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Abstract: Arsenic exists in the form of various chemical species differing in 
their physicochemical behaviour, toxicity, bioavailability and biotransfor-
mation. The determination of arsenic species is an important issue for envi-
ronmental, clinical and food chemistry. However, differentiation of these spe-
cies is a quite complex analytical task. Numerous speciation procedures have 
been studied that include electrochemical, chromatographic, spectrometric and 
hyphenated techniques. This review presents the relevant research in the field 
of arsenic speciation analysis with novel applications and significant advances. 
Stability of arsenic species and each of the analytical steps (sample collection, 
storage, preservation, extraction) of the arsenic speciation methods is parti-
cularly evaluated. Analytical validation and performance of these methods are 
also reviewed.  

Keywords: arsenic speciation; adsorption; extractions; water, soil; biological 
sample. 
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1. INTRODUCTION 

Arsenic research is opening up new scientific topics, especially in speciation 
analysis. Methods for determining traces of total arsenic and different chemical 
forms of arsenic have become increasingly important due to the different toxicity 
and chemical behaviour of the various forms of arsenic. Consequently, various 
speciation procedures have been proposed and reviewed.1 For the routine deter-
mination of a large number of arsenic samples, well-established methods that 
involve the coupling of separation techniques, such as ion chromatography (IC)2 
and high performance liquid chromatography (HPLC)3, with a sensitive detection 
system, such as inductively-coupled plasma-mass spectrometry (ICP-MS), ato-
mic fluorescence spectrometry-hydride generation (AFS-HG) and atomic absorp-
tion spectrometry-hydride generation (AAS-HG)4 are the methods of choice. 
Procedures for the separation of arsenic species on various sorbents and exchange 
resins have also been developed and proposed.5–9 The most important aspect in 
non-chromatographic and chromatographic methods is the selective separation of 
the arsenic species. Recently, our research group was involved in finding a pro-
cedure and material that are efficient for the selective separation of arsenic spe-
cies6–8 and arsenic removal from water.10,11  

The maximum permissible concentration (MPC) of total arsenic in drinking 
water is set at 10 µg L–1, while the limit values for arsenic species have not been 
established.12,13 For this toxic element and its species, highly sophisticated 
equipment and sensitive methods should be applied. An adequate method for the 
estimation of the limits would facilitate the necessity and relevant progress in 
determining arsenic and its species. Numerous methods for total arsenic concen-
tration and speciation are reported in the literature.14 The ICP-MS method is 
highly sophisticated technique that enabled a decrease in the limit of detection 
(LoD) from 5 or even 25 µg L–1 established at the end of the 20th century15 to 
values below 1 µg L–1 for arsenic determination.  

This review considers primarily the remarkable developments in speciation 
analysis of arsenic in the last decade. 

The chemical species are specific forms of an element defined though its: 1) 
isotopic composition, 2) electronic or oxidation state, 3) inorganic and organic 
compounds and their complexes, 4) organometallic species and 5) macromole-
cular compounds and complexes.16 Speciation analysis involves analytical acti-
vities for identifying and measuring the quantities of individual chemical species 
in a sample.17 Determination of total element concentration does not provide 
adequate information to understand the effects observed in the environment and 
in living systems.  

The toxicity, bioavailability, physiological and metabolic processes and 
mobility are greatly dependant on the specific chemical form of the element. 
Potentially, toxic arsenic compounds are found in every aspect of the environ-
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ment. Inorganic arsenic occurs on earth naturally in small amounts. Humans may 
be exposed to arsenic through food, water and air. Exposure may also occur 
through skin contact with soil or water that contains arsenic. Arsenic exists in 
different inorganic and organic chemical forms and different arsenic species 
exhibit different toxicities.18 Inorganic arsenic compounds are more toxic than 
organic compounds and the acute toxicity generally decreases with increasing 
degree of methylation.19 Depending on the source, a metal or metalloid can enter 
the environment, where it might be converted into another compound. Therefore, 
in order to obtain information on the activity and toxicity of a specific element it 
is necessary to know its specific chemical and physical forms.20 

2. ARSENIC CHEMISTRY AND ARSENIC SPECIATION – PREVIOUS REVIEWS 

Arsenic has more than fifty identified different naturally occurring arsenic 
containing chemical species.21 The names, abbreviations and structure of the 
most widespread arsenic species in the environment are presented in Table I. 
Arsenic occurs in the environment in four oxidation states (As3+, As5+, As0 and 
As3–) in inorganic as well as in organic forms.1,21,22 Inorganic arsenic comprises 
two oxyanions, arsenite As(III) and arsenate As(V). Different organoarsenic 
compounds exist but the most common in the environment are monomethyl-
arsonic acid (MMA) and dimethylarsinic acid (DMA). In addition, simple 
methylated arsenic species are trimethylarsine oxide (TMAO) and the tetrame-
thylarsonium ion (TETRA). A number of organoarsenic compounds are present 
in biological samples: arsenobetaine (AB) as a dominant species in fish, arseno-
choline (AC) and trimethylarsoniopropionate (TMAP). Other forms of As, such 

TABLE I. Names, abbreviation and structure of the most common arsenic species 

Name of arsenic species Abbreviation Structure 
Arsenous acid, arsenite As(III) H3AsO3, H2AsO3

-, HAsO3
2-, AsO3

3- 

Arsenic acid, arsenate As(V) H3AsO4, H2AsO4
-, HAsO4

2-, AsO4
3- 

Monomethylarsenic acid MMA CH3AsO(OH)2 

Dimethylarsinic acid DMA (CH3)2AsO(OH) 
Trimethylarsine oxide TMAO (CH3)3AsO 
Trimethylarsoniopropionate TMAP (CH3)3As+CH2CH2COO- 

Tetramethylarsonium ion TETRA, TMA (CH3)4As+ 
Arsenobetaine AB (CH3)3As+CH2COOH 
Arsenocholine AC (CH3)3As+CH2CH2OH 
Dimethylarsinyolacetic acid DMAA (CH3)2AsOCH2COOH 
Phenylarsine oxide PAO C6H5AsO 
Phenylarsonic acid PAA C6H5AsO(OH)2 

Arsenosugars C7H14AsO3CH2CH(OH)CH2R 
Arsenosugar 1 (glycerol sugar) – R=OH 
Arsenosugar 2 (phosphate sugar) – R=OP(O)(O-)OCH2CH(OH)CH2OH 
Arsenosugar 3 (sulphonate sugar) – R=SO3

- 
Arsenosugar 4 (sulphate sugar) – R=OSO3

- 
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as arsenosugars, occur mainly in water organisms. Extensive toxicity studies of 
As showed that different forms exhibit different toxicities. Inorganic arsenic spe-
cies are about 100 times more toxic than organic arsenic compounds.22 Trivalent 
arsenic is about 60 times more toxic than the oxidized pentavalent state.23 
Methylation of inorganic arsenic in the body is a detoxification process, which 
reduces the affinity of the compound for tissue as an adsorbent.23 

In natural waters, arsenic appears most often in inorganic forms and to a 
lesser extent in organic form such as MMA and DMA. As(V), MMA and DMA 
are stable in oxidized systems, while As(III) is unstable under oxidizing condi-
tions and is readily oxidized.24 In natural water, As(III) occurs at much lower 
concentrations compared to As(V), which makes its direct detection difficult and 
inevitably pre-concentration steps are required.25  

Recent complementary reviews on specific aspects of arsenic speciation 
analysis are listed in Table S-I of the Supplementary material to this review. The 
review starts from Francesconi14, who gives the base on how to understand the 
complexity of arsenic environmental and biological chemistry and it ends with 
Komorowicz,1 a paper devoted to HPLC–ICP-MS techniques for arsenic and its 
speciation in water samples. 

During the last decade, a significant number of scientific papers reporting 
the development in arsenic speciation have been published. The focus of research 
was the development and improvement of methods for arsenic extraction, sepa-
ration and detection. The selection of an appropriate method for the extraction of 
arsenic species from different matrices without changing the oxidation state or 
with minimal loss by volatilisation or adsorption is still a challenging topic for 
research. 

Liquid separation techniques, such as high-performance liquid chromato-
graphy (HPLC) and less popular capillary electrophoresis (CE) are the most 
frequently used techniques for the separation of soluble forms of arsenic species. 
The advantage of HPLC is the extended range of separation mechanisms by 
different mobile and stationary phases. The most applied detection technique is 
ICP-MS, especially after HPLC separation. This technique was applied in many 
studies for different sample types (environmental, biological and food samples). 
Application of ICP-MS has great capabilities since it can be used as a highly 
sensitive and element specific detector. Hydride generation atomic absorption 
spectrometry (HG-AAS) is a relatively simple and inexpensive technique but 
suitable only for hydride active As species. Electrochemical methods are suitable 
only for direct measurements in simple solutions. 

The number of publications on arsenic speciation analysis has increased 
steadily since 2003. The number of publications, as shown in Fig. 1 from Science 
Direct, has increased from 32 articles per year (published in 2003), up to 125 
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articles per year (published in 2012). As presented, the interest for arsenic species 
is permanently growing. 

3. ANALYTICAL METHODS FOR SPECIATION ANALYSIS 

The ideal solution for direct measurement of species would be in situ anal-
ysis. However, very few techniques provide the necessary selectivity and sensi-
tivity required for trace element speciation analysis. Those are: nuclear magnetic 
resonance (NMR), X-ray photoelectron spectroscopy (XPS), electron spectros-
copy for chemical analysis (ESCA), X-ray absorption fine structure spectroscopy 
(XAFS), electron spin resonance (ESR), tandem mass spectroscopy (TMS) and 
Mössbauer spectroscopy. 

 

Fig. 1. Evolution of the number of published papers on arsenic speciation since 2003. 

However, for species determination in practice at least two steps are usually 
applied: separation and detection. The most commonly used detection methods in 
speciation analysis are atomic absorption spectrometry (AAS), atomic fluores-
cence spectrometry (AFS), atomic emission spectrometry (AES) and inductively 
coupled plasma mass spectrometry (ICP-MS). Furthermore, electrochemical 
methods are also powerful tools for speciation analysis.39 

Coupled techniques combining the separation power of a chromatographic or 
equivalent separation technique with the detection power of the most sensitive 
atomic spectroscopic techniques are the most applicable hyphenated techniques. 
Nowadays, hyphenated techniques couple the separation technique on-line with 
the detection technique. The advantages of such hyphenated techniques are 
manifold: a high degree of automation, a high sample throughput and a good 
reproducibility, a short analysis time, reduced risk for species transformation 
during analysis, a reduction in contamination due to a closed system and a high 
degree of information due to enhanced combined selectivity of the involved tech-
niques. Different separation techniques that could be successfully coupled with 
sensitive detection techniques are presented in Fig. 2.40 
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Analytical methods for determining different arsenic species have become 
increasingly important due to the different toxicity and chemical behaviour of the 
various arsenic forms. Well-established methods that involve the coupling of 
separation techniques, such as ion chromatography (IC)41,42 and high perfor-
mance liquid chromatography (HPLC)43,44 with a sensitive detection system, 
such as inductively coupled plasma-mass spectrometry (ICP-MS),6 hydride gene-
ration-atomic fluorescence spectrometry (HG-AFS), hydride generation-atomic 
absorption spectrometry (HG-AAS)45 and graphite furnace-atomic absorption 
spectrometry (GF-AAS)46 are the methods of choice for the routine determi-
nation of a large number of water samples. 

Fig. 2. Actual techniques for speciation 
analysis.40 Legend: GC – gas chromato-
graphy; HPLC – high performance 
liquid chromatography; MIP – micro-
wave-induced plasma, ICP – inductively 
coupled plasma; CE – capillary electro-
phoresis; ESI – electrospray ionization; 
AES – atomic emission spectrometry; 
MS – mass spectrometry. 

A compilation of the developed methods commonly employed in speciation 
analyses is provided in Table S-II of the Supplementary material. The HPLC– 
|–ICP-MS method was applied in many studies with all types of sampled and this 
was the main step in improving arsenic speciation analysis. The only other tech-
nique that had application for all sample types is HG-AAS, usually after on-line 
HPLC separation. X-ray spectroscopic methods dominate in solid sample anal-
yses. This is not surprising since all the coupled techniques require the arsenic 
species to be in solution, and suitable extraction procedures have not yet been 
developed for sediments and soils. Indeed, sample extraction is becoming one of 
the key issues in arsenic speciation analysis. 

The analytical performance of an analytical method must be evaluated 
through validation protocols. Besides specificity and/or selectivity, linearity of 
calibration, repeatability and accuracy, the most important parameters are LoD 
(limit of detection) and LoQ (limit of quantification). All of the limits are related 
and have distinct definitions. Through the limits, it is possible to define the 
lowest concentration of an analyte that can be reliably detected and quantified. In 
this part of the review, the focus is analytical limits in the determination of 
arsenic species.  
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The obtained values for LoD and LoQ (Tables S-II and S-III of the Sup-
plementary material) depend not only on the different matrices, extraction tech-
niques and instruments for the measurements, but also on the different 
approaches for calculation. It could be noticed that several protocols are com-
monly used for LoD estimation: traditionally the 3σ method, method detection 
limit (MDL) according to US EPA and method of calculating signal to noise ratio 
based on manual measurements of peak heights on chromatogram printout. These 
methods are popular due to their simplicity, but at the same time characterized as 
not valid. Once again, the proper use of basic Currie definitions should be 
emphasized. The procedure for LoD determination should include testing 
whether the analytical measurement system is homoscedastic (standard deviation 
of measurement error is constant) or heteroscedastic (standard deviation of mea-
surement error changes with concentration), and subsequently the adequate for-
mulae for both the critical value and LoD should be used. Incorporating a blank 
subtraction factor and taking heteroscedasticity into account leads to unbiased 
and efficient estimates of the limits.83 

Some recent articles dealing with arsenic speciation are reviewed concerning 
limit of detection, LoD and limit of quantification, LoQ, determined by different 
analytical techniques and different sample preparation procedure, are listed in 
Table S-III of the Supplementary material. The precision, most often determined 
as a value of relative standard deviation, is also analyzed and presented in Tables 
S-II and S-III of the Supplementary material. The obtained values of precision do 
not exceed 20 %. The recovery of the methods is usually calculated from spiking 
of the samples or from standard reference materials (SRM). The values for the 
recovery were also studied and the obtained values, which were greater than 70 
%, are listed in Tables S-II and S-III of the Supplementary material.  

4. STABILITY OF ARSENIC SPECIES: SAMPLE COLLECTION, STORAGE 
AND PRESERVATION 

Sampling problems such as loss of analyte or contamination have long 
plagued trace element analyses, but they are nowadays reasonably well under-
stood and controlled. The situation with arsenic speciation analysis is much more 
complex, and for many types of samples/species, there is still a long way to go 
before the problems can be adequately addressed.14 Sampling and storage pro-
cedures could be considered as a key requirement in order to preserve the species 
information during the whole analytical process. Two main strategies could be 
distinguished for achieving this goal. Firstly, species preservation should keep 
the chemical species of interest unchanged during all steps of analysis to avoid 
changes in the oxidation state, changes induced by microbial activity and losses 
by volatilization or adsorption. Secondly, the species could be quantitatively 
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transformed into suitable derivatives for further separation, accumulation and 
quantification.89  

The most reliable method for preserving natural water samples is, therefore, 
acidification to pH 2, refrigeration and deoxygenation.90 According to Segura et 
al.43, arsenic species in water are stabile under neutral conditions for a period of 
4 months if they are placed in polypropylene bottles in a refrigerator. Using phos-
phoric acid as a preservation agent, samples remain stable for 3 months, even if 
they show evidence of high concentrations of iron or manganese.91 Phosphoric 
acid at a final concentration of 10 mM is recommended as a preservation agent, 
combined with keeping the samples cool (6 °C) and in the dark. 

McCleskey et al.92 investigated the influence of preservation of water 
samples for As(III) and As(V) determinations. To stabilize dissolved As redox 
species, it is imperative for the samples to be filtered, preserved with HCl, 
H2SO4, or ethylenediaminetetraacetic acid (EDTA) to stabilize Fe, and to be 
stored in the dark. Filtering the sample removes most of the colloidal material 
and micro-organisms that can affect the dissolved As(III/V) ratio. Acidification 
prevents oxidation and precipitation of Fe and Mn hydroxides that could co-pre-
cipitate or adsorb As. EDTA sequesters Fe and the formation of precipitates is 
inhibited. Arsenic has never been shown to be photochemically reactive, but oxi-
dation of As(III) in conjunction with the photoreduction of Fe(III) could occur 
unless light is excluded. Excluding light prevents photochemical reactions that 
could affect the As redox distribution. Preservation of As depends on the ana-
lytical technique and the need to stabilize other redox species, especially 
Fe(II/III). Hydrochloric acid works well as a preservative for As, Fe and Se redox 
species for a wide range of natural water samples when the samples are properly 
filtered and stored in the dark and is preferred when using HG-AAS for deter-
mining hydride-forming elements. For HPLC–ICP-MS applications, EDTA is the 
preferred preservative.  

There is no general agreement on stability procedures and reports are some-
times even contradictory. This is especially true for complex solid matrices, such 
as soils, sediments and biological tissues. Dahl et al.93 showed that processing or 
storage by freezing did not change the total arsenic content in seafood samples, 
or alter the speciation pattern greatly. According to Pizarro et al.,94 arsenic spe-
cies in rice extracts remained stable during a three-month test period, whereas in 
fish and chicken tissue extracts, AB was transformed into DMA over time. As 
species from chicken and fish (higher protein content than rice and/or soil) 
became more stable as the methanol content in the employed extractant mixture 
increased.  

Salgado et al.95 investigated the stability of total arsenic and arsenic species 
in alga samples (Sargassum fulvellum and Hizikia fusiformis), as well as in their 
aqueous extracts, which were stored in amber glass and polystyrene containers at 



 ARSENIC SPECIATION 1469 

different temperatures. The results obtained for solid alga samples showed that 
total arsenic (for Hizikia alga) and arsenic species present (As(V) for Hizikia and 
NIES No. 9 – reference material of a lyophilised Sargasso material, Sargassum 
fulvellum, National Institute for Environmental Studies (Japan)) were stable for at 
least 12 months when samples are stored in polystyrene containers at 20 °C. On 
the other hand, different behaviours in the stability of total arsenic and As(V) 
species in aqueous extracts were observed for both samples. The best storage 
conditions for the Sargassum extracts were in polystyrene containers at tempe-
rature of −18 °C, when they were stable for at least 15 days, while Hizikia 
extracts had to be stored in polystyrene containers at 4 °C in order to ensure 
stability for 10 days. 

5. SAMPLE EXTRACTION 

Extraction is the selective separation of target species from their matrix 
(water, soil, sediment, biological tissue or fluid). Table III summarises recent 
application and research papers dealing with arsenic speciation, and the different 
methods applied for sample preparation for different matrices. The most com-
monly used extraction methods are: solvent extraction, enzymatic hydrolysis, 
solid phase extraction (SPE), solid phase micro-extraction (SPME) and micro-
wave extraction. 

However, there is no universal extraction procedure for different species and 
different matrices, which means that for each application and target analyte, a 
specific sample treatment method has to be developed. This has been realized for 
arsenic speciation from biological samples, coal and ash, plant, water and soil 
samples.  

Solvent extraction. The solvent extraction technique is commonly used for 
the determination of organic arsenic compounds, especially in biological samples. 
Methanol/water mixtures are widely used for extracting less polar species. 
Ciardullo et al.96 used a 1/1 (v/v) methanol/water mixture for the quantification 
of water-soluble As compounds in the muscle tissues of freshwater fish. In 
addition, extraction with water, or extraction with methanol/water followed by 
centrifugation and filtration,35 or extraction with chloroform/methanol/water and 
sonication97 are very powerful extraction media and often used extraction pro-
cedures. The total arsenic in different samples is usually extracted using the mic-
rowave extraction procedure.98 In order to avoid species losses or transformation, 
parameters such as extraction medium, applied microwave power and exposure 
time have to be carefully optimized. 

On the other hand, it has been repeatedly proven that a simple, inexpensive 
reagent, such as tetramethylammonium hydroxide (TMAH) in alkaline medium, 
is useful as a solubilising agent for a wide variety of biological matrices. Spe-
ciation analysis of arsenic in fish-based baby foods by electrothermal atomic 
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absorption spectrometry (ET-AAS) using suspensions prepared in a 0.01 mol L−1 
tetramethylammonium hydroxide (TMAH) solution has limits of detection for 
the determination of AB, DMA and inorganic arsenic 15, 25 and 50 ng g−1 
expressed as arsenic, respectively.99 

Methods such as these in which methanol/water is used have the feature of 
extracting only a small percentage of the arsenic in soil and sediment samples. 
Accordingly, methods for soils and sediments and other abiotic samples are often 
based on those used in classical fractionation studies, using aqueous solutions of 
varying ionic strengths/pH/redox potential to release arsenic bound to the various 
mineral phases in the samples. Speciation information on the solid fraction is 
more difficult to acquire. For some time, a series of sequential extractions has 
been employed to acquire the information required to understand the cycling of 
As in sediments (on water-soluble, phosphate-exchangeable, organically bound 
and residual phases in such media).100,101 Digestion using the mixture of acids: 
nitric and sulphuric in presence of vanadium pentoxide as catalyst is a powerful 
technique for the separation and determination of arsenic in coal and coal 
ash.46,102 

Giacomino et al.103 investigated the fractionation and speciation of As in 
contaminated soil. Regarding speciation, they found that As(V) prevailed over 
As(III), while more than 40 % of total arsenic was in an organic form. The frac-
tionation of As was investigated with two sequential extraction methods: with 
concentrated hydrochloric acid and using the solvent extraction technique. The 
concentration of organic arsenic was determined by the difference between the 
total concentration of arsenic determined by acid digestion and total inorganic 
arsenic. Determination was realized by ICP-AES and GF-AAS. The extraction 
percentages for As ranged from 30 to 65 %.  

Enzymatic hydrolysis. The use of enzymes, mainly those of a proteolytic 
nature, is another approach for speciation studies.104 Enzymes are able to break 
down specific bonds of the substrate (biomolecules hydrolysis) under neutral pH 
and room temperature, and they allow a selective analyte release from the sample 
matrix without chemical species changes. However, enzymatic hydrolysis 
methods offer as a disadvantage the long time required for completing the sub-
strate hydrolysis (several hours), which strongly conditions the applicability of 
the methods. To overcome this problem, pioneering developments based on the 
use of ultrasound energy (sonication probes) to assist the hydrolysis process have 
been proposed for extracting arsenic species.105 The reduction of the hydrolysis 
time when using ultrasound could be attributed to fast cell membrane disruption, 
which allows a direct contact of cytosolic structures and the enzymes. Enzymatic 
hydrolysis procedures can also be assisted by microwave irradiation. In this case, 
improvements on enzymatic hydrolysis efficiency under microwaves are attri-
buted to pressure effects on the enzyme and/or the substrate–enzyme interaction 
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and conformational changes in the protein. Moreda-Pineiro et al.106 proposed 
enzymatic hydrolysis of seafood materials for isolating arsenic species (As(III), 
As(V), DMA and AB) by assisting the procedure with ultrasound energy sup-
plied by an ultrasound water bath. The use of pepsin, as a proteolytic enzyme, 
under optimized operating conditions (pH 3.0, temperature 40 °C, enzyme to 
sample ratio of 0.3) led to an efficient assistance of the enzymatic process in a 
short period (from 4.0 to 30 min). The method was successfully applied to diffe-
rent seafood samples (molluscs, white fish and cold-water fish). 

Microwave-assisted extraction. Microwave extraction is a frequently used 
technique for the extraction of biological and environmental matrices, consider-
ably faster than conventional Soxhlet extraction procedure. Parameters such as 
extraction medium, applied microwave power and exposure time have to be care-
fully optimized in order to avoid species losses or transformation. Sample prepa-
ration for speciation analysis can be improved using a focused-microwave oven 
owing to a better control of the energy delivered to the sample. Extraction pro-
cedures using dilute acid or organic solvents at low temperature can be easily 
realized in focused-microwave ovens. 

Microwave-based strategies for speciation analysis of arsenic, mercury, tin 
and selenium from matrices such as urine, fruit juices, fish, mussel, sediments 
and diatomea were reviewed by Nobrega et al.,107 emphasising both its suitabi-
lity for the leaching of labile species and to support derivatisation reactions. 
Raber et al.108 used microwave extraction for the determination of inorganic 
arsenic in food. The method was based on sample extraction with trifluoroacetic 
acid/H2O2, and measurement of arsenate by anion-exchange HPLC–ICP-MS 
using aqueous malonic acid as the mobile phase. The method showed good 
extraction efficiencies (generally >90 %) for samples of rice, tuna fish and wheat.  

