
significant differences in the content of investigated
bioactive compounds among selected sour cherry
varieties in the Herzegovina region. Further
investigations are needed to investigate polyphenolic
compounds profile and effects of processing of Marasca
and Oblacinska sour cherries.
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Summary/SazZetak

Bioaktivne supstance su sekundarni metaboliti proizvedeni u biljkama. Mnoge studije zabiljeZile su direktnu povezanost
izmedu prisustva bioaktivnih supstanci i pozitivnih efekata biljaka na zdravlje. Visnje imaju visok sadrzaj bioaktivnih
supstanci, uglavnom polifenola i antocijanina. Najc¢e$¢e se konzumiraju u svjezem stanju, ali se koriste za proizvodnju
dZzema, Zelea, marmalade, sokova i sirupa. Cilj ovog istazivanja bio je utvrditi ukupni sadrzaj fenola, antocijanina i
antioksidativne aktivnosti dvije sorte viSanja, te njihovih proizvoda, dZzemova i sokova, pripremljenih po tradicionalnoj
recepturi. Ukupni sadrzaj fenola odreden je metodom Folin-Ciocalteu. Za odredivanje antioksidativne aktivnosti koristen je
ABTS test obezbojenja radikalnih spojeva. Sadrzaj antocijanina odreden je primjenom pH diferencijalne metode. Sorta
Marasca imala je ve¢i sadrzaj fenola, antocijanina i antioksidativnu aktivnost u poredenju sa sortom Oblacinska.
Procesiranje viSanja imalo je veéi utjecaj na smanjenje sadrzaja antocijana, ali nije imala znaCajan utjecaj na

antioksidativnu aktivnost.
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Abstract: In this study, soil samples from two selected locations: “A” (alluvial soil) and “B”
(clay loam) were analyzed. Chemical analysis of soil samples included determination of soil
pH and soil suspension conductivity. Two different extraction methods were applied: shaking

and ultrasound method for extraction of sodium ions from soil with three solvents (aqua

SK;¥W°rdS: regia, 5% CH3COOH and distilled water). The values of pseudo-total (extracted with aqua
Sodium regia) and bioavailable Na content (extracted with 5% CHsCOOH and distilled water) in the
Ultrasound

Green Solvents soil sample “A” were in the range of 46.35-66.55 mg Na/kg; 14.77-18.59 mg Na/kg and

12.58-15.20 mg Na/kg of soil, respectively, by applying shaking method. By the same
method, in the case of soil sample “B” the ranges were 17.15-75.66 mg Na/kg; 20.87-32.80
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and distilled water, respectively. Ultrasonic extraction in all cases gained higher results

compared to the shaking method. In general, the application of ultrasound shows a positive
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effect on the extractability of Na* ions from soil samples.

INTRODUCTION

Sodium is found in the soil and plants as monovalent and
belongs to the group of nutrients (Lutgens and Tarbuck,
2003). It has the role of electrolyte, due to its high
content in the protoplasm, it affects its hydration - it is
important in the regulation of water content. The
availability of metals to plants, as well as the migration
of metals to deeper soil layers, largely depends on the
fractions in which the metals are found in the soil. The
metal fractions in the soil are exchangeable ions,
carbonates, Fe and Mn oxides, organic and residual
fractions (Liang, Wang, Gao et al., 2014, Slukovskaya,
Kremenetskaya, Drogobuzhskaya et al., 2020). The
distribution of metals between different forms in which
they can be found in the soil is controlled by both physic
and chemical processes and time intervals (Acosta,
Jansen, Kalbitz et al., 2011). Therefore, it is possible that
individual metals in the soil occur in several different

chemical forms depending on the type of metal and
physicochemical properties of soil (Tessier, Campbell,
Bisson et al., 1979; Kotoky, Bora, Baruah et al., 2003;
Du, Xue, Liu et al., 2008; Cui and Du, 2011). The
decomposition of the soil primary minerals of Feldspar
releases sodium, which for the most part immediately
binds to the adsorption complex of the soil. This reduces
the mobility and risk of leaching from the soil, except in
sandy soils. If the adsorption complex contains more
than 15% Na™* ions, the soil is classified as alkaline soils
(multivalent cations are most strongly bound to the
adsorption complex, with the exception of H* ion, due to
its smaller diameter it has a higher binding strength).
Cations of lower retention (retention power on the
adsorption complex) are the easiest to desorb, and Na+
ion has the weakest retention, primarily due to the large
hydration membrane. When NaCl content in the soil
exceeds 0.5%, the problem of salinity occurs (Kanber
and Unlu, 2010). Salinity, in the form of NaCl, is one of
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the main abiotic stresses that reduces plant growth and
development (Maathuis, Ahmad and Patishtan et al.,
2014). Some metals can bind more strongly to the solid
phases of the soil, resulting in poorer desorption.
Therefore, in metals that have a high affinity for binding
to the solid phase, the efficiency of its removal is lower
than in other metals. Today, salinity is one of the most
important factors threatening the sustainability of
irrigated agriculture. Salinity reduces the productivity if
not brought under control (Kanber and Unlu 2010).
Furthermore, excessive amounts of sodium ruin the
physical structure of the soil. The root development is
also affected due to the aggregate’s fragmentation
causing a decline in water and air permeability (Karadag,
Eren, Cetinkaya et al., 2015). For the experimental part
of this work, two different soil samples were taken from
the surface layer (up to 20 cm depth) marked as: soil “A”
(alluvial soil) and soil “B” (clay loam). The bioavailable
sodium content of the soil was determined by extraction
with selected green solvents (H-O and 5% CH3;COOQOH)
using two methods of extraction: ultrasound and
shaking. The obtained results were compared with the
pseudo-total content of sodium in each soil, which was
determined according to BAS ISO 11466: 1995 (E).
Sodium content was determined by atomic emission
spectrometry. The obtained results enabled the
evaluation of the efficiency of the applied extraction
methods.

EXPERIMENTAL

Reagents and solutions

All used reagents were of analytical grade. CaCl,x2H.0,
p.a., HCI, 36% p.a., HNO3, 65% p.a., and CH3;COOH,
96% p.a. were obtained by Semikem, Sarajevo. Standard
Na solution (Certi PUR 1000 mg/ L), and KNO3, 2000
mg/L were obtained by Merck, Darmstadt. Working
solutions were prepared by diluting Na standard
solution.

Analysis

The analysis included the following experimental steps:
sampling of two different soil samples (marked as soil
“A” and soil “B”) and dividing them into 10 subsamples
with two parallels (A1-A10 and B1-B10); determination
of the moisture content (%) in soil samples; preparation
of soil suspension in water and in CaClx2H,0 to
determine pH and conductivity. Sodium extraction from
the soil samples referred as pseudo-total sodium content
was performed by the method BAS ISO 11466:1995 (E).
Furthermore, sodium extraction from the soil samples
was tested by the extraction of soils in distilled water
and 5% acetic acid by ultrasound and shaking to
determine the effectiveness of the tested methods and
solvents.

Soil type, sampling and preparation of soil samples

Soil samples analyzed for sodium content were sampled
from two locations in Bosnia and Herzegovina and
marked as: soil sample A and soil sample B. The soil
sample A belongs to the type of alluvial soil, due to the
river nearby, while soil itself belongs to the category of
clayey sand. The soil was fertilized with burnt manure,
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while the crops in the previous vegetation were: real
grains (barley, wheat, oats and spelled), and vegetables
(tomato, watermelon, parsnips and peas). The soail
sample B belongs to the type of clay loam. The
classification of analyzed soils was performed by the
Institute for pedology, agrochemistry and melioration,
Sarajevo, Bosnia and Herzegovina. For fertilization of
this type of soil in the previous vegetation, beef manure
was used, while the crops in the previous vegetation
were: potatoes (which were additionally fertilized with
artificial fertilizer NPK formulation 15:15:15) and
tomatoes (which are additionally fertilized with sheep
manure and artificial fertilizer NPK with a formulation
of 7:20:30).

From both locations, 10 kg of each soil samples were
taken from the surface layer of the soil (depth up to 20
cm), with a plastic spatula from the arable layer. The
samples were cleaned of pieces of organic origin and
stones, air-dried and stored in 2 L polyethylene bags.
Afterwards, air-dry soil samples were ground in a
porcelain mortar and sieved through a 2 mm sieve to
eliminate all impurities. To minimize the humidity
impact on the method, precision samples were dried at
105°C to the constant weight.

Determination of active soil reaction, substitution acidity
and electrical conductivity

Determination of active (pH in water) and substitution
acidity (pH in calcium chloride dihydrate solution) in
soil samples (A and B) was performed according to the
method of BAS I1SO 10390:2006. The pH of the soil is
potentiometrically determined from the soil-water
suspension in a ratio of 1:5, giving information on the
active acidity of the soil, while measuring the pH of the
soil suspension in 0.01 mol/L CaCl:x2H,0 solution
indicates the value of the soil substitution acidity. For
determining the specific conductivity of the soil which is
a consequence of the presence of free ions, i.e. soluble
salts in the soil, the same aqueous suspension of soil is
taken as for determining the pH.

Determination of the pseudo-total amount of sodium in
soil samples

From the prepared soil samples, 20 parallels weighing 3
g (£0.1 mg) were transferred to balloons with a ground
neck and a flat bottom of 250 mL. 21 mL of HCIl and 7
mL of HNOs; were added to the samples. Solvent soil
samples were placed in a digester and digestion was
performed for 16 hours at room temperature and then
continued at 108°C for 2 hours. The samples were then
cooled and filtered into a 100 mL volumetric flask over
quantitative filter paper, marked with corresponding
labels and filled to the mark with 0.5% HNOs;. The
resulting solutions were used to determine the pseudo-
total Na content by atomic spectrometer Varian
AA240FS in emission mode.

Determination of water-soluble and exchangeable soil
fraction

From the prepared soil samples, 20 parallels weighing 10
g (0.1 mg) were transferred to polyethylene bottles with
the corresponding label. 50 mL of distilled water was
added to the samples to determine the water-soluble
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forms of Na from the soil. Sample vials were placed in a
shaker by shaking the samples at room temperature for 2
hours at 180 rpm. The samples were then filtered into a
100 mL volumetric flask over quantitative filter paper
and diluted to the mark with distilled water. The
obtained filtrates were immediately tested for Na content
by the AES method. At the same time, 20 more parallels
were prepared in the same manner, only by replacing
distilled water with 5% CH3COOH acid in order to
determine the exchangeable soil fraction. To suppress
ionization, potassium nitrate solution with a potassium
concentration of 2000 pg/mL was added to each sample
as well as to each blank probe.

Ultrasonic extraction of sodium from a soil sample

From the prepared soil samples, 20 parallels weighing 3
g (0.1 mg) were weighed. 21 mL of HCI and 7 mL of
HNO3z were then added to the weighed samples,
according to the BAS 1SO 11466:1995 (E). The samples
were then placed in an ultrasonic bath with a frequency
of 37 kHz, for 2 hours. The contents of the vessels were
then filtered through filter paper (blue tape) into 100 mL
volumetric vessels and filled up with distilled water. The
obtained filtrates were used to determine Na content by
AES-flame technique. Furthermore, 20 parallels
weighing 10 g (¥0.1 mg) and 3 g (0.1 mg) were
weighed in the same way to determine the effect of
ultrasound on the efficiency of Na* ion extractability in
the case when distilled water and 5% acetic acid were
used as solvent, respectively. The samples were
therefore poured with 50 mL of distilled water and 50
mL of 5% CH3;COOH, respectively, and placed in an
ultrasonic bath for 2 hours at 37 kHz. The contents of the
vials were filtered through quantitative filter paper into
100 mL volumetric vessels and made up to the defined
volume with distilled water. The obtained filtrates were
used to determine the Na content by the AES method.

The calculation of the metal content in the soil was done
according to the formula (Eq.1):
(mg Na) /(kg soil)=(c-V-f)/m-100 Eg. 1
where:

¢ (mg/L) - metal concentration,

V (L) - solution volume;

m (g) - mass of air-dry soil sample;
f- dilution factor.

RESULTS AND DISCCUSSION

Moisture content of soil samples

The moisture content in a total of 20 analyzed samples
was determined gravimetrically based on weight loss by
drying the samples at a temperature of 105°C to constant
weight. The obtained results are given in Table 1. The
mean value of moisture content in the soil samples “A”
is 15.34% and 12.41% for soil samples “B”.

Table 1: Moisture content in soil samples (%)

Sample A Sample B
Al=11.34 % B1=11.95 %
A2=16.28 % B2=12.67 %
A3=17.47 % B3=12.98 %
A4=15.03 % B4=10.17 %
A5=17.22 % B5=10.24 %
A6=14.24 % B6=14.17 %
A7=15.83 % B7=11.65 %
A8=17.91 % B8=12.98 %
A9=17.63 % B9=13.11 %

A10=10.40 % B10=14.13 %

Active and substitutional soil acidity and electrical
conductivity of soil samples

pH is an important indicator of soil quality, plays a
significant role in many soil processes such as solubility
and availability of plant nutrients, microbial activity and
degradation of organic matter in the soil, sorption of
contaminants and various physicochemical processes
involved in the biogeochemical cycle (Sintorini,
Widyatmoko, Sinaga et al., 2021). The results of pH
values determined in the suspensions of soil with water
(active acidity) and with 0.01 mol/L CaClx2H,0
(substitution acidity) for soil samples “A” and “B” were
presented in Table 2, as well as the values of electrical
conductivity in suspension with distilled water.

