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THE INSTITUTE OF CHEMISTRY AT 60 YEARS ANNIVERSARY.  

BRIEF HISTORY, ACHIEVEMENTS AND PERSPECTIVES 
 

 
 

 

At the beginning of the 60’s the chemistry 

in the Republic of Moldova exceeded the 

perimeter of higher education and registered a rise 

to a new level - the academic level. The first 

research group, formed in 1951, was the analytic 

group connected to the Department of Pedology 

of the Moldovan Branch of the former USSR 

Academy of Sciences with the research in the 

field of analytical chemistry and chemistry of 

coordination compounds. Later, in 1953, the 

analytical group became a laboratory and in  

1956 the Department of Chemistry was formed. 

Along with coordination chemistry, the chemistry 

of natural compounds and organic synthesis 

developed. Investigations in the field of chemistry 

significantly developed after the formation of 

the Departments of Inorganic Chemistry and 

Organic Chemistry of the Moldovan Branch of 

the of the former USSR Academy of Sciences in 

1956, and even more due to the setting up of the 

Institute of Chemistry, which became and still 

remains, the main centre of chemical research in 

the republic [1,2]. 

The Institute of Chemistry of the ASM was 

founded in 1959 (April 15
th
) on the basis of the 

Department of Organic Chemistry, and that of 

Inorganic Chemistry and the Laboratory of 

Analytical Chemistry of the Moldovan Branch of 

the Academy of Sciences of the USSR. 

The Institute of Chemistry has witnessed a 

continuous growth: new laboratories emerged, 

from existing ones, the Laboratory of Chemistry 

of Mineral Resources (1962), Laboratory of 

Quantum Chemistry (1964) and Laboratory of 

Bioinorganic Chemistry (1975), and the 

Laboratory of Organic Chemistry (known as the 

Laboratory of Chemistry of Natural Compounds 

during the foundation of the institute) leads  

to the formation of the Laboratory of Organic 

Synthesis (1962) [3]. 

The cornerstones of scientific directions of 

the institute were laid down by famous 

researchers, members of the Academy of 

Sciences, founders of scientific schools in 

Republic of Moldova: acad. Antonie Ablov 

(1905-1978) – school of coordination compounds 

chemistry [1-3,4]; acad. Gheorghe Lazurievski 

(1906-1987) – school of organic and bioorganic 

chemistry [1-3,5], acad. Iurie Lealicov  

(1909-1976), organizer and leader of research 

related to physical-chemical methods of analysis – 

school of polarography [1-3,6]. 
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Later, new scientific schools were created, 

those of quantum chemistry – headed by  

acad. Isaak Bersuker [1,3,7,8]; organic, 

bioorganic chemistry and chemistry of natural 

and physiologically active compounds – headed 

by acad. Pavel Vlad (1936-2017) [1,3,9,10]; 

chemistry of coordination, macrocyclic  

and supramolecular compounds – headed by  

acad. Nicolae Garbalau (1931-2006) [1,3]; 

ecological chemistry – headed by acad. Gheorghe 

Duca [1,3,11,12]; bioinorganic chemistry – 

headed by acad. Constantin Turta (1940-2015) 

[1,3,13,14]; and the scientific school in the field 

of chemistry of adsorbents was created by  

acad. Tudor Lupascu [1,3,15]. 
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During the 60 years the scientific activity of 

this prestigious academic institution has been led 

up by directors: acad. Antonie Ablov (1959-1961 

and 1965-1975); acad. Gheorghe Lazurievski 

(1961-1965); acad. Pavel Vlad (1975-1995); 

Nicolae Garbalau (1995-2001); acad. Tudor 

Lupascu (2001-2018) and doctor habilitate 

Aculina Aricu (from 2019); deputy (scientific) 

directors: acad. Isaak Bersuker; dr. Lev Curtev; 

dr. habilitate Dumitru Batir; acad. Pavel Vlad,  

dr. habilitate Grigore Junghietu; acad. Nicolae 

Garbalau; dr. habilitate Anatol Dimoglo;  

dr. habilitate Vladimir Arion; dr. Vasile Lozan; 

acad. Tudor Lupascu and dr. habilitate Aculina 

Aricu; scientific secretaries: dr. Alexandr 

Shamshurin; dr. habilitate Dumitru Batir;  

dr. Dumitru Palade; dr. Valeriu Ropot; dr. Larisa 

Madan; dr. Raisa Cater and dr. Maria Cocu [3].  

At present, the scientific potential of the 

Institute of Chemistry is represented by  

123 scientific researchers, including - three full 

members of the Academy of Sciences of 

Moldova, one corresponding member of the 

Academy of Sciences of Moldova, 10 doctors 

habilitate and 40 doctors of chemistry. 

During the years, the Institute of Chemistry 

of the Academy of Sciences of Moldova passed 

through several structural and research-related 

reforms. Now the institute includes three 

scientific centres: the Centre of Physical and 

Inorganic Chemistry, the Centre of Ecological 

Chemistry and Environmental Protection and the 

Centre of Organic and Biological Chemistry. 

The Centre of Physical and Inorganic 

Chemistry furnished with modern equipment, was 

created in 2006 (first named Centre of Physical 

Chemistry and Nanocomposites) by academician 

Gheorghe Duca, and includes four laboratories:  

 The Laboratory of Quantum Chemistry, 

Catalysis and Physical Methods; 

 The Laboratory of Coordination Chemistry; 

 The Laboratory of Physico-Chemical 

Methods of Research and Analysis; 

 The Laboratory of Bioinorganic Chemistry 

and Nanocomposites. 

 

The Laboratory of Quantum Chemistry, 

Catalysis and Physical Methods was founded  

in 1964 (under the name of Laboratory of 

Quantum Chemistry) by academician Isaac 

Bersuker who led the laboratory for 29 years 

(1964-1993) [1-3,8].  

Professor Ivan Ogurtsov, dr habilitate of 

physics and mathematics, was the head of the 

laboratory during 1993-2010. Since 2010 the head 

of the Laboratory is Natalia Gorinchoy, doctor  

of chemistry. 

In 2006, the laboratory was renamed in the 

Laboratory of Quantum Chemistry and Chemical 

Kinetics and later, in 2013, the laboratory 

enlarged by the integration of the Laboratory of 

Magnetic Resonance and Laser Spectroscopy 

headed by corresponding member Ion Geru, 

hence the name of the laboratory was replaced by 

the Laboratory of Quantum Chemistry, Chemical 

Kinetics and Magnetic Resonance, which 

currently includes four groups. In 2016 the name 

of the laboratory becomes Quantum Chemistry, 

Catalysis and Physical Methods. 
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Research in the field of quantum chemistry 

was quite significant from the very beginning, 

being highly appreciated at the international level. 

The study of the influence of the electronic 

structure on nuclear configurations of polyatomic 

systems and their dynamics led to the elaboration 

of a new concept in the theory of structure and 

particularities of polyatomic systems – the 

concept of vibronic interaction, which resulted in 

a scientific discovery, this achievement (after 

official support by ten research institutions of the 

USSR) was qualified as a “Scientific Discovery” 

registered in the USSR in 1978 under no. 202: 

„Явление туннельных расщеплений уровней 

энергии многоатомных систем в состоянии 

электронного вырождения” (I. Bersuker „The 

Phenomenon of Tunneling Splitting of Energy 

Levels of Polyatomic Systems in Electronic 

Degenerate States”) [8,16]. 

The research interests of the Laboratory of 

Quantum Chemistry, Catalysis and Physical 

Methods are: 

 Geometry and electronic structure 

calculations of molecular systems by  

ab initio and semiempirical methods;  

 Activation of small molecules through the 

interaction with coordination compounds of 

transition metals;  

 Theory of vibronic interactions;  

 Study of the “structure-activity” correlation; 

 Theoretical and experimental studies of 

reaction mechanisms of redox processes;  

 Magnetic properties of bi- and tri-

homonuclear coordination compounds;  

 ESR in carbon nanotubes and coordination 

compounds;  

 NMR in liquids and solids, including the 

determination of nuclear relaxation times;  

 Spectroscopic studies and molecular 

dynamics simulations of the interaction of 

biological macromolecules with metal 

cations. 

 

The Laboratory of Coordination 

Chemistry is one of the oldest and most 

representative entities of the institute. The 

investigations in the field of chemistry of 

coordination compounds expanded substantially 

after the formation (in 1956) of the Department of 

Inorganic Chemistry of the Moldovan Branch of 

the Academy of Sciences of the USSR. In 1975, 

the laboratory was called the Laboratory of 

Chemistry of Coordination Compounds, headed 

by academician Antonie Ablov (during the years 

1959-1978) [1-4]. From 1978 till 2006 the head of 

the laboratory was academician Nicolae Garbalau, 

for a short period (in 2006) the laboratory was 

guided by corr. member Mihail Revenco [17].  

In the same year, 2006, the laboratory was 

renamed in Laboratory of Coordination Chemistry 

and was headed by dr. habilitate Ion Bulhac 

(during years 2006-2016 and 2018- present), and 

dr. Diana Dragancea (2015-2018).  
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The research interests of the laboratory of 

Coordination Chemistry are:  

 Synthesis methods, especially template 

synthesis of the mono-, polynuclear and 

supramolecular compounds of the transition 

metals with organic polyfunctional ligands 

based on Schiff bases; 

 basic research in elucidating physical, 

chemical, magnetic, catalytic and structural 

properties of the synthesized compounds; 

 applied research of coordination compounds 

as stimulants of the vital activity of some 

microorganisms in the biosynthesis of 

enzymes, as well as stimulants to increase 

the productivity and drought resistance of 

cultivated plants; 

 Synthesis of different metal carboxylates 

both of small clusters (mono-, bi-, 

trinuclear) and larger cages (from M4  

to M16), as well as coordination polymers 

with the metals such as vanadium, 

chromium, manganese, iron, cobalt, nickel, 

copper, zinc. 

 

The Laboratory of Physico-Chemical 

Methods of Research and Analysis has 

descended from the Laboratory of Analytical 

Chemistry, which was founded by academician 

Iurie Lealicov in 1957 [1-3,6]. Under the 

guidance of professor Lealicov, methods for the 

analysis of metals in industrial facilities, 

semiconductors, foodstuffs and environment were 

developed. In 1973, dr. Ion Vatamanu was 

appointed head of the Laboratory of Analytical 

Chemistry (called the Laboratory of 

Electrochemical Methods of Investigation for a 

short period), and in 1991 dr. Ludmila Chiriac 

was elected head of laboratory. Later, the 

laboratory was headed by corresponding member 

Mihail Revenco during 1997-2006 [17] and  

dr. Ion Dranca in the period 2006-2008. In 2006, 

with the foundation of the Center of Physical 

Chemistry and Nanocomposites (now Centre of 

Physical and Inorganic Chemistry), the laboratory 

was reorganized and transformed into the 

Laboratory of Physico-Chemical Methods of 

Research and Analysis, which at present is headed 

by dr. habilitate Igor Povar.  
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The research interests of the Laboratory of 

Physico-Chemical Methods of Research and 

Analysis are:  

 Chemical thermodynamics of complex 

chemical equilibria in multicomponent 

heterogeneous systems; 

 Developing the theory of buffering capacity 

in multicomponent heterogeneous systems 

for assessing the effects of pollutants 

remediation in contaminated waters; 

 Analysis of new organic reagents for the 

voltamperometric adsorptive accumulation 

with cathodic or anodic stripping of metals; 

development of voltamperometric methods 

for the analysis of traces of harmful species; 

 Testing of certain new organic chelating 

polyfunctional agents that are used for the 

adsorptive accumulation of heavy metals on 

the mercury electrode; 

 Development of methods of electrochemical 

accumulation on the carbon fiber electrode 

with the surface modified by a monolayer 

of mercury so as to increase the scanning 

speed, which would significantly shorten 

the accumulation time and bring closer the 

nanomolar detection limit; 

 The use of spectral methods of structural 

analysis of organic and inorganic materials. 

 

The Laboratory of Bioinorganic Chemistry 

and Nanocomposites was established in 1975 

(under the name Laboratory of Bioinorganic 

Chemistry) by dr. habilitate, professor Dumitru 

Batir [1-3,18]. The laboratory was designed to 

study coordination compounds with biological 

activity [1,3]. At the end of 1988, academician 

Constantin Turta was elected as head of the 

laboratory, giving a new breath to the laboratory 

by implementing progressive methods (at that 

time) Nuclear Gamma Resonance Spectroscopy 

(Mössbauer spectroscopy) and magnetochemistry 

[1,3,14,19,20]. After passing away of academician 

Turta, dr. Vasile Lozan (2015 - present) was 

elected as head of laboratory. In 2006, with the 

creation of the Center of Physical Chemistry and 

Nanocomposites the laboratory was renamed in 

Laboratory of Bioinorganic Chemistry and 

Nanocomposites.  

Additionally, in this laboratory, 

corresponding member Boris Tsukerblat and his 

team developed the scientific direction 

Magnetochemistry and the spectroscopy of the 

polinuclear coordinative compounds [2,3].  

The research interests of the Laboratory of 

Bioinorganic Chemistry and Nanocomposites are:  

 Synthesis of mono- and polynuclear 

coordination compounds of transition 

elements (nd, 4f) with mono- (H2O, R-Py, 

THF, DMAA, etc.) and polydentate ligands 

of Schiff Base type and carboxylic acids; 

 Investigations of their molecular and 

crystalline structure (in collaboration with 

other research groups); 

 Deciphering of IR, UV-Vis, Mössbauer, 

NMR, TG and EPR spectra of the 

synthesized substances; 

 Testing of synthesized compounds  

as single-molecule-magnets (SMM), 

photosensitizers in solar cells with dye 

sensitizers (CSCs), magnetic nanomaterials 

and biologically active compounds. 

 

The Centre of Ecological Chemistry and 

Environmental Protection, created in 2016 and 

headed by academician Tudor Lupascu, includes 

three laboratories:  

 The Laboratory of Ecological Chemistry; 

 The Laboratory of Monitoring of 

Environmental Quality; 

 The Laboratory of Water Chemistry. 
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Dr. habilitate Dumitru Batir 

(1927-2014) 

Corr. member Boris Tsukerblat 

 

13 



A. Aricu et al. / Chem. J. Mold., 2019, 14(1), 8-31 

 

The Laboratory of Ecological Chemistry, 

was established in 1962 by dr. in chemistry 

Nicolae Lobanov, under the name of Laboratory 

of Mineral Resources; and with the purpose  

to research the chemical composition, 

physicochemical properties of the clay minerals 

and their use in various fields of national 

economy [1-3]. The laboratory goes into a wider 

area of concern as the Laboratory of Mineral 

Resources and Water Chemistry Laboratory, in 

1972, headed by dr. Valeriu Ropot. Later, in 

1991, the laboratory has been modernized and 

coordinated by acad. Tudor Lupascu, who 

reinvigorated it; the laboratory was renamed in 

Laboratory of Ecological Chemistry, focusing on 

the quality of the environment [1,3,11].  

In 2001 acad. Tudor Lupascu was elected 

as director of the Institute of Chemistry, thus, the 

Laboratory of Ecological Chemistry was led by 

dr. habilitate Vasile Rusu (during 2002-2006) and 

by dr. habilitate Mihail Ciobanu (during 2007-

2014 years). In 2015 dr. Raisa Nastas has been 

elected as head of the Laboratory of Ecological 

Chemistry. Now the head of the laboratory is  

dr. Nina Timbaliuc.  

The research interests of the Laboratory of 

Ecological Chemistry are:  

 Optimization of the obtaining and 

modification technologies of carbonaceous 

and mineral adsorbents for practical 

purposes; 

 Obtaining and studying of the structure 

parameters of carbonaceous and mineral 

supported catalysts for their use in the 

catalytic processes of pollutants removal 

from surface and underground waters;  

 Synthesis and study of the new 

polyfunctional materials (including 

biologically active substances) by chemical 

and physicochemical methods, useful for 

economy, medicine, industry, agriculture 

and environment.  
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The Laboratory of Monitoring of 

Environmental Quality was established in 1978 

by dr. Burghelea Nicolae under the name of 

Laboratory of Land Geochemistry at the Institute 

of Geophysics and Geology of the Academy of 

Sciences of Moldova [21]. Subsequently, the 

laboratory was renamed to Laboratory of 

Hydrogeochemistry and Laboratory of 

Geochemistry. Due to the reorganization and 

optimization of the Academy of Sciences of 

Moldova, which started in 2015, the laboratory 

was transferred at the Institute of Chemistry. With 

the creation of the Center of Ecological Chemistry 

and Environmental Protection the laboratory was 

renamed to Laboratory of Monitoring of 

Environmental Quality. The head of laboratory is 

dr. Oleg Bogdevich. 

Modern methodologies for studying the 

geochemistry of toxic substances in different 

environmental objects were implemented within 

the laboratory and now it is accredited according 

to ISO 17025 and can perform the following 

analyses of different environmental objects 

(natural and waste waters, soils, sediments, 

plants): 

 determination of toxic organic substances 

POP, PAH, BTEX; 

 identification of substances in different 

objects by gas chromatography with mass 

detection; 

 determination of toxic chemical elements 

(As, Se, Hg, Pb, Cd, Cu, Zn, Ni, Cr, Al, 

Mn, Fe); 

 analysis of water quality by standard 

methods. 

 

The Laboratory of Water Chemistry was 

founded in 1979, under the name Laboratory of 

Atomic Spectroscopy, as part of the Automation 

and Metrology Center of the Academy of 

Sciences of Moldova [21]. In 2007, due to 

reorganization and optimization, the laboratory 

became a part of the Institute of Chemistry. Later, 

with the creation of the Center of Ecological 

Chemistry and Environmental Protection in 2016, 

the laboratory was renamed to Laboratory of 

Water Chemistry. The head of laboratory is  

Ms. Mitina Tatiana. 

The laboratory was accredited by the 

National Center of Accreditation of the Republic 

of Moldova (MOLDAC) in 1994, 1997, 2000, 

2007, 2011, 2015 and 2019. The laboratory 

organizes inter-laboratory tests at the national 

level; the object of the analysis is water.  

The research interests of the Laboratory of 

Water Chemistry are:  

 Elaboration of new procedures and 

improving the existing ones;  

 Broadening the spectrum of analyzed 

objects and the number of determined 

parameters;  

 Improving metrological characteristics of 

the procedures; 

 Evaluation of chemical composition of 

water from different sources (ground, 

surface, bottled) and its classification 

according to drinking water quality 

standards.  

 

The Centre of Organic and Biological 

Chemistry, created in 2016 and headed by  

dr. habilitate Aculina Aricu, includes two 

laboratories:  

 The Laboratory of Organic Synthesis and 

Biopharmaceutics; 

 The Laboratory of Chemistry of Natural 

and Biological Active Compounds.  

 

 

  
Dr. Oleg Bogdevich Tatiana Mitina 

 
 

15 



A. Aricu et al. / Chem. J. Mold., 2019, 14(1), 8-31 

 

The Laboratory of Organic Synthesis and 

Biopharmaceutics was established in 1962 on the 

initiative of dr. Alexandr Shamshurin, with the 

first name Laboratory of Organic Synthesis. The 

first researches were oriented towards obtaining 

preparations for pests control and of several 

compounds with attractive properties [1-3].  

During 1972-1982 the Laboratory of 

Organic Synthesis, named in 1976 as the 

Laboratory of Chemistry of Preservatives, was 

headed by dr. habilitate Grigore Junghietu 

[1,3,22]. In 1984 dr. Miron Krimer took the lead 

of the laboratory, which was then named the 

Laboratory of Pesticides Chemistry, and in 1991 

named again the Laboratory of Organic Synthesis. 

After the decease of the dr. Miron Krimer, the 

Laboratory of Organic Synthesis has been headed 

by dr. habilitate Fliur Macaev [1,3,22]. In 2016, 

with the creation of the Center of Organic and 

Biological Chemistry the laboratory was renamed 

in Laboratory of Organic Synthesis and 

Biopharmaceutics.  

The research interests of the Laboratory of 

Organic Synthesis and Biopharmaceutics are:  

 Various aspects of organic and medicinal 

chemistry; discovery of new catalysts 

(metal-mediated and metal-free) for 

asymmetric synthesis, mechanistic 

investigations of reactions which proceed 

with high levels of regio- and 

stereoselectivity; 

 Ionic liquids (including magnetic ones), 

which are used as green alternatives to 

solvents, catalysts, extractors. The 

laboratory provides a total synthesis of 

biologically active compounds, including 

natural ones using computer-aided 

molecular design and study of structure-

activity relationships; 

 Development of inexpensive methods for 

obtaining of specific co-polymers for 

selective detergent-free isolation of 

membrane proteins. 

 

 
 

 

 
Dr. Alexandr Shamshurin 

(1909-2003) 

 

Dr. Miron Krimer 

(1938-1999) 

  
Dr. habilitate Grigore Junghietu Dr. habilitate Fliur Macaev 

 

16 



A. Aricu et al. / Chem. J. Mold., 2019, 14(1), 8-31 

 

The Laboratory of Chemistry of Natural 

and Biologically Active Compounds was 

established in 1959 by acad. Gheorghe 

Lazurievski, under the name of Laboratory of 

Chemistry of Natural Compounds [1-3,5].  

In 1975 the laboratory was divided into 

two: Laboratory of Chemistry of Steroidal 

Compounds (headed by dr. in chemistry Petru 

Ceban and the Laboratory of Chemistry of 

Isoprenoids (headed by dr. Dumitru Popa).  

In 1976, both laboratories were reorganized; the 

first one became the Laboratory of Chemistry of 

Ethero-oleaginous Plants (headed by acad. Pavel 

Vlad), and the second one was reprofiled and 

further led by Dumitru Popa under the name of 

the Chemistry Laboratory of the Plant Growers 

and Development Regulators. In 1991 these two 

laboratories merged into a single research unit - 

the Laboratory of Chemistry of Terpenoids, 

headed by acad. Pavel Vlad [1,3,9,10,22,].  

In 2010, dr. habilitate Nicon Ungur became the 

head of the laboratory. In 2016, with the creation 

of the Center of Organic and Biological 

Chemistry the laboratory was renamed in 

Laboratory of Chemistry of Natural and 

Biologically Active Compounds. 

The research interests of the Laboratory of 

Chemistry of Natural and Biologically Active 

Compounds are:  

 Targeted synthesis of polyfunctionalized 

bioactive terpenic compounds; 

 Elaboration of methods for renewable 

resources valorisation; 

 Elaboration of new green methods for the 

modification of natural products. 

 

Most valuable achievements  

The results of scientific investigations 

performed in the frames of the institute are 

presented in over 6500 scientific publications, 

including around 115 collective and individual 

monographs and thematic selections, over  

300 author certificates and patents; over 120 

technological elaborations have been 

implemented into the national economy. 

Among the most important ones are the 

following: 

 Investigations of the influence of 

electronic structure on the nuclei configuration 

and molecular dynamics, which were crowned 

with the “scientific discovery” title „The 

Phenomenon of Tunneling Splitting of Energy 

Levels of Polyatomic Systems in Electronic 

Degenerate States” (author acad. I. Bersuker, 

registered in the USSR in 1978 under no. 202: 

„Явление туннельных расщеплений уровней 

энергии многоатомных систем в состоянии 

электронного вырождения”). 
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 A new concept was postulated and 

developed in the frames of the theory of 

molecules and crystals – the theory of vibronic 

interactions. In the framework of this concept a 

new approach based on the Jahn-Teller and the 

Pseudo Jahn-Teller effects has been elaborated for 

the interpretation of instability and structural 

changes of molecular systems coordinated to the 

transition metal coordination compounds or 

adsorbed on solid surfaces. Applications to 

specific coordination compounds demonstrate the 

predictive power of the theory and its efficiency 

in rationalization of the experimental data on 

structural changes in molecular systems due to 

their interaction with another system.  

 In addition, some progress was made in 

understanding the possibility to influence the 

planarity of two-dimensional (2D) or quasi 2D 

structures through targeted external influences 

(such as excitation, oxidation, reduction, chemical 

substitution, etc.), which means the possibility to 

manipulate their puckering or buckling. 

 In terms of the four-colours groups of 

magnetic symmetry it has been shown that 

anomalous magnetic properties of trihomonuclear 

clusters with Kramers degeneracy of energy 

levels, containing ions of Fe(III), Cr(III), Cu(II), 

V(IV), or Co(II), are caused by structural 

distortions due to the existence of time-reversal 

symmetry. 

 Pure CdSe, ZnS and ZnO quantum dots 

and doped with 3d-ions, which have a broad range 

of applications including water photolysis, solar 

cells, stable nanometric sources of light, 

photocatalysts, chemical sensors, and various 

biomedical applications (such as biosensors, 

bioimaging diagnosis, cancer diagnosis, etc.), 

were synthesized using methods of colloidal 

chemistry. It has been established that at relatively 

high concentrations of ZnO quantum dots in 

organic solvents, the excitonic absorption band 1S 

has a multiplet structure, caused by the self-

organization of quantum points in clusters of 

different sizes. 

 A new method was proposed of spin 

levels inversion in homonuclear magnetic 

dimmers with S1= S2= 1/2 spins by an isomorphic 

substitution of one of the ions by a “time-

reversed” one relative to the initial ion. The 

method has been generalized for homonuclear 

magnetic dimmers 3d
n
 - 3d

n
 and 4f

m
 - 4f

m
 (1< n< 

10, 1< m< 14, S1= S2> 1/2). This method allows a 

controlled synthesis of binuclear coordinative 

compounds with magnetic properties, when the 

chemical synthesis result is known in advance: a 

compound with ferro- or antiferromagnetic 

exchange interactions. 

 It was shown that instability of the spin 

levels population relative to small structural 

distorsions of a trihomonuclear cluster with a 

Kramers degeneracy of energy levels did not 

occur, unlike some affirmations made in the 

specialty literature on the existence of this effect. 

Instead, it was shown that such instability was 

only possible in the presence of a constant 

homogeneous electric field. 

 A new method of a virtual time reversal 

was proposed for testing the time-reversal 

symmetry. This method has been confirmed 

experimentally for two types of EPR spectra (with 

and without a hyperfine structure) recorded by a 

specific procedure using the modernized EPR 

spectrometer SE/X-2544.  

 Chemical-catalytic method of TiO2 

nanotubular particles covered with metal layer 

(Cu), including the internal surface of nanotubes, 

was elaborated, in order to improve the catalytic 

properties of the material produced.  

 A new chemical-catalytic method was 

elaborated for powder particles TiO2 doping with 

metals to promote an increase in their catalytic 

activity. The process involves three main  

stages: 1) combined sensibilization-activation;  

2) application of polymetal layers with the help of 

reducing agent; 3) treatment of the metal layer 

with the weak acid solution.  

 Based on the electron-conformational 

method the toxicophore identification (TPH) and 

quantitative prediction of the toxicity of a series 

of fragrance allergens have been performed. 

 Within the framework of the research 

topic of “Spectroscopy and molecular dynamics 

simulations of the conformation of biological 

macromolecules” were studied the conformation 

transitions that human lactoferin underwent as a 

result of Fe(III)-binding or release. Using small-

angle neutron scattering and molecular dynamics 

simulations it was shown that the binding of 

Fe(III) ions to human lactoferrin depended on 

simultaneous binding of the synergistic anion 

CO3
2-

, which ensured the formation of a stable 

complex compound of diferric human lactoferrin.  

 The concepts and fundamental laws of 

template synthesis of macrocyclic and 

supramolecular systems, including highly 

polynuclear clusters were elaborated. Of great 

importance were the developments in the theory 

and practice of the template synthesis of 

coordination compounds of transition metals with 

organic ligands of chelating and macrocyclic type, 
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amongst which compounds of practical utility 

were marked out. 

 Original methods of the synthesis of 

coordination compounds of 3d metals with  

α-dioximes, carboxylic acids and Schiff bases, 

aldehydes, ketones, organic amines and other 

were developed, which led to the formation of 

complexes with novel structures, macrocyclic, 

supramolecular, excellent biological, catalytic and 

of inhibitory activities.  

 The dual nature of some ligands was 

revealed, namely: coordination-addition of 

pyridine aldehydes in iron(II) dioximates and 

coordination cyclization of β-diketones in 

compounds of cobalt(III). On the cobalt(II) 

matrix, the synthesis of a 20-dentate macrocyclic 

ligand was performed, that coordinated 3 or 4 

atoms of cobalt(II) with a highly porous structure, 

which can be used as a storage for small 

molecules of gases such as hydrogen, nitrogen 

and others. 

 Coordination compounds with various 

useful properties: polynuclear compounds of 

Cr(III) as molecular magnets, catalysts of 

technological and biotechnological processes, 

macrocyclic colorants for plastics and synthetic 

fibers; new compounds for obtaining extra-pure 

metals, compounds for ion selective electrodes; 

agents for anticorrosive coating and protection of 

metals have been obtained. Using the obtained 

compounds the following preparations were 

created: Trifenamid, Coditiaz, Cobamid, 

Compozit, Conimid, Compozit-plus, Fludisec, 

Polyel, Virinil, Galmet, Gajazot and others, which 

can be used to develop new advanced 

technologies or to improve the existing ones in 

agriculture and microbiology. 

 Investigations related to coordination 

compounds of biometals (Fe, Co, Mn, Cu, Zn, Ni) 

with α-dioximes, Schiff bases and carboxylic 

acids, including amino acids were performed. The 

electronic structures of iron(II) and (III) 

dioximates, of homo- and heteronuclear clusters 

containing iron were determined, allowing a more 

adequate interpretation of spectra of such 

compounds. 

 Carboxy dysprosium cluster 

{[Dy(α−C4H3OCOO)(µ−(α−C4H3O 

COO))2(H2O)3]}n exhibits a slow magnetic 

relaxation at 10 K; two Dy ions with different 

surroundings behave as single-ion magnets (SIM) 

with a different activation energy, Ueff= 80.5 K 

and 32.4 K. Continuous cooling allows to reach 

the quantum tunneling regime. 

 Nanoparticles (NPs, d= 11±3 nm) of the 

iron-chromium oxide prepared by thermal 

decomposition of μ3-oxo{FeCr2O}acetate, in the 

presence of dodecylamine and oleic acid, used as 

stabilizing agents, and trichloroacetic acid used as 

a solvent had an advanced ordering, namely, a 

smectite crystal. 

 By using Mössbauer spectroscopy and 

magnetism the nanoparticles of iron oxide in the 

form of nanofire were obtained and investigated. 

It has been demonstrated that at room temperature 

the Mössbauer spectrum exhibits an intense 

doublet and a low intensity sextet, and 

temperature decrease reveals the dependence of 

the doublet area and sextet on the temperature 

value. It has been clearly established, that in the 

temperature range 110-115 K, the area of the 

doublet and the sextet becomes equal and the 

blocking temperature has been estimated in the 

region where the two lines intersect (111 K). 

 It has been demonstrated that the 

electrocatalytic testing of Ni complexes with 

bis(4-(p-methoxyphenyl) thiosemicarbazone)-2,4-

butane gave the Faradeic yield at 70% and it was 

determined that one mole of complex catalysed 

the production of 9 moles of hydrogen (TON= 9). 

It has been found that Ni complexes with  

bis (4-(p-methoxyphenyl) thiosemicarbazone)-

2,4-butane and Cu with 2-(2H-benzotriazol-2-yl)-

4,6-phenol, possessed electrocatalytic properties 

exhibiting a TON= 18 and 6.5, respectively. 

 Synthesis and multilateral study of porous 

transition metal coordination compounds based on 

mixture ligands and biphenyls containing 

carboxyl groups, and/or donor nitrogen atoms as 

potentials sorbents for small molecules were 

performed. 

 The quantitative basis for the theory of 

buffering properties for multicomponent 

heterogeneous buffer systems has been developed. 

Mathematical equations were derived for 

estimating the quantitative buffering capacity 

towards mineral phase components. It has been 

established that the buffer capacities of the 

components were reciprocally proportional. 

 Determination of toxic metals in water, 

soil, etc., catalytic currents and adsorption 

phenomena of voltammetry species, the stripping 

adsorption polarography, the chemical and 

electrochemical activation of carbon fibre 

microelectrodes were used. Methods of analysis 

of trace metals in electronic materials and 

semiconductors were developed. Also, the 

behaviour of some organic polydentate and 

polyfunctional reagents of oxoacids, metalocrome 

indicators, triazine dyes, thiosemicarbazones in 

complex forming reactions is under study. The 

impact of these interactions on the selectivity and 
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sensitivity of the methods of electrochemical 

analysis of heavy metals was specified. Effective 

methods were developed for the analysis of such 

metals as Pb, Cu, Cd, Fe, Ni, Zn and Mo, in 

foodstuffs and the environment.  

 The quanto-chemical computation of the 

system catalyst – activator – oxidant, was 

performed for the first time, which allowed a 

deeper understanding of the catalytic process 

mechanism. 

 The investigation of two classes of natural 

organic compounds: alkaloids and terpenoids 

constituted the main orientation of research at the 

initial stage in chemistry of natural compounds. 

This chemical study has been performed on a 

large number of spontaneous and cultivated 

plants, as well as on wastes remaining on the 

processing of vegetal raw material, both of 

theoretic and practical value. Over 750 species of 

local plants were tested for alkaloids presence. 

 Research related to the chemistry of 

terpenoids started with the study of compounds 

isolated from vegetal wastes, generated during the 

distillation of essential oils from clary sage, 

lavender, mint, etc. A quite accessible compound 

has been found – sclareol, a diol isolated from the 

sage Salvia sclarea L. The method of their 

isolation has been elaborated, and their 

derivatives have been obtained.  

 Special attention was paid to the study of 

stereochemistry of a series of labdanic 

diterpenoids. The absolute configuration at the 

chiralic C13 centre was established for various 

diterpenoids: sclareol, labdanolic acid, manoyl 

oxides and their derivatives. 

 A large number of oxidic odorants with 

tetrahydrofuranic and tetrahydropyranic decalinic 

and hydrindanic structures belonging to the 

norlabdanic series were synthesized.  

 A new logico-structural and electron-

topological theory was proposed revealing the 

dependence of amber odour on the structure of 

compounds. Subsequently, the same approach 

was used to explain the dependence of musk 

odour on the structure of compounds with this 

odour.  

 On the basis of norambreinolide, a series 

of derivatives with rearranged carbonic skeleton 

were synthesized, several of which with a strong 

amber fragrance.  

 The cleavage products of a series of 

accessible labdane diterpenoids have been 

investigated. Original methods for the preparation 

of a large number of drimanic sesquiterpenoids 

and norlabdanic derivatives have been elaborated. 

A group of drimanic diols and tetraols were 

prepared. Presently, the syntheses of nitrogen 

containing drimanes are performed. 

 Systematic studies were performed in the 

field of terpene cyclizations with superacids. It 

was established that on superacidic treatment 

labdanic compounds give tricyclic isoagatanic 

diterpenes in high yields. Natural compounds of 

spongian series were synthesized. The reaction of 

superacidic cyclization of alcohols, their acetates, 

of acids and their esters of C10-C25 series was 

studied and it was found that the reaction was 

chemo- and structural-selective and stereospecific 

and gave cyclic compounds in high yields. The 

same regularities of the superacidic cyclization 

reaction were observed in the case of homo- and 

bishomo- terpenic derivatives.  

 New efficient methods for the synthesis of 

drimenoic and homofarnesoic acids have been 

elaborated. They have been coupled with amines 

of pirimidine, pirazine, 1,2,4-triazole and 

carbazole structures. 

 Guanidinic derivatives of 

homofarnesenoic acid, as well as of  

14,15-dinorabd-8(9)-en-13-amine have been 

synthesized for the first time. Evaluation of 

antiproliferative and cytotoxic activities of these 

compounds demonstrated that the investigated 

guanidines show a very high activity against 

MRC5 human pulmonary fibroplasts and colon 

adenocarcinoma cells. 

 The coupling-heterocyclization reaction 

involving the hydrazide of 8α-hidroxi-11-

homodrimanic acid and tetramethyltiurame 

disulfide was studied. The formation of two 

bioactive compounds has been achieved: 

homodrimanic oxadiazole and tiadiazole. 

Antimicrobial testing revealed that the 

synthesized oxadiazoles possessed significant 

antifungal and antibacterial activities against five 

fungal strains, as well as against gramm-negative 

and gramm-positive bacteria. 

 New efficient free radical methods for the 

synthesis of a series of ent-kauranic derivatives 

have been elaborated and their cytotoxic activity 

has been investigated. 

 Efficient synthetic methods have been 

elaborated for the synthesis of natural tetracyclic 

diterpenoids with ent-kauranic skeleton with 

functional groups in cycles C and D, including 

oxygenated and halogenated moieties. Their high 

anti-HIV and antitumor activity has been 

demonstrated. 

 A new synthetic pathway has been 

reported to access nor-scalarnic sesterterpenoids 

functionalized at C12. This method opened a new 

perspective for the synthesis of a whole sub-class 
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of natural bioactive scalaranic sesterterpenoids 

which are currently hardly available. 

 The synthesis of functionalized 

diterpenoids of ent-isocopalic structure which 

showed selective antitumor activity has been 

performed. 

 Advanced studies have been conducted on 

the elaboration of synthetic pathways towards a 

whole series of perhidrindanic and ent-halimanic 

compounds. 

 In the field of organic synthesis, at the 

beginning, the investigations were oriented 

towards the synthesis of bioactive compounds for 

use in winemaking and veterinary, with 

antibacterial, antiviral, antifungal, antihelminthic 

aproperties. 

 The synthesis and application of 

pheromones for plant protection against pests was 

developed. The isolation, characterization and 

synthesis of the following attractants have been 

accomplished: disparliur (forest pests Porthetria 

dispar), propiliur (white American butterfly 

Hyphantria cunea), ghipliur (queen-bee Apis 

mellifera L.). 

 The synthesis and investigation of 

nitrogen-containing heterocycles were started. 

Investigations related to the compounds with 

preserving properties for fruits, juices, beer, 

essential oils, and animal food were carried out. 

For these purposes, the hydroxamic acids were 

studied, as well as quinoline derivatives and 

mixed anhydrides of several acids. Preservatives 

for rose petals and fish spawn were proposed.  

An active preservative for refreshing drinks - 

JUGLONE was proposed. Studies in the field of 

indole derivatives, isatine and quinoline were 

carried out. 

 A new synthetic method and technology 

for obtaining of the systemic fungicide Tilt 

(PROPICONAZOL) were developed, including 

synthesis of its structural components:  

2,4-dichloroacetophenones, 1,2-pentandiol and 

1,2,4-triazol, and alkylation reaction of  

1,2,4-triazoles.  

 New catalysts (metal-containing and 

metal-free) for asymmetric synthesis and 

mechanistic investigations of reactions that 

proceed with high levels of regio- and 

stereoselectivity were obtained. 

 For the first time, it was demonstrated that 

using one-pot reaction it is possible to transform 

available chalcones to very stable pyrazolines 

with a high yield. It was shown that derivatives of 

acetophenones with pyrazoline and oxindole 

fragments possess antidepressant activity. Based 

on hydrazides of benzoic and salicylic acids, the 

synthesis of 5-aryl-2-thio-1,3,4-oxadiazoles was 

performed with several of the synthesized 

compounds showing high anti-tuberculosis 

activity. 

 The syntheses of the natural antifeedant 

cryptomerlone and monoterpene carvone were 

elaborated for the first time. It has been found that 

an effective method for the preparation of 

common precursor of above compounds is the 

electrochemical anode oxidation of α-pinene. It 

was found that chiral chlorohydrins or quinolines 

may be selectively obtained from the pinonic acid. 

 A number of heterocyclic derivatives of 

2,2-dimethylcyclobutane, some of which possess 

the anti-HIV-1 activity were synthesized.  

 General methods for stereoselective 

synthesis of optically active biologically active 

pyretroids and clerodane compounds and their 

precursors were developed from (+)-3-carene and 

of (-)- and (+)-carvones.  

 A new method for the preparation of 

clerodane polyfunctional diterpenoids was 

developed. Stereoselective syntheses of natural 

biologically active diterpenoids – antifeedants 

Lupuline C and (-)-dihydroclerodine from  

(-)-R-carvone were performed. It was found that 

the nanosized catalytic system (~5-6 nm of  

γ-Fe2O3/CuO) works as an efficient organic phase 

catalyst (~0.02 mol%) in the one-pot three 

components Biginelli synthesis. Previously 

unknown P*-mono, P*,N- and P*,N
*
-bidentate 

phosphite ligands based on carenes and pinenes 

were found to be successful ligands for the  

Pd-catalysed allylation of 1,3-diphenylallyl 

acetate with (Pr)2NH, (CH2)4NH, PhCH2NH2, 

CH2(CO2Me)2 and 4-Me-C6H4SO2Na. The 

enantioselectivity reached 99% ee, being the best 

result among all known optically active 

phosphites. 

 In the framework of the investigation of 

the mineral resources of the Republic of Moldova 

mineral adsorbents (bentonites, illites, etc.) were 

applied in wastewater purification technology 

from the production of dairy and meat products, 

also to purify the mash obtained when producing 

cognac, to clarify (refining) sunflower oil. 

Extensive studies were performed in order to 

improve sorptional and catalytic properties of 

bentonites, resulting in the elucidation of changes 

in the crystal lattice of montmorillonite, changes 

in surface chemistry, and cation exchange 

capacity. 

 The synthesis of a new class of adsorbents 

from clay minerals (pillared clays) has been 

performed. Pillared clays (PILCs) have larger 

pores compared with ordinary zeolites. Such 

21 



A. Aricu et al. / Chem. J. Mold., 2019, 14(1), 8-31 

 

materials have been obtained by pillaring of clay 

minerals, particularly montmorillonite, with 

oligomeric species by hydrolysis of polyvalent 

cations, especially of aluminium ions. They are 

characterized by a high thermal stability and large 

surface area.  