Solid phase extraction. Solid phase extraction (SPE) is a frequently used 
method for pre-concentration and/or separation. The principle of SPE is parti-
tioning between a liquid (sample matrix) and a solid (sorbent) phase. The mecha-
nism of retention depends on the nature of the sorbent, and may include simple 
adsorption, chelation, ion-exchange or ion-pair solid phase extraction. SPE offers 
the advantages of high sensitivity due to the possibility of performing a simul-
taneous enrichment step, and versatility, since different substrates interact with 
different metal species. SPE is a popular technique because of its ability to work 
in combination with different detection techniques: on-line and off-line. In on-
line techniques, there is no sample manipulation between pre-concentration and 
analysis, so the risks of loss and contamination are avoided and reproducibility is 
better. Likewise, all species are analyzed, so the volume of the sample can be 
smaller than the off-line procedure, the consumption of organic solvents is less 
and the potential for automation is greater. Nevertheless, the off-line SPE 
approach remains useful for analyzing complex samples due to its greater flexi-
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bility and its ability to analyze the same extract using various techniques.109 
Various sorbents (e.g., activated alumina, zirconium-loaded polymeric resin, 
Fe(III)-loaded resin, metal-loaded active charcoal and lanthanum hydroxide) 
have been reported for the separation of oxo-species of arsenic but a metal 
leaching problem and their poor stability in alkaline or acidic medium restrict 
their use. The application of chelating resins became extremely popular with the 
successful introduction of chelating groups (e.g., imidazole, benzimidazole, 
6-mercaptopurine, 2-naphthol-3,6-disulphonic acid, thiosalicylic acid, and bis(2- 
-aminophenyl) disulphide) into a resin matrix, and has been reported for arsenic 
speciation.109 

For the development of an extraction method, it is necessary to bear in mind 
that various arsenic species have different physical and chemical properties. The 
same extraction procedure applied to different samples can result in various 
extraction recoveries. Sometimes sequential extraction with a combination of dif-
ferent solvents and different extraction techniques should be developed. 

6. SEPARATION AND DETERMINATION OF ARSENIC SPECIES IN WATER  

Determination of arsenic is of the cardinal importance for water quality anal-
ysis. Arsenic has been reported as a groundwater pollutant in India, Bangladesh, 
Vietnam and Cambodia. It has also been detected in the south-eastern European 
Pannonian Basin region, where increased arsenic concentrations were found in 
the groundwater of Hungary, Romania and Serbia. The concentration of arsenic 
in the Banat region of Serbia ranges from 50 to 250 μg L–1.110 This was the 
reason for scientific investigations in Serbia of arsenic compounds and the pos-
sibilities of their removal from water.111 Conventional and non-conventional 
treatment technologies for aqueous arsenic remediation were the subject of many 
studies. Adsorption is considered a relatively simple, efficient and low cost 
removal technique, especially convenient for application in rural areas. A wide 
range of sorbent materials for aqueous arsenic removal is available nowadays: 
biological materials, mineral oxides, different soils, activated carbons and poly-
mer resins. Nevertheless, finding inexpensive and effective sorbent for arsenic 
removal from water is still highly desirable. 

Chemisorption filters (activated with Ag+, Mg2+, Cu2+, Al3+ and Fe3+) made 
by the paper manufacture method and consisting of cellulose, cationic and 
anionic ion exchangers, activated carbon and a corresponding chemical agent 
were used as adsorbents for the removal of arsenic from water.112 Cu2+ ions 
exhibited the most efficient removal. The mechanisms of total arsenic removal 
were determined based on measurements of active Cu2+ ion propagation inside 
the filter structure. A decrease in the arsenic concentration was determined using 
a continuous chromatographic system with multifunctional filters combining the 
effects of adsorption, ion exchange and filtration; for an active layer of 8 mm and 
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a contact time of 2 s, the decrease was more than 1000-fold. Investigations have 
shown that arsenic removal is valence dependent (the removal of pentavalent 
arsenic was more effective). The initial concentration, pH value of the water and 
the concentration of anionic pollutants, which affected the selectivity, were 
important for all the investigated processes.  

Activated carbon impregnated with metallic silver and copper is also a very 
powerful adsorbent for the removal of arsenic from water.113 The ability of 
activated carbon to adsorb arsenic depends on the arsenic oxidation state, the pH 
of water and the activity of the metal used for impregnation of the activated 
carbon. Physical adsorption is effective only for As(V) species in water. Acti-
vated carbon adsorbs As(V) with a saturation adsorption capacity of 0.27 mmol 
g–1. The chemisorption process is effective for both As species. When active 
carbon is impregnated with copper, the sorption process for As(III) species was 
significantly improved, with saturation adsorption capacities of 0.41 and 0.23 
mmol g–1 for As(III) and As(V) species, respectively. The pH value of the water 
is important for the adsorption of both As species because of the change in the 
ionic forms of arsenic. The optimal pH range is between 4 and 9, which is a con-
sequence of the affinity between the carbon surface and H3AsO3 and H2AsO4– 
that are the predominant As species at this range of pH values.  

Arsenic sorption onto hydrated iron(III) oxide (HFO)-coated materials, at 
neutral pH values, when As occurs in both molecular and ionic forms, is a multi-
stage process consisting of both macropore and intraparticle diffusion.10 Higher 
sorption values were obtained for As(III), which was attributed to the beneficial 
features of HFO. 

Natural materials (zeolite, bentonite, sepiolite, pyrolusite and limonite) and 
industrial by-products (steel-mill waste, waste filter sand as water treatment resi-
duals and blast furnace slag from steel production)11,114 are low-cost adsorbents 
for inorganic arsenic removal from water. The natural zeolite and the industrial 
by-products were found to be good and inexpensive sorbents for arsenic while 
bentonite and sepiolite clays showed little affinity towards arsenic. The sorption 
capacities for As(V) compared to As(III) were significantly higher when natural 
zeolite and blast furnace slag were investigated, while the waste filter sand 
exhibited similar removal efficiencies for both As species. In equilibrium studies, 
the efficiency of As removal was found to be valence dependent, suggesting that 
the molecular forms of As bond less efficiently compared to its ionic forms.  

Future research should involve the analysis of the desorption mechanisms 
for the examined waste materials and investigations of fixed-bed sorption sys-
tems, as well as the economic aspect of iron waste slag modification in terms of 
the possible application of this material in real water treatment systems.  

A simple method for the preparation, separation of As(III) and As(V) species 
and pre-concentration of the total As on fixed bed columns in natural and drink-
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ing water was developed by ben Issa et al.6 Two resins, a strong base anion 
exchange (SBAE) resin and a hybrid (HY) resin were utilized. The inductively-
coupled plasma-mass spectrometry method was applied for the determination of 
the arsenic concentration in water. The governing factors for the ion 
exchange/sorption of arsenic on resins in a batch and a fixed bed flow system 
were compared. Acidity of the water, which plays an important role in the control 
of the ionic or molecular forms of arsenic species, was beneficial for the 
separation; by adjusting the pH values to less than 8.00, the SBAE resin 
separated As(V) from As(III) in water by retaining As(V) and allowing As(III) to 
pass through. The sorption activity of the hydrated iron oxide particles integrated 
into the HY resin was beneficial for the bonding of all inorganic As species over 
a wide range of pH values from 5.00 to 11.00. In other papers,7,8 a simple and 
efficient method for the separation and determination of inorganic arsenic and 
organic arsenic in drinking, natural and wastewater was proposed. A procedure 
for the separation and determination of arsenic species in water is presented in 
Fig. 3. Three types of resins: a strong base anion exchange (SBAE) and two 
hybrid (HY) resins: HY–Fe and HY–AgCl based on the activity of hydrated iron 
oxides and silver chloride, respectively, were investigated. The procedures 
showed that they were accurate, precise and time efficient, and that just a very 
simple sample treatment is required. 

Fig. 3. Scheme for the selective separation 
of the arsenic species in water using 
SBAE, HY–Fe and HY–AgCl resins.7 
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7. CONCLUSIONS 

The speciation analysis of arsenic is of great importance for human health, 
but it is challenging for analysts and is still a challenge for analytical chemistry. 
Complete characterization of arsenic compounds is necessary due to the different 
toxicological effects demonstrated by particular arsenic species. The chemical 
nature of arsenic compounds, in particular their tendency to change valence states 
or chemical form under a wide range of pH and redox conditions, makes it diffi-
cult to assess their fate and mobility in the environment. 

There are a large number of papers on arsenic speciation in various matrices 
including a number of different extraction techniques. It is not possible to set an 
universal extraction procedure for different species and different matrices.  

The most commonly used method for arsenic speciation involves liquid 
chromatographic separation followed by element detection (ICP-MS, AAS, and 
HG-AFS). Selecting the most appropriate method for the determination in arsenic 
species can be of vital importance in the achievement of reliable and accurate 
results. 

SUPPLEMENTARY MATERIAL 

Tables S-I–S-III are available electronically at http://www.shd.org.rs/JSCS/, or from the 
corresponding author on request. 
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АНАЛИТИЧКЕ МЕТОДЕ ЗА АНАЛИЗУ АРСЕНОВИХ ЈЕДИЊЕЊА 
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и 3Грађевински факултет, Универзитет у Београду, Булевар Краља Александра 73, Београд 

Арсен се налази у многобројним хемијским врстама које се разликују по физичко–
хемијском понашању, токсичности, биодоступности и биотрансформацији. Одређивање 
појединих арсенових једињења је неопходно у хемији животне средине, клиничкој хе-
мији и хемији хране. Међутим, диференцијација ових врста је врло сложен аналитички 
задатак. За анализу арсенових врста развијен је велики број метода и поступака које 
укључују хроматографске, спектрометријске и електрохемијске технике и њихове 
комбинације. У овом прегледном раду обухваћена су релевантна истраживања у области 
специјационе анализе арсена са нагласком на најзначајнија достигнућа и примену. Одр-
жавање непроменљивог, оригиналног састава арсенових специја у току појединачних 
аналитичких корака (прикупљање узорака, чување, конзервисање, екстракција) посебно 
су разматрани. Издвојене су методе за директно и индиректно одређивање арсенових 
врста. Побројане су спрегнуте технике које се најчешће примењују у пракси применом 
методологије која подразумева прелиминарну сепарацију једињења, а затим поједи-
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начно одређивање. Дат је преглед аналитичких својстава, предности и недостатака 
најпримеренијих аналитичких метода, развијених управо за анализу трагова арсенових 
врста од неорганских до органских у различитим матрицама. Издвојене су и детаљније 
презентоване најзначајније студије о арсеновим једињењима у води. 

(Примљено 15. марта, ревидирано 29 маја 2013) 
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TABLE S-I. Some review articles from 2003 to 2011 dealing with aspects of arsenic spe-
ciations relevant and complementary to this review (for the reference number refer to the 
Reference list in the paper) 

Title of the review Comments Ref. 
Determination of arsenic 
species: A critical review of 
methods and applications, 
2000–2003 

A detailed review of more than 400 published papers on 
the speciation of arsenic in the period from 2000–2003. 
Different methods of extraction and stability of arsenic 

species and advances in separation and detection 
techniques are analysed. 

14 

Arsenic and its speciation anal-
ysis using HPLC and ICP-MS  

Applications and work using only HPLC and ICP-MS 
for arsenic speciation of environmental and biological 

samples are presented in this review. 

17 

Analytical methods for 
inorganic arsenic in water 

Reports an overview of more than 100 papers, regarding 
existing methods for analysis of As(III) and As(V) in 

water, including various spectroscopic, ICP and 
electrochemical techniques. Recent field portable 

analytical applications are also reviewed. 

18 

Analysis and speciation of 
arsenic by stripping 
potentiometry 

Summarized several examples of the literature from 
1980 to 2003, to illustrate the applications of stripping 
potentiometry for the determination and speciation of 

arsenic in several samples. 

19 

Isotope dilution analysis for 
elemental speciation 

Describes the application of isotope dilution analysis 
to quantitative elemental speciation. 

20 

Current perspectives in analyte 
extraction strategies for tin and 
arsenic speciation 

Summarises different extraction techniques for arsenic 
and tin speciation as one of the most important error 

sources in modern analytical methods. 

26 
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TABLE S-I. Continued 

Title of the review Comments Ref. 
Effect of thermal treatments on 
the contents of arsenic species 
in food 

This article summarizes and discusses the published 
papers on the effect of thermal treatment used in the 

cooking or processing of food, including sterilization and 
preservation stages, on total arsenic and arsenic species 

content. It also reviews possible transformations of 
arsenic species. 

27 

Speciation and surface 
structure of inorganic arsenic 
in solid phases 

The objective of this paper was to examine advancement 
in the speciation and surface structure identification of 

inorganic arsenic species in solid phases. An analysis of 
related methodological, analytical and surface structure 

modelling aspects is made. 

28 

A review of non-
chromatographic methods for 
speciation analysis 

Describes the relevant scientific literature concerning 
speciation of trace elements using non-chromatographic 

methods. 

16 

Aquatic arsenic: Toxicity, 
speciation, transformations, 
and remediation 

Describes the toxicity, speciation and biogeochemistry of 
arsenic in aquatic environmental systems. 

29 

Voltammetric methods for 
determination and speciation 
ofinorganic arsenic in the 
environment 

Reports recent work on the separation and detection of 
arsenic compounds using voltammetric methods. 

30 

HPLC coupled to AFS for the 
speciation of the hydride and 
chemical vapour-forming 
elements As, Se, Sb and Hg 

The review focuses on sample preparation, post-column 
treatments and on the applications of HPLC hyphenated 
to hydride generation or chemical vapour generation and 

atomic fluorescence spectrometry (HG/CVG-AFS) to 
various liquid and solid samples for the determination 

and speciation of the selected hydride-forming 
elements As, Se and Sb and the chemical 

vapour-forming metal Hg. 

31 

Analytical methods for the 
determination of arsenosugars – 
A review of recent trends and 
developments 

Describes the typical experimental approaches for 
sample pre-treatment, extraction, separation and 

detection. 

32 

Environmental application of 
elemental speciation analysis 
based on HPLC or GC 
hyphenated to ICP-MS 

This review summarizes developments in environmental 
applications of elemental speciation analysis using 

ICP-MS coupled with HPLC and GC. 

33 

Preservation of inorganic 
arsenic species in environ-
mental water samples for 
reliable speciation analysis 

Describes stability of inorganic arsenic species in water 
samples as a key item in the speciation analysis. 

34 

Sample pre-treatment and 
extraction methods that are 
crucial to arsenic speciation in 
algae and aquatic plants 

Using information covering the period since 2000, 
summarized and discussed sample handling, cleaning, 
drying and powdering of fresh samples and the later 

extraction of As species. 

35 
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TABLE S-I. Continued 

Title of the review Comments Ref. 
As speciation in biomedical 
sciences: Recent advances and 
applications 

Deals with recent advances and applications of methods 
for arsenic speciation in biomedical sciences, with 

emphasis on the specimens commonly encountered in 
biomedical laboratories. 

36 

As, Hg, I, Sb, Se and Sn 
speciation in body fluids and 
biological tissues using 
hyphenated-ICP-MS techniques 

Focuses on different technique for speciation of As, Hg, 
I, Sb, Se and Sn in biological tissues. The focus is on 
ICP-MS as a powerful analytical tool for elemental 

speciation analysis. 

37 

As speciation in environmental 
samples by hydride generation 
and electrothermal atomic 
absorption spectrometry 

Overview of analytical methods, pre-concentration and 
separation techniques using hydride generation and 

electrothermal atomic absorption spectrometry for the 
determination of inorganic As and organoarsenic species 

in environmental samples. 

38 

As and its speciation in water 
samples by HPLC and ICP-MS 

Covers last decade research in speciations of arsenic 
compounds in water samples by high performance liquid 

chromatography inductively coupled plasma mass 
spectrometry. 

1 

TABLE S-II. Sample preparation methods, separation and detection for arsenic species in 
different matrices; LC/ESI-MS/MS – liquid chromatography/electrospray ionisation tandem 
mass spectrometry; DRC – dynamic reaction cell; CE/UV – capillary electrophore-
sis/ultraviolet detector (for the reference number refer to the Reference list in the paper) 

Matrix Species 
Sample pre-

treatment 
Separation/detection 

technique 
Analytical features Ref. 

Whole blood 
and urine 

As(III), 
As(V), 
MMA, 

DMA, AB 

Dilution with 
HgCl2 and 

ultrafiltration

LC/ICP-MS LoD / μg L-1: <0.3 47 

Urine As(III), 
As(V), 

MMA, DMA 

Dilution with 
deionised 
water and 
filtration 

IC/ICP-MS LoD / μg L-1: 0.11 
As(III), 0.25 As(V), 

0.18 MMA, 0.17 DMA, 
0.75 AB; Repeatability, 

%: 1.9 As(III), 2.7 
As(V), 2.1 MMA, 1.9 

DMA, 2.8 AB 

48 

Urine As(III), 
As(V), 
MMA, 

DMA, AB 

Dilution with 
deionised 
water and 
filtration 

HPLC/ICP-MS Recovery: 85 to 100 % 49 

Urine As(III), 
As(V), 
MMA, 
DMA, 
TMAO 

Dilution with 
mobile phase 
and filtration

HPLC/HG-AAS From 1.1 μg L-1 for 
TMAO to 2.6 μg L-1 

for As(V) 

50 
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TABLE S-II. Continued 

Matrix Species 
Sample pre-

treatment 
Separation/detection 

technique 
Analytical features Ref. 

Urine As(III), 
As(V), 

MMA, DMA 

Dilution HCl 
and L-cysteine

HPLC/electro- 
thermal -AAS 

LoD / μg L-1: 0.038 51 

Urine As(III), 
As(V), 

MMA, DMA 

Dilution with 
deionised 
water and 
filtration 

HPLC/HG-ICP-MS LoD / μg L-1: 0.37 
As(III), 0.22 As(V), 

0.18 MMA, 0.17 DMA; 
Precision, %: 4.1 

As(III), 5.4 As(V), 6.0 
MMA, 6.6 DMA 

52 

Whole 
blood 

MMA, DMA Centrifuge CE/ICP-MS LoD / μg L-1: 1; 
LoQ / μg L-1: 0.8 

As(III), 1.0 As(V), 
1.0 MMA, 0.9 DMA 

53 

Fish and 
oyster tissues 

As(III), 
As(V), 

MMA, DMA 

Lyophilisation
/ microwave 

digestion 

CE/ICP-MS – 54 

Fish As(III), 
As(V), 

MMA, DMA 

Ultrasonic 
extraction and 

4 different 
experimental 

conditions 

HG-AFS LoD / μg kg-1:0.62 
As(III), 2.1 As(V), 1.8 
MMA, 5.4 DMA; RSD: 
6.8 % As(III), 10.3 % 
As(V), 8.5 % MMA, 

7.4 % DMA; 
Recovery > 93% 

55 

Fish sauce AB, AC, 
TMAO 

Extraction 
with water/ 
/methanol 
(1+1,v/v)/ 

/shaking/cen-
trifugation 

HPLC/ICP-MS LoD / mg kg-1: 0.01 56 

Beverages 
(soft drinks, 
lemon juice, 
beer) 

As(III), 
As(V), 
MMA, 
DMA 

Sample were 
passed 

through a C18 
sep-pack and 

filtered 

HPLC/ICP-MS LoD / mg kg-1:0.2, 0.2, 
0.3 and 0.5 for As(III), 

DMA, MMA and 
As(V), respectively; 

RSD of As(III), DMA, 
MMA and As(V) were 
1.2, 2.1, 2.5 and 3.0 %, 

respectively 

57 

Cereals As(III), 
As(V), 

MMA, DMA 

Ultrasonic 
extraction 

with H3PO4 
and Triton 

XT-114 

HG-AFS LoD /mg kg-1: 1.3, 0.9, 
1.5 and 0.6 for As(III), 

As(V), DMA and 
MMA, respectively; 
Recoveries: > 90 %; 

Repeatability, %: 
As(III), 3; DMA, 5; 
As(V) and MMA, 6 

58 
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TABLE S-II. Continued 

Matrix Species 
Sample pre-

treatment 
Separation/detection 

technique 
Analytical features Ref. 

Wines As(III), 
As(V), 
MMA, 
DMA 

Treatment 
with cysteine 

in HCl for 
total As; 

dilution with 
citrate buffer 
or acetic acid 
for As species

HG-AFS LoD / μg L-1: 0.12, 0.27, 
0.15 and 0.13 (as As); 

RSD / %: 2–6, 5–9, 
3–7 and 2–5 for As(III), 

As(V), MMA and 
DMA, respectively 

59 

Vegetables As(III), 
As(V), 
MMA, 
DMA 

Ultrasonic 
extraction 

with H3PO4 
and Triton 

XT-114 

HG-AFS LoD / mg kg-1: 3.1 
As(III), 3.0 As(V), 

1.5 DMA, 1.9 MMA; 
Recovery / %: > 91% 

60 

Milk As(III), 
As(V) 

Ultrasonic 
extraction 

with/without 
KI 

HG-AFS LoD / mg L-1: 8.1 and 
10.3 for As(III) and 
As(V); RSD / %: 5.7 
and 5.5 for As(III) 

and As(V) 

61 

Water As(III), 
As(V), 
MMA, 
DMA 

Pre-treatment 
with KI and 

HCl or acetic 
acid or tartaric 

acid 

HG-AAS – 62 

Water As(III), 
As(V), 
DMA 

Treatment 
with cysteine, 

KI, urea or 
acids 

HG-AAS, CE/UV, 
LC/ICP-MS 

LoD / mg L-1: 0.10 
As(III), As(V), 0.19 

(DMA) for HG-AAS, 
100 (As(III), DMA) to 

500 (As(V)) for CE/UV 
and 0.1 (DMA, MMA) 
to 0.2 (As(III), As(V)) 
for LC/ICP-MS; Pre-

cision (RSD / %): 
< 5; Recovery, %: 

80–110 except CE/UV 
only 50 

4 

Water and 
urine sample 

Inorganic, 
organic As 

Treatment 
with/without 

cysteine 

HG-ICP-MS LoD / ng L-1: 6 63 

Water and 
reference 
materials 

As(III), 
As(V) 

Treatment 
with HCl and 

NaBH4 

HG-AAS LoD / μg L-1: 0.1 for 
As(III) and 0.06 for 

total As. Precision (RSD 
/ %) is 2.9 for As(III) 
and 3.1 for total As 

64 
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TABLE S-II. Continued 

Matrix Species 
Sample pre-

treatment 
Separation/detection 

technique 
Analytical features Ref. 

Water As(III), As(V) None HG-AAS LoD / μg L-1: 0.019 total 
As, 0.031 As(III) 

65 

Water As(III), As(V) Reaction with 
cysteine, 
NaBH4 

HG-AAS LoD / μg L-1: 0.1 66 

Water As(III), As(V) Reaction with 
cysteine 

HG-ETAAS – 67 

Water As(III), As(V) None HG-AFS – 68 
Water As(III), As(V) pH adjustment HG-AAS LoD / μg L-1: 0.07–0.4 

As(V) and 0.1–0.5 
As(III + V); Recovery, 

%: 90–102 

69 

Water As(III), As(V) Treatment 
with KMnO4

ICP-AES LoD / μg L-1: 0.1–0.6 9 

Water As(III), 
As(V), MMA, 

DMA 

None HPLC/ICP-MS LoD / μg L-1: 0.33 
As(III), 0.69 As(V); 

LoQ / μg L-1: 50 

70 

Water Inorganic 
As 

Pre-reduction 
of As(V) with 

cysteine 

HG-AAS LoD / μg L-1: 0.15; 
LoQ / μg L-1: 0.5; 

RSD (n = 10): <8 % 

71 

Seawater As(III) Complexation 
with pyrro-

lidine dithio-
carbamate 

ET-AAS LoD / μg L-1: 0.008; 
RSD (n = 11): 4.5 % 

72 

Water As(III), 
As(V), MMA, 

DMA 

None HG-ICP-AES Recovery, %: As(V) 
97.6, As(III) 100, MMA 

99.8, DMA 99.9 

73 

Water As(III), As(V) Treatment 
with KMnO4

ET-AAS LoD / μg L-1: 0.35; 
Recovery, %: 93.5– 

–106.4; RSD / %: 3–7  

74 

Water As(III), 
As(V), MMA, 

DMA, AB 

None HPLC/ICP-MS LoD / μg L-1: 0.017 
As(III), 0.026 As(V), 
0.026 MMA, 0.023 
DMA, 0.024 AB; 

LoQ / μg L-1:0.056 
As(III), 0.085 As(V), 
0.088 MMA, 0.076 

DMA, 0.080 AB 

3 

Ground-
water 

As(III), As(V), 
MMA, 

TMAO, PAA 
and PAO 

None HPLC/ICP-MS LoQ / μg L-1: 0.2- 0.8 9 
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TABLE S-II. Continued 

Matrix Species 
Sample pre-

treatment 
Separation/detection 

technique 
Analytical features Ref. 