Table 2: The result of pH value and electrical conductivity of soil
samples.

“A” B
2 2
5 = 5 =
%) 5= %) B8
= T A o B 5 = T 3 o 3 §
g OX <c©x S OX <€z
§ & 318&% 3=z & L $3& 832
Al 6.02 5.08 231 B1 6.71 6.10 1068
A2 6.11 5.11 263 B2 7.46  6.60 626
A3 6.13 5.34 270 B3 6.74 6.09 598
A4 761 6.86 492 B4 5.89 4.90 187
A5 6.29 5.33 300 B5 5.85 4.96 289
Ab 6.85 6.14 617 B6 6.99 6.25 600
A7 6.06 6.03 452 B7 6.95 6.21 466
A8 6.76 6.02 362 B8 6.56 5.94 501
A9 7.00 6.25 333 B9 6.96 6.23 658
Al0 6.15 5.63 323 B10 6.97 6.11 685
Min  6.02 5.08 231 Min 5.85 4.90 187
Max 761 6.86 617 Max 7.46 6.60 1068
*Avg. 6.50 5.78 364 *Avg. 6.71 5.94 568
**SD 058 0.62 133 **SD 055 0.60 275
value value

*Avg= Average value; **SD value- standard deviation
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The obtained average pH value (6.50; 6.71) of the
analyzed soil samples determined in water from the soil
samples “A” and “B”, respectively, shows that analyzed
soils belong to the class of neutral and slightly acidic
soils (Sirsat, Cernadas, Fernandez-Delgado et al., 2017).
Nevertheless, the difference in the pH value of different
soil samples from the same plot is also due to the
inhomogeneous distribution of the fertilizer used to
fertilize the investigated plot.

Regarding the value of the substitution acidity (5.78),
which represents the exchange of ions from the
adsorption complex of the soil (Minasny, McBratney,
Brough et al., 2011), with cations from the neutral salt
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The determination of such soil properties, can refer to
the influence of metal mobility (Saplanin, Cakal,
Jac¢imovic¢ et al., 2017).

Sodium concentrations extracted by various extraction
agents - method of shaking

Sodium concentrations measured after soil extraction
from “A” by various extraction agents ranged from
12.29-66.55 mg Na/kg of soil (Figure 1(a) and Table 3).
As can be seen, the highest results were obtained using
aqua regia as an extraction agent. Aqua regia dissolves
most metals, except those that are tightly bound in
silicate soil minerals. Therefore, the content of Na
extraction agent is referred to as pseudo-total content

(K 3Q)rdhd’phi the d iffef@onglreBmdalpndiOzcan, 2014).

(CaClxx2H,0) with a value of 0.72 indicates moderate
soil fertility. The same could be concluded with regard
to the average value of the conductivity of soil samples
“A”, which is 364 uS/cm. It can be related to soil
depletion because a large number of crops have been
sown in previous vegetation. The average substitution
acidity for soil samples “B” is 5.94. According to the
value of ApH for pH (H20) and pH (CaCl,x2H,0) which
is 0.77, the given soil is richer in exchangeable ions than
the soil from the “A” location, which is additionally
confirmed by the higher average conductivity value
(Chen and Ma, 2016) in the given samples (568 puS/cm).

The values of the pseudo-total Na content in the
specified soil sample “A” are in the range from 46.35-
66.55 mg Na/kg of soil, where the values of standard
deviations are <3.88 mg Na/kg soil. In the case of soil
samples “B”, the values of Na content are in the range
17.15-75.66 mg Na/kg soil with standard deviations
<3.81 mg Na/kg of soil. It is necessary to know the
concentration of sodium in the soil because Na
participates in the total ion exchange and is a useful
indicator of soil fertility.
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Figure 1: Comparative results of Na concentration (mg Na/kg of soil) in soil samples obtained using three different extraction agents assisted by
the method of shaking for samples “A” (a) and “B” (b).

In contrast to the pseudo-total Na content, the
bioavailable forms of sodium are determined using green
solvents (5% CH3;COOH acid and distilled H>O) and
represent the values of Na that will be potentially
available in the real conditions (Docekalova,
Kovatikova, Docekal et al., 2012). With 5% CH3;COOH,
the content of Na in the soil were in the range of 14.77-
18.59 mg Na/kg of soil (=<2.95 mg Na/kg of soil) and
20.87-32.80 mg Na/kg of sail, if samples B8.1 and B8.2
are excluded (£<6.01 mg Na/kg of soil) for the samples
of “A” and “B” location, respectively (Figure 1(b) and
Table 4). Slightly higher results were obtained with 5%

CH3COOH, approximately by 15-22% and 46% higher
results for samples “A” and “B”, respectively, compared
to the results obtained by extraction with distilled water.
In comparison to the values of the pseudo-total Na
content in the soil samples, 5% CH3;COOH could extract
on average about 34% and 49% Na* ions in relation to
its pseudo-total value from samples “A” and “B”,
respectively. These results showed that the analyzed
soils by chemical structure consists of easily available
organic and inorganic forms in which the Na* ion is
present.
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In the case of distilled water as an extraction agent, the
obtained Na values referred to the mobile fraction of
sodium (Minkina, Motuzova, Mandzhieva et al., 2013;
Slukovskaya, Kremenetskaya, Drogobuzhskaya et al.,
2020) were in the range of 12.58-15.20 mg Na/kg of soil
(£3.29 mg Na/kg of soil) and 4.62-20.33 mg Na/kg of
soil (£3.86 mg Na/kg of soil) for soil samples “A” and
“B”, respectively.

According to the obtained results up to 25% of Na
content could be extracted with distilled water from its
pseudo-total content of the soil samples. Since the values
of Na in the soil samples “A” obtained with acetic acid
were not significantly higher compared to the use of
distilled water (about 9%), there are not many weakly
bound Na* ions to inorganic sites (carbonates).
Furthermore, relatively low values of standard deviations
in all three cases indicated good Na homogeneity in the
examined soils. In addition, obtained values with 5%
CH3COOH were higher about 54% compared to the
results obtained by extraction with distilled water from
the “B” which is due to a higher proportion of loosely
bound Na+ ions for inorganic sites (carbonates).

Table 3: Mean values of the soil samples “A” for all three
extraction agents used - shaking method

Samples ISO CH3COOH H20
(ma/ka) (ma/ka) (ma/ka)
AlL A 63.96+0.10 18.21+0.83 14.10+£1.26
A2l A 56.19+1.18 16.47+0.70 13.14+0.39
A3l A 52.76+1.18 14.77+1.85 12.2942.40
A4l A 46.35+3.36 15.37£2.95 12.58+3.29
A5.1; A 47.42+2.13 16.30+1.62 13.45+1.49
A6.1; A 60.73+2.51 17.93+1.33 15.20+0.84
AT1 A 50.18+3.88 15.47+1.82 12.71+1.71
AB8.1 A 59.06+2.75 18.59+1.87 13.52+0.74
A9l A 66.55+3.34 18.38+1.89 14.55+1.61
A10.1; A 56.85+1.25 16.49+2.44 14.06+0.52

Table 4: Mean values of the soil samples “B” for all three
extraction agents used - shaking method

Samples I1SO CH3COOH H .0
(mg/kg) (mg/kg) (mg/kg)
B1.1:B 51.83+3.47 26.91+2.96 10.36+2.32
B2.1:B 66.32+t1.74  32.80+2.76 15.58+1.68
B3.1:B 61.32+1.85 26.21+2.82 13.05+0.46
B4.1;B 52.50+2.89 26.79+6.01 14.58+1.50
B5.1;B 63.93+3.81 27.90+2.28 15.44+1.05
B6.1;B 67.37+2.44  29.39+1.76 14.21+0.59
B7.1;B 75.66+3.21 31.09+1.83 20.33+3.86
B8.1;B 17.15+0.17 8.55+2.65 4.62+0.74
B9.1;B 39.39+0.30 21.52+1.70 14.72+1.02
B10.1;B  33.01+2.76 20.87+0.30 11.55+1.44

Comparing the values of Na content in the soil
suspensions from “A” and “B” location in the case of
distilled and acetic acid as an extraction agent, it is
obvious that the soil from “B” location is richer in

available forms of Na. This is in accordance with the fact
that beef manure was used to fertilize the soil of the “B”
location in the previous vegetation, and the number of
sown crops was more modest compared to the soil from
“A” location. Therefore, the soil from the “B” location
remained richer in terms of available forms of Na, which
can be extracted quite well with the green solvents used
(distilled water and 5% CH3;COOH). Table 3 and 4
shows overall results of all 10 samples of the tested soil
from the “A” and “B”, respectively, for all three
extraction agents used.

Sodium concentrations extracted by various extraction
agents - ultrasonic extraction

Determination of Na concentration in the soil from “A”
and “B” locations was also performed by applying
ultrasound to soil extraction with three selected solvents
(aqua regia, 5% CH3COOH and distilled water). The
application of ultrasound was primarily aimed at
controlling the pseudo-total Na content from the soil,
and for 18 hours it can be extracted only by applying
ultrasound to the same solvents for 2 hours. The
obtained results are presented in Figure 2 as well as in
Table 5 and 6.

The highest results (Figure 2a and 2b) were obtained
with aqua regia, followed by 5% CH;COOH and
distilled water, which is the same trend as in the case of
shaking extraction. However, it can be noticed that
significantly higher concentrations of Na were obtained
by ultrasound in the tested soil, for all samples, and the
difference is especially significant when aqua regia is
used as a solvent.

Furthermore, using ultrasound to extract Na from soil
samples with 5% CH3;COOH and distilled water, it could
be seen that the results for samples “A” were almost
similar and close, regardless of the solvent. In the case of
soil samples “B”, the Na content using 5% CH3:COOH
and distilled water is more significant, due to the fact
that there are more available forms of Na+ ion, as well
as the fact that the soil was less sown. According to the
presented results, with distilled water it is possible to
extract 17%, while with 5% CH3;COOH only 22% of its
pseudo-total content in the soil from the “A” location,
which is in the range of 153.3-285.6 mg/kg soil. The
maximum standard deviations are 22.98, 4.79 and 6.28
mg/kg in the case of using aqua regia, 5% CH3;COOH
and distilled water, respectively.

Regarding the results of extractions of soil samples “B”,
the following intervals for sodium content are recorded,
as follows: from 198.5-303.2 mg/kg; from 50.53-68.99
mg/kg and from 23.31-30.64 mg/kg when aqua regia,
5% CH3;COOH and distilled water were used as
extraction agent, respectively. In relation to the pseudo-
total sodium content in the mentioned soil, 26% can be
extracted with 5% acetic acid and 13% with distilled
water. The maximum standard deviations are 27.56,
18.34 and 4.43 mg/kg for extraction carried out with
aqua region, 5% CH3;COOH and distilled water,
respectively.
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Figure 2: Comparative results of Na concentration (mg Na/kg of soil) in soil samples obtained using three different extraction agents assisted by
the method of ultrasound for samples “A” (a) and “B” (b).

Table 5: Mean values of the soil samples “A” for all three
extraction means used - application of the ultrasound method

samples 1SO CH3COOH H,O
(mg/kg) (mg/kg) (mg/kg)

A11;A1l2 1951+55 35.64+3.35 28.79+3.83
A21;A22 1604484  28.27+0.69 25.18+5.19
A3.1;A32 163.1+9.8  29.02+2.02 23.58+1.04
A41;A42 171.24132 31.68+0.66 29.01+4.09
A51;A52 143.8+145 27.05£1.05 2551+0.82
A6.1;A6.2 171.7+23.0 32.80+1.27 28.62+4.10
A7.1;A72 153.3+17.1 33.90+1.13 27.07+4.05
A81;A82 174.3+117 3357+479 31.19+5.34
A9.1;A92 207.3+11.1 37.64+2.00 32.86+2.66

A10.1;A  285.6+3.4  41.14+2.75 36.43+6.28

Table 6: Mean values of the soil samples “B” for all three
extraction means used - application of the ultrasound method

Samples ISO CH3;COOH H,O
(mg/kg) (mg/kg) (mg/kg)

B11;B12 256.6+134  64.36+2.54 26.30+3.48
B21;B22 24724224  63,33+18.34 26.55+1.10
B3.1;B3.2 294.1+224  68.99+7.57 30.64+1.86
B4.1;B42 303.2+17.2  68.59+4.18 30.00+2.76
B5.1;B52  1985+27.6  52.21+3.71 26.75+4.43
B6.1;B6.2 232.0+16.3  60.41+8.47 25.75+3.43
B7.1;B7.2 239.4+184  5535+7.10 27.86+2.00
B8.1;B82  294.2+6.2 64.30+8.36  28.54+0.94
B9.1;B9.2  200.6+13.9  50.51+9.13 23.31+2.40

B10.1;B 287.6+9.5 61.54+4.20 27.52+1.28

In the studies published on ultrasonic assisted extraction
of metals, some controversial results on the behavior of
metals during extraction have been reported. In the work
of Véisdnen and co-workers (2001) ultrasound-assisted
extraction method and the method by reflux with aqua

regia resulted in almost equal Ag, As, Cd, Cu, and Pb
concentrations in soil.