 The influence of surface chemistry of 

PILCs obtained from Ascangel montmorillonite 

(Georgia) and Larguta bentonite (R. Moldova) in 

catalytic processes was evaluated. The tests 

carried out show that intercalated adsorbents 

obtained from Larguta bentonite (R. Moldova) 

have real prospects for use in practice as solid 

acid catalysts for organic synthesis and for the 

production of biofuel from vegetable oils. 

 The quality of water from the main water 

resources of the Republic of Moldova (Danube, 

Dniester, Prut, Raut, Bic Rivers, Dubasari, 

Costesti-Stanca, Cuciurgan, Ghidighici, Taraclia, 

Ialpug, Cahul reservoirs, etc.) was investigated. 

Research results allowed to elucidate the 

processes and mechanisms of interaction between 

chemical components in water systems, 

depending on various factors, such as 

temperature, reaction medium, dissolved oxygen 

concentration, anthropogenic pressing, turbidity, 

water flow velocity, ionic strength, etc. The 

processes and mechanisms of immobilization, 

migration and transformation of heavy metals, 

organic and inorganic nitrogen and phosphorus 

compounds in water - particulate materials - 

bottom sediments in the main water bodies of the 

R. Moldova were also studied. 

 With the purpose to improve the 

wastewater treatment technologies, the 

composition of wastewaters from the main 

economic units of Republic of Moldova has been 

studied. The processes and mechanisms of 

coagulation, decanting, flotation, oxidation, 

adsorption of organic and inorganic pollutants 

detected in wastewater on carbonaceous and 

mineral adsorbents were investigated. The 

obtained results were used to develop 

technologies for purifying wastewater from the 

food industry and textile enterprises. The most 

relevant achievements in this area are represented 

by the technologies that are developed and 

implemented at Wine and Brandies Factory from 

the Balti city, which contribute to purifying the 

wastewater after wine distillation. Application of 

this technology allows to obtain tartaric acid and 

also to apply sediments formed by sedimentation 

of the mineral adsorbents for building materials.  

 Wastes from the limestone mines near the 

municipality of Chisinau are a matter of concern 

to the scientists of the institute. Research that was 

carried out have resulted in the development and 

patenting of five compositions of building 

materials on the basis of limestone as the main 

component. The obtained building materials are 

cheaper and their quality is comparable to that of 

the imported products.  

 Another technology that was developed 

and applied into practice is the treatment of 

wastewater from the dyeing processes in textile 

factories. The purified wastewater can be returned 

in the technological process being economically 

advantageous.  

 The procedures to improve drinking water 

quality, i.e. replacement of the chlorination 

process by the ozonation and the process of 

adsorption of POPs traces, based on activated 

carbons obtained from fruit stones and nut shells 

were evaluated. Use of the activated carbons 

allowed obtaining high-quality drinking water. 

 Technologies for the purification of 

groundwater containing hydrogen sulphide and 

sulphides have been developed. A broad spectrum 

of modified carbonaceous and mineral adsorbents 

(modified with Fe, Cu, Mn, etc.) has been tested 

for removal of sulphide ions from water. 

Comparative analysis of adsorbents highlights the 

performance of carbonaceous adsorbents obtained 

by impregnation with copper (II) ions and mineral 

adsorbents modified with manganese ions, being 

recommended for practical purposes to remove 

hydrogen sulphide from natural waters. Using the 

copper modified carbonaceous adsorbents allows 

oxidizing sulphide ions to thiosulphate ions, 

sulphite and sulphate, avoiding the formation of 

colloidal sulphur. Field tests of copper 

impregnated carbonaceous adsorbents for removal 

of hydrogen sulphide from underground waters 

have been performed in town Hincesti  

(R. Moldova). The results showed that the 

recommended process ensures 100% efficiency 

for the removal of hydrogen sulphide from 

underground water. 

 Technological processes for removing of 

iron, manganese, strontium ions, ammonia, etc. 

(having concentrations often exceeding the 

permissible limits) have been developed and 

patented. Field tests of the technological 

processes for their removal have been performed 

in village Sculeni, district Ungheni, R. Moldova. 

Ecological and health expertise confirms that the 

proposed technology is efficient and the treated 

water meets the ecological and sanitary norms 

regarding the quality of drinking water. 

 In the framework of the development of 

the technologies for obtaining the activated 

carbons from fruit stones, grape seeds and nut 
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shells, investigations have resulted in the 

development and patenting of procedures to 

obtain the activated carbons by physicochemical, 

chemical and mixed activation methods. Analyses 

have shown that quality indices of autochthonous 

activated carbons are comparable with those of 

commercial ones. Testing of autochthonous 

activated carbons for treatment of water and 

wastewater, and for detoxification of the human 

organism demonstrated that local activated 

carbons are appropriate for solving current 

problems, namely for protection of the 

environment and human health.  

 Microbiological, pharmacological, and 

toxicological research, have shown that the Enoxil 

preparation is not toxic and exhibit pronounced 

antifungal and antibacterial properties. On the 

basis of Enoxil, new pharmaceutical preparations 

Enoxil-M and Enoxil-A were developed and tested 

under clinical and field conditions. Field testing 

showed that Enoxil-A preparation enhanced 

agricultural crops resistance. Clinical testing of 

the pharmaceutical preparation Enoxil-M, 

produced by the local company "Farmaco" LTD, 

has shown its beneficial activity in the treatment 

of diseases caused by fungi and bacteria, in 

particular, in healing of wounds caused by 

thermal and surgical injury. 

 Experimental batches of compositions 

(creams, ointments, gels) based on usage of the 

Enoxil were prepared and tested under clinical 

conditions.  

 Laboratory analysis of industrial waste 

stocks and obsolete chemicals, accumulated 

historically at industrial enterprises has been 

done. Agricultural soil and groundwater were 

studied with the purpose of toxic substances 

determination and risk assessment. The 

methodology for environmental and population 

health risk assessment has been proposed, 

including the impact of human activities and 

hazardous geological processes (erosion and 

landslides).  

 The geological conditions of the storage 

of radioactive substances in the Chisinau 

municipality were evaluated. The conceptual 

model of risk estimation for the given lot was 

developed with the slope stability calculation and 

taking into account various scenarios of climate 

change. Migration of toxic substances into the 

environment has been investigated on the basis of 

specific pollution sources.  

 Groundwater characterization and quality 

assessment has been performed within the 

management of aquatic resources in accordance 

with the requirements of the EU Water 

Framework Directive.  

 The analysis of the results of the chemical 

composition of natural waters (from Republic of 

Moldova) reveal that in 70% of the cases, the 

studied water collected from different wells did 

not meet the requirements for drinking water 

quality on one or more parameters. The 

groundwater had an increased content of ammonia 

and ammonium ions, hydrogen sulphide and 

sulphide ions, sodium ions, iron, manganese, 

increased oxidation values, as well as increased 

calcium and magnesium levels. 

 Advanced methods have been developed 

for the determination of chlorine, sulphate and 

nitrate ions in coloured waters to solve problems 

related to the monitoring of the quality of the 

waters. 

All scientific results with potential 

application are protected by patents and 

appreciated with medals at national and 

international exhibitions of inventions: VDNKh in 

MSSR and USSR; State Agency on Intellectual 

property, INFO INVENT (AGEPI, R. Moldova); 

“EUREKA” (Brussels, Belgium); INVENTIONS 

(Geneva, Switzerland); INVENTICA, PRO 

INVENT EUROINVENT INVENT INVEST 

(Bucharest, Iasi, Cluj Napoca, Timisoara 

Romania); International Invention Show  

„40 INOVA”, „TESLA Fest” (Osijek, Karlovac, 

Novi Cad, Croatia); „IVIS 2016” (Warsaw, 

Poland); 10
th
 International Exhibition of 

Inventions & 3
rd

 World Invention and Innovation 

Forum (China) etc.  

Among the most recent innovations that 

have been implemented into the national economy 

or are proposed for implementation we can 

mention (http://chem.asm.md/): 

 Aromatizers (flavour compositions) and 

sauces for the tobacco industry which allow the 

production of high quality tobacco products with 

an intense aroma of high-quality tobacco, fine and 

pleasant taste. Their composition is almost 

identical to the composition of the compounds 

extracted from tobacco. The process of production 

of aromatizers utilizes local raw material – wastes 

obtained after treatment of ethero-oileaginous 

plants and other natural local products. Flavours 

compositions have been implemented at the 

Tobacco Plant (SA Tutun-CTC, Chisinau,  

R. Moldova).  

 New materials for buildings surfaces 

plastering, on the basis of local raw material 

(gypsum, lime, limestone flour and other three 

micro-constituents) were implemented at SA 

Monolit (R. Moldova). 
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 The technology for the production of 

activated carbons from local raw material (wood, 

nut shells, peaches, plums and apricots stones) is 

implemented at LTD Ecosorbent (Stefan Voda,  

R. Moldova). 

 The ecological technology for the 

recycling of plastic wastes (integral processing of 

plastic wastes by mechanochemical processes, 

with the obtaining of new products) was 

implemented at LTD UISPAC (Chisinau,  

R. Moldova). 

 The technology of using waste in the 

glass processing industry consists in the use of 

the sediment formed after the neutralization of 

glass glazing waste and was implemented at LTD 

Luxochim (R. Moldova). 

 The technological process for glaucine 

isolation from the medicinal plant Glaucium 

Flavium Grantz was implemented at LTD 

Labormed (R. Moldova). 

 The technology for the production of 

pressed bricks based on Portland cement and 

local mineral materials has been implemented at 

LTD Odgon (Basarabeasca, R. Moldova). 

 The technology of organic sludge 

processing in an ecological product for 

agriculture has been implemented at SA Apa 

Canal (Chisinau, R. Moldova). 

 The technology for the 

treatment/potabilization of groundwater has been 

implemented at Bakery Factory (Tiraspol,  

R. Moldova).  

 Underground water treatment 

technologies for the removal of iron ions, bivalent 

manganese, humic substances, hydrogen sulphide 

and sulphides were tested in field conditions at 

Sculeni (Ungheni, R. Moldova) and Hincesti  

(R. Moldova). 

 Catalysts for the solidification of 

epoxydic resins, on the basis of polynuclear 

compounds of chromium, which allow obtaining 

dielectric materials with optimal parameters for 

the microelectronics, have been implemented at 

Moldavizolit Factory (Tiraspol, R. Moldova).  

 Catalysts for the coloring of cotton 

fabrics by the bathing method; catalysts based on 

coordinate compounds allow to save energy and 

to obtain the materials with more intense, stable 

colors. Catalysts were implemented at Tiraspol 

Textile Factory – LTD Tira-Tex (Tiraspol, R. 

Moldova), as well as at Textile Factories abroad: 

Moscow, Ivanovo, Kalinin (now Tver) and 

Yartsevo (Russian Federation), Ternopol (now 

Ternopil, Ukraine). 

 The selective catalyst for obtaining 

Juglone, has allowed the development of a 

simplified, non-polluting and less costly 

technology. The method was implemented at the 

Biochemical Plant (Ungheni, R. Moldova), and 

can be applied for the preparation of antiseptic 

drugs (Nucina and others). 
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 Juglone has been proposed as an active 

preservative for soft drinks and has been 

introduced into the production cycle at Ostankino 

Brewery (Moscow, Russian Federation).  

 Catalysts - stabilizers for polyurethane 

compositions. The proposed substances KDMF-1 

and KDFF-9 in the polyurethane compositions 

simultaneously perform the function of catalyst 

and stabilizer, do not carry a pronounced selective 

character while at the same time improve the 

qualities of the polyurethanic composition, the 

viability of the composition, its physical-

mechanical and adhesion characteristics, raise the 

resistance of the composition against 

thermooxidative destruction. The preparation is of 

interest to the chemical industry of the Russian 

Federation, Romania, Ukraine, etc. 

 The preparation Enoxil-A can be used to 

increase plants resistance against root rot and gray 

rot, was tested in field conditions on experimental 

grounds at Research Institute for Field Cultures 

"Selection" and of the National Institute for 

Viticulture and Wine-making. 

 The preparation Enoxil-M for the 

treatment against bacteria and fungi in the process 

of regeneration of thermal, physical and chemical 

wounds, in the treatment of postoperative wounds. 

On the basis of the preparation Enoxil-M were 

obtained medicinal products produced at  

SA Farmaco and were tested in four Republican 

clinics in Chisinau (the Dermato-venerological 

Dispensary, the Oncological Institute, the 

Republican Children's Hospital E. Cotaga, the 

Republican Thermal Damage Center)  

(R. Moldova). 

 Dental preparations Fenglicol and 

Fencarin, obtained from fennel with ingredients 

such as eucalyptus oil, glycerin etc. The 

preparations are useful in treating gingivitis, 

periodontitis, and other inflammation affections of 

the oral cavity. Fenglicol and Fencarin have 

passed the preclinical tests at the Laboratory of 

Preclinical and Clinical Evaluation of Medicines 

of the Medical Center and Faculty of Stomatology 

of the SUMF "Nicolae Testemitanu" (Republic of 

Moldova). 

 The preparation Salvit-1 - can be used 

for treatment of affections related to the 

locomotor system and to the peripheral bone 

system (radiculitis, osteochondrosis etc.). Salvit-1 

represents a vegetal mass of Salvia, processed 

according to a certain technology, and can be 

attributed to ecologically pure medicinal 

preparations. Salvit-1 has passed the preclinical 

tests at the Laboratory of Preclinical and Clinical 

Evaluation of Medicines of the Medical Center, of 

the SUMF "Nicolae Testemitanu" and Tiraspol 

Clinical Hospital (Republic of Moldova).  

 The preparation Mobipan – 

antihypertensive agent developed for treatment of 

cardiovascular diseases that has passed the 

preclinical tests at the Laboratory of Preclinical 

and Clinical Evaluation of Medicines of the 

Medical Center of the SUMF "Nicolae 

Testemitanu" (Republic of Moldova). 

 New compounds of natural and synthetic 

origin with antituberculosis properties, 

derivatives of chalcone, triazole, oxodiazole and 

β-carbolines have passed the preclinical tests  at 

the Laboratory of Preclinical and Clinical 

Evaluation of Medicines of the Medical Center of 

the SUMF "Nicolae Testemitanu" and the 

Laboratory of Microbiology and Morphology of 

the Institute of Phthisiopneumology (Republic of 

Moldova), Department of Pharmaceutical 

Chemistry, Aristotle University of Thessaloniki 

(Greece), Liverpool John Moores University, 

(Liverpool, UK), Institute of Biomedical 

Chemistry, Russian Academy of Medicinal 

Science (Moscow, Russia), Institute of 

Pharmacology, Russian Academy of Medicinal 

Science, (Moscow, Russia), Southern Research 

Institute (Birmingham, AL, USA), “Carol Davila” 

University of Medicine and Pharmacy, 

Pharmacology and Clinical Pharmacy Department 

(Bucharest, Romania). Pharmaceutical forms for 

these compounds have been developed; the acute 

and chronic toxicity and bioavailability were 

tested. 

 The preparation Gajazot with 

antichlorosis properties for vines. The 0.3% 

solution of this compound exhibits antichlorosis 

properties in vines and fruit-trees. Treatment of 

vineyards, affected by chlorosis, with this 

preparation completely restores their production 

potential.  

 The preparation Virinil – growth 

stimulator for vine grafting, roses and 

strawberries rooting. Virinil significantly 

increases the outcome of the grafted slips. The 

preparation Virinil has been implemented at SA 

Codru Nord (Balti, R. Moldova). 

 The preparations Coditiaz, Cobamid, 

Compozit, Conimid, Trifenamid with growth 

stimulator properties and growth of crop plants.  

 The preparations Trifeden and 

Difecoden – stimulators and regulators of growth, 

development and productivity of corn.  

 The preparation Propiconazol (Tilt) with 

antifungal properties, which can be used against 

various fungal affections of cereals. A new 

technology has been developed for its production, 
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including synthesis of its structural components: 

2,4-dichloroacetophenones, 1,2-pentandiol and 

1,2,4-triazol, and alkylation reaction of 1,2,4-

triazoles.  

 The preparation Decametrine with anti-

insecticide properties, which can be used for the 

protection of agricultural plants and animals 

against insects. 

 The preparation Codiclogu, new anti-

coccidiosis preparation practically completely 

destroys coccidia in rabbits. It can be used for the 

prophylaxis and treatment of animals against 

intestinal intercellular parasites.  

 The preparation Codimez, exhibits major 

therapeutic activity in pesticide-poisoned animals. 

This kind of preparations are not known. 

 The preparation Chetizal - a 

psychotropic synthetic preparation from the group 

of antidepressants. 

 The new preparation Setremed with 

anticancer properties is effective against cervical 

tumors (CCU-5, 80-90%), B-15 melanoma (80%), 

Luis lung tumor (70-80%) and others. The 

preparation Setremed has synergic effect on joint 

administration with sarcolicin, cisplatin (DDP) 

and local irradiation. The preparation has 

successfully passed the first phase of clinical 

testing in oncological centers in the Republic of 

Moldova and the Russian Federation and was 

proposed for the second phase of clinical testing 

in the Oncological Institute of the Republic of 

Moldova. 

 

Scientific results were summarized in over 

120 books, monographs and chapters, published 

by national and international publishers  

(e.g. Stiinta, Publishing house of ASM, Khimia, 

Springer Science-Business media B.V., John 

Wiley & Sons, Springer International Publishing, 

Palmarium Academic publishing, Publishing 

house of Romanian Academy, Springer Nature 

Switzerland, Atta-ur-Rahman, Elsevier, Wiley 

VCH, N.Y., Nova Science Publishers, INC, N.Y. 

etc.); the list for the 50 years is presented on the 

institute web page (http://chem.asm.md/) [1]; the 

list for the last 10 years is presented below. 

Books, monographs, chapters 

 Bersuker I. Electronic Structure and 

Properties of Transition Metal Compounds. 

Introduction to the Theory. John Wiley & Sons, 

2009, 760 p.  

 Duca Gh. Contributions to knowledge 

society. Chisinau, Publ. “Stiinta”, 2009, 280 p. 

 Aricu A. Ed. Academician Pavel Vlad - 

an illustrious scientist and tenacious promoter of 

science. Chisinau, Publishing house of ASM, 

2009, 345 p. (in Romanian). (Academicianul 

Pavel Vlad - savant ilustru şi promotor tenace al 

ştiinţei. Chişinău, Tipografia AŞM, 2009, 345 p.) 

 Purice I.; Cazac T.; Caşcaval I. Chemistry 

of public foods products. Chisinau, MOLDCOOP, 

2009, 136 p. (Purice I., Cazac T.; Caşcaval I. 

Chimia produselor alimentaţiei publice. Chişinău, 

MOLDCOOP, 2009, 136 p.) 

 Lupascu T.; Duca Gh.; Lupascu G. Enoxil 

- ecological preparation for plant protection. 

Chisinau, Publishing house of ASM, 2010, 144 p. 

ISBN 978-9975-62-274-5. (in Romanian). 

(Lupaşcu Tudor; Duca Gheorghe; Lupaşcu 

Galina. Enoxil - preparat ecologic pentru 

protecţia plantelor. Chişinău, Tipografia AŞM, 

2010, 144 p. ISBN 978-9975-62-274-5) 

 Aricu A. Ed. Researcher and prestigious 

manager: Professor Tudor Lupascu at the 60 

years. Homage volume. Chisinau, Publishing 

house of AŞM, 2010, 296 p. (in Romanian). (Red. 

şt. dr. A. Arîcu. Cercetător şi manager de 

prestigiu: profesorul Tudor Lupaşcu la 60 de ani. 

Volum omagial. Chişinău,Tipografia AŞM, 2010, 

296 p. ISBN 978-9975-9690-4-8) 

 Lupascu T. Ed. Professor Constantin 

Turta. The path of knowledge and scientific 

results. Chisinau, Publishing house of ASM, 

2010, 328 p. ISBN 978-9975-62-277-6.  

(in Romanian). (Coordonator: dr. hab., prof. 

Lupașcu Tudor. Profesorul Constantin Turtă. 

Drumul cunoştinţelor şi rezultatelor ştiinţifice. 

Chişinău, Tipografia AŞM, 2010, 328 p.  

ISBN 978-9975-62-277-6.) 

 Geru I. Ed. Transactions on metrology 

and analytical methods of research. Chisinau, 

Publishing house of AŞM, 2010, 283 p.  

ISBN 978-9975-62-276-9. 

 Lupascu T.; Duca Gh.; Goncear V. Enoxil 

– ecological preparation for human health. 

Chisinau, Publishing house of ASM, 2011, 256 p. 

ISBN 978-9975-62-304-9. (in Romanian). 

(Lupaşcu Tudor; Duca Gheorghe; Goncear 

Veaceslav. Enoxil – preparat ecologic pentru 

sănatatea omului. Chişinău, Tipografia AŞM, 

2011, 256 p. ISBN 978-9975-62-304-9) 

 Shofransky Z.; Shofransky V. Traditional 

Romanian chromatics. Technology, ways of 

acquiring and functionality of natural dyes in 

Carpatho-Danubian-Pontic space. Bucuresti: 

Etnologic Publishing house, 2012, 454 p.  

ISBN 978-9738920-37-8. (in Romanian). 

(Şofransky Zinaida; Şofransky Valentin. 

Cromatica tradițională românească. Tehnologia, 

modalitățile de dobîndire și funcționalitate a 

coloranților naturali în spațiul carpato-

danubiano-pontic. Red. șt.: dr. hab. în istorie  
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V. Dergaciov, dr. hab. în chimie T. Lupaşcu. 

Bucureşti, Editura Etnologică, 2012, 454 p.) 

 Geru I.; Shter D. Resonance Effects of 

Excitons and Electrons. Basics and Applications. 

Eds. SPRINGER Science-Business media B.V. 

2013, 283 p. DOI: 10.1007/978-3-642-35807-4  

 Simeonov L.; Macaev F.; Simeonova, B. 

Environmental Security Assessment and 

Management of Obsolete Pesticides in Southeast 

Europe. Eds. SPRINGER Science-Business media 

B.V. 2013, 475 p. ISBN 978-94-007-6460-6. 

DOI: 10.1007/978-94-007-6461-3  

 Geru I. Highlights on time axis. Chisinau, 

Publishing house of ASM, 2013, 276 p. ISBN 

978-9975-62-335-3. (in Romanian). (Geru Ion. 

Repere pe axa timpului. Chişinău, Tipografia 

AŞM, 2013, 276 p. ISBN 978-9975-62-335-3) 

 Duca Gh. Management of Water Quality 

in Moldova. Ed. Duca Gh. Springer International 

Publishing, Switzerland, 2014, Series: Water 

Science and Technology Library, 241 p.  

DOI: 10.1007/978-3-319-02708-1  

 Povar I.; Spinu, O. Thermodynamics of 

complex chemical equilibria in multicomponent 

heterogeneous systems. Chisinau, Publishing 

house of AŞM, 2014, 452 p. (in Romanian). 

(Povar I.; Spînu, O. Termodinamica echilibrelor 

chimice complexe în sisteme eterogene 

multicomponente. Chişinău, Tipografia AŞM, 

2014, 452 p. ISBN 978-9975-62-382-7) 

  Povar I.; Lupascu T.; Leah T.; Andries 

S.; Filipciuc V. Natural and anthropogenic 

factors influencing the quality of soils and water 

resources of the Republic of Moldova. Chisinau, 

Publishing house of ASM, 2014, 268 p.  

(in Russian). (Повар И.; Лупашку Т.; Лях Т.; 

Андриеш С.; Филипчук В. Природные и 

антропогенные факторы воздействия на 

качество почв и водных ресурсов Республики 

Молдова. Кишинэу, Типография АН Молдовы, 

2014, 268 с. ISBN 978-9975-62-383-4.) 

 Batir D. Message to light: 

Miniencyclopedia or the values of chemistry and 

humanity. Chisinau, Publishing house of ASM, 

2014, 356 p. (in Romanian). (Batîr D. Solie către 

lumină: Minienciclopedie sau despre valorile 

chimiei şi ale omeniei. Chişinău, Tipografia AŞM, 

2014, 356 p. ISBN 978-9975-62-000-0) 

 Vlad P.F.; Macaev F.Z. Introductory 

course on the stereochemistry of organic 

compounds. Chisinau, Publishing house of ASM, 

2014, 200 p. (in Russian). (Влад П.Ф.; Макаев 

Ф.З. Вводный курс по стереохимии 

органических соединений. Кишинэу, 

Типография АН Молдовы, 2014, 200 c.  

ISBN 978-9975-62-360-5) 

 Vlad P.F.; Macaev F.Z.; Arîcu A.N. 

Introductory course on the stereochemistry of 

organic compounds. Chisinau, Publishing house 

of ASM, 2014, 200 p. (in Romanian). (Vlad P.F.; 

Macaev F.Z.; Arîcu A.N. Curs întroductiv al 

stereochimiei compușilor organici. Chișinău, 

Tipografia AȘM, 2014, 200 p. ISBN 978-9975-

62-360-5) 

 Macaev F.Z.; Junghietu G.I. Chemistry of 

drugs. Palmarium Academic publishing, 

Saarbrűcken, Deutscland. 2015, 585 p.  

(in Russian). (Макаев Ф.З.; Жунгиету Г.И. 

Химия лекарственных средств. Palmarium 

Academic publishing, Saarbrűcken, Deutscland. 

2015, 585 c. ISBN 978-3-659-60059-3) 

 Filip G.; Ciocarlan A. Practical work on 

organic chemistry. Part I. Chisinau, UST, 2015, 

80 p. (in Romanian). (Filip G.; Ciocârlan A. 

Lucrări practice la chimia organică. Partea I. 

Chișinău, UnST, 2015, 80 p.) 

 Filip G.; Ciocarlan A. Practical work on 

organic chemistry. Part II. Chisinau, UST, 2016, 

80 p. (in Romanian). (Filip G.; Ciocârlan A. 

Lucrări practice la chimia organică. Partea II, 

Chisinau, UnST, 2016, 80 p.) 

 Covaliov V.; Duca Gh.; Covaliova O. 

Green energy: innovative ecobiotechnology and 

combined reactors. Anthology of inventions. 

Chisinau, CEP USM, 2017, 504 p. (in Russian). 

(Ковалев В.; Дука Г.; Ковалева О. Зеленая 

энергия: инновационные экобиотехнологии и 

комбинированные реакторы. Антология 

изобретений. Кишинэу, CEP USM, 2017, 504 c. 

ISBN 978-9975-71-902-5.0) 

  Dragancea D. Supramolecular chemistry. 

Lesson course, master. Chisinau, 2018, 75 p.  

(in Romanian). (Dragancea Diana. Chimie 

supramoleculară. Curs de lecții, masterat. 

Chișinău, 2018, 75 p.) 

  Duca Gh.; Macaev F. Compounds and 

materials for drug development and biomedical 

applications. București, Publishing house of 

Romanian Academy, ”Istros a Muzeului Brailei 

”Carol I”, 2018, 307 p. 

 Geru I.I. Time-Reversal Symmetry. Seven 

Time-Reversal Operators for Spin Containing 

Systems. Tracts in Modern Physiscs. Springer, 

Vol. 281, Springer, 2018, 362 p.  

DOI: 10.1007/978-3-030-01210-6 

 Duca Gh.; Lupascu T.; Nicolau E.; 

Culighin E. Ecological  and environmental 

chemistry. Chisinau, Publishing house 

”Biotehdesign”, 2018, 250 p. (in Romanian). 

(Duca Gh.; Lupașcu T.; Nicolau E.; Culighin E. 

Chimia ecologică și a mediului. Chișinău, 

Tipografia ”Biotehdesign”, 2018, 250 p.) 
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 Duca Gh.; Nicolau E. Ecological water 

chemistry. Standards and quality indicators. 

Chisinau, Publishing house ”Biotehdesign”, 2018, 

75 p. (in Romanian). (Duca Gh.; Nicolau E. 

Chimia ecologică a apei. Standarde și indicatori 

de calitate. Chișinău, Tipografia ”Biotehdesign”, 

2018, 75 p. ISBN 978-9975-108-58-4) 

 Lupascu T.; Nastas R. Synthesis, studying of 

porous structure, sorption properties and using of 

new active carbons obtained from vegetal raw. In 

book: Adsorption, adsorbents and sorption 

processes of nano-porous materials.  

Moscow: Granita, 2011, p. 425-446. ISBN 978-5-

94691-460-4. (in Russian) (Лупашку Т.Г., 

Настас Р.И. Синтез, исследование пористой 

структуры, адсорбционных свойств и 

применение новых косточковых активных 

углей. В книге: Адсорбция, адсорбенты и 

адсорбционные процессы в нанопористых 

материалах. Москва: Граница, 2011.  

с. 425-446. ISBN 978-5-94691-460-4) 

 Lupascu T.; Duca Gh. Obtaining of 

medicinal and agricultural preparations based on 

active bioligical active Enoxil synthesized from 

enotanins. In: ”Secondary winemaking products”. 

Chisinau, Publishing house “Stiinta”, 2011, 

pp.171-234. (in Romanian). (Lupaşcu T.; Duca 

Gh. Obţinerea preparatelor medicamentoase şi 

agricole in baza substanţei bioligic active Enoxil 

sintetizat din enotaninuri. În: ”Produse vinicole 

secundare”. Chișinău, ÎEP “Ştiinţa”, 2011,  

pp. 171-234.) 

 Cadocinicov O.; Petuhov O. Possible Use 

of Certain Mineral Raw Materials of Moldova for 

DDTs and HCHs Adsorption from Aqueous 

Solutions. In: ”Environmental Security 

Assessment and Management of Obsolete 

Pesticides in Southeast Europe”. Springer, 2013. 

pp. 311-321. DOI: https://doi.org/10.1007/978-

94-007-6461-3_29 

 Macaev F. Bioactive natural products 

from enantiomeric carvones. In: ”Studies in 

Natural Products Chemistry”. Ed. Atta-ur-

Rahman, ELSEVIER, Amsterdam, 2013, vol. 39, 

pp. 233-269. DOI: https://doi.org/10.1016/B978-

0-444-62615-8.00007-2 

 Palii S.; Indricean C.; Revenco M. Mass 

Spectrometry of Metal-Phenolate Moiety-

Containing Complexes and their Derivatives.  

In: The Chemistry of Metal Phenolates. Wiley 

VCH, N.Y., 2014, pp. 220-262. ISBN 978-0-470-

97358-5. 

 Lupaşcu T.; Nastas R.; Rusu V. 

Treatment of Sulfurous Waters Using Activated 

Carbons. In: “Management of Water Quality in 

Moldova”. Editor Gheorghe Duca, Springer 

International Publishing, Switzerland,  

2014. Series: Water Science and Technology 

Library, vol. 69, pp. 209-224. ISSN 0921-092X, 

ISBN 928-3-319-02707-4. DOI: 

https://doi.org/10.1007/978-3-319-02708-1_11  

 Turta C.; Duca G.; Marin I.; Sirbu D. 

Electrochemical Solar Cells Based on Pigments. 

In: “Management of Water Quality in Moldova”. 

Editor Gheorghe Duca, SPRINGER International 

Publishing, Switzerland, 2014. Series: Water 

Science and Technology Library, 2014, volume 

69, pp. 35-60. ISBN 928-3-319-02707-4. DOI: 

https://doi.org/10.1007/978-3-319-02708-1_3  

 Geru I.I. Water Structure, Quantum 

Nature of Hydrogen Bonds and Diffusion of 

Water Molecules in Chloride Aqueous Solutions. 

In: “Management of Water Quality in Moldova”. 

Ed. by Gheorghe Duca, SPRINGER, Series: 

Water Science and Technology Library, 2014, 

volume 69, pp. 21-34. ISBN 928-3-319-02707-4. 

DOI: https://doi.org/10.1007/978-3-319-02708-

1_2  

 Lupascu T.; Mitina T.; Grigoras D. 

Methods of determination of microelements in 

biological objects. In: ”Microelements in the 

biosphere objects of the Republic of Moldova and 

application in agriculture and medicine”. 

Chisinau, 2016, p. 240-253. (in Romanian). 

(Lupaşcu T.; Mitina T.; Grigoraș D. Metodele de 

determinare a microelementelor in obiectele 

biologice. În: ”Microelementele în obiectele 

biosferei Republicii Moldova şi aplicarea în 

agricultură şi medicină”. Chişinău, 2016,  

pp. 240-253.) 

 Ungur N.; Aricu A.; Grinco M. 

Occurrence, Biological Activity and Synthesis of 

Diterpenoid Amides. In: “Diterpenoids. Types, 

functions and research”. Brandon Jones Ed., Nova 

Science Publishers, INC, New York, 2017,  

pp. 1-3. ISBN: 978-1-53610-671-8.  

 Kozakevych R.; Bolbukh Y.; Lupascu L.; 

Lupascu T.; Tertykh V. Polymeric Composite 

Films with Controlled Release of Natural 

Antioxidant Enoxil. In: “Nanochemistry, 

Biotechnology, Nanomaterials, and Their 

Applications”. Eds. Fesenko O.; Yatsenko L. 

Springer International Publishing AG,  

part of Springer Nature, 2018, Springer 

Proceedings in Physics 214, pp. 149-164. DOI: 

https://doi.org/10.1007/978-3-319-92567-7_9  

The Institute of Chemistry organizes a 

series of international conferences. The most 

important are: the I
st
 (1962) to the XVIII

th
 

International Conference on “Physical Methods in 

Coordination and Supramolecular Chemistry” 

that takes place every 3 years, the International 
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Conferences of the Chemical Society of the 

Republic of Moldova „Achievements and 

perspectives of modern chemistry” that are 

forums for researches to present and discuss 

recent results and innovations in chemical 

sciences (http://chem.asm.md/). 

In 2006, at initiative of acad. Duca 

Gheorghe the Institute of Chemistry launched the 

publication of the peer-reviewed (open access) 

scientific journal CHEMISTRY JOURNAL OF 

MOLDOVA. General, Industrial and Ecological 

Chemistry (ChemJMold), that publishes  

articles in all fields of chemistry 

(http://www.cjm.asm.md/). 

Over the course of several years the 

researchers of the Institute of Chemistry carried 

out scientific researches on the basis of 

collaboration agreements with various 

international scientific centres, which allowed for 

mutual visits with the purpose of participating in 

various scientific events, exhibitions, salons and 

conducting scientific researches in the fields of 

common interest, also, preparation of scientific 

projects and grants (INTAS, NATO, SCOPES, 

CRDF-MRDA, joint research projects: ASM-

Russian Foundation for Fundamental Research; 

ASM-Belarusian Republican Foundation for 

Fundamental Research; ASM-Federal Ministry of 

Education of Germany; ASM-National Authority 

for Scientific Research and Innovation from 

Romania; STCU-ASM, FP-7, Horizon 2020) [1]. 

Over the years, the Institute of Chemistry 

performed joint research with numerous 

institutions, among which the following should be 

mentioned: 

Romania: „Politehnica” University, Bucharest; 

National Institute of Materials Physics, Bucharest; 

Institute ECOIND,  Bucharest; „C.D. Nenitescu” 

Institute of Organic Chemistry of the Romanian 

Academy, Bucharest; „G. Murgulescu” Institute 

of Physical Chemistry of the Romanian Academy, 

Bucharest; “P. Poni” Institute of Macromolecular 

Chemistry of the Romanian Academy, Iasi; „A.I. 

Cuza” University, Iasi; „Gh. Asachi” University, 

Iasi; National Institute for Marine Research and 

Development „Grigore Antipa” (NIMRD); etc. 

United Kingdom: University of Brighton, 

Brighton; Newcastle University;  

Greece: National Technical University of Athens; 

Aristotelio Panepistimio Thessalonikis;  

Hungary: Budapesti Muszaki Es 

Gazdasagtudomanyi Egyetem, Budapest;   

Russia: Institute of Physical Chemistry and 

Electrochemistry of the AS of Russian Federation; 

the Association of Science and Production 

„Neorganica”, Electrostali, Moscow region; 

Institute of Technical Physics, Kazani; Joint 

Institute for Nuclear Research, Dubna; etc. 

USA: Department of Chemistry and 

Biochemistry, University of Texas at Austin; 

Centre for Marine Sciences (CMS), University of 

North Carolina at Wilmington; 

France: Laboratory of synthesis and study of 

systems of biological interest and Laboratory of 

molecular and macromolecular photochemistry, 

University Blaise Pascal, Aubiere Cedex; 

University Aix-Marsellie, France; Institute Laue - 

Langevin;  

Ukraine: Institute of Colloidal Chemistry and 

Water Chemistry of the NAS of Ukraine; O.O. 

Chuiko Institute of Surface Chemistry of NAS of 

Ukraine; 

Poland: Chemistry Faculty of „A. Mickiewicz” 

University, Poznań; Institute of Physical 

Chemistry, the AS of Poland; “A. Pawin” Institute 

of Biochemistry and Biophysics, Polish Academy 

of Sciences, Warszawa; Maria Curie-Sklodowska 

University, Lublin, Poland;  

Belarus: Institute of Bioorganic Chemistry of the 

National Academy of Sciences of Minsk; Institute 

of General and Inorganic Chemistry, National 

Academy of Sciences of Belarus, Minsk;  

Holland: Agrarian University from Vageningen; 

Spain: Department of Organic Chemistry, Faculty 

of Pharmacy, University of Valencia, Valencia; 

University of Zaragoza; University of Alicante;  

Italy: Institute of Biomolecular Chemistry, CNR, 

Pozzuoli (Na); Laboratorio di Chimica 

Bioorgabica Universita degli Studi di Trento; 

Istituto di Geologia Ambientale e Geoingegneria 

– CNR, Italia Kavetsky Instytut;  

Germany: University of Leipzig, Institute of 

Organic Chemistry, Leipzig; 

Slovakia: Ustav Geotechniky Slovenskej 

Akademie Vied; 

Kazahstan: Nazarbayev University; Institute of 

Combustion Problems;  

Canada: Canada Fund for Local Initiatives. 

With the launch of the Eastern Partnership 

(EaP) and the signing of the RM-EU Association 

Agreement, new collaborative opportunities 

(bilateral and multilateral cooperation) for the 

Institute of Chemistry and the research institutions 

abroad were opened. The positive dynamics of the 

participation of the scientific community from the 

Republic of Moldova in the EU FP7 Framework 

Program has created prerequisites for joining the 

new EU Framework Program for Research and 

Innovation, Horizon 2020 (2014-2020), aimed at 

ensuring the European and global ideas, 

technologies and human capital by gaining full 

access to the mechanisms of academic mobility, 
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integration into European and international 

business and innovation associations. This 

allowed Moldovan scientists, research institutes, 

universities and companies to collaborate with 

their counterparts across Europe in key research 

areas, while strengthening their own research 

expertise and capacity. 

At present, joint scientific research is 

performed in the framework of several 

international projects: mobility program ASM-

National Council for Research in Italy; STCU-

ASM Joint Research and Development program; 

Horizon 2020 program, H2020-MSCA-RISE-

2016 (Marie Skłodowska-Curie Research and 

Innovation Staff Exchange), INFRADEV-02-

2016-2017, (European Research Infrastructures, 

Coordination and Support Actions). 

Developments in technology, science and 

society have caused major changes to traditional 

systems, structures and ways of working and 

exciting new opportunities are emerging. These 

trends are changing the nature of chemistry as a 

discipline, the role of chemists and the landscape 

within which we work. It is essential for research 

institutions to look ahead, anticipate future 

developments and adapt to stay relevant. It is very 

likely that chemical sciences are increasingly 

needed to address the challenges of energy and 

climate change, food production and clean water. 

Chemistry could play an important role in 

biochemistry and pharmaceutical industry as well 

as in infrastructure maintenance and development. 

 

Prospective proposals 

 Performing scientific research in the field 

of: organic chemistry including chemistry of 

natural compounds, chemistry of coordinative 

compounds, ecological chemistry, quantum 

chemistry, analytical chemistry, for solving of the 

national economy problems. 

 Development of new areas of research 

aligned with the modern themes of European and 

international research without leaving the main 

field. Thus, research will be continued towards 

the synthesis of inorganic, organic compounds, 

including natural and nanoparticles, as 

biologically active substances for medicine, 

industry and agriculture; supplying of the 

population of the republic with quality drinking 

water, valorisation of domestic and industrial 

waste, elaboration of methods of analytical 

control of pollutants in the environment, which 

will contribute to the solving of the important 

problems (of the R. Moldova) in the shortest time. 

 Plenary capitalization of the opportunities 

associated with the country-specific status 

associated with H2020; Possibilities of 

international collaboration with research centres 

from other countries in order to access the funds 

through European programs financed by the EU. 

 Application for participation in 

Knowledge and Innovation Communities (KICs) 

with financial support from the European Institute 

of Innovation and Technology. 

 Exploiting the potential of using the 

research tools of the research infrastructures 

consortia in the region: CERIC-ERIC; ELI NP, 

DANUBIUS, etc. 

 Creation of the "Interdisciplinary National 

Centre for the Testing of Medical-Biological 

Properties" of substances synthesized in the 

research centres of the Republic of Moldova. 

 Creation of a National Specialized 

Enterprise for the production of biologically 

active substances, in order to select them for 

practical uses in medicine. 
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Abstract. This paper presents an overview of the various innovative methodologies used in the 

recovery of valuable metals and critical raw materials (CRMs) from secondary sources. Valuable metals 

are interesting due to their vast industrial applications, high market prices and extensively used precious 

metal. The sanctuary value attributed to valuable metals such as gold during international political and 

economical crises and the limited resource of this metal, may explain the recent increasing gold share 

value. This article provides an overview of past achievements and presents scenario of studies carried 

out on the use of some promising methods which could serve as an economical means for recovering 

valuable metals and CRMs. The review also highlights the used varieties of application on large scale in 

real situations and hopes to provide insights into valorization of spent sources. 
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PGMs platinum group metals 

ISL in-situ leaching 

HL heap leaching 
HBL heap bio-leaching 

CIP carbon in pulp 
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Introduction 

This paper has reviewed the most 

promising techniques for recovery of valuable 

metals (such as gold and silver) and critical raw 

materials (CRMs) from secondary raw materials 

(RMs), which is an important subject not only 

from the point of monetary and high demand but 

also from waste treatment management. Although 

considerable research has been undertaken at a 

laboratory scale, most, if not all, of the 

technologies have proven to have limitation that 

hinders their widespread adoption in the valuable 

metals and CRMs recovery from secondary 

sources [1,2]. 