Groundwater As(III), 
As(V), PAA, 
diphenylarsi

nic acid 
(DPAA) and 

PAO 

None HPLC/ICP-MS – 75 

Groundwater As(III), 
As(V) 

None HPLC/HG-AAS LoD / μg L-1: 7.8 
As(III), 12.0 As(V); 
Precision (RSD / %): 

10.5 As(III), 12.1 As(V) 

76 

Hot spring 
water 

As(III), 
As(V), 
MMA, 
DMA, 

TMAO, 
TMA, AC 

and AB 

None HPLC/ICP-MS LoD (μg L-1): 0.2; 
RSD / % (n = 6): < 2 

77 

Human hair As(III), 
As(V) 

Reduction of 
As(V) to 
As(III) 

HG-AAS LoD / μg L-1: 0.2 
As(III), 0.5 As(V); 

RSD / %: 2.1 As(III), 
2.5 As(V) 

78 

Sediment and 
fly ash  

Water 
soluble and 
phosphate-
exchange-

able As(III) 
and As(V) 

Extraction 
with water and 

phosphate 
buffer 

HG-AAS LoD / μg L-1:0.06-0.10; 
LoQ / μg L-1: 0.20–0.31. 
Repeatability expressed 

as RSD: <1 % 

79 

Landfill 
leachate 

As(III), 
As(V), 
MMA, 
DMA, 

TMAO, AB 

Filtration HPLC/ICP-MS LoD / ng L-1 between 11 
for DMA to 27 for 

As(V). LoQ / ng L-1 
between 36 and 90 

80 

Municipal 
landfill 
leachates 

As(III), 
As(V), 

MMA and 
DMA 

Filtration LC/ESI-MS/MS and 
HPLC/DRC–ICP-MS

Recovery, %: 68–94 81 

Soil Total As Extraction 
with HNO3, 
acetic acid, 
EDTA and 
Mehlich III 

HG-AAS – 82 
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TABLE S-III. The most important analytical performance parameters in arsenic speciation 
analysis (for the reference number refer to the Reference list in the paper) 

Author(s) Title LOD/DL Method Ref. 
Sakai and 
Wilbur, 2006 

Routine Analysis of 
Toxic Arsenic Species 
in Urine Using HPLC 

with ICP-MS 

Detection limits (DL) for each arsenic species 
were calculated as three times the chro-

matographic peak-to-peak signal to noise. 
All species met the goal of ≈0.1 μg L-1, RSD 

ranged from 1.3 to 2.8 % and recoveries 
from 93 to 101 % 

84 

K. Ito et al., 
2010 

Determination of Five 
Arsenic Species in Whole 

Blood by LC Coupled 
with ICP-MS 

The method LoD < 0.3 μg L-1 for each arsenic 
species, range from 2 to 200 μg L-1 for urine, 

and 2 to 12 μg L-1 for blood. Method detection 
limits (MDL) were estimated from 

concentrations at which the peak intensities 
were 3 standard deviation (SD) of the blank 

background signal for each of the five arsenic 
species, LOQ as 1 mg L-1 based on 10 SD. 

Recovery > 80 %. 

47 

Xie et. al., 
2006 

Arsenic Speciation 
Analysis of Human Urine 

Using Ion Exchange 
Chromatography 

Coupled to ICP-MS 

For this study, the detection limits of speciation 
were defined as three times the standard 

deviation of seven replicate measurements of a 
standard solution with the lowest concentration 
of species whose peaks could be distinguished 

from the baseline in the speciation 
chromatogram. Obtained values (μg L-1) were: 

0.11 As(III), 0.25 As(V), 0.18 MMA, 0.17 
DMA, 0.75 AB, repeatability <5 %. 

48 

Heitland and 
Köster,  
2008 

Fast Determination of 
Arsenic Species and Total 

Arsenic in Urine by 
HPLC–ICP-MS: 

Concentration Ranges for 
Unexposed German 

Inhabitants and Clinical 
Case Studies 

LOQ (0.1 μg L-1) were defined as the analyte 
concentration corresponding to 10 times the SD 

of 5 measurements of a spiked sample. This 
sample was urine. Recoveries estimated from 

the standard reference materials (SRM) only for 
total As and RSD of the average concentrations 

were in the range 6.3–8.7 %. 

85 

Hirata et al., 
2006 

Determination of 
Arsenic Species in 
Marine Samples by 

HPLC–ICP-MS 

DL were calculated based on 3 SD of baseline 
noise at the peaks retention time (n=9). The DL 
ranged from 0.02 to 0.10 μg L-1. The precision 

(RSD) were 3.1–7.3 % for all eight species. 

86 
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TABLE S-III. Continued 

Author(s) Title LOD/DL Method Ref. 
Ronkart et 
al., 2007 

Speciation of Five 
Arsenic Species (Arsenite, 

Arsenate, MMA, DMA 
and AB) in Different 
Kinds of Water by 

HPLC–ICP-MS 

LoD and LoQ were evaluated by analysing ten 
samples containing an arsenical concentration 

close to the expected LoD and LoQ under 
repeatability conditions and using Eqs. (below), 
where y signal is the medium value and S signal 

is the standard deviation. 
LoD = ysignal + 5Ssignal  (1)
LoQ = ysignal + 10Ssignal  (2)

LoQ values were confirmed by analysing ten 
replicates of a solution containing all arsenic 
species at the LoQ. Variation coefficient of 

9.87, 8.38, 8.33, 12.3 and 8.84 % were obtained 
for respectively AB, DMA, As(III), MMA and 

As(V). Recoveries were calculated through 
analysis of three spiked real samples and 

ranging from 95–108 %. 

3 

A. H. E. 
Petursdottir, 
2010 

Determination of Toxic 
and Non-Toxic Arsenic 

Species in Icelandic Fish 
Meal 

LoD was taken to be three times the noise (3σ) 
and the LoQ was evaluated as the area of the 

smallest standard analysed and was  
0.04 mg kg-1. Recovery ranged from 82–111 %. 

87 

Komorowicz 
and 
Barałkiewicz, 
2011 

Arsenic and Its Speciation 
in Water Samples by High 
Performance Liquid Chro-

matography Inductively 
Coupled Plasma Mass 
Spectrometry – Last 

Decade Review 

DL was mainly calculated as three times the SD 
of the background signal or replicate analyses 

of spiked deionised water samples. 
RSD values did not exceed 20 % and the 

recoveries were between 80 and 120 % in all 
reviewed water samples. 

1 

Sathrugnan 
and Hirata, 
2004 

Determination of Inorganic 
Oxyanions of As and 
Se by HPLC–ICP-MS 

DL was calculated based on 3σ of the blank 
intensities at respective retention time and were 

less than 80 and 0.77 g L-1 for As and Se, 
respectively. The standard addition in the order 

of 6 s (LoQ) into sample extracts produced 
significant peaks from baseline. The RSD of the 

proposed method for As was less than 4.8 % 
and recovery were in the range of 98–102 % 

88 

Ponthieu et 
al., 2007 

Speciation Analysis of 
Arsenic in Landfill 

Leachate 

Detection limits were calculated for the HPLC–
ICP-MS system using the IUPAC (International 

Union of Pure and Applied Chemistry) 
definition as three times the SD of noise level. 
Relative detection limits varied between 11 ng 
L-1 for DMA to 27 ng L-1 for As(V). The LoQ 

ranged between 36 and 90 ng L-1 

80 
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TABLE S-III. Continued 

Author(s) Title LOD/DL Method Ref. 
Rajaković et 
al., 2012 

Review: The Approaches 
for Estimation of Limit of 

Detection for ICP-MS 
Trace Analysis of Arsenic

Detection limits were reviewed and calculated 
for the ICP-MS system using different 

approaches: 
– LoD values calculated according to the 

traditional approaches (Currie, IUPAC, US 
EPA 200.8), n = 26 

– LoD values calculated according to the 
prediction interval approaches (Hubaux–Vos, 

ISO), n = 8 
The most appropriate values were obtained 

according to Currie’s variation of the traditional 
method; the critical value was 0.011 mg L-1 and 

the LoD was 0.022 mg L-1. 

83 
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B(HSO4)3: An efficient and recyclable catalyst for the 
Friedländer synthesis of substituted quinolines 
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Abstract: Substituted quinolines have been synthesized in the presence of 
catalytic amounts of boron hydrogen sulfate (BHS) under solvent-free condi-
tions. This methodology offers some advantages, including high yield, short 
reaction time, low cost of the catalyst, green conditions by avoiding toxic sol-
vents and recoverable catalyst. 

Keywords: boron hydrogen sulfate; substituted quinolines; solvent-free 
conditions; Friedländer reaction. 

INTRODUCTION 

The presence of quinoline moiety core in several natural compounds, such as 
cinchona alkaloids, and pharmacologically active substances1with a broad range 
of biological activities, including anti-asthmatic,2 antibacterial,3 anti-inflamma-
tory4 and antihypertensive5 properties, has raised the interest of organic chemists 
for finding straightforward routes for the synthesis of these compounds. 

Considering the above reports, and due to great importance of quinolines, it 
is not surprising that many synthetic procedures, such as the Skraup, Doebner 
von Miller, Conrad–Limpach–Knorr, Pfitzinger, Friedländer and Combes reac-
tions, were developed for the preparation of these compounds.6,7 Nevertheless, 
the development of novel synthetic approaches for the synthesis of quinolones 
remain an active area of research. 

Amongst various methodologies reported for the preparation of quinolines, 
the Friedländer reaction is still one of the simplest and most straightforward 
protocols. Friedländer synthesis involves a condensation followed by a cyclo-
dehydration between an aromatic 2-aminoaldehyde or ketone and an aldehyde or 
ketone possessing α-active methylene groups.8 While different catalysts have 

                                                                                                                    

* Corresponding author. E-mail: hrs@iaushiraz.net 
doi: 10.2298/JSC121017061S 



1482 SAGHANEZHAD and SAFAEI 

been proposed for Friedländer annulations, it has been shown that acidic catalysts 
are superior to basic ones.9 Other than different acidic catalysts, such as Brønsted 
acids10–14 and Lewis acids,15–17 ionic liquids,18 and other catalysts19,20 have 
also been employed to promote this reaction. Friedländer reaction has recently 
been reviewed.21 

Uncatalyzed Friedländer syntheses require drastic reaction conditions, with 
temperatures in the range 150–220 °C. Most of the synthetic protocols for 
quinolines reported so far suffer from harsh conditions, low yields, prolonged 
reaction time and the use of hazardous and often expensive catalysts. Moreover, 
the syntheses of these heterocycles have usually been performed in polar 
solvents, such as acetonitrile, THF, DMF and DMSO, leading to complex iso-
lation and recovery procedures. These processes also generate waste-containing 
solvent and catalyst, which have to be recovered, treated and disposed of. 

Solid acids have many advantages both in industry and the laboratory, such 
as simplicity in handling, reduced reactor and plant corrosion problems, and more 
environmentally safe disposal in chemical processes.22 Solid acids are employed 
under heterogeneous conditions and hence can be conveniently handled and 
removed from the reaction mixture by simple filtration and recovered for reuse. 
Boron hydrogen sulfate has recently been successfully used as an efficient solid 
acid catalyst for the preparation of thiocyanohydrins under solvent-free condi-
tions.23 

In continuation of efforts in the synthesis of new solid acid catalysts, and 
their application in organic synthesis,23–25 boron hydrogen sulfate was utilized in 
the present study as an efficient solid acid catalyst for the preparation of sub-
stituted quinolines by Friedländer annulation (Scheme 1). 

 
Scheme 1. Preparation of substituted quinolines in the presence of BHS. 

RESULTS AND DISCUSSION 

Boron hydrogen sulfate, BHS, was easily prepared by simply mixing boric 
acid and chlorosulfonic acid in CH2Cl2 at room temperature (Scheme 2). This 
reaction is easy and clean, because the evolved HCl gas leaves the reaction vessel 
immediately. 
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Scheme 2. Preparation of the catalyst. 

One of the informative techniques for an investigation of catalyst formation 
is FT-IR spectroscopy. Thus, the structure of the catalyst was characterized by 
FT-IR spectroscopy (Fig. 1). As seen in Fig. 1, the spectrum of B(HSO4)3 was 
different from that of boric acid. The FT-IR spectrum of B(HSO4)3 showed 
absorption bands at 1400 (ν(S=O) asymmetric stretching), 1200 (ν(S=O) sym-
metric stretching) and at 650 cm–1 corresponding to ν(S–O). Moreover, a broad 
band from 2700–3400 cm–1 corresponds to acidic O–H stretching. 

 
Figure 1. IR spectra of B(HSO4)3 and B(OH)3. 

To evaluate the catalytic activity of BHS in the preparation of substituted 
quinolines, a model reaction of 2-aminobenzophenone (1 mmol), and acetylace-
tone (1.2 mmol) under solvent-free conditions at different temperatures and in the 
presence of variable catalyst loadings was examined (Scheme 3). It was found 
that in the absence of the solid acid catalyst, only a trace amount of the desired 
product was observed on the TLC plate even after heating for 2 h. (Table I, Entry 
1). When the reaction was performed in the presence of BHS, it proceeded 
rapidly to give the desired product. 

 
Scheme 3. Optimization of the reaction conditions for 2-aminobenzophenone and 

acetylacetone as a model reaction. 
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In order to evaluate the appropriate catalyst loading, the model reaction was 
performed using 3.5 to 9.5 mol % at different temperatures in the absence of 
solvent (Table I). It was found that 5 mol % catalyst gave the maximum yield in 
the minimum time. A higher percentage of loading of the catalyst (7–9.5 mol %) 
neither increases the yield nor lowers the conversion time substantially. In the 
next step, the effect of temperature was evaluated for the model reaction. It was 
observed that the reaction did not proceed at room temperature. Elevating the 
reaction temperature proved helpful, and the yield of desired product increased 
considerably. To our satisfaction, the reaction was found to proceed smoothly, 
and almost complete conversion of product was observed at 90 °C, affording 1-
(2-methyl-4-phenylquinolin-3-yl)ethanone (3f) in 91 % yield within a short time. 

TABLE I. Optimization of the reaction conditions for 2-aminobenzophenone and acetyl-
acetone as a model reaction under thermal solvent-free conditions 

Entry Catalyst amount, mol % Temperature, °C Time, min Yield, % 
1 – r.t. 120 10 
2 3.5 r.t. 120 45 
3 5 r.t. 120 52 
4 5 60 60 65 
5 3.5 90 60 68 
6 5 90 35 91 
7 7 90 34 92 
8 9.5 90 45 88 

Subsequently, with the optimal conditions in hand, using 1:1.2 molar ratio of 
a 2-aminoaryl ketone, a carbonyl compound and 5 mol % of BHS at 90 °C under 
solvent-free conditions, the generality and synthetic scope of this coupling pro-
tocol were demonstrated by synthesizing a series of substituted quinolines (Table 
II). Gratifyingly, a wide range of aromatic aldehydes was well tolerated under the 
optimized reaction conditions. The time taken for complete conversion (moni-
tored by TLC) and the isolated yields are presented in Table II. All the new com-
pounds were characterized by their satisfactory microanalytical (C, H, N) and 
spectral (IR, 1H-NMR, 13C-NMR and MS) studies, and known compounds by 
comparison of their physical and spectral data with those of the authentic 
samples. 

As shown in Table II, the different carbonyl compounds, including ethyl 
acetoacetate, acetylacetone, cyclohexanone, cyclohexane-1,3-dione and dime-
done, were uniformly transformed into the corresponding quinolines in good to 
excellent yields within 25–62 min.  

The reusability of the catalyst in the reaction of 2-aminobenzophenone, and 
acetylacetone, under solvent-free conditions at 90 °C was evaluated. In this 
procedure, after completion of each reaction, hot ethanol was added and the 
catalyst was filtered off. The recovered catalyst was washed with ethanol, dried 
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and reused six times. A small decrease in the catalytic activity of the catalyst was 
observed after the 6th time of reuse (Table III). 

TABLE II. Preparation of substituted quinolines promoted by BHS under solvent-free con-
ditions at 90 °C 

Product 1 2 3 Time, min Yield, % 
3a 1a 62 65 

3b 1a 45 68 

3c 1a 48 67 

3d 1a 50 62 

3e 1a 

 

50 72 

3f 1b 41 91 

3g 1b 49 92 

3h 1b 

 

46 80 
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TABLE II. Continued 

Product 1 2 3 Time, min Yield, % 
3i 1b 35 95 

3j 1b 

 

28 98 

3k 1c 

N

OPh

Cl
38 94 

3l 1c 41 92 

3m 1c 45 88 

3n 1c 

N

Ph O

Cl

32 82 

3o 1c 

N

Ph O

Cl

 

25 96 

TABLE III. The reusability of the catalyst in six cycles for the reaction of 2-aminobenzo-
phenone and acetylacetone under solvent-free conditions at 90 °C 

Run Time, min Yield, % 
1 41 91 
2 42 90 
3 44 88 
4 46 85 
5 48 82 
6 52 78 
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To compare the advantage of the use of BHS over other reported catalysts, 
the model reaction of 2-aminobenzophenone and acetylacetone was considered 
as a representative example (Table IV). While in most of these cases, compa-
rative yields of the desired product were obtained following the BHS-catalyzed 
procedure, the reported procedures required high catalyst loading (entry 2 and 4), 
or long reaction times (entry 1 and 2). These results clearly demonstrate that BHS 
is an equally or more efficient catalyst for this three-component reaction. 

TABLE IV. Comparison of BHS with reported catalysts in the reaction of 2-aminobenzo-
phenone and acetylacetone 

Entry Catalyst/temp., °C Catalyst loading, mol % Time, min Yield, % Ref. 
1 NaAuCl4.2H2O/80 3 1440 46 19 
2 [Hbim]BF4/100 100 198 94 18 
3 Oxalic acid/80 10 120 90 13 
4 HClO4–SiO2/60 0.2 g 150 92 12 
5 Sulfamic acid/70 5 45 89 10 
6 BHS/90 5 41 91 This work 

EXPERIMENTAL 

Chemicals and apparatus 

All chemicals were purchased from Merck or Fluka. All the synthesized compounds are 
known and were identified by comparison of their melting points, elemental analyses, mass 
spectra, IR, 1H- and 13C-NMR data with those of authentic samples. Monitoring of the 
reactions was accomplished by TLC on silica gel Polygram SIL G/UV 254 plates. 

Preparation of boron hydrogen sulfate 

A 50 mL suction flask was equipped with a constant pressure, dropping funnel. The gas 
outlet was connected to a vacuum system through an adsorbing solution (water) and an alkali 
trap. Boric acid (1.55 g, 25 mmol) was charged into the flask and chlorosulfonic acid (8.74 g, 
ca. 5 mL, 75 mmol) was added dropwise over a period of 1 h at room temperature. HCl was 
evolved immediately. After completion of the addition, the mixture was shaken for 1 h, while 
the residual HCl was eliminated by suction. Then the mixture was washed with diethyl ether 
to remove the unreacted chlorosulfonic acid. Finally, a grayish solid material was obtained in 
85 % yield (6.4 g).23 

Typical procedure for the preparation of substituted quinolines 

A mixture of 2-aminoaryl ketone (1 mmol), a carbonyl compound (1.1 mmol), and BHS 
(5 mol %) was heated at 90 °C for 10 min. Completion of the reaction was indicated by TLC 
(n-hexane/ethyl acetate, 4:1). After completion of the reaction, the insoluble crude product 
was dissolved in hot ethanol and boron hydrogen sulfate was filtered. The crude product was 
purified by recrystallization in ethanol to afford the pure product. 

CONCLUSION 

In summary, a simple and facile protocol was proposed for the synthesis of 
substituted quinolines by Friedländer quinoline synthesis using boron hydrogen 
sulfate as a novel environmentally safe heterogeneous solid acid catalyst under 
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solvent-free conditions. The method offers several advantages, including high 
yields, application of an inexpensive catalyst, short reaction times, easy workup 
and performing the reaction under solvent-free conditions that is considered rela-
tively environmentally benign. 
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Abstract: 3-Cyano-4-(ethoxymethyl)-6-methyl-2-pyridone, an important pre-
cursor in the synthesis of vitamin B6, is obtained in the addition reaction 
between 2-cyanoacetamide and 1-ethoxy-2,4-pentanedione catalyzed by lipase 
from Candida rugosa (triacylglycerol acylhydrolases, EC 3.1.1.3). This work 
shows new experimental data and mathematical modeling of the lipase-catal-
yzed synthesis of 3-cyano-4-(ethoxymethyl)-6-methyl-2-pyridone. Kinetic 
measurements were performed at 50 °C with an enzyme concentration of 1.2 % 
w/v. The experimental results were fitted with two kinetic models: the ordered 
bi–ter and ping–pong bi–ter model, and the initial rates of the reaction were 
found to correlate best with the ping–pong bi–ter mechanism with inhibition by 
2-cyanoacetamide. The obtained specificity constants indicated that lipase from 
C. rugosa had a higher affinity towards 1-ethoxy-2,4-pentanedione compared 
to 2-cyanoacetamide. 

Keywords: Candida rugosa lipase; ping–pong kinetics; pyridone; 1-ethoxy-2,4-
pentanedione. 

INTRODUCTION 

A large number of natural and synthetic compounds that possess interesting 
pharmacological activity contain a 2-pyridone ring in their structure. 3-Cyano-2-
pyridones, especially their substituted analogs, were the subject of many studies 
in recent years.1 They were found to be associated with a wide range of thera-
peutic activities, i.e., antimicrobial,2,3 and antiviral.1 They can also possess anti-
HIV,4 anticancer,5,6 and cardiotonic activities,7,8 and can serve as a basis for the 
synthesis of more complex systems9 and precursors for the synthesis of biolo-
gically active compounds.10 
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3-Cyano-4-(ethoxymethyl)-6-methyl-2-pyridone is the first in a series of 
intermediates in the synthesis of vitamin B6 according to the Harris and Folkers 
method.10–12 The reaction between 2-cyanoacetamide and 1-ethoxy-2,4-penta-
nedione gives this product via Michael addition. Very few reports are available 
on the chemical synthesis of this intermediate,13 and they all include organic 
catalysts and polar solvents. In addition, a few investigations of enzyme-catal-
yzed carbon–carbon bond formation via Michael addition are reported,14–16 and 
to the best of our knowledge, there are no reports on the synthesis of 3-cyano-4- 
-(ethoxymethyl)-6-methyl-2-pyridone using an enzyme as catalyst. 

Enzyme-mediated reactions are attractive alternatives to tedious and expen-
sive chemical methods. Chemical methods have problems such as high reaction 
temperatures, toxic catalysts and solvents, larger amounts of raw materials due to 
the non-selectiveness of the process and high waste generation.17 Enzymes, also 
known as “green” catalysts, can be used to overcome these shortcomings. The 
use of enzymes in water, instead of toxic catalysts in polar organic solvents, 
offers less extreme conditions of temperature and pressure and minimizes energy 
consumption. Moreover, the production of waste is lowered, because the high 
specificity of an enzyme leads to fewer unwanted side effects and by-products.18 
It is very important to mention that there is an increasing need for industries to 
nurse environmental protection and to find more environmentally friendly mate-
rials and conditions to perform syntheses. 

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are ubiquitous enzymes 
that catalyze the hydrolysis of fats and oils.19,20 Lipases are powerful catalysts 
and the most commonly used enzymes in synthetic organic chemistry. Due to 
their ability to utilize a variety of substrates, lipases are very important and 
increasingly employed enzymes in a large number of fields, such as in the food, 
textile, dairy, cosmetics, and pharmaceutical industries. They have been 
extensively used in the synthesis of many biologically active compounds and 
natural products.21–23 Moreover, their high enantio- and regio-selectivity are 
extremely important in the production of key intermediates for organic and medi-
cinal chemistry.24 

It has been shown25–28 that the cyclization reaction of 2-cyanoacetamide and 
1,3-diketones can be catalyzed by the lipase from Candida rugosa. In a previous 
work,29 the condensation of 2-cyanoacetamide and 2,4-pentanedione was opti-
mized using the response surface methodology (RSM). In addition, a mechanism 
for the enzyme-catalyzed reaction was proposed.  