Ultrasonic treatment can also cause the release of lower
amounts of metal such as Ni in the exchangeable metal
soil fraction in comparison to the conventional
procedure. These results are probably due to the re-
adsorption of metals on the surface of soil during the
extraction step, which is enhanced by the application of
ultrasound (Le$niewska, Krymska, Swierad et al., 2016).
However, acid type and the concentration in the liquid
extractant seems to be one of the most critical
parameters affecting ultrasound leaching (Gungér and
Elik, 2007) as well as the length of time and power used
in sonication (Davidson and Delevoye, 2001).

Correlation analysis of sodium content determined by
different extraction agents

a) method of shaking

To determine the correlation of Na content from soil
samples of “A” and “B” locations with different
extraction agents applying the shaking method the
conclusion was made from the mean value of two
parallels for all 10 subsamples of each of the tested soil.
In all samples, the results of Na content in the soil
obtained by extraction with 5% CH3;COOH compared to
the extraction with the aqua regia are significantly lower
on average 70% for soil samples “A” and 50% for soil
samples “B” (Table 3 and 4).

However, taking into account the comparative analysis
for aqua regia and 5% CH3COOH (Figure 3a), there is a
statistically very significant correlation, r>=0.83 for the
soil from “A” and r?=0.94 for the soil from “B” location.
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The obtained correlation values for both soil types
indicate a high degree of correlation of numerical
indicators of Na* ion content in the examined soil with
different extraction agents, i.e. the increase in available
forms of sodium is directly related to the increase in
pseudo-total Na content in the soil. The relationship
between the Na content in the soil and its water-soluble
forms (extraction in distilled water) in relation to its
pseudo-total content in is presented in Figure 3b. As in
the previous case, the results of soil extraction with
distilled water are significantly lower, on average 75%
lower in the case of soil samples “A”, than the results of
soil extraction by aqua regia with a statistically slightly
lower, but very significant positive correlation (r>=0.74).
The same interpretation can be considered for soil
samples “B”, where a statistically significant positive
correlation was confirmed (r?=0.83). Furthermore, due to
similar results using 5% CH3COOH and distilled water
for both soil samples a correlation analysis was
performed for these two solvents to exclude an
experimental error.

The obtained correlation analysis is shown in Figure 3c.
Although the results of extraction with distilled water are
slightly lower compared to the results of extraction with
5% CHsCOOH, a statistically very significant positive
correlation was found for the soil samples “A” and “B”
of r>=0.80 and r?=0.83, respectively, which excluded the
experimental error. These data suggests that the tested
soil has a chemical composition whose available forms
of sodium are mostly used, so the increase in Na content
with 5% CH3sCOOH is only about 20% higher for soil
from “A” location. However, in terms of soil results
from the “B” location, a slightly more positive effect of
acetic acid on Na* ion extraction was observed since the
obtained values were on average 50% higher compared
to the extraction of the same soil with distilled water.
This is in accordance with the fact that the soil examined
from the “A” location was sampled after the soil was
used for sowing, so it is poorer in the available forms of
the determined metal.

b) method of ultrasound

The correlation analysis for the method of ultrasound
and different extraction agents was carried out in the
same way as by applying the shaking method of soil
samples. The obtained correlation graphs are shown in
Figure 4. Although the values of extractions along the
aqua regia are 5.5 and 6 times higher for soil samples
“A” and “B”, respectively, compared to the results when
5% CH3COOH is used, in both cases a statistically
significant positive correlation was obtained (r>=0.87
soil “A” and r>=0.90 soil “B”).
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Figure 3: Correlation analysis of Na content (mg/kg of soil)
obtained by extraction with aqua regia and 5% CHzCOOH (3a);
aqua regia and distilled water (3b); 5% CH3COOH and distilled

water (3c) by shaking method.

According to the results shown in Figure 4a and 4b, it
can be concluded that a significant positive statistical
correlation was obtained, with r?=0.86 for soil samples
“A” and r=0.81 for soil samples “B”. Since the results
with CH3;COOH and distilled H,O obtained by ultrasonic
extraction do not differ significantly, a correlation
analysis was applied and the results were shown in
Figure 4c.

For soil samples of “A” location, with 5% CH3COOH,
on average, up to 13% higher results were obtained,
which is up to 4.25 mg Na/kg of soil. However, in terms
of correlation analysis, a significant positive statistical
correlation can be stated since r’=0.91, thereby rejecting
an experimental error. Additionally, 5% acetic acid is
not a strong enough extraction agent that even with
ultrasonic waves is not able to significantly extract the
more strongly bound forms in which sodium occurs.
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Contrary wise 5% CH3;COOH extracted on average 55%
more sodium regarding to the distilled water as solvent
from the samples of “B” location. However, in terms of
correlation analysis, a slightly lower but still significant
positive correlation was obtained with r?=0.74.
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Figure 4: Correlation analysis of Na content (mg/kg of soil)
obtained by extraction with aqua region and 5% CHsCOOH (4a);
aqua regia and distilled water (4b) 5% CH3COOH and distilled

water (4c) by ultrasound method

From all the above, it can be concluded that the increase
in the value of water-soluble forms of Na+ ion as well as
its forms soluble in slightly acidic conditions, such as
5% CH3COOH is directly related to the increase of its
pseudo-total content in soil. Also, a positive effect of 5%
CH3COOH as a green solvent can be noted, as well as
the influence of ultrasound on the extractability of Na*
ions from the soil.

As reported by Chen and Ma (2001), the amount of trace
element extracted by common digestion methods might
depend on the element analyzed, its origin
(anthropogenic or natural), soil properties and element
mass fraction.

Sulejmanovic et. al

Comparison of sodium content obtained by different
extraction methods

Figures 5-6 present comparative results of Na content in
soil from the “A” and “B” location obtained with aqua
regia, 5% CH3COOH and distilled water, using two
extraction methods (shaking method and ultrasonic
extraction). The extraction with aqua regia in the first
case was performed according to the procedure BAS
1ISO 11466:1995, and not with shaking. The results are
given as the mean of two determinations with a standard
deviation of repeatability.

400
a) aqua regia
g 300 A
g
< 200 {
2z
=
3 100
=
Fs
0 4
1 2 3 4 5 & T 8 9 10
m extraction- BAS ISO 11466:1995
W extraction by ultrasound
50 7
b) CH,COOH
40 { o
g .
B
£ 30 -
=
& 20 A
=
g
= 10 A I
4
0
1 2 3 4 5 6 7 8 9 10

m extraction by shaking ®extraction by ultrasound
50
c) distilled water
40 -
30 A

20 A

10 A

Na content (mg/kg)

0_
1 2 3 4 5 6 7 &8 9 10

Figure 5. Comparative presentation of Na content (mg/kg of soil)
obtained according to BAS 1SO 11466: 1995 (or shaking method)
and ultrasonic extraction with aqua regia (a); CHsCOOH (b) and
distilled water (c) for soil from the soil samples of “A” location.

The efficiency of ultrasound extraction was evaluated by
comparing the results obtained using the ultrasonic
method with the results of the standard BAS 1SO method
shown in Figure 5. Analyzing the obtained results, a
positive effect of ultrasound on the extractability of Na*
ions from soil samples can be found since the obtained
results are on average 3 times higher (from 143.78 to
285.63 mgNa/kg of soil) than when extraction is
performed without the use of ultrasound (from 46.35 to
66.55 mg Na/kg of sail). Also, an important factor is the
duration of extraction, which using the BAS ISO method
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without ultrasound lasted a full 18 hours, while using the
same extraction agents with ultrasound, the extraction
lasted only 2 hours. These data, therefore, favors the use
of ultrasound to extract Na. ions from soil samples, as
significantly higher results were achieved in a shorter
time, and the use of ultrasound is considered a non-
destructive method of sample preparation.
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Figure 6: Comparative presentation of Na content (mg/kg of soil)

obtained according to BAS 1SO 11466: 1995 (or shaking method)
and ultrasonic extraction with aqua regia (a); CHsCOOH (b) and
distilled water (c) for soil from the soil samples of “B” location.

Regarding soil samples “B” (Figure 6), where a higher
proportion of soluble forms of Na was previously found,
the application of ultrasound was more effective with the
use of aqua regia, with the ultrasound/BAS 1SO
extractability ratio being 6 times higher on average.
According to the results, the ratio of Na content by
shaking/ultrasound method with 5% CH3COOH as an
extraction agent is 2, i.e. 3 times higher with ultrasound
for soil from “A”, i.e. “B” location, respectively.
Furthermore, the ratio of Na content by the method of
shaking/ultrasound with distilled water as extraction
agent was 2, i.e. 2.5 times higher with ultrasound for soil
from the location “A”, i.e. “B” respectively.

Ultrasound can significantly improve the extraction
efficiency mainly due to the effects caused by the
cavitation phenomenon (Stani$i¢ et al., 2011, Diehl et
al., 2018), which is confirmed by this study. Since
insufficient data could be found in the literature for the
solubility of sodium ions from soil samples by ultrasonic
methods, these results were very significant.

CONCLUSION

The soil sample “A” belongs to the type of alluvial soil
and was fertilized with burnt manure, while soil sample
“B” belongs to the type of clay loam fertilized with beef
manure. According to the average pH value in distilled
water, the analyzed soil samples (“A” and “B”) were
classified as neutral and weakly acidic soils, while pH in
CaClxx2H,O and electrical conductivity show more
exchangeable ions for soil samples “B”. Up to 25 % and
26% can be extracted with distilled water, while up to 34
% and 49% with 5 % CH3COOH by shaking samples in
relation to the values of its pseudo-total content from soil
samples “A” and “B”, respectively. An increase in the
value of water-soluble and available forms of sodium
was found with an increase in the value of the pseudo-
total sodium content in the soil, whereby correlation
coefficients r?>0.74 were obtained for all comparison
models. Ultrasound vyielded significantly higher Na
concentrations for both analyzed soils compared to the
shaking method, and the difference is especially
significant when aqua regia is used as a solvent.
Extraction with aqua regia and ultrasound gave results
on average 3 times higher than when extraction is
performed without the use of ultrasound for “A” soil
samples and on average 6 times higher for soil samples
“B”. The content ratio of the ultrasonic/shaking method
with 5% CH3;COOH as extraction agent is 2 or 3 times
higher for soil samples “A”, i.e. “B”, respectively.

In the case of distilled water as an extraction agent, the
effect of ultrasound gave 2 and 2.5-times higher results
for soil samples “A” and “B”, respectively, compared to
the method of shaking. In general, the application of
ultrasound shows a positive effect on the extractability
of Na* ions from soil samples “A” and “B” using green
solvents (distilled water, 5% CH3;COOH) but also with
the use of a strong extraction agent such as aqua regia.
Therefore, the use of ultrasound is preferred in order to
improve the extractability of Na* ions from soil samples,
and, in addition, due to the fact that the use of ultrasound
is considered a non-destructive method of sample
preparation.
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Summary/Sazetak

U ovoj studiji analizirani su uzorci tla s dva odabrana mjesta: “A” (aluvijalno tlo) i “B” (glinena ilova¢a). Hemijska analiza
uzoraka tla ukljucivala je: odredivanje pH vrijednosti tla i provodljivosti tla. Dvije razli¢ite metode ekstrakcije: metoda
treskanja i metoda ultrazvuka primijenjene su za ekstrakciju natrijevih iona iz tla s tri otapala (aqua regia, 5% CH3;COOH i
destilirana voda). Vrijednosti pseudo-ukupnog (ekstrahovano sa aqua regia) i bioraspoloZivog sadrZaja Na (ekstrahovanog
sa 5% CH3COOH i destilovanom vodom) u uzorku tla "A" su u intervalu od 46,35-66,55 mg Na/kg; 14,77-18,59 mg Na/kg
i 12,58-15,20 mg Na/kg tla, primjenom metode treskanja. Istom metodom, u slu¢aju uzorka tla ,,B“, intervali su 17,15-
75,66 mg Na/kg; 20,87-32,80 mg Na/kg i 4,62-20,33 mg Na/kg tla, za ekstrakciju aqua regiom, 5% CH3;COOH, odnosno
destiliranom vodom. Ekstrakcija ultrazvukom u svim slucajevima dala je bolje rezultate u odnosu na metodu treskanja.
Opcenito, primjena ultrazvuka pokazuje pozitivan efekat na ekstrakciju iona Na* iz uzoraka tla pomocu spomenutih

otapala.
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Abstract: In this paper, the reactions of anhydrous copper(l1) chloride in methanolic solution with
alanine, glycine, histidine, L-tryptophan, and melatonin were investigated and the resulting
products were characterized by FTIR spectroscopy. Based on FTIR characterization, it was shown
that these reaction conditions result in the formation of Cu(ll) complexes with glycine and
alanine, which are more complex structures than bis(glycinato) - and bis(alaninato) copper(Il)
complexes. Analysis of the FTIR spectrum of the histidine complex shows the participation of
several groups in coordination at the Cu(ll) center. The complex prepared with melatonin shows
unusual changes in the spectral region of the amidic nitrogen bonds. The latter observation is very
significant for very few known metal complexes of melatonin, while the synthesis of most of
them is an experimentally demanding process with simultaneous control of several
parameters. The antioxidant capacity of the synthesized complexes was examined, with the CEAC
range from 121.6 to 734.4 uM. The lowest values of antioxidant capacity were recorded for the
copper complex with tryptophan, while the highest values were recorded for the copper complex
with alanine. A high antioxidant capacity of the copper complex with melatonin (673.8 pM) was

also observed.