As a traditional technology, pyrometallurgy 

has been used for recovery of metals from spent 

materials. However, it has encountered some 

challenges from environmental considerations  

[3-5]. Consequently, state of the art smelters  

are highly dependent on investments. Today,  

the attention is directed towards the 

hydrometallurgical processes that are already 

widely used for treatments from primary sources; 

in fact, most of the metals extracted from the 

mines are recovered by hydrometallurgical 

techniques [6-8]. 

For example, cyanide leaching of gold has 

been used by the mining industries for more than 

100 years. However, a series of environmental 

accidents at various gold recoveries around the 

world has precipitated widespread concern over 

the use of cyanide [9-11]. Based on a critical 

comparison of various leaching methods from the 

economic points of view, feasibility and 

environmental impact, it is concluded that 

leaching of gold by thiourea and other potential 

leachants may be the most realistic substitute. 

These leachants should be taken into 
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consideration due to a rapid reaction with gold, as 

well as less environmental impact compared with 

cyanide [12-18]. 

Bio-hydro-technology has been one of  

the most capable technologies in precious  

metals metallurgical processing [10,17,19-21].  

Bio-oxidation has been used for recovery of gold 

from spent materials [19,22-24]. However, limited 

researches were carried out on the bioleaching of 

precious metals and CRMs from secondary 

sources.  Research in biosorption of metals from 

leaching solutions has received a great deal of 

attention in the recent years using various 

potential biosorbents [22,25,26]. Compared to 

conventional methods of recovery, a biosorption 

based process offers a number of advantages 

including eco-friendly, easy operation, low costs 

and minimization of chemical or biological sludge 

[20,22,23,26]. It was reported that living or dead 

biomass including bacteria, fungi, yeast, and algae 

has been used for recovery of metals from 

wastewater. It should be pointed out here that 

biomass of all groups has been immobilized by 

encapsulation or cross-linking to improve the 

stability and other physical/chemical properties 

[26]. Additional research would be needed in 

searching and modifying a biomass to have a high 

uptake capacity and good biosorption 

characteristics to recover valuable metals from 

secondary sources. 

This paper presents an overview of the 

various innovative methodologies used in the 

recovery of valuable metals and critical raw 

materials (CRMs) from secondary sources. In 

particular, CRMs are interesting due to their vast 

industrial applications, high market prices and 

extensively used CRMs, the sanctuary value 

attributed to CRMs during international political 

and economical crises, and the limited resource of 

these metals may explain the recent increasing 

CRMs share value. 

 

Background 

Classification of the secondary RMs 

Secondary RMs can be classified in scraps 

and by-products of industrial and mining 

processes such as new scraps (in process scraps), 

residues deriving from industrial processing 

(scraps, powders achieved during the production, 

refining and metalworking operations) (Figure 1), 

tailings from mining operations with interesting 

metallic contents (Figure 2) and wastes as old 

scraps (post consumer scraps), scraps of metals 

from the collection of end-of-life products  

(Figure 3), wastes from electrical and electronic 

equipment (WEEE) (Figure 4) [8,27-30].  
 

 

 
 

Figure 1. Residues from industrial processing (Central Europe) [31]. 
 

 
 

Figure 2. Tailings from mining operations (Bolivia, South America) [32]. 
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Figure 3. Scraps of metals from the collection of end-of-life products (Central Asia) [31]. 
 

 
 

Figure 4. Wastes from electrical and electronic equipment (storage in Central Europe) [31]. 
 

 

Why treat the secondary RMs 

Why treat the secondary RMs? Mainly to 

preserve the environment from technological 

waste and avoiding the release of pollutants 

components (toxic plastics and metals) (Figure 5), 

that belong to the fastest growing category of 

waste in the world: from 33.8 million tons in 2010 

to 41.8 million tons in 2014 with a forecast of  

50 million tons in 2018 [1,2]. 

Other important objective is the 

transformation of the wastes in resources. In 

particular, WEEE are very interesting for the 

recycling of metal components because they have 

concentrations of precious metals (Figure 6) even 

typically higher than those of primary resources 

(minerals) and don’t require extraction and 

pretreatment being available after collection in 

urban centers (urban mining) with significant 

economic and environmental benefits. WEEE are 

not only generically rich in metals, but are rich in 

metals called critical [2,27,28]. 

The metals present in secondary RMs can 

be divided into five main categories 

[5,25,27,28,30,33]:  

1. base metals: Cu, Al, Ni, Sn, Zn, Fe; 

2. precious metals (PMs): Ag and Au; 

3. platinum group metals (PGMs): Pd, Pt, Rh,  

Ir, Ru; 

4. hazardous metals: Hg, Be, Pb, Cd, As, Sb; 

5. critical metals: rare earth elements (top five: 

Nd, Dy, Eu, Y, Tb), Te, Ga, Se, Ta, In, Ge. 

The recovery of base metals is not a target 

of the innovative treatments, which vice versa 

point to precious metals, PGMs and critical 

metals, for their high market value, low 

availability, high demand, importance in 

emerging technologies, the relatively high content 

in secondary RMs to primary sources 

[5,9,19,25,33]. 

The availability of RMs is fundamental for 

the economy of the European countries and 

essential for maintaining and improving the 

standard of living of citizens. Ensuring access to 

certain RMs is becoming a growing concern in the 

EU and around the world. To tackle this problem, 

the European Commission has created a list  

of RMs that defined CRMs (Figure 7) [2].  

CRMs are characterized by a high economic 

importance for the EU and a high risk associated 

with their supply. Examples include rare  

earths (Sc, Y and lantanoids), Co, Nb. Why are 

CRMs so important? For industrial activities,  

the application of modern technologies and the 

environment [1,2,33]. 

China is the largest producer of the 27 

CRMs. Other countries are predominant for 
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specific CRMs (U.S.A. for Be and Brazil for Nb), 

as shown in Figure 8 [2]. 

At this point, it is very interesting to 

introduce the concept of circular economy. The 

circular economy is an approach that aims to 

maximize the productivity of resources and 

reduce waste and by-products that become  

RMs entering in other processes marking the 

transition from a linear production scheme 

(extraction of natural resources, use, disposal of 

waste) to a circular production scheme, shown in 

Figure 9 [1,2]. 
 

 

 

 

 
 

Figure 7. List of the critical raw materials [2]. 
 

 

 
 

 

Figure 5. Example of technological waste released into 

the environment (Lagos, Nigeria, 2018). 

Figure 6. Precious metals in electronic boards 

(research laboratory, Italy, 2017). 
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Figure 8. Main world producers of the critical raw materials [2]. 
 

 

 
 

Figure 9. Scheme of the circular economy [2]. 
 

 

Secondary RMs: current situation 

The research topics to be addressed in the 

framework of the valorization of secondary RMs 

can be manifold; some examples can be made 

[8,11,13,22,27,34-39]: 

- metals recovery (Cu, Ni) from the electronic 

wastes;  

- recovery of Zn and Mn from spent batteries;  

- recovery of Y and Zn by phosphorus coming 

from the treatment of cathode ray tubes 

abandoned;  

- exploitation of secondary copper deposits;  

- recovery of precious metals from refractory 

ores; 

- enhancement of agro-industrial wastes; 

- to prevent pollution by removal of heavy 

metals and metalloids from water basins  

and aquifers.  

During the year 2014, about 41.8 million 

tons were produced worldwide, mainly located in 

the U.S.A. and in the EU [2]. Of these, only  

15-20% have been recycled directly in the nations 

that have produced them. About 80% of e-waste 

from the U.S.A. and the EU are exported to China 
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(from the U.S.A.), Eastern Europe and Africa 

(from EU) [2]. About 50% of e-waste produced in 

EU follow unofficial collection schemes [2]. 

Apart from the negative environmental effects, 

these illegal flows prevent the recovery of basic 

RMs for the EU countries that are completely 

dependent on the supply from non-EU countries. 

In the EU, the European Community 

directive establishes targets for the recovery of 

WEEE but requires to the member states to 

choose the processes to obtain these targets (in the 

directive and in the national laws there are no 

technical details on how to carry out the recovery 

processes) [1,2]. In the current situation, 

pyrometallurgical processes are widely used for 

the recovery of metals from secondary RMs, 

mainly those already used in traditional mining 

routes [3,5,8,11,28]. 

Secondary RMs: current situation and possibility 

of exploitation 
The pyrometallurgical route for the 

treatment of secondary RMs seems to be the 

simplest way, not necessarily the best [5,17]. 

Pyrometallurgical processes can only be operated 

on a large scale to be economically viable; 

moreover, they are not able to recover  

non-metallic components (plastics) and some 

metals, they are highly energy-consuming and are 

associated with the production of harmful gaseous 

emissions [5,17]. 

The research work for the development of 

innovative processes is fundamental [10,11,17].  

In this panorama, the complexity and 

heterogeneity of the secondary RMs such as the 

WEEE type, plays a fundamental role, and  

can be addressed mainly according to the 

following strategy:  

―… application of physical pretreatments 

capable of generating homogeneous fractions, 

automating the initial dismantling, and 

development of flexible  

and environmentally friendly treatment routes 

able to recover all the fractions of the  

waste (hydrometallurgical processes)…‖ 

[11,19,21,25,28,36].  

Figure 10 shows deposits of mining wastes, 

Figure 11 preliminary physical operations in 

progress, while Figure 12 the first products 

obtained from preliminary treatments of WEEE 

by physical way.   
 

 

  
 

(a) 
 

(b) 

Figure 10. Deposits of mining wastes (a) and (b) (Peru, South America, 2017) [32].  
 

 

  
 

(a) 
 

(b) 

Figure 11. Deposits of mining wastes: preliminary physical operations in progress (a) and (b)  

(Peru, South America, 2017) [32].  
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Figure 12. The first products obtained from preliminary treatments of WEEE by physical way  

(research laboratory, Italy, 2017). 
 

 

Disadvantages of the treatment of the secondary 

RMs by pyrometallurgical processes 
The application of the pyrometallurgical 

processes to the treatment of the secondary RMs, 

presents the following main disadvantages 

[9,11,13,17]: 

- Unsustainable management and treatment 

from the economic and environmental points 

of view. 

- Production of polluting gases (halogenated 

compounds) that require large investments for 

monitoring and abatement. 

- Organic materials are not recycled. 

- Failure to recover metals such as Fe and Al, 

which end up in the slag as oxides. 

- Dust generation in exhaust fumes containing 

metals Zn, Pb, Sn, Cd, and Hg. 

- Partial separation of the precious metals, such 

as Au and Ag, which requires the use of 

hydro and electrometallurgical methods. 

Treatment of the secondary RMs by 

hydrometallurgical processes 
Hydrometallurgy consists in the extraction 

of metals through aqueous solutions. 

Hydrometallurgical processes are generally 

characterized by the following main phases 

[6,7,41]:  

- Leaching with appropriate chemical agent: the 

metals are extracted from the solid phase and 

transferred in the aqueous phase in the form 

of soluble ionic species.  

- Separation of the solid phase from the liquid 

phase through filtration, decantation or 

centrifugation. 

- Purification, concentration, recovery: removal 

of interfering species and/or concentration of 

the target metal by precipitation, cementation, 

solvent extraction, adsorption on activated 

carbon, ion exchange on resins, electrolysis. 

Hydrometallurgy is a new technology 

compared with pyrometallurgy, but offers 

interesting perspectives, linked to the exhaustion 

of primary resources and the use of RMs 

[19,37,40]. 

 

Advantages of the treatment of the secondary 

RMs by hydrometallurgical processes 
The application of hydrometallurgical 

processes to the treatment of the secondary RMs, 

presents the following main advantages 

[36,39,42-44]: 

- Materials that have low metal content to be 

treated with pyro processes can be treated 

sustainably with hydrometallurgical 

processes. 

- Hydrometallurgical methods are treatments at 

low temperatures that require little energy 

expenditure in comparison with the 

pyrometallurgical processes. 

- Hydrometallurgical processes can handle a 

wide range of incoming solids through the 

same operations, optimizing operating 

conditions (flexible systems). 

- Pyrometallurgical processes become 

sustainable only for very large scales that 

require large initial investments and security 

over the supply of large quantities of minerals 

for a long time; vice versa, hydrometallurgical 

processes are sustainable even on medium-

small scales, requiring lower initial 

investment costs and lower operating costs. 

- The reagents used in the hydrometallurgical 

processes can be regenerated and recirculated 

into the circuit of treatment. 

- The hydrometallurgical processes allow 

obtaining high purity metals that do not 

require further refining. 
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- In the hydrometallurgical processes there are 

limited corrosion problems compared to those 

of the pyro processes that require refractory 

linings. 

The hydrometallurgical processes constitute 

the future of metallurgical treatments as they 

allow treating, by flexible and sustainable circuit, 

secondary resources, of different mineral and 

technological origin, for metals recovery. 

Hydrometallurgical processes: main methods 
The possible applicable methods are many. 

The choice depends on various factors, as the type 

of material to be treated and the concentration of 

useful metals [6,7,19]. 

In-situ leaching (ISL) is used on exposed 

minerals or on deep deposits characterized by low 

metal content, which does not justify excavation 

and transport costs (Figure 13) [5-8]. The deposit 

is cracked, the solvent is left to percolate and then 

the leached solution containing the extracted 

metal sent to the plant is pumped. 

To apply the heap leaching (HL), the 

grinded mineral is piled up into hills (heap)  

10-15 meters high by truck or stacker. The hills 

are sprayed with solvent; the leached solution is 

collected through a channeling system and sent to 

the recovery plant (Figure 14). In addition, HL is 

advisable when the metal content is low [5-8]. 

The same technology of HL can be used by 

exploiting the oxidizing action of iron-and sulfur-

oxidizing bacteria that catalyze the leaching of 

sulfides (Figure 15(a)). In this case, the method 

takes the name of heap bio-leaching (HBL)  

[19-21,45]. HBL is a commercial technology used 

in the U.S.A. (25% of extracted Cu), Australia 

and Finland. The grinded mineral is aggregated 

and accumulated in hills 400 meters wide and 

1200 meters long, sprayed with the solution by a 

recirculation system (Figure 15(b)) [7,20,21]. 

When the percolation method is used,  

the mineral of 6-10 mm in dimensions is placed in 

large packaged reactors inside and the solvent is 

recirculated (Figure 16) [6-8]. The particles  

must be large enough to allow the liquid to pass 

easily through the empty spaces between one 

particle and another. On the bottom, there  

are grids to facilitate the recovery of the solvent 

and wash water. This system improves the 

transfer of matter between the liquid phase and 

the solid phase (with respect to HL) by  

increasing the extraction kinetics (days instead  

of months or years), while recovery yields  

improve by recirculating the leaching solution  

several times, producing more concentrated  

solution [6-8].  

Leaching under stirring (Figure 17), is used 

for suspensions of particles smaller than 0.4 mm 

that are stirred by mechanical agitation systems 

with blades or pneumatic systems (reactors 

pachucas) by blowing air or steam at high 

pressure (which simultaneously heats) from the 

bottom in this case conical (like fluid bed) [6-8]. 
 

 

 

 

 

 

 

(a) 
 

(b) 

Figure 13. In-situ leaching method. Schematic representation of the process applied in  

the U.S.A. for the extraction of uranium (a) and example of practical application in Kazakhstan  

for the extraction of copper (b) [5-8]. 
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(a) 
 

(b) 

Figure 14. Heap leaching method. Schematic representation of the process used in  

China and U.S.A. for gold, copper and uranium extraction (a) and example of practical application  

in U.S.A. for gold extraction (b) [5-8]. 
 

  
 

(a) 
 

(b) 

Figure 15. Heap bio-leaching method. Example of iron-and sulfur-oxidizing bacteria  

Acidithiobacillus ferrooxidans that catalyzes the leaching of sulfides (research laboratory of the Slovak 

Academy of Science, 2016) (a) and an example of practical application in the U.S.A.  

for gold and copper extraction (b) [7,20,21]. 
 

 

Leaching under pressure (Figure 18) is 

carried out in autoclaves at high pressures that 

allow working in water at temperatures  

above 100°C, with kinetic advantages on the 

reaction (hours) [6,7].  

Hydrometallurgical processes: main methods of 

metal purification and concentration after 

solid/liquid separation  

After dissolution by leaching and 

subsequent solid/liquid separation, various 

methods of metal purification and concentration 

can been applied [41,46-49]; the main have been 

reported as follows: 

- ion-exchange resins; 

- adsorption on activated carbons: in the column, 

carbon in pulp (CIP), carbon in leach (CIL); 

- solvent extraction; 

- precipitation; 

- electrometallurgical processes. 

Electrometallurgy includes metallurgical 

techniques that use electricity to recover metals 

such as Cu and Zn by reducing from the  

purified and concentrated leached solution 

(electrodeposition or electrowinning), to refine 

metals from pyrometallurgical processes 

(electrorefining of Cu and Pb) and to recover 

metals from high purity oxides that are melted and 

reduced (Al, Mg, Na and Ca by electrolysis of 

molten salts) [16,46]. 

Schematic exemplification of innovative 

processes  

Schematic exemplification of innovative 

circuit of the integrated processes have been 

reported [16,17,21,35,36,38,50]; in particular, 

Figure 19 shows the flow chart of the integrated 

processes developed in the pilot plant,  

while Figure 20 the flow chart of integrated  

physico-hydro-bio-metallurgical processes. 
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(a) 
 

(b) 

Figure 16. Percolation: schematic representation (a) and practical application (b) on industrial scale  

for gold extraction in South America [6-8]. 

 

  
 

(a) 
 

(b) 

Figure 17. Leaching under stirring: schematic representation (a) and practical application (b)  

on industrial scale in North American plant [6-8]. 
 

  
 

(a) 
 

(b) 

Figure 18. Leaching under pressure: schematic representation (a) and practical application (b)  

on industrial scale in North American plant [6,7]. 
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Figure 19. Flow chart of the integrated processes developed for pilot plant applications by  

the research laboratory of the Institute of Environmental Geology and Geoengineering,  

Italian National Research Council (IGAG-CNR), year 2017. 

 

 
Figure 20. Flow chart of the physico-hydro-bio-metallurgical processes,  

realized by the research laboratory IGAG-CNR, year 2018. 
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Conclusions 
After having underlined the strategic 

importance of the valuable and critical raw 

materials (CRMs) and introduced the concept of 

circular economy, the innovative technologies 

that can be adopted for the treatment of secondary 

RMs have been reported and synthetically 

described. 

The processes described are economically 

and environmentally friendly. These processes 

could be integrated with physical treatments and 

procedures followed by bio-hydrometallurgical 

applications, reducing pollution and at the same 

time recovering useful metals (Au, Ag, Cu, Ni, 

Zn, etc.). Valuable metals and CRMs can be 

recovered with the dual aim, to achieve high 

extraction efficiency and metals of high degree of 

purity. 

The benefit to the environment will result 

in the reduction of toxic effects on living 

organisms. 
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Abstract. It is known, that highly toxic pesticide hexachlorocyclohexane (HCH) is resistant to 

decomposition and has a long-term accumulating capacity. Nevertheless, it undergoes complete 

degradation in reactions with hydroxyl radicals in Fenton-like systems. The goal of this work was to 

study the influence of HCH on the processes of radical self-purification of water bodies and to explain 

the mechanisms of chemical transformation of substances occurring in natural waters, as well as to 

reveal the kinetic characteristics of the processes of radical self-purification of water bodies. It was 

found, that HCH plays a dual role for aquatic ecosystems – it is not only a scavenger of free radicals, 

but also an additional initiator. Under the influence of light in the surface layer of water, HCH generates 

radicals, thus contributing to the self-purification processes. 

 

Keywords: hexachlorocyclohexane, natural water, radical self-purification, kinetic characteristic. 
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Introduction 

The ability of self-purification of natural 

waters is understood as a set of hydrodynamic, 

physical, biological and chemical processes aimed 

at restoring their original properties and 

composition. The course and rate of the processes 

of self-purification depend on a number of 

conditions: on the nature of incoming pollutant 

chemicals, on the volume and rate of pollution, on 

the hydrodynamic conditions of the aquatic 

environment, on the chemical composition and 

biological state of water masses and bottom 

sediments, water temperature, oxygen regime. 

The intensity of self-purification can be calculated 

on the basis of the results of hydrological and 

hydrochemical observations carried out on water 

objects [1-3]. 

The self-purification ability of natural water 

consists of a sum of processes of mass transfer, 

biochemical and chemical transformation. 

The most significant for the self-

purification of the aquatic environment are: (a) 

physical processes of mass transfer: dilution, 

evaporation, sorption (by suspended particles and 

bottom sediments), bioaccumulation; (b) 

microbiological transformation; (c) chemical 

transformation: hydrolysis, photolysis, oxidation. 

An important place in the system of self-

purification of the natural water environment is 

held by the processes of oxidation of organic 

substrates, as well as catalytic and photochemical 

transformations of substances, accompanied by 

the formation of highly reactive particles [1-9].  

In the course of reduction of oxygen to water  

(H2O or OH
-
) four redox equivalents are 

consumed. The product of the two-electron 

reaction is a relatively stable molecule or anion of 

hydrogen peroxide (H2O2 or HO2
-
), whereas 

products of the odd-electron reduction are reactive 

free radicals. The most aggressive intermediate on 

the route of O2 to H2O is the hydroxyl radical 

OH˙, the most powerful oxidant of non-specific 

action. The establishment of thermodynamic 

equilibrium concentration of OH˙ radicals in 

natural water is excluded, since its reactivity  

in relation to the vast majority of organic 

substances is characterized by a diffusion 

controlled rate constant. So at all conditions and 

regimes the steady-state concentration of OH˙ 

radicals is several orders lower, than the 

thermodynamic equilibrium, corresponding to the 

redox potential of the medium. 

It is obvious that for the assessment of 

processes occurring in natural water the most 
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advantageous method is the use of model systems, 

that is, the study in the laboratory of mechanisms 

similar to those occurring in natural water. The 

study of the mechanisms of transformation of 

various substances in such systems will explain 

and regulate the processes occurring in the real 

environment. In practical terms, the task is to 

assess the impact on the water model system of 

various substances constantly present in the 

natural environment and their impact on the 

processes of radical self-purification. This 

requires: (a) to simulate a system containing 

various components of natural water; (b) to 

investigate, on their basis, chemical 

transformations of pollutants in laboratory 

conditions, both separately and in their joint 

presence; (c) to establish the kinetic parameters 

and regularity of the process of chemical  

self-purification with free radicals. 

Hexachlorocyclohexane (HCH) is a 

representative of organochlorine pesticides, which 

have toxic properties, are resistant to 

decomposition and have storage capacity.  

The Aarhus Protocol (1988) on persistent  

organic pollutants stated that technical 

hexachlorocyclohexane (mixture of isomers 

HCH) is on the list of restricted substances. 

Technical HCH is a mixture of five HCH isomers: 

α-HCH (50-70%), β-HCH (3-14%), γ-HCH  

(11-18%), δ-HCH (6-10%) and ε-HCH (3-5%). 

The α-, β- and γ-HCH isomers are the most 

common in the environment. The α-isomer 

prevails in atmospheric air and waters of the 

world ocean [13]. 

The influence of HCH on the processes of 

radical self-purification of water bodies was 

studied on model systems, which allowed to 

explain the mechanisms and processes of 

chemical transformation of substances occurring 

in natural water, as well as to reveal the kinetic 

characteristics of the processes of radical self-

purification of water bodies. 

 

Experimental  

Materials 

Humic acid sodium salt of technical  

grade, p-nitrosodimethylaniline (PNDMA), H2O2  

and HCH were purchased from Sigma-Aldrich 

(Germany); FeCl3·6H2O from Stanchem, 

(Poland); KH2PO4, Na2HPO4·2H2O from  

Chem-Lab (Belgium). 

Method for determination of free OH˙ radical 
The method is based on the interaction of 

OH˙ radicals with p-nitrosodimethylaniline 

(PNDMA) resulting in solution discoloration 

(Eq.(1)), thus allowing indirect determination of 

the free radicals using UV-Vis spectroscopy.  

For the same purpose PNDMA dye is used in 

radiation chemistry.  

 

PNDMA (yellow solution) + OH˙ →  

product (colourless solution) 

(1) 

 

In case of natural water samples, the 

gradual discoloration of PNDMA acts as an 

indicator of the chemical-biological processes that 

take place, and the process is described by  

Eqs.(2-5) [1-3,10-12]. 

 

Wi → OH˙ (2) 
 

OH˙ + ΣSi → loss of radicals in traps (3) 
 

OH˙ + PNDMA → solution discoloration (4) 

 

where, Wi- rate of radicals initiation  

Σki[Si]- inhibitory capacity of the medium. 

 

The OH˙ radicals are generated as a result 

of H2O2 photolysis (Eq.(4)). 

 

H2O2 
ℎ𝑣
   2OH˙ 

(5) 

 

The reaction rate constant of various 

substances with OH˙ radicals is almost always in 

the range of 10
8
÷10

10
·M

-1
·s

-1
, and is usually 

considered as ki= 10
9
·M

-1
·s

-1
. 

The effective concentration of PNDMA is 

estimated by the value of the inhibitory  

capacity (Eq.(6)): 

 

ΣkiSi ≈ 10
9.
Σ[Si] (6) 

 

where [Si] is the concentration of radical 

scavengers;  

Σki[Si] is the inhibitory capacity of the 

medium.  

For: 

Σki[Si]< 10
4
·s

-1
, the water should be 

classified as very clean;  

Σki[Si]> 10
6
·s

-1
, the water should be 

classified as highly contaminated; 

Σki[Si]= 10
5
·s

-1
 the water is in its normal 

state with respect to the flow of free radical  

self-purification processes. 

 

The dimension and physical meaning of the 

parameter Σki[Si]: it can be regarded as an 

effective pseudo-first order rate constant of the 

OH˙ radicals destruction in the aqueous medium. 

Knowing the rate of radicals initiation Wi 

and constant of destruction rate, it is possible to 
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determine the stationary concentration of OH˙ 

radicals (Eq.(7)): 

 

[OH]= Wi / Σki[Si] (7) 

 

The lower is the value of Σki[Si], the greater 

is the contribution of the radical mechanism to the 

self-purification of the aquatic environment. 

Experimental procedure 
The solutions were prepared using twice 

distilled water and the reaction was carried out at 

pH 7, which was set by the 0.0013 M phosphate 

buffer. Additionally, the pH was periodically 

monitored (before and after the photolytic 

session) using the WTW Inolab pH 720 pH-meter. 

All measurements were carried out under 

thermostated conditions, at a temperature of 20ºC. 

The solutions were contained in aerobic 

conditions, bringing the modeling conditions 

closer to the natural ones. 

Hydrogen peroxide was used as a source of 

OH˙ radicals. Such important parameters as the 

rate of photochemical discoloration of the 

PNDMA in the absence and in the presence of a 

pesticide, the rate of initiation of free radicals, the 

“inhibitory ability” of the medium, as well as the 

steady-state concentration of OH˙ radicals were 

calculated in the course of this research. 

In this study, the photolytic reactions were 

induced by irradiating the solution samples using 

a DRSH-100 mercury lamp for 30 minutes, with a 

time step of 5 minutes, the absorbance was 

measured at λ= 440 nm. The constancy of the 

light flux and its intensity were checked with a 

standard ferrioxalate actinometer. 

The samples (50 mL) were placed in a  

thin-walled quartz glass with a volume of 100 mL 

and exposed to irradiation. Given the absorption 

spectrum of hydrogen peroxide and the low 

concentration of this reagent, the illumination 

throughout the volume could be considered 

uniform. However, solutions were mixed with a 

magnetic stirrer during irradiation, for additional 

averaging.  

The concentration of the initial hydrogen 

peroxide (1·10
-2

 M) that was used to model  

the systems (1·10
-3

 M) was determined  

by the iodometric method. The solutions of  

HCH and humic acid sodium salt were prepared 

by weighing. Our goal was to study their 

influence on the processes of radical  

self-purification of water systems. PNDMA was 

chosen as an indicator, being a trap of  

OH˙ radicals formed during the photolysis of 

hydrogen peroxide. 

 

Results and discussion 

The influence of hexachlorocyclohexane on the 

processes of radical self-purification of water 

In the present study, the principle  

from-simple-to-complex was used, which implies 

a step-by-step complication of the investigated 

model systems. The simplest model system used 

in the study consisted of phosphate  

buffer–PNDMA–H2O2, artificially exposed to UV 

radiation. After a certain amount of time, the 

absorbance of the system was measured 

periodically. Oxidation of PNDMA occurs as a 

result of its interaction with OH˙ radicals 

generated by H2O2 under the action of light 

(Eqs.(8,9)).  

 

H2O2

ℎ𝑣
   2OH˙ (8) 

 

PNDMA (yellow solution) + OH˙ → 

product (colourless solution) 
(9) 

 

Consecutive absorbance measurements 

allowed plotting the kinetic curve of the dye 

oxidation (Figure 1). The rate of PNDMA 

interaction with OH˙ radicals W0 was calculated, 

which turned out to be equal to 2.54·10
-8

 M·s-1
. 

By modelling a system consisting of the 

same components as the previous one, but 

complicating its composition by introducing 

different elements of natural water, for example 

HCH, a more complex model system was 

obtained: buffer solution-PNDMA-H2O2-HCH, 

which included a variation of the initial 

concentration of the pesticide.  

Kinetic parameters for the model systems 

containing different concentrations of HCH were 

calculated (Table 1). 

 

 
 

Figure 1. The kinetic curve of the photochemical 

discoloration of PNDMA in the system  

PNDMA-H2O2. Experimental conditions:  

pH 7, t= 20ºC, [H2O2]= 10
-3

 M. 
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Table 1 

Kinetic characteristics of PNDMA discoloration in the presence of different HCH concentrations.  

[HCH]·10
5
, М W0·10

8
, M·s-1 

Wi·10
11

, M·s-1
 ∑ki[Si]·10

-5
, s

-1
 [OH]·10

16
, M 

0.5 1.3 0.14 4.61 0.03 

1.0 1.4 0.14 1.21 0.12 

1.5 1.5 0.37 0.18 2.05 

2.0 1.5 0.61 0.13 4.65 

2.5 1.4 1.10 0.49 2.25 

Experimental conditions: pH 7, t= 20ºC, [H2O2]= const= 10
-3

 M, [PNDMA]0= 1.05·10
-5

 M. 

 

 

Based on the obtained data, one can see that 

in the presence of different HCH concentrations, 

the rate of discoloration of PNDMA increases, 

which suggests that, along with hydrogen 

peroxide, HCH is a generator of an additional 

amount of free radicals (Eqs.(10-15)): 

 

C6H6Cl6 → 3Cl2 + C6H6 (10) 

 

Cl2 → 2Cl˙ (11) 

 

Cl˙
 
+ C6H6 → C6H5˙

 
+ НCl (12) 

 

C6H5˙+ H2O2 → OH˙ + C6H5OH (13) 

 

C6H5OH → OH˙
.
+ C6H5˙

.
 (14) 

 

H2O2 → 2OH˙ (15) 

 

In addition, the presented data show that the 

inhibitory ability of the environment parameter 

(∑ki[Si]) decreases with increasing the amount of 

pesticide and is in the range (0.13-4.6)·10
5
 s

-1
, 

which is characteristic for the normal state of the 

water environment in relation to processes of 

radical self-purification. 

Another important kinetic parameter of the 

radical process of self-purification is the 

stationary concentration of free OH˙ radicals.  

A reasonable increase in the concentration of free 

radicals is a favourable phenomenon in the water 

system, as this fact contributes to the active 

process of radical self-purification. For this 

system, the stationary concentration of hydroxyl 

radicals varies within 10
-16

 M, which has a 

positive effect on the process of self-purification. 

Thus, HCH has a dual role for aquatic 

ecosystems. On one hand, it is a hardly 

degradable substance that can accumulate in 

living organisms and sediments. From another 

point of view, in the surface water layer under the 

influence of light and in the case of oxidizing 

components (i.e. the presence of hydrogen 

peroxide in the water), this pesticide is capable to 

generate additional free radicals, which is a 

favourable factor for the unfolding of chemical 

self-purification processes involving free radicals. 

The influence of humic substances on the 

processes of radical self-purification of water 
Further increasing the complexity of the 

studied model systems must take into account one 

of the components of natural waters, the humic 

substances. They play an important role in many 

physico-chemical and biochemical processes 

occurring in natural systems, and are 

characterized by the presence of a large number of 

functional groups, as well as a high ability to form 

complexes. Humic substances have a number of 

important features such as participation in the 

regulation of ion-exchange reactions, influence on 

the acid-base and redox regimes, and increase in 

the productivity of hydrobionts, thereby 

contributing to the improvement of the ecological 

state of water systems. Thus, the influence of 

HCH on the process of radical self-purification in 

the presence of humic substances was studied. 

Initially, a simple system was modelled in  

the absence of HCH, the so-called “blank”  

consisting of buffer solution-H2O2-PNDMA-

humic substances, which had also been exposed to 

UV light. For the blank system we calculated the 

rate of photochemical interaction traps (PNDMA) 

produced by the photolytic decomposition of 

H2O2 with OH˙ radicals. The results of the 

experiments demonstrated that the concentration 

of PNDMA decreased due to the oxidation of 

hydroxyl radicals formed in the system, which 

could also be generated by humic substances 

present in the system at a concentration of  

50 mg·L-1
. It is well known that in sunlit surface 

waters, the humic substances act as sensitizers or 

precursors for the production of photoreactants 

such as singlet oxygen, humic-derived  

peroxy radicals, hydrogen peroxide, solvated 

electrons, and OH˙ radicals [14]. Numerous 

studies [15] have provided unequivocal evidence 

that OH˙ is generated in natural waters  

by the photolysis of nitrite and nitrate, and in 

waters containing sufficiently high metal  

ion concentrations, through ligand-to-metal  
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charge-transfer reactions and photo-Fenton 

chemistry. However, Zhou, X. and Mopper, K. 

reported that the total OH˙ production rate in 

seawaters was significantly larger than that 

expected from the sum of these processes [16]. 

They concluded that there was a “missing source” 

of hydroxyl radical production and that source 

was most likely due to the direct photolysis of 

colored dissolved organic matter – humic 

substances. 

By complicating the composition of the 

studied system, a series of experiments were 

carried out for the buffer solution system-

PNDMA-H2O2-humic substances-HCH, for which 

the corresponding kinetic parameters were 

calculated (Table 2). Data analysis demonstrates 

that the rate of photochemical discoloration of 

PNDMA added into the system is reduced in the 

presence of the different HCH concentrations, 

indicating the interaction of matter-dye with the 

formation of free OH˙ radicals. 

An important parameter for assessing the 

process of radical self-purification is the rate of 

initiation of free radicals, which are involved in 

the transformation of many dissolved pollutants in 

the aquatic environment. The increase in the Wi 

suggests that humic substances can generate free 

radicals. At the beginning of this series (Table 2) 

inhibition does not occur – this suggests that the 

presence of humic substances (HS) contributes to 

a more effective flow of self-purification 

processes [2]. Then, with increasing levels of 

HCH, the inhibitory capacity begins to increase. 

This may be due to the fact that HS are able to 

form intermediate products such as complex 

compounds that do not generate free radicals. 

Thus, HS play a dual role in water systems, which 

negatively affects the radical self-purification 

processes. The steady-state concentration of OH˙ 

radicals in the studied system is reduced, which 

leads to ending of the processes of radical  

self-purification, because of to the lack of free 

radicals for oxidation reactions. 

Thus, the combined presence of the 

pesticide HCH and HS has a dual role in the 

implementation of the process of radical self 

purification, depending on the dominance of one 

of the chemicals - HCH or HS. The interaction 

product has the ability to capture free radicals 

and, as a result, their stationary concentration in 

the system decreases. 

The studies took into account that transition 

metal ions (Cu(II), Fe(III), etc) play an important 

role in the generation of free radicals. Transition 

metal ions are indispensable components of 

natural waters. Depending on the environmental 

conditions, transition metal ions exist in different 

degrees of oxidation and are part of a variety of 

inorganic and organometallic compounds. The 

Fe(III)-compounds are most commonly found in 

surface natural waters and under the influence of 

UV light in the presence of H2O2 the reactions 

(Eqs.(16-21)) may occur: 

 

Fe
3+

 + H2O2 ↔[FeH2O2]
3+

 (16) 
 

[FeH2O2]
3+ 

↔ [FeHO2]
2+ 

+ H
+
 (17) 

 

[FeHO2]
2+ 

 → Fe
2+

 + НO2˙ (18) 
 

[FeHO2]
2+ 

+ [FeOH]
2+

 → 2Fe
2+

 + O2 + H2O (19) 
 

H2O2 
ℎ𝑣
   2OH˙ (20) 

 

H2O2 + Fe
2+

 → Fe
3+

 + OH˙ + OH
-
 (21) 

 

Taking into account all mentioned above, it 

becomes clear that it is necessary to study the 

effect of trivalent iron compounds on the 

processes of radical self-purification of the 

aquatic environment in the presence of the 

pesticide HCH. 

As in previous experiments, we followed 

the method of modelling the system to identify the 

kinetic parameters of the radical process of self-

purification of the aqueous medium in the 

presence of Fe(III) ions. Thus was modelled the 

following system: phosphate-buffer solution-

H2O2–PNDMA–Fe(III) for which was calculated 

the reaction rate of the dye with free radicals. 

Further, the complexity of the system was 

increased by the addition of pesticide and  

the basic kinetic parameters were calculated for 

each case. 
Table 2 

Kinetic characteristics of PNDMA discoloration in the presence of HCH and humic substances (HS).  

 [HCH]·10
5
, М W0 ·10

8
, M·s-1 

Wi·10
11

, M·s-1
 ∑ki[Si]·10

-5
, s

-1
 [OH]·10

16
, M 

0.5 0.9 1.25 - - 

1.0 0.74 1.28 - - 

1.5 0.54 1.29 1.34 0.96 

2.0 0.5 1.31 1.57 0.83 

2.5 0.47 1.29 1.67 0.77 

Experimental conditions: pH 7, t= 20
o
C, [H2O2]= const= 10

-3
 M,  

[PNDMA]0= const= 1.05·10
-5

 M, [HS]= const= 50 mg·L-1
. 

 

51 



S. Travin et al. / Chem. J. Mold., 2019, 14(1), 47-53 

 

The data demonstrate that an increase in the 

content of HCH in the system generates additional 

hydroxyl radicals. Noticeable changes in the 

system of self-purification were registered. When 

adding different pesticide content, the inhibitory 

capacity parameter of the medium is reduced and 

is of the 10
5 

s
-1

 order that is characteristic to the 

normal state of the water body. The decrease in 

inhibitory capacity of the studied system is related 

to the formation of OH˙ radicals which interact 

with the PNDMA dye inducing its oxidation.  

A significant increase in the content of OH˙ 

radicals in the system, the steady-state 

concentration of which is of the 10
-16

 M 

magnitude, contributes to the self-purification 

processes. Thus, the combined presence of HCH 

and iron compounds in such a system has a 

positive effect on radical self-purification. 

To study the effect of HCH on the self-

purification process involving free radicals in the 

combined presence of Fe(III) and humic 

substances (HS), a corresponding model system 

was simulated. Initially, the kinetics of the 

transformation of these substances without HCH 

was studied to assess their impact on the 

processes of radical self-purification. Applying 

the method of traps of free radicals by which the 

concentration of the  PNDMA dye was measured, 

it was found that the rate of its discoloration 

indicates the appearance of additional amounts of 

OH˙ radicals in the system, which are generated 

by both Fe(III) ions and HS [1]. A comprehensive 

review of possible stages involved in Fenton-like 

systems is suggested in a recent review [17]. We 

suppose that the mechanism includes the 

following reactions: 
 

by Fe(III) ions (Eqs.(16-22)) 
 

Fe
3+

 + H2O2 ↔[FeH2O2]
3+

 (16) 
 

[FeH2O2]
3+ 

↔ [FeHO2]
2+ 

+ H
+
 (17) 

 

[FeHO2]
2+ 

 → Fe
2+

 + НO2˙ (18) 
 

[FeHO2]
2+ 

+ [FeOH]
2+ 

→ 2Fe
2+

 + O2 + H2O (19) 
 

H2O2

ℎ𝑣
   2OH˙ (20) 

 

H2O2 + Fe
2+

 → Fe
3+

 + OH˙+ OH
-
 (21) 

 

Fe
3+

 + OH2
-
 → Fe

2+
 + НO2˙

 
+ H

+
 (22) 

 
by humic substances (Eqs.(23,24)) 

 

R‒COOH → R‒CO˙ + OH˙ (23) 
 

R‒OH→ R˙ + OH˙ (24) 
 

The introduction into the system of 

different concentrations of HCH, where free 

radicals are deliberately generated, leads to a 

partial increase in the formation of new free 

radicals, the rate of initiation of free radicals in 

the system increases, and the inhibitory capacity 

of the medium decreases. Consequently, there are 

more free radicals in the system, which enhances 

the process of radical self-purification. The 

increase in the rate of formation of new radicals 

can be explained by the fact that besides hydrogen 

peroxide, Fe(III) ions, HS, as well as HCH 

generate additional free radicals. The role of HS 

[18] and iron compounds [19-21] in the 

generation of free radicals was already reported. 