In continuation of this work, herein, a study of the enzyme-catalyzed syn-
thesis of 3-cyano-4-(ethoxymethyl)-6-methyl-2-pyridone is presented in which 
the kinetics of the lipase-catalyzed condensation of 2-cyanoacetamide (CAA) and 
1-ethoxy-2,4-pentanedione (EPD), Fig. 1, was investigated. A kinetic mechanism 
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is proposed, and the inhibition effect of the substrates was investigated, since this 
phenomenon is quite often found in lipase-catalyzed reactions. 

 
Fig. 1. Enzymatic synthesis of 3-cyano-4-(ethoxymethyl)-6-methyl-2-pyridone. 

EXPERIMENTAL 

Reagents 

Candida rugosa lipase (3.1.1.3), Type VII, activity 1410 unit mg-1 of solid was pur-
chased from Sigma (St. Louis, USA). 2-Cyanoacetamide was purchased from Fluka (Buchs, 
Switzerland) while 1,3-diketone (1-ethoxy-2,4-pentanedione) was prepared by the method 
described by Bruce et al.30 All other chemicals were of analytical grade. 

Methods 

The synthesis of 3-cyano-4-(ethoxymethyl)-6-methyl-2-pyridone was performed in a 50 
cm3 flask with a working volume of 5 cm3 of deionized water containing appropriate amounts 
of 2-cyanoacetamide and 1-ethoxy-2,4-pentanedione. The enzyme (1.2 % w/v) was added to 
the freshly prepared reaction mixture and incubated on a shaker at 150 rpm at 50 °C. Aliquots 
of the reaction mixture were periodically withdrawn (0.5, 1, 2, 3 and 24 h) and analyzed using 
UV spectroscopy (UV Shimadzu 1700, Shimadzu Corporation, Kyoto, Japan) at 328 nm 
(maximum absorption of 3-cyano-4-(ethoxymethyl)-6-methyl-2-pyridone). Blanks were also 
run. All experiments were conducted in duplicate. All results present the difference between 
enzyme catalyzed and spontaneous chemical reaction. The initial reaction rates were 
determined as described previously.29 

3-Cyano-4-(ethoxymethyl)-6-methyl-2-pyridone was isolated by filtration and purified 
using Akta Purifier HPLC equipped with a fraction collector. Chromatography was carried out 
on a semi-preparative reversed-phase C18 column (Hypersil Gold 5 µm ODS, 10 mm×250 
mm) using the mobile phases A (water + 0.1 % v/v formic acid) and B (acetonitrile + 0.1 %, 
v/v, formic acid), at a flow rate of 6 cm3 min-1. A linear concentration gradient, increasing 
from 20 to 100 % B, was applied. The length of the gradient was one column volume, and 
after that, the length of isocratic elution with 100 % B was one column volume. The detection 
wavelengths were 210 and 320 nm. Fractions containing the product were combined, eva-
porated and analyzed. 

3-Cyano-4-(ethoxymethyl)-6-methyl-2-pyridone. m.p.: 208–209 °C (lit. m.p.: 209 °C13). 
IR (KBr, cm-1): 3290 (ν, –NH), 3139, 3098 (δs, –CH aromatic), 2983, 2974 (δas, –CH3), 2902, 
2897 (δs, –CH3), 2217 (ν, –CN), 1659 (amide band I), 1621 (amide band II), 1128 (ν, –C–O). 
1H-NMR (200 MHz, DMSO-d6, δ / ppm): 1.2 (3H, t, J = 7.0 Hz, –CH2OCH2CH3), 2.2 (3H, s, 
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pyridone –CH3), 3.5 (2H, q, J = 7.0 Hz, –CH2OCH2CH3), 4.1 (2H, s, –CH2OCH2CH3), 6.3 
(1H, s, –CH=), 12.5 (1H, s, NH). 13C-NMR (50 MHz, DMSO-d6, δ / ppm): 15.1 
(–CH2OCH2CH3), 19.4 (pyridone –CH3), 66.3 (–CH2OCH2CH3), 68.9 (–CH2OCH2CH3), 
115.3 (–CN), 96.6, 104.0, 152.9, 160.9, 161.2 (pyridone ring).  

RESULTS AND DISCUSSION 

Kinetic study 

In order to perform the kinetic measurements under conditions that provide 
the maximum reaction rates, the influence of the initial enzyme concentration 
was tested. The effect of the initial enzyme concentration on the reaction rate and 
the yield of 3-cyano-4-(ethoxymethyl)-6-methyl-2-pyridone synthesis are shown 
in Fig. 2. The results indicate a linear increase in reaction rate with increasing 
enzyme concentration up to 1.2 % w/v, when the highest reaction rate of 1.49·10–3 
mol dm–3 h–1 was achieved. With further increase in enzyme concentration to 1.8 
%, w/v, the reaction rate, as well as the yield of pyridone, remained constant. 
Thus, an enzyme concentration of 1.2 % w/v was chosen for the determination of 
the kinetic parameters. 

 
Fig. 2. Influence of the enzyme concentration on the initial reaction rate and the yield of 

pyridone. Concentrations of reactants were 2.6×10-2 mol dm-3 and 0.94 mol dm-3 for EPD and 
CAA, respectively. Lipase concentration was varied between 0.3 and 1.8 %, w/v. 

The aim of this work was to elucidate the mechanism of the condensation of 
2-cyanoacetamide and 1-ethoxy-2,4-pentanedione mediated by lipase from C. 
rugosa. For this purpose, initial reaction rate analysis was employed as the most 
useful method. The kinetic parameters of this bi-substrate reaction were deter-
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mined by measuring the initial reaction rates for different sets of substrate con-
centrations. The effect of both substrates was investigated systematically over a 
wide range of concentrations: the concentration for 1-ethoxy-2,4-pentanedione 
was varied from 0.5×10–2 to 8×10–2 mol dm–3 and that for 2-cyanoacetamide 
from 0.2 to 4.8 mol dm–3. A large excess of 2-cyanoacetamide was applied since 
it was previously confirmed that an excess of this substrate significantly accele-
rates the lipase-catalyzed formation of pyridones.25–28 

Graphical representations of obtained initial rates against 2-cyanoacetamide 
(or 1-ethoxy-2,4-pentanedione) concentrations at several fixed values of 
1-ethoxy-2,4-pentanedione (or 2-cyanoacetamide) concentrations are shown in 
Figs. 3 and 4. 

 
Fig. 3. The ping–pong model curves at a fixed concentration of 1-ethoxy-2,4-pentanedione. 

It can be seen (Fig. 3) that with increasing concentration of 2-cyanoacet-
amide, the initial reaction rate increased up to an optimum value. The value of 
optimum 2-cyanoacetamide concentration slightly increased from 1.7 mol dm–3 
for lower 1-ethoxy-2,4-pentanedione concentrations to 2.4 mol dm–3 for higher 
concentration. Nevertheless, at higher 2-cyanoacetamide concentrations a decrease 
of the initial velocity was observed, indicating that the excess 2-cyanoacetamide 
inhibited the catalytic activity of lipase. On the other hand, the effects of the 
1-ethoxy-2,4-pentanedione concentration for various fixed concentrations of 
2-cyanoacetamide (Fig. 4) resembled those typical Michaelis–Menten kinetics. 
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With increasing 1-ethoxy-2,4-pentanedione concentration, the reaction rates 
increased and slowly approached to a local maximum. The value of local maxi-
mum rate increased as the fixed concentration of 2-cyanoacetamide increased up 
to 2.4 mol dm–3. Due to the inhibitory effect, with concentrations of 2-cyano-
acetamide higher than 2.4 mol dm–3, the local maximum rate were lower. There-
fore, the maximum initial rate of 3.85×10–3 mol dm–3 h–1 was achieved with 
8×10–2 mol dm–3 of 1-ethoxy-2,4-pentanedione and 2.4 mol dm–3 of 2-cyano-
acetamide. 

 
Fig. 4. The ping–pong model curves at a fixed concentration of 2-cyanoacetamide. 

These results support a ping–pong mechanism with substrate inhibition, 
typical for lipase catalyzed reactions, and the same model was proposed in a 
previous study of the lipase-catalyzed synthesis of 4,6-dimethyl-3-cyano-2-pyri-
done.29 A graphical illustration of the proposed mechanism is given in Fig. 5.  

After statistical analysis, the ping–pong model with 2-cyanoacetamide inhi-
bition was shown to be in good agreement with the experimental results, with a 
correlation coefficient of 0.94. According to this mechanism, the lipase was ini-
tially bound to 1-ethoxy-2,4-pentanedione forming a non-covalent complex, 
which was, with synchronal release of one water molecule, transformed to a 
1-(ethoxymethyl)-3-oxo-but-1-enyl–enzyme complex. Subsequently, the modi-
fied enzyme reacted with the 2-cyanoacetamide and formed another binary com-
plex which then released pyridone, water and the free enzyme. It is plausible that 
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inhibition by 2-cyanoacetamide occurs when a 2-cyanoacetamide molecule reacts 
with the enzyme directly to produce a dead-end complex (Fig. 6). 

 
Fig. 5. Illustration of the proposed ping–pong bi–ter mechanism. 

 
Fig. 6. Schematic representation of the ping–pong bi–ter mechanism: E: enzyme (lipase), 
CAA: 2-cyanoacetamide, EPD: 1-ethoxy-2,4-pentanedione, P: pyridone, EEPD and EP: 
complexes of lipase and EPD and P, respectively, EEPD*: 1-(ethoxymethyl)-3-oxo-but- 

-1-enyl-enzyme complex and EB: dead-end inhibition complex 
of the enzyme with 2-cyanoacetamide. 

The kinetic constants, given in Table I, were obtained by multiple regression 
fitting of the experimental data: 
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where ν is the initial reaction rate, Vmax is the maximum reaction rate, [A] and 
Km,A are the concentration and Michaelis constant of 1-ethoxy-2,4-pentanedione, 
[B] and Km,B are the concentration and Michaelis constant of 2-cyanoacetamide, 
respectively, and Ki,B is the inhibitory constant of 2-cyanoacetamide. 

TABLE I. Estimated values of the kinetic parameters for the synthesis of 3-cyano-4-(ethoxy-
methyl)-6-methyl-2-pyridone 

Parameter Value 
Vmax  4.34×10-3 mol dm-3 h-1 
Km,A 0.315×10-2 mol dm-3 
Km,B  0.347 mol dm-3 
Ki,B 1.603 mol dm-3 
Ks,A 0.106 dm3 g-1 h-1 
Ks,B 0.963×10-3 dm3 g-1 h-1 

Specificity constants, Ks, for A and B can be defined as Ks = kcat/Km, where 
kcat is the rate constant for the catalyzed reaction. The high value of Ks,A/Ks,B 
(109.6) indicates that the lipase from C. rugosa has a higher affinity towards the 
1,3-diketone compared to 2-cyanoacetamide, which was also observed in a pre-
vious study.29 The assumed reaction mechanism is schematically presented in 
Fig. 7.  

By using specificity constant values, the preference of the enzyme for diffe-
rent 1,3-diketones (1-ethoxy-2,4-pentanedione and 2,4-pentanedione) can be 
compared. As the specificity constant of 2,4-pentanedione is about ninety fold 
higher than the specificity constant for 1-ethoxy-2,4-pentanedione, it is clear that 
lipase prefers 2,4-pentanedione as substrate. If the catalytic constants of these 
two reactions are compared, it is interesting to notice that the reaction was much 
faster (≈500 fold) with 2,4-pentanedione, although the higher polarity of the 
ethoxymethyl group facilitates the attack on the carbonyl group of 1-ethoxy-2,4- 
-pentanedione. It seems that the mechanism of the enzymatic synthesis of 
substituted 2-pyridones is different to that operative in their chemical synthesis 
that leads to different selectivities, which could be an additional motive for wider 
application of lipase-catalyzed reactions. The explanation could be in the specific 
tunnel shape of the active center of the lipase from C. rugosa.31 The bulkier is 
the substrate, the more difficult is the approach to the catalytic triad and 
consequently the formation of the enzyme–substrate complex is slower. 
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Fig. 7. Hypothetical mechanism of the enzyme catalyzed reaction of 

1-ethoxy-2,4-pentanedione and 2-cyanoacetamide. 

CONCLUSIONS 

The enzymatic synthesis of 3-cyano-4-(ethoxymethyl)-6-methyl-2-pyridone, 
an important precursor for vitamin B6, starting from 1-ethoxy-2,4-pentanedione 
and 2-cyanoacetamide was described. In addition, a kinetic study was performed. 
The results indicate a linear increase in reaction rate with increasing enzyme 
concentration up to 1.2 %, w/v. Moreover, the mechanism of 2-cyanoacetamide 
and 1-ethoxy-2,4-pentanedione condensation mediated by lipase from Candida 
rugosa was elucidated using the initial reaction rate analysis. The best fit of the 
experimental data was achieved using the ping–pong bi–ter mechanism with 
inhibition by 2-cyanoacetamide. Values of the kinetic parameters demonstrated 
higher affinity of lipase from C. rugosa for 1-ethoxy-2,4-pentanedione rather 
than for 2-cyanoacetamide. Moreover, the values of specificity constants of 
2,4-pentanedione and 1-ethoxy-2,4-pentanedione clearly demonstrated a greater 
affinity towards 2,4-pentanedione and less bulky substrates. 
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И З В О Д  

ЕНЗИМСКА СИНТЕЗА ПРЕКУРСОРА ВИТАМИНА Б6 

НЕВЕНА Ж. ПРЛАИНОВИЋ
1
, ДЕЈАН И. БЕЗБРАДИЦА

2
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1Иновациони центар Технолошко–металуршког факултета, Универзитет у Београду, Карнегијева 4, 
11000 Београд, 2Технолошко–металуршки факултет, Универзитет у Београду, Карнегијева 4, 11000 

Београд и 3Хемијски факултет, Универзитет у Београду, Студентски трг 16, 11000 Београд  

3-Цијано-4-(eтоксиметил)-6-метил-2-пиридон је веома важан прекурсор у синтези 
витамина Б6. Добија се у реакцији између молекула 2-цијаноацетамида и 1-етокси-2,4- 
-пентандиона катализованој липазом из Candida rugosa (триацилглицерол-ацил-хидро-
лазa, EC 3.1.1.3). Резултати овог рада представљају сет нових експерименталних пода-
така брзине ензимске синтезе 3-цијано-4-(eтоксиметил)-6-метил-2-пиридонa. Матема-
тичким моделовањем ових података добијени су подаци о кинетици испитане реакције. 
Кинетичка мерења вршена су на температури од 50 °C при концентрацији ензима од 
1,2 % m/v. Добијени резултати фитовани су са два различита математичка модела 
(пинг–понг модел са инхибицијом 2-цијаноацетамидом и секвенцијални модел са пра-
вилним редоследом везивања са инхибицијом 2-цијаноацетамидом). Вредности коефи-
цијената линеарности показују да се почетне брзине реакције при различитим почетним 
концентрацијама супстрата најбоље могу описати пинг–понг би–тер моделом при чему 
постоји инхибиција 2-цијаноацетамидом. У раду је дат и графички приказ пинг–понг 
модела. Добијене константе специфичности указују на то да липаза из C. rugosa има 
већи афинитет према 1-етокси-2,4-пентандиону у поређењу са 2-цијаноацетамидом. 

(Примљено 22. марта, ревидирано 10. маја 2013) 
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Abstract: Novel metal-based compounds with therapeutic potential have 
become the subject of intense investigations in inorganic chemistry and bio-
medical science. Recently, strong dose-dependent cytotoxic activities of sele-
nosemicarbazone metal complexes against several human cancer cell lines 
were demonstrated. The aim of the present study was to investigate in vitro 
antioxidative potential of Ni(II), Cd(II) and Zn(II) selenosemicarbazone com-
plexes. All three investigated complexes exhibited high 2,2'-azinobis(3-ethyl-
benzothiazoline-6-sulphonic acid) radical cation (ABTS•+) scavenging capa-
city, comparable with ascorbic acid. In an acute toxicity study, administration 
of the compounds was performed orally to mice at single doses. The mice were 
observed for clinical signs, body weight effects and mortality for 14 days, after 
which they were sacrificed for gross organ necropsy. The body weight did not 
vary after administration, and the autoptic analysis failed to show appreciable 
macroscopic alterations of internal organs. Generally, the compounds exhibited 
low toxic effects as required for further in vivo therapeutic studies. 

Keywords: Ni(II), Cd(II) and Zn(II) complexes; selenosemicarbazones; antioxi-
dative activity; in vivo toxicity. 

INTRODUCTION 

Chalcogensemicarbazones are condensation derivates of chalcogensemicar-
bazides and carbonyl compounds. Interest in (thio)semicarbazone ligands has 
been driven, in part, by potentially beneficial biological activity of ligands and 
their metal complexes, including, antifungal, antimicrobial, anticancer, anti-
inflammatory and antiviral activities.1–4 However, total number of seleno-
semicarbazones and their metal complexes is much smaller in comparison to the 
corresponding O and S analogues, although results of few comparative studies 
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indicated that isosteric replacement of other chalcogen atoms with selenium 
resulted in a much more active compounds.5–11 The biological action of chalco-
gensemicarbazones is attributed to their chelating properties.1–4 

Our research group has been engaged in the systematic investigation of 
selenosemicarbazones derived from N-heteroaromatic aldehydes and ketones, in 
order to determine the driving force behind the coordination behaviour of this 
type of ligands, as well as to explore their biological activity. Similar to their 
sulphur analogues, selenosemicarbazones exhibit various binding modes with 
d-metals. Selenosemicarbazones of aliphatic and aromatic carbonyl compounds 
can act as mono- or bidentate ligands, but when N-heteroaromatic carbonyl com-
pound is used for synthesis of selenosemicarbazones, the coordination capacity 
can be extended by the presence of additional nitrogen atom suitable for chela-
tion. Accordingly, 2,6-diacetylpyridine bis(selenosemicarbazone) (H2dapsesc) is 
coordinated as pentadentate, via both selenium atoms, pyridine and both imine 
nitrogen atoms in Cd(II) and Zn(II) complexes (Scheme 1),12 while during the 
formation of the Ni(II) complex, elimination of hydrogen selenide from one side 
chain of the H2dapsesc ligand occurred.12 In the resulting Ni(II) complex, the 
modified ligand 2-{1-[6-(1-selenosemicarbazonoethyl)-2-pyridyl]ethylidene}-
hydrazine carbonitrile (H2hcn) is tetradentately coordinated (Scheme 1). 

 
Scheme 1. Structures of the investigated compounds. 

Over-production of activated oxygen species, generated by normal metabolic 
processes, is considered to be the main contributor of oxidative damage in bio-
molecules, thus inducing a broad spectrum of different diseases, in particular car-
diovascular, neurodegenerative disease and cancer.13 It is known that oxidative 
stress plays a multistep role in carcinogenesis, through a process of both cell 
mutation and proliferation. Although most cancer cells exhibit elevated oxidative 
stress with increased metabolic activity and the production of reactive oxygen 
species (ROS), the mechanism of action of many cancer chemotherapeutic drugs 
involves ROS-mediated apoptosis. For example, the classic anticancer agents 
cisplatin and adriamycin appear to produce ROS at excessive levels, resulting in 
DNA damage and cell death.14 Most thiosemicarbazone complexes contain redox 
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metal ions that potentially can activate O2 and generate OH·radicals. However, 
there are data that support but also data that exclude this activity as function of 
the nature of the ligand and the metal centre.4 The potential value of natural and 
synthetic antioxidants has already prompted scientists to search for cooperative 
effects of compounds which improve antioxidant activity and cytotoxicity.15 
Previous investigations showed that selenosemicarbazone complexes exhibited 
strong dose-dependent cytotoxic activity against a panel of several human tumour 
cell lines, and this effect was comparable to that of cisplatin.16–19 This study was 
undertaken with the aim to investigate the in vitro antioxidative potential of 
Ni(II), Cd(II) and Zn(II) selenosemicarbazone complexes. The analysis of the 
toxicity level of chemical compounds is one of the most important steps required 
for further biological studies.20 Bearing in mind the toxicity from high Se intake 
and that metal ions are generally toxic at high-dose levels, the second aim of the 
present study was to evaluate the acute oral toxicity of these novel metal-based 
compounds. 

EXPERIMENTAL 

Materials and methods 

2,6-Diacetylpyridine (dap, 99 %), was obtained from Acros Organics, while 
Ni(CH3COO)2·4H2O (purum p.a. ≥ 99.0 % KT), Zn(CH3COO)2·2H2O (purum p.a. ≥ 99.0 % 
KT) and Cd(CH3COO)2·2H2O (purum p.a. ≥ 99.0% KT) were obtained from Fluka. Dimethyl 
sulphoxide (DMSO dried, ≥ 99.5 %) was obtained from Merck (Darmstadt, Germany). 2,2'-
Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS, anal. grade) and vitamin C 
(ascorbic acid, p.a) were purchased from Serva.  

Elemental analyses (C, H, N) were performed by standard micro-methods using an 
ElementarVario ELIII C.H.N.S=O analyzer. The IR spectra were recorded on a Perkin–Elmer 
FT-IR 1725X spectrometer in the region 4000–400 and 400–200 cm-1 as CsI tablets. Molar 
conductivities were measured at room temperature on a digital conductivity-meter Jenway- 
-4009. The NMR spectra (in DMSO-d6) were obtained using a Varian Gemini 2000 
instrument (1H at 200 MHz, 13C at 50.3 MHz). 

Synthesis of the tested compounds 

The ligand H2dapsesc was synthesized as described previously12 by the reaction of dap 
and selenosemicarbazide in the molar ratio 1:2. The complexes 1–3 (Scheme 1) were syn-
thesized by adding an aqueous solution of Zn(CH3COO)2·2H2O, Cd(CH3COO)2·2H2O or 
Ni(CH3COO)2·4H2O, respectively, into a suspension of H2dapsesc in EtOH.12 The Zn(II) and 
Cd(II) complexes were purified by vapour diffusion using DMSO as the inner solution and 
EtOH as the outer solvent. The purity of the synthesized compounds was tested by elemental 
analysis. The IR and NMR spectroscopy data, as well as the molar conductivity values were in 
good agreement with previously published data.12 

Analytic and spectral data for the ligand and 1–3 

H2dapsesc. Yield: 0.63 g (93 %); Anal. Calcd. for C11H15N7Se (FW: 403.20): C, 32.77; 
H, 3.75; N, 24.32 %. Found: C, 32.96; H, 3.70; N, 23.79 %. IR (KBr, cm-1): 3460 (s), 3375(s), 
3333 (s), 3249 (s), 3147 (s), 1591 (vs), 1491 (vs), 1440 (vs), 1397 (vs), 1260 (vs), 1086 (vs), 
786 (m). 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 2.38 (3H, s, C7H3), 2.58 (3H, s, C10H3), 
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7.81 (1H, poorly resolved doublet, C4H), 8.01 (1H, poorly resolved triplet, C3H), 8.63 (1H, 
poorly resolved doublet, C2H), 8.65 and 8.75 (1H, s, N4HaHb), 8.97 (2H, s, N7H2), 10.85 
(1H, s, N3H), 14.16 (1H, s, Se2). 13C-NMR (50.3 MHz, DMSO-d6, δ / ppm): 12.6 (C7+C10), 
121.6 (C2+C4), 137.0 (C3), 149.9 (C6+C9), 153.7 (C1+C5), 175.5 (C8+C11). 

Complex 1. Yield: 0.10 g (86 %); Anal. Calcd. for C11H13N7Se2Zn (FW: 466.58): C, 
28.66; H, 3.52; N, 18.00 %. Found: C, 28.95; H, 3.51; N, 18.03 %. IR (KBr, cm-1): 3411 (m), 
3285 (m), 3157 (m), 1614 (m), 1482 (s), 1438 (vs), 1405 (s), 1285 (m), 1167 (m), 1024 (m), 
714 (w). 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 2.46 (6H, s, C7H3+C10H3), 6.82 (4H, s, 
N4H2+N7H2), 7.61 (2H, poorly resolved doublet, C2H+C4H), 7.92 (1H, poorly resolved 
triplet, C3H). 13C-NMR (50.3 MHz, DMSO-d6, δ / ppm): 17.4 (C7+C10), 124.1 (C2+C4), 
138.9 (C3), 153.6 (C6+C9), 155.8 (C1+C5), 173.0 (C8+C11). Conductivity (ΛM / Ω-1cm2 
mol-1 (1×10-3 mol dm-3 in DMF)): 0.73. 