INTRODUCTION

same, given the fact that an excess of this element is
associated with toxic effects. Roughly speaking, the

Due to the fact that copper is a biogenic element that
performs most of its biological functions within
coordination compounds with biomolecules in which, as
donors of heteroatoms in the coordination sphere of the
metal center, amino acids and their prosthetic groups
often occur, there is a need to evaluate coordination
behavior ~ Cu*/Cu?*  according to individual,
proteinogenic amino acids. Many reports were devoted
to understanding the coordination characteristics of such
complexes (Colaneri et al, 2009) especially copper(ll)
complexes with amino acids. Copper is an essential trace
element used by both eukaryotic and prokaryotic cells in
anabolic and catabolic processes with fine control of the

essence of copper activity in biochemical processes is
reflected in its redox behavior, especially because it can
easily donate electrons to oxygen. This fact makes a
certain element a potential generator of free radicals,
which requires the establishment of a number of control
mechanisms by the cell in order to use its reactivity to its
advantage, while suppressing potential harmful effects.
Therefore, the human body has established a number of
biochemical processes that maintain copper homeostasis,
along with homeostasis of iron, normal tissue
proliferation and oxidative metabolism (Vest et al.,
2012). Its sudden availability in the biosphere and
biologically acceptable redox potential have made
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copper an essential component of oxidative metabolism
(Scheiber, Dringen & Mercer, 2013). Rigorous control
of copper metabolism takes place in order to prevent
undesirable, copper-mediated redox processes that
would ultimately create reactive oxygen species given
the ease of Cu (1) / (Il) conversion. Since metabolic
processes involving copper have many unresolved
metabolites and metabolic pathways (as well as their
control), it was useful to study the coordination behavior
of this biometal towards selected biomolecules under
controlled conditions by the preparation and
characterization of appropriate complexes. The most
simple biomolecules normally present in the cell
cytoplasm, i.e. the environment where copper is
metabolized, are amino acids, which made them a
logical starting point for studying the behavior and
coordination preferences of copper in biological systems.
Given the structure of proteins as important building
blocks and functional components of living cells, it is
certain that the potential binding of copperin one of its
two oxidative states will depend on all levels of protein
structure with which it interacts and on physicochemical
characteristics of the cellular environment. in which the
interactions take place and the product is created (Dos
Santos Carvalho & Fernandes, 2019). Copper(ll)
complexes with amino acids have long been known, and
represent a special area of interest in the coordination
chemistry of this element precisely because they serve as
models for the study of copper metalloproteins. In this
context, the behavior of Cu(ll) in aquatic systems
towards histidine is particularly interesting. It has been
observed that most copper binding domains of proteins
are rich in this amino acid, which is consistent with the
coordination preferences of copper in the +2 oxidation
side towards N donor ligands. The copper(Il) complex
with the simplest amino acid, glycine, was prepared in
1841. by Boussingault (Delf, et al). It was later shown
that this type of complex does not belong to
conventional copper complexes precisely because of the
properties of the given ligands, i.e. amino acids. Since
amino acids have a larger number of potential donor
atoms, the structure of the final complex certainly
depends on the reaction conditions, i.e. the nature of the
solvent, temperature, pH and counterion, as is the case in
a living cell. Oxidative stress occurs due to an imbalance
between oxidants and antioxidants in biological systems,
and is caused by excessive formation of reactive oxygen
species or improper functioning of the antioxidant
system (Chiurchiu et al., 2016). Reactive oxygen species
(ROS), although possessing physiological functions,
have been implicated in the pathogenesis of a number of
diseases including cardiovascular and neurogenerative
diseases, muscular dysfunction, and cancer (Zuo et al.,
2015; He and Zuo, 2015). In addition to the many
physiological effects of melatonin, melatonin has been
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shown to have strong anti-oxidant properties, due to the
fact that it reacts with free radicals giving other
metabolites that also have a neutralizing effect on free
radicals. In this way, the product of one reaction,
becomes a reactant of the other in both cases consuming
free radicals. Melatonin, as well as its reaction products
with hydroxyl radicals, are not extremely effective in
neutralizing hydroperoxyl radicals, but still suppress
lipid peroxidation in vivo, most likely by eliminating the
initial hydroxyl radicals (Galano et al., 2014). In the last
two decades, complexes of platinum, ruthenium, copper,
cobalt and other metals have been used to modify and /
or detect AP aggregation. The results of these studies
suggest that metal complexes have promising potential
in the treatment and diagnosis of Alzheimer’s disease
(Liu and Wang, 2018). Copper plays a significant role in
the pathology of many neurodegenerative diseases, from
Wilson and Menkes disease, through amyotrophic lateral
sclerosis and Alzheimer's disease, to prion-associated
diseases (Waggoner et al, 1999). Most of these diseases,
directly or indirectly, lead to changes in copper
metabolism. Changes in copper metabolism can lead to
its accumulation in certain regions of the body or change
its bioavailability in the cellular environment. Both are
associated with increased oxidative stress and the
formation of ROS, of course, due to the well-known
redox behavior of copper, which the body significantly
utilizes under homeostatic conditions (Waggoner et al.,
1999). Given the nature of melatonin as a scavenger of
destructive radicals and the consequent formation of
metabolites of good chelating power for Cu (Galano et
al., 2014) through the scavenger cascade of melatonin, it
was interesting to examine the effect of melatonin as a
potential inhibitor of Cu-protein complex species
formation. Research conducted to determine the role of
melatonin as a Cu(ll) chelator in preventing its
degrading effect on DNA (Wang et al.,, 2019) has
concluded that the copper-detoxifying and antioxidant
abilities of melatonin are not based solely on scavenger
abilities against hydroxyl radicals which occur in
Cu(Il)/Cu(l) mediated reactions, but strongly suggest the
role of melatonin or its metabolites (formed by the
scavenger cascade) as chelators. The final evidence
lacking for unequivocal confirmation of these
assumptions is the synthesis, isolation, and structural
characterization of such complex types of melatonin, its
metabolites, and copper.

EXPERIMENTAL

Materials and methods

All chemicals used were commercially available with
analytical grade of purity and used without further
purification. Infrared spectra were recorded as KBr
pellets on a Perkin Elmer spectrum BX FTIR System in
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region 4000 — 400 cm™, resolution 2cm™, 8 scenes. The
antioxidant activity was determined using the e-
BioQuChem (e-BCQ) lab device, following the
manufacturer’s instruction manual. The results are
expressed in puC or in the charge of the electrons released
by the antioxidant to neutralize free radicals. This device
makes it possible to distinguish fast-acting antioxidants
such as ascorbic acid and coenzyme Q10 from co-
producing antioxidants such as polyphenols, astaxanthin
or a-lipoic acid. Fast-acting antioxidants are the first to
be oxidized and are considered to be more potent
antioxidants than general antioxidants even though they
are present in lower concentrations. Total antioxidant
capacity (QT) is obtained as the sum of the antioxidant
capacity of the fast-acting (Q1) and co-producing
antioxidants (Q2). The results of antioxidant capacity
were also expressed in ascorbic acid equivalents
(CEAC), for which it was necessary to construct a
calibration curve. For this purpose, a dilution series of a
solution of ascorbic acid standard in 0.1 M PBS buffer
(pH = 7) was prepared in the concentration range O -
1000 uM.

Synthesis of complexes

All complexes were synthesized by heating the reaction
mixture to 65°C on a magnetic stirrer, under reflux for 5
to 9 hours. Immediately before the syntheses, anhydrous
copper(ll) chloride (CuCly) was prepared by drying
copper(Il) chloride dihydrate (CuCl, x 2H,0) at 120°C
for 2 hours. This drying gave anhydrous CuCl;, which
was observed by changing the color from blue,
copper(ll) chloride dihydrate to brown colored,
anhydrous copper(ll) chloride. For the synthesis of each
complex, solutions of copper(ll) chloride in methanol
were prepared by dissolving 268.9 mg (0.002 mol) of
anhydrous CuCl, in 40 mL of methanol preheated to
50°C.

Synthesis of Cu(ll) complex with alanine

In 40 mL of methanol previously heated to 50°C, 356.36
mg (0.004 mol) of alanine were dissolved and a
previously prepared solution of copper(ll) chloride was
added to the solution. After mixing, the solution was
stirred a magnetic stirrer at 65°C under reflux for about 5
hours. Immediately after mixing the solution, the
reaction mixture showed light green color. After three
hours of heating, the color of the mixture turned dark
green and did not change until the end of the synthesis.
After cooling, the reaction mixture was filtered and the
crystals of the complex were washed with water and
ether. Finally, the complex was recrystallized from
dimethylsufoxide/water and dried in a vacuum
desiccator.

Synthesis of Cu(ll) complex with glycine

The amount of 303.30 mg (0.004 mol) of glycine was
dissolved in 40 mL of methanol preheated to 50°C, and
the previously prepared copper(ll) chloride solution was
added to the solution. The reaction mixture was heated
with a magnetic stirrer at 65°C under reflux for about 5
hours. Immediately after mixing the solution, the
reaction mixture had a light blue color which eventually
turned a slightly darker shade of blue. The mixture was
cooled and left at room temperature for 24 hours. The
blue crystals of the resulting complex were then filtered
and washed with water and ether, recrystallized from
dimethylsufoxide/water and dried in a vacuum
desiccator.

Synthesis of Cu(ll) complex with histidine

To 620.62 mg (0.004 mol) of histidine was added 40 mL
of methanol preheated to 50°C. To the resulting solution
was then added a previously prepared solution of
copper(Il) chloride. During the reaction, the color of the
reaction mixture changed from light green-blue at the
beginning to dark purple-blue at the end of the synthesis.
After cooling and filtering the mixture, the crystals of
the complex were washed with water and ether,
recrystallized from dimethylsulfoxide/water and dried in
a vacuum desiccator.

Synthesis of Cu(ll) complex with L-tryptophan

For synthesis, 816.92 mg (0.004 mol) of L-tryptophan
were weighed and dissolved in 50 mL of methanol
heated to about 50°C. CuCl, solution was added
dropwise to the resulting solution with continuous
stirring. The mixture was heated at 65°C on a magnetic
stirrer under reflux for 5 hours. After the end of the
synthesis, the copper(I1) complex with L-tryptophan was
deposited in the form of a powdery substance of dark
brown-blue color. The reaction mixture was filtered and
the complex washed with hot water to eliminate
chlorides, recrystallized from dimethylsulfoxide/water
and dried on filter paper in a vacuum desiccator.
Synthesis of Cu(l1) complex with melatonin

For the synthesis, 929.11 mg (0.004 mol) of melatonin
was dissolved in 40 mL of methanol heated to 50°C. A
previously prepared solution of copper(ll) chloride was
added to the resulting solution. Immediately after
mixing, the reaction mixture turned greenish brown. The
mixture was heated to 65°C while stirring with a
magnetic stirrer under reflux for 9 hours. During the
synthesis, the color of the mixture changed, to eventually
become dark brown, which did not change until the end
of the synthesis. After cooling and filtering the mixture,
the crystals of the complex were washed with water and
petroleum ether, recrystallized from
dimethylsufoxide/water and dried in a vacuum
desiccator.
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RESULTS AND DISCUSSION

All complexes were synthesized by the reaction of
methanolic solutions of CuCl, and the corresponding
amino acids (alanine, glycine, histidine and tryptophan),
and melatonin, at 65°C under reflux for 5 to 9 hours.
FTIR spectra of amino acids and melatonin

The FTIR spectra of all amino acids show vibrations
typical of the carboxyl group, whose displacements in
different amino acids are attributed to its protonated or
deprotonated form. The asymmetric stretching of the
carboxyl group in the given amino acids occurs at about
1600 cm™ and is extremely important for determining
the performance and type of coordination in Cu-
complexes. The area above 3000 cm™ is not of special
importance for free amino acids, but it becomes more
important for their Cu-complexes. Vibrations in the
amino acid and melatonin spectra in the range of 2000 to
2800 cm? are not of particular importance in
determining subsequent coordination at the metal center.
Extremely significant vibrations in the spectra of amino
acids, but also the metal complexes is that attributed to
the amino group in either protonated or deprotonated
form. These bands are found in alanine at about 1590,
1520 and 1230 cm. Indispensable are the vibrations of
the hydrocarbon skeleton that occur at about 1000 cm-!
depending on the type of amino acid, as well as those
attributed to the aromatic fragment of the molecule in the
case of histidine, tryptophan and melatonin. Vibrations
of C-H bonds for the aliphatic part of the molecule occur
below 3000 to 2900 cm?*, while for the aromatic part of
the molecule they occur above 3000 cm™ to 3100 cm*
and are clearly visible in the spectra of histidine,
tryptophane and melatonin. The expected deviations in
spectral characteristics in relation to amino acids show
melatonin as a typical amine where this functionality is
shown at about 3280 cm™ and at 1490 cm?, while the
indole functionality is found at 3305 cm™* and 1270 cm™?,
respectively. Other bands in the ligand spectra have a
more specific character.