Heterogeneous photo-Fenton processes using zero 

valent iron microspheres were studied for the 

treatment of waste waters contaminated with  

1,4-dioxan [19]. Koppenol, W. found that the 

reaction characteristics of this process are 

completely different from those of the oxidation 

process of hydroxyl radicals produced by pulse 

radiolysis on cytochrome C, and also concluded 

that an intermediate species with oxidation 

activity may be present, such as ferric ions [20]. 

Pestovsky, O. et al. excluded the possibility of 

tetravalent iron existence under the conditions of 

pH≤ 3 by using different principles on reactions 

of (CH3)2SO with tetravalent iron and hydroxyl 

radicals [21]. But under the conditions of pH> 3, 

more and more evidence has proved the existence 

of tetravalent iron in the system [21]. 

The value of the inhibitory capacity of the 

aqueous medium ∑ki[Si] decreases, for the HCH 

systems it is in the range of 10
5
 s

-1
 that is typical 

for the normal state of the aqueous system. In 

cases of large amounts of pesticide, when radicals 

are in excess compared to other components, 

HCH generates OH˙ radicals, which are actively 

involved in chemical self-purification processes. 

 

Conclusions 

In the present study, the principle  

from-simple-to-complex was used, which implies 

a step-by-step complication of the investigated 

model systems. 

The study of the influence of 

hexachlorocyclohexane (HCH) on the processes 

of radical self-purification of the water systems 

led to the conclusion that this substrate is a 

generator of OH˙ radicals. The obtained results 

indicated that the steady-state concentration of 

hydroxyl radicals is of 10
-16

 M magnitude in the 

presence of HCH. The inhibitory capacity of the 

water systems is in the range 0.13·10
5
–4.6·10

5
 s

-1
 

that is typical for the normal state of the medium.  
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The inhibitory capacity value of the order 

of 10
5
 s

-1
 in the modelled water systems 

containing both HCH and humic substances (HS) 

indicates that the water is in the normal state with 

respect to the flow of free radical self-purification 

processes.  

The joint presence of HCH and iron 

compounds in the water system leads to the 

formation of free radicals, as well. The steady-

state concentration of OH˙ radicals varies within 

0.15·10
-16

–5.8·10
-16

 M, which allows the effective 

flow of self-purification processes by radical 

mechanism.  

The presence of HCH, HS and iron 

compounds from the chemical point of view 

enhance the process of radical self-purification, 

since all these substances are involved in 

processes accompanied by the formation of OH˙ 

radicals. The steady-state concentration of  

OH˙ radicals in modelled water systems increases 

significantly. 
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Abstract. The presence and concentrations of toxic heavy metals within a reclaimed section of the Orji 

mechanic village in Imo State Nigeria were determined using energy dispersive X-ray fluorescence and 

atomic absorption spectrophotometry. Multivariate and geostatistical models like contamination factor, 

degree of contamination, pollution load index and index of geo-accumulation were used to analyze the 

data obtained. Preliminary soil analysis showed the relative abundance of the heavy metals in  

the order Cd< Cr< As< Co< Mn< Ni< Cu< Pb< Zn< Fe. The observed concentration ranges of these 

metals at the different sampling points were between 0-44 mg/kg (Ni), 50-363 mg/kg (Pb),  

1-25 mg/kg (Cd), 55-102 mg/kg (Cr), 0-35 mg/kg (As), 19-54 mg/kg (Mn), 11-35 mg/kg (Co),  

9-203 mg/kg (Zn), 2-90 mg/kg (Cu) and 3654-5134 mg/kg (Fe). The degree of contamination model 

indicated that the area was highly contaminated by cadmium and arsenic. The index of  

geo-accumulation model showed that the soil was strongly contaminated by lead, and extremely 

contaminated by cadmium at some of the sampling points. The activities at the mechanic village in this 

area significantly affected the accumulation of these heavy metals and immediate soil remediation has 

been recommended. 
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Introduction 

The increase in human population has been 

followed directly with increase in the means of 

transporting people from one point to another. 

Vehicular transport is the most common system 

for this purpose in urban areas. The increase in the 

number of motor vehicles has created 

employment for auto mechanic artisans who 

maintain and service them. Due to the large 

number of vehicles to be worked on daily and 

need for space to keep them, sections of land 

called mechanic villages are mapped out by the 

government of some countries like Nigeria for 

auto repair activities to prevent unnecessary 

traffic congestion within the townships. 

Many environmentally unfriendly chemical 

compounds like polycyclic aromatic 

hydrocarbons, polychlorinated biphenyls, 

polybrominated diphenyl ethers, petroleum 

hydrocarbons and heavy metals have entered and 

polluted the soil and water through many  

sources [1-8]. The activities at mechanic villages 

are one of the means by which these toxic 

pollutants are introduced into the water and soil 

[9,10]. Researchers have reported high levels of 

toxic heavy metals in the soil within these 

mechanic villages [11,12].  

Monitoring of heavy metal levels in the soil 

is of great concern because of their toxicity and 

ease of leaching into surface and groundwater. In 

Nigeria, the levels of heavy metals in the soil 

within auto mechanic workshops have gained 

research attention in recent times. Pam, A.A. et al. 

evaluated the levels of heavy metals in soils 

around auto mechanic clusters in Gboko and 

Makurdi, in central Nigeria [13]. Their results 

showed that the soil in this area was highly 

polluted with lead, copper and nickel. Oti, W.J.O. 

studied toxic metals present in the soil at a 

mechanic village in Abakaliki Nigeria [14]. He 

reported that the land area was polluted by nickel, 

lead, cadmium and arsenic. Heavy metal load in 

four auto mechanic villages in Abeokuta Nigeria, 

were studied by Majolagbe, A.O. et al. [15]. They 

reported that lead, copper and cadmium polluted 

all the sites studied.  

In July 2016, a section of the Orji mechanic 

village was reclaimed by the Imo State 

Government after more than 30 years of 

occupation by auto mechanics and scrape metal 
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dealers. Recently, residential buildings have 

started springing up within this reclaimed area. 

There are no reports on the level of contamination 

of the soil in this section of the mechanic  

village by toxic heavy metals before these 

activities commenced. Therefore, in this study, 

the concentrations of toxic heavy metals in this 

area were assessed, and modeled their 

contamination and pollution levels. 
 

Experimental 

Study area 

The Orji mechanic village is sited in Owerri 

North Local Government Area of Imo State. It 

was set up in 1987 with an area of 0.41 km
2
 

located in the sandy Benin Formation. 

Geographically, the area falls between longitude 

7
o
 3' 50" and latitude 5

o
 31' 39". The geology of 

the area consists of plain soil with particle size 

ranging between 0.05–2.0 mm, thereby giving the 

area good drainage. Before the land section in this 

area was reclaimed, four major groups of artisans 

namely mechanics, welders, auto electricians and 

panel beaters operated here. Sections of the study 

area with buildings under construction are shown 

in Figure 1.  

Sample collection 

The sampling design was such that the 

sampling points were well spread over the study 

area. Soil samples were collected in July 2018 at 

five different points marked P1-P5 (Figure 2). 

The ground positions of the sampling points 

were referenced with Garmin GPSMAP 76, a 

handheld global positioning system (GPS) unit, 

and are shown in Figure 2. 

 

 

  
 

Figure 1. On-going projects at the reclaimed area. 
 

 

 

 

P1 - N 5°  30.9183', E 7°  2.6596' 

P2 - N 5°  31.1236', E 7°  2.6597' 

P3 - N 5°  31.8900', E 7°  2.5523' 

P4 - N 5°  30.9992', E 7°  2.4213' 

P5 - N 5°  30.8349', E 7°  2.6216' 

 

Figure 2. Map of Orji mechanic village showing sampling points and their coordinates. 
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Preliminary soil analysis 

Initial soil analyses at the sampling points 

were carried out to give a view of all the metals 

present in the study area. Soil samples were 

collected from the sampling points at a depth of 

20 cm and thoroughly homogenized. 100 g of this 

mixture were spread on a glass plate and dried in 

an oven at 105°C for 2 hours. After cooling, it 

was used for the preliminary determination of the 

metal content of the soil in the study area. 

Heavy metal determination 

Four soil samples were collected at a 

distance of 1 m from each of the five sampling 

points. The samples were taken at a depth of  

20 cm using a soil auger. The subsamples from 

each sampling point were then homogenized to 

give a representative sample for that point. They 

were stored in a dry glass bottle and transported to 

the laboratory for analysis.  

Nitric-perchloric acid digestion was 

performed, following the procedure recommended 

by the Association of Official Analytical 

Chemists (AOAC) [16]. One gram of sample was 

placed in a 250 mL digestion tube and 10 mL of 

concentrated HNO3 was added. The mixture was 

boiled gently for 30 minutes to oxidize all 

oxidizable matter. It was cooled and 5 mL of  

70% HClO4 was added and the mixture was 

boiled gently until dense white fumes appeared. 

After cooling, 20 mL of distilled water were 

added and the mixture was boiled further for  

20 minutes. This solution was cooled and filtered 

quantitatively into a 100 mL volumetric flask  

with deionized water. 

Instrumentation  

Preliminary determination of heavy metals 

and their percentage content in the filtrates was 

done using a compact multi-element bench top 

Energy Dispersive X-ray Fluorescent Analyzer 

(EDXRF) EDX3600B by Skyray Instrument 

(precision: 0.0% deviation; detection limit: 

0.0001% (1ppm) - 99.99%). The concentrations 

of the identified heavy metals were determined 

using Agilent 240 AA Atomic Absorption 

Spectrophotometer (accuracy level: 99.776%; 

Precision: 97.568%). 

Data analysis 

Contamination factor (Cf), degree of 

contamination (Cd), pollution load index (PLI) 

and index of geo-accumulation (Igeo) models were 

used to assess the contamination and pollution 

status of the soil in this area. 

The Cf was used to ascertain the level of 

soil contamination by a single element [17]. The 

Cf is the ratio of the concentration of heavy metals 

to the background values, and is given by Eq.(1). 

𝐶𝑓 =
𝐶𝑚

𝐶𝑏
 

(1) 

 

where, Cm- the concentration of metals, mg/kg;  

Cb- the background concentration, mg/kg.  

 

The Nigerian Directorate of Petroleum 

Resources [18] target values for heavy metals 

were used as the background values Cb. 

The pollution load index (PLI) gives a 

summative indication of the overall level of 

toxicity at a particular sampling point. The PLI 

value greater than 1 is polluted, less than 1 

indicates no pollution, whereas values equal to 1 

indicate contaminant loads close to the reference 

concentration [19]. The pollution load index was 

determined mathematically using Eq.(2). 

 

𝑃𝐿𝐼 =  𝐶𝑓1 × 𝐶𝑓2 × 𝐶𝑓3 ×…× 𝐶𝑓𝑛  
1
𝑛  (2) 

 

where, n- the number of parameters considered in 

the study; 

Cfn- the contamination factor for each 

individual parameter. 

 

The index of geo-accumulation (Igeo) is 

used for the assessment of contamination by 

comparing the current and pre-industrial 

concentrations originally used with bottom 

sediments [20]. It can also be applied in the 

assessment of soil contamination. It is calculated 

using Eq.(3) [21]. 

 

𝐼𝑔𝑒𝑜 = 𝑙𝑜𝑔2  
𝐶𝑛

1.5𝐵𝑛
  (3) 

 

where, Cn- the concentration of the metals, mg/kg;  

Bn- the geochemical background values  

in fossil argillaceous sediment (average 

shale).  

 

For this study the Bn values were taken 

from the world average value in shale (mg/kg) 

and are given as follows: Fe= 47200, Zn= 96,  

Pb= 20, Co= 19, Cu= 45, Cr= 90, Ni= 68,  

Mn= 850, As= 13 and Cd= 0.3. 

 

Results and discussion 

The energy dispersive X-ray spectrum of 

the composite soil sample for the study area is 

shown in Figure 3. The percentage content of the 

heavy metals in the composite soil sample 

increased in the order Cd (0.0001) < Cr (0.0041) 

< As (0.0110)< Co (0.0292)< Mn (0.0415)<  

Ni (0.0436)< Cu (0.0644)< Pb (0.0794)< Zn 
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(0.2481)< Fe (4.6392). The concentrations of 

these metals at the different sampling points  

are summarized in Table 1. These data were 

analyzed using pollution and contamination 

models, in other to give a clear picture of the 

nature of the soil in this area. The Cf values as 

specified by Hakanson, L. [22] are given in four 

levels and are shown in Table 2. 

The degree of contamination (Cd) is the 

sum of the Cf for the pollutant species for a given 

sampling site. It is aimed at providing a measure 

of the degree of overall contamination at a 

particular sampling point. The Cd levels as 

specified by Hakanson, L. [22] were used for this 

study and are shown in Table 3. The values of Cf, 

Cd and PLI at the sampling points in this study are 

summarized in Table 4. 
 

 

 

 
 

Figure 3. Elemental composition of the composite soil sample. 

 

 

 

Table 1 

Concentrations of heavy metals in the soil at the sampling points (mg/kg). 

Sampling points Ni Pb Cd Cr As Mn Co Zn Cu Fe 

P1 2 50 1 102 21 31 11 12 20 3654 

P2 44 67 10 88 35 51 35 45 33 5134 

P3 ND 363 3 55 7 54 32 203 90 4942 

P4 37 89 11 73 27 19 20 9 2 4606 

P5 7 163 25 93 ND 26 22 16 17 5048 

DPR Target Values 35 85 0.8 100 1.0 850 20 140 36 38000 

DPR- Department of Petroleum Resources (Nigeria); 

ND- not detected. 

 

 

Table 2 

Contamination factor levels. 

Cf  value Level 

Cf< 1 Low contamination 

1≤ Cf< 3 Moderate contamination 

3≤ Cf< 6 Considerable contamination 

6≤ Cf Very high contamination 

 

 

Table 3 

Degree of contamination levels. 

Class Degree 

Cd< 8 Low degree of contamination 

8≤ Cd< 16 Moderate degree of contamination 

16≤ Cd< 32 Considerable degree of contamination 

Cd≥ 32 Very high degree of contamination 

 
 

Energy (eV) 

In
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n
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Sampling point P1 had very high arsenic 

contamination level and considerable degree of 

contamination. Very high soil contamination level 

by cadmium and arsenic was observed at 

sampling point P2. The values obtained also 

showed a very high degree of contamination and 

pollution around this point. Sampling point P3 

showed considerable contamination levels by lead 

and cadmium and high level of contamination by 

arsenic. The degree of contamination at this point 

was 21.31, showing considerable degree of 

contamination. This point also had a pollution 

load index value of 1.11, which indicated that it 

was polluted. Sampling point P4 was highly 

polluted by cadmium and arsenic with very high 

degree of contamination. Sampling point P5 had 

very high cadmium contamination level and 

showed high degree of contamination. The mean 

values from the models suggested that the study 

area had very high cadmium and arsenic 

contamination levels. It also showed that the 

degree of contamination of the area was very 

high. 

Index of geo-accumulation (Igeo) 

The Igeo indices (Table 5) as proposed by 

Muller, G. [21], were used to classify the level of 

contamination of the soil by heavy metals. The 

Igeo values at the different sampling points in this 

study are shown in Table 6. 

All the sampling points were moderately to 

strongly contaminated by lead, and moderately to 

extremely contaminated by cadmium. Lead and 

cadmium are therefore the two toxic metals that 

have accumulated in this area as a result of the 

activities at the mechanic village. These activities 

include indiscriminate disposal and subsequent 

corrosion of worn out car batteries, spray painting 

of cars and radiator repairs/disposal [23,24].  
 

 

Table 4 

Contamination factor (Cf), degree of contamination (Cd) and pollution load index (PLI) of soil samples. 

Sampling 

points 

Cf 
Cd PLI 

Ni Pb Cd Cr As Mn Co Zn Cu Fe 

P1 0.06 0.59 1.25 1.02 21.00* 0.04 0.55 0.30 0.56 0.10 25.47* 0.45 

P2 1.26 0.79 12.50* 0.88 35.00* 0.06 1.75 0.32 0.92 0.14 53.62* 1.05* 

P3 0.00 4.27* 3.75* 0.55 7.00* 0.06 1.60 1.45 2.50 0.13 21.31* 1.11* 

P4 1.06 1.05 13.75* 0.73 27.00* 0.02 1.00 0.06 0.06 0.12 44.85* 0.55 

P5 0.20 1.92 31.25* 0.93 0.00 0.03 1.10 0.11 0.47 0.13 36.14* 0.55 

Mean 0.52 1.72 12.50* 0.82 18.00* 0.04 1.20 0.45 0.90 0.12 36.28* 0.91 

*Contaminated/polluted 

 

 

 

Table 5 

Igeo values and contamination levels. 

Igeo class Igeo value Contamination level 

0 Igeo≤ 0 Uncontaminated 

1 0< Igeo< 1 Uncontaminated/moderately contaminated 

2 1< Igeo< 2 Moderately contaminated 

3 2< Igeo < 3 Moderately contaminated/strongly contaminated 

4 3< Igeo< 4 Strongly contaminated 

5 4< Igeo< 5 Strongly contaminated/extremely contaminated 

6 5> Igeo Extremely contaminated 

 

 

 

Table 6 

Igeo values of soil at the sampling points. 

Sampling 

points 

Igeo 

Ni Pb Cd Cr As Mn Co Zn Cu Fe 

P1 -5.67 0.74 1.15 -0.40 0.11 -5.36 -1.37 -3.59 -1.76 -4.28 

P2 -1.21 1.16 4.47* -0.62 0.84 -4.64 0.30 -1.68 -1.03 -3.79 

P3 - 3.60* 2.74 -1.30 -1.48 -4.56 0.17 0.50 0.42 -3.84 

P4 -1.46 1.57 4.61* -0.89 0.47 -6.07 -0.51 -4.00 -5.08 -3.94 

P5 -3.87 2.44 5.80* -0.54 - -5.62 -0.37 -3.17 -1.99 -3.81 

*  Strongly/extremely contaminated 
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Conclusions 
This study showed that the reclaimed 

section of the Orji mechanic village in Owerri 

North, Nigeria is contaminated by lead, cadmium, 

chromium and arsenic, which are very toxic heavy 

metals. All the sampling points were highly 

contaminated by arsenic apart from P5. The 

pollution load index at P2 and P3 indicated that 

the soil samples at these points were polluted by 

these metals. The data from the index of  

geo-accumulation posited that the soil in this area 

was extremely contaminated by cadmium at P2 

and P5. This model also predicted strong 

contamination at P3 by lead.   

Recommendation 

Borehole water is the only source of 

portable water in Owerri North and the 

surrounding towns. The level and spread of these 

toxic metals may be more extreme and wide 

spread than this study had shown. The water table 

in this area is at risk of been contaminated by 

leaching of cadmium, arsenic and lead from the 

surrounding soil either now or in the near future. 

The State Government should therefore 

immediately commence clean up of the soil 

within this reclaimed area before allowing human 

settlement and other related activities. This can be 

done by in situ fixation or stabilization, involving 

the addition of chemicals to the soil which form 

minerals with these heavy metals, reducing their 

solubility and leaching ability. Also 

phytoremediation which involves the use of 

growing plants to stop the spread of 

contamination or to extract the metals from the 

soil can be employed. Regular checks of the 

portability of borehole water within this area 

should also be enforced. 
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Abstract. This study presents an assessment of water quality of Prut River using the Water Quality 

Index (WQI), calculated according to the weighted arithmetic water quality index method. The 

following quality indicators were considered: pH, total dissolved solids, hardness, chemical oxygen 

demand, dissolved oxygen, sulphate, nitrate, and ammonium ions and heavy metals (Mn, Cd, Pb, Hg, 

Ni, Cu, and Zn) concentrations. The obtained results show that the water of Prut River may be classified 

according to WQI as good water quality of grade B for sampling points Sculeni and Cislita-Prut 

villages, and very poor water quality of grade D collected in the sampling point Criva village. 
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Introduction 

River Prut is a transboundary basin shared 

by three countries: Republic of Moldova, 

Romania and Ukraine. Of the total basin area, 

28% of the Prut River Basin is located in the 

territory of Republic of Moldova, 33% in the 

territory of Ukraine, and 39% in the territory of 

Romania. Prut River is one of the most important 

rivers that cross the territory of Republic of 

Moldova and constitutes an important source of 

water supply for the country; therefore its water 

quality must be continuously monitored.  

Different teams of researchers from 

Republic of Moldova, Romania and Ukraine are 

actively involved in the assessment of the quality 

of water of Prut River based on various 

physicochemical parameters e.g. pH, total 

dissolved solids (TDS), hardness, dissolved 

oxygen (DO), sulphate, nitrate, and ammonium 

ions and heavy metals concentrations. Thus, 

Matache, M.L. et al. studied the concentration 

levels of Cu, Zn, Pb, and Cd by inductively 

coupled plasma – optical emission spectrometry 

in sediments and water samples from six locations 

situated along the inferior reach of the Prut River 

on the Romanian shore. Their investigation 

demonstrated that these trace elements were 

present in water samples at concentration levels 

below the maximum allowable concentration 

(MAC) imposed by the Romania regulations for 

freshwater bodies [1]. Another study performed 

by Ene, A. et al. on the detection of heavy metals 

concentration in water samples collected from 

different rivers, including Prut (Giurgulesti 

village, Romanian shore of the river) using atomic 

adsorption spectrometry also showed that the 

concentration was within the MAC limits imposed 

by the Romania regulations for freshwater bodies 

[2]. Hrytsku, V.S. and Hrytsku-Andriyesh, I.P. 

performed the quality monitoring of the Prut 

River water (Chernivtsi region, Ukraine) over the 

years 2006-2013. Using the Water Pollution Index 

(WPI) they showed that Prut River water was 

moderately polluted (class III) and proved that the 

water treatment technology used in Chernivtsi 

district is ineffective [3]. The water quality of Prut 

River in Republic of Moldova is monitored 

monthly by the State Hydrometeorological 

Service. Water quality is assessed as well, based 

on WPI that accounts for six physicochemical 

parameters including ammonium nitrogen, nitrite 

nitrogen, petroleum products, phenols, dissolved 

oxygen (DO), and biochemical oxygen demand at 

5 days (BOD5) [4]. According to the report of the 

State Hydrometeorological Service for the first 

semester of 2017, the quality of the Prut water 

was attributed to moderately polluted water  

(class III) [5]. Another concept of water quality 

estimation is by using the Water Quality Index 

(WQI) that summarizes a large spectrum of 
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physicochemical parameters and translates them 

into simple terms e.g., excellent, good, bad, etc., 

thus facilitating the reporting to management and 

the public in a consistent manner [6]. 

For the first time, the concept of WQI was 

introduced by Horton, R.K. [7], and later, in 1970 

Brown, R.M. et al. developed a WQI based on the 

weights of individual parameters [8,9]. Currently 

many modifications for WQI are used by 

scientists according to particularities of the 

monitored regions [10-14]. For instance, 

Dascalescu, I.G. et al. proposed a modified 

version of the Canadian Council of Ministry of 

the Environment Water Quality Index (CCME-

WQI) model that was developed using the data 

recorded by the on-line monitoring system of Prut 

River water quality. The CCME-WQI accounts 

for the following physicochemical parameters: 

pH, temperature, turbidity, conductivity, dissolved 

oxygen, nitrates, and total organic carbon [15].  

Thus, the goal of this study was to evaluate 

the water quality of Prut River by WQI according 

to the weighted arithmetic water quality index 

method accounting for the physicochemical 

parameters such as pH, total dissolved solids 

(TDS), hardness, chemical oxygen demand 

(COD-Mn), dissolved oxygen (DO), sulphate, 

nitrate, and ammonium ions and heavy metals 

(Mn, Cd, Pb, Hg, Ni, Cu, and Zn) concentrations. 
 

Experimental 

Water samples were collected from the Prut 

River in Criva, Sculeni, and Cislita-Prut villages 

(Figure 1) in the spring and summer of 2017, and 

winter of 2018. 

 

 
 

Figure 1. The map of Prut River basin showing  

the sampling points. 

 

Sampling and sample analyses for quality 

indicators were performed according to the 

procedures and technical measures provided by 

the Decision of Republic of Moldova Government 

no. 932 of 20.11.2013 [16].  

The pH of the water was measured by the 

potentiometric method using the Consort C5010 

pH meter [17]. The TDS and sulphate ions were 

determined by gravimetric measurement using 

national standards [18,19].  

The hardness was estimated by titration 

with EDTA [20] whilst COD with potassium 

permanganate [21]; DO was determined by the 

Winkler method [22].  

Nitrate and ammonium ions were 

ascertained using the UV-Vis spectrophotometric 

method involving sulphosalicylic acid [23] and 

Nessler reagent [24], respectively. 

The concentrations of Mn, Cd, Pb, Hg, Ni, 

Cu, and Zn were monitored using inductively 

coupled plasma mass spectrometry (ICP-MS). For 

ICP-MS quantitative analyses, calibration was 

done using a 4 point calibration curve (10, 20, 50, 

100 μg/L) prepared from a Perkin Elmer Elan 

Standard III multielement standard solution by 

appropriate dilutions, that were measured using a 

Perkin Elmer Elan DRC II ICP-MS instrument. 

The detection limits of metal determination by 

ICP-MS method were 0.8 g/L for Cd and Ni;  

1.0 g/L for Hg; 1.1 g/L for Mn; 1.2 g/L for Pb 

and Cu and 2.0 g/L for Zn. 

Water Quality Index (WQI) was calculated 

using the value of determined parameters using 

the weighted arithmetic water quality index 

method. This indicator expresses the overall 

quality of water, based on several quality 

parameters. WQI was computed using Eq.(1). 

 

    

 

𝑊𝑄𝐼 =
 𝑊𝑖 × 𝑞𝑖

 𝑊𝑖
 

(1) 

 

where, Wi- the weighting factor and it is 

calculated using Eq.(2);  

qi- the quality rating for the i
th
 water 

quality parameter (calculated using 

Eq.(4)). 

 

𝑊𝑖 =
𝐾

𝑆𝑖
 (2) 

 

where, K is a constant value calculated by Eq.(3). 

 

𝐾 =
1

  1
𝑆𝑖
  

 (3) 
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where, Si represents standard value of the water 

quality parameter i. 
 

𝑞𝑖 =
𝑉𝑖 − 𝑉0

𝑆𝑖 − 𝑉0
× 100 (4) 

 

where, Vi is the measured value of the i parameter; 

Vo is the ideal value of analyzed parameter. 

Vo for pH= 7, for OD is 14.6 mg/L, and for 

the other parameters is 0 [9-12]. 

 

In the present study, the Si values used for 

WQI estimation were the maximum allowable 

concentrations (MAC) for drinking water (class I 

of water quality) regulated by the Moldovan 

standards (Table 3) [25]. The obtained WQI 

values were compared with the standard values 

presented in Table 1. 
 

Table 1 

Water quality rating according to WQI
*
 [9,11,12]. 

WQI value Water quality Grading 

0-25 excellent water quality A 

26-50 good water quality B 

51-75 poor water quality C 

76-100 very poor water quality D 

above 100 unsuitable for drinking purpose E 
*
WQI was calculated using the weighted arithmetic 

water quality index method. 

 

Results and discussion 

The analyses of physicochemical 

parameters of Prut River water were performed on 

samples collected in the spring and summer of 

2017, and winter of 2018. The obtained results 

showed that pH varied between 7.95 and 8.31 in 

water samples, corresponding to class I of water 

quality. During summer pH of the sample from 

Criva village was higher in comparison to the 

other sampling points (8.07 at Sculeni village, and 

7.95 at Cislita-Prut village) (Figure 2). In the 

same sample was determined an increased 

concentration of hydrogenocarbonate ions, which 

influenced the pH value. According to the 

obtained data for all samples (Figure 3), water of 

the Prut River may be considered as freshwater 

with TDS of 217-363 mg/L where the 

hydrogenocarbonate ions predominate. 

The values of hardness determined for 

collected samples allowed to categorize the water 

as medium hard. On the territory of the Republic 

of Moldova the hardness of Prut River water did 

not show significant variations (Figure 4). 

Maximum value (about 6 mmol/L) was recorded 

at the end of winter in conditions of advanced 

TDS. Minimum value (about 4 mmol/L) was 

observed during spring when the water level is 

elevated.  

In the water samples collected from 

sampling points Criva and Sculeni villages, the 

content of sulphate ions corresponded to class I of 

water quality (Figure 5). An insignificant increase 

in sulphate ions concentration, up to 150.71 mg/L 

(class II of quality), was recorded in the sampling 

point Cislita-Prut village, which can be explained 

by natural processes. 

The maximum COD-Mn values were 

recorded in the spring, except for the sample 

collected in summer in the Sculeni region  

(Figure 6). The increased value of the parameter, 

as compared to the other samples, can be 

explained by pollution. The factors that caused  

the pollution are most likely to be natural because 

the COD increases by 1.8 mg/L and does not  

exceed the MAC for class I of water quality. 

Generally, on the territory of the republic between  

Sculeni and Cislita-Prut, this quality indicator  

increased slightly.  

 

 

  
Figure 2. Dynamics of pH in water samples collected 

from the Prut River. 

Figure 3. Dynamics of TDS in water samples collected 

from the Prut River. 
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The highest concentration of DO was 

observed during spring and summer (up to  

10.5 mg/L) and the lowest in winter (8.3 mg/L), 

opposite to the expected effect when the  

low temperature of water favours higher amounts 

of DO (Figure 7). This effect is as a result  

of surface ice formation as the intake of oxygen in 

the atmosphere sets. This is confirmed by  

the obtained experimental data. Increased 

concentrations of DO recorded for summer are 

explained by weather conditions. 

Generally, the nitrate content in Prut River 

water corresponded to class I of water quality. 

Only during winter the nitrate ions concentration 

was increased (about 1 mg/L) in samples 

collected in Cislita-Prut village. This could be 

explained by the seasonal NO3
-
 dynamics where 

the concentration is minimal in the vegetation 

period when nitrate ions are used in plants 

nutrition, and increases in autumn, reaching the 

maximum in the winter when the organic 

substances are decomposed and organic nitrogen 

is transformed into the mineral form (Figure 8).  
 

  

Figure 4. Dynamics of hardness in water samples 

collected from the Prut River. 

Figure 5. Dynamics of sulphate ions concentration in 

water samples collected from the Prut River. 

 

  
Figure 6. Dynamics of COD-Mn in water samples 

collected from the Prut River. 

Figure 7. Dynamics of DO in water samples collected 

from the Prut River. 

 

  
Figure 8. Dynamics of nitrate ions concentration in 

water samples collected from the Prut River. 

Figure 9. Dynamics of ammonium ions concentration 

in water samples collected from the Prut River. 
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In spring, the sample collected in the Criva 

village had an ammonium quantity exceeding the 

MAC for the class I of water quality. Since the 

same trend was not observed throughout the river 

flow, this might suggest the influence of 

anthropogenic factors. Water quality returns to 

normal until the next sampling point. This can be 

explained by diluting the river water with the 

water of Vilia, Lopatnic, Racovat, Ciuhur, and 

Camenca Rivers.  

Figures 10-12 show the variation of the 

heavy metals concentration in the Prut River 

water. Thus, the most significant pollution was 

recorded for Cd (class III-IV), especially in the 

spring, and insignificant overruns for Mn and Cu 

(class II). The concentration of Zn and Ni 

corresponds to surface waters without alterations. 

The concentration of Pb and Hg was below the 

detection limit during all seasons. The obtained 

results in this study are in agreement with  

the low level of metal pollution of the Prut River 

observed earlier by Matache, M.L. et al. [2] and 

Ene, A. et al. [3].  

The WQI was calculated using afore 

mentioned parameters and the average of the 

experimental value determined for 3 sampling 

points over three seasons (Table 2). The 

concentration of heavy metals usually is not 

introduced in WQI computing, but it helps to 

assess water quality. In the present work, only the 

concentration of Pb and Hg was not used in WQI 

computing because these were under the detection 

limit in all analyzed samples. 

The WQI values indicated good water 

quality (grade B) in sampling points Sculeni and 

Cislita-Prut villages, and very poor water quality 

(grade D) in village Criva (Table 3).  

Criva is situated in the northern part of the Prut 

River at the border with Ukraine. Thus, the water 

pollution may be caused by anthropogenic 

activities carried out on Ukraine territory.  

The WQI decreases on Moldovan territory, 

reaching the minimum value in Sculeni village. 

Further, water quality slightly worsens reaching a 

value close to grade C in Cislita-Prut village 

(49.77). The obtained results for water samples 

collected in Cislita-Prut village keep the trend 

described by Iticescu, C. et al. over the  

years 2011-2013 [11]. 

 

  
Figure 10. Dynamics of metals concentration in water 

samples collected from the Prut River in spring. 

Figure 11. Dynamics of metals concentration in water 

samples collected from the Prut River in summer. 

 

 

 
Figure 12. Dynamics of metals concentration in water  

samples collected from the Prut River in winter. 
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Table 2 

Values of weighting factor, Wi. 

Parameter 
Measured value, Vi Standard 

value, Si 
1/Si 

Weighting 

factor, Wi Criva Sculeni Cislita-Prut 

pH 8.24 8.18 8.09 8.5 0.1176 0.0145 

TDS, mg/L 274.67 260.0 316.0 500 0.0020 0.0002 

Hardness, mmol/L 4.66 4.04 4.62 4 0.2500 0.0309 

Sulphate, mg/L 62.82 64.63 108.34 100 0.0100 0.0012 

COD-Mn, mg/L 1.58 2.37 2.76 5 0.2000 0.0247 

DO, mg/L 9.75 10.06 9.77 8 0.1250 0.0155 

Nitrate, mgN/L 0.64 0.50 0.67 1 1.0000 0.1236 

Ammonia, mgN/L 0.20 0.03 0.09 0.2 5.0000 0.6181 

Mn, µg/L 10.72 3.47 3.35 100 0.0100 0.0012 

Cd, µg/L 0.33 0.27 0.27 1 1.0000 0.1236 

Ni, µg/L 3.78 3.41 3.95 8 0.1250 0.0155 

Cu, µg/L 3.87 3.57 4.50 5 0.2000 0.0247 

Zn, µg/L 4.03 0.67 2.53 20 0.0500 0.0062 

 

Table 3 

Calculation of WQI. 

Parameter* 

Quality rating, qi  Sub index, Wi·qi  Water quality index 

Criva Sculeni 
Cislita-

Prut 
 Criva Sculeni 

Cislita-

Prut 
 Criva Sculeni 

Cislita-

Prut 

pH 82.6667 78.6667 72.6667 1.2022 1.1440 1.0568 

83.39 27.83 49.77 

TDS 54.9340 52.0 63.20 0.0136 0.0129 0.0156 

Hardness 116.50 101.0 115.50 3.6003 3.1213 3.5694 

Sulphate 62.82 64.63 108.34 0.0777 0.0799 0.1339 

COD-Mn 31.60 47.40 55.20 0.7812 1.1719 1.3647 

DO 73.4848 68.78788 73.18182 1.1355 1.0629 1.1308 

Nitrate 64.0 50.0 67.0 7.9113 6.1807 8.2822 

Ammonia 100.0 15.0 45.0 61.8074 9.2711 27.8133 

Mn 10.7200 3.4700 3.3500 0.0133 0.0043 0.0041 

Cd 33.0 27.0 27.0 4.0793 3.3376 3.3376 

Ni 47.2500 42.6250 49.3750 0.7301 0.6586 0.7629 

Cu 77.40 71.40 90.0 1.9136 1.7652 2.2251 

Zn 20.1500 3.3500 12.6500 0.1245 0.0207 0.0782 
*
The measurement units are the same as in Table 2. 

 

 

The most significant influence on WQI 

assessing was attested by the ammonium, copper, 

and cadmium concentrations. In some cases, the 

concentrations of sulphate and nitrate ions exceed 

MAC for drinking water (class I of water quality) 

regulated by the Moldovan standards. The main 

sources of pollution with both heavy metals and 

other pollutants are considered: agriculture, 

municipal waste and industry (characteristic of the 

Iasi area, Romania). 

 

Conclusions 
This study presents an assessment of water 

quality of Prut River using Water Quality Index 

(WQI) that was calculated using the weighted 

arithmetic water quality index method accounting 

for pH, total dissolved solids, hardness, chemical 

oxygen demand, dissolved oxygen, sulphate, 

nitrate, and ammonium ions and heavy metals 

(Mn, Cd, Pb, Hg, Ni, Cu, and Zn) concentrations. 

The results presented in this work showed 

that the most significant influence on WQI 

assessing was attested by the ammonium, copper, 

and cadmium concentration. In some cases the 

concentrations of sulphate and nitrate ions exceed 

maximum allowed concentration. 

The obtained results show that the water of 

Prut River monitored in the spring and summer of 

2017, and winter of 2018 could be classified 

according to WQI as good water quality of grade 

B for the sampling points Sculeni and Cislita-Prut 

villages, and very poor water quality of grade D in 

sampling point Criva village. 
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Abstract. Xanthone compounds are of great interest due to their wide range of biological applications. 

Xanthone compounds can be obtained by structural modification of the substituent on the xanthone 

rings through various reactions. In this study, the chloro-substituted hydroxyxanthones (4a-c) were 

prepared by cyclodehydration of acid derivatives and substituted phenol in the presence of Eaton 

reagent to afford 3a-c, followed by halogenation step to electrophilic substitution of chlorine in a 

moderate yield. The in vitro anticancer activity study on various cell lines showed that there was an 

enhanced activity of compounds 4a-c in comparison to 3a-c. It has been shown that compounds 4a-c 

have the best anticancer activity only toward P388 murine leukaemia cells with IC50 of 3.27, 1.809 and 

0.18 µg/mL, respectively. The results revealed that the chloro functional group increases the anticancer 

activity of the hydroxyxanthone derivatives. As for the selectivity index, the number was increased 

from a range of 0.88-843 (3a-c) to 3.33-9199.67 (4a-c). This result indicates that the hydroxyxanthone 

derivatives (4a-c) have potential to be developed into chemotherapy agents due to their higher 

sensitivity and selectivity. Molecular docking studies showed that there was a binding interaction 

between 4c and the amino acid residues such as Asp810, Cys809, Ile789, His790, and Leu644 of 

protein tyrosine kinase receptor (PDB ID: 1T46). 
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Introduction 

Xanthone compounds possess significant 

biological properties, including analgesic [1], 

antioxidant [2], antibacterial [3], anti-tuberculosis 

[4], antifungal [5], anti-inflammatory [6], and also 

anticancer [7-8]. A wide range of biological 

activities of xanthone compounds can be obtained 

by structural modification of the substituent on 

the xanthone rings through various reactions. 

Previous studies reported by Su, Q.G., et al. 

showed that the position of the OH groups, as 

well as the number of OH groups attached to the 

xanthone scaffold can determine the anticancer 

activity (IC50 value) [9]. Comparison of the 

anticancer activity of 1,6-dihydroxyxanthone and 

1,3-dihydroxyxanthone showed different IC50 

values of 40.45 and 71.36 μM, respectively. 

Likewise, the increased number of OH group 

attached to the xanthone compounds, such  

as 1-hydroxyxanthone and 1,3,6,8-

tetrahydroxyxanthone, showed a significant 

difference in IC50 values of 85.32 and 9.18 mM 

[9]. Another research study reported that there 

was attested an increasing cytotoxic activity of a 

series of chloro and bromo flavanols against HeLa 

and V79 cell lines [10] and also on halogenated 

flavone-4-oximes derivatives against MCF-7 and 

Hep-G2 [11]. Halohydrin (bromo and chloro) 

xanthones were also reported to be the most 

effective inhibitors of Topo II [12]. The previous 

QSAR analysis studies showed that the addition 

of halogen groups such as chloro and bromo  

could increase the anticancer activity of the 

xanthones substituted chloro and bromo 

compounds in the range of 0.001–0.484 μM 

against HepG2 cell line [13]. 

Chlorination of aromatic compounds can be 

carried out through various reagents and 
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conditions such as Cl2 for nitrophenol [14], 

H2O2−HCl for arenes, alkenes, and alkyne [15], 

hydrocarbon and naphtol [16], methyl phenol 

[17], SnCl4/Pb(OAc)4 [18], InCl3/NaClO [19], For 

high selectivity and safety regulation purposes, N-

chlorosuccinimide (NCS) is commonly used as 

chlorination reagent [20-26], which more recently 

was used along with NaCl/pTsOH in a water 

system [27]. According to the literature study, 

chloro-substituted hydroxyxanthone compounds 

have not been reported yet. Therefore, this study 

aimed to synthesize and develop novel chloro-

hydroxyxanthone compounds and to investigate 

the in vitro anticancer activity towards various 

cell lines. A molecular docking study has also 

been reported to validate the mechanism of drug 

interaction with the binding site of an active 

compound. Molecular docking has become a 

focus of attention in recent years for its successful 

application in finding candidates for new drugs 

from some complex compounds, such as 

prenylated xanthone [28]; 1,2-dihydroxy-6-

methoxyxanthone-8-O-β-D-xylopyranosyl [29]; 

hydroxyxanthone for malaria activity [30]. Thus, 

additionally this study presents molecular docking 

of hydroxyxanthone derivatives into inhibitor  

C-kit protein tyrosine kinase (PTK) (PDB ID: 

1T46) using Discovery Studio 3.1® software 

package (Accelrys, Inc., San Diego, USA). 

Inhibitors that block the activity of PTK and its 

activated unregulated signalling pathways can 

provide a useful basis for designing new drug 

candidates because drugs as PTK inhibitors such 

as imatinib have severe toxic effects including 

cardiac toxicity. Thus, the development of newer 

drug molecules with lower toxicity and better oral 

bioavailability requires special novel compounds 

based on xanthone derivatives. 
 