Complex 2. Yield 0.07 g (55 %); Anal. Calcd. for C11H13N7Se2Cd (FW: 513.60): C, 
25.72; H, 2.55; N, 19.09 %. Found: C, 25.66; H, 2.54; N, 18.53 %. IR (KBr, cm-1): 3476 (m), 
3285 (m), 3162 (w), 1607 (m), 1495 (s), 1435 (m), 1407 (s), 1170 (m), 1019 (w), 702 (w). 1H- 
-NMR (200 MHz, DMSO-d6, δ / ppm): 2.42 (6H, s, C7H3+ C10H3), 6.93 (4H, s, 
N4H2+N7H2), 7.80 (2H, d, 3J = 7.9 Hz, C2H+C4H), 8.12 (1H, t, 3J = 7.9 Hz, C3H). 13C-NMR 
(50.3 MHz, DMSO-d6, δ / ppm): 14.6 (C7+C10), 121.9 (C2+C4), 140.9 (C3), 145.4 (C6+C9), 
150.5 (C1+C5), 174.6 (C8+C11). Conductivity (ΛM / Ω-1cm2 mol-1 (1×10-3 mol dm-3 in 
DMF)): 1.17.  

Complex 3. Yield 0.26 g (84 %); Anal. Calcd. for C11H11N7SeNi (FW: 378.91): C, 
34.87; H, 2.93; N, 25.88 %. Found: C, 34.64; H, 2.86; N, 25.47 %. IR (KBr, cm-1): 3430 (m), 
3315 (m), 3153 (s), 2176 (vs), 1648 (s), 1595 (w), 1535 (s), 1498 (s), 1444 (m), 1407 (m), 
1370 (m), 1329 (m), 1289 (m), 1223 (w), 1172 (m), 1107 (m), 1076 (m), 1045 (m), 797 (m), 
766 (w), 712 (m). 1H-NMR (200 MHz, DMSO-d6, δ / ppm): 2.34 (3H, s, C10H3), 2.51 (3H, s, 
C7H3), 7.87 (2H, s, N4H2), 7.98 (1H, poorly resolved doublet, C2H), 8.18 (1H, poorly 
resolved doublet, C4H), 8.41 (1H, poorly resolved triplet, C3H). Conductivity (ΛM / Ω-1cm2 
mol-1 (1×10-3 mol dm-3 in DMF)): 1.35. 

Free radical scavenging assay 

The total antioxidant activity assay using ABTS cation radicals was performed according 
to the previously published procedure21 with some modifications. Briefly, ABTS was dis-
solved in water to a concentration of 7 mM and its cation radicals were produced in a reaction 
with 2.45 mM potassium persulphate. The resulting mixture was kept in the dark at room 
temperature for 12–16 h before use. Prior to the assay, the solution was diluted with miliQ 
water (about 1:79, v/v) to give an absorbance of 0.70±0.02 at 734 nm. After the addition of 2 
mL of diluted ABTS cation radical solution to 0.2 mL of a fixed concentration of the com-
pounds, the absorbance at 734 nm was recorded exactly 30 min after the initial mixing. 

Results are presented as mean ± standard deviation. A minimum of three independent 
experiments were performed. The log sigmoid dose–response curves of free radical scaveng-
ing activity of tested compounds were generated using the Origin 7.0 software package (Mic-
rocal Software Inc., Northampton, MA, USA). The IC50 values were determined by post hoc 
regression analysis of the linear segments of the sigmoid dose response curves. Calibration 
curves of the standards and samples were considered as linear if R2 > 0.98. 

Animals 

This study was run in accordance to the statements of European Union regarding hand-
ling of experimental animals (86/609/EEC), and approved by the Ethical Committee for Labo-
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ratory Animals, Galenika a.d., Belgrade (permit No 02/20.01.2012.). Adult, female (nulli-
parous and non-pregnant) NMRI/Han mice were provided by Biomedical Research Centre, 
R&D Institute, Galenika a.d. (Belgrade, Serbia). Before experiment, the mice were housed 5 
per cage under constant environmental conditions (20–24 °C; 12 h light/dark cycle), and had 
access to standard pelleted food and water ad libitum.  

Acute oral toxicity study 

Acute oral toxicity test was run strictly in accordance with OECD Guidelines for the 
Testing of Chemicals, Section 4: Health Effects: Test No. 423: Acute Oral toxicity – Acute 
Toxic Class Method.22 The principle of the test is that, based on a stepwise procedure with the 
use of a minimum number of animals per step, sufficient information is obtained on the acute 
toxicity of a test substance. The substances were tested using a stepwise procedure. In each 
step, three female mice were used since they are generally slightly more sensitive. The 
absence or presence of compound-related mortality of the animals dosed at one step deter-
mined the next step, i.e., no further testing is needed, dosing of three additional animals with 
the same dose, or dosing of three additional animals at the next higher or the next lower dose. 
The animals, which were 8–10 weeks old and weighed 22–30 g, were fasted for 4 h before the 
experiment and divided into experimental and control groups. Test samples were dissolved 
first in DMSO, and distilled water was added to obtain the final concentration of the tested 
compounds (the final concentration of DMSO was 20 %). The control group was treated with 
20 % DMSO. A single dose of 300 and 2000 mg kg-1 b.wt. of Ni (II), Cd(II) and Zn(II) 
complexes was administered intragastrically (i.g.) using a metal tube for gavage. Fixed 
volume of 0.5 mL was administrated per mouse. Food was returned to the animals 3 h after 
dosing. Individual weights were determined at the start of the fasting time (day 0), imme-
diately before the test substance was administered (day 0) and on the test days 1, 2, 4, 7, and 
14. The animals were observed for clinical signs of toxicity while handled before and after 
fasting, during the first 30 min after dosing, at least two more times within 4–4.5 h after 
dosing, and daily thereafter. Observations for abnormal behavioural signs, somnolence, dizzi-
ness, restlessness, neurological signs, respiratory distress or mortality were conducted twice 
daily. At the end of the test (day 14), the mice were sacrificed by cervical dislocation, and 
gross pathological changes in the main organs (brain, liver, kidney, spleen, gastric and intes-
tinal mucosa) were evaluated.  

RESULTS AND DISCUSSION 

The biological activities of semicarbazones and thiosemicarbazones were 
reported to increase upon coordination with the metal ions. The metal complex 
could be more active than the free ligand, and could exhibit biological activities 
that are not shown by the free ligand. In addition, some adverse effects may 
decrease upon complexation. Moreover, coordination may lead to significant 
reduction of drug-resistance. Therefore, studies on novel metal-based compounds 
with therapeutic potential have become an area of intense investigation in biome-
dicine and inorganic chemistry.23,24 In the present study, the antioxidative poten-
tial and acute toxicity level of three synthesised selenosemicarbazone metal com-
plexes 1–3 (Scheme 1) were investigated.  

There are various antioxidant activity assays, each having their specific tar-
get within the matrix and all of them with advantages and disadvantages. The 
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ABTS assay used in this study represents one of the most important and widely 
used assays.25 This colorimetric test provides determination of the antioxidant 
capacity of natural and synthetic compounds since the ABTS radical decolorizes 
in the presence of antioxidants. The free radical scavenging capacity (FRSC in 
%) of the ligand H2dapsesc, the complexes 1–3 and metal salts used in synthesis, 
as well as the ascorbic acid as positive control and DMSO as the vehicle control 
is expressed as 50 % inhibitory concentration (IC50 in μM, Table I), defined as 
the concentration of the tested compound leading to a 50 % reduction of the free 
radical concentration. The IC50 values for the tested compounds were calculated 
from log sigmoidal dose response inhibition curves by post hoc linear regression 
analysis. These results clearly indicated that the complexes 1–3 exhibited an 
excellent ABTS radical cation-scavenging effect, comparable to that of a refe-
rence antioxidant, Vitamin C. The antioxidative capacity of the ligand was lower 
by an order of magnitude compared to the activity of the complexes. It is to be 
noted that no significant radical scavenging activities were observed in the expe-
riment carried out under the same experimental conditions with the metal salts 
used in the syntheses of the complexes, even up to the concentration of 1.0 mM. 
The IC50 values (Table I) indicated that the ligand and the complexes showed 
antioxidant activity in the following order: 2 > 1 > 3 > H2dapsesc. It can be 
assumed that coordination of the ligand in anionic form promotes the ligand-cen-
tered reduction of the CH3C=N double bond in the complexes, which is reflected 
in the higher antioxidative potential of the complexes compared to the free ligand, 
as was registered for related Ga(III) complexes with thiosemicarbazones.26 

TABLE I. IC50 values (in μM) calculated from ABTS radical cation scavenging assay of the 
tested compounds and the standard (vitamin C) 

Compound IC50 / μM 
H2dapsesc 557±54 
[Zn(dapsesc)] (1) 29.51±1.50 
[Cd(dapsesc)] (2) 21.62±0.83 
[Ni(hcn)] (3) 35.59±5.30 
Zn(CH3COO)2·2H2O > 1000 
Cd(CH3COO)2·2H2O > 1000 
Ni(CH3COO)2·4H2O > 1000 
Vitamin C 21.35±2.75 

It is known that selenium represents one of the most important micro-nu-
trients in human diet regarding antioxidant activity. It does not act directly on 
free radicals but is an indispensable part of most antioxidant enzymes (metallo-
enzymes, glutathione peroxidase) that would have no effect without it.27 The 
mode of anticancer action of Se is not fully understood but several mechanisms 
including antioxidant protection by selenoenzymes have been proposed.28 Fur-
thermore, zinc is a bio-element that is important in the prevention of free radicals 
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formation. It plays a role as an inhibitor of NADPH oxidases, which catalyze the 
production of the superoxide radical anion from oxygen by using NADPH as an 
electron donor. Zinc is present in superoxide dismutase, an important antioxidant 
enzyme that converts the superoxide radical anion into hydrogen peroxide. 
Finally, zinc induces the production of metallothionein that is a scavenger of the 
hydroxyl radical, and also competes with copper for binding to the cell wall, thus 
decreasing the production of hydroxyl radicals.29 Taken together, the present 
preliminary in vitro results and these known properties of selenium and zinc 
allow the proposal that these metal complexes are worthy of further investigation 
under in vivo conditions. 

However, the toxicity and carcinogenicity of metal ions should not be 
neglected. The primary route for their toxicity is depletion of glutathione and 
bonding to sulfydryl groups of proteins.30 In addition, the unregulated intake of 
dietary or pharmacological selenium, mainly in the form of the inorganic Se 
compound, sodium selenite, could potentially expose the body tissues to toxic 
levels of Se with the subsequent negative consequences on DNA integrity. Due 
to a broad interest for the beneficial effects of Se on human health and cancer 
prevention and therapy, studies investigating the negative effects such as toxicity 
from high Se intake are also highly required.28 Therefore, a toxicological study 
of the investigated selenosemicarbazone metal complexes was conducted as one 
of the most important steps required for further studies of biological activity. The 
acute toxicity evaluation was based on an established protocol, internationally 
recognized as a reference standard tool for chemical tests. The OECD 420 guide-
line – Fixed-Dose Procedure for Assessing Oral Acute Toxicity22 was followed. 
Acute oral toxicity refers to those adverse effects occurring following oral admi-
nistration of a single dose of a substance. According to globally harmonized 
system of classification and labelling of chemicals (GSH),31 substances are 
assigned to one of the five toxicity categories based on LD50 (oral and dermal) or 
LC50 (inhalation). For the evaluation of acute oral toxicity, a single dose (300 and 
2000 mg kg–1) was orally administered to female mice. The doses used were 
based on the previous toxicological data on the structurally related substance, 
N-{4-[(E)-((aminothioxomethylhydrazono)methyl]phenyl}acetamide (thioaceta-
zone), which was helpful in the selection of the most appropriate initial dose. 
Namely, the median lethal dose (LD50) for thioacetazone was determined as 950 
mg kg–1 after oral administration in mouse.31 Thus a starting dose 300 mg kg–1 
was employed in the present study. The results are presented in Table II. 

At the dose level of 300 mg kg–1 body weight, no mortality was observed, 
but some signs and unusual symptoms during the first 4 h of the acute toxicity 
protocol were observed, such as exciting behavioural (agitation, touch response), 
inhibitory (sleepiness) and other characteristics (piloerection). It was observed 
that the compounds did not cause any gross behavioural alterations, such as 
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convulsion, dizziness or respiratory distress. No clinical signs of toxicity were 
observed in the group that received [Ni(hcn)] in the lower dose. After that, the 
toxicity level of the Ni(II), Cd(II) and Zn(II) selenosemicarbazone complexes 
were evaluated at the maximum dose of 2000 mg kg–1 administered orally to the 
4 h-fasted mice. At the higher dose, toxic symptoms, such mild agitation, touch 
response in one animal and sleepiness in the [Cd(dapsesc)] group, ataxia and 
somnolence with a fatal effect in [Ni(hcn)] group, were observed. During the 
study period of two weeks, no death occurred in the animals treated with the 
Cd(II) and Zn(II) selenosemicarbazone complexes, which indicates that the lethal 
dose of the compounds is above 2000 mg kg–1 body weight in mice and that the 
compounds could be considered to be less harmful at this dose. No test sub-
stance-related effects on body weight occurred. The mean body weights of the 
test mice were similar to those of the control group throughout the study (data not 
shown). Sporadic body weight losses of up to 5 % were not considered test sub-
stance-related, because the decreases were only over a one- or two-day period 
and did not occur the day after dosing. No gross lesions were present in the mice 
at necropsy. In addition, macroscopic examination revealed that the organs taken 
presented aspects of colour, size and texture, showing no difference from the 
control group. 

TABLE II. Parameters of acute toxicity observed in adult female mice, treated with different 
oral doses of Ni(II), Cd(II) and Zn(II) selenosemicarbazone complexes; –, no effect; +, mild 
effect; ++, moderate effect; +++, major effect 

Clinical sign 
Compound/Dose, mg kg-1 

Control  
(20 % DMSO) 

[Ni(hcn)] [Cd(dapsesc)] [Zn(dapsesc)] 
300 2000 300 2000 300 2000 

Agitation – – – + + – – 
Convulsion – – – – – – – 
Ataxia – +++ + – – – – 
Touch response – – + + – – – 
Piloerection – – – – + – – 
Sleepiness – – – + + – + 
Somnolence – +++ – – – ++ – 
Respiratory distress – – – – – – – 
Mortality 0/6 6/6 0/6 0/6 0/6 0/6 0/6 

The absence of mortality at concentrations as high as 2000 mg kg–1 b.wt. of 
the Cd(II) and Zn(II) complexes did not allow the calculation of the median 
lethal dose (LD50) value. Hence, the Cd(II) and Zn(II) complexes investigated in 
this study belong to the so-called category 5 or unclassified according to GSH 
classification.31 Therefore, these compounds show low acute toxicological risk. 
The absence of gross behavioural alteration is also another indication of lack of 
toxicity of the compounds. Moreover, it is important to emphasize that a safe 
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therapeutic index or therapeutic ratio could be expected. A higher therapeutic 
index is preferable to a lower one, and means that much higher doses of these 
compounds are required to reach the lethal/toxic threshold than the dose which 
will lead to a therapeutic effect.  

CONCLUSIONS 

The investigated compounds showed high in vitro antioxidative potential. 
Accordingly, they are good candidates for the prevention or treatment of a broad 
range of pathological conditions mediated by uncontrolled oxidative processes. 
They also exhibited low toxic effects as required for further in vivo therapeutic 
studies. The obtained results invoke further preclinical studies that should show 
their efficacy in different oxidative stress related disorders. In addition, long-term 
toxicological studies with repeated doses are necessary for the final safety evalu-
ation. 
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И З В О Д  

ВИСОКИ АНТИОКСИДАТИВНИ ПОТЕНЦИЈАЛ И МАЛИ ТОКСИЧНИ ЕФЕКАТ 
СЕЛЕНОСЕМИКАРБАЗОНСКИХ КОМПЛЕКСА 

ДРАГАНА ДЕКАНСКИ1, ТАМАРА ТОДОРОВИЋ2, ДРАГАНА МИТИЋ2, НЕНАД ФИЛИПОВИЋ3, НАТАЛИЈА 

ПОЛОВИЋ2 И КАТАРИНА АНЂЕЛКОВИЋ2 
1Биомедицинска истраживања, Институт за истраживање и развој, Галеника а.д., Пастерова 2, 

11000 Београд, 2Хемијски факултет, Универзитет у Београду, Студентски трг 12–16, 11000 Београд 
и 3Пољопривредни факултет, Универзитет у Београду, Немањина 6, 11080 Београд 

Нова једињења на бази метала са терапеутским дејством постала су предмет истра-
живања у неорганској хемији и биомедицинским наукама. Показана је јака дозно-за-
висна цитотоксична активност комплекса селеносемикарбазона на већем броју ћелиј-
ских линија хуманих ћелија канцера. Циљ рада је испитивање in vitro антиоксидативног 
дејства селеносемикарбазонских комплекса никла, цинка и кадмијума. Сва три испити-
вана комплекса показала су јаку антиоксидативну активност према ABTS радикалу, упо-
редиву са активношћу аскорбинске киселине. Током испитивања акутне токсичности, 
једињења су орално давана мишевима у појединачним дозама и праћени су клинички 
знаци, тежина тела и морталитет након 14 дана, а потом су животиње жртвоване ради 
аутопсије органа. Тежина тела није варирала након апликације. Генерално, једињења су 
показала мали токсични ефекат што и захтева будуће in vivo терапеутско испитивање. 

(Примљено 15. марта, ревидирано 27. марта 2013) 
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Abstract: A comparative study of reactivity of μ-nitrido- and μ-oxo-dimers of 
iron tetrasulfophthalocyanine has been performed in aqueous solutions of 
various acidity. The substantially higher stability of the nitrido-bridged struc-
ture under both strongly acidic and strongly alkaline environments was demon-
strated. The reactions of the complexes with sulfur-containing reductants 
(sodium dithionite, thiourea dioxide, sodium hydroxymethanesulfinate, L-cys-
teine) were studied. Differences in reduction processes were explained. 

Keywords: μ-nitrido dimer, μ-oxo dimer, iron phthalocyanine, reduction. 

INTRODUCTION 

A selective low-temperature oxidation of hydrocarbons (especially of 
methane) is the challenging problem of great practical importance. The naturally 
occurring methane mono-oxygenase enzyme (MMO) converts methane to metha-
nol in aqueous solutions under mild conditions.1,2 The active site of the enzyme 
includes two non-heme iron atoms linked together by an oxygen bridge, and this 
structural feature determines the unique reactivity of MMO. μ-Oxo-dimers of 
iron complexes with tetrapyrrole macrocycles (porphyrins and phthalocyanines) 
have been intensively used in model reactions of hydrocarbon oxidation for a 
long time.3,4 Their catalytic activity in the oxidation of unsaturated hydrocarbons 
and alkanes with active C–H bonds (tertiary, allyl and benzyl) was demon-
strated.5–9 In 2009, it was discovered that the μ-nitrido-dimer of iron phthalo-
cyanine catalyzes the low-temperature oxidation of methane by hydrogen pero-
xide.10 The authors showed that this complex reacts with hydrogen peroxide to 
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form the strong oxidant FeIVNFeVO via heterolytic О–О bond cleavage in the 
peroxide and that the presence of the binuclear Fe–N–Fe motif is a prerequisite 
for an effective catalysis. Further possibilities of other substrate activations by 
μ-nitrido-dimers of iron phthalocyanines and porphyrins were evidenced later.11–14 

Recent DFT calculations performed on the Fe-porphyrazine model15 dis-
closed the fact that the unique catalytic activity of iron μ-nitrido-dimers may be 
connected with the ability of the nitrido-bridge (in contrast to the oxo-one) to 
bear an excessive charge in transient redox species in catalytic cycle and to 
stabilize their low-spin states.  

Hence, as μ-nitrido(bis-iron phthalocyanines) are highly reactive in oxi-
dations of organic substrates by hydrogen peroxide, it could be expected that 
oxygen activation is quite feasible via their mediation as well. The ability of Fe-
porphyrazine μ-nitrido-dimer to bind reversibly dioxygen was proven earlier.16 
Dioxygen activation in the catalytic cycle obligatorily requires the participation 
of reductants in a fully reversible reduction step. In the case of µ-oxo-dimers 
applied as models of the MMO active site, the action of relatively weak reduc-
tants leads to the cleavage of the Fe–O bonds, with the formation of mono-
mers.17,18 

Recently, the first successful synthesis of the water-soluble sulfo-derivative 
of the μ-nitrido Fe-phthalocyanine dimer μ-N(FeTSPc)2 was reported.19 The 
synthesis was performed in two alternative ways: i) via the sulfonation of µ-
nitrido-bridged Fe-phthalocyanine and ii) via the thermolysis of the azide com-
plex of Fe-tetrasulfophthalocyanine in acetic acid.19 This work presents a com-
parative analysis of the stability of µ-N(FeTSPc)2 (I) and µ-O(FeTSPc)2 (II) 
(Fig. 1) in aqueous solutions, as well as of reactivity in reduction processes with 
sulfur-containing compounds, viz., sodium dithionite, thiourea dioxide (TDO), 
sodium hydroxymethanesulfinate (HMS)20 and L-cysteine. 

 
Fig. 1. The structures of the nitrido- and oxo-bridged complexes of iron 

tetrasulfophthalocyanine. 
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EXPERIMENTAL 

Chemicals and methods 

All reagents (Sigma–Aldrich) were used as received without further purification. Oxy-
gen-free argon was used to deoxygenate the solutions. Britton–Robinson, phosphate and 
borate buffers were used to control the pH. 

The IR-spectra were recorded on an Avatar 360 FT-IR spectrometer and the elemental 
composition of the complex was determined on a Flash EA CHNS-O Analyser. The UV–Vis 
spectra and kinetic traces were recorded on a thermostated Cary 50 spectrophotometer.  

Experimental data were analyzed using the Origin 7.5 program. The rate constants were 
determined by fitting the absorbance vs. time curve to a single-exponential function imple-
mented in the software. Calculations of equilibrium constants were performed by fitting the 
plots of absorbance vs. pH to sigmoidal (1) or double-sigmoidal (2) functions. The reported 
deviations are the calculated standard ones.  
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+
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a1 a 2

1 2 2 3
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A A − −

− −= + +
+ +
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In these equations, A1, A2 and A3 are the absorbance values of the dominating species at 
each pH value. 

Synthesis of μ-nitrido-bridged complex of iron tetrasulfophthalocyanine ammonium salt 
μ-N(FeTSPc)2, I 

µ-Nitrido-dimer of iron phthalocyanine μ-N(FePc)2 (0.4 g), obtained according to a 
reported procedure,21,22 was dissolved in chlorosulfonic acid (15 ml). The mixture was heated 
for four hours at 150 °C and after cooling, the solution was left standing overnight. Then the 
mixture was poured on ice (300 g). The formed precipitate was collected by filtration, washed 
with cold water until the filtrate was sulfate-ion free and hydrolyzed in distilled water (100 
mL) at 80 °C until fully dissolved. The solution was evaporated on a water bath, the residue 
was dissolved in 5 % ammonia solution (50 mL) and half of the solvent was evaporated. The 
solution of octa-ammonium salt I was purified by column chromatography (Molselect G10, 
eluent – water) collecting the middle fraction of blue zone. After solvent evaporation, the 
hydrate of the octa-ammonium salt I (0.34 g) was obtained. Yield: 48 %; Anal. Calcd. for 
(C64H32N17S8O24Fe2)·8NH3·5H2O): C, 38.10; H, 3.30; N, 17.36; S, 12.71 %. Found: C, 37.8; 
H, 3.2; N, 17.1; S, 12.6 %; IR (KBr, cm-1): 913 (νas FeNFe), 1028 (νs S=O), 1151 (νas S=O); 
UV–Vis (DMSO) (λmax / nm (ε / L mol-1 cm-1)): 336 (40800), 643 (43700).  