FTIR spectra of Cu(ll) complexes

Copper spectra with amino acids and melatonin show
typical low-band bands attributed to metal-ligand
vibrations and are of great importance for determining
the coordination type and potential geometry of the
complex. As copper(ll) chloride was used as the starting
substance, the retention of chloride in the coordination
sphere in the final complex is not excluded. The
previously mentioned typical vibrations of amino acids
and melatonin, which now play the role of ligands, show
typical shifts that indicate a model of coordination at the
Cu(ll) center. A typical phenomenon after coordination
is the abolition of individual bands or the abolition of
degenerate vibrational modes. A typical, spectrally
noticeable change shown by a coordinated carboxyl
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group is the appearance of a band corresponding to the
C=0 bond as well as a band corresponding to the C-O
bond, which indicates the abolition of resonance in the
uncoordinated carboxyl group, i.e. its participation in
coordination to the metal center. An additional change in
relation to the spectra of free ligands is often the
deprotonation of the amino group due to its coordination,
which is observed by the abolition of bands typical of
the - NH3 group and the appearance of bands typical of
the - NH group. Skeletal vibrations do not suffer
significant displacements or their bands are canceled if a
certain vibration mode becomes impossible after
coordination with the metal center, which is also
important data. Other bands in the spectra of the
complex have a more specific character and are
described in detail for each individual complex.

FTIR characterization of Cu - alanine complex

It is known that the reaction of copper(ll) acetate, as a
salt of a weak organic acid, with alanine in adequate
solvents and with good pH control creates bis(alaninato)
copper(ll) complex which occurs in two geometric
isomers, ie trans-bis alaninate) copper(ll) monohydrate
and cis-bis(alaninato) copper(ll) monohydrate. The
difference between these two isomers can be easily
determined by IR spectroscopy, with vibrations in the
spectral range of 750 to 200 cm™ bei considered
relevant. The trans isomer generally shows fewer bands
in said region as well as trans-bis(glycinato) copper(ll).
In essence, metal-ligand vibrations may be sufficient to
perform this distinction (Herlinger, Wenhold, & Long,
1970) where vas (Cu-N) vibration occurs as a weak band
at 484 cm ! in the case of the trans isomer, while the cis
isomer shows vas (Cu-N) at 483 cm and vs (Cu-N) at
411 cm. In the case of the prepared Cu complex with
alanine v (Cu-N) vibration is observed at 472 cm?,
which is not correlated with typical bis(alaninato)
copper(l) complexes. A wide band in the spectrum of
the complex at about 3429 cm™ as well as an intense
band at 1637 cm™ are used to detect crystal bound water,
the former being attributed to vibrations of O-H bond
stretching water molecules and the latter to their
symmetric deformation (Nakamoto, 2009). Bands in the
range 3297 - 3140 cm™* were attributed to the (N-H)
vibrations of the coordinated amino group. These bands
are more visible in the complex in relation to the
vibrations of the same bond of the protonated amino
group in the ligand. The deformation vibration of this
group is in the vicinity of the band for C=0 bonding and
deformation of water molecules, and has a peak at 1598
cm® (Han, 2010). Vibration of the protonated amino
group, i.e. vy (NHz"), is not present in the spectrum of the
complex, and has been replaced by “rocking” and
“wagging” vibrations of the coordinated amino group at
1150 cm™ and 1022 cm™ (Nakamoto, 2009) the intense
band at 666 cm™ also attributes the “rocking” vibration
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to this group. The band at 1578 cm™ corresponds to the
vibration of the v(C=0) coordinated carboxyl group,
while the v(C-O) vibration occurs at 1396 cm™.

Resonance of the carboxyl group is reflected in the - s
alanine spectrum by the vas (COO") vibration at 1624 7 9 . s 5
cm. This band is not present in the spectrum of the % 2 g g :
complex, which confirms coordination through the c .2 g =8
carboxyl group. The bands corresponding to the in-pane 5_-(3 _‘g = _‘g
or "out-of-plane” vibrations of the carboxyl group at 850 B = S
cm? and 650 cm™, as well as the deformation at 772 cm-

! disappear in the spectrum of the complex and are v(O-H)H0 3464 b
replaced by "rocking" or wagging by vibrations of a 0s(H20) 1640 s
coordinated carboxyl group at 530 cm™ and 624 cm™ as v(N-H)NH: 33563250 m, b
much less intense bands (Herlinger, Wenhold and Long, v(C—H) 2984 _ 2924 W —m
1970). Bands whose positions and intensities have little S(NH>) 1602 s
or no change in the spectrum of alanine and the v(C=0) 1578 s
respective complex originate mostly from C-H 5s(NH3") _
vibrations and deformations of alkyl groups. Namely, the 55(CHy) 1444 s
bands at 2927 cm™ and 2856 cm™ in the spectrum of the v(C—-0) 1408
complex were attributed to the (C-H) vibrations of the pu(CH>) 1338 m
methyl and (CH) groups (Garcia et al., 2008). The band Vi(NHs") -

at 1113 cm? attributed to vss (C-C) * p (NH;z *), which is s

in a complex of lower intensity and occurs 1116 cm™, pr(NH2) 1101 m-s
reflects a higher proportion of C-C vibration. Bands of puNHz) 1060 m
symmetrical and asymmetric deformation of the methyl Vas(C-C-N) _
group in the prepared complex 1366 cm-1 and 1460 cm- pi(CH) 916 w
1 occur, almost unchanged, relative to the ligand. Bands Vs(C-C-N) _
corresponding to free vibrations of the C-C-N skeleton pu(COO") _

do not appear in the spectrum of the complex, which is a o(C=0) 742w
consequence of coordination through N atoms z(C=0) 608 m
(Nakamoto, 2009). v(Cu-N) 486 m

%T

Table 1: Characteristic vibrations of Cu(ll) alanine complex

4000 3500 3000 2500 . 2000 1500 1000 500400

— Alanjne,
— Cu-alanine

Figure 1: Comparative FT-IR spectra of alanine and Cu- alanine complex
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FTIR characterization of Cu - glycine complex

It is known that the reaction of copper(ll) acetate, as a
salt of a weak organic acid, with glycine in adequate
solvents and with good pH control creates bis (glycinato)
copper(ll) complex which occurs in two geometric
isomers, ie trans-bis glycinato) copper(ll) dihydrate and
cis-bis  (glycinato) copper(ll) monohydrate. IR
spectroscopy can easily determine the true difference
between these two isomers, with vibrations in the
spectral range of 750 to 200 cm™ being considered
relevant. Having greater symmetry, the trans isomer
generally shows fewer bands in said region. In essence,
metal-ligand vibrations may be sufficient to perform this
distinction (Herlinger, Wenhold and Long, 1970) where
v(Cu-N) vibration occurs as a weak band at 477 cm™ in
the case of the trans isomer, while the cis isomer shows
vas (Cu-N) at 471 cm™ and vs (Cu-N) at 454 cm™. In the
case of the prepared Cu complex with glycine v(Cu-N)
vibration is observed at 486 cm*, which is not correlated
with typical bis (glycinato) copper(ll) complexes. A
wide band in the spectrum of the complex at about 3464
cm* with an intense band at 1640 cm™ is used to prove
crystal bound water where the former is attributed to
vibrations of stretching O-H bonds of water molecules
and the latter to their symmetric deformation
(Nakamoto, 2009) . The bands at 3169 cm™ in the
glycine spectrum attributed to the (N-H) protonated
amino group were replaced by bands in the range of
3356 - 3250 cm, which are attributed to the (N-H)
vibrations of the coordinated amino group. These
vibrations for trans-bis (glycinato) copper(ll) dihydrate
occur in the range of 3320 - 3260 cm, which does not
correlate with the bands of the synthesized Cu-glycine
complex, which is therefore more complex than simple
bis (glycinato) copper (I1) complex. The band at 1578
cm* corresponds to the v(C = O) coordinated carboxyl
group, while the v(C - O) vibration occurs at 1408 cm™,
which confirms the coordination of the carboxyl group,
as well as the resonance that occurs in the glycine
spectrum by vibration at 1612 cm™ which is not present
in the spectrum of the complex. The bands
corresponding to the "rocking" or "wagging" vibrations
of the carboxyl group at 508 cm™ and 698 cm™, as well
as the deformation at 610 cm™, disappear in the spectrum
of the complex and are replaced by much less intense
vibration bands of the coordinated carboxyl group, at
742 cm™? and 608 cm™ (Inomata et al., 1988). Bands
whose positions and intensities have little or no change
in the spectrum of glycine and its complex originate
mostly from C - H vibrations and deformations of the
CH: group.

Ljubijankié et. al

Namely, bands in the range of 3000 to 2900 cm'! appear
in both the ligand and the complex, and are attributed to
v(C-H) vibrations. There is a band "wagging" vibrations
of the CH, group at about 1337 cm? practically
unchanged position in both substances, but much lower
intensity in the complex. This change in intensity can be
related to electronic changes due to coordination on the
charged metal center. The same can be concluded for the
"wagging" vibration of the CH, group, which was
shifted from 910 cm™ in the ligand to 916 cm™ in the
complex, and significantly reduced in intensity. It is
clear that coordination limits the ease of development of
certain types of vibrations (especially deformation
vibrations and torsional vibrations), which is combined
with electrostatic interactions in the crystal lattice of a
complex joint and may justify small changes in band
positions reflecting vibrations. such as the CH; group of
glycine (Nakamoto, 2009).

Table 2. Characteristic vibrations of Cu(ll)-glycine complex

o o
3 o % g ~
S
220 z
©) 2 g
v(O-H)H-0 3429 b
0s(H20) 1637 s
V(N-H)NH; 3297 -3140m, b
v(C-H) 2927, 2856 w —m
O(NH>) 1598 m
v(C=0) 1578 s
Oas(CH3) 1460 s
5s(NH3*) -
Js(CH3) 1366 s
v(C-0) 1396 s
Vas(C-C) 1116 m
vi(NH3z") -
pr(NH2) 1150 w
pw(NH2) 1022 w
I(CO0") 784,722 w
pr(NH>) 666 m
pw(COO") 624 m
pr(COOY) 530 w
v(Cu - N) 472 m
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Figure 2: Comparative FT-IR spectra of glycine and Cu- glycine complex

FTIR characterization of Cu - histidine complex
In terms of coordination chemistry, histidine has been
described as a rather complex ligand. Due to the large
number of adequately positioned donor atoms, histidine
as a ligand can build various complicated complexes
with metals that prefer N donor ligands, such as Cu(ll).
Kruck and Sarkar (1973) described at least six different
coordination forms in the Cu(ll) histidine system where
histidine always occurs as an O, N donor. The N donor
atom may come from the amino group of the aliphatic
chain or the N atom of the imidazole ring carrying a free
electron pair. In the spectrum of the complex at 418 cm-
! the band attributed by DrodZzewski and Kordon (2000)
to v(Cu-N) occurs when the N atom originates from the
amino (NH2) group and the assumption was confirmed
by isotopic derivatization. This, however, does not
exclude the occurrence of histidine as a Nimidazole
donor, but only confirms that histidine also acts as an N
(NH2) donor in the prepared complex. Coordination to
the Cu(ll) center via the amino group is supported by
changes in other bands, fully or partially attributed to the
vibrations of this group in free histidine. Namely, the
band attributed to the "scissoring"” vibration of the amino
group at about 1632 cm™ was moved to 1625 cm?, while
the band attributed to pw(NH;) at 925 cm? in the
spectrum of the complex disappears. The amino group
vibration "rocking" band combined with other histidine
vibrations is present at 827 cm?, but expanded and
drastically less intense, which also suggests coordination
across the amino group (Nakamoto, 2009). The intense
band attributed to the combined deformation of the N-H
and C-H bonds of the imidazole fragment of the

molecule in the histidine spectrum disappears in the
spectrum of the complex, which may indicate the
participation of the imidazole fragment in coordination
with the Cu(ll) center. More definite evidence would be
found in Cu-Nimidaz. which occurs at about 280 cm*
(Drozdzewski and Kordon, 2000) which is beyond the
scope of the performed recordings. The band carrying
the highest proportion of carboxyl group vibrations, with
a smaller proportion of other histidine vibration modes,
was shifted from 1796 cm™ from the ligand spectrum to
1740 cm* in the complex spectrum (Kruck and Sarkar,
1973), the most significant indicator of histidine
coordination over carboxyl groups (Dunbar et al., 2018).
It should be noted that the Cu(ll) complex that two
histidine molecules can have multiple forms, one of
which contains Cu(ll) in the tetragonal distortion of O,
N, N donor histidine molecules. The intense band at 625
cm? attributed to the out-of-plane bending of the N-H
bond of the imidazole ring (combined with other
vibrations) occurs virtually unchanged in the spectra of
both ligands and complexes, which is expected given

that this bond remains preserved in complex. Significant
is the behavior of the band at 1453 cm™, which is partly
attributed to the deformation of the CH, group, and in

the complex occurs at approximately 1400 cm™. This

decline is atypical for the group not directly involved in

coordination, however the band of this vibration strongly

depends on the spatial arrangement of parts of the

histidine molecule, so it occurs in different
conformations ranging from 1477 to 1424 cm™ (Kumar
et al., 2010). This band shift in the spectrum of the
complex relative to the ligand can be interpreted as
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additional evidence of histidine coordination at the
Cu(ll) center, given that the coordination process almost
always causes changes in the conformation of more
complex ligands (Nakamoto, 2009). the position of the
""scissoring" band of the vibration of the CH, group of
histidine.