Experimental 

Chemistry 

All reagents were purchased from Sigma-

Aldrich, Acros, and Merck with high grade of 

purity and used without any further purification. 

All solvents used in the synthesis were of analysis 

and synthesis grade. The solvents used in 

spectroscopic measurements were of 

spectroscopic grade.  

The melting point of the synthesized 

compounds was determined by Electrothermal 

9100 with a temperature gradient of 10 °C/min.  

Infrared spectra were obtained on a 

Shimadzu FTIR-8201 PC spectrometer.  

The 
1
H and 

13
C NMR spectra were recorded 

on a JEOL 500 MHz Spectrometer with 

tetramethylsilane as an internal standard.  

Mass spectroscopy spectra were recorded 

on Shimadzu-QP 2010S. 

General procedure for synthesis of 

hydroxyxanthone compound (3a-c) 
As show in Scheme 1, the synthesis of 

hydroxyxanthones 3a-c were carried out by 

reacting the compound 1 (10.2 mmol) with phenol 

derivatives 2 (10 mmol) and Eaton’s reagent  

(5 mL) in one pot reaction, according to the 

method described by Yuanita et al. [31].  
 

 
 

Scheme 1. General procedure for synthesis of hydroxyxanthone compounds and  

their chloro-substituted derivatives. Reagents and conditions of synthesis:  

(i) Eaton reagent, reflux 80ºC, 3 h;  

(ii) NCS/p-TsOH/NaCl/EtOH, 40ºC, 1 h. 
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The mixture was heated under reflux at 

80±3ºC for 3 h. After the completion of the 

reaction, the mixture was cooled to room 

temperature, poured into cold water, and stirred 

for 1 h. The precipitate formed was filtered and 

washed with water and 5% NaHCO3, then dried 

over desiccator to afford the desired product. 

1,3-dihydroxy-9H-xanthen-9-one (3a), red solid 

(85.5%), m.p.: 223-223.8°C. FTIR (KBr, ν, cm
-1

): 

3448 (OH), 1612 (C=O), 1458 (C-C aromatic), 

1296 (C-O-C). 
1
H-NMR (CD3OD; 500 MHz)  

δ (ppm): 6.20 (1H, d, J= 2.00 Hz and J= 1.50 Hz), 

6.36 (1H, dd, J= 8.00 Hz and J= 3.75 Hz),  

7.49 (1H, dd, J= 8.00 Hz and J= 3.75 Hz),  

7.40 (1H, dd, J= 8.50 Hz and J= 1.5 Hz),  

7.74 (1H, dd, J= 8.50 Hz and J= 1.50Hz),  

MS (EI) m/z: 228 (M
+1

). 

1,3,6-trihydroxy-9H-xanthen-9-one (3b), light 

yellow solid (81.96%), 322-323°C. FTIR (KBr, 

 ν, cm
-1

): 3163 (OH), 1612 (C=O), 1465  

(C-C aromatic), 1296 (C-O). 
1
H-NMR  

(DMSO-d6; 500 MHz) δ (ppm): 8.75 (1H, dd,  

J= 8.75 Hz and J= 2.10 Hz) 8.02- 8.04 (1H, dd, 

J= 8.75 Hz and J= 2.10 Hz), 6.84 (1H, s,  

J= 2.10 Hz), 6.36 (1H, s, J= 2.10 Hz), 6.20-6.22 

(1H, s, J= 2.10 Hz). MS (EI) m/z: 244 (M
+
). 

3,6-dihydroxy-9H-xanthen-9-one (3c), reddish 

solid (70.15%), m.p.: 220-223°C. FTIR (KBr, ν; 

cm
-1

): 3248 (OH), 1620 (C=O), 1458 and 1512 

(C-C aromatic), 1242 (C-O-C). 
1
H-NMR 

(CD3OD; 500 MHz) δ (ppm): 7.49 (2H, d,  

J= 8.7 Hz), 6.48 (2H, d, J= 8.7 Hz and 2.35 Hz), 

6.43 (2H, d, J= 2.35 Hz). MS (EI) m/z: 228 (M
+
).   

General procedure for synthesis of chloro-

substituted hydroxyxanthone (4a-c) 
The preparation of compounds 4a-c  

(Scheme 1) was conducted according to the 

method of Mahaja, T. et al. [27], with the 

difference that the water solvent was replaced 

with ethanol. Ethanol (8 mL) was added to a 

finely crushed powder of xanthone (3a-c)  

(0.01 mol) in a 100 mL round-bottom flask with a 

magnetic stirring bar at room temperature.  

To the mixture, NaCl (0.015 mol),  

p-toluenesulphonic acid (p-TsOH) (0.01 mol), and  

N-chlorosuccinimide (NCS) (0.01 mol) were 

added while stirring at 40ºC. The reaction was 

monitored by thin layer chromatography. After 

the completion of the reaction, 5 mL of water was 

added to separate the precipitated mass, and the 

precipitate was filtered and dried in an oven to 

afford the compounds 4a-c as powder products. 

4-chloro-1,3-dihydroxy-9H-xanthen-9-one (4a) 

orange solid (81.5%), m.p.: 212.2-215.5°C, FTIR 

(KBr, ν, cm
-1

): 3448 (OH), 1612 (C=O), 1458  

(C-C aromatic), 1296 (C-O-C), 887  

(o/p-substituted chloro). 
1
H-NMR (CD3OD;  

500 MHz) δ (ppm): 6.54 (1H, s), 7.55 (1H, d,  

J= 8 Hz), 7.67 (2H, t), 7.92 (2H, t), 8.25 (1H, d  

J= 8 Hz). 
13

C-NMR (CD3OD; 125 MHz) δ (ppm): 

99.18; 99.24; 104.40; 118.77; 121.04; 121.04; 

125.25; 126.45; 136.75; 153.97; 156.75’ 163.81; 

181.42 (C=O). MS (EI) m/z: 262/264 (M
+
). 

4,5,7-trichloro-1,3,6-trihydroxy-9H-xanthen-9-

one (4b) bright yellow solid (65.5%). FTIR (KBr, 

ν, cm
-1

): 3425 (OH), 1620 (C=O), 1465 (C-C 

aromatic), 1280 (C-O), 802, 840 (o/p-substituted 

chloro); 
1
H-NMR (DMSO-d6; 500 MHz) δ (ppm): 

7.21–7.84 (1H, s), 6.55–6.64 (1H, s). 
13

C-NMR 

(CD3OD; 125 MHz) δ (ppm): 98.56; 100.80; 

102.22;103.65; 113.48; 115.13; 115.47; 128.47; 

151.92; 156.89; 157.99; 159.68; 165.45; 181.45 

(C=O). MS (EI) m/z: 346 (M
+
), 312 (M-34). 

4-chloro-3,6-dihydroxy-9H-xanthen-9-one (4c) 

yellow solid (73.05%), m.p.: 201-203 °C. FTIR 

(KBr, ν; cm
-1

): 3248 (OH), 1620 (C=O), 1458 and 

1512 (C-C aromatic), 1242 (C-O-C), 779  

(o/p-substituted chloro). 
1
H-NMR (CD3OD;  

500 MHz) δ (ppm): 7.5 (2H, d, J= 15.2 Hz), 6.49 

(2H, s), 6.43 (2H, d, J= 16.5 Hz). 
13

C-NMR 

(CD3OD; 125 MHz) δ (ppm): 103.04; 104.95; 

105.13;107.49; 108.43; 110.96; 112.48; 116.33; 

128.81; 111.56; 133.55; 159.37; 161.16 (C=O). 

MS (EI) m/z: 262 (M
+
). 

In vitro anticancer activity assay 
The in vitro anticancer activity of xanthone 

was carried out by MMT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium) assay. The HepG2, 

HeLa, Vero and T47D cell lines used during the 

present study were obtained from Toxicology 

Laboratory, Faculty of Medicine, Gadjah Mada 

University, Yogyakarta, Indonesia. The murine 

leukaemia P388 cell line [ex. HSRRB Lot 

Number: 113098 seed (JCRB0017)] was received 

from Natural Organic Chemical Laboratory of 

Nature Material, Chemical Department of the 

Bandung Institute of Technology, Indonesia. 

Molecular docking 
The inhibition of protein tyrosine kinase 

(PTK) has been shown to be one of the strategies 

in treating cancer as well as other proliferative 

diseases, as protein kinases are involved in the 

cell survival and proliferation stage. In this work, 

the protein crystal docking study of the active 

compound 4c was performed to investigate its 

ability to inhibit PTK, while compared to the 

STI571 ligand (imatinib) as native ligand of C-kit 

receptor protein tyrosine kinase (PDB ID: 1T46). 

Docking simulations were performed in previous 

work [30] under the receptor–ligand interaction 

section in Discovery Studio 3.1 (Accelrys, Inc., 

San Diego, CA, USA). Other molecular modeling 
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software used throughout this study were 

CHIMERA 1.9 and ChemOffice®2015. 

 

Results and discussion 

Synthesis and characterization 

The prepared chloro-substituted 

hydroxyxanthones derivatives (4a-c) were 

afforded through a two-step reaction i.e. 

cyclodehydration of acid derivatives and 

substituted phenol in the presence of Eaton 

reagent to afforded 3a-c, followed by 

halogenation step, electrophilic substitution of 

chlorine as show in Scheme 1. 

The synthesis of compounds 3a-c was 

carried out using a cyclodehydration reaction, as 

the name suggests, the cyclization of xanthone 

occurs followed by the dehydration reaction. The 

presence of phosphorus pentoxide in the Eaton 

reagent will absorb the water molecules obtained 

in the reaction, while the function of  

p-toluenesulphonic acid activates the acyl group 

from the acidic compound to form the carbocation 

which facilitates the addition of phenol 

compounds to form cyclic ether in the 

hydroxyxanthone compound. Meanwhile, 

synthesis of compounds 4a-c was carried out 

using the chlorination reaction. Chlorination was 

performed using Cl2 obtained from the reaction of 

NCS (N-chlorosuccinimide) with acids and Cl
-
. 

The acid used was derived from the p-TsOH, 

which is a strong organic acid capable of reacting 

directly with the NCS compounds without causing 

their oxidation. By reaction mechanism p-TsOH 

acts as an acid by activating the carbonyl oxygen 

group from NCS and releasing Cl
-
 ion, 

subsequently reacting with Cl
-
 derived from  

the perfect ionized sodium chloride salt in 

solution, the Cl2 formation mechanism is shown 

in Scheme 2. 
1
H NMR data allowed observing the 

differences in the peaks of hydroxyxanthone 

compounds before and after chlorination. For 

compound 3a were identified 5 proton peaks in 

chemical shits 6.2; 6.36; 7.49; 7.40 and 7.74 ppm 

while compound 4a had three peaks that were 

identified in chemical shifts 6.65; 7.67 and 8.25. 

This difference showed that there has been a 

substitution of protons by chloro groups on 

aromatic rings. Additionally, there is a difference 

in the value of the chemical shift from shielding 

into deshielding in compounds 3a and 4a 

indicating the effect of chloro substitution on 

xanthone aromatic rings both on ortho and para 

positions. This has also been done to another 

compounds 3b-c into 4b-c, as listed in the 

experimental section. 

Anticancer activity 
The results of the study presented in this 

work showed that compounds 4a-c and 3b-c have 

moderate to very good anticancer activities for 

Murine leukaemia P388 cell line with the range of 

IC50 5.75–0.18 μg/mL. Furthermore, the inhibition 

concentration of 4c was much lower than for 

arconine E that is a standard compound (as seen 

in Table 1). Meanwhile, there were no significant 

cytotoxic activities of 4a-c and 3b-c attested 

towards other human cancer cell lines such as 

T47D, HeLa, and HepG2.  
 

 
 

Scheme 2. Proposed reaction of chlorine formation from NCS. 
 

 

Table 1 

Anticancer activity against various cancer cell line (μg/mL). 

Compound 
Anticancer activity (IC50)

**
 

P388 HepG2 T47D HeLa Vero 

1,3-dihydroxy-9H-xanthen-9-one (3a) 15.53 188.00 549.00 45.00 484.26 

1,3,6-trihydroxy-9H-xanthen-9-one (3b) 5.75 192.00 88.20 233.00 2000.00 

3,6-dihydroxy-9H-xanthen-9-one (3c) 2.37 188.60 170.20 37.00 2000.00 

4-chloro-1,3-dihydroxy-9H-xanthen-9-one (4a) 3.27 54.00 73.40 86.11 286.48 

4,5,7-trichloro-1,3,6-trihydroxy-9H-xanthen-9-one (4b) 1.81 91.00 485.70 87.34 2000.00 

4-chloro-3,6-dihydroxy-9H-xanthen-9-one (4c) 0.18 175.00 143.40 168.14 1655.94 

artonin E
*
 0.80     

* 
Standard compound; 

** 
Probit analysis (%) percentage of viability cell.  
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Biological activities of xanthone derivatives 

are affected by the presence of substituents on 

their rings. The substituent could both improve 

and reduce the biological activities. Based on data 

in Table 1, it can be seen that the best anticancer 

activities of 4a-c were found toward P388 Murine 

leukaemia cells. The activities could be 

categorized as very active with IC50 of the 

compounds 4a-c being 3.27; 1.809 and  

0.18 µg/mL respectively. Meanwhile, the 

anticancer activity of 3a-c was found to be lower 

than 4a-c, with IC50 15.53, 5.75 and 2.37 µg/mL, 

respectively. Furthermore, there was a much 

lower activity of 4a-c and also 3a-c to the other 

cancer cells, i.e. HepG2, HeLa, than T47D  

(IC50> 45 µg/mL). According to the criteria set by 

the National Cancer Institute, U.S.A., the values 

of IC50 less than 30 µg/mL are considered 

cytotoxic. This result proves that the presence  

of chloro groups enhances the anticancer  

activity of hydroxyxhantone compounds as seen 

in case of compounds 4a-c. 

There is always a possibility for a 

compound with a high cytotoxic effect against 

cancer cell to have cytotoxic effect on normal 

cells at the same time and vice versa. The 

calculated selectivity index of 3a-c and 4a-c are 

presented in Table 2. These results showed the 

average selectivity index (SI) value of compound 

4a-c was above 3 ranging from 3.33 to 9199.67. 

Therefore, the investigation of the cytotoxic 

effects for both normal and cancer cells was 

necessary in order to determine the selectivity of 

the compound expressed as SI. An in vitro 

selectivity assay was conducted by comparing the 

IC50 value of each compound to cancer cells with 

those of normal cells. A compound can be 

categorized as having high selectivity toward 

cancer cells if its SI value is higher than 3 [32]. In 

this study, the selectivity analysis was performed 

by comparing IC50 values obtained for each 

compound to normal cells (Vero cell line) and to 

the tested human cancer cell line. The obtained 

results indicated that the prepared chloro-

substituted hydroxyxanthone 4a-c have a potential 

to be developed as anticancer compounds, based 

on their lower toxicity and higher sensitivity, 

therefore chloro-substituted hydroxyxanthone 

could be recommended as active compounds for 

anticancer chemotherapy. 

Molecular docking 
Molecular docking of compound 4c showed 

that there is an interaction against protein tyrosine 

kinase target that indicated that compound has a 

good anticancer activity. The molecular docking 

process generated cDOCKER interaction energy 

of -31.06 kcal/mol and the distance of hydrogen 

bonds between atoms of the compounds and 

amino acids was ranging from 2.06–5.18 Å.  

These results showed that the energy produced  

by each co-crystallized ST1571 ligand  

(-79.38 kcal/mol) was much lower than the energy 

of compound 4c while the distance of hydrogen 

bonds of the ligands was also shorter, ranging 

from 2.41–4.79 Å. Nevertheless, based on an  

in vitro anticancer activity assay, 4c could be 

categorized as an excellent anticancer toward 

P388 murine leukaemia cell line. This result may 

be caused by the binding interaction between 4c 

and the amino acid residues, which showed 

similar binding interaction from each  

co-crystallized ligand (Figure 1). 

Molecular docking studies revealed the 

binding interaction of 4c with amino acid residues 

such as Asp810, Cys809, Ile789, His790,  

and Leu644 of protein tyrosine kinase receptor  

(PDB ID: 1T46). Meanwhile, co-crystallized 

STI571 ligands showed binding interaction with 

Asp810, Cys809, Ile789, His790, and Leu644 

(Table 3). This result means the binding pocket 

formed by compound 4c was similar to the co-

crystallized STI571 ligands. Therefore, it can be 

concluded that the anticancer activity from the 

experimental result could be proved through in 

silico molecular docking studies, especially 

toward P388 murine leukaemia cell line.  
 

 

Table 2 

Selectivity index toward various cell line. 

Compound 
Selectivity index (SI)

*
 

HepG2 T47D HeLa P388 

1,3-dihydroxy-9H-xanthen-9-one (3a) 2.58 0.88 10.76 31.18 

1,3,6-trihydroxy-9H-xanthen-9-one (3b) 10.42 22.68 8.58 347.83 

3,6-dihydroxy-9H-xanthen-9-one (3c) 10.60 11.75 54.05 843.88 

4-chloro-1,3-dihydroxy-9H-xanthen-9-one (4a) 5.31 3.90 3.33 87.61 

4,5,7-trichloro-1,3,6-trihydroxy-9H-xanthen-9-one (4b) 9.46 11.55 9.85 9199.67 

4-chloro-3,6-dihydroxy-9H-xanthen-9-one (4c) 21.98 4.12 22.90 1104.97 
*
SI= (IC50 Vero Cell)/(IC50 cancer cell line). 
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Table 3 

Energy, hydrogen bonds distance and binding interaction of 4c and co-crystallized STI571 ligands. 

Compound 
cDOCKER energy 

(kcal/mol) 

Binding interaction  

(amino acid residue) 

Hydrogen bond  

distance (Å) 

4c -31.06 

Asp810 

Cys809 

Ile789 

His790 

Leu644 

4.54 

2.37 

2.06 

5.18 

5.04 

STI571 -79.38 

Asp810 

Cys809 

Ile789 

His790 

Leu644 

2.81 

2.41 

2.65 

2.64 

2.81 

 

 

 
Figure 1. The 3D predicted binding mode from docking simulation of 4c compound into  

the active site of c-kit protein tyrosine kinase (PDB ID: 1T46). 

 

 

The lower energy produced by the protein-

ligand interaction indicates that the ligand-protein 

bond is more stable. According to Table 3, it can 

be seen that compound 4c has a similar interaction 

with the interaction of STI-571 c-kit protein 

kinase (PDB ID: 1T46) and amino acid residues. 

The similarity was observed from the existence of 

the binding interaction between the compound 

and amino acid residues such as Asp810, Cys809, 

Ile789, His790, and Leu644 of PDB ID: 1T46 

protein. The planar xanthone ring compound 4c 

was involved in an electrostatic surface 

interaction. The interaction was also similar with 

the interaction between amino acid residues and 

other compounds tested against cancer cells. 

Shrestha, A.R. et al. have performed docking 

simulation of deazaflavin compound and found 

the binding interaction with amino acid residues 
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of Leu595, Tyr 672, Leu799, Glu640, Asp810, 

and Phe811 [33]. Meanwhile, it has also been 

reported that 2-deoxo-2-methylamino-5-

deazaflavin possesses binding interaction with 

Asp810 and Glu640 amino acid [33]. Quinoxaline 

has been found to interact with Cys673, Thr670 

and Ile789 amino acid [34]. Furthermore, the 

hybrid compound of deazaflavin-cholestane 

showed interaction with Asp680, Lys593, 

Leu595, Asp677, Val603, Gly676, Leu799, 

Tyr672, Ala621, and Phe811[33], which was 

performed on various cancer cells i.e. HepG2, 

MCF7, A549, HCT116, CCRF-HSB-2 and KB 

tumour cells. These results indicate that 

compound 4c possess anticancer activities with 

active site or chemotherapy mechanism by 

inhibiting protein tyrosine kinase.  

In the molecular docking study, the ligand 

stability is also acquired from the low cDOCKER 

energy and the short length of the bonds formed. 

Based on Table 3, the cDOCKER energy  

of compound 4c was -31.06 kcal/mol and  

the bond length was 2.06–5.18 Å. On the other 

hand, the cDOCKER energy of ligand STI571 

was -79.38 kcal/mol with hydrogen bond distance 

of 2.41–2.81 Å. The low interaction energy and 

the short bond length indicate the formation of the 

ligand-protein bond, showing that the native 

ligand is better than compound 4c. The energy 

produced by compound 4c was also compared 

with the interaction energy of 2-amino-4-phenyl-

5-methyltiazole complex with some metals, 

including Ni, Zn, Cu, and Co (<20 kcal/mol) [35] 

and also with deazaflavin derivative which was 

less than 18 kcal/mol [34]. This result means that 

the interaction of compound 4c was more stable 

and it has potential as an anticancer agent when 

compared to the other compounds interaction with 

the same protein and ligand, which cause the 

hydroxy moieties of hydroxyxanthone to give 

surface interaction through hydrogen bond 

formation. Thus, theoretically, the effectiveness of 

compound 4c as an anticancer drug is better than 

the previously reported compound. 

 

Conclusions 
Chloro-substituted hydroxyxanthones 4a-c 

were prepared by cyclodehydration of acid 

derivatives and substituted phenol in the presence 

of Eaton reagent to afforded 3a-c, followed by 

halogenations step to electrophilic substitution  

of chlorine in a moderate yield using  

N-chlorosuccinimide with NaCl/pTsOH in ethanol 

system, where the compounds formed were 

characterized based on spectroscopy data (IR, 

NMR and MS). The in vitro study of compounds 

4a-c showed an excellent inhibition and a higher 

selectivity index against P388 murine leukaemia 

cells compared with T47D, HeLa, and HepG2 cell 

line. The in silico analysis of anticancer activity 

showed that there was a binding interaction 

between 4c compound and STI571 with the 

protein tyrosine kinase (PDB ID: 1T46). This 

result indicated that the compound has an active 

chemotherapy site as an inhibitor of protein 

tyrosin kinase, which controls the phosphorylation 

and regulates various cellular functions. 
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Abstract. The protection performance of self-assembled layers (SALs) formed by apricot cake  

extract (ACE) on the surface of steel has been studied. Characterization of the apricot cake extract was 

carried out using the gas chromatography-mass spectrometry analysis. The anti-corrosion effect of the 

self-assembled layers was determined by weight loss experiments, scanning electron microscopy and 

electrochemical methods. It was revealed that the protection ability of the SALs is determined by the 

time of film formation on the steel surface. The maximal corrosion inhibition efficiency (about 93%) 

was obtained after 48 h process of film formation in the vapour phase of the apricot cake extract. The 

results of the polarization test revealed that the ACE acted as a mixed type inhibitor and retarded both 

anodic and cathodic reactions rates. The results of the electrochemical analysis revealed that the ACE 

modified steel showed better corrosion protection in conditions of periodic condensation of moisture. 
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Introduction 

Surface modification by self-assembled 

layers (SALs) of vapour phase corrosion inhibitor 

currently attracts considerable attention due  

to its potential application in anticorrosive  

protection [1]. The SAL forms a robust barrier 

film between the metal and corrosive media, thus 

controlling the penetration of corrosive agents 

into the metal surface [2-6]. Self-assembled 

monolayers (SAM) of organic molecules are 

among the most versatile inhibitors to impede the 

corrosion of steel by forming a very thin, dense 

and protective layer at the surface of the metal. 

Their relatively good protection efficiency, their 

ease of application, especially on very 

complicated shaped objects, as well as their 

nanometric thickness have turned them into 

attractive candidates for protection of metallic 

surfaces. Compared with the traditional corrosion 

inhibition techniques, SALs have been 

extensively studied due to a lower dosage, higher 

coverage, fewer defects, and higher inhibition 

efficiency. 

Numerous organic compounds such as 

urea-amine compounds, monoterpenoid phenols, 

alkanoic and phosphonic acid derivatives, thiol 

and some other heterocyclic compounds 

containing heteroatoms, such as sulphur and 

nitrogen have been employed as self-assembled 

adsorptive inhibitors for metal corrosion [1-10].  

It was found that monoterpenoid phenols SAM 

protect steel from corrosion [11]. However, some 

synthetic compounds may result in environmental 

pollution, and increase human health risk. 

Recently, attention has been turned to exploring 

cheap, biodegradable, and environmentally-

friendly corrosion inhibitors with excellent effect 

[11-16]. The term “green inhibitor” or  

“eco-friendly inhibitor” refers to substances that 

are biocompatible, such as plant extracts, since 

they are of biological origin. Plant extracts, which 

are natural products, are easily available, 

renewable, non-toxic, and inexpensive. However, 

only a few reports described an inhibitor extracted 

from a waste without harm to plants and 

environment. Therefore, it is an interesting and 

useful task to find new sources for highlighting 

anticorrosive active compounds and to obtain 

organic compounds for their further use as  

self-assembled layers. 

Several studies have suggested that 

inhibition efficiency could be improved by using 

mixtures of inhibitors with respect to a single 

inhibitor [19,20]. It means that the extract of a 

plant raw material, which is a mix of components, 

can be used as self-assembled layers for corrosion 
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inhibition of steel. It is known that apricot 

processing by-products are a source of functional 

compounds and can be used for corrosion 

inhibition of steel. Apricot fruits (Prunus 

Armeniaca L.) are valued and highly consumed all 

over the world, both for their flavour and for 

nutritional qualities. Ukraine is one of the major 

apricot producers in the world with the 

approximate annual yield of 160 000 tonnes/year 

of fresh fruit, seeds, and kernels, respectively. 

About 20% of the harvest turns into waste from 

processing of this raw material. The successful 

utilization of this natural waste may also provide 

an option for resource recovery. The cake of 

apricot can be used to obtain volatile corrosion 

inhibitors that form self-assembled monolayers.  

In the literature, one can also find no information 

about possible applications of apricot cakes and 

its extracted compounds for the development of 

self-assembly vapour phase corrosion inhibitor for 

mild steel.  

The aim of the present work is to evaluate 

the corrosion inhibition effect of apricot cake 

extract (ACE) as “green” self-assembly vapour 

phase inhibitor of steel corrosion. The organic 

compounds present in the apricot cake extract 

were characterized by gas chromatography-mass 

spectrometry. The SAL modified steel surface 

was characterized by scanning electron 

microscope and atomic force microscopy.  

The corrosion inhibition efficiency of the apricot 

cake extract was characterized by using 

electrochemical methods and was compared to 

their inhibition activity evaluated by the method 

of accelerated tests under simulated operational 

conditions. The inhibition performance and 

mechanism were also discussed. Furthermore, it is 

necessary to estimate the contributions of the 

main compounds to the inhibition effect and 

model the adsorption of the main components on 

the MS surface, which can also illustrate the 

experimental results. 
 

Experimental 

Materials 

The apricot (Prunus Armeniaca L.) cultivar 

known under local name “Favorite” were 

harvested (during July 2018) in two geographical 

regions of Ukraine (Kherson, Nikolaev).  

The apricot cake was supplied by an agro-food 

company (Vinni Frut) from the Vinnytsia city, 

Ukraine.  

Corrosion test samples (electrodes) were 

manufactured from mild steel St37-2. The mild 

steel (DIN 17100 R St 37-2) were purchased from 

Rocholl (Aglasterhausen, Germany). The mild 

steel strips with the chemical composition 0.20% 

C, 0.43% Mn, 0.55% Si, 0.016% S, 0.02% P and 

Fe balanced were used for the corrosion tests and 

electrochemical measurements [21].  

Preparation and characterization of the apricot 

cake extract 
The apricot press cake was obtained by 

cold pressing. The apricot press cake extract was 

obtained with a 2-propanol/ethanol solution  

(v:v= 50:50) in a Soxhlet apparatus. The solvent 

was removed at 40°C in a rotary vacuum 

evaporator under a nitrogen stream. Finally, the 

obtained extract was dissolved in 2-propanol in 

different concentrations. The prepared solution 

was used as self-assembly vapour phase inhibitor 

of steel corrosion.  

Pretreatment of steel electrode and self-assembly 

film formation 
The steel electrode was polished with 

various grades of sandpaper and then sonicated in 

deionized water, followed by ethanol, and 

eventually dried in a vacuum oven. The  

self-assembly films of AСE were prepared in 

vapour phase at 22°C (spontaneous volatilization). 

For the formation of a self-assembly films, 

cleaned steel samples were suspended in a  

250 mL conical flask with a tight-fitting rubber 

containing a small dish with AСE (2 mL). The 

AСE was placed in a dish for a certain period of 

time (depending on the experiment from 12 to  

72 h) to form the self-assembled films. After 

surface modification, the SAM vapour phase of 

volatile compounds of AСE was sampled. 

Gas chromatography-mass spectrometry analysis  
The composition of volatile substances of 

the extract was identified by gas chromatography 

coupled to mass spectrometry (GC-MS).  

A Shimadzu gas chromatograph (model GC 17A) 

equipped with flame ionization detector, was 

operated under the following conditions: capillary 

fused silica column (CBP-5) (length, 25 m; 

internal diameter, 0.25 mm; film thickness,  

0.22 µm), ion source temperature of 280ºC.  

The GC-MS was operated in the electron impact 

ionization mode at 70 eV. The oven temperature 

was set as follows: the initial temperature of 50°C 

was maintained for 2 min, and then increased to 

200°C at the rate of 10°C/min and held for 5 min. 

Afterwards the temperature was ramped to 250°C 

at a rate of 25°C/min (for 15 min). Other 

operating conditions were as follows: gas carrier  

He (99.99%), inlet pressure of 76 kPa with a 

linear velocity of 20 cm/s; injector temperature of 

250ºC; detector temperature of 310ºC; 1:25 split 

ratio. The relative contents of the chemical 

components of the extract were found using the 

method of internal normalization of the areas of 
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peaks without correcting the sensitivity 

coefficients. The percentage of each compound 

was determined from its peak area and the sum of 

the areas of all peaks detected in the total ion 

current trace. The identification and quantification 

of the components was carried out by using a 

commercially available databases were also used: 

NIST 05 (National Institute of Standards and 

Technology, USA) and Mass Finder3  

(Dr. Hochmut, Scientific Consulting, Germany). 

If only one identification method resulted in a 

match (MS), the identification was defined as 

“tentative”. Mass spectra of all detected 

compounds were compared with those of standard 

compounds. Data were processed using the 

AMDIS software [22-24].  

Corrosion inhibition efficiency characterization 
The surface morphology and coating were 

examined by scanning electron microscope 

(SEM) FEI E-SEM XL 30 (Detection of 

secondary electrons). For SEM images, an area of 

1 cm
2
 of sample was taken. 

Surface analysis was carried out by the 

atomic force microscopy (AFM) technique in 

order to evaluate the surface morphology of the 

steel samples after 48 and 72 h of film-forming in 

the vapour phase of inhibitors. Samples of 

dimension 1.0×1.0×0.06 cm were abraded with 

emery paper (grade 320-500-800) and then 

washed with distilled water and acetone. The 

surface morphology and coating was analysed 

with the help of unit atomic force microscope 

SPA-400 SPM. All images were processed and 

the corresponding roughness calculated using 

either Gwyddion or WSxM software [25]. 

Gravimetric measurements 
Inhibitor effectiveness of the apricot cake 

extract as a vapour phase inhibitor of atmospheric 

corrosion of steel was evaluated with the method 

of accelerated tests under the condition of 

condensation of moisture. The final geometrical 

area was 25 cm
2
. The gravimetric measurement 

was conducted by suspending the samples in a 

250 mL conical flask with a tight-fitting rubber 

cork containing a small dish. The vapour phase 

corrosion inhibitor samples were placed in the 

dish (2 mL) for a certain period of time 

(depending on the experiment, from 24 to 72 h) to 

form a protective film. After the film-forming 

period in the vapour phase of the apricot cake 

extract, 15 mL of deionized water was added. The 

test process included cyclic warming and cooling 

of the samples in a corrosion testing chamber with 

varying humidity. One cycle included an 8 h 

exposure in the thermostat (40±1°C), and a 16 h 

exposure at room temperature 25°С). The total 

duration of the test was set to 21 days.  

The gravimetric measurements were repeated 

twice. The inhibition efficiency (IE, %) was 

estimated according to the degree of protection 

against corrosion [11-15]. 
 

𝐶𝑅 =
𝑊0 −𝑊1

𝐴 × 𝜏
 

(1) 

 

𝐼𝐸 =
𝐶𝑅1 − 𝐶𝑅2

𝐶𝑅1
× 100 

(2) 

 

where, CR- the corrosion rate, g m
-2

 h
-1

;  

A- the sample area, m
2
;  

W0 - the initial weight of the sample, g;  

W1- the sample weight after the immersion 

time, g;  

τ- the immersion time, h;  

CR1, and CR2- the corrosion rates without 

and with the inhibitor, g m
-2

 h
-1

. 

 

Electrochemical measurements 
The electrochemical measurements were 

conducted in a simulated atmospheric corrosion 

solution (0.5 M Na2SO4, pH 7.2) [26]. 

Electrochemical experiments were carried out in a 

conventional three-electrode cell with a platinum 

counter electrode and a saturated calomel 

electrode (SCE) coupled to a fine Luggin capillary 

as the reference electrode. To minimize the ohmic 

contribution, the tip of the Luggin capillary was 

kept close to the working electrode. The carbon 

steel working electrode was designed with a fixed 

exposed surface area of 0.385 cm
2
. As a specific 

feature of our electrochemical measurements, we 

can mention the following fact: the disk-shaped 

surface of the end face of the working electrode 

was immersed in surface layers of the working 

solution by at most 1-2 mm [1,27]. This enabled 

us to perform more exact modeling of the 

atmospheric corrosion running on the metal 

surface in thin layers of condensed moisture. A 

capillary from the reference electrode was placed 

near the surface of the working electrode from 

below. A potential scanning rate was 0.5 mV/s; 

anodic and cathodic polarization was performed 

in the range ±300 mV from the free corrosion 

potential. Current-potential dependences were 

measured five times to ensure results 

convergence. Samples for electrochemical studies 

were prepared similarly to the methods described 

in the paragraph above. 

 

Results and discussion 

The apricot cake extract characterization 

The plant extract is a mixture of various 

components which cause a formation of the  
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self-assembling layers on the surface of the steel. 

The inhibition performances of the apricot cake 

extract (ACE) are closely related to the presence 

of complex organic compounds in its 

composition. It is difficult to define which 

components of the apricot cake extract are 

adsorbed on the steel surface and provide the 

inhibition effectiveness. Therefore, the extract 

from apricot cake was analyzed by gas 

chromatography-mass spectroscopy. The obtained 

results of ACE in 2-propanol are presented in 

Figure 1 and Table 1. Individual peaks were 

identified by comparing their retention indices 

(RI) and mass spectra (MS) with spectra in 

commercial library and comparison of the mass 

spectra with literature data. Spectra and RI values 

were compared with those of authentic 

compounds commercially obtained. 

As a result of the GC-MS analysis,  

39 phytochemical compounds were identified in 

the apricot cake extract. The main components are 

aldehydes: hexanal (1.32%), (E)-2-hexanal 

(3.10%), (Z)-2-heptenal (3.65%), heptanal 

(2.18%), 2-phenylacetaaldehyde (1.29%),  

β-cyclocitral (5.17%), (E,E)-2,4-decadienal 

(3.65%), also ketones: 2-hexanone (1.03%),  

3-hexanone (0.54%). The class of alcohols is 

presented by (Z)-3-hexenol (0.76%),  

(E)-2-hexenol (1.87%), hexanol (5.67%). 

Additionally, the extract contains esters, such as 

(E)-2-hexenyl acetate (2.78%), (Z)-3-hexenyl 

butanoate (1.51%), hexyl hexanoate (2.12%),  

in a minor amount. Also, the apricot cake  

extract contains many acids, this class is 

represented by оctadecanoic acid (6.02%), 

(9Z,12Z)-octadeca-9,12-dienoic acid (4.2%), 

hexadecanoic acid (5.4%), (9Z)-octadec-9-enoic 

acid (6.1%), (9Z,12Z,15Z)-9,12,15-

octadecatrienoic acid (0.63%). The extract of 

apricot cake contains an increased content of 

terpene alcohols: linalool (3.06%), α-terpineol 

(5.98%), nerol (3.02%), geraniol (8.54%), 

isoborneol (1.03%), nerolidol (8.54%),  

farnesol (1.38%) and others. These compounds 

represented over 18% of the total volatiles  

in the apricot cake.   
 

 

 
Figure 1. GC-MS spectral chromatogram of apricot cake extract. 

 

 

Table 1 

Component composition of volatile substances of extracts squeezes of apricot. 

Retention 

time, min 
Name of the compound 

Molecular 

formula 

Molecular 

weight, g mol
-1 

Quantitative 

ratio, % 

4.04 hexanol C6H14O 102 5.67 

5.34 (Z)-3-hexenol C6H12O 100 0.76 

5.91 (E)-2-hexenol C6H12O 100 1.87 

7.23 2-hexanone C6H12O 100 1.03 

8.01 3-hexanone C6H12O 100 0.54 

8.61 (Z)-2-heptenal C7H12O 112 3.65 

9.58 hexanal C6H12O 100 1.32 

10.06 benzaldehyde C7H6O 106 1.94 

10.39 (E)-2-hexanal C6H12O 98 3.10 

11.96 heptanal C7H14O 114 2.18 

12.71 2-phenylacetaldehyde C8H8O 120 1.29 
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Continuation of Table 1 

Retention 

time, min 
Name of the compound 

Molecular 

formula 

Molecular 

weight, g mol
-1

 

Quantitative 

ratio, % 

14.01 (E)-2-hexenyl acetate C8H14O2 142 2.78 

14.37 5-butyloxolan-2-one (γ-octalactone) C8H14O2 142 2.03 

14.41 phenol, 5-methyl-2-(1-methylethyl)- C10H14O 150 4.58 

14.43 endo-1,7,7-trimethyl- bicyclo[2.2.1]heptan-2-ol (isoborneol) C10H18O 154 1.03 

14.92 2,6,6-trimethylcyclohexene-1-carbaldehyde (β-cyclocitral) C10H16O 152 5.17 

15.42 (2E,4E)-deca-2,4-dienal C10H16O 152 2.65 

15.86 (Z)-3,7-dimethyl-2,6-octadien-1-ol (nerol) C10H18O 154 3.02 

16.74 (9Z,12Z,15Z)-9,12,15-octadecatrienoic acid (α-linolenic acid) C18H30O2 278 0.63 

17.06 (2E)-3,7-dimethyl-2,6-octadien-1-ol (geraniol) C10H18O 154 8.54 

17.29 (9Z,12Z)-octadeca-9,12-dienoic acid (linoleic acid) C18H32O2 280 4.20 

18.24 hexadecanoicacid (palmitic acid) C16H32O2 256 5.40 

18.32 3,7-dimethylocta-1,6-dien-3-ol (linalool) C10H18O 154 3.06 

19.60 octadecanoic acid (stearic acid) C18H36O2 284 4.02 

19.62 (9Z)-octadec-9-enoic acid C18H34O2 182 6.10 

19.94 5-hexyloxolan-2-one (γ-decalactone) C10H18O2 170 3.65 

20.67 
(7aR)-5,6,7,7a-tetrahydro-4,4,7a-trimethyl-2(4H)-

benzofuranone 
C11H16O2 180 2.05 

20.91 5-pentyl-5-pentanolide (δ-decalactone) C10H18O2 170 2.87 

21.09 (Z)-3-hexenyl butanoate C10H18O2 170 1.51 

21.93 hexyl hexanoate C12H24O2 200 2.12 

22.18 
(1R,2S,6S,7S,8S)-8-isopropyl-1,3-

dimethyltricyclo[4.4.0.0]dec-3-ene (α-copaene) 
C15H24 204 4.02 

23.08 3-cyclohexen-1-ol, 4-methyl-1-(1-methylethyl) (4-terpineol) C10H18O 154 4.98 

23.54 2-(4-methylcyclohex-3-en-1-yl)propan-2-ol (α-terpineol) C10H18O 154 5.98 

23.82 
(3E)-4-(2,6,6-trimethylcyclohex-1-en-1-yl)but-3-en-2-one  

(β-ionone) 
C13H20O 192 1.97 

24.13 
4-(2,6,6-trimethylcyclohexa-1,3-dienyl)butan-2-one  

(dihydro-β-ionone) 
C13H22O 194 0.98 

25.71 3,7-dimethyl-2,6-octadien-1-yl acetate C13H22O 170 6.10 

26.32 dihydro-5-octyl-2(3H)-furanone C12H22O2 198 7.65 

26.79 3,7,11-trimethyl-1,6,10-dodecatrien-3-ol (nerolidol) C15H26O 222 8.54 

27.21 (2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-ol (farnesol) C15H26O 222 1.38 

 

 

 

The results of the quantitative ratio  

given in Table 1 show that, among the  

identified aldehydes, the major compounds are  

(Z)-2-heptenal, 2-phenylacetaldehyde, hexanol, 

(E)-2-hexanal, β-cyclocitral, nerol. The effect of 

2-phenylacetaldehyde and (E)-2-hexanal on the 

corrosion behaviour of steel was studied through 

electrochemical techniques, and characterized by 

SEM and AFM [15]. 

Anti-corrosive effect evaluation of the apricot 

cake extract  
Effect of apricot cake extract concentration 

Table 2 represents inhibition efficiency 

values obtained from the weight loss in conditions 

of periodic condensation of moisture after a 

period of film-forming in the presence of different 

concentrations of ACE. These results demonstrate 

that the ACE inhibitor has a good performance on 

corrosion inhibition by forming a multilayer on 

the steel surface. Clearly, inhibition efficiency 

increases with an increase of the inhibitor 

concentration, i.e. the corrosion inhibition rises 

with the inhibitor concentration. The increase of 

the inhibition efficiency in the presence of the 

SALs shows that more ACE molecules were 

adsorbed on the steel surface at the higher 

concentration of ACE. 