Iron tetrasulfophthalocyanine was synthesized from 4-sulfophthalic anhydride as earlier 
proposed23 and isolated as the μ-oxo-dimer μ-O(FeTSPc)2, II. IR (KBr, cm-1): 830 (νas 
FeOFe), 1029 (νs S=O), 1137, 1188 (νas S=O); UV–Vis (DMSO) (λmax / nm (ε / L mol-1 cm-1)): 
334 (112200), 636 (114800). 

RESULTS AND DISCUSSION 

Stability in aqueous solutions 

In the first step of the study, the stability of both complexes in aqueous 
aerobic solutions of various acidities was investigated. It was found that the 
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behavior of complexes I and II were substantially different in strongly acidic and 
strongly alkaline media.  

Acidification of the μ-nitrido-dimer I solution resulted in a slight spectral 
change (Fig. 2a). During long storage in 0.1 M H2SO4, only a slow decrease at 
the initial absorption maxima was observed, which resulted from macrocycle 
destruction (τ½ = 15.5 h at 25 °С), while no changes resulting from complex 
monomerization were observed. On the contrary, after the acidification of the 
μ-oxo-dimer II solution, the UV–Vis spectra were significantly altered, i.e., the 
intensity of the initial Q-band at 632 nm decreased, the Q-band split with maxima 
at 642 and 679 nm, a small peak at 817 nm appeared and the Soret band shifted 
from 327 to 336 nm. After long exposure of complex II to 0.1 M H2SO4, a slow 
absorption decay was observed, indicating chromophore decomposition (τ½ = 
= 12.5 h at 25 °С). It should be noted that this spectral picture (Fig. 2b) was fully 
reversible, which confirms the acid–base character of the process. 

In aqueous media, μ-dimers I and II (μ-X[FeTSPc]2) axially bind water 
molecules and exist as di-aqua complexes (Reaction (3)): 

 μ-X[FeTSPc]2 + 2H2O  μ-X[(H2O)FeTSPc]2 (3) 

 μ-X[(H2O)FeTSPc]2 + 2H+  μ-X[FeTSPc]2 + 2H3O+ (4) 

There are several possible explanations of observed spectral changes in 
acidic media in the case of complex II. First, axial water molecules under acidic 
environment can be protonated and removed from the coordination sphere, which 
may lead to the formation of a five-coordinated μ-oxo-dimer (Reaction (4)). Due 
to an increase in excitonic interaction, the Q-band maximum in the spectra of six-
coordinated μ-oxo-dimers is hypsochromically shifted as compared to the maxi-
mum of five-coordinated μ-oxo-complexes.24 The same effect was also observed 
during the formation of six-coordinate dimers of Fe(III)-octaphenylporphyr-
azine.25 

Secondly, in acidic media, acid–base interactions with the meso-nitrogen 
atoms of the macrocycle become possible. The splitting of the Q-band observed 
in UV–Vis spectrum of the product of μ-oxo-dimer II transformations at low pH 
values may result from the lowering of the symmetry of the meso-protonated 
phthalocyanine π-chromophore. 

Thirdly, the protolytic dissociation of μ-dimers is possible in acidic media as 
previously observed, for example, in the case of Fe(III) μ-oxo-dimers of por-
phyrins, azaporphyrins and porphyrazines.26–28 The monomerization of iron 
μ-oxo-porphyrazines and μ-oxo-phthalocyanines was also shown to proceed in 
the presence of bases.17 Nevertheless, data on the monomerization of μ-nitrido- 
-dimers is still unknown. 

It should be noted that five-coordinated monomers of iron phthalocyanines 
are characterized by a single Q-band at 655–660 nm and an additional long-
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wavelength band at ≈830 nm, but in the case of six-coordinated Fe-phthalo-
cyanines, the Q-band is usually located at ≈680 nm in the UV–Vis spectrum.29 
The spectrum of an acidic solution of complex II includes peaks of all the above-
mentioned species that may result from monomerization of complex II, giving a 
mixture of five- and six-coordinated iron tetrasulfophthalocyanines. 

 

 
Fig. 2. UV–Vis spectral changes accompanied the pH-titration of both complex I (c0,I = 

= 1.4×10-5 M) (a) and II (c0,II = 6.1×10-6 M) (b) during the titration from acidic media to 
neutral. Insets: pH-titration curves of both complex I and II at 25 °С, 

ionic strength = 0.2 M (ClO4
-), aerobic conditions. 

This suggestion is supported by the following experiments. The titration of 
complex II with thiocyanate in acidic media (pH 1.7) leads to a shift from a spec- 
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trum with the split Q-band to a spectrum with the single band at 679 nm (Fig. 
3a). Simultaneously, the long-wave band at 817 nm, typical for five-coordinates 
iron(III) phthalocyanines, disappears. In the process, only one thiocyanate mole-
cule became coordinated ([NCS–] ≤ 0.1 M). Probably, the mixture of five- and 
six-coordinate Fe-tetrasulfophthalocyanine complexes after the addition of thio-
cyanate is transformed to a mixture of six-coordinated complexes. It is important 
to note that in weakly acidic media the addition of thiocyanate to complex II 
solution induces only slight spectral changes (Fig. 3b), which may be connected 

 

 
Fig. 3. UV–Vis spectral changes occurring during the titration of complex II (c0,II = 
= 5.1×10-6 M) by thiocyanate at pH 1.7 (a) and at pH 6.0 (b). Inset: titration curve of 

complex II by thiocyanate under aerobic conditions at pH 1.7, 25 °C, I = 0.2 M (ClO4
-). 
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with difficulties in the substitution of an axial water in the oxo-dimer, as well as 
with the high stability of oxo-bridged structures to dissociation under the given 
conditions. 

The observed value of pKa(obs) determined during pH-titration of complex II 
(6.07×10–6 M) in acidic media and ionic strength 0.2 M was 2.29±0.11 at 25 °С. 
After the addition of thiocyanate (0.1 M) to the mixture during the pH-titration in 
acidic media, a change of spectrum from one with a single Q-band at 679 nm to 
one with a single maximum at 631 nm was found. In the latter experiment, the 
pKa(obs) value was increased up to 3.19±0.02. Thus, thiocyanate promotes oxo-
dimer dissociation to monomeric species of Fe-tetrasulfophthalocyanine. 

Thus, the above-mentioned differences in reactivity under environments of 
different acidities as well as spectral characteristics of the produced species indi-
cate that complex II dissociates at low pH values giving a mixture of five- and 
six-coordinated Fe-tetrasulfophthalocyanine monomers (Reactions (5) and (6)):  

 μ-O[(H2O)FeTSPc]2 + H+  μ-H+O[(H2O)FeTSPc]2 →  

 → [(H2O)FeTSPc]++ [(H2O)(HO)FeTSPc] (5) 

 [(H2O)(HO)FeTSPc] + H+  [(H2O)2FeTSPc]+ (6) 

The value of pKa(obs) can be recalculated using Eq. (7) to produce pKa = 
= –3.10±0.11, corresponding to Reaction (5): 

 pKa = pKa(obs) + log (2/3[II]0) (7) 

UV–Vis spectra recorded during the stage shown in Fig. 2a indicate rela-
tively slight change in the structure of complex I after reaction with protons. The 
value of pKa 2.09±0.03 probably reflects both the protonation of the axial water 
molecule and its further dissociation (Reaction (4), protonation of the first water 
molecule).  

Reactions of the oxo- and nitrido-dimers of iron tetrasulfophthalocyanine 
with hydroxide ions in alkaline media leads to the formation of aquahydroxo- and 
dihydroxocomplexes (Reactions (8) and (9)):  

 μ-X[(H2O)FeTSPc]2 +OH-  μ-X{[(H2O)FeTSPc][(HO-)FeTSPc]} + H2O (8) 

 μ-X{[(H2O)FeTSPc][(HO-)FeTSPc]} +OH-  μ-X[(HO-)FeTSPc]2 + H2O (9) 

Complex I is relatively stable at pH 13 (the decrease in concentration was 
3.7 % in 4 h at 25 °C), but a maximum at 667 nm, typical for FeIITSPc,30 slowly 
appeared in the UV–Vis spectrum of complex II (observed rate constant is kobs. =  
= (9.97±0.30)×10–5 s–1 at pH 13 and 25 °С) simultaneously with the decay of 
(FeIIITSPc)2О peak (631 nm) (Fig. S-1 of the Supplementary material to this 
paper). The latter fact presumably resulted from reduction of complex II to 
FeIITSPc (Reactions (10) and (11)). At the same time, the depletion of the oxo-
bridged structure without electron transfer cannot be excluded, since the spectra 
of the six-coordinated FeIIITSPc and FeIITSPc complexes are similar. This pro-
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cess proceeds without chromophore decomposition under anaerobic conditions, 
but noticeable decomposition of the complex occurs in the presence of oxygen.  

 μ-O[(HO–)FeIIITSPc]2 + H2O → 2[(HO–)FeIITSPc] + 2HO• (10) 

 [(HO–)FeIITSPc] + OH– → [(HO–)2FeIITSPc] (11) 

The pH-titration of complex I in alkaline media revealed the presence of two 
consecutive steps accompanied by weakly intensive but distinctly different spec-
tral changes (Fig. S-2 of the Supplementary material to this paper). Probably, 
these steps correspond to the transformation of the nitrido-dimer to mono- and 
dihydroxo-species (Reactions (8) and (9), respectively, where X = N). The pKa 
values of these equilibria were found to be 10.5±0.1 and 12.9±0.1 at 25 °С, 
respectively. These values were expectedly higher than those reported for Fe(III) 
complexes of octakis(benzenesulfonato)porphyrazine (7.5 and 11.16 at 25 °C31) 
and porphyrins (e.g., for meso-tetrakis(4-N-methylpyridiniumyl)porphyrin, the 
pKa values are of 5.0 and 11.9 at 25 °C32), which results from the lesser 
propensity of the nitrido-dimer to bind axial ligands.  

Reactions with reductants 

To date, the study of μ-N(FePc)2 reduction in pyridine solution was the 
subject of only one paper.22 Particularly, it was shown that this complex can be 
involved in three reversible reduction steps, but at potentials lower than –1.29 V, 
the dimer structure is destroyed giving two reduced monomer moieties per one 
nitrido-dimer unit. Earlier reported data,22 summarized in Table I, demonstrates 
the substantial stabilization of high-valent iron ions in the nitrido-dimer as com-
pared to corresponding monomer. The transfer of the first electron on the iron ion 
in the +3.5 formal oxidation state occurs in the potential region near to that of 
Fe2+ phthalocyanine monomer reduction. It is also known that the two-electron 
reduction of the Fe3+ phthalocyanine oxo-dimer proceeds fully irreversibly, lead-
ing to the decay of the dimer structure.33 

TABLE I. Potentials of reduction stages of (FePc)2N and FePc22 

Redox stage 
E1/2 / V 

(FePc)2N FePc 

0/–1 –0.83 –0.96 
–1/–2 –1.02 –1.29 
–2–3 –1.29 – 

It should be noted that above-mentioned study of μ-N(FePc)2 reduction was 
performed in the strongly coordinating solvent pyridine, which may facilitate the 
monomerization of dimers. Thus, some questions remain open, such as how fast 
does the decomposition of the nitrido-dimer to iron(II) phthalocyanine occur 
during its reduction in water and can complex I form more reduced states?  
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In the present study, the reduction of both complexes I and II with thiourea 
dioxide (TDO, (NH2)2CSO2) was studied under anaerobic conditions. The reac-
tions were accompanied by significant UV–Vis spectral changes and occurred at 
relatively low rates at pH 7.8. The latter is caused by the moderate rate of TDO 
decomposition in weakly alkaline solutions giving the strong reducing agent – 
sulfoxylate, SO2H– (SO22–) (reaction (12)):34  

 NH2NHCSO2– + H2O → (NH2)2CO + SO2H– (12) 

During the first reduction step of complex I, a sharp isosbestic point was 
observed at 498 nm that supports the presence in system of only two absorbing 
species; a slight shift of the Q-band from 636 to 631 nm also occurred. The 
second reduction step was accompanied by substantial changes in UV–Vis spec-
trum, i.e. a decrease in the intensity of the Q-band, the appearance of a new band 
at 500 nm and an absorption increase in the near-IR region (Fig. 4a). During the 
third step, both an increase of the absorption band at 655 nm and a decay of the 
band at 483 nm were observed (not shown). The same picture emerges during the 
use of either dithionite (S2O42–) or hydroxymethanesulfinate (HOCH2SO2–) as 
the reductant under moderately alkaline conditions. The highest reduction rate 
was observed in the case of sulfoxylate (SO2H– has been obtained after TDO 
“aging” under strongly alkaline anaerobic conditions for four hours35); a slower 
reaction proceeded when dithionite is used while the slowest reaction rates were 
observed using hydroxymethanesulfinate as the reductant. Moreover, the reaction 
rates at the final step had the highest values in neutral and weakly alkaline media 
and were substantially retarded at higher pH values, which was probably due to 
the transformation of the nitrido-dimer into the inert dihydroxocomplex. 

The reduction of complex II included two consecutive stages (Fig. 4b): an 
increase in the UV–Vis maximum at 668 nm with a simultaneous absorption 
decrease at 631 nm and the subsequent appearance of a new band at 490 nm with 
a simultaneous decay of peak at 668 nm. These stages corresponded to the 
reduction of (FeIIITSPc)2О to FeIITSPc and the reduction of FeIITSPc to the 
FeII-anion-radical of tetrasulfophthalocyanine, respectively.30 The use of sulfo-
xylate enabled the occurrence of the following electron transfers, which resulted 
in the formation of the formally Fe(0) state. According to DFT data, the most 
probable electromer of the latter species is the FeII-anion-biradical.30,36 Note, the 
latter process did not occur when dithionite or hydroxymethanesulfinate were 
added. 

The distinct difference in UV–Vis changes during the reduction of com-
plexes I and II is the absence in the first case of a species absorbing at ≈670 nm, 
which corresponds to FeIITSPc. To gain further insight into this fact, a titration 
of complex I with dithionite was performed. It is well known that dithionite 
serves as a two-electron reductant; thus, its application allows the exact number 
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of electrons received by the complex during the reduction to be established. 
Moreover, dithionite possesses a significant reactivity in this process (reduction 
by dithionite at concentrations comparable with that of the nitrido-dimer occur in 
a few seconds or tens of minutes, depending on pH). The dithionite concentration 
can be exactly determined from the absorption at 315 nm (extinction coefficient 
is 8043 M–1 cm–1).37 

The titration of complex I with dithionite (Fig. 5a) resulted in UV–Vis spec-
tra different from those observed in the course of reaction between nitrido-dimer 
and excess of TDO. The transfer of the first electron from the added dithionite to 
the complex gave TSPcFeIII…N…FeIIITSPc, which was accompanied by a slight 

 

 
Fig. 4. Changes in the UV–Vis spectra during the reduction of complex I (c0,I = 1.1×10-5 

M, τ = 90 min) (a) and complex II (c0,II = 1.3×10-5 М, τ = 70 min) (b) 
by TDO (5×10-4 М) at pH 7.8, 25 °С. 
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blue shift of the Q-band (similar to that observed during first reduction stage of 
complex I by TDO). However, the transfer of two or more electrons to the nit-
rido-dimer resulted in the appearance in the spectra of bands at 667 nm that were 
absent during reduction by excess TDO. It should be emphasized that the 
appearance of these bands in the UV-Vis spectrum corresponds to electron trans-
fer(s) on the nitride-dimer and its further decomposition to monomer (vide infra). 
The UV–Vis spectrum of the final product formed after the three-electron reduc-
tion of TSPcFeIII1/2…N…FeIII1/2TSPc coincides with the spectrum of FeIITSPc. 
The spectra of two- and four-electron reduced TSPcFeIII1/2…N…FeIII1/2TSPc 
complexes include peaks of the corresponding monomers. 

 

 
Fig. 5. UV–Vis spectra of dithionite reduced species of complex I recorded one hour after 

mixing the reagents (a) and the spectral changes during the decay of the three-electron 
reduced complex I (c0,I = 2.9×10-5 M) (b) at pH 8.8, 25 °С. Inset: kinetic trace 

corresponding to the stage shown in Fig. 5b. 
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The addition of 1.5-fold excess of dithionite to complex I in weakly alkaline 
media resulted in a rapid spectral change (Fig. 5b, first spectrum) that likely 
resulted from the transfer of three electrons to the nitrido-dimer. Probably, the 
electrons are received in this case predominantly by the macrocycles since the 
UV–Vis spectrum of the product includes an absorption maximum at ≈500 nm, 
observed in the spectra of metallophthalocyanine anion-radicals.38–40 It is likely 
that N(FeIIITSPc•)2 is formed during the three-electron transfer. The nitrido-
dimer existing in this state is unstable and further decomposes to FeIITSPc. The 
rate constant of the decay stage was found to be (1.18±0.05)×10–2 s–1 (25 °C, pH 
8.8). This value again indicates higher stability of the nitrido-dimer, since the 
oxo-dimer decomposition after achievement of the FeII-state proceeds much faster. 
The latter implies an important feature of the nitrido-dimer: in the presence of 
excess reducing agent, the fast reduction of unstable species and the achievement 
of lower oxidation states (being potentially more stable) become possible.  

A comparative study of formally FeI-complexes produced after reduction of 
nitrido- and oxo-dimers was performed. Electromerism of tetrapyrroles existing 
in this oxidation state was the subject of some studies.41,42 DFT calculations 
performed on iron porphyrins models revealed evidence of macrocycle reduction 
in the course of electron transfer onto FeII, albeit electromerism remains possible 
depending on the nature of the axial and equatorial ligands. Phthalocyanines 
possess stronger electron-withdrawing properties than porphyrins used in above-
mentioned calculations. Moreover, sulfo-groups result in a further increase of the 
electron-withdrawing properties of phthalocyanine. In addition, FeI-phthalocya-
nines have absorption maxima in the UV–Vis spectra at approximately 500 nm, 
i.e., in the region of absorption maxima of phthalocyanines and porphyrins anion-
radicals.38–40 Thus, the data mentioned above allows the conclusion that the for-
mally FeI-oxidation state of tetrasulfophthalocyanines corresponded to the FeII- 
-phthalocyanine-anion-radical structure.  

The UV–Vis spectra of the FeII-anion-radicals of complexes I and II obtained 
after reduction by sodium dithionite are distinctly different. The spectrum of FeII- 
-radical of nitrido-dimer significantly depended on the pH value of the solution, 
i.e., in neutral media, the UV–Vis spectrum included one small intensity maxi-
mum at 480 nm, while in strongly alkaline media, intensive maxima at 330, 485 
and 707 nm were observed (Fig. 6a). The same situation existed after use of TDO 
and HMS as reducing agents. The spectra of the FeII-anion-radicals obtained 
after reduction of the oxo-dimer by dithionite and TDO were pH-independent in 
neutral and alkaline media (Fig. 6b). 

It was found that the FeII-radical of complex I participates in two acid–base 
equilibria in an alkaline environment. The pKa of the first transformation (8.3±0.3) 
was found with a considerable degree of uncertainty because of an interference of 
a subsequent process. The pKa of the second equilibrium (10.01±0.05) was found 
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by spectrophotometric titration at 707 nm where the influence of the first process 
is minimal. It is likely that during these stages, mono- (reaction (13)) and dihyd-
roxo-species (reaction (14)) are formed. These transformations are supported by 
a significant reaction rate decrease of the subsequent reduction step in the case of 
both dithionite and HMS in strongly alkaline media, since hydroxo-species of 
metallo complexes are less reactive in redox processes as compared to their aqua 
forms: 

 μ-N[(H2O)FeIITSPc•]2 + HO–   

 μ-N{[(H2O)FeIITSPc•][(HO-)FeIITSPc•]} + H2O  (13) 

 μ-N{[(H2O)FeIITSPc•][(HO-)FeIITSPc•]} + OH–   

  μ-N[(HO–)FeIITSPc•]2 + H2O (14) 

 

 
Fig. 6. UV–Vis spectra of FeII-phthalocyanine-radicals of complexes I (a) and II (b). 

c0,I = 2.7×10-5 M; c0,II = 1.3×10-5 M. 
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The noticeable difference in the UV–Vis spectra of the FeII-radicals of 
complexes I and II results from the inequality of their structures. In addition, the 
formed species possess different acid–base properties; the nitrido-dimer is cap-
able of receiving one extra electron from both dithionite and HMS in contrast to 
the oxo-one. Perhaps, the strong reductant readily donates electrons to the nit-
rido-complex transiently existing in the unstable FeII-state and shifts it to the 
more stable FeII-anion-radical form.  

FeII-anion-radicals are known to be potent reducing agents.30,43 The oxi-
dation by air of FeII-anion-radicals prepared by the reaction between complex II 
and sulfur-containing reductants leads to FeIITSPc and further complex bleach-
ing. FeIII-state regeneration in this case is unfeasible. Bleaching in this case is 
likely to be connected with the formation of SO5–, being a strong oxidant pro-
duced by the reaction of sulfite with dioxygen (or reactive oxygen species)43,44 
that is capable of destroying the macrocycle. In the presence of relatively mild 
oxidants (e.g., nitrite), the FeII-anion-radical is oxidized to FeIITSPc without 
chromophore depletion. The oxidation of FeII-anion-radical of complex I by air 
also results in macrocycle destruction. Its oxidation by nitrite or iodine gives 
FeII-complexes spectrally similar to that of FeIITSPc and no complex bleaching 
in this case occurs. However, the latter oxidation process includes two-stages 
proceeding at different rates (e.g., during the oxidation by nitrite at pH 7.8, 25 °C 
k1 = 0.21±0.01 and k2 = 0.054±0.002 M–1 s–1), in contrast to the one-step oxi-
dation of the FeII-anion-radical prepared from complex I. Probably, the first 
constant in this reaction corresponds to electron transfer from metallocomplex to 
the oxidant while the second is connected with the monomerization of dimer 
(reactions (15) and (16), respectively).  

 μ-N[FeIITSPc•]2 + Ox → μ-N{[FeIITSPc•][FeIITSPc]} + Ox– (15) 

 μ-N{[FeIITSPc•][FeIITSPc]} + Ox + 3H+ → 2[FeIITSPc] + Ox– + NH3 (16) 

where Ox = oxidant. 
The use of L-cysteine as a reductant of complex I and of complex II did not 

lead to the formation of any strongly reduced states. The UV–Vis spectra of the 
final reaction products are shown in Fig. 7. The same spectra could be obtained 
after careful aerial oxidation of a corresponding FeII-anion-radicals followed by 
L-cysteine addition. These complexes can be formed under both anaerobic and 
aerobic conditions, although in the latter case, the reaction proceeded much 
slower, that may have been be caused either by aerial metallocomplex oxidation 
or by oxidative cysteine conversion to cystine. Apparently, the products of these 
processes were FeII-dithiolate complexes spectrally similar to other hexacoordi-
nated complexes of FeII-phthalocyanines45,46 and porphyrazines.47 An inter-
action of the complexes with nitrite resulted in their rapid relegation giving spec-
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tra identical to those of the corresponding nitrite-oxidation product of the FeII-
anion-radical. 

Based on the herein presented experimental results and published data,22,33 
two schemes for the reduction of complex II and of complex I are proposed 
(Scheme 1 and 2, respectively). 

 

 
Fig. 7. UV–Vis spectra of L-cysteine (0.15 M) reduced complexes I (c0,I = 1.2×10-5 M) and II 

(c0,II = 0.9×10-5 M) at pH 10, 25 °С. 

 
Scheme 1. Reduction of the μ-oxo-dimer of iron tetrasulfophthalocyanine. 

To summarize, an investigation of reduction reactions of complexes I and II 
by sulfur-containing reductants demonstrated the low stability of FeII-dimers. It 
was established that stability of FeII-dimer with the nitrido-bridge was noticeably 
higher in comparison to oxo-one. Apparently, the nitrido-bridge provides the pos-
sibility for I to accept additional electrons without dimer structure decay in the 
presence of excess reductant. A comparison of the UV–Vis spectral data, acid–base 
properties and reactivity of the FeII-anion-radicals produced during the reduction 
of complexes unambiguously manifests their structural difference. 
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Scheme 2. Reduction of the μ-nitrido-dimer of iron tetrasulfophthalocyanine. 