Table 3. Characteristic vibrations of Cu- histidine complex

L 5
zo¢g €5
L C T S =
595 c 8 ~
S35 2 s 57
s 5% s>5
O's 0O ; G >
v(C=0) + 6(O-H) + 6(C-H) 1740 m
0s(NH3) 1625 s
0s(CH2) 1398 s
o(C-H) + 5(N-H) -
V(C-NHy) + §(C-H) 1084 m
pw(NH2) -
pr(NH3) 827m, b
yﬂvimidaz_—H) 625 S
v(Cu—N) 418 s

FTIR characterization of Cu - tryptophan complex

The spectrum of the prepared complex shows significant
differences in the bands attributed to vibrations in which
nitrogen atoms participate, which leads to the first
conclusion about its coordination engagement in the
complex. The vibration-corresponding bands (NHs*) of
the group completely disappear in the spectrum of the
complex and are replaced by vibrations characteristic of
the NHz group. Thus, wild very intense bands appear at
3338 cm?® and 3254 cm?, which correspond to
asymmetric and symmetric stretching of the amino
group, while at 1627 cm there is an intense band of
strain deformation in the mentioned group. Vibrations
involving the indole nitrogen atom have no significant
change in position or intensity. In the vibrations of the
nitrogen atom that is directly related to the aliphatic
carbon atom, a small shift towards higher wave numbers
was observed. Vibration at 3420 cm indicates that the
nitrogen atom in the indole ring is not deprotonated, and
therefore probably not coordinated (Wagner & Baran,
2004). Equally significant changes are observed in the
vibration bands of the carboxyl group where
symmetrical and asymmetric stretching is not present in
the molecule of the complex, thus pointing to the
violation of the symmetry of the group and the abolition
of resonance between bonds to a single C-O bond and a
double C=0 bond.

Ljubijanki¢ et. al

Proof of this is the very intense band at 1562 cm-
! corresponding to the carbonyl bond from the carboxyl
group while at 1382 cm™ the rest of the group occurs in
the form of C-O vibration. The intense deformation
vibration of this group was shifted toward lower wave
numbers at 740 cm?(Wagner & Baran, 2004).
Vibrations corresponding to the hydrocarbon skeleton do
not change significantly in position or are eliminated due
to differences in the symmetry of the coordinated and
free molecules of tryptophan. Metal ligand vibrations are
the most convenient form of confirmation of
coordination both in terms of the nature and identity of
coordinated atoms. Thus, in the spectrum of the
complex, typical stretching vibrations of the Cu-N bond
occur, which copper forms with the deprotonated amino
group of tryptophan, at 475 cm™ as a medium intensity
band. Vibrations of Cu-O usually fall below 400 cm-
! (about 350 - 310 cm™?) so that they are not visible in the
given spectrum, but their existence is indicated by
changes in the carboxyl group in terms of resonance
cancellation due to binding of one oxygen atom from the
given group to the Cu center and the accompanying
formation of the C=0 bond (Nakamoto, 2009; Wagner &
Baran, 2004).

Table 4: Characteristic vibrations of Cu- tryptophan complex

c 5 &
o ] - O
= 4= O O =
@2 o o Q 5
S un 9 e .
L c B8 S <
o .2 X c 2
SE= e
&5 5 S o
030 =3
V(N—H)indole 3420 VS
Vas(NH2) 3338 vs
Vs(NH,) 3254 vs
v(NH3*) + v(C-H) -
v(C-H) 2895 w
5as(NH3+) -
O(NH>) 1627 vs
Vas(COO") -
v(C=0) 1562 vs
55(NH3+) -
O(CH>) 1458 s
Vs(COO_) -
v(C-0) 1382 m
7(CH>) 1228 m
V(C*N)anph 1100 m
o(CO0") 740 s
v(Cu-N) 475 m
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Figure 3: Comparative FT-IR spectra of histidine and Cu- histidine complex
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Figure 4: Comparative FT IR spectra of of tryptophan and Cu- tryptophan complex

FTIR characterization of Cu-melatonin complex

The spectrum of the Cu-melatonin complex shows a
band at 3308 cm* which corresponds to the vibration of
the N-H bond of the indole. The appearance of this band,
with small changes in symmetric and asymmetric
stretching of the C - N bond within the indole ring, leads
to the conclusion that this group is intact in the final
complex and rejects the possibility of melatonin
coordination at the Cu(ll) center via N indole atoms
(Shimazaki et al., 2009). The band carrying the largest
share of C=0 vibration of the amide group occurs 1632
cm?, is lower in intensity than in the melatonin
spectrum, but certainly means that the oxygen atom does

not participate in the coordination sphere of the Cu(ll)
center. This is supported by the sensitivity of this
vibration to coordination via the amide oxygen atom,
where a shift to higher wave numbers of up to 20 cm™ is
expected (Ashok, et al., 2006). In contrast to the
aforementioned groups, significant changes occur in
bands involving vibrations of the amide N atom in the
spectra of the melatonin and Cu-melatonin complexes.
To evaluate coordination across an amide N atom, Vas (C-
N) amide. + & (C-N-H) amide, is the most significant
band corresponding to the vibration of the amide group
and occurs in the spectrum of melatonin at 1490 cm™.
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This band is lost in the spectrum of the complex from
this spectral region. The band at 954 c¢cm? in the
melatonin spectrum, corresponding to the , v(C-N) amide
vibration also disappears in the spectrum of the complex.
Vibration y(N - H) amide + t(HCCO) amide, which
carries a higher proportion of torsional vibrations,
changes position and intensity in the spectrum of the
complex. These observations suggest the possibility of
coordination of melatonin at the Cu(ll) center via the N
atom of the amide group, which is a common tendency
of amide ligands (Marti et al., 2012) in the context of
Cu(ll) coordination chemistry. In the spectrum of the
complex, the I-band appears at 480 cm, which is the
area of the IR spectrum where the stretching of the Cu-N
bond is expected (Nakamoto, 2009). An extremely
interesting phenomenon is the band at 1714 cm™ which
is not a common vibrational region of the carbonyl group
attached to the N atom as is the case in amides. Ji et al.
(2020) provided an interesting overview of the
theoretically predicted spectra for simple amide (N-
methylacetamide) for each individual resonant form. A
resonant form that represents said molecule as acetimic
acid (where the H atom of the amide group is attached to
oxygen while carbon and oxygen form an imine bond

Table 5: Characteristic vibrations of Cu - melatonin

Ljubijankié et. al

(C=N)) shows a stretching vibration of the C=N bond at
about 1700 cm?. Coordination at the metal center
significantly affects the balance of individual resonant
forms, in the direction that favors better coordination
with the metal center through the heteroatom that
participates in the resonance (Nakamoto, 2009). It can be
assumed that the Cu(ll) center can coordinate to the N
atom of the amide part of the melatonin molecule to
induce the formation of (C=N) bonds by stabilizing such
a resonant form, which would be manifested by a band at
1714 cm. Many other experimental data are needed to
finally confirm this assumption. Bands of groups that do
not participate in coordination occur virtually unchanged
in the spectrum of the complex relative to the spectrum
of the ligand. Asymmetric and symmetric stretching of
the C-H group of the aliphatic part of the molecule
occurs in the complex at 2926 cm™ and 2866 cm*, while
the "rocking" vibration band of the mentioned bond is
also practically unchanged in the complex at 1045 cm™.
The band at 1555 cm™ corresponding to the asymmetric
stretching of the C=C bond of the indole ring at 2C - 3C
is of lower intensity but of the same position, at 1556
cmtin the spectrum of the complex (Singh et al.,2014).

Characteristic vibrations of Cu-melatonin complex

Wave number of vibration, v (cm™)

V(N-H)ingote 3308's
V(N—H)amide -
Vas(C—H)aliph. 2926 m
Vs(C—H)aliph. 2866 m
V(C=0) + 6(C—N-HYanice 1632 s
Vas(C=C)2-3c-indole 1556 m
Vas(C—N)amide + 5(C—N—H)amide -
Vs(C—N)indole 1264 w
Vas(C*N)indole 1206 s
V(C—O)methoxy 1174 m
Pr(C—H)aIiph. 1045 ms
V(C—N)amide -
V(C—H)indole + ‘L'(HCCC)Z-SC-indoIe 803 m
1(HCCO)amide 604 m
V(N*H)amide + T(HCCO)amide 538w
v(Cu-N) 480 w
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Figure 5: Comparative FT IR spectra of melatonin and Cu- melatonin complex

Determination of antioxidant capacity

By examining the antioxidant capacity of the synthesized
copper complexes, CEAC values in the range of 121.6 -
7344 uM were obtained. The lowest values of
antioxidant capacity were recorded in the copper
complex with tryptophan, while the highest values were
recorded in the copper complex with alanine. A high
antioxidant capacity of the copper complex with

melatonin (673.8 uM) was also observed. Melatonin is
known to be a good scavenger of hydroxyl radicals,
superoxide anion radicals and nitric oxide and is one of
the most effective lipophilic antioxidants (Simunkova et
al., 2019).

120 ly =0,1x + 3,7103
R? = 0,9894
®
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=
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Ascorbic acid (M)
Figure 6: Calibration curve with standard ascorbic acid solution

Ascorbic acid is the strongest natural antioxidant and is
commonly used in determining antioxidant capacity. To
present the results as ascorbic acid equivalents (CEAC),

a calibration curve was constructed as shown in Figure
6. The values of Q1 and Q2, as well as QT of the
analyzed complexes are shown in Table 6.
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Table 6: Antioxidant capacity of synthesized complexes expressed in nC
Complex Q1 (n0) Q2 (nC) QT (nO)
Cu-Gly 3.6 20.1 23.7
Cu-Ala 24.3 50.2 74.5
Cu-His 3.9 47.2 51.1
Cu-Mel 36.2 32.6 68.8
Cu-Trp 3.9 13 16.9
800
600
s
=
© 400
)
(&}
200
0
Cu-Trp Cu-Gly Cu-His Cu-Mel Cu-Ala
Synthesized complexes
Figure 7: Total antioxidant capacity (CEAC) of synthesized complexes
CONCLUSION Analysis of the FTIR spectra of prepared complexes of

Five complex compounds of copper(ll) were prepared
following an identical procedure. Four amino acids
(glycine, alanine, tryptophan and histidine) and
melatonin as a bioactive tryptophan derivative were used
as ligands. It was found that this preparative approach in
the case of alanine and glycine does not result in the
isolation of well-known cis / trans-bis (glycinato)
copper(ll) or cis / trans-bis (alaninato) copper(ll)
complexes implying the importance of starting
copper(ll) salt as well as pH control of the solution,
given that said complexes are obtained using copper(Il)
acetate in approximately neutral aqueous solutions. FTIR
characterization of the isolated complexes with glycine
and alanine showed deviations from the IR spectral
characteristics of the isomeric amino acid carboxylates
of copper(ll), especially in the region from 800 to 400
cm-1 where isomer-specific vibrations are common.

these amino acids provides data on the coordination of
both oxygen atoms from the carboxyl group and nitrogen
atoms from the amino group of the same, but does not
dispute the participation of chlorides and water
molecules in the coordination sphere of Cu(ll). The
histidine complex also shows the participation of oxygen
and nitrogen atoms from the aliphatic part of this amino
acid, but based on changes in skeletal ring vibrations,
potential coordination of nitrogen atoms from the
imidazole residue of this amino acid is assumed, which
could be concluded based on Cu(ll) center coordination
preference. In the case of the melatonin complexes, the
FTIR spectrum disputes coordination via oxygen atoms
either from the amide group of the aliphatic moiety or
from the methoxyl substituent on the indole ring, the
potential deprotonation of the indole ring and
coordination via the nitrogen atom from the same is also
challenged. In contrast, the FTIR spectrum of the



Bulletin of the Chemists and Technologists of Bosnia and Herzegovina 2022, 58, 19-32 31

complex clearly indicates the coordination of nitrogen
atoms from the amide group as well as the potential
stabilization of one of the resonant forms of this group
based on theoretical considerations. It is important to
note that the assumed structures contain coordinated
chlorides based on theoretical knowledge and practical
data on the behavior of such systems, and that the final
judgment on their coordination participation is made by
considering the spectral range from 400 to 200 cm-1 not
examined in this work. Finally, it can be said that this
simple preparative approach results in complex
compounds of amino acids and their selected derivatives
with copper(ll) chloride that are different from the
literature described, relatively simple complexes and that
additional characterization is needed to establish the
final structure of the complex and possible conclusions
about mechanistic processes that are ongoing in the
given reaction system. The obtained results of the
antioxidant capacity of the complexes indicate a possible
good antioxidant effect of the copper complex with
melatonin and alanine, which indicates the need of
further research in terms of the use of other methods to
determine antioxidant capacity (Romero-Canelon and
Sadler, 2013; Van Rijt and Sadler, 2009; Leung et al.,
2015).
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734.4 uM. Najnize vrijednosti antioksidativog kapaciteta su zabiljeZzene kod kompleksa bakra sa triptofanom,
dok su najvise vrijednosti zabiljeZzene kod kompleksa bakra sa alaninom. Uocen je i visok antioksidativni

kapacitet kompleksa bakra sa melatoninom (673.8 uM).
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Abstract: In this paper we investigate the temporal evolution of the electrical resistance
through different two-dimensional (2D) packings of Ni beads when 1 mA current is injected

in them. In the first stages of measurements, resistance decreases towards a saturation value

Keywords:

Ni beads and it can be fitted with Mittag-Leffler function. Fitting parameters show that the relaxation
Electrical resistance . . . . .

Weak contacts dynamics does not depend on the type of the packing. Different packings show differences

Granular metallic packing
Mittag-Leffler function

in the initial values of the resistance which is attributed to the formation of new
microcontacts during the formation of the new packing. Pauses in the flow of the current
cause the resistance either to decrease, increase or remain the same, depending on the
packing. Longer measurements show, that after the initial drop, the resistance starts to rise

*Corresponding author: which can probably be attributed to the deterioration of microcontacts between the beads.
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Small variations in temperature do not affect the temporal evolution of the resistance.