At 100 mg mL
-1

, the maximum IE is 

97.60% for apricot cake extract, which indicates 

that all compounds act as moderate steel corrosion 

inhibitors. The apricot cake extract contains many 

organic compounds, which not only can be 

adsorbed on steel surface through electrostatic 

interaction but also can form a strong 

coordination bond with iron for the existence of 

heteroatoms and aromatic rings. The combination 

of physisorption and chemisorption makes the 

active components of apricot cake extract be 

strongly adsorbed onto the steel surface, 

preventing the steel from corrosion [28-30]. 
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Table 2 

Calculated corrosion rates and inhibition efficiency 

of SALs at different ACE concentrations. 

The inhibitor 

concentration, 

mg·mL
-1

 

CR, g m
-2

 h
-1

 IE, % 

10 0.1585 15.94 

20 0.0912 51.46 

30 0.0610 67.52 

40 0.0526 71.98 

50 0.0382 79.67 

60 0.0306 88.90 

70 0.0186 91.00 

80 0.0121 93.71 

100 0.0045 97.60 

no inhibitor 0.1879 – 

Film-forming time 48 h;  

Periodic condensation of moisture for 21 days. 

 

Effect of assembly time 

Table 3 presents the results for bare steel 

strips and surface modified steel strips in the 

environment of volatile compounds of the apricot 

cake extract. For the steel modified by ACE for 

12 h and 24 h, the corrosion rate (CR) values are  

0.1359 g m
-2

 h
-1

 and 0.0929 g m
-2

 h
-1

 according to 

Eq.(1), and the inhibition efficiency (IE) values 

are 27.69 and 50.55% according to Eq.(2). While 

the assembly time was further extended to 40 h, 

the value of CR reached 0.0457 g m
-2

 h
-1

 and IE 

75.64%. However, the increase of IE value at  

60 h (92.08%) is less obvious than IE value at  

48 h (91%) of assembly time on the modified 

electrode. It indicates that the ACE molecules on 

steel surface have attained a saturated state after 

the self-assembling time of 48 h. With an increase 

in immersion time, the film becomes denser and 

more stable. 

 
Table 3 

Calculated corrosion rates and inhibition efficiency 

of SALs at different assembly time. 

Film-forming 

time, h 
CR, g m

-2
 h

-1
 IE, % 

12 0.1359 27.69 

24 0.0929 50.55 

30 0.0776 58.67 

35 0.0564 69.95 

40 0.0457 75.64 

48 0.0186 91.00 

60 0.0148 92.08 

72 0.0131 93.01 

no inhibitor 0.1879 – 

Periodic condensation of moisture for 21 days;  

ACE concentration 70 mg mL
-1

. 

 

This result proves the formation of denser 

and highly organized SALs on the electrode 

surface after 48 h of film formation. There was no 

significant increase observed after 48 h of 

immersion time, so this time was selected for 

further experiments. Polarization measurements 

were performed to monitor the mechanism of 

anodic and cathodic partial reactions as well as 

identifying the effect of an inhibitor on each 

partial reaction. Polarization curves were 

measured after steel assembly time in the 

environment of volatile compounds of the apricot 

cake extract, in 12, 24, 48 and 72 h of exposure. 

The corresponding corrosion potential (Ecorr), 

corrosion current density (Icorr), anodic Tafel 

slopes (ba), and cathodic Tafel slopes (bc) are 

listed in Table 4. 

The cathode branches of polarization 

curves that characterize the relation between the 

reaction rate of O2 + H2O + 4ē → 4OH
–
 and the 

electrode potential drift to the area of more 

positive potentials (E) with the increasing 

polarization are presented in Figure 2. The anode 

branches that characterize the relation of the metal 

ionization rate to the metal potential drift to the 

domain of more positive values of E. The 

intersection of these branches is attained at metal 

corrosion potential (Ecorr), when the cathode and 

the anode process reach the same rate. The free 

corrosion potential shifts to more positive values. 

In analyzing the influence of films on the rate of 

the partial electrode processes of anodic oxidation 

of steel and cathodic reduction of the molecular 

atmospheric oxygen in a 0.5 M Na2SO4 solution 

with and without protective films, it was 

discovered that, independently of the fact whether 

the films are present or absent on the steel surface, 

the rate of cathodic processes is much higher than 

the rate of anodic processes (Figure 2). 

The anodic and cathodic corrosion current 

density curves in presence of SALs on the surface 

are shifted towards lower current density region 

as compared to the blank. Compared with the 

steel without protective films, lower corrosion 

current density (Icorr) values are obtained for the 

SAM covered steel in 0.5 M Na2SO4 solutions as 

shown in Table 4. ACE SAL formed on the steel 

surface acts as a barrier to the diffusion of oxygen 

molecules from the solution to the steel surface, 

thereby resisting the transfer of oxygen to the 

cathodic sites of the steel surface. These 

dependences of the current density on the 

electrode potentials indicate the presence of fairly 

complicated multi-stage processes under the 

conditions of cathodic and anodic polarization of 

steel. The anodic curve for the steel electrode in 
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simulated atmospheric corrosion water (0.5 M 

Na2SO4) exhibits an active behaviour. 

The cathodic portion of the polarization 

curve for the blank solution is a composite and 

represents oxygen reduction. For the steel 

modified by ACE for 12 and 24 h, the corrosion 

potential values are 0.450 and 0.440 V. While the 

assembly time was further extended to 48 h and  

72 h, the value of corrosion potential did not 

change. As the exposure time increased from 12 h 

to 72 h, the corrosion current density of  

the steel decreased from 6.5·10
–5

 A cm
-2

 to  

1.5·10
–5

 A cm
-2

. According to Table 4 and  

Figure 2, it is clear that the Ecorr values shifted 

toward less negative potentials and the Icorr values 

decreased in the samples modified by ACE for  

12 to 72 h in comparison with blank sample. The 

lowest corrosion current density was obtained 

after 48 to 72 h of time film-forming. This means 

that the corrosion action noticeably decreases for 

these films. Given that the displacement in Ecorr 

values for the mild steel with the film formed 

after 12, 24, 48 and 72 h in the vapour phase of 

ACE is less than ±20 mV with respect to the 

blank solution, ACE was seen to behave as a 

mixed-type inhibitor under a cathodic controlled 

process. Both anodic and cathodic reactions are 

drastically inhibited after 48 h of exposure to film 

formation. Both the cathodic slopes and the 

anodic slopes (Tafel coefficients) do not change 

obviously, which indicates that the mechanism of 

the corrosion reaction does not change and the 

corrosion reaction is inhibited by a simple 

adsorption mode. This reveals that the inhibitors 

decrease the corrosion current and thus reduce the 

corrosion rate. The inhibitive effect of the volatile 

compounds of the extract on these reactions 

appeared to be more pronounced at longer 

exposure times. 

The results obtained from weight loss and 

potentiodynamic polarization are in good 

agreement, and the compounds inhibition action 

could also be evidenced by surface SEM images. 

SEM analysis 

Figure 3(a) illustrates the SEM image of a 

polished steel surface which appeared uniform 

with scratches and some nicks spread over its 

surface. This could be due to surface pretreatment 

with different grades of emery papers and retains 

the polished sample surface. 
 

 

 
 

Figure 2. Potentiodynamic polarization curves of mild steel in 0.5 М Na2SO4 without (the blank sample) and 

with the film formed after 12, 24, 48 and 72 h in the vapour phase of ACE. 
 

Table 4 

Characteristics of the polarization curves of mild steel in 0.5 М Na2SO4  

after the formation of protective film from the vapour phase of ACE. 

Film-forming time, h Ecorr vs SCE, V 
Tafel coefficients, V 

Icorr, A cm
-2

 
 
10

–5
 

ba bc 

0 -0.460 0.10 0.15 13.6 

12 -0.450 0.10 0.15 6.5 

24 -0.440 0.10 0.15 5.4 

48 -0.440 0.10 0.16 2.8 

72 -0.440 0.10 0.16 1.5 
 

lg
 I

co
rr

, 
 A

 c
m

-2
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On the other hand, ACE modified steel 

surface (Figure 3(b-d)) seemed like a smooth 

surface with the dense organic layer, indicating 

the successful assembly of ACE SAL over steel 

surface. It indicates that the API molecules on 

steel surface have attained a saturated state after 

the self-assembling time of 48 h. The obtained 

results indicate that the suitable assembly time is 

48 h for the successful formation of SAL with 

maximum surface coverage. The results indicate 

that the longer the treatment, the more compact 

the SALs become, and that the so formed surface 

layers can inhibit the initiation and the 

propagation of corrosion process, thus preventing 

corrosion of the samples. 

The surface morphology of the bare  

steel (а) and steel surface covered by ACE SAL 

during 40 h (b), 48 h (c) and after 504 h exposure 

in conditions of periodic condensation of moisture 

were studied by SEM and are represented in 

Figure 4. Bare steel surface after exposure in 

conditions of periodic condensation of moisture 

was severely deteriorated and the rough surface is 

due to the steel dissolution in the corrosive 

environment (Figure 4(a)). Compared with the 

bare sample, the morphology of the surface was 

distinctly different for the ACE SAL modified 

steel after immersion in the corrosive 

environment. 

As it can be seen from Figure 4(b), the 

surface seemed to be of much less corroded 

morphology which reveals that the formed ACE 

SAL effectively protects the steel in conditions of 

periodic condensation of moisture.  

AFM analysis 

The surface topography of the steel samples 

after 12 and 48 h of film-forming ACE  

SAL was examined by AFM. This microscopic 

technique has extensively been used to investigate 

the surface morphology of the metal surface  

from micro to nano-level in the study of the  

effect of inhibitor to protect metal against  

of corrosion.  

Figure 5 shows the 2D and 3D AFM 

images of steel sample after 24 and 48 h of self-

assembly time SALs of ACE. To provide 

quantitative information on the surface roughness, 

the 2D surface was analysed (Figure 5(a) and (c)). 

For the surface in Figure 5(a), it is found to be in 

the range of 123.073–195.430 nm while  

root mean square average Rz is between  

629.31–809.10 nm. 
 

 

    

(a) (b) (c) (d) 

 

Figure 3. SEM images of polished steel (a) and AСE SAL modified steel after 24 h (b), 40 h (c), and 48 h (d). 
 

 

   
(a) (b) (c) 

Figure 4. SEM images of polished steel (a) and after 40 h (b), 48 h (c) of film-forming period ACE SAL on 

steel strips and exposure in conditions of periodic condensation of moisture for 504 h. 
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(a) (b) 

 

  
(c) (d) 

Figure 5. The 2D and respectively 3D AFM images of steel after 12 h (a), (b) and  

48 h (c), (d) of film-forming ACE SAL on steel strips.  
 

 

For the surface modified 48 h (Figure 5(c)), 

the average surface roughness Ra value is in the 

range of 104.753–171.345 nm and Rz range 

between 510.852–580.900 nm. Ra gives the mean 

of a set of individual measurement of surface 

bands and valleys while Rz gives the RMS  

(root mean square average) of profile height 

deviations from mean line. The results obtained 

by both SEM and AFM show that the formed film 

becomes denser with the increase of the  

assembly time. 

Due to the complex chemical composition 

of the ACE, it is difficult to attribute the inhibitive 

effectiveness to a particular constituent, but it is 

possible to suppose which type of compound 

gives a major impact to the inhibition  

process [32,33]. However, the approach of 

isolating each component is very cumbersome and 

takes longer time for investigations. The 

elucidation of the active compound(s) responsible 

for corrosion inhibition of ACE has not been 

reported in the literature yet. This will be the 

subject of further research. 

 

Conclusions 
In the present study, the corrosion 

inhibition efficiency of the apricot cake extract on 

the surface of steel has been evaluated. The 

obtained results from GS-MC measurements 

revealed that the apricot cake extract contains 

aldehydes, ketones, and terpene alcohols.  

The apricot cake extract has been proved to 

be an effective inhibitor for the steel corrosion. 

The molecules from the apricot cake extract 

formed a compact adsorption layer or  

self-assembled thin layer-by-layer, which acted as 

a barrier against steel corrosion. The increase of 

inhibitor concentration and immersion  

time led to an increase of surface coverage and 

corrosion inhibition efficiency. It was found  

that the maximum corrosion inhibition of  

about 97% was obtained after 72 h of  

film-forming.  

Electrochemical polarization curves show 

that the apricot cake extract behaves as the mixed 

type inhibitor, predominantly of cathodic type. 

AFM characterization revealed uniform organic 

coverage on the steel surface. The average 

roughness value for the steel modified by apricot 

cake extract is 104.753–171.345 nm. The SEM 

micrographs showed that the formed apricot cake 

extract self-assembled layers on steel increased 

the anticorrosion properties of steel. 
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Abstract. The reaction cycle of H2O2 decomposition and O2 generation catalyzed by Fenton reagent 

was studied using density functional theory calculations. A four-stage mechanism for the oxygen 

production and the Fe
2+

 regeneration in the Fenton reaction is proposed based on the obtained results. 

The transition state for each step of the entire reaction cycle was localized and verified by intrinsic 

reaction coordinate analysis. It is shown that the O-O bond cleavage of coordinated H2O2 at the  

first step of reaction does not lead to a free HO
●
 radical. Instead, a highly reactive intermediate 

[Fe
IV

(H2O)4(OH)2]
2+

 with two HO
●
 radicals “trapped” in the complex is formed with the energy barrier 

of 15 kcal/mol. The result of the next two reaction steps is the formation of the two HO2
●
 radicals which 

can react on the triplet energy surface in order to produce O2 in the triplet ground state and a  

H2O2 molecule. 
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Introduction 

The Fenton reaction is known for a long 

time since Fenton, H.H. (1894) first observed the 

oxidation of tartaric acid by a mixture of iron 

sulphate and hydrogen peroxide. However, 

intensive discussions about the mechanism of this 

reaction and the nature of the active oxidizing 

intermediates continue to this day. In the 30s of 

the last century, almost simultaneously, two 

alternative models of this reaction were proposed 

in the literature, the so-called radical and non-

radical mechanisms. 

According to the first one, proposed by 

Haber, F. and Weiss, J. [1] and subsequently 

modified by Barb, W.G. et al. [2], the reaction of 

Fe(II) with hydrogen peroxide in an aqueous 

solution leads to the formation of free HO
●
 and 

HO2
●
 radicals as active intermediates in reactions 

(Eqs.(1-5)): 

 

Fe
2+

 + H2O2 → Fe
3+

 + OH
–
 + HO

●
 (1) 

 

HO
●
 + H2O2 → HO2

●
 + H2O (2) 

 

Fe
3+

 + HO2
●
 → Fe

2+
 + H

+
 + O2 (3) 

 

Fe
2+

 + HO2
●
 → Fe

3+
 + OH

–
 (4) 

 

Fe
2+

 + HO
●
 → Fe

3+
 + OH

–
 (5) 

It was assumed that the hydroxyl free radical  

HO
●
 is the oxidative intermediate, whereas the 

HO2
●
 radical is the key intermediate in the  

O2 production.  

The second mechanism proposed by  

Bray, W.C. and Gorin, M.H. [3] involves the 

formation of the highly reactive ferryl-oxo 

complex Fe
IV

O
2+

 (Eqs.(6,7)). 

 

Fe
2+

 + H2O2 → FeO
2+

 + H2O (6) 

 

FeO
2+

 + H2O2 → Fe
2+

 + H2O + O2 (7) 

 

Since then, a great number of studies have 

been performed to elucidate the mechanism of 

these reactions and to determine whether the 

hydroxyl radical or another strongly oxidizing 

species are formed during the oxidation of Fe(II). 

The nature of these species is still a subject of 

controversy, since the direct experimental 

detection of intermediates is problematic because 

of their very short lifetime. So, experimental 

studies only indirectly confirm either one or the 

other reaction mechanism. 

Some scientists consider that hydroxyl 

radicals in either “free” or “caged” form are the 

major oxidizing agent in the Fenton reaction  

[4-8]. The radical pathway seems to be preferable 
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also in the case of many catalytic systems  

based on other transition metals (the so-called  

non-ferrous Fenton catalysts) [9,10]. Another 

group of scientists supports an alternative 

mechanism in which the ferryl ion is regarded as 

the main oxidant in Fenton's reaction [11-18]. 

Some papers discuss that, depending on the 

experimental conditions, either a radical or non-

radical reaction mechanism can be implemented 

[19-21]. A more complete discussion of the 

various points of view on the mechanisms of 

Fenton’s reaction can also be found in a number 

of reviews [21-25]. 

Since, as already mentioned, the 

experimental identification of intermediates in the 

Fenton reaction is almost impossible because of 

their extremely short lifetime, a theoretical study 

of possible reaction paths can be helpful in 

understanding the mechanisms of this reaction. 

One such study based on the density functional 

theory (DFT) calculations was carried out by the 

group of Baerends, E.J. et al. [26-28]. In their 

thorough works [26,27] the authors have analyzed 

the possible mechanism for the oxygen evolution 

in the Fenton reaction assuming the formation of a 

ferryl-oxo complex as the key active intermediate. 

However, in our opinion, some aspects of the 

entire reaction cycle remain unclear (namely  

the localization of the transition states, the 

determination of the barriers heights and  

the reaction coordinates at every stage of  

reaction cycle). The authors start their study  

from the primary intermediate [Fe
II
(H2O)5H2O2] 

which is formed by exchange of a water molecule 

in the hydration shell of the hexa-aqua-Fe
2+

 

complex by H2O2. At the same time, the first bond 

dissociation energy of ferrous hexa-aqua complex 

was found to be rather high, 24.5 kcal/mol [26]. 

The very process of exchange of the water 

molecule with the hydrogen peroxide, however, is 

not described. 

In the present paper, using DFT 

calculations, we propose a possible alternative 

mechanism of the entire reaction cycle for the 

catalytic decomposition of hydrogen peroxide and 

the concomitant evolution of O2, as well as the 

regeneration of the Fe(II) catalyst in the Fenton 

reaction. We consider here the processes 

occurring in the first solvation shell of the  

Fe
2+

 ion. There are a number of studies in which it 

is reported that the first solvation shell of Fe
2+

 

consists of six water molecules [29], so we start 

with the hexa-aqua-Fe
2+

 complex. 

We assume that the entire reaction cycle 

may proceed in the following four steps (i)-(iv). 

The summary of the reaction cycle is: 

2H2O2 = 2H2O + O2, with regeneration of the 

complex [Fe
II
(H2O)6]

2+
. In the calculations it is 

assumed an excess of hydrogen peroxide over 

Fe
2+

 ions, since oxygen evolution is actually 

observed experimentally under such conditions. 

 

Computational details 

The density functional theory (DFT) 

calculations of all the species involved in reaction 

steps (i)-(iv) were performed with the quantum-

chemical program suite PRIRODA 06 [30-32], 

designed for the study of complex molecular 

systems by the density functional theory.  

The quantum-chemical code employed expansion 

of the electron density in an auxiliary basis set to 

accelerate evaluation of the Coulomb  

and exchange-correlation terms [30,31]. The 

generalized gradient approximation (GGA) with 

the functional proposed by Perdew, J.P.,  

Burke, K. and Enzerhof, M. (PBE) [33] was used 

for treating both the exchange and correlation. 

The geometrical parameters for reactants, 

products, and transition states were fully 

optimized, using the all-electron correlation-

consistent double-ζ polarized quality basis sets 

(implemented in the PRIRODA 06 package as the 

basis set L1, which is analogous to Dunning’s 

basis sets cc-pVDZ [34]). For each species, the 

harmonic vibrational frequencies were calculated 

in order to validate the nature of stationary points: 

all positive frequencies for equilibrium structures 

and one imaginary frequency for transition states. 

After the transition state for each of the reaction 

steps (i)-(iv) was localized and verified to be a 

first-order saddle point, an intrinsic reaction 

coordinate (IRC) calculations were carried out to 

find out whether the founded transition state leads 

to the correct reactants and products. 
 

 

Step (i) 

 

[Fe
II
(H2O)6]

2+
 + H2O2 = [Fe

II
(H2O)6-H2O2]

2+
 = [Fe

IV
(H2O)4(OH)2]

2+
 + 2H2O 

Step (ii) 

 

[Fe
IV

(H2O)4(OH)2]
2+

 + H2O2 = [Fe
IV

(H2O)4(OH)2-H2O2]
2+

 = [Fe
III

(H2O)5-OH]
2+

 + HO2
●
 

Step (iii) 

 

[Fe
III

(H2O)5(OH)]
2+

 + H2O2 = [Fe
III

(H2O)5(OH)-H2O2]
2+

 = [Fe
II
(H2O)6]

2+
 + HO2

●
 

Step (iv) HO2
●
 + HO2

●
 = HO2

●
-HO2

●
 = H2O2 + O2 
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Numerous calculations of the structure and 

properties of chemical compounds and the 

mechanisms of chemical reactions, performed 

using the PRIRODA 06 code, demonstrate the 

acceptability of the chosen calculation scheme  

for studying our systems (see, e.g. references in  

work [34]).  

 

Results and discussion 

Hexa-aqua Fe
II
 complex [Fe

II
(H2O)6]

2+
 study 

To verify the accuracy of the method used, 

we performed calculations on the Fe(II)-aqua 

complex in both the low-spin (S= 0) and high-spin 

(S= 2) states and compared the results with the 

data available in the literature. The minimum 

energy nuclear configuration of the ferrous 

complex in the S= 0 state has Th symmetry with 

the six water molecules at the vertices of the 

octahedron around the iron (Figure 1(a)). All the 

highest triply-degenerate tg molecular orbitals 

(MO) are fully occupied giving rise the 
1
A1g 

ground state. The six Fe-O bond lengths are equal 

to 2.01 Å compared with 2.03 Å obtained in [26]. 

In the high-spin (S= 2) electron configuration 

(tg)
4
(eg)

2
 the ground state of Fe

2+
(H2O)6 is a triply 

degenerate 
5
Tg term. The doubly degenerate  

5
Eg state lays ~20 kcal/mol higher in energy [29]. 

In this 
5
Tg state, the Th nuclear configuration is 

unstable with respect to both the doubly 

degenerate tetragonal (eg type) and the triply 

degenerate trigonal (tg type) displacements. This 

is the so-called Tg(eg+tg) Jahn-Teller problem. 

Calculations show that in the present case the 

most active Jahn-Teller non-totally symmetric 

coordinate is the QΘ one (eg type), and the 

absolute minimum of energy is achieved  

at the nuclear configuration of D2h symmetry  

(Figure 1(b)) with the elongated FeO6 octahedron. 

Calculated Fe-O bond lengths are: Fe-Oax= 2.18 Å 

and Fe-Oeq= 2.11 Å for the axial and equatorial 

Fe-O bonds respectively. This result agrees with 

the data from the works [26,29], and with 

experimental data [35]. Thus, the ground state of 

the considered [Fe
II
(H2O)6]

2+
 complex is the  

high-spin electronic state (S= 2) with the nuclear 

configuration of D2h symmetry; the low-spin  

state (S= 0) is 29.6 kcal/mol higher in energy than 

the high-spin one.  

Reaction path from ([Fe
II
(H2O)6]

2+
 to 

[Fe
IV

(H2O)4(OH)2]
2+

 (step (i)) 
Consider the first step (i) of the entire 

reaction cycle in which the hydrogen peroxide 

molecule approaches the Fe(II)-aqua complex in 

such a way that its oxygen atoms “look at” the 

two hydrogen atoms of adjacent water molecules. 

We found that in this case the stable complex 

[Fe
II
(H2O)6-H2O2]

2+
 with two hydrogen bonds is 

formed (complex 1 in Figure 2); the energy of 

stabilization is equal to 29.87 kcal/mol. 

The transition state for this step with one 

imaginary frequency 918.94i cm
-1 

was localized 

(complex TS-i in Figure 2). The transition vector 

indicates that the molecular motion of this 

frequency is dominated by the transfer of a 

hydrogen atom H1 from O3 to O1 and by the  

out-of-plane displacement of H2. Besides that, the 

torsion motion involving the four oxygen atoms 

also takes place. It is seen that geometry of TS-i 

complex differs significantly from that of the 

reactants. Firstly, the O1-O3 and O2-O4 distances 

between the oxygen atoms involved in hydrogen 

bonds decrease from 2.72 Å up to 2.44 Å and  

2.48 Å, respectively. One of the hydrogen atoms 

of the Fe-aqua complex (H1 in Figure 2) is 

displaced midway between the oxygen atoms O1 

and O3, becoming their shared atom. This leads to 

some charge transfer to the atom O1 and  

the subsequent elongation of the O1-O2 bond 

length of coordinated H2O2 molecule up to 1.83 Å 

compared with 1.48 Å in free H2O2 molecule. 
 

 

  
(a) (b) 

  

Figure 1. The structures of the [Fe
II

(H2O)6]
2+

complex: 

(a) Th (S= 0; Etotal= -1721.2268 a.u.) and (b) D2h (S= 2; Etotal= -1721.2740 a.u.). 
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Immediately after the transition state TS-i 

the vibrational motion of the complex corresponds 

to the displacement of the hydrogen atom H2 

(involved in the second hydrogen bond) towards 

the oxygen atom O2. This, in turn, leads to further 

elongation and breaking of the O1-O2 bond. 

The result of the first step (i) is the 

formation of the complex [Fe
IV

(H2O)4(OH)2]
2+

 

with four water molecules and two OH radicals 

“trapped” in the complex, and two water 

molecules in the second coordination sphere 

(complex 2 in Figure 2). During the step (i) of  

reaction, the oxidation state of iron changes  

from Fe(II) to Fe(IV). The formation of such a 

highly reactive intermediate [Fe
IV

(H2O)4(OH)2]
2+

 

has been postulated by Rush, J.D. and  

Koppenol, W.H. in their experimental study 

(stopped flow spectrophotometry) of the reaction  

between hydrogen peroxide and ferrous 

polyaminocarboxylate complexes [36]. In the 

work [37] the authors conclude that 

[LFe
IV

(OH)2]
2+

 (where, L= bispidine) is the key 

intermediate in the bispidine-iron-catalyzed olefin 

oxidation with H2O2. The same conclusion about 

existence of the intermediate [Fe
IV

(H2O)4(OH)2]
2+

 

was also made by the authors of the work [26] on 

the basis of the DFT calculations, starting with the 

complex [Fe
II
(H2O)5-H2O2]

2+
. 

The calculated energy barrier of reaction 

step (i) is about 15 kcal/mol, which is more  

than four times smaller than the energy costs  

(~62 kcal/mol) to break the O-O bond in H2O2 in 

the vacuum. This result demonstrates the 

significant catalytic effect of the Fe
2+

 ion in the  

O-O bond breaking of hydrogen peroxide.  

The [Fe
IV

(H2O)4(OH)2]
2+

 and H2O2 interaction 

(step (ii)) 
The intermediate [Fe

IV
(H2O)4(OH)2]

2+
 

formed during the step (i) of the entire reaction 

cycle can coordinate the second molecule of 

hydrogen peroxide to give the [Fe
III

(H2O)5(OH)]
2+

 

and the radical HO2
●
 (Figure 3). The step (ii) of 

reaction begins with the complexation of 

hydrogen peroxide with the compound 

[Fe
IV

(H2O)4(OH)2]
2+

 via the O3-H1 hydrogen bond 

with a bond length of 1.55 Å as shown in Figure 

3. This interaction leads to the elongation of the 

bond O1-H1 in the complex 3 (1.04 Å versus  

0.99 Å in the free H2O2 molecule) and to a 

decrease of the O1-O2 bond length in coordinated 

H2O2 molecule from 1.48 Å (free hydrogen 

peroxide) to 1.39 Å. 

The transition state for this step (TS-ii in 

Figure 3) is characterized by one imaginary 

frequency with the value of 817.0i cm
-1

,  

the vibrational vector corresponds to the 

movement of the hydrogen atom H1 between the 

compound [Fe
IV

(H2O)4(OH)2]
2+

 and the hydrogen 

peroxide molecule. In this (TS-ii) state, the 

hydrogen atom H1 is practically in the middle 

between the oxygen atoms O1 and O3, the 

distances O1-H1 and O3-H1 are 1.17 Å and 1.27 Å, 

respectively. 

 
 

 
 

Figure 2. The calculated energy profile (kcal/mol) of step (i) of reaction along the IRC. The arrows 

schematically show the vibrational mode with the imaginary frequency for the transition state TS-i. 
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A shortening of the O1-O2 bond in the 

hydrogen peroxide molecule up to 1.37 Å  

is also observed (TS-ii in Figure 3). The 

calculated activation energy of this reaction is 

only 0.63 kcal/mol, and the energy gain is  

1.7 kcal/mol, which means that the reaction  

is exothermic. 

As a result of this reaction, the intermediate 

complex [Fe
III

(H2O)5-OH]
2+

 (complex 4, Figure 3) 

is formed, and a HO2
●
 free radical is released.  

Regeneration of initial [Fe
II

(H2O)6]
2+

 catalyst 

(step (iii)) 
In its turn, in excess of hydrogen peroxide, 

the complex [Fe
III

(H2O)5-OH]
2+

 formed at the 

previous stage can interact with one more  

H2O2 molecule, resulting in the initial  

complex [Fe
II
(H2O)6]

2+
 and a second radical HO2

●
  

(Figure 4). Just as in the previous case, a stable 

hydrogen-bonded complex [Fe
III

(H2O)5(OH)---

H2O2]
2+

 (complex 5 in Figure 4) is formed by 

means of the hydrogen bond O3-H1 with a length 

of 1.52 Å. In the optimized configuration of the 

transition state (TS-iii), the imaginary frequency 

with the value of 550.63i cm
-1

 corresponds to the 

motion of the hydrogen atom between the 

complex [Fe
III

(H2O)5(OH)]
2+

 and the H2O2 

molecule. In this configuration (TS-iii) the 

hydrogen atom H1 is displaced towards the 

oxygen atom O3, the distances being 1.24 Å for 

the O1-H1 bond and 1.19 Å for the H1-O3 bond. 

The product of this reaction is the complex 

6 (Figure 4) in which the radical HO2
●
 is bonded 

to the complex [Fe
II
(H2O)6]

2+
 by the hydrogen 

bond with a length of 1.48 Å. The O1-O2 bond 

length is 1.35 Å, which is characteristic for the 

hydroperoxyl radical HO2
●
. The activation energy 

of this reaction is 4.27 kcal/mol. The reaction is 

endothermic with the calculated energy of  

1.44 kcal/mol. This stage can also be considered 

as a reaction of regeneration of the initial  

complex [Fe
II
(H2O)6]

2+
. 

Bimolecular self-reaction HO2
●
+ HO2

●
→ 

HOOH + O2 (step (iv)) 
Thus, as a result of the first three stages of 

the process under consideration, the initial 

complex [Fe
II
(H2O)6]

2+
 is restored, and two 

hydroperoxyl radicals HO2
●
 are formed. 

The gas-phase bimolecular self-reaction of 

HO2
●
 has been the subject of numerous 

experimental [38-40] and theoretical [41-45] 

studies because it plays an important role in the 

atmospheric chemistry [46,47]. It was shown that 

the most favourable channel of this interaction is 

the step (iv) HO2
●
 (

2
A′′) + HO2

●
 (

2
A′′) → 

H2O2(
1
A) + O2(

3
Σg

-
), which results in hydrogen 

peroxide H2O2 and the oxygen molecule in its 

ground electronic state O2(
3
Σg

-
). It was postulated 

also that the step (iv) of reaction runs through the 

formation of stable intermediate H2O4. The nature 

of both the singlet and triplet H2O4 species was 

studied in a number of quantum-chemical 

calculations [43-45,48-50]. 

 

 
 

Figure 3. The calculated relative energies (kcal/mol) of the reagents, transition state (TS-ii) and  

the products for step (ii) of reaction. The arrows schematically show the vibrational mode with  

the imaginary frequency for the transition state TS-ii. 
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Two HO2
●
 radicals in their ground 

electronic state (
2
A′′) can form a common H2O4 

system either in the singlet or in the triplet spin 

state. Since we are interested in the products of 

the step (iv) of reaction, in their electronic ground 

state, namely H2O2(
1
A) and O2(

3
Σg

-
), all 

calculations for the reactants, intermediates, 

products and the transition state of this reaction 

were performed for the triplet spin states. 

Calculations show that the most stable structure of 

the intermediate H2O4 in its triplet spin state is a 

doubly hydrogen-bonded planar six-member  

ring of C2h symmetry (complex 7 in Figure 5).  

This complex is formed from two HO2
●
 radicals 

without any energy barrier; relative to the 

reagents, its stabilization energy is 15.7 kcal/mol. 

The lengths of two equal hydrogen bonds are  

1.58 Å, the HOO bond angles are equal to 103.9°. 

These results agree rather well with the data from 

other studies [42-45]. 

The transition state for dissociation of the 

intermediate complex H2O4 to the products was 

localized (TS-iv in Figure 5), which is only  

1.07 kcal/mol higher than the stable triplet 

intermediate H2O4 structure (7). 

 

 
 

Figure 4. The calculated relative energies (kcal/mol) of the reagents, transition state (TS-iii) and  

the products for step (iii) of reaction. The arrows schematically show the vibrational mode with  

the imaginary frequency for the transition state TS-iii. 
 

 

 
 

Figure 5. Schematic energy profile (kcal/mol) for reaction  

HO2
●
(

2
A′′) + HO2

●
(

2
A′′) → H2O4 (

3
Ag) → H2O2(

1
A) + O2(

3
Σg

-
).  
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Harmonic vibrational frequency 

calculations show that the obtained transition state 

is indeed the first-order saddle point, since it is 

characterized by one imaginary frequency equal 

to 849.8i. The transition vector indicates that the 

molecular motion of this frequency is dominated 

by transfer of the hydrogen atom H4 from O5 to O1 

and by the out-of-plane displacement of the 

hydrogen H3. The O5-H4 bond length becomes 

equal to 1.11 Å, while the value of R(O1-H4) is 

decreased by 0.21 Å up to 1.37 Å. The dihedral 

angle H4-O1-O2-H3 in the TS-iv is equal to 16.20°. 

Besides that, the torsion motion involving the four 

oxygen atoms also takes place. 

As a result of the reaction step (iv), we 

obtain the hydrogen-bonded complex H2O2-O2 

which is 23.21 kcal/mol lower than the TS-iv 

structure. The total energy gain of the reaction is 

35.14 kcal/mol compared to the experimental 

value of 38.28 kcal/mol [51]. 

The summary reaction cycle for the hydrogen 

peroxide decomposition, the Fe
2+

 regeneration 

and the molecular oxygen production 
Thus, as a result the above four steps we 

have the summary reaction cycle for the hydrogen 

peroxide decomposition and the molecular 

oxygen production:  

 

[Fe
II
(H2O)6]

2+
 + 3H2O2 =  

[Fe
II
(H2O)6]

2+
 + H2O2 + 2H2O + O2, 

 

or   2H2O2 = 2H2O + O2. 

 

Figure 6 illustrates the general process of 

hydrogen peroxide decomposition and the 

molecular oxygen generation in the Fenton 

reaction. This process consists of four steps, each 

of which passes through a transition state  

(TS-i, TS-ii, TS-iii, and TS-iv in Figure 6). 

The initial step, (1)→(TS-i)→(2),  

involves formation of the stable complex  

[Fe
II
(H2O)6-H2O2]

2+
(1) with two hydrogen bonds, 

the hydrogen peroxide O-O bond cleavage, and 

formation of the intermediate compound  

[Fe
IV

(H2O)4(OH)2]
2+

 with two HO
●
 radicals 

“trapped” in the complex. At the second stage, 

(3)→(TS-ii)→(4), interaction of the above 

complex [Fe
IV

(H2O)4(OH)2]
2+

 with the H2O2 

molecule leads to formation of the intermediate 

hydrogen bonded complex [Fe
III

(H2O)5(OH)---

HO2]
2+

 (4). The subsequent interaction of the 

[Fe
III

(H2O)5(OH)]
2+

with another molecule of H2O2 

at the third stage, (5)→(TS-iii)→(6), restores the 

initial iron aqua-complex [Fe
II
(H2O)6]

2+
 and 

generates the second radical HO2
●
. During the 

last, step (iv) of the reaction, (7)→(TS-iv)→(8), 

the interaction of the two HO2
●
 radicals gives an 

oxygen molecule in its ground triplet state and a 

hydrogen peroxide molecule.  

It can be seen that the entire reaction cycle 

is an energetically favourable process with an 

energy gain of 43.8 kcal/mol, so that the above 

four-stage reaction mechanism seems reasonable. 

In the present paper, we considered the 

processes occurring in the first solvation shell of 

the Fe
2+

 ion. The role of the solvent effect will be 

the subject of further research.  
 

 

Figure 6. Energy profile of the entire reaction cycle of H2O2 decomposition and the O2(
3
Σg

-
) generation in 

the presence of the [Fe
II

(H2O)6]
2+

, calculated at the DFT-BPE cc-pVDZ level of theory. 
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Conclusions 
A consistent picture of the entire reaction 

cycle of hydrogen peroxide decomposition and 

the molecular oxygen generation in the  

Fenton reaction is provided by means of  

DFT calculations. The proposed four-stage 

mechanism assumes implicitly an excess of 

hydrogen peroxide over Fe
2+

 ions, since oxygen 

evolution is actually observed experimentally 

under such conditions. The transition states for all 

steps of the reaction cycle were localized and 

verified by intrinsic reaction coordinate analysis. 

Starting from the Fe
II
-aqua-complex, we 

have shown that the O-O bond breaking of 

coordinated H2O2 at the first step of reaction does 

not lead to formation of free HO
●
 radicals as 

intermediates. Instead, a highly reactive 

intermediate [Fe
IV

(H2O)4(OH)2]
2+

 with two OH 

radicals “trapped” in the complex is formed with a 

calculated energy barrier of 15 kcal/mol, which is 

more than four times lower than the energy costs 

to break the O-O bond in H2O2 in the gas phase. 

In the second step, interaction of this intermediate 

with another molecule of hydrogen peroxide leads 

to the formation of the HO2
●
 radical and the 

complex [Fe
III

(H2O)5(OH)]
2+

. Reaction of the 

latter with another H2O2 molecule results in the 

formation of a second HO2
●
 radical and 

regeneration of the initial iron aqua-complex. 

Then, the HO2
●
 self-reaction occurring through 

the formation of a stable six-member double-

hydrogen bonded (HO2
●
)2 intermediate, gives 

hydrogen peroxide molecule and the oxygen 

molecule in its ground triplet state, O2(
3
Σg

-
). It is 

shown that the entire reaction cycle is an 

energetically favourable process with an energy 

gain of 43.8 kcal/mol. 
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Abstract. The inhibitive effects of 2-acetylpyridine-4-ethyl-3-thiosemicarbazone (HAcETSc) and 

dichlorophenyltin(IV) 2-acetylpyridine-4-ethyl-3-thiosemicarbazone (Sn(HAcETSc)PhenCl2) for mild 

steel in 1 M HCl solution at different concentrations were investigated using electrochemical 

measurements and scanning electron microscopy (SEM) analysis. The result of electrochemical 

measurement found that the inhibition efficiency increased with inhibitors’ concentration. Polarisation 

data showed that the maximum inhibition efficiencies of HAcETSc and Sn(HAcETSc)PhenCl2 were 

71.31% and 88.44% respectively. Moreover, both inhibitors were categorised into a mixed-type 

inhibitor based on polarisation data. The electrochemical impedance spectroscopy (EIS) data showed 

that the maximum inhibition efficiencies of HAcETSc and Sn(HAcETSc)PhenCl2 were 64.80% and 

87.81% respectively. The adsorption process of inhibitor on mild steel follows Langmuir  

adsorption isotherm with values of R
2
= 0.954 and R

2
= 0.992 for HAcETSc and Sn(HAcETSc)PhenCl2, 

respectively. The Gibbs free energy of adsorption gave a negative value, -3.76 kJ mol
-1

 for HAcETSc 

and -3.57 kJ mol
-1

 for Sn(HAcETSc)PhenCl2 which indicated that the adsorption process  

occurred spontaneously and the compounds were adsorbed by the process of physical adsorption on  

the metal surface. SEM studies revealed that the protective film formed on the mild steel surface agreed 

with the result shown in EIS. The results clarified that Sn(HAcETSc)PhenCl2 had a better inhibitive 

effect than HAcETSc. 
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Introduction 

Corrosion is the destruction of metal that 

causes an universal environmental problem. 

Corrosion occurs naturally by a chemical and/or 

electrochemical reaction with the surrounding and 

it cannot totally be stopped but its reaction rate 

can be controlled or slowed down to lessen the 

corrosion process [1,2]. Apart from that, acid 

solution that is widely used by industrial sectors 

helps to remove undesirable scale and rusts 

(pickling of steel), which cause degradation of 

metal and leads to huge financial losses to repair 

and replace the corroded materials [3,4]. So, one 

of the methods to overcome the corrosion 

problem is by using a corrosion inhibitor. The 

mechanism that occurs on mild steel in acid media 

is the ability of inhibitor to adsorb on the metal 

surface, which forms a protective barrier against 

an aggressive attack by the corrosive agent like 

hydrochloric acid [5,6].  

The study of green corrosion inhibitors is 

an attractive field for many researchers because of 

its usefulness in various industries such as in 

petroleum production, steel pipeline- making 

industry, refrigeration industry, automobile, paint 

industry, acid-producing companies, acid 

cleaning, acid descaling and oil well acidizing. 

Most researchers are focusing on a corrosion 

inhibitor containing electronegative atoms such as 

N, S, O and an aromatic group in their structure 

[7,8]. This is because these atoms can adsorb onto 

the metal surfaces and block the available reaction 

site from the attack of corrosive media thus 

reducing the rate of corrosion. There are several 

reports showing that thiosemicarbazone 

derivatives and the organotin complex act as 

effective corrosion inhibitors for mild steel in 

acidic media [9-11]. Thiosemicarbazones have 

been reported to give a good inhibition since the 

structure contains heteroatoms with free electron 
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pairs as well as conjugated double bond that can 

facilitate the adsorption on mild steel [12-14]. 