CONCLUSIONS 

A comparative study of water-soluble μ-oxo- and μ-nitrido-dimers of iron 
tetrasulfophthalocyanine in aqueous media of various pH values has been pre-
sented. The higher stability of the nitrido-bridged structure in comparison to oxo-
dimer in strongly acidic and strongly alkaline environments was demonstrated. 
The involvement of the nitrido-bridged complex in three reversible acid–base 
interactions was revealed. For the first time, the ability of a nitride-dimer to 
accept six electrons from strong reductants (viz., dithionite, thiourea dioxide and 
hydroxymethanesulfinate) was evidenced. It was proved that both reduced dimers 
containing iron in +2 oxidation state possess low stability. The structural diffe-
rence of FeII-anion-radicals was stressed. It was shown that the μ-nitrido-dimer 
moiety stabilizes iron cations in high oxidation states. 

SUPPLEMENTARY MATERIAL 

Figures S-1 and S-2 are available electronically at http://www.shd.org.rs/JSCS/, or from 
the corresponding author on request. 
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ИСПИТИВАЊЕ РЕАКЦИЈА ИЗМЕЂУ μ-НИТРИДО- И μ-ОКСО-ГВОЖЂЕ- 
-ТЕТРАСУЛФОФТАЛОЦИЈАНИНА И РЕДУКЦИОНИХ СРЕДСТАВА 
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У овом раду је упоређивана реактивност μ-нитридо- и μ-oксо-димера гвожђе-тетра-
сулфофталоцијанина у воденој средини при различитим pH вредностима. Утврђено је да 
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је комплекс са нитридо-мосним лигандом знатно стабилнији у киселој и у базној сре-
дини. Испитиване су реакције одговарајућих комплекса са редукционим средствима 
која садрже сумпор (натријум-дитионит, тиоуреа-диоксид, натријум-хидроксиметансул-
финат и L-цистеин) и објашњене разлике у одговарајућим редокс процесима.  

(Примљено 19. јануара, ревидирано 11.фебруара 2013) 
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Fig. S-1. UV–Vis spectral changes recorded during the reaction of complex II (c0,II = 7×10-6 

M) with alkali. Inset: kinetic curve of above-mentioned process at pH 13, 
at 25 °С under anaerobic conditions. 
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Fig. S-2. Spectral changes accompanied the titration of complex I (1.4×10-5 M) in alkaline 

media: pH 7.5–11.0 (a) and 11.0–14.0 (b). Inset: pH-titration curve of complex I 
at 25 °С under aerobic conditions. 
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Abstract: The synthesis of butyl N-(3-chloropropyl)-(2S)-alaninate hydrochlo-
ride is reported here. The compound was characterized by elemental analysis, 
infrared, and 1H- and 13C-NMR spectroscopy. The structure of butyl N-(3-
chloropropyl)-(2S)-alaninate hydrochloride was confirmed by single-crystal 
X-ray analysis. 

Keywords: asymmetric ligand; infrared; 1H- and 13C-NMR spectroscopy; X-ray 
analysis. 

INTRODUCTION 

Six-membered cyclic urethanes and their derivatives are an important class 
of compounds that can serve as small building blocks for the synthesis of phar-
maceutical compounds1 or 1,3-amino alcohols.2 The preparation, spectral charac-
terization and crystal structure of (2S)-2-(2-oxo-1,3-oxazinan-3-yl)propanoic 
acid, as a six-membered cyclic urethane, was previously described.3 After open-
ing the cyclic form of this compound, the obtained derivatives could be used as 
suitable precursors for the synthesis of numerous asymmetric ligands. In this 
paper, the preparation and characterization of the (2S)-2-(2-oxo-1,3-oxazinan-3- 
-yl)propanoic acid derivative, i.e., N-(3-chloropropyl)-(2S)-alaninate, are 
                                                                                                                    

* Corresponding author. E-mail: snovak@vin.bg.ac.rs 
# Serbian Chemical Society member.  
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reported. Furthermore, the single crystal X-ray structure determination of butyl 
N-(3-chloropropyl)-(2S)-alaninate hydrochloride is reported.  

EXPERIMENTAL 

Reagents and instruments 

The commercially available chemicals were used without further purification except that 
1-butanol was dried according to a standard laboratory method. (2S)-2-(2-Oxo-1,3-oxazinan- 
-3-yl)propanoic acid was prepared as previously described.3  

Infrared spectra were recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer 
using the KBr pellet technique (4000–400 cm-1). The 1H- and 13C-NMR spectra were 
recorded on a Varian Gemini-2000 (200 MHz) spectrometer in D2O using tetramethylsilane as 
the internal standard. Elemental microanalyses for C, H and N were performed by standard 
methods using a Vario EL III C, H, N elemental analyzer. 

Preparation of butyl N-(3-chloropropyl)-(2S)-alaninate hydrochloride 

To 50 mL of dry 1-butanol saturated with gaseous HCl, 1.50 g (8.7 mmol) of (2S)-2- 
-(2-oxo-1,3-oxazinan-3-yl)propanoic acid was added and the mixture was refluxed for 12 h. 
The mixture was allowed to reach room temperature, filtered off and the filtrate was left in 
refrigerator for two days. The obtained white powder was filtered off and washed with diethyl 
ether. 

X-ray data collection 

Appropriate crystals for X-ray crystal structure determination were collected after recrys-
tallization of butyl N-(3-chloropropyl)-(2S)-alaninate hydrochloride from water. Data were 
collected at room temperature on an Oxford Diffraction Xcalibur Gemini S diffractometer 
equipped with CuKα radiation (λ = 1.54184 Å).  

RESULTS AND DISCUSSION 

The synthesis route of butyl N-(3-chloropropyl)-(2S)-alaninate hydrochloride 
is given in Scheme 1. 

 
Scheme 1. Synthesis of butyl N-(3-chloropropyl)-(2S)-alaninate hydrochloride. 
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Analytic and spectroscopic measurements 

Butyl N-(3-chloropropyl)-(2S)-alaninate hydrochloride. Yield: 1.515 g 
(67.45 %); Anal. Calcd. for C10H21Cl2NO2 (FW: 258.178): C, 46.52; H, 8.20; N, 
5.34 %. Found: C, 45.92; H, 8.95; N, 5.43 %. IR (KBr, cm–1): 3435, 2938, 1743, 
1447, 1315, 1207, 1112, 1087, 960, 839, 735. 1H-NMR (200 MHz, D2O, δ / 
/ ppm): 0.91 (3H, t, 3J = 7.01 Hz, C5H3), 1.37 (2H, m, C4H2), 1.57 (3H, d, 3J = 
= 6.96 Hz, C7H2), 1.68 (2H, m, C3H2), 2.22 (2H, m, C9H2), 2.89 (2H, t, 3J = 7.12 
Hz, C8H2), 3.29 (2H, t, 3J = 6.96 Hz, C10H2), 3.71 (2H, t, 3J = 6.51 Hz, C2H2), 
3.29 (1H, q, 3J = 6.96 Hz, C6H). 13C-NMR (50 MHz, D2O, δ / ppm): 16 (C5H3), 
17 (C7H3), 21 (C4H2), 31 (C3H2), 33 (C9H2), 44 (C10H2), 47 (C8H2), 59 (C6H), 
70 (C2H2), 173 (C1OOBu).  

The microanalysis results confirmed the composition of the titled compound. 
The proposed structure based on its infrared and NMR (1H and 13C) spectra is 
given in Fig. 1. This structure was confirmed by crystal structure analysis. 

 
Fig. 1. Numbering of butyl N-(3-chloropropyl)-(2S)-alaninate hydrochloride 

used for the NMR data. 

Thus, in the IR spectrum of the compound, the absorption band for second-
ary ammonium group ν(R2NH2+) was observed at 3435 cm–1. The absorption 
band at 1743 cm–1 is characteristic for an ester group,4 while the bands at 1207 
and 2938 cm–1 arise from C–O and methyl groups, respectively. 

The expected resonances were found in 1H-NMR spectrum. The chemical 
shift for methyl protons was found at 0.91 ppm. In the 13C-NMR spectrum of the 
title compound, the ester carbon resonance was found as expected at around 173 
ppm.5 

Crystal structure of butyl N-(3-chloropropyl)-(2S)-alaninate hydrochloride 

Data for X-ray crystal structure determination were processed with CrysAlis 
software6 and corrected for absorption by an analytical numeric method.7 The 
crystal structure was solved by direct methods, using Sir20028 and refined using 
SHELXL.9 

H atoms bonded to C atoms were placed at the geometrically calculated 
positions with C–H distances fixed to 0.97 and 0.96 Å and isotropic displacement 
parameters equal to 1.2Ueq and 1.5Ueq of the parent methylene and methyl C 
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atoms, respectively. H atoms bonded to the N atom were located in the difference 
Fourier map and refined isotropically. The correct absolute structure of the com-
pound was confirmed by the Flack parameter10 of 0.01(3). A summary of crys-
tallographic data is given in Table I. The software used for the preparation of the 
material for publication were WinGX,11 PLATON,12 PARST13 and ORTEP.14 

TABLE I. Crystal data and structure refinement for butyl N-(3-chloropropyl)-(2S)-alaninate 
hydrochloride 

Empirical formula C10H21Cl2NO2 
Formula weight 258.18 
Temperature / K 293(2) 
Wavelength / Å 1.54184 
Crystal system Orthorhombic 
Space group P21212 
Unit cell dimensions  
a /Å 7.2650(4) 
b / Å 14.8864(7) 
c / Å 13.308(1) 
V / Å3 1439.3(2) 
Z 4 
μ / mm-1 3.939 
F(000) 552 
Dcalc / g cm-3 1.191 
Crystal size / mm3 0.19 × 0.06 × 0.04 
θ range for data collection / º 3.32−67.5 
Reflections collected 8742 
Independent reflections 2903 
Flack parameter10 0.01 (3) 
Goodness-of-fit on F2 1.075 
Rint 0.0361 
R1, wR2 [I > 2σ(I)] 0.0492, 0.1436 

The title compound crystallizes in the orthorhombic space group P21212. 
The asymmetric unit contains one ester molecule protonated on the N atom, 
which is neutralized by the chloride anion (Fig. 2). The bond lengths and angles 
(Table II) are comparable to those of R2edda-type esters (R refers to the isopro-
pyl4 or cyclopentyl5 group), which comprise similar CH2–CH2–NH2+– 
–CH(CH3)–COO fragments and also crystallize as hydrochloride salts. In the 
present compound, the torsion angles within the long, heteroatomic chain vary 
from 173.2(3) to 178.8(3)°, which describes a fully extended conformation. The 
backbone of the molecule is therefore approximately planar with the R.M.S. 
deviation for all non-H atoms, except the alaninate methyl C, of 0.09 Å. This is 
unlike the above mentioned R2edda derivatives,4,5 in which the ester group 
significantly deviates from the rest of the aliphatic chain. Namely, in two pre-
viously reported examples, the dihedral angle between the best plane of the 
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–COO fragment and the plane passing through the rest of non-H atoms of the 
chain exceeds 50°. In the present compound, the corresponding dihedral angle 
has the value of 5.2(7)°. This difference in orientation of ester group can be 
related with the fact that the extended n-butyl ester moiety points away from the 
rest of the molecule and, in contrast to the bulky isopropyl ester and cyclopentyl 
ester fragments, can avoid possible steric hindrance. It could also be suggested 
that the n-butyl ester moiety better complies with all the trans-conformation of 
the aliphatic chain, resulting in an extended molecule with more efficient crystal 
packing. 

 
Fig. 2. Molecular structure of butyl N-(3-chloropropyl)-(2S)-alaninate hydrochloride. 

Displacement ellipsoids are drawn at the 40 % probability level. 

TABLE II. Selected bond lengths (Å) and angles (°) 

Bonds Angles 
Cl2−C10 1.773(5) C9−C10−Cl2 112.5(3) 
O1−C1 1.194(4) O1−C1−O2 124.7(3) 
O2−C1 1.313(5) C1−O2−C2 116.2 (3) 
O2−C2 1.462(5) O2−C2−C3 109.1 (4) 
N1−C6 1.483 (5) N1−C6−C1 107.2(3) 
N1−C8 1.497(4) N1−C6−C7 112.2 (3) 
C6−C7 1.523(5) N1−C8−C9 110.9(3) 

The crystal packing is dominated by two N1−H…Cl1 hydrogen bonds 
formed between the protonated amino group and the Cl anion (Table III). These 
rather strong interactions with nearly linear interaction angles connect the screw-
related molecules into a zigzag chain parallel to the a axis (Fig. 3). The n-butyl 
ester and chloropropyl moieties of the adjusted molecules point to the same side 
of the chain, giving rise to a secondary, weak C10−H10a…O1 interaction. The 

TABLE III. Geometry of the hydrogen bonds (Å, °); symmetry codes: i) x, y, z; ii) x–1/2,
–y+1/2, –z+1; iii) x+1/2, –y+1/2, –z+1 

D−H…A D−H D…A H…A D−H…A 
N1−H1a…Cl1i) 0.94(4) 3.150(3) 2.21(4) 177(3) 
N1−H1b…Cl1ii) 0.92(4) 3.114(3) 2.20(4) 172(3) 
C10−H10a…O1iii) 0.97 3.200(5) 2.50 129 
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chains of the molecules can be considered as principal packing motifs of this 
crystal structure. The further molecular arrangement is mostly based on van der 
Waals interactions. In contrast to the chloride anion, which represents the most 
important hydrogen bonding acceptor site, the Cl atom of the chloropropyl 
moiety plays no role in intermolecular interactions. The closest donor, the butyl 
ester C2–H2b fragment, is placed at a distance of 3.08 Å. 

 
Fig. 3. Segment of crystal packing as viewed down the b axis. The strongest N−H…Cl 

hydrogen bonds are represented as dashed lines. 

CONCLUSIONS 

In reaction of (2S)-2-(2-oxo-1,3-oxazinan-3-yl)propanoic acid and dry 
1-butanol saturated with gaseous HCl, butyl N-(3-chloropropyl)-(2S)-alaninate 
hydrochloride was prepared. The compound was characterized by NMR spectros-
copy, IR spectroscopy and elemental analysis. The compound crystallizes in the 
orthorhombic space group P21212. In the crystal packing, the molecules of N-(3- 
-chloropropyl)-(2S)-alaninate hydrochloride are linked into chains by two strong 
N−H…Cl hydrogen bonds. The molecules further interact by means of weak van 
der Waals interactions. 

SUPPLEMENTARY DATA 

Crystallographic data for the structural analysis have been deposited with the 
Cambridge Crystallographic Data Centre CCDC No. 891442. The data are avail-
able free of charge via www.ccdc.cam.ac.uk/data_request/cif (or from the CCDC, 
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12 Union Road, Cambridge CB2 1EZ, UK; +44 1223 336033; e-mail: 
deposit@ccdc.cam.ac.uk). 
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У раду је описана синтеза бутил-N-(3-хлорпропил)-(2S)-аланинат-хидрохлорида. 
Једињење је окарактерисано елементалном анализом, инфрацрвеном, 1H- и 13C-NMR 
спектроскопијом. Структура N-(3-хлорпропил)-(2S)-аланинат-хидрохлорида је потвр-
ђена рендгенском структурном анализом. 

(Примљено 14. фебруара, ревидирано 9. маја 2013) 
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Abstract. The Clar aromatic sextet theory predicts that the intensity of cyclic 
conjugation in chevron-type benzenoid hydrocarbons monotonically decreases 
along the central chain. This regularity has been tested by means of several 
independent theoretical methods (by the energy effects of the respective six-
membered rings, as well as by their HOMA, NICS, and SCI values, calculated 
at the B3LYP/6-311G(d,p) level of DFT theory). Our results show that the 
predictions of Clar theory are correct only for the first few members of the 
chevron homologous series, and are violated at the higher members. This 
indicates that Clar theory is not universally applicable, even in the case of fully 
conjugated benzenoid molecules. 

Keywords: Clar theory, aromatic sextet, cyclic conjugation, benzenoid hydro-
carbons, chevron homologous series. 

INTRODUCTION 

Benzneoid hydrocarbons form a class of conjugated π-electron systems the 
theory of which has been elaborated in due detail.1–7 Cyclic conjugation in 
benzenoid hydrocarbons was especially much studied, see the papers8–14 and the 
references cited therein. The “aromatic sextet theory” of Erich Clar1,3 provides 
the simplest and most direct way by which an insight into the dominant modes of 
cyclic conjugation of a benzenoid molecule can be gained. In the Clar theory, so-
called “Clar formulas” are constructed by placing “aromatic sextets” into some 
rings of a benzenoid molecule, obeying certain formal rules3,15 (cf. Fig. 1). Rings 
in which “aromatic sextets” are located are predicted to have a high intensity of 
cyclic conjugation. The original version of the Clar method is qualitative and has 
no direct foundation in quantum theory. Eventually, much effort was devoted to 
providing a quantitative and theoretically founded re-formulation of the Clar 
model (see the recent works18–26 and the references cited therein). In earlier 
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studies,13,14,27,28 examples of benzenoid hydrocarbons were found in which the 
predictions of Clar theory were violated. However, the benzenoid systems in 
these examples contained fixed single and double carbon–carbon bonds, and 
thus, it could be argued that the Clar theory was not strictly applicable to them. 
Herein, a class of fully conjugated benzenoid molecules (i.e., molecules without 
fixed single and double carbon–carbons bonds) has been detected in which the 
modes of cyclic conjugation are not in full agreement with the Clar model. These 
are the members of the chevron homologous series,16,17 see Fig. 1. 

CLAR FORMULAS OF CHEVRONS 

For 2n ≥ , the formula of the chevron molecule Chn (see Fig. 1) is 
C8n+6H2n+8 and the number of its hexagons is 3n. It will now be shown that this 
benzenoid system has a total of (1 / 6) ( 1)(2 1)n n n− −  Clar formulas. 

 
Fig. 1. The general formula of the chevron-type16,17 benzenoid hydrocarbon (Chn) and the 
labeling of its central rings. The first member (Ch2) of this homologous series has a unique 
Clar formula (C21), but the second member (Ch3) has already five Clar formulas (C31–C35). 

Suppose that the central hexagons of Chn are labeled as indicated in Fig. 1. 
Then, if an aromatic sextet is placed in hexagon R1, an additional aromatic sextet 
can be placed in the upper chain of Chn in 1n −  different ways. The same is the 
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case with an aromatic sextet in the lower chain of Chn. Consequently, there are 
2( 1) ( 1) ( 1)n n n− × − = −  Clar formulas when an aromatic sextet is placed in ring 

R1, see diagram D1 in Fig. 2. If an aromatic sextet is placed in the central ring 
R2, then the aromatic sextets in the upper and lower chains can each be arranged 
in 2n −  different ways, resulting in a total of 2( 2)n −  Clar formulas, see 
diagram D2 in Fig. 2. 

 
Fig. 2. Diagram D1 is the usual abbreviated representation1,2 of the (n – 1)2 Clar formulas of 
the chevron Chn with an aromatic sextet in position R1. Diagram D2 represents the (n – 1)2 

Clar formulas with an aromatic sextet in position R2. 

Continuing this argument, it can be seen that there are 2( )n i−  Clar formula 
in which an aromatic sextet is positioned in the central ring Ri, 1,2, ,i n=  . Thus 
the total number of Clar formulas is 2

1( )n
i n i= − , which by direct calculation 

yields the expression (1 / 6) ( 1)(2 1)n n n− − . 
Notice that for 1,2, ,i n=  , the term 2( )n i−  monotonically decreases. 

Thus, the number of Clar formulas in which the ring Ri has an aromatic sextet 
(rapidly) decreases along the central chain of the chevron Chn.  

The Clar theory yields a pictorial and qualitative description of the conju-
gation models of the π-electrons in benzenoid molecules. From an analysis of 
Clar formulas, it is not possible (or, at least, it is very risky) to obtain any quan-
titative result concerning cyclic conjugation. However, it is doubtless that the 
rings of a benzenoid system in which an aromatic sextet is placed in the majority 
(or all) Clar formulas must be viewed as possessing a high degree of cyclic con-
jugation. On the other hand, the rings in which an aromatic sextet is placed only 
in a few (or no) Clar formulas must be predicted as those in which the intensity 
of cyclic conjugation is low. In other words, the fundamental assumption of Clar 
theory is that the greater is the number of Clar formulas in which a ring R has an 
aromatic sextet, the stronger is the cyclic conjugation in this ring. 

In the case of the central rings of the chevron-type benzenoids, the Clar 
theory implies a simple regularity: going along the central chain of Chn, starting 
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at the ring R1 and ending at the ring Rn, the intensity of cyclic conjugation should 
monotonically decrease. 

The aim of the present work is to check if this regularity is a true π-electron 
property or an artifact of the Clar theory. 

A PRELIMINARY TEST 

A quantitative, graph-theory based measure of cyclic conjugation in π-
electron systems, especially in benzenoid hydrocarbons, is achieved by the 
energy-effect of the respective cycles. Details of this method have been earlier 
described several times, e.g., in the review.8 Thus, ef = ef(Z) is the energy-effect 
caused by cyclic conjugation of π-electrons along the cycle Z in the underlying 
conjugated molecule. As usual, in what follows, ef will be expressed in the units 
of the carbon–carbon resonance integral β, where β ≈ –137 kJ mol–1. Note that 
since β is negative-valued, large (positive) ef-values mean a large stabilizing 
energy-effect caused by conjugation in the cycle Z, providing an energetic mea-
sure of the intensity of cyclic conjugation in Z. 

The energy-effects of the central rings of the first few members of the 
chevron series are presented in Table I. The calculated ef-values indicate that the 
monotonicity rule is obeyed only for Ch2 and Ch3, but is already violated at Ch4 
and for all higher chevron homologues. Thus, according to the ef-values, if n is 
large enough, the cyclic conjugation along the central chain of Chn, starting at 
the ring R1 and ending at the ring Rn, first decreases, then increases reaching a 
maximum around the center of the chain, and then decreases again. This is in 
stark contrast with the predictions of Clar theory. 

In view of the fact that the energy-effects are computed based on a relatively 
crude graph-theory-based model,8 the results based on ef-values (shown in Table 
1) cannot be considered as sufficient proof of the inadequacy of the Clar theory. 
Therefore, in order to strengthen the arguments, several other criteria, based on 
much more sophisticated quantum-chemical approaches, were employed. 

TABLE I. Energy effects (in β-units, β ≈ –137 kJ mol-1) of the central rings 1 2, , , nR R R of the 
chevrons Chn for n = 2, 3, 4, 5, 6, 7 and 8. The labeling of the rings is indicated in Fig. 1 

n R1 R2 R3 R4 R5 R6 R7 R8 
2 0.0794 0.0256       
3 0.0792 0.0361 0.0270      
4 0.0757 0.0369 0.0375 0.0280     
5 0.0740 0.0361 0.0376 0.0392 0.0280    
6 0.0737 0.0356 0.0366 0.0393 0.0392 0.0278   
7 0.0738 0.0355 0.0363 0.0381 0.0393 0.0388 0.0277  
8 0.0739 0.0355 0.0363 0.0376 0.0381 0.0390 0.0386 0.0277 

There are several methods for assessing the intensity of cyclic conjugation in 
individual rings (often referred to as “local aromaticity”) based on high-level ab 
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initio molecular orbital (MO) and density-functional theoretic (DFT) approaches. 
Of these, the harmonic oscillator model (HOMA),29–31 nucleus-independent 
chemical shifts (NICS),19,32–34 and multicenter (six-center) bond indices (SCI) 
were used in this work.35–38 

NUMERICAL WORK 

The DFT calculations on the chevrons Chn were performed for n = 2, 3, 4, 5, 6, 7 and 8, 
using the Gaussian 09W package, version 0.1, at the B3LYP/6-311G(d,p) level of theory.39 
Geometry optimization confirmed that the molecules were perfectly planar. By frequency 
calculations, it was confirmed that the geometry determined corresponds to a true energy 
minimum. Bond lengths were taken from the optimized geometry. 

The HOMA index29-31 was calculated by means of the formula:  

 2
opt

1

1
HOMA 1 ( )

N

i
i

d d
N

α
=

= − −  

where N is the number of bonds of the ring considered, -325.77 10α = ×  is a normalization 
constant fixed to give HOMA = 0 for a model anti-aromatic system and HOMA = 1 for a fully 
delocalized π-electron system; dopt = 138.8 pm, and di is an actual bond length. 

NICS values32-34 were calculated at the B3LYP/6-311G(d,p) level through the gauge-
including atomic orbital method (GIAO).40 The NICS-values reported below were calculated 
1 Å above the ring center. 

The SCI indices35-38 were calculated from the B3LYP/6-31G(d) density matrices 
obtained, starting from the B3LYP/6-311G(d,p) optimized geometries. Calculations of SCI 
were performed using in-house software. 