INTRODUCTION

The electrical properties of metallic granular packings
differ from the properties of the bulk samples of the same
material. When an electric current is imposed on such a
system, its voltage is not unambiguously determined by the
current flow through the packing, i.e. the current-voltage
dependence is not linear, but shows hysteresis properties
and memory effects (Falcon & Castaing, 2005; Falcon &
Castaing, 2005; Vandembroucq et al., 1997; Dorbolo et al.,
2002; Falcon et al., 2004).

Previous research has identified several important factors
causing this phenomenon: grain to grain contact is
imperfect because of the surface roughness, electrical
paths are created in the conducting states and geometrical
variables such as the system dimensionality are to be taken
into account (Dorbolo et al., 2002).

Tests of the change in electrical resistance over time have
shown the resistance drop, which is initially more intense
and later it slows down. Temporal evolution of resistance

R(t) in metallic granular packings when a stable current
through the system is established can be found only in a
few papers (Yoon et a., 1999; Dorbolo et al., 2003; Lee et
al., 2007; Jaksi¢ et al. 2017). The decrease in resistance is
considered to be the result of improved micro contacts
(Toler et al., 2013) between the granules due to their local
welding. Therefore, the electrical conductivity of granular
packing is sensitive to mechanical and temperature
perturbations (Vandewalle et nal., 2001; Bonamy et. al.,
2000). Examining the temporal evolution of resistance in
metallic granular packings of different materials can help
to better understand the mechanisms behind it.

EXPERIMENTAL

Temporal evolution of electrical resistance R(t) was
recorded for 2D granular packings of 52 Ni beads with
radii 10.3 + 0.02 mm. Surface roughness of the beads
varied between 1.6-6.3 pum corresponding to N7-N9
roughness classes. Ni beads were placed in a rectangular
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box with dimensions 13.5 cm x 3.3 cm made out of plastic
and wood. Brass electrodes were mounted along the lateral
sides of the box, as presented in Figure 1.

& 5 2 » 8 » AT

" | o= - - Wy T e
Figure 1. Experimental set-up for 2D packing of Ni beads.
The measurements were conducted for different 2D
packings of the beads. The packing of the beads was
established by the following procedure: the metallic grains
were poured into the box which was initially placed in the
horizontal position thus enabling all the beads to separate
from each other (terminating contacts between all the
beads). After that the box was straightened and then tilted
under 8° inclination angle in respect to the horizontal
position thus enabling us to visually control 2D ordering.
The box was placed on an anti-vibrational surface and the
temperature in the room was measured using digital
thermometer with recorded variations of 1.7 °C during
measurements. The temporal evolution of the resistance
was recorded by allowing a steady flow of current | = 1
mA from the current source Keithley 228 through the
granular packing. The voltage was measured using
Multimetar GDM 8621A (GW - Instek). The acquisition
of data was carried out and controlled by a home-made
computer program recording voltage with a 10 s step and
calculating resistance using Ohms law. The resistance of
each granular packing was measured for different time
intervals.
Very strong contacts between all the components in the
system were formed and any change in the voltage value
recorded during measurements was caused exclusively
because of the changes within the granular packing. This
was checked by measuring the values of voltage between
the electrodes and the measuring devices (the voltage was
constant between the current source and the electrode and
between the multimeter and the electrode).

RESULTS AND DISCUSSION

Resistance measurements were carried out on a number of
different 2D packings of Ni beads through which a
constant current | = 1 mA was injected. The measurements
were performed right after the formation of a particular
packing which lasted for a few seconds.

Dujak et al.

Figure 2 shows five representative measurements of the
temporal evolution of the resistance for different packings
during 1200 s. It can be concluded that the initial values of
the resistance differ from each other regardless of the fact
that we always used the same beads. This means that the
initial resistance depends on the type of packing which can
be attributed to creation of new contacts during the
formation of a new packing (Jaksi¢ et al., 2017). Also, the
resistance decreases with time, faster in the first stages of
relaxation and later on it slows down with a tendency of
saturation.

4
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Figure 2: Temporal evolution of resistance for five different

packings of Ni beads.

Our experimental data presented in Figure 2 can be fitted
with Mittag-Leffler (ML) function of the form:

t a
R(t) = R(e0) — [R(e0) = RolEq [~ ()] @)
where R (o) is asymptomatic value of resistance R(t) with
t — oo, R, is the initial value of resistance, and E, is ML
function of order @, 0 < a < 1 (Haubold et al., 2011). ML
function is defined through the inverse Laplace transform:

Ee[-(9)"] = 2l + r-out-91] @
From which the series expansion can be obtained:
N\ _ oo /DO
Eq [_ (;) ] = Zn=o I'(1+an) 3

ML function interpolates between the initial stretched
exponential form:

E, [— (%)a] ~¢, = exp [— ! (t/r)“],t LTt (4

r(1+o)

and the power behavior for later times:

E[-() ]~ =m0 t»7 @)

The same function was used in (Jaksi¢ et al., 2017) for
fitting the electrical conductivity for a constant flow of 1
mA current through a metallic cylinder packing.

Experimental results of R(t) (red line) fitted with ML
function (equation (1), blue line) for three different
packings of the beads, represented in Figure 3a-c show
excellent agreement. The fitting parameters are as follows:
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a) T, = 1.5421-103s, a; = 0.57583, b) 7, = 1.5410 -
103s, a, = 0.6255 and c) 73 = 9.2724-103s, a; =
0.3535. It can be concluded that the relaxation dynamics
does not depend on the way in which the beads are
arranged in the packing. For instance, two different
packings can have the same relaxation dynamics (7; = t,)
and the evolution of the resistance toward the saturation
value (a; = a5), but on the other hand these processes can
take place on a much different time scales (t; # 1,, az #
a,) for different packings.
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Figure 3: Temporal evolution of resistance for three different
packings of Ni beads (red line), and Mittag-Leffler function fit of
equation (1) (blue line).

In order to compare the rate of the lowering of the
resistance for different packings, the time evolution of the

normalized resistance R/R, (where R, is the initial
resistance) was examined (Figure 4). It can be concluded
that the change in the resistance can be the same for
different packings but that is not a rule. Depending on the
microcontacts that were established between the beads, the
rate of the lowering of the resistance can either be faster or
slower in different packings, which is in accordance with
the results of M-L fitting.
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Figure 4: Normalized resistance versus time for different packings
of the Ni beads.

Because every packing of the beads had different initial
resistance, the measurements were conducted when the
current was turned off for 10 s. These measurements were
repeated for a number of different packings.

The typical results, presented in Figure 5, indicate that
every break in the flow of the current can lead either to
decreasing or increasing of the resistance, whereas in some
cases the resistance remains unchanged. This means that in
some cases the contacts between the beads were improved
but in other cases they were weakened. The same breaks in
the current flow were done consecutively on the same
packing during longer measurements, which is presented
in Figure 7a-d, where all three previously mentioned cases
were also observed.
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S
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Figure 5: Temporal evolution of resistance during 2400 s, with the
pause of 10 s after first 1200 s.

The same step changes in the resistance can be acquired if

the current is turned off for longer periods of time. During



36

these breaks, the conditions in the laboratory as well as the
packing were not altered in any way. Figure 6 represents
cases where the current was switched off for 30 minutes
and 20 h respectively. The value of the resistance is either
decreased or increased after the current is switched on
again. The order of change in the value of the resistance is
the same as in the case of the short breaks in the current
flow.
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Figure 6: Temporal evolution of resistance during 2400 s, with 30
min pause (graph above) and 20 h pause (graph below) after the
first 1200 s.

Figure 7a-d shows the typical resistance variations for four
different packings. The measurements for the individual
packing were performed during 7000 s, where after every
1200 s the current was switched off for 10 s. The slight
temperature changes during the measurements were also
recorded. Regardless of the fact that small temperature
variations were recorded, resistance kept decreasing
following every break in the current flow, which is in
accordance with the results of the previous authors who
kept the temperature constant throughout the
measurements.
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Figure 7: Temporal evolution of resistance with 10 s pauses after
every 1200 s (left axis). Temperature variations during
measurements (right axis).

A number of longer measurements that lasted up to 12000
s was also conducted and the typical results are presented
in Figure 8. It can be seen that following the initial drop,
the resistance starts to rise in the later phases of the
experiments. We stipulate that this rise in resistance is
caused because of the deterioration of contacts between the
beads, but what causes this deterioration needs to be
further examined.
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Figure 8: Temporal evolution of normalized resistance up to 12000 s
long measurements

CONCLUSION

According to our results, the electrical resistance of a
granular packing of Ni beads with 1 mA injected current
drops in the first phases of relaxation towards a saturation
value but later on it begins to rise which can be concluded
from the longer measurements. This increase is not caused
by external vibrations since it is well known that this kind
of influence is recorded as an abrupt and step change in
resistance during experiments. The decrease in the
resistance in the first stages of measurements can be
approximated with Mittag-Leffler function.

Pauses in the flow of the current through the packing can
cause changes in the resistance, namely it can either
increase or decrease.

Small increases of temperature do not affect the decrease
of the resistance during relaxation.
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Summary/Sazetak

U ovom radu smo ispitali vremensku evoluciju elektricnog otpora u razli¢itim dvodimenzionalnim (2D)
pakovanjima Ni kuglica kada se kroz njih propusti struja ja¢ine 1 mA. Nasi rezultati pokazuju da u prvim fazama
mjerenja otpor opada prema nekoj vrijednosti zasi¢enja. Eksperimentalni rezultati u prvim fazama mjerenja se
veoma dobro mogu fitovati Mittag-Leffler funkcijom. Parametri fita pokazuju da dinamika relaksacije ne zavisi
od tipa pakovanja tj. razli¢ita pakovanja mogu imati iste parameter fita. Pored toga, razlicita pakovanja pokazuju
razlike u pocetnim vrijednostima otpora Sto se moze pripisati formiranju novih mikrokontakata prilikom
formiranja novog pakovanja. Duze ili krace pauze u protoku struje uzrokuju promjenu otpora za odredeno
pakovanje. Naime u zavisnosti od tipa pakovanja kuglica, otpor moZe da poraste, opadne ili ¢ak ostane
nepromijenjen. DuZa mjerenja pokazuju da nakon pocetnog pada, otpor pocinje da raste, $to se vjerovatno moze
pripisati pogorSanju mikrokontakata izmedu kuglica. Male promjene temperature ne uticu na vremensku

evoluciju otpora.
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Abstract: In this paper, the influence of hydrochloric acid and the addition of oxidizing
agents on the rate of general corrosion of brass was investigated. For comparison, the
corrosion rate of copper and zinc in hydrochloric acid and in hydrochloric acid with
oxidizing agent was also tested. The Taffel extrapolation method was used to examine the
general corrosion of brass, copper and zinc. The Taffel extrapolation method involves
scanning potential of the working electrode of £250 mV in relation to its open-circuit
otential (Eocp), at a speed of 0.5 mVs?. Investigation of corrosion was conducted in a
corrosion cell according to the ASTM G5 (ASTM G5-94) standard, on a
potentiostat/galvanostat instrument, Princeton Applied Research, model 263A-2, with
PowerCORR® software, which is part of the Power Suite softwere package. The tests
were performed at room temperature, 20£1°C. The results show that the corrosion rate of
brass is higher in hydrochloric acid with oxidizing agent than the corrosion rate of brass in
hydrochloric acid. Examining the effect of hydrochloric acid and the addition of oxidizing
agent on the rate of general corrosion of brass, it was found that the corrosion of brass has
caused the zinc contained in it. Corrosion of zinc is highest in 0.1 M HCI + 0.1 M H202
compared to corrosion of brass and copper in 0.1 M HCI + 0.1 M H202, where corrosion
of copper is lowest in 0.1 M HCI + 0.1 M H20x.

INTRODUCTION

Brass undergoes an electrochemical process of selective
corrosion which zinc dissolves in contact with the

Brass is an alloy of copper and zinc containing 5-40% Zn
as the main alloying element (Choucri et al., 2019), other
elements may be added to modify properties such as
strength, machinability, or corrosion resistance (Francis,
2010). It has been used extensively in a variety of
corrosive environment for many years (Akabueze et al.,
2012). Brass (along with bronze) are the oldest alloys
used in marine technology (Feron, 2007).

Copper alloys with zinc can be double, triple and
complex, with a copper content of at least 50% and zinc
of not more than 44% (ordinary brass), as the main added
element (Avramovi¢ et al., 2006). Brass is commonly
used as a condenser and heat exchanger (Gapsari et al.,
2018). Brass has characteristic colors. The color varies
depending on the copper content (Avramovi¢ et al.,
2006).

electrolyte (the dezincification process), leaving behind a
porous layer of copper. The corrosion behavior of brass
with respect to dezincification, de-alloying, and stress
corrosion has been studied (EI-Mahdy et al., 2013). In
oxygen-containing hydrochloric acid solutions, the
corrosion rate of brass is increased because zinc and
copper are dissolved by an oxygen reduction reaction:

4Cucuzn + O2+ 4H* — 4Cu™+ 2H,O (1)

ZZH(CU.Zn) + 0+ 4H"— 27n%" + 2H,0 (2)

O, + 4H*"+ 4e" « 2H,0 (3)

Dissolved oxygen from solution leads to oxidation of
Cu(l)-complex to Cu(ll):

ACU* + O, + 4H* — 4Cu?* + 2H,0 4)
Increasing the concentration of Cu(ll)-complex in the
solution increases the participation of the following
reaction in the corrosion process:

Cu?*+ Cu — 2Cu* (5)
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Copper can be redeposited from the solution on the brass
surface:

Cu?* + Zn — Cu + Zn?% (6)
and also:
2Cu* + Zn — 2Cu + Zn?* (7

Regardless of the type of corrosion reaction, autocatalytic
dissolution and dissolution with the oxygen reduction
reaction occurs, with repositioning. The process causes a
relatively high concentration of zinc and a low
concentration of copper in solution. In these investigation
the redeposition process is the reason for dezincification
(Avramovic¢ et al., 2006).