Meanwhile, organotin is known to have 

corrosion-inhibiting characteristics since it has 

biocidal behaviour, friction and wear reducing 

properties [15]. 

The present study aimed to investigate  

the corrosion inhibition effect for mild steel in  

1 M hydrochloric acid of synthesised  

compounds namely the 2-acetylpyridine  

4-ethyl-3-thiosemicarbazone (HAcETSc) and 

dichlorophenyltin(IV) 2-acetylpyridine-4-ethyl-3-

thiosemicarbazone (Sn(HAcETSc)PhenCl2)  

by using potentiodynamic polarisation, 

electrochemical impedance spectroscopy (EIS), 

and scanning electron microscopy (SEM). 
 

Experimental 

Synthesis of the thiosemicarbazone compounds 

The 2-acetylpyridine 4-ethyl-3-

thiosemicarbazone (HAcETSc) (Figure1(a)) 

synthesis was performed by mixing 10 mL of an 

ethanoic solution of 2-acetylpyridine (1 mmol) 

and 10 mL of an ethanoic solution of 4-ethyl-3-

thiosemicarbazide (1 mmol) [16]. Then, two drops 

of acetic acid were added to the mixture. The 

mixture was refluxed for 2 hours at 60-70°C with 

constant stirring. After 2 hours, the solution was 

cooled at room temperature. The crystalline 

product obtained from slow evaporation at room 

temperature was filtered, washed with cold 

ethanol and dried over anhydrous silica gel.  

The organotin complex 

dichlorophenyltin(IV) 2-acetylpyridine-4-ethyl-3-

thiosemicarbazone (Sn(HAcETSc)PhenCl2) 

(Figure 1(b)) was obtained by stirring the reaction 

mixture of synthesised ligand that was firstly 

dissolved in 10 mL of ethanol [17]. The metal 

salt, phenyltin(IV) trichloride (1 mmol) was 

dissolved in 10 mL of distilled water with a molar 

ratio of 1:1 (ligand:metal salt). The metal salt was  

added drop-wise to the ethanoic solution ligand 

with constant stirring. The reaction mixture  

was continuously stirred for 4 hours. The product 

was then filtered and washed with 10 mL of  

cold ethanol. 

Study of anti-corrosion properties of 

thiosemicarbazone compounds 

Electrochemical measurements 

The steel used in this study was mild steel 

with a chemical composition of C- 0.34%,  

Mn- 0.76%, P- 0.02%, Si- 0.3%, and the balance 

Fe. For all of the experiments, the mild steel was 

polished with a series of emery paper silica 

carbide paper grades from 320 to 1200. After that, 

the specimen was washed with distilled water and 

degreased with acetone samples. Finally, the mild 

steel was dried at room temperature before use. 

The aggressive solution of 1 M HCl was freshly 

prepared by dilution with distilled water of 37% 

analytical grade HCl. 

 

 
 

(a) 
 

 

 
 

(b) 

 
Figure 1. Chemical structure of HAcETSc (a) and 

Sn(HAcETSc)PhenCl2 (b). 

 

 

The electrochemical measurements such as 

electrochemical impedance spectroscopy (EIS) 

and Tafel polarisation studies were conducted to 

evaluate the corrosion inhibition performance of 

synthesised inhibitors on the mild steel by using 

alternative current (AC) and direct current (DC) 

signals, respectively. The electrochemical 

measurements were performed by using the 

Autolab Potentiostat (Aut302 FRA 2) where a PC 

was controlled with the NOVA software. The 

analysis was performed by a three-electrode 

system that contained a platinum rod as a counter 

electrode, silver-silver chloride (Ag/AgCl) as a 

reference electrode and mild steel as a working 

electrode. The working electrode was prepared by 

embedding the mild steel in epoxy resin and 

exposing the surface area of 0.1 cm
2 

to the test 

solutions containing various concentration of 

inhibitor (0.1 mM, 0.5 mM, 1.0 mM, 1.5 mM and 

2.0 mM). This measurement was conducted at 

25°C by immersing the working electrode in the 

test solution unstirred for about 10 minutes over 

open circuit potential (OCP) to provide sufficient 

time to attain a stable value. 

The impedance analysis was conducted in 

the frequency range of 10 kHz to 0.1 Hz at open 

circuit potential by applying peak-to-peak 

amplitude AC signal of 0.01 V. The percentage of 

corrosion inhibition efficiency from EIS studies 
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was calculated by using the following formula, 

Eq.(1) [18]: 

 

𝐼𝐸𝐸𝐼𝑆 % =
𝑅𝑝

𝑜 − 𝑅𝑝

𝑅𝑝
𝑜 × 100 (1) 

 

where, Rp
o
 and Rp are the polarisation resistances 

with and without the inhibitor, 

respectively. 

 

The Tafel polarisation measurements were 

carried out immediately after performing the EIS 

measurement by using the same working 

electrode without applying any additional surface 

treatment [19]. The potential values were scanned 

in the potential range from –100 mV to +100 mV 

versus corrosion potential at a scan rate of  

0.001 V s
-1

 [20]. The percentage of inhibition 

efficiency from Tafel polarisation study  

was calculated by using the following formula, 

Eq.(2) [21]: 

 

𝐼𝐸𝑝𝑜𝑙  % =
𝑖𝑐𝑜𝑟𝑟
𝑜 − 𝑖𝑐𝑜𝑟𝑟

𝑖𝑐𝑜𝑟𝑟
𝑜 × 100 (2) 

 

where, 𝑖𝑐𝑜𝑟𝑟
𝑜  and 𝑖𝑐𝑜𝑟𝑟  are the current density 

without and with inhibitor, respectively. 

 

Scanning electron microscopy study 

The surface morphology study was 

conducted by using Tabletop Hitachi 

TM3030Plus. The energy of the acceleration 

beam employed was 20 kV. The scanning electron 

microscopy (SEM) analysis was carried out on the 

mild steel surfaces of samples that were immersed 

for 24 hours in the acidic solutions without and 

with the optimal concentration of inhibitor. 

Adsorption and thermodynamic studies 

Adsorption of the inhibitor on the mild steel 

was assumed as an essential part of the 

mechanism in the corrosion inhibition process. In 

order to determine the adsorption mode, the 

degree of surface coverage (θ) of the inhibitor is 

calculated with several adsorption isotherms, 

including Langmuir, Frumkin, and Temkin.  

In this study, the degree of surface coverage 

values (θ) for various concentrations (0.1 mM,  

0.5 mM, 1.0 mM, 1.5 mM and 2.0 mM) of the 

inhibitor in acidic media was evaluated from 

polarisation values. The Langmuir adsorption 

isotherm was found to best fit the adsorption 

behaviour of the investigated inhibitor where the 

linear regression coefficient value (R
2
) is very 

close to 1. Langmuir’s isotherm is expressed as 

follows, Eq.(3) [22]: 

𝐶𝑖𝑛ℎ

𝜃
=

1

𝐾𝑎𝑑𝑠
+ 𝐶𝑖𝑛ℎ  (3) 

 

where θ- the fractional surface coverage;  

Cinh- the inhibitor concentration;  

Kads- the equilibrium constant of the 

adsorption process. Kads is related to the 

standard Gibbs free energy of adsorption 

(∆G°ads) through Eq.(4) [23]. 

 

∆𝐺𝑎𝑑𝑠 = −𝑅𝑇 ln55.5𝐾𝑎𝑑𝑠   (4) 

 

where, R- the universal gas constant  

(8.314 J K
-1

 mol
-1

);  

T- the temperature in kelvins (298 K); 

the factor 55.5 M is the molar 

concentration of water in the solution. 

 

Results and discussion 

Electrochemical impedance spectroscopy results 

The semi-circle Nyquist plots obtained 

from the experiment can be model by a simple 

Randle’s circuit (Figure 2), which showed that the 

charge transfer resistance (Rp) was parallel with 

the constant phase element (CPE) in series with 

solution resistance (Rs) [24].  

 

 
 

Figure 2. Simple Randle’s circuit. 

 
 

The Nyquist plots for the mild steel in 

different concentrations of HAcETSc and 

Sn(HAcETSc)PhenCl2 in 1 M HCl are shown in 

Figure 3(a) and (b), respectively. The Nyquist 

plot showed a deviation from ideal semicircles 

which were referred as frequency dispersion and 

the result of the non-homogeneity or roughness of 

the metal surface and mass transport resistance 

[25,26]. The diameter of the semi-circle curve 

increased when the inhibitor concentration 

increased, proving the existence of the adsorption 

of the inhibitor on mild steel [27]. Hence,  

this provided corrosion inhibition on mild steel 

whereby the formation of adsorbed layer  

created a barrier for charge and mass transfers at 

the metal-inhibitor solution interface [28].  

The impedance parameters obtained are tabulated 

in Table 1.  
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(a) (b) 

Figure 3. Diagram for mild steel with various concentration of HAcETSc (a) and Sn(HAcETSc)PhenCl2 (b). 

1- Blank, 2- 0.1 mM, 3- 0.5 mM, 4- 1.0 mM, 5- 1.5 mM, 6- 2.0 mM.  

 

 

Table 1 

Impedance parameter values. 

Inhibitor 
Concentration  

(mM) 

Rs 

(ohm cm
-2

) 

Rp 

(ohm) 

IEEIS 

(%) 

Blank 1M 0.59 630 - 

HAcETSc 0.1 0.90 739 14.7 

0.5 0.48 937 32.7 

1.0 0.77 1300 51.5 

1.5 0.25 1700 62.9 

2.0 0.24 1790 64.8 

Sn(HAcETSc)PhenCl2 0.1 1.09 1520 58.5 

0.5 0.69 2080 69.7 

1.0 0.36 2710 76.7 

1.5 0.27 3270 80.7 

2.0 0.44 5170 87.8 

Rs - solution resistance; 

Rp - charge transfer resistance; 

IEEIS – inhibition efficiency. 

 

 

As seen in Table 1, the Rp values 

substantially increased along the concentration, 

which can be deduced to the formation of the 

protective film on the metal-inhibitor solution 

interface [29]. Apart from that, the large value of 

Rp indicated a slower corrosion system [30]. The 

best corrosion inhibition efficiency recorded by 

EIS was 87.81% at the concentration of 2 mM by 

the inhibitors Sn(HAcETSc)PhenCl2. 

Tafel polarisation results 

Table 2 presents the potentiodynamic 

polarisation parameters which are corrosion 

current density (icorr), corrosion potential (Ecorr), 

anodic Tafel slope (βa), cathodic Tafel slope (βc), 

corrosion rate (CR), and inhibition efficiency 

(IEpol) for mild steel in 1 M HCl with and without 

inhibitors. Tafel polarisation curves for mild steel 

in 1 M HCl solution in the absence and presence 

of various concentrations of the inhibitors 

HAcETSc and Sn(HAcETSc)PhenCl2 are  

as seen in Figure 4(a) and (b) respectively.  

The optimum corrosion inhibition efficiency 

recorded by the polarisation result was  

88.44% at the concentration of 2 mM by the  

inhibitor Sn(HAcETSc)PhenCl2. Polarisation 

measurements revealed that both inhibitors, 

HAcETSc and Sn(HAcETSc)PhenCl2 were mixed 

type inhibitors because their displacement 

corrosion potential (Ecorr) against the blank was 

less than 85 mV [31].  
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Table 2 

Polarisation parameter values. 

Inhibitor 
Concentration 

(mM) 

icorr 

(μA cm
-2

) 

Ecorr 

(mV) 

βa 

(mV dec
-1

) 

βc 

(mV dec
-1

) 

CR  

(mm/yr) 

IEpol 

(%) 

Blank 1M 330.64 -423.65 156.53 71.916 3.842 - 

HAcETSc 0.1 201.22 -482.07 153.83 51.348 2.3382 39.1 

0.5 206.75 -481.97 177.83 63.856 2.3303 39.3 

1 144.44 -460.61 171.43 63.944 1.6784 56.3 

1.5 101.09 -461.58 171.49 59.726 1.1747 69.4 

2 94.861 -458.11 164.06 61.444 1.1023 71.3 

Sn(HAcETSc)PhenCl2 0.1 77.95 -451.10 217.29 30.017 0.9057 76.4 

0.5 74.116 -443.04 9023.8 23.696 0.8612 77.5 

1 73.721 -440.89 757.01 35.203 0.8566 77.7 

1.5 62.64 -428.82 321.10 39.382 0.7278 81.0 

2 38.231 -353.11 647.90 53.49 0.4442 88.4 

icorr -corrosion current density; 

Ecorr -corrosion potential; 

βa -anodic Tafel slope; 

βc -cathodic Tafel slope; 

CR -corrosion rate; 

IEpol -inhibition efficiency. 

 

 

  

(a) (b) 

Figure 4. Tafel polarisation curve of mild steel with various concentration of HAcETSc (a) and 

Sn(HAcETSc)PhenCl2 (b). 1- Blank, 2- 0.1 mM, 3- 0.5 mM, 4- 1.0 mM, 5- 1.5 mM, 6- 2.0 mM 

 

 

In the present study, the values of Ecorr 

show irregular trends. The maximum 

displacement is 70.54 mV with respect to the 

blank value which indicates a mixed type 

behaviour of inhibitors. This result also suggested 

that mild steel was simultaneously inhibited by 

the inhibitors through anodic and cathodic 

reactions by reducing the anodic dissolution and 

also retarded the hydrogen evolution reaction 

[32]. The higher value of βa as compared to βc of 

the inhibitor from different concentrations 

suggested that the inhibitor predominantly 

suppressed the anodic reaction. The icorr decreased 

when the concentration of inhibitor increased 

[33]. This indicated the inhibiting effect of both 

inhibitors on the aggressive solution of the mild 

steel which caused effective blockage of the 

active site when the inhibitor was being adsorbed 

on the mild steel surface [34,35]. The βc values 

show a slight change with increasing inhibitor 

concentration, which indicates the effect of the 

inhibitor on the kinetics of hydrogen evolution. 

Further observation on the Tafel slopes is where 

the magnitude of shifting in the anode is higher 

than in the cathodic direction. The cathodic 

direction does not change significantly. This 

explains that the anodic reaction is more 

drastically inhibited compared to the cathodic 
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reaction. One can conclude that the inhibitors act 

as a mixed type with predominant anodic effect. 

According to Ismail, A. anodic inhibitors cause a 

large anodic shift of the corrosion potential and it 

is inhibited by forming a protective oxide film on 

the surface of the mild steel [36]. In conclusion, 

the cathodic curves which demonstrate that 

adding an inhibitor the corrosive environment 

does not modify the mechanism of hydrogen 

evolution and the recovery of H
+
 ions on the 

surface of mild steel, follow the charge transfer 

mechanism. 

SEM results 

The SEM analysis was performed to study 

the mild steel surface in the absence and presence 

of inhibitors. Figure 5(a) shows the micrograph 

for the mild steel surface that had been immersed 

in 1 M HCl in the absence of inhibitors (blank), 

Figure 5(b) shows the mild steel surface  

inhibited with HAcETSc and Figure 5(c) shows  

the mild steel surface inhibited with 

Sn(HAcETSc)PhenCl2. As shown in Figure 5(a), 

the mild steel surface immersed in the absence of 

inhibitor was damaged with deep holes on certain 

surfaces. This was due to the dissolution of metal 

in the aggressive solution. The presence of the 

holes on the mild steel surface suggested the 

occurrence of pitting corrosion [37]. Pitting marks 

on the surface are due to the attack of the 

aggressive solution in absence of inhibitors [38]. 

Nevertheless, in Figure 5(b) and Figure 5(c), mild 

steel surfaces immersed in the presence of 

inhibitor at high concentration show smoother 

surfaces due to the protective film formed on the 

mild steel surface which prevented the aggressive 

attack of the acid on mild steel [39]. The inhibitor 

can be adsorbed on mild steel by interaction 

between the mild steel and the presence of lone 

pair electrons in the sulphur and nitrogen atoms, π 

electrons on the aromatic ring, molecular size, and 

the formation of a metal complex. These results 

proved that the inhibitor Sn(HAcETSc)PhenCl2 

had the best inhibition performance, which agreed 

with the result obtained from the polarisation and 

impedance experiments. 

Adsorption study 

The results show that the adsorption 

mechanism of HAcETSc and 

Sn(HAcETSc)PhenCl2 on mild steel was suitable 

with the Langmuir isotherm model where the plot 

of the straight line gave R
2
= 0.954 for HAcETSc 

and R
2
= 0.992 for Sn(HAcETSc)PhenCl2  

(Figure 6). The isotherm plots suggest that the 

adsorption of the inhibitor on the mild steel 

occupy only one site and there are no interactions 

with other adsorbed molecules [40]. The 

thermodynamic study was also conducted to 

determine the adsorption mechanism by 

calculating the standard free energy of adsorption 

(∆Gads) [41]. The ∆Gads values from the 

experiment were -3.76 kJ mol
-1 

and -3.57 kJ mol
-1

 

for HAcETSc and Sn(HAcETSc)PhenCl2, 

respectively. The study proved that the adsorption 

of both inhibitors on the mild steel surface has 

occurred by physisorption. In general, the 

physisorption involves the electrostatic interaction 

between the charged inhibitor molecules and the 

charged metal surface occurs if the energy value 

of ∆Gads lies around -20 kJ mol
-1

 or less negative, 

whereas the chemisorptions in which the charge 

sharing or transfer from the inhibitor molecules to 

the metal surface to form a coordinate type of 

bond occurs at a value around of -40 kJ mol
-1

 or 

more negative [42].  
 

 

 

   

(a) (b) (c) 

Figure 5. SEM images of uninhibited mild steel (blank) (a), mild steel inhibited with HAcETSc (b) and  

mild steel inhibited with Sn(HAcETSc)PhenCl2 (c) (magnification: 5000). 
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Figure 6. Langmuir isotherm for the adsorption of 

both inhibitors. 

 

 

Conclusions 
In this paper, the corrosion inhibition effect 

of the synthesised compounds, HAcETSc and 

Sn(HAcETSc)PhenCl2 in 1 M HCl on mild steel 

was studied. The analyses from EIS and Tafel 

polarisation concluded that the compound 

Sn(HAcETSc)PhenCl2 showed better efficiency 

than HAcETSc. Although the inhibition efficiency 

data of EIS and Tafel polarisation methods were 

not very comparable, the trend of inhibition 

efficiency with the variation of concentration is 

noticeable by the two methods. The observed 

trends by both EIS and Tafel polarisation methods 

show that the inhibition efficiency increases as the 

inhibitor concentration increases. The difference 

between these two methods occurs because of the 

different type of applied potential that is used.  

For EIS method, the electrode was under the 

open-circuit potential while for Tafel polarisation 

method, the working electrode was polarised and 

the electrochemical parameters were obtained by 

extrapolation of the Tafel lines.  

The polarisation measurement showed a 

mixed type inhibitor where the inhibitor 

successfully inhibited the cathodic hydrogen 

evolution and anodic metal dissolution reactions. 

The impedance plots of inhibitor proved the 

formation of the protective layer on the mild steel. 

The results of the study were supported by  

SEM analysis.  

The adsorption of these inhibitors on the 

mild steel surface in 1 M HCl solution obeyed the 

Langmuir’s adsorption isotherm and kinetic 

model. The negative sign of ∆G
o
ads indicated that 

the adsorption process occurs spontaneously. The 

activation energy values increase when the 

inhibitors is added to the 1 M HCl solution 

indicating that physisorption is more predominant 

than chemisorption. 
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Abstract. Aqueous micellar solutions of sodium dodecyl sulphate (SDS) were investigated using X-ray 

scattering technique in the concentration range 0.008–0.1 M and analyzed by a model-independent 

approach. The obtained diameter of the spherical micelle (6.0 nm) with concentration 0.01 M is greater 

than that analyzed by direct modeling and by small-angle neutron scattering (4.4 nm). In the study of 

SDS solution of 0.01 M concentration by dynamic light scattering method, the following three 

hydrodynamic spheres were identified: SDS dimers and two micelles with water. The diffusion rate of 

these spheres decreases with the increase of their size. When adding 0.01 M of NaCl the dimers 

disappear, and the hydrodynamic spheres with diameter of 3.14 nm appear. The results are discussed in 

the framework of the concept of polyamorphous transition between ensembles of water clusters of low 

and high density levels. Polyamorphous transition accompanies the formation of dual structures of 

contact and separated by water micelles with different rates of diffusion. 

 

Keywords: sodium dodecyl sulphate, micelle structure, small-angle X-ray scattering, wide-angle X-ray scattering, 

dynamic light scattering. 
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Introduction 

Surfactants in water form micelles at the 

critical concentration of micelle formation 

(CMC1). This paper discusses the case, when the 

micelles are spherical, and the optimal properties 

in aqueous solution are achieved: detergency, 

wetting, adsorption, dispersion, catalytic, etc. For 

over a hundred years micelles are the objects of 

study, but their structure is still not completely 

understood [1]. Along with the Van der Waals 

attraction of the hydrocarbon groups of the 

surfactants and the electrostatic repulsion of the 

charged hydrophilic groups, the interactions of 

surfactant molecules with water take part in the 

formation of micelles. At 298 K, the enthalpy of 

micellization of sodium dodecyl sulphate (SDS) is 

equal to zero and the entropy of the water adds to 

the main contribution into the Gibbs energy of 

micelle formation. For example, it is possible to 

determine the formation of spherical SDS 

micelles  analyzing vibrational properties and 

short-range order of water molecules [2,3]. 

Micellization accompanies the 

polyamorphous transition in ensembles of small 

systems of water with a low (LDL) and high 

density levels (HDL) [2-6]. In this case the 

following special properties of micelles appear: 

two relaxation times, bistability, duality of 

structure, hysteresis, significant fluctuations in 

extensive properties, oscillations, absence of 

supersaturation during the micellization.  

Using static methods of small-angle X-ray 

scattering (SAXS) and of small-angle neutron 

scattering (SANS) the average number of 

molecules of 60-80 in the SDS micelle (without 

adding electrolyte) was determined [7,8]. The 

number of molecules in micelles measured using 

dynamic light scattering (DLS) methods and 

nuclear magnetic resonance 
13

C are equal to 27 

and 20, respectively [9,10]. Thus, static and 

dynamic methods provide different sizes. Sizes of 

the micelles measured by DLS are in good 

agreement with the literature data obtained for 

surfactants solution with added inorganic 

electrolytes [9]. Unfortunately, the authors [8] 

approximated the correlation function only using 

the method of cumulants, they did not use the 

optimal automatic configuration of the device. 

Moreover, there is little evidence regarding the 

use of DLS to study the size of micelles and other 

ionic surfactants in the absence of NaCl [9]. The 

DLS method was used only to study the mutual 
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diffusion of SDS micelles and other ionic 

surfactants in the presence of NaCl [11-13]. The 

authors believed that in the absence of salt the 

diffuse part of the double electrical layer makes 

an ambiguous contribution to the value of the 

hydrodynamic diameter of the micelles’ spheres 

[11,13]. 

There are two fundamentally different 

methods of analysis of the SAXS spectra of 

micellar aqueous solutions: (i) an independent 

approach on micelle model and (ii) direct 

modelling. The first one was proposed by Zemb, 

T. and Charpin, P. [14]. Direct modelling starts 

with an assumed geometrical model of the 

classical micelles, then continues with the 

calculation of the SAXS intensity of the micellar 

solution in accordance with the model, and 

finalizes with the optimization of parameters of 

the micelle model by minimization of the 

functional error. The analysis of direct modelling 

is probably too ―attached‖ to the existing model of 

micelles and restricts an independent study of 

micelles’ nature. 

Most of the researchers involved in 

studying the structure of micelles by means of 

SAXS carried out a direct modelling using the 

classical model of micelle. This method was 

applied to the study of micellar solutions of SDS 

and sodium octanoate by means of SAXS and 

SANS simultaneously [15]. Eight combinations of 

2% (0.067 M) of solutions of SDS, consisting of 

deuterated, protonated water and deuterated 

molecules of SDS were investigated using direct 

modelling. To describe the classical model of 

micelle, two different parameters were selected: 

the average number of aggregation and the 

average charge of the micelle. The authors of this 

classic study have assumed that the micelles can 

result from a fluctuation of the concentration of 

SDS. The average structure in a dense medium 

consisted of 74 SDS molecules and the standard 

deviation was 40%. In the distribution there were 

micelles with 30 molecules of SDS. As a result, 

the measured core diameter of the micelle was  

3.6 nm and that of the core with shell was 4.4 nm. 

Using SAXS and the independent approach on the 

previously accepted model of the micelle, it was 

found that the outer diameter of SDS micelle 

equaled to 6.4 nm [16]. Another study performed 

using SAXS gave the same size of the micelles 

[17]. Thus, different methods of analysis of the 

SAXS data of micellar aqueous solutions lead to 

different values of the outer diameter of the 

micelles. 

In the present study, the X-ray scattering 

technique with the independent approach on the 

accepted model of the micelle and DLS method 

were used to study the SDS micellar solutions in 

the concentration region between the critical 

concentration of formation of spherical micelles 

(CMC1) and the critical concentration of 

formation of cylindrical micelles (CMC2) to 

identify the cause of formation of micelles with 

large diameter and to improve the knowledge 

about micellization in the framework of the 

concept of coexistence of the polyamorphous 

transition in water and micelle formation. 
 

Experimental 

Materials 

Sodium dodecyl sulphate (SDS) (Sigma) 

was recrystallized once from ethyl alcohol.  

The purity of SDS was confirmed by the absence 

of a minimum in the area of CMC1 on the 

isotherm of surface tension of SDS aqueous 

solutions. The IR spectra of crystalline form of 

SDS before and after recrystallization were 

identical (data not shown). 

SDS solutions were prepared in double 

distilled water. The purity of water was confirmed 

by the absence of its correlation function 

determined by dynamic light scattering. In the 

absence of dust particles, air bubbles, there is no 

dynamic light scattering in water. The intensity of 

scattering fluctuates at the level of the noise 

meaning that the relaxation time of the 

LDL↔HDL structures in water is less than the 

delay time in the analyzer Zetasizer Nano ZS  

0.5 μs [6]. 

Surface tension and electrical conductivity 

analysis 

The surface tension of SDS solutions in the 

region of CMC1 was measured by Wilhelmy plate 

method (a platinum plate was used) with an error 

of ±0.1 mN/m at 25C. Conductivity of SDS 

solutions was measured using the Milwaukee MW 

301 conductivity meter with an accuracy of ±2% 

of full scale, at 25C. CMC1 and CMC2 were 

determined using the dependence of conductivity 

on the concentration. The values of CMC1 and 

CMC2 measured by the conductometric method 

are equal to (8.0±0.2)·10
-3

 and (654)·10
-3

 M, 

respectively. These values coincide with  

the published data within the error of the  

experiment [18]. 

X-ray scattering study 
The X-ray scattering measurements were 

carried out using the SAXSess mc
2
 X-ray 

diffractometer (Anton Paar GmbH, Austria) in the 

mode of line collimation of the beam with cross-

section 200.3 mm
2
 (CuKα, λ= 0.154 nm).  

The power of X-ray generator ID3003 was  
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40 kV/50 mA. Aqueous solutions of SDS were 

placed in a fixed quartz capillary, the volume of 

the sample was 2 L. The X-ray beam was 

directed to the centre of the capillary. The 

measurement was carried out for 5 minutes at 

sample temperature of 25C, in the range of 

values of the modulus of the wave vector q of  

X-ray scattering from 0.03 to 28 nm
–1

. The 

modulus of the wave vector of X-ray scattering is 

defined as q= (4/)sin(Θ/2), where  is the 

wavelength of the incident X-ray radiation, Θ is 

the scattering angle. Usually, the X-ray scattering 

at q> 10 nm
–1

 is considered wide-angle X-ray 

scattering (WAXS). The resolution of the system 

was set to 0.03 nm
–1

. The intensity of scattering 

was measured by a position-sensitive detector. 

Distilled water was used as a secondary standard. 

The intensity of SAXS of distilled water in the 

range q= 0.1–4 nm
–1

 depends mainly on its 

isothermal compressibility at given temperature 

and weakly depends on the scattering angle [19]. 

Dynamic light scattering study 

The study of SDS aqueous solutions using 

dynamic light scattering (DLS) was performed on 

the Zetasizer Nano ZS analyzer (Malvern 

Instruments Ltd, UK). The linearly polarized 

(500:1) helium-neon laser with a wavelength of 

632.8 nm was used as a light source of the 

spectrometer. The intensity of the incident beam 

was adjusted by an automatic attenuator (10 levels 

of attenuation), this allowed studying samples of 

different levels of scattering. As a detection 

system the avalanche photodiode was used. To 

exclude multiple scattering at high concentrations 

of particles/molecules and to optimize the signal 

from weakly scattering samples with low 

concentration of particles/molecules the 

technology of non-invasive backscattering (NIBS, 

technology patented by Malvern) was used.  

The NIBS technology provides optimization of 

the point of the scattering detection.  

For example, the position of the point from  

which scattering is detected, can be optimized to 

reduce sensitivity to scattering from the cuvette  

wall by measuring in the cuvette centre. At the 

same time, when concentrated samples are studied 

and multiple scattering is detected, the position of 

the point of measurement can be moved closer to 

the walls of the cuvette to reduce the effects of 

multiple scattering. Another advantage of NIBS is 

the possibility to identify dust or aggregates even 

under a single angle of scattering measurement, 

using a correlation function that allows accurate 

observation of the presence of any large  

size components. 

Temperature control of the sample in the 

cuvette of the analyzer was carried out using an 

integrated Peltier element. The measurements 

were performed at the sample temperature of 

25C. Time of the thermostating after installation 

of the cuvette with the sample into the cell holder 

compartment was set to 5 minutes. The volume of 

each analysed sample was 2 mL.  

Data processing: the autocorrelation 

function was carried out using the method of 

cumulants (parameters: average particle size Z 

and polydispersity index PdI) and the algorithm 

of soft NNLS (General Purpose – polydisperse 

model, regularization 0.01) to obtain the 

distribution. The calculations used the refractive 

index of water of 1.330 and the viscosity  

of 0.8872 cP. 

 

Results and discussion 

X-ray scattering study 
Aqueous micellar solutions of SDS were 

investigated using X-ray scattering method 

(SAXS and WAXS). The obtained X-ray 

scattering curves of water and SDS solutions are 

presented in Figure 1. The concentration of SDS 

in solutions is greater than CMC1. The range  

full range available for the SAXSess mc
2
 X-ray 

diffractometer is q= 0.03–28 nm
-1

.  

The scattering profiles I(q) of water and the 

SDS solutions of 0.008, 0.01, 0.02, and 0.1 M 

have three peaks with the maxima positioned at  

q= 0.6, 1.5, and 19 nm
-1

 [4]. The first maximum 

corresponds to the distance between the  

micelles, the change in the profile of the 

scattering curve I(q) is more evident starting from 

the 0.03 M concentration. Therefore, it can be 

assumed that the concentration of micelles does 

not affect the scattering profile of the  

SDS solution of 0.01 M concentration at low-q.  

The second peak is characteristic for the solutions 

of micelles; it is most clearly evident on the 

spectra at the concentration of SDS of 0.1 M. The 

intensity of X-ray scattering in this region of 

concentrations of SDS is the indicator of the 

structure of micelles. The third broad peak  

at 19 nm
-1

, identified in all scattering curves of 

water and SDS solutions, is the indicator of  

short-range order of water.  

In the first approximation, the X-ray 

scattering curve can be represented as a  

sum of Bragg peaks, and the location of their 

maxima determines the distance dBragg between 

the particles in the ordered aggregates. According 

to the Bragg’s law, the distance dBragg can be 

described by Eq.(1). 
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𝑑𝐵𝑟𝑎𝑔𝑔 = 𝑎
2𝜋

𝑞𝑝𝑒𝑎𝑘
 (1) 

 

where, the coefficient a is close to 1 even in the 

case of non-crystalline systems. 
 

Using the Eq.(1) and the three values of 

qpeak the dimensions dBragg were calculated. The 

diameter of the micelles was ~4.2 nm, the average 

distance between the micelles was 10.5 nm and 

the distance О—О of a pair of molecules in the 

first coordination sphere of water was about  

0.33 nm [4]. Тhe O—O distance of the molecular 

pair in the first coordination sphere of water is 

changing. The mentioned distances are shown in 

Figure 2 in relative units I(q). This distance 

depends on the concentration of SDS [23]. 

According to estimates of different authors, the 

radial function of О—О distribution has a 

maximum in the region of 0.28-0.35 nm [24]. 

This band corresponds to the scattering from 

clusters of LDL and HDL of water and from 

clusters formed around SDS ions and micelles. 

The value of function I(q) depends on the square 

of the volume and scattering length density 2
, 

which is proportional to electron density . For 

water and clusters of LDL and HDL,  are equal 

to 9.53·10
-6

, 8.96·10
-6

 and 11.16·10
-6

 Å
-2

, 

respectively. If the function I(q) in the area of 

CMC1 depended only on water concentration, 

then it would have been observed a gradual 

decrease of I(q) when the concentration of  

water decreased, same as for SDS solutions of 

0.02, 0.03 and 0.1 M concentrations. Indeed, with 

increasing concentration of SDS the concentration 

of water decreases. However, the values of I(q) 

for solutions of SDS with concentrations of  

0.008 and 0.01 M are larger than those for water 

without SDS (Figures 1 and 2). Therefore,  

in the area of CMC1 the electron density of  

water clusters is changed. It increases because  

HDL appears around the micelles. The 

appearance of HDL around the micelles is proved 

by the method of molecular dynamics [25]. 

The obtained feature of the scattering curve 

for SDS solutions at q= 19 nm
-1

 in the area of 

CMC1 (Figure 2) can be explained by the shift of 

equilibrium LDLHDL in the process of the 

polymorphous transition in comparison with the 

same equilibrium in water. For concentrations of 

SDS greater than 0.02 M, the increase in the 

content of HDL around the micelles already does 

not compensate the reduction of I(q) due to 

reduction of water content in solution (Figure 2). 

As can be seen from Figure 2, CMC1 can be 

determined by the peculiarities in the behaviour of 

the scattering cross section of clusters depending 

on the concentration of SDS. 

The size of micelles can be calculated from 

the pair distribution function p(r) in a solution of 

SDS with concentration of 0.01 M (Figure 3) 

using SAXSess mc
2 

software. This solution is less 

dependent on the structure factor S(q) when the 

repulsion of the micelles from each other is taken 

into account [20]. Based on the profile of p(r), 

one can imagine a small sphere with a diameter of  

2 nm with statistics of the pair distribution  

of the scatters, which is invested in a large sphere 

with a diameter of 4.2 nm.                    .      

 

 

  
Figure 1. The X-ray scattering curves of micellar 

solution of SDS and water, q= 0.03-28 nm
-1

.  

SDS concentrations (top down): 0.01, 0.008,  

water, 0.02, 0.1 M.  

Figure 2. The dependence of the scattering cross 

section of the scatters (of the ensemble of HDL and 

LDL clusters) or the dependence of I(q) at q= 19 nm
-1

 

on the concentration of SDS [21].  

The dashed line shows the evaluation of the function 

without influence of  of HDL, LDL.  
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Thus, the micelle may consist of contact 

with HDL and hydrated with LDL structures of 

SDS at different times, and that they are in 

equilibrium with each other and with the 

monomers (Figure 4). The scattering cross section 

of the contact micelles can be superimposed on 

the scattering cross section of the hydrated 

micelles. Superimposed average diameters of their 

spheres are visible from the radial distribution 

functions of electron density: 2.8 and 6.0 nm 

(Figure 5). The radius of a small sphere of 1.4 nm 

is slightly less than the length of the alkyl group 

SDS of 1.67 nm. 

The parameters of the pair distribution 

function p(r) for a series of surfactants are 

presented in Table 1. These data were obtained in 

this study and in other studies using the same 

SAXSess mc
2
 diffractometer model and with  

the same processing of the SAXS data [26,27]. 

The width of peaks in the p(r) profile provides the 

information about the degree of disorder of atoms, 

included in a pair of distribution. The relationship 

of the width of the second peak to the width of the 

first shows that the disorder of atoms in the 

micelles of ionic surfactants is always greater. 

This fact does not correspond to the concept of a 

classical micelle of ionic surfactants. Their second 

peak should show a small-sized layer of 

hydrophilic groups and of ions with opposite sign 

of charge. The disorder in this layer should be less 

than the disorder of the hydrocarbon part of 

micelle, because this layer is smaller and contains 

an adsorption layer of ions. As can be seen from 

Figure 4, the second sphere of the micelle is 

formed from superimposition of HDL, the contact 

micelle, LDL, alkyl groups, and SO4
-
, Na

+
 of the 

hydrated micelle; in this sphere of the obtained 

micelles the disorder is greater.  
 

 
Figure 3. The pair distribution function p(r) of the micellar structure of SDS 

 with a concentration of 0.01 M at temperature of 298 K. 

 

 

  
(a) (b) 

Figure 4. Two possible superposition of dual micelle of SDS according to results of SAXS:  

the contact micelle (a), the hydrated micelle (b). 
 

 

111 



Yu. Mirgorod et al. / Chem. J. Mold., 2019, 14(1), 107-119 

 

 
Table 1 

The parameters p(r) of micellar solutions of surfactants obtained by the same calculation algorithm,  

the same ЅАХЅеѕѕ mc
2
 diffractometer model and temperature. 

Solutions of surfactants 

The ratio of the width of 

the second peak to the 

width of the first peak 

The outer 

diameter of the 

micelle, nm 

The ratio of the area 

under the second 

peak to the area 

under the first peak 

SDS, 0.01 M, 25°C 1.64 6.4 4.0 

Sodium octanoate, 0.7 M, 10°C 2.3 4.75 8.9 

Sodium octanoate, 0.7 M, 40°C 2.6 4.75 7.0 

TWEEN 40, 0.01 the weight fraction, 25°C 1.2 3.3 3.0 

ТWEEN 40, 0.25 the weight fraction, 5°C 1.4 2.5 1.8 

 

 

 
  

 

Figure 5. The profile of electron density of  

the SDS micelle structure of 0.01 M 

 at temperature of 298 K.  

Figure 6. Functions of interactions:  

1– the potential of average force w(r);  

2– the pair distribution function p(r).  

 

 

The comparative analysis of the 

relationship of the widths of the two peaks 

observed in the p(r) function profile of each 

surfactant (Table 1) showed that the disorder in 

micelles of sodium octanoate is greater than that 

in SDS micelles. The area under the peaks of 

functions p(r) provides the information about the 

number of pairs of scatterers. The ratio of the area 

under the peaks shows that the SDS micelle has 

less pairs of scatterers, than octanoate sodium, 

because the latter is more hydrated. Sizes of 

smaller and larger spheres of the micelles 

correlate with the structure of the surfactant. The 

outer diameter and the number of scatters in 

anionic surfactants are significantly higher than 

that in non-ionic TWEEN 40 [27]. This result can 

be explained only by the presence of water in 

forming micelles of ionogenic surfactants. So, a 

hydrocarbon group of TWEEN 40 contains 16 

carbon atoms. The hydrophilic group consists of 

20 oxyethylene groups, acetate group, pyran ring, 

and the outer diameter of the micelles of TWEEN 

40 is less than that of the micelles of sodium 

octanoate. For comparison, a hydrocarbon group 

of sodium octanoate contains 8 carbon atoms and 

the hydrophilic group consists of carboxyl and 

sodium ions.  

The profile of the radial electron density 

(r) of SDS micelle is presented in Figure 5. 

Function (r) shows the difference in values of 

 in different parts of the micelle in relation to 

H2O, which corresponds to the zero value on the 

curve (r). In SAXS, the electron density less 

than that of water refers to the electron density of 

the hydrocarbon core of classic micelle. 

Hydrocarbon groups, for example, a methylene 

group, has CH2= 6.5·10
-6

 Å
-2

, i.e. less than H2O. 

Their size obtained at the intersection of (r) 

with zero values of 1.4 nm, is less than the size of 

the hydrocarbon part of the classic micelle of  

1.67 nm. The radius of the whole micelle is  

3.0 nm. It differs significantly from the radius 

obtained by the methods of SANS [14] and by 

light scattering [28]. According to the obtained 

data in the present study, the size of the shell 

thickness is 1.6 nm; which is too large for 

sulphonate ester groups and sodium ions in the 

model of a classical micelle. That is obvious, so to 
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confirm this conclusion there is no need to present 

comparative calculations of the obtained shell 

volume of the micelle from hydrophilic groups. 

There are some contradictions between the 

methods of measurement of the micelles size 

SAXS and SANS. It is known that the formation 

of micelles in aqueous solution is explained  

by the hydrophobic interactions. The fundamental 

approach to hydrophobic interactions is based on 

consideration of the potential of average force 

w(r). It is shown that w(r) and p(r) are inverse 

functions [29]. The potential of average force 

between two particles in water has two minima:  

at their contact and at the distance of the diameter 

of a water molecule. The concept of w(r) explains 

the existence of the contact (the first minimum of 

w(r), Figure 6) and the separated by water 

molecules hydrophobic interaction (the second 

minimum of the w(r), Figure 6), which is 

confirmed experimentally [30]. The functions 

w(r) and p(r) associate the energy of interaction 

between ions of the surfactant with the structure 

of the micelles. The maximum of p(r) correlates 

with a negative value w(r) or attraction (Figure 6). 

Conversely, the minimum of p(r) corresponds to a 

positive value w(r), i.e. repulsion. 