In this paper, the influence of hydrochloric acid and the
addition of oxidizing agents on the rate of general
corrosion of brass were investigated. For comparison, the
corrosion rate of copper and zinc in hydrochloric acid and
in hydrochloric acid with oxidizing agent was also tested.

EXPERIMENTAL

Brass whose chemical compaosition is given in Table 1
was used for testing. For comparison, the corrosion rate
of copper with a purity of 98.1% and zinc with a purity of
99.0% in hydrochloric acid and in hydrochloric acid with
oxidizing agent was also tested. Chemical analysis of
brass was performed at the Kemal Kapetanovi¢ Institute
in Zenica. Standards JUS C.Al.185:1979 (Cu, Pb); JUS
C.Al.159:1978;  Analytical Methods for Atomic
Absorption Spectrometry (Zn, Fe) were used to analyze
the chemical composition of brass.

Table 1. Chemical composition of brass
Element Cu Zn
Mas. % 70,0 29,8

The tests were carried out in the following solutions: 0.1
M HCI; 0.1 M HCI + 0.1 M H;0,. The following
chemicals were used in the preparation solutions:
hydrochloric acid 35% (HCI, Lach-Ner, Czech Republic)
and hydrogen peroxide 30% (GRAM-MOL, Zagreb,
Croatia) all of p.a. purity.

The Taffel extrapolation method was used to examine
general corrosion of brass. The Taffel extrapolation
method involves scanning the potential of the working
electrode of +250 mV in relation to its open circuit
potential (Eocp), at a speed of 0.5 mVs™. Investigation of
corrosion was conducted in a corrosion cell according to
the Standard ASTM G5 (ASTM G5-94), on a
potentiostat/galvanostat instrument, Princeton Applied
Research, model 263A-2, with PowerCORR® software,
which is part of the Power Suite softwere package. The
tests were performed at room temperature, 20+1°C.

RESULTS AND DISCUSSION
Figure 1. and Table 2. show the effect of adding an

oxidizing agent to HCI solutions on the general corrosion
rate of brass.
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Figure 1. Tafel curves samples of brass
1 - sample treated in 0.1 M HCI;
2 —sample treated in 0.1 M HCI + 0.1 M H,0,

Table 2. The values of open circuit potential and corrosion
current density of brass samples treated in HCI

The type of HCI Corrosion current
solutions Eocp(MV) density, icor. (LACM?)
0.1 M HCI -130,152 1,067-10!
0.1 M HCI + )
0.1 M H20> -61,692 9,567-10

The results shown in Figure 1 and Table 2 show that the
general corrosion rate of brass generally increases with
the addition of H,O,. Table 2 shows that the addition of
H,O, increases the corrosion current density, a key
parameter for estimating corrosion rate.

For comparison, the corrosion rate of zinc in hydrochloric
acid and in hydrochloric acid with oxidizing agent was
also tested. Figure 2. and Table 3. also show the corrosion
rate of zinc in hydrochloric acid and in hydrochloric acid
with oxidizing agent. The corrosion rate of zinc is higher
in hydrochloric acid and in hydrochloric acid with
oxidizing agent than the corrosion rate of brass in
hydrochloric acid and hydrochloric acid with oxidant, as
can be seen from the results of corrosion current density
shown in Table 2 and Table 3.
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Figure 2. Tafel curves samples of zinc
1 - sample treated in 0.1 M HCI;
2 —sample treated in 0.1 M HCI + 0.1 M H,0,

Table 3. The values of open circuit potential and corrosion
current density of zinc samples treated in HCI

The type of HCI Eocp(MV) Corrosion current
solutions density, icor. (MACM"
)
0.1 M HCI -968.025 1.447-108
0.1 M HCI + -941.531 1.463-10%
0.1 M H202
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For comparison, Figure 3 and Figure 4 shows the
corrosion rate of brass and zinc in hydrochloric acid and

in hydrochloric acid with oxidizing agent.
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Figure 3. Tafel curves samples of brass and zinc
1 — sample of brass treated in 0.1 M HCI;
2 — sample of zinc treated in 0.1 M HCI
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Figure 4. Tafel curves samples of brass and zinc
1 — sample of brass treated in 0.1 M HCI + 0.1 M H202;
2 — sample of zinc treated in 0.1 M HCI + 0.1 M H20:

Figure 3 and Figure 4 show that the main cause of
corrosion of the brass is zinc contained in it, and this is
confirmed by the following Figure 5 corrosion of copper
in hydrochloric acid and in hydrochloric acid with
oxidizing agent.
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Figure 5. Tafel curves samples of brass, zinc and copper
1 — sample of brass treated in 0.1 M HCI + 0.1 M H,03;
2 — sample of zinc treated in 0.1 M HCI + 0.1 M H02;

3 — sample of copper treated in 0.1 M HCI + 0.1 M H;0:

Figure 5. shows that the rate of general corrosion of
copper is the lowest in 0.1 M HCI + 0.1 M H,0,. Since
the standard electrode potential for zinc is at more
negative potentials than that for copper, it is expected that
zinc dissolution will occur before copper dissolution
according to the following equation (Radovanovic et al.,
2018):
Zn — Zn** + 2e (8)

Furthermore, in chloride solutions there is also a reaction
between zinc and CI- ions according to the following
equation (Radovanovic et al., 2018):
Zn + 4Cl" — ZnCl% 4 + 2¢ 9)
Moreover, copper dissolution occurs in acidic solution as
shown by the following equations (Radovanovic et al.,
2018):
Cu— Cu*+e

Cu* — Cu?** + ¢ (10)
CuCl occurs in the reaction between Cu* and CI- ions
according to the following equation:

Cu* + ClI"—CuCl (11)
However, in the presence of atmospheric oxygen,
oxidation of Cu* to Cu?" occurs according to the
following equation (Radovanovic et al., 2018):

4Cu* + Oz + 4H* — 4Cu®* + 2H,0  (12)

The CuCl layer reacts with Cl-and forms a soluble CuCl-,
complex according to the following equation
(Radovanovic et al., 2018):

CuCl + CI'— CuCl (13)
Based on the literature data, which refer to the conditions
in the examined system, the formed CuCl, complex can
be dissolved into the bulk solution. Also, in an acidic
solution, CuCl; is oxidized to Cu?* ions according to the
following equations (Radovanovic et al., 2018):

CUCI 2(ads) — CuCl z(sol)
CUC|'2(ads) — Cu?* + 2ClI + 2e (14)

CONCLUSION

The alloy dissolution process begins with the
simultaneous dissolution of both components of the alloy
(Cu and Zn). The dissolution reaction occurs according to
(Al Kharafi et al., 2010):

Brass(Cut+Zn)—xCu?* + yZn?* +2(x+y) e (15)
where x and y are the fractions of dissolved copper and
zinc, respectively. At the free corrosion potential, the
electrons resulting from equation (15) are consumed in
the cathodic reduction of hydrogen peroxide. A
mechanism involving decomposition (or
disproportionation) of H,O, leading to O, formation,
followed by electrochemical reduction of O,, may be
suggested.

2H,0, — 2H,0+ O, (16)

Oz +4H*+4e = H,0 (17)
Another mechanism that depends on the direct reduction
of H20; in an acidic medium is possible, i.e.

H,0, + 2H*+ 2e- — 2H,0 (18)
Electroreduction of H,O, can be considered to occur by
generating adsorbed OH.q4 species that receive an electron
to give OH" and finally combine with H* to give H,O (Al
Kharafi et al., 2010).

Thus, the results show that the corrosion rate of brass is
higher in hydrochloric acid with oxidizing agent than the
corrosion rate of brass in hydrochloric acid.
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Examining the effect of hydrochloric acid and the
addition of oxidizing agent on the rate of general
corrosion of brass, it was found that the corrosion of brass
has caused the zinc contained in it. Corrosion of zinc is
highest in 0.1 M HCI + 0.1 M H,0, compared to
corrosion of brass and copper in 0.1 M HCI + 0.1 M
H>02, with copper corrosion lowest in 0.1 M HCI + 0.1
M H;0..
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U ovom radu ispitivan je uticaj hlorovodiéne kiseline i oksidacionog sredstva na brzinu opste korozije mesinga.
Poredenja radi, ispitivana je i brzina korozije bakra i cinka u hlorovodi¢noj kiselini i hlorovodi¢noj kiselini s
dodatkom oksidansa. Za ispitivanje opSte korozije uzoraka mesinga, bakra i cinka upotrijebljena je Tafelova
ekstrapolacijska tehnika. Navedena metoda podrazumijeva skeniranje potencijala radne elektrode £250 mV u
odnosu na potencijal otvorenog kruga (Eoce), brzinom od 0,5 mVs?. IstraZivanja korozije provedena su u
korozionoj celiji prema standardu ASTM G5, na instrumentu potenciostat/galvanostat, Princeton Applied
Research, model 263A-2, koriste¢i softver PowerCORR®. Ispitivanja su provedena na sobnoj temperaturi,
20+1°C. Rezultati pokazuju da je brzina korozije mesinga vec¢a u hlorovodi¢noj kiselini s dodatkom oksidansa
od brzine korozije u hlorovodi¢noj kiselini. Ispitivanjem uticaja hlorovodi¢ne kiseline i dodatka oksidacionog
sredstva na brzinu opste korozije mesinga, ustanovljeno je da je koroziju mesinga uzrokovao cink koji se nalazi
u njemu. Korozija zinka je najve¢a u 0.1 M HCI + 0.1 M H2O> u odnosu na korziju mesinga i bakra u 0.1 M
HCI + 0.1 M H»03, gdje je korozija bakra najmanja u 0.1 M HCI + 0.1 M H;0..
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3. NMR Spectroscopy:
1H NMR (500 MHz, DMSO-ds) d 0.85 (s, 3H, CHs), 1.28-1.65 (m, 8H, 4'CHz2),
4.36-4.55 (m, 2H, H-1 and H-2), 7.41 (d, / 8.2 Hz, 1H, ArH), 7.76 (dd, ] 6.0, 8.2 Hz,
1H, H-1"), 8.09 (brs, 1H, NH).
I3CNMR (125 MHz, CDCl3) d 12.0, 14.4, 23.7, 26.0, 30.2, 32.5, 40.6 (C-3),47.4 (C-
2"),79.9,82.1,120.0 (C-7), 123.7 (C-5), 126.2 (C-4).
Abbreviations: d, chemical shift in parts per million (ppm) downfield from the
standard; J, coupling constant in hertz; multiplicities s, singlet; d, doublet; t,
triplet; q, quartet; and br, broadened. Detailed peak assignments should not be
made unless these are supported by definitive experiments such as isotopic
labelling, DEPT, or two-dimensional NMR experiments.

4. IR Spectroscopy:
IR (KBr) n 3236, 2957, 2924, 1666, 1528, 1348, 1097, 743 cm™L..
Abbreviation: n, wavenumber of maximum absorption peaks in reciprocal
centimetres.

5. Mass Spectrometry:
MS m/z (relative intensity): 305 (M*H, 100), 128 (25).
HRMS-FAB (m/z): [M+H]*calcd for C21H38N40s, 442.2791; found, 442.2782.
Abbreviations: m/z, mass-to-charge ratio; M, molecular weight of the molecule
itself; M*, molecular ion; HRMS, high-resolution mass spectrometry; FAB, fast
atom bombardment.

6. UV-Visible Spectroscopy:
UV (CH30H) Imax (log e) 220 (3.10), 425 nm (3.26).
Abbreviations: lmax, wavelength of maximum absorption in nanometres; e,
extinction coefficient.

7. Quantitative analysis:
Anal.calcd for C17H24N203: C 67.08, H 7.95, N 9.20. Found: C 66.82, H 7.83, N
9.16.All values are given in percentages.

8. Enzymes and catalytic proteins relevant data:
Papers reporting enzymes and catalytic proteins relevant data should include the
identity of the enzymes/proteins, preparation and criteria of purity, assay
conditions, methodology, activity, and any other information relevant to judging
the reproducibility of the resultsl. For more details check Beilstein
Institut/STRENDA (standards for reporting enzymology data) commission Web
site (http://www.strenda.org/documents.html).
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e Full postal address,

e Telephone and fax numbers,

e All figure captions,

e All tables (including title, description, footnotes),

e Manuscript has been "spellchecked" and "grammar-checked",

e References are in the correct format for the journal,

e All references mentioned in the Reference list are cited in the text, and vice versa.

Submissions

Submissions should be directed to the Editor by e-mail: glasnik@pmf.unsa.ba, or
glasnikhtbh@gmail.com. All manuscripts will be acknowledged on receipt (by e-mail)
and given a reference number, which should be quoted in all subsequent

correspondence.
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