Each of the two structures of the micelles is 

formed as a result of the transition order-disorder 

in the ensemble of HDL and LDL nano-systems, 

which oscillate between the states of an order (A) 

and disorder (B). These oscillations of small 

systems of water are accompanied by the 

oscillations of the two structures of the bistable 

micelle. Sometimes there is a contact micelle 

surrounded by HDL. Then there is the micelle, in 

which the SDS ions are separated from the other 

SDS ions by LDL (Figure 4). This interpretation 

of dual micelle is consistent with the concept of 

the potential of average force and the formation of 

the dual micelles during the polyamorphous 

transition [4]. 

Two possible superpositions of SDS 

micelles in contact and separated by water 

molecules (hydrated) are shown in Figure 4. The 

SAXS and SANS methods allow visualization of 

the superposition of the cross sections of the two 

superimposed structures. When concentrations of 

SDS exceed CMC1, the content of HDL around 

the contact micelle prevails [4], and so the 

diameter of SDS micelles obtained by SAXS 

method is 6.0 nm. The qualitative analysis of 

(r) for the structure of the proposed model of 

micelle coincides with the model obtained in the 

experiment. For the quantitative analysis the 

material and the time balance of the two structures 

of micelle is not yet known. 

Other researchers have also observed the 

duality of ionic micelles. So, using the method of 
1
H NMR the presence of 33% of premicelles, 27% 

of the micelles and 40% of the monomers were 

identified in solutions of SDS in the area of CMC1 

[35]. The method of 
1
H NMR allows to follow the 

fast processes, but it cannot answer the question 

about the structure and size of aggregates. 

Therefore, the results of study of SDS solutions 

obtained using 
1
H NMR method can be explained 

with the help of our hypothesis. In our concept, 

the micelle and premicelle correspond to contact 

and hydrated micelles [35]. The contact micelle is 

not dissociated and the hydrated micelle has a 

long diffuse part of the electrical double layer. 

Therefore, in our concept, the classical formula is 

used to calculate the Gibbs energy of micelle 

formation, including the degree of dissociation of 

the micelles [4]. Due to the cooperatively 

processes of solubilisation the hydrophobic 

molecules (hydrocarbons) shift the equilibrium to 

the side of the contact micelle, and hydrophilic 

molecules (citric acid) shift that to the side of the 

hydrated micelle. In the hydrated micelle the 

synthesis of metal nanoparticles is possible. The 

new view at the structure of the micelle allows 

creating a new complex technology of obtaining 

nanomaterials from poor ores and wastes [36]. 

Recently, the kinetics of hydrocarbon 

groups in SDS micelles by quasi-elastic small-

angle scattering of neutrons was observed [37]. It 

was established the existence of two local spheres 

in micelles, inside which the hydrogen atoms of 

the conformers of hydrocarbon groups with 

different diffusion coefficients move. The small 

local sphere has a radius of 0.100.04 nm, the 

hydrogen atoms in it move with the diffusion 

coefficient (0.200.08)·10
-5

 cm
2
/s. In the large 

sphere with the radius of 0.290.09 nm, the 

hydrogen atoms move with the diffusion 

coefficient (1.70.1)·10
-5

 cm
2
/s. The different 

diffusion of the hydrogen atoms along the chain 

of one molecule of SDS is explained using the 

classical micelle model [37]. When the hydrogen 

atoms of the chain are closer to the centre of the 

micelle core, they move slower. When the 

hydrogen atoms of the chain are closer to the 

surface of the micelle, they move faster. On the 

other side, the hydrocarbon groups of contact 

micelle have a smaller diffusion coefficient, 

because they are compressed by HDL. The 

hydrocarbon groups of hydrated superposition of 

micelles have a larger diffusion coefficient, 

because they are located in the micelle with the 

more ―loose‖ water molecules of LDL. 
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Dynamic light scattering study 

Micelles form and decay very quickly,  

the relaxation time of the processes of 

micellisation established using various methods 

for aqueous solutions of different surfactants 

varies from 1 to 10
-9

 s. The values of relaxation 

time measured by the short-term methods, such as 

the method of pressure jump and the method of 

temperature jump are in the interval from 10
-2

 s to 

10
-5

 s. As a result of measurements by stationary 

methods such as NMR, EPR, the ultrasound 

absorption, the values of the relaxation were 

found smaller than 10
-5

 s [38]. It is assumed that 

the obtained relaxation time values correspond to 

the processes of association/dissociation of 

monomer–micelle, of association/dissociation of 

opposite ions of the micelle, of formation/decay 

of the micelle into ions, of the formation/decay of 

the micelles into submicelles. In the study of  

the kinetics of micelle formation in solution  

with SDS concentration of 0.01 M at 20°C, two 

values of relaxation time were obtained: 15 μs and 

1.8 ms [39]. It is assumed that the time of 15 µs 

refers to the process of exchange of SDS ions 

with micelles and the time of 1.8 ms refers to the 

process of decay and formation of micelles. It 

should be noted that in the study of the kinetics of 

micelle formation the identification of the 

particles involved in the relaxation processes  

were not performed [37]. The effect of the 

changes in the water structure on the kinetics of 

micelle formation was not taken into account 

either. In ―rigid‖ methods of classical studies of 

the kinetics of micelle formation such as the 

pressure jump, temperature jump and the 

ultrasound absorption, their effect on the process 

of micelle formation is not taken into account 

either. 

Meanwhile, using the ―soft‖ method of 

static light scattering it was shown that in aqueous 

solutions of ionic surfactants at concentrations 

near CMC1 in the area of micellization, water 

heterogeneous structures with high anisotropy are 

formed in small amounts [38]. The law of 

attenuation of the intensity of argon laser 

radiation with wavelength 514.5 nm polarized 

parallel to the scattering plane from the incident  

light which is polarized perpendicularly to the 

scattering plane and observed at an angle of 90
 

was studied [40]. With time, the intensity is 

attenuated exponentially with a certain time 

constant. The time constant remained constant for 

water during the whole observation time.  

The effect of temperature on the inverse value  

of the constant allowed determining the  

activation energy of formation of heterogeneous  

anisotropic structures. It was equal to the  

enthalpy of the hydrogen bonds breaking 

between water molecules - 25.1 kJ/mol [41].  

A periodic change of the scattering intensity of 

the SDS aqueous solution with a concentration of 

0.032 M was observed. Oscillations of the 

scattering intensity continued for a few days of 

observations for the same solution. As a result of 

this study, in aqueous solutions of SDS and other 

ionic surfactants, the rotation of the plane of 

polarization of the polarized monochromatic 

beam in the same region of surfactant 

concentration was observed [42]. With increasing 

SDS concentration up to CMC1, the rotation angle 

of the polarization plane gradually increased, and 

after reaching CMC1 it gradually decreased. 

In the present study, the SDS solutions of 

0.01 and 0.02 M concentrations were studied in 

the presence and absence of the same 

concentration of NaCl, using the DLS method. 

The DLS device detects the total intensity of the 

polarized monochromatic light scattering from 

particles during 1-2 minutes with 0.5 μs intervals, 

i.e. in the entire range of change of the relaxation 

time of the processes of SDS micelle formation 

from 15 µs up to 1.8 ms. The parameters of 

measurements, the obtained average diameters of 

the particles (d) and their standard deviations 

from the average are shown in Table 2; the 

average diameters obtained from the distribution 

of the number of scatterers over their size are 

given in parentheses.  

The average hydrodynamic size of the 

particles was calculated using the Zetasizer Nano 

ZS instrument software according to the obtained 

correlation functions. The average diameters 

calculated according to the intensity of scattered 

light and to the number of scatterers  

(presented in parentheses in Table 2), are 

different. So, for a solution of a 0.01 M SDS 

concentration the result of the calculation 

according to the intensity of the scattered light 

corresponds to three types of spheres with 

diameters 1.28, 185, 602.9 nm, and the result of 

the calculation, according to the number of 

scatterers, gives only one type of spherical 

particles with an average diameter of 0.98 nm and 

standard deviation of 0.22 nm. The reasons for 

this difference are described in the user manual of  

the device [43]. The appearance of hydrodynamic 

spheres with diameter values of 185 and 602.9 nm 

can be attributed to the appearance of 

microemulsion, air bubbles, but not fluctuations. 

Therefore, first of all, the validity of our 

measurements will be discussed. 
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Table 2 

The parameters of measurements and the obtained average diameters of the particles in  

aqueous SDS micellar solutions in the presence and absence of NaCl, at 298 K. 

Samples of SDS and 

SDS+NaCl, M 
PdI y d, nm I, % Standard deviation of d, nm 

0.01 0.412 0.879 1.28 23.2 0.21 

   (0.98)  (0.22) 

   185 61.6 49.78 

   602.9 15.2 168.1 

0.01+0.01 0.316 0.923 3.56 73.7 0.78 

   (2.82)  (0.59) 

   209.3 23.4 68.29 

   5019 2.9 612.6 

0.02 0.591 0.842 0.98 29.0 0.2 

   (0.80)  (0.16) 

   320.3 68.3 184.1 

   5395.5 3.6 312.6 

0.02+0.02 0.278 0.897 3.5 71.3 0.78 

   (2.69)  (0.59) 

   226.5 26.4 74.21 

   5067 2.3 608.0 

PdI- is the polydispersity index or the average distribution of spheres; 

y- is the section on the ordinate axis (y) of the correlogram;  

d- shows the hydrodynamic sizes of three particles with different respective rates of diffusion, the average 

diameters obtained from the distribution of the number of scatters over their size are given in parentheses;  

I- is the intensity of scattering by particles.  

 

 

The purity of the SDS compound and its 

solutions was checked by the absence of 

minimum on the isotherm of surface tension of 

the solutions. The IR spectrum of the crystal of 

SDS obtained after its recrystallization from ethyl 

alcohol, coincided with the original IR spectrum 

(data not shown). The air bubbles were visually 

absent after settling the solution during the 

measurements. The solution was filtered through 

0.45 µm membrane filter before pouring into the 

cell of the instrument. 

The settings parameters, which are selected 

by the device automatic system, are the important 

criterion of reliability of measurements. In the 

present study, the setting parameters of the 

measurements were set in the following ranges: 

time of the measurement 50-80 s, the count rate 

181.8-549.6 of kilophotones per second (kp/s), the 

segments on the ordinate axis (y) of the 

correlogram 0.842-0.923, the index of 

polydispersity (PdI) from 0.278 up to 0.591. 

These values were optimal for the equipment. The 

decrease in count rate during the measurement 

indicates the loss of particles in the monitoring 

area due to sedimentation. The value of the 

segment y, which is used to estimate the ratio of 

signal/noise of light scattered by studied sample, 

is optimal in the range 0.6-1.0. If it is greater than 

1, it means that there are very large fluctuations of 

the particles in a dispersed system, the sample 

absorbs light or fluoresces. The values of the PdI 

index were optimal also. When PdI< 0.05 the 

system is monodispersed, and when PdI> 7 the 

system contains particles with very broad size 

distribution. In this case the DLS method cannot 

be applied to study the system. The baseline for 

all correlation functions was zero; another its 

position means that there are very large 

fluctuations in the system (the presence of air 

bubbles). When the particles move free, the 

correlation function is always damped. The 

correlation function for large particles has a flatter 

slope than that for small particles. Analysis  

of the correlation function using the software 

provides the average particle size (Z) and the 

index of polydispersity (PdI). After confirming 

the reliability of our measurements, the 

hydrodynamic spheres can be identified. 

As one can see from Table 2, in solutions of 

SDS in the absence of NaCl, three hydrodynamic 

spheres are identified. These spheres can be 

denoted by numbers as their diameters increase. 

If for SDS solutions of 0.01 and 0.02 M 

concentrations without addition of salt 4 values of 

the diameter of the first sphere to average  

(Table 2), than the average diameter of the first 

sphere will be equal to 1.01 nm. Then the volume 

of the first sphere is equal to 0.540 nm
3
. The 

volume of a molecule of SDS is equal to  

0.352 nm
3
 [44]. Therefore, in the solution of SDS 
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the monomers or dimers with the largest diffusion 

rate from the three spheres existing in the SDS 

solution are identified. The second and the third 

spheres without added salt are the joint 

fluctuations of water density and SDS 

concentration. The diffusion rate of the second 

sphere is greater than that of the third sphere. The 

density of LDL is less than that of HDL. 

Therefore, the second sphere consists of 

LDL+SDS, and the third sphere consists of 

HDL+SDS. The DLS software identifies these 

unusual particles by hydrodynamic spheres. In 

fact, the fluctuations of water density are 

anisotropic. The properties of these water 

structures are different in various directions. Their 

anisotropic structure is not yet known. It can be in 

the form of a spiral, sandwich, planes, etc.  

As the experiment shows, the structure has an 

optical activity. It is arguing that both structures 

exist longer than the time delay of the DLS 

instrument, i.e. 0.5 μs. This is logical as the 

hydrocarbons and hydrocarbon groups of  

SDS increase the life time of water clusters 

(density fluctuations). In micellar solution of 

SDS, these structures oscillate. One can predict 

the existence of two structures based on the theory 

of Hill, T. and of polyamorphous transition in 

water in a concentration region of the micelle 

formation [45]. 

Using the SAXS method, the cross section 

of two superimposed structures and monomers is 

observed. According to the SAXS measurements, 

the size of the sphere, which has SDS molecules, 

is limited by the diameter 6-6.4 nm. Thus, as it is 

described in detail [4], the spherical micelles of 

SDS represent a bistable oscillating system which 

is accompanied by polyamorphous transition in 

the ensemble of small systems of water. 

When NaCl is added to the solution, the 

SDS molecules leave their joint with water 

clusters and form classical micelle. The 

electrostatic field of the salt ions destroys the 

fluctuations of water density. The average 

hydrodynamic diameter of the first sphere of 

micelle with addition of NaCl is 3.14 nm (see 

Table 2). This approximately coincides with the 

diameter of contact micelle 2.8 nm according to 

SAXS data. With increasing concentration of 

NaCl, the diameter of the micelle increases and 

reaches its highest value at the concentration of 

0.45 M NaCl. The intensity of light scattered by 

micelles increases up to 71.3-73.7 %, and the 

intensity of light scattered by clusters of micelles 

together with water decreases as compared to that 

in the absence of NaCl in solution (see Table 2). 

In the presence of NaCl, the SDS monomers are 

included in the micelles or, probably, partially 

they are ―hiding‖ in the remaining joint clusters of 

micelles and water. In the presence of NaCl, the 

hydrodynamic spheres with a size of 3.14 nm 

move faster than their hydrated counterparts. The 

spheres already are not ―wrapped‖ by anisotropic 

structures of the water molecules. Bistable 

structures are in equilibrium with them, but these 

structures are much fewer than without added salt. 

The DLS method can be used to obtain the 

information about the heterogeneous dynamics in 

SDS solution or about the fluctuations in space 

and time [46]. In this case, the diffusion 

coefficient and the diameter of the hydrodynamic 

sphere can be calculated using the data of the 

decay constant of the correlation function Г. The 

picture of Brownian motion of crystalline 

nanoparticles, for example, gold, obtained by 

DLS is clearer. The hydrodynamic sphere is the 

hydrated solid particle. For micelles, it was 

obtained the summary information about the 

fluctuations of SDS concentration, about  

the fluctuations of density, entropy, anisotropy of 

water. In this case, the software of the device that 

uses the mathematical model of Einstein-

Smoluchowski ―considers‖ these fluctuations as 

the Brownian motion of solid particles. In other 

words, the dynamics of processes in a solution of 

SDS in a concentration region of micelle 

formation, where the SAXS method detects 

―blobs‖ of electron density (lower or higher than 

that in usual water), is described in the theory of 

DLS by Brownian motion of hydrodynamic 

spheres. 

 

Conclusions 
The processes of sodium dodecyl sulphate 

(SDS) micelles formation in aqueous solutions 

were studied using the X-ray scattering  

method (SAXS and WAXS) and dynamic light 

scattering (DLS). 

The obtained results showed that the 

analysis of the X-ray scattering profile using the 

two approaches (i) independent on micelle model 

and (ii) direct modelling, differ considerably.  

As a result of the first approach for SDS aqueous 

solution with a concentration of 0.01 M, the 

calculated diameter of the micelle core was  

2.8 nm, the calculated diameter of the micelle 

with a shell was 6.0 nm. As a result of the second 

approach, the calculated parameters using 

literature data, were 3.6 and 4.4 nm, respectively. 

The obtained results of the study of SDS 

0.01 M solutions using DLS method showed  

the presence of three hydrodynamic spheres  

with diameters of 1.0 nm (SDS monomers),  
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185 nm (joint fluctuations of SDS+LDL), 603 nm 

(joint fluctuations of SDS+HDL). When adding 

0.01 M NaCl in SDS solution the monomers of 

SDS disappear, instead, the hydrodynamic 

spheres with a diameter of 3.14 nm (71-73 %) 

form. These spheres have the diffusion coefficient 

approximately equalled to the monomers 

diffusion coefficient. The number of the 

hydrodynamic spheres of SDS+SDS and 

LDL+HDL is greatly reduced.  

The obtained results and their hypothetical 

contradiction with classical ideas about the 

structure of micelles of ionic surfactants are 

explained in the framework of coexistence of 

polyamorphous transition in water and 

micellization or, in other words, of coexistence of 

fluctuations of the SDS concentration and  

of fluctuations of water density. 
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Abstract. Two new coordination compounds {(bpyH2)·[Fe(bpy)2(H2O)2(SO4)2]·2(H2O)}n (1)  

and {[Cu(bpp)2(H2O)]·(BF4)2·dmf·0.75(H2O)}n (2), (where, bpy= 4,4'-bipyridine and  

bpp= 1,3-bis(4-pyridyl)propane, dmf= N,N-dimethylformamide) have been synthesized by slow 

evaporation method based on rigid and flexible bis(pyridine) ligands. The obtained compounds were 

characterized by thermal analysis, FT-IR spectroscopy and single crystal X-ray diffraction analysis. The 

structure of 1 is a channel-containing open framework constructed through the hydrogen-bonding 

supported by the criss-cross arrangement of the 1D Fe-bpy anionic chains, in which the surrounding of 

the metal atom is completed by oxygen atoms belonging to water molecules and SO4
2-

 anions. The 

structure of 2 is formed by a one-dimensional polymeric cationic chain, in which the four bpp ligands 

connect with Cu(II) by four nitrogen atoms and one oxygen atom that belongs to a molecule of water 

that completes the surrounding of each metal atom. The complexes crystallize in the monoclinic space 

groups C2/c and P21 respectively, where Fe(II) and Cu(II) ions present a N2O4 octahedral and N4O 

square pyramidal environment. The hydrophilic regions absorb bpyH2
2+ 

and water molecules in 1 and 

BF4
-
 anions, water and dmf molecules in 2, which are held in the crystal lattices via hydrogen bonds. 

 

Keywords: crystalline coordination polymer, bridging ligand, supramolecular system, π–π stacking interaction. 
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Introduction 

The synthesis and characterization of 

crystalline coordination polymers has attracted 

substantial interest due to their potential broad 

range of applications, catalysis, gas sorption and 

biological properties [1]. Coordination 

compounds have advantages over organic 

compounds, because metals have a variety of 

coordination geometries and a wide range of 

physical properties. The organic bridging ligands, 

such as 4,4-bipyridine (bpy) and some other 

bis(pyridyl) derivatives, have recently been used 

to generate multidimensional hybrid materials, in 

which the inorganic M(II) (M= Fe, Cu) chains or 

layers are interlinked by organic bridging ligand 

[2-4]. These multidimensional hybrid materials 

can be made porous with large surface areas and 

tunable pore sizes and topologies, which leads to 

versatile architectures.  

Although up to date an overwhelming 

number of coordination polymers have been 

synthesized through various routes using organic 

bridging ligands, there is still a challenge in 

predicting the exact conformation of ligands  

in the coordination polymers. The use of 

divergent nitrogen ligands as building  

blocks in supramolecular chemistry is well  

known mainly due to their ability to generate  

multi-dimensional structures. For example,  

1,3-bis(4-pyridyl)propane (bpp) ligand through 

flexible trimethylene group can adopt different 

structural conformations (TT, TG, GG,  

and GG’, where T= trans and G= gauche) 

displaying quite different N···N distances and 

bend angles [5]. Due to its flexibility and its 

ability to act in bridging coordination mode, this 

ligand can provide one-, two-, and three-

dimensional coordination polymers with a variety 

of topologies depending not only on the metal 

salts employed but also on the synthetic 

conditions such as solvents, temperature,  

and pH. In addition, it is well known that the 

flexible nitrogen ligand bpp is used in the 

construction of coordination polymers that  

can show a wide range of interesting  

topologies as chains (Scheme 1), ladders, grids 

and adamantoid networks [6].  
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 bpy  bpp

 1D coordination polymers

 
Scheme 1. Schematic representation of the typical coordination polymers from  

prototypical neutral nitrogen-heterocycle bridging ligands. 

 

 

These networks can be formed due to the 

hydrogen-bonding between suitable organic 

molecules and cations or anions. Cations and 

anions are necessary for the charge balance to the 

metal cations, which typically function as nodes 

in the scaffolds. In the case of neutral bridging 

ligands, charge balance is achieved by anions 

from the original metal salt, for example, SO4
2-

 

and BF4
-
 [7].  

In this article, the synthesis, crystal 

structure determination and thermogravimetric 

analysis of two new one-dimensional coordination 

compound of N,N′-bipyridine-type ligands 

{(bpyH2)·[Fe(bpy)2(H2O)2(SO4)2]·2(H2O)}n (1) 

and {[Cu(bpp)2(H2O)]·(BF4)2·dmf·0.75(H2O)}n 

(2), dmf= N,N-dimethylformamide, are reported. 
 

Experimental 

All reagents and solvents were obtained 

from commercial sources and were used without 

further purification. 

Synthesis of {(bpyH2)·[Fe(bpy)2(H2O)2(SO4)2] 

·2(H2O)}n (1) 

FeSO4·7H2O (278 mg, 0.1 mmol) and  

4,4'-bipyridine (19 mg, 0.1 mmol) were dissolved 

in 6 mL of methanol. Then 10 drops of dmf were 

added. The reaction mixture was stirred for about 

5 min, filtered off and then slowly cooled to room 

temperature giving brown crystals. Yield: ~33%. 

Anal. calc. for C40H52Fe2N8O24S4 (%): C 42.11;  

H 4.59; N 9.82. Found: C 41.49; H 4.2; N 9.48.  

IR (cm
-1

): 3302 (w), 3202 (w), 1657 (m),  

1595 (w), 1530 (m), 1492 (s), 1410 (w), 1324 (s), 

1222 (s), 1073 (w), 1044 (m), 993 (m), 809 (m), 

737 (m), 675 (m), 460 (w), 410 (w). 

Synthesis of {[Cu(bpp)2(H2O)]·(BF4)2·dmf 

·0.75(H2O)}n (2)   

Cu(BF4)·nH2O (237 mg, 0.1 mmol) and 

1,3-bis(4-pyridyl)propane (15 mg, 0.1 mmol) 

were dissolved in 10 mL of methanol. Then  

8 drops of dmf were added. The reaction mixture 

was stirred for about 5 min, filtered off and then 

slowly cooled to room temperature giving  

blue-violet crystals. Yield: ~75%. Anal. calc. for 

C29H38.50B2CuF8N5O2.75 (%): C 50.19; H 5.52; N 

10.09. Found: C 49.78; H 5.05; N 9.86. IR (cm
-1

): 

3579 (w), 32246 (w), 1655 (m), 1620 (s), 1509 

(s), 1433 (m), 1386 (w), 1343 (s), 1231 (m), 1216 

(m), 1069 (m), 1027 (m), 992 (m), 822 (m), 806 

(m), 758 (m), 665 (w), 569 (m), 441 (m). 

Physical measurements 

Elemental analysis was performed on an 

elemental analyser (Vario El III, Elementar 

Analysensysteme GmbH).  

The IR spectra were obtained in Nujol on a 

FT-IR Spectrum-100 Perkin Elmer spectrometer 

in the range of 400-4000 cm
-1

.  

The thermogravimetric analysis (TGA) was 

carried out with a Derivatograph Q-1500 thermal 

analyzer in an air flow at a heating rate of 

10°C/min in the temperature range of 25-1000°C. 

X-ray structure determination. X-Ray 

diffraction measurements for 1 and 2 were carried 

out at room temperature on an Xcalibur E 

diffractometer equipped with CCD area detector 

and a graphite monochromator utilizing MoKα 

radiation. Final unit cell dimensions were 

obtained and refined on an entire data set. All 

calculations to solve the structures and to refine 

the proposed models were carried out with the 

SHELXS97 program package [8]. All non-

hydrogen atoms were refined anisotropically. 

Hydrogen atoms refined isotropically and 

attached to carbon and oxygen atoms were 

positioned geometrically using a riding-atom 

model of SHELXL default parameters with 

Uiso(H)= 1.2Ueq(C), Uiso(H)= 1.5Ueq(C), 

Uiso(H)= 1.5Ueq(N) and Uiso(H)= 1.5Ueq(O), 

respectively. The crystallization water molecules 

in 2 are localized in two positions with a 

coefficient of occupancy 0.5 and 0.25. The 

solvent accessible voids (SAVs) were calculated 

using PLATON [9]. 

Crystallographic data for new structures 

reported herein were deposited with the 

Cambridge Crystallographic Data Centre and 

allocated the deposition numbers CCDC 1892725 

and 1892726. These data can be obtained free of 
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charge from the Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

Results and discussion 

Both coordination compounds were 

obtained in the identical synthetic conditions by 

mixing the warm solutions with N,N′-chelating 

ligands and dmf in methanol. The X-ray data and 

the details of the refinement for compounds 1 and 

2 are summarized in Table 1, selected geometric 

parameters are given in Tables 2 and 3. 

Compound 1 crystallizes in the monoclinic 

C2/c space group (Table 1). This compound 

consists of a 1D anionic chain of 

[Fe(bpy)2(H2O)2(SO4)2]
2n-

n, protonated bpy as 

organic cations (bpyH2)
2+

, and water solvate 

molecules (Figure 1). In the unit cell there are two 

crystallographic independent atoms of metal, the 

Fe(1) atom is located in the centre of symmetry, 

and Fe(2) on axis c, which condition the chains 

symmetry. The Fe(II) coordination core 

corresponds to the distorted N2O4 octahedral 

coordination environment. Each Fe atom  

is coordinated by two pyridine nitrogen donors,  

Fe–N distances are in the range of  

2.222(3)-2.194(5) Å, two sulphate oxygen donors, 

Fe–O distances are 2.103(3)-2.112(3) Å, and two 

water molecules, Fe–O 2.158(3)-2.152(3) Å 

(Table 2). The pair of donor atoms occupy trans 

position to each other, and the N–Fe–N and  

O–Fe–O bond angels values are close to 180º 

(Table 2). The cis N–Fe–O and O–Fe–O bond 

angels are slightly deviated from 90°. The two 

pyridine rings of each bpy coordinated ligand are 

co-planar, and in (bpyH2)
2+

 the angle between 

cycles is equal to 5º. 

Since a coordinated sulphate anion has a 

tetrahedral geometry with four oxygen atoms, 

providing multi–linking sites, this anion can give 

rise to a well–associated network with metal-bpy 

modules [10,11]. A relevant synthetic strategy for 

the channel structure is to use a rod-like bridging 

ligand 4,4'-bipyridine [12]. The structural 

characterization of sulphate-bridged coordination 

polymer, [Fe3(bpy)3(H2O)6(SO4)4]n
2-

, shows that 

sulphate anion acts as an effective connector 

between the Fe centers, the crystal structure 

affording a 3D porous framework. In 1 we have 

divided 1D chains formed by alternating Fe (1) 

and Fe (2) atoms (Figure 2(a)). The network is 

formed via hydrogen bonds between sulphate 

anions and the coordinated and solvation  

water molecules O–H(H2O)···O(SO4) and  

also by (bpyH2)
2+

 cations through the  

N–H(bpyH2)···O(SO4) hydrogen bridges and by 

··· interactions as well (Figure 2(b),(c),(d), 

Table 3). 

 

 

Table 1 

Crystallographic data and structure refinement details for compounds 1 and 2. 

Parameters  Value 

Compound 1 2 

Empirical formula  C40H52Fe2N8O24S4 C29H38.50B2CuF8N5 O2.75 

Formula weight  1268.84 738.31 

Temperature (K) 293(2) 293(2) 

Wavelength (Å) 0.71073 0.71073 

Crystal system  Monoclinic Monoclinic 

Space group  C2/c P21 

Z 4 2 

a (Å) 22.4227(13) 10.4031(5) 

b (Å) 11.5446(6) 16.1225(8) 

c (Å) 18.9051(12) 11.4748(5) 

β (deg) 98.165(6) 109.513(5) 

V (Å
3
) 4844.2(5) 1814.1(2) 

Dc (g/cm 
–3

) 1.740 1.352 

μ (mm
-1

) 0.870 0.678 

F(000) 2624 761 

Crystal size (mm
3
) 0.22 x 0.18 x 0.02 0.4 x 0.22 x 0.05 

Reflections collected/unique 7853/4281 [Rint= 0.0463] 6617/4373 [Rint= 0.0296] 

Reflections with [I>2(I)] 2774 3364 

Parameters 356 444 

GOF on F
2
 1.005 1.003 

Absolute structure parameter - -0.01(2) 

R1, wR2 [I>2(I)] 0.0537; 0.1048 0.0626; 0.1595 

R1, wR2 (all data)  0.0913; 0.1212 0.0846; 0.1752 
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Table 2 

Bond distances (Å) and angles (°) between the crystallographic independent atoms  

in the 1 and 2 coordination cores. 

1 

Bond d, Å Bond d, Å 

Fe(1)–O(1) 2.103(3) Fe(2)–O(5) 2.112(3) 

Fe(1)–O(1w) 2.158(3) Fe(2)–O(2w) 2.152(3) 

Fe(1)–N(1A) 2.222(3) Fe(2)–N(1B) 2.194(5) 

  Fe(2)–N(2B)
iii

 2.232(4) 

Angle ω, deg Angle ω, deg 

O(1)–Fe(1)–N(1A) 89.06(11) O(5)–Fe(2)–O(5)
ii
 172.6(2) 

O(1)–Fe(1)–N(1A)
i
 90.94(11) O(5)–Fe(2)–N(1B) 86.27(7) 

O(1)–Fe(1)–O(1w) 91.86(11) O(5)–Fe(2)–N(2B)
iii

 93.73(7) 

O(1)–Fe(1)–O(1w)
i
 88.14(11) O(5)–Fe(2)–O(2w) 91.56(10) 

O(1w)–Fe(1)–N(1A) 91.65(11) O(5)–Fe(2)–O(2w)
ii
 88.72(10) 

O(1w)–Fe(1)–N(1A)
i
 88.35(11) O(2w)–Fe(2)–N(1B) 92.12(7) 

  O(2w)–Fe(2)–N(2B)
iii

 87.88(7) 

  O(2w)–Fe(2)–O(2w)
ii
 175.8(1) 

2 

Bond d, Å Bond d, Å 

Cu(1)–N(1A) 2.024(5) Cu(1)–N(2B)
i
 2.039(6) 

Cu(1)–N(2A)
i
 2.020(5) Cu(1)–O(1w) 2.292(6) 

Cu(1)–N(1B) 2.023(5)   

Angle ω, deg Angle ω, deg 

N(1A)–Cu(1)–N(1B) 88.3(2) N(1B)–Cu(1)–N(2A)
i
 170.0(4) 

N(1A)–Cu(1)–N(2B)
i
 169.5(4) N(1B)–Cu(1)–N(2B)

i
 92.0(2) 

N(1A)–Cu(1)–N(2A)
i
 91.17(18) O(1w)–Cu(1)–N(2A)

i
 98.6(3) 

N(1A)–Cu(1)–O(1w) 94.4(3) O(1w)–Cu(1)–N(2B)
i
 96.1(3) 

N(1B)–Cu(1)–O(1w) 91.4(2) N(2A)
i
–Cu(1)–N(2B)

i
 86.7(2) 

1: i –x+1/2, –y+3/2, –z;    ii –x, y, –z+1/2;    iii x, y–1, z. 

2: i x, y, z–1. 

 

 

 

Table 3 

Hydrogen bond geometry (Å). 

D–H···A d(H···A) d(D···A) (DHA) 
Symmetry transformations for 

acceptor A 

1 

O(1w)–H(1) ··O(3w) 1.97 2.758(4) 173 x, y, z 

O(1w)–H(2) ··O(7) 2.27 3.031(5) 156 –x+1/2, y+1/2, –z+1/2 

O(2w)–H(1) ··O(8) 2.05 2.754(4) 157 –x, y, –z+1/2 

O(2w)–H(2) ··O(3) 1.83 2.695(4) 169 x, –y+1, z+1/2 

O(3w)–H(1) ··O(7) 2.25 3.091(5) 166 x, y+1, z 

O(3w)–H(1)···O(8) 2.54 3.191(5) 133 x, y+1, z 

O(3w)–H(2)···O(4) 2.36 3.100(5) 146 x, y, z 

O(4w)–H(1)···O(4) 2.11 2.985(5) 166 x, y, z 

O(4w)–H(2)···O(3) 2.04 2.910(4) 165 –x, –y+1, –z 

N(1C)–H(1)···O(6) 1.69 2.628(5) 164 x, y, z 

N(2C)–H(2)···O(2) 1.80 2.618(4) 173 x, –y+2, z+1/2 

2 

O(1w)–H(1)···O(1D) 1.92 2.72(1) 172 x, y, z 

O(1w)–H(2)···O(2w) 1.90 2.73(2) 173 x–1, y, z–1 

O(2w)–H(1)···F(4) 1.77 2.53(3) 172 x, y, z 

O(2w)–H(2)···O(3w) 2.13 3.02(4) 179 x+1, y, z 

O(3w)–H(1)···O(2w) 2.32 3.02(4) 143 x–1, y, z 

O(3w)–H(2)···F(6) 2.46 3.03(4) 125 x, y, z 

O(3w)–H(2)···F(8) 2.12 2.97(4) 179 x, y, z 
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Figure 1. View of the fragment of Fe(II) compound 1 with the numbering scheme of  

crystallographic independent atoms. 

 

 

 

 

 

 
(a) (b) 

 

 
 

(c) (d) 

 

Figure 2. The fragment of 1D chains of polymeric compound 1, the coordinated sulphate anions and H2O 

are omitted for clarity (a). The assembly mode of the polymeric chains formed by Fe1 and Fe2 (b). 

Cation interactions of (bpyH2)
2+

 with polymer chains (c).  
The assembly mode of the polymeric chains formed by Fe1 (d). 
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Intermolecular O(H2O)–H···O(SO4
2-

) 

hydrogen bonds involving the coordinating water 

molecules as donors and the sulphate O atoms as 

acceptors form zigzag-like hydrogen-bonding 

chains, which are further assembled via hydrogen 

bonds involving the solvated water molecules and 

(bpyH2)
2+

, thus forming a supramolecular network 

structure. In the crystal structure it is highlighted 

that the layer is composed of linear anionic  

chains formed by Fe(1) lines parallel along the  

c-axis, which are connected by ··· interactions  

(3.653 Å) with protonated (bpyH2)
2+

 ligands. The 

molecules (bpyH2)
2+

 connected these layers with 

the chains formed by Fe(2) through hydrogen 

links (Table 3). The Fe(1)···Fe(1) distance in the 

same chain is equal to 11.545 Å, Fe(1)···Fe(1) in 

neighbouring chains is 11.545 Å, Fe(2)···Fe(2) in 

the same chain 11.545 Å, Fe(1)···Fe(2) into 

neighbouring chains are 10.186 Å and 9.304 Å. 

The interaction in the system Cu(BF4)2 – 

1,3-bis(4-pyridyl)propane (bpp) resulted in a new 

1D coordination polymer with the composition 

{[Cu(bpp)2(H2O)]·(BF4)2·dmf·0.75(H2O)}n (2), 

and this compound was studied by FT-IR 

spectroscopy, TG analysis and the single crystal 

X-ray diffraction method. Compound 2 

crystallizes in non-centrosymmetric monoclinic 

P21 space group (Table 1) and the asymmetric 

unit comprises one Cu(II) cation, two coordinated 

bpp ligands, two BF4
-
 anions, one molecule of 

dmf and water molecules of crystallization, 

occupying two independent crystallographic 

positions with coefficient 0.5 and 0.25  

(Figure 3(a)). The copper atom of the polymer 

cation is in the square-pyramidal coordination 

(4N+O). The Cu–Nbpp distances are in the range 

2.020(5)-2.039(6) Å, the Cu–Ow distance is 

2.292(6) Å. The O–Cu–N angles are in the range 

of 91.4(2)-98.6(3)° (Table 2). Each bpp ligand is 

linked to two Cu(II) ions in a double-stranded 

bridge fashion, thus extending the structure to 1D 

double tape composed of the 24-membered 

metallic ring with Cu···Cu separation of 11.475 Å 

across the cavity which are aligned along the  

c-axis (Figure 3(b)). 

 

  
(a) (b) 

 

 

 
(c) 

 

Figure 3. Coordination environment of the Cu(II) ion with the atom labelling (a).  
Fragment of the double-stranded bridge coordination chain (b). Crystal packing of 2 (c). 

 

125 



A. Vitiu / Chem. J. Mold., 2019, 14(1), 120-127 

 

The crystallization water and dmf 

molecules are involved through hydrogen bonds: 

coordinated water molecule as donor binds with O 

atom of dmf and one crystallization water 

molecule. The BF4
-
 anions are held in the crystal 

lattice via OH···F hydrogen bonds with polymer 

cation through crystallization water molecules  

(Table 3, Figure 3(c)). The volume, occupied by 

solvent molecules as calculated by PLATON 

comprises 447.9 Å
3
 or (24.7%) of the total unit 

cell volume, thus indicating a high solvent uptake. 

Analysis of the Cambridge Structural 

Database [13] reveals three Cu(II) coordination 

1D polymers built with Cu(II) atoms in the N4O2 

distorted octahedral [14] and N4O square-

pyramidal coordination environments (Table 4) 

[15]. Use of the longer bridging bpp ligand causes 

voids in the crystal lattice and facilitates 

calculation of solvent accessible voids (SAVs) in 

these structures with the removed water molecule 

yields from the total unit cell volume. Among the 

compounds summarized in Table 4, compound 2 

is the best packed and demonstrates the most 

promising adsorptive properties even after the 

removal of solvent molecules. 

Infrared spectroscopy study 

The FT-IR spectra of the both compounds 

reveal similarities with slight displacement of 

vibration signals, and are different through 

vibrational bands of inorganic anions. FT-IR 

spectra interpretation was done according to 

literature data [16]. Both compounds show a 

broad band in the 3300-3500 cm
-1

 region that may 

be assigned to the (OH) stretching vibration, 

indicating the presence of water molecules in the 

structure in accordance with the thermal analysis 

results. The bands from the range 1657-1595 cm
-1

 

may be attributed to the pyridyl stretching mode 

ν(C-C) and ν(C-N) of a bpy and bpp ligands. The 

SO4
2- 

anion band of compound 1 is observed at 

1073 cm
-1

 and the two BF4
- 

anion bands are 

observed in the region 1067-1027 cm
-1

.
 
The strong 

band in the range from 410 to 460 cm
-1

 

corresponds to Fe–O vibrations. For the Cu(II) 

compound, the bands at 440 cm
-1

 and 569 cm
-1

 

correspond to elongated vibrations of Cu–O, and 

Cu–N bonds, respectively. 

Thermogravimetric analysis 

The decomposition of 2 was investigated by 

combined TG-DTA (Figure 4). The first weight 

loss step is observed in the range of 47-89°C, 

corresponding to the removal of three molecules 

of water and accompanied by a weak endothermic 

effect with a 7.26% (7.08% calc.) mass loss. 

Subsequent heating leads to the loss of a dmf 

molecule from the outer sphere, with mass loss 

accounting for 8.37% (9.59% calc.). 

 

Table 4 

Selected geometrical and crystal packing parameters in 2 and relative compounds. 

Compound SG Topology SAVs, Å (%) Refcode CSD, Ref. 

{[Cu(bpp)2(H2O)]·(BF4)2·dmf·0.75(H2O)}n (2) P21 1D 447.9 (24.7)
a
 Present work 

{[Cu(bpp)2(H2O)2]·tdc·5.5H2O}n P-1 1D 380.6 (20.4)
a
 QUJHUZ, [14]  

{[Cu(bpp)2(H2O)]·ip·7H2O}n P21 1D 353.1 (18.6)
a
 OTASOS, [15]  

{[Cu(bpp)2(H2O)2]·tp·7H2O}n P21/n 1D 857.2 (22.5)
a
 OTASIM, [15]  

a
SAVs calculated with the removal of guest molecules (H2O and dmf). 
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Figure 4. TG-DTA pattern of compound 2. 
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At 150°C, a new mass loss is observed, 

which corresponds to the removal of two BF4
-
 

anions with a 22.86% loss of mass (22.86% calc.). 

In the range of 347-680°C degradation of the bpp 

ligand takes place, this process being strongly 

exothermic with a maximum at 522°C. The mass 

fraction of the obtained residue corresponds to 

CuO, representing 10.91% (10.51% calc.). 

 

Conclusions 
In summary, the two new 1D coordination 

polymers based on octahedral Fe(II) and square-

pyramidal Cu(II) complexes and N,N'-bipyridine-

type ligands were synthesized and characterized. 

Using the X-ray diffraction it was demonstrated 

that compound 1 is formed by the polymeric 

separate [Fe2(bpy)2]n
2- 

anionic chains with the 

participation of  Fe(1) and Fe(2) atoms. 

Additionally, it was shown that the [bpyH2]
2+

 

organic cations and water molecules of 

crystallization are located between chains. In 

compound 2 the [Cu(bpp)2(H2O)]n
2+

 cations form 

polymeric double chains, which are linked to  

BF4
-
 anions and crystallization water molecules 

via hydrogen bonds thus determining the  

polymer packing. 
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