The numerical values of these three indicators of cyclic conjugation in individual rings of 
the central rings 1 2, , , nR R R of Chn for n = 2, 3, 4, 5, 6, 7 and 8, are given in Tables II–IV. 

TABLE II. HOMA values of the rings 1 2, , , nR R R . Other details are the same as in Table I 

n R1 R2 R3 R4 R5 R6 R7 R8 
2 0.7867 0.3769       
3 0.8197 0.6659 0.3372      
4 0.8012 0.7163 0.6375 0.3314     
5 0.7850 0.7081 0.6893 0.6381 0.3322    
6 0.7792 0.6937 0.6819 0.6917 0.6394 0.3314   
7 0.7797 0.6863 0.6674 0.6846 0.6932 0.6343 0.3277  
8 0.7815 0.6850 0.6597 0.6703 0.6873 0.6883 0.6272 0.3242 

DISCUSSION AND CONCLUDING REMARKS 

First, by inspection of the data in Tables II–IV, it can be seen that the results 
of the preliminary test (based on energy-effects) were only partially confirmed. 
Namely, the DFT-based indices indicate that the predictions of the Clar theory 
are correct up to n = 5 (or, in the case of NICS, up to n = 6), but, again, are 
violated for the higher members of the chevron series. 

Nevertheless, the main conclusion of the preliminary test remains. Accord-
ing to the HOMA, NICS, and/or SCI indices, if n is large enough, the cyclic 
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conjugation along the central chain of Chn first decreases, then increases reach-
ing a maximum around the center of the chain, and then decreases again. This 
breakdown of the Clar theory occurs at n = 6 or n = 7. 

TABLE III. NICS(1) values of the rings 1 2, , , nR R R . Other details are the same as in Table I. 
Note that the more negative NICS(1) is, the more intense is the respective cyclic conjugation 

n R1 R2 R3 R4 R5 R6 R7 R8 
2 –13.39 –2.62       
3 –14.13 –7.96 +0.54      
4 –13.30 –10.70 –4.78 +2.07     
5 –12.30 –10.88 –8.54 –3.58 +2.96    
6 –11.70 –9.83 –9.44 –8.33 –3.13 +3.74   
7 –11.55 –8.67 –8.47 –9.98 –8.67 –2.52 +4.64  
8 –11.64 –7.85 –6.93 –9.25 –10.96 –8.53 –1.46 +5.73 

TABLE IV. SCI values of the rings 1 2, , , nR R R , multiplied by 103. Other details are the same 
as in Table 1. Note that the greater SCI is, the more intense is the respective cyclic con-
jugation 

n R1 R2 R3 R4 R5 R6 R7 R8 
2 17.02 6.02       
3 17.51 8.86 5.12      
4 16.48 9.95 7.83 5.27     
5 15.72 9.70 8.96 8.05 5.39    
6 15.46 9.28 8.81 9.23 8.23 5.40   
7 15.47 9.07 8.46 9.11 9.42 8.20 5.35  
8 15.55 9.03 8.27 8.77 9.31 9.38 8.09 5.30 

In the earlier chemical literature, countless examples have been offered, 
demonstrating the correctness of the Clar aromatic sextet theory. The most 
convincing of these examples (see, for instance, in the books1,3,6) are based on 
the comparison of the predictions of Clar theory and experimental findings. It 
happens, however, that all these example-based confirmations of the validity of 
Clar theory pertain to relatively small benzenoid molecules. In the present work 
also, it was found that the Clar theory performs well for the smaller members of 
the chevron series. Violations of Clar theory seem to occur at larger benzenoids. 
In the present case, these are the chevron-type species C54H20, C62H22. 

The main conclusion is thus the following. There is a size-limit above which 
the π-electrons of benzenoid molecules behave in a way that violates the 
predictions of the Clar aromatic sextet theory. Consequently, this theory may be 
used only for smaller and moderate-sized benzenoids, and then only with a due 
degree of caution.  
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И З В О Д  

ПРОВЕРА КЛАРОВЕ ТЕОРИЈЕ АРОМАТИЧНОГ СЕКСТЕТА 

ИВАН ГУТМАН, СЛАВКО РАДЕНКОВИЋ, МАРИЈА АНТИЋ и ЈЕЛЕНА ЂУРЂЕВИЋ 

Природно–математички факултет Универзитета у Крагујевцу 

Кларова теорија ароматичног секстета предвиђа да интензитет цикличне конјуга-
ције у бензеноидним угљоводоницима шевронског типа монотоно опада дуж централног 
ланца. Ова правилност је проверена помоћу неколико независних теоријских метода (са 
енергетским ефектима одговарајућих шесточланих прстенова, као и помоћу њихових 
HOMA, NICS и SCI вредности, рачунатих на B3LYP/6-311G(d,p) нивоу теорије функцио-
нала густине). Резултати показију да предвиђања Кларове теорије важе само код првих 
чланова хомологног низа шеврона, док се код виших чланова јављају одступања. То ука-
зује на то да Кларова теорија није универзално применљива, чак ни код потпуно конју-
гованих бензеноидних молекула. 

(Примљено 20. маја, ревидирано 28. маја 2013) 
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Abstract: The stability constants for the complex formation of VO2
+ with 

methyliminodiacetic acid (MIDA) were determined in this study for various 
volume fractions of methanol (0–45 %, v/v) at T = 298 K, I = 0.1 mol dm-3 
(sodium perchlorate). Potentiometric and UV spectrophotometric methods 
were utilized for the collection of experimental data. Different species were 
investigated but the best model contained VO2HL and VO2L- for the employed 
data treatment. One-, two- and three-parameter Kamlet–Abboud–Taft (KAT) 
equations were applied for the determination and calculation of the solvato-
chromic regression coefficients for the KAT models. 

Keywords: vanadium(V); linear solvation energy relationships; solvent effects; 
methanol; methyliminodiacetic acid. 

INTRODUCTION 

Yamada and coworkers reported a value of the stability constant for the 
formation of only one species, VO2L– (L = MIDA) in the complexation of 
dioxovanadium(V) with MIDA at I = 1.0 mol dm–3 sodium perchlorate.1 The 
present study was performed in H2O + CH3OH medium with the aim of com-
paring the results with those of a previously published paper obtained at different 
ionic strengths.2 Vanadium(V) oxometalates have found application as analytical 
reagents for the determination of various pharmacologically active substances 
and biochemical parameters. The antitumoral effects of vanadium can be eva-
luated by the determination of different parameters, such as cell proliferation, 
morphology and disruption of cellular architecture. The biological effects of 
vanadium(V) vary greatly in different biological systems.3 Vanadium plays a 
catalytic role in metalloenzyme systems, such as nitrogenase and haloperoxi-
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dases.4 Aminopolycarboxylic acids complexes with metals are usually very stable 
and have been used in different fields, such as selective NMR line broadening, 
magnetic resonance imaging (MRI), chelation therapy and several other indus-
trial applications.5 In the present study, the aim was to clarify the role of various 
specific and nonspecific interactions in solution by application of the KAT equa-
tion, similarly to previous reports concerning the complexation of dioxovana-
dium(V) and molybdenum(VI) with ethylene glycol bis(2-aminoethyl ether)- 
-N,N,N΄,N´-tetraacetic acid (EGTA) and ethylenediamine-N,N΄-diacetic acid 
(EDDA).6–8  

EXPERIMENTAL  

MIDA, 99 % (Fig. 1) was obtained from Aldrich. Sodium perchlorate, 99%; sodium 
hydroxide titrisol solution (1 mol dm-3); anhydrous sodium monovanadate, minimum 99%; 
sodium carbonate anhydrous, 99.5%; perchloric acid, 60%; potassium hydrogen carbonate ≥ 
99.5%; hydrochloric acid, 37% and methanol, 99.8% were purchased from Merck as 
analytical reagent grade materials. The chemicals were used as were received. 

Fig. 1. The chemical structure of MIDA. 

Anhydrous sodium monovanadate was dissolved in perchloric acid solution for the 
preparation of the vanadium(V) stock solution and prevention of decavanadate formation.9 
Isopolyvanadates should not be present, therefore the solution was left overnight before use in 
order to obtain only the VO2

+.9,10 Titrisol solutions were used for the preparation of the NaOH 
solutions. Several titrations with standard HCl were performed to obtain their concentration. 
KHCO3 and sodium carbonate solutions were used for the standardization of dilute perchloric 
and hydrochloric acids solutions, respectively. The specific conductance of the double-
distilled water used for the preparation of the stock solutions was (1.3±0.1) µS cm-1. 

The medium for all measurements at T = 298 K had an ionic strength of 0.10 mol dm-3 of 
sodium perchlorate. The pH values were measured with a Metrohm pH-meter, 827. A 
Metrohm combination electrode, model 6.0228.010 was used for the hydrogen ion concen-
tration measurements. A standard solution of hydrogen ion concentration was employed 
which consists of a 0.01 mol dm-3 perchloric acid solution, and 0.09 mol dm-3 sodium per-
chlorate for the ionic strength adjustment to 0.10 mol dm-3. The liquid junction potential was 
calculated using Eq. (1):6  

 pH(real) pH(measured) [H ](measured)a b += + +  (1) 

Adjustment of the ionic medium was realized by hydrogen ion concentration measu-
rement of two different solutions of HClO4 with sufficient NaClO4 and in this way, the values 
of a and b were obtained.6 Literature survey shows the glass electrode calibration for various 
methanol mixtures.6,11 For an aqueous methanol solution, the value of pH is denoted by B 
(which was measured using the pH meter) and the following equation shows its relation to the 
hydrogen ion concentration:6  

 Hlog [H ] log B μ+− = +  (2) 
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Different aqueous methanol solutions containing a known concentrations of sodium 
perchlorate and perchloric acid were used to maintain a constant ionic strength of 0.10 mol 
dm-3 and for the calculation of the B values.6 The values of the correction term 

0
H Hlog log( )μ μ γ+= were obtained based on the difference between the logarithm of known 

hydrogen ion concentrations and the corresponding values of B.6 The value of 0
Hμ  is only 

dependent on the solvent composition.6 The mean activity coefficient of perchloric acid in the 
solvent mixtures is denoted by γ+.6 Three titrations have been performed for each volume 
fraction of methanol and approximately 200 points were used in the calculations at each 
volume fraction of methanol.2,12 

A flow type cell has been used for the spectrophotometric measurements, which were 
performed using a Varian Cary 300 UV–Vis spectrophotometer. The absorbance values were 
collected in the wavelength range 245–280 nm in a thermoregulated matched 10-mm quartz 
cells. The acquisition of the couple of data A versus λ (nm) was performed by means of the 
built in computer program of the UV–Vis spectrophotometer. Simultaneous measurement of 
pH and absorbance was enabled by using a Masterflux pump that circulated the solution 
between the potentiometric and spectrophotometric cells.  

Different metal and ligand concentrations and ligand–metal mole ratios were tested and 
finally cL = 2.0×10-2 and cVO2 = 5.0×10-4 mol dm-3 gave good fits and speciation patterns with 
minimum error functions. Thus, 50 ml acidic solutions of dioxovanadium(V) (5.0×10-4 mol 
dm-3) were titrated with basic solutions of MIDA (2.0×10-2 mol dm-3) at different volume 
fractions of methanol. The absorbance and pH of the solutions were measured simultaneously 
after each addition. VO2

+ is dominant when a large excess of ligand was present in the acidic 
solution (pH < 3.0).6,10 All experiments were repeated three times, and the average values of 
experimental dissociation and stability constants along with their deviations from the average 
are given. 

RESULTS AND DISCUSSION 

Dissociation constants 

The two dissociation constants for MIDA are given by the following equi-
libria: 

 ( )- ( 1 )
1H L H H Ln i n i

i i
− + + − −−+ , 

( 1- )
1

( )

[H ][H L ]

[H L ]

n i
i

i n i
i

K
+ + −−

− −=  (3) 

L2– represents the fully deprotonated ligand. The values of the dissociation 
constants were obtained using the potentiometric technique and Microsoft Excel 
2003 software.2,12 The experimental, calculated and literature data are gathered 
in Tables I–IV.2,5 The experimental data for 0 % methanol in the first lines of 
Tables I–IV were from the literature2 but all the calculated values were obtained 
in this work based on the KAT equation, which will be discussed later.  

Data treatment 

Various stoichiometric models were investigated in order to find the best 
one. Finally, two species were identified that allowed the attainment of suitable 
fitting and distribution diagrams, similar to a previous work pertaining to com-
plex formation of VO2+ with MIDA at different ionic strengths.2 The values of 
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stability constants can be calculated from the summation of dissociation and for-
mation constants. The two equations for complex formation of dioxovana-
dium(V) with MIDA are represented below: 

 2
2 2VO H L VO HL+ + −+ +  , 2

111 2
2

[VO HL]

[VO ][H ][L ]
β + + −=  (4) 

 2
2 2VO L VO L+ − −+  , 2

101 2
2

[VO L ]

[VO ][L ]
β

−

+ −=  (5) 

TABLE I. Average experimental and calculated values of log K1 at I = 0.1 mol dm-3 of 
NaClO4 and different aqueous solutions of CH3OH for MIDA, based on one and three 
solvatochromic parameters: α, hydrogen bond donor acidity; β, hydrogen bond acceptor 
basicity; π*, dipolarity/polarizability. T = 298 K 

Methanol content 
% (v/v) 

Experimental
Calculated 

α β π* α, β, π* 
0 2.54±0.04 2.54±0.02 2.53±0.03 2.53±0.02 2.54±0.01 
5 2.58±0.02 2.58±0.02 2.57±0.03 2.60±0.02 2.58±0.01 
10 2.64±0.03 2.61±0.02 2.61±0.03 2.61±0.02 2.62±0.01 
15 2.65±0.01 2.65±0.02 2.65±0.03 2.64±0.02 2.65±0.01 
20 2.67±0.02 2.69±0.02 2.70±0.03 2.69±0.02 2.69±0.01 
25 2.72±0.02 2.73±0.02 2.74±0.03 2.72±0.02 2.72±0.01 
30 2.76±0.01 2.77±0.02 2.78±0.03 2.77±0.02 2.76±0.01 
35 2.79±0.02 2.81±0.02 2.82±0.03 2.81±0.02 2.80±0.01 
40 2.85±0.01 2.85±0.02 2.86±0.03 2.86±0.02 2.84±0.01 
45 2.95±0.01 2.92±0.02 2.90±0.03 2.92±0.02 2.95±0.01 
0 2.12±0.09a – – – – 
0 2.28±0.02b – – – – 
0 2.32±0.03c – – – – 
0 2.40±0.10d – – – – 
aI = 0.1 mol dm-3 KCl, T = 298 K; bI = 0.5 mol dm-3 NaClO4, T = 298 K; cI = 0.5 mol dm-3 KNO3, T = 298 K; 
dI = 1.0 mol dm-3 NaClO4, T = 298 K (a, b, c and d data were taken from the literature5) 

The absorbance data in the UV range 255 to 280 nm were collected for 
minimizing the error function base on the Gauss–Newton nonlinear least squares 
method in the Microsoft Excel 2003 software based on the function A = f(pH). 
Error function calculation could be realized according to the following equation:2 

 2
calexp )( AAU −=  (6) 

Aexp values were obtained from the UV spectrophotometric measurements at 
different pH values, wavelengths and volume fractions of methanol. Acal values 
were determined for the model consisting of VO2HL and VO2L– species. Aexp 
and Acal values at T = 298 K, I = 0.10 mol dm–3, 5 % volume fraction of metha-
nol and 270 nm are shown in Fig. 2. After optimization of error function, the 
values of U = 0.00243 and standard error of y, SE(y) = 0.00834 were obtained for 
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Fig. 2, which shows a good fit. The other volume fractions of methanol showed 
similar fits. 

TABLE II. Average experimental and calculated values of log K1 at I = 0.1 mol dm-3 of 
NaClO4 and different aqueous solutions of CH3OH for MIDA, based on two solvatochromic 
parameters: α, hydrogen bond donor acidity; β, hydrogen bond acceptor basicity; π*, 
dipolarity/polarizability. T = 298 K 

Methanol content, % (v/v) Experimental 
Calculated 

α, β α, π* β, π* 
0 2.54±0.04 2.54±0.01 2.54±0.02 2.53±0.02 
5 2.58±0.02 2.58±0.01 2.57±0.02 2.60±0.02 
10 2.64±0.03 2.62±0.01 2.61±0.02 2.61±0.02 
15 2.65±0.01 2.65±0.01 2.65±0.02 2.64±0.02 
20 2.67±0.02 2.69±0.01 2.69±0.02 2.69±0.02 
25 2.72±0.02 2.72±0.01 2.73±0.02 2.72±0.02 
30 2.76±0.01 2.76±0.01 2.77±0.02 2.77±0.02 
35 2.79±0.02 2.80±0.01 2.81±0.02 2.80±0.02 
40 2.85±0.01 2.83±0.01 2.85±0.02 2.85±0.02 
45 2.95±0.01 2.95±0.01 2.92±0.02 2.93±0.02 

TABLE III. Average experimental and calculated values of log K2 at I = 0.1 mol dm-3 of 
NaClO4 and different aqueous solutions of CH3OH for MIDA, based on one and three 
solvatochromic parameters: α, hydrogen bond donor acidity; β, hydrogen bond acceptor 
basicity; π*, dipolarity/polarizability. T = 298 K 

Methanol content 
% (v/v) 

Experimental
Calculated 

α β π* α, β, π* 
0 9.67±0.10 9.63±0.02 9.62±0.03 9.62±0.02 9.63±0.03 
5 9.68±0.06 9.68±0.02 9.68±0.03 9.71±0.02 9.69±0.03 
10 9.70±0.06 9.73±0.02 9.73±0.03 9.73±0.02 9.73±0.03 
15 9.76±0.01 9.78±0.02 9.78±0.03 9.77±0.02 9.78±0.03 
20 9.83±0.08 9.83±0.02 9.84±0.03 9.83±0.02 9.83±0.03 
25 9.87±0.07 9.88±0.02 9.89±0.03 9.87±0.02 9.88±0.03 
30 9.95±0.12 9.93±0.02 9.94±0.03 9.94±0.02 9.94±0.03 
35 9.97±0.10 9.98±0.02 9.99±0.03 9.98±0.02 9.98±0.03 
40 10.06±0.07 10.03±0.02 10.05±0.03 10.04±0.02 10.04±0.03 
45 10.13±0.09 10.13±0.02 10.10±0.03 10.13±0.02 10.13±0.03 
0 9.65±0.07a – – – – 
0 9.59±0.02b – – – – 
0 9.43±0.03c – – – – 
0 9.46±0.03d – – – – 
0 9.48±0.06e     
aI = 0.1 mol dm-3 KCl, T = 293 K; bI = 0.1 mol dm-3 KCl/KNO3, T = 298 K; cI = 0.5 mol dm-3 NaClO4, T = 
298 K; d I = 0.5 mol dm-3 KNO3, T = 298 K; dI = 1.0 mol dm-3 NaClO4, T = 298 K (a, b, c, d and e data were 
taken from the literature5) 

The distribution diagrams are gathered in Fig. 3 for different volume frac-
tions of methanol. The combination of the formation constants, mass-balance and 
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the Lambert–Beer law enabled the determination of the Acal values for the model 
including VO2HL and VO2L– (L = MIDA):2 

 2 20 2 VO HL 2 2VO L[VO ] [VO HL] [VO L ]A ε ε ε −+ −= + +  (7) 

 
2 2 2 2VO [VO ] [VO HL] [VO L ]c + + −= + +  (8) 

 L 2 2 2[VO HL] [VO L ] [H L] [HL ]c − −= + + +  (9) 

2 2 2VO H L VO HL H+ ++ + , 2

+
2

VO HL +
2 2

[VO HL][H ]
=

[VO ][H L]
K  (10) 

 2 2VO HL VO L H− ++ , 
2

2
VO L

2

[VO L ][H ]

[VO HL]
K −

− +
=  (11) 

TABLE IV. Average experimental and calculated values of log K2 at I = 0.1 mol dm-3 of 
NaClO4 and different aqueous solutions of CH3OH for MIDA, based on two solvatochromic 
parameters: α, hydrogen bond donor acidity; β, hydrogen bond acceptor basicity; π*, 
dipolarity/polarizability. T = 298 K 

Methanol content, % (v/v) Experimental 
Calculated 

α, β α, π* β, π* 
0 9.67±0.10 9.63±0.02 9.63±0.02 9.62±0.02 
5 9.68±0.06 9.68±0.02 9.69±0.02 9.70±0.02 
10 9.70±0.06 9.73±0.02 9.73±0.02 9.73±0.02 
15 9.76±0.01 9.78±0.02 9.78±0.02 9.77±0.02 
20 9.83±0.08 9.83±0.02 9.83±0.02 9.83±0.02 
25 9.87±0.07 9.88±0.02 9.88±0.02 9.88±0.02 
30 9.95±0.12 9.93±0.02 9.94±0.02 9.94±0.02 
35 9.97±0.10 9.98±0.02 9.98±0.02 9.98±0.02 
40 10.06±0.07 10.03±0.02 10.04±0.02 10.04±0.02 
45 10.13±0.09 10.13±0.02 10.13±0.02 10.12±0.02 
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A

Fig. 2. Aexp and Acal values at T = 298 K, I = 0.10 
mol dm-3, 5 % (v/v) and 270 nm. ●, Acal; ▲, Aexp 
for the model including VO2HL, and VO2L-. 
SE(y) = 0.00834. 

Comparison with literature data 

Yamada and coworkers published the value of log β101 = 10.16 ± 0.12 at 
I = 1.0 mol dm–3 (NaClO4) for the formation of only one species VO2L–.1 On the 
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other hand, stability constants for the formation of two species, VO2HL and 
VO2L–, at different ionic strengths of sodium perchlorate in the range of 0.1 < I <  
< 1.0 mol dm–3 was previously reported.2 A difference exists between the stabi-
lity constants data (Tables V and VII) at 0 % methanol reported in this work and 
those presented in the previously published paper (1.00 < pH < 2.50, cL = 
= 5.18×10–2 and cVO2+ = 1.00×10–3 mol dm–3 ), especially for the values of log 
β101 (Tables V and VII).2 It seems that the main reason is due to the selection of 
different concentrations and pH range for the calculations, which was up to pH 
3.00 in the current work. Values of log β111 and log β101 from the literature 
together with the results of the present work are gathered in Tables V and VII. 
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Fig. 3. Distribution curves at T = 298 K, I = 0.10 
mol dm-3 (a) 5 % (b) 20 % and (c) 45 % (v/v) for 
the model including VO2HL and VO2L-. (CVO2

+ = 
5.0 × 10-4 and CL = 2.0 × 10-2) mol dm-3, ●, 
VO2

+; ▲, VO2L-; ■, VO2HL. 

Solvent effect investigation in the complex formation reaction using the KAT 
equation 

The Kamlet–Abboud–Taft equation is a subset of linear solvation energy 
relationships (LSER), which has been used for the interpretation of different 
interactions in solution:13–37 
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 0log ( * )K A p d a bπ δ α β= + + + +  (12) 

where A0 is the value for log K in the setup when α, β, and π* are all zero. α is the 
solvent hydrogen-bond donor (HBD) acidity. A solvent can give a proton to a 
solute and form a hydrogen bond. The α values are between zero for non-HBD 
solvents up to 1.0 for methanol.13 β is the solvent hydrogen-bond acceptor 
(HBA) basicity. A solvent can accept a proton from a solute during hydrogen 
bond formation. The β values vary from zero for non-HBA solvents up to 1 for 
hexamethylphosphoric acid triamide (HMPT).13 π* is an index of the solvent 
dipolarity/polarizability. In other words, it is the capability of a solvent regarding 
charge, dipole and dielectric contributions. The π* value is 0.00 and 1.00 for 
cyclohexane and dimethyl sulfoxide respectively.13 δ is discontinuous polarizabi-
lity correlation term. The value of δ is 0.0 for non-chloro-substituted aliphatic 
solvents, 0.5 for poly-chloro-substituted aliphatics, and 1.0 for aromatic sol-
vents.13 In the current work, δ is equal to zero. 
 

TABLE V. Average experimental and calculated values of log β111 at I = 0.1 mol dm-3 of 
NaClO4 and different aqueous solutions of CH3OH for MIDA, based on one and three 
solvatochromic parameters: α, hydrogen bond donor acidity; β, hydrogen bond acceptor 
basicity; π*, dipolarity/polarizability. T = 298 K 

Methanol content 
% (v/v) 

Experimental
Calculated 

α β π* α, β, π* 
0 12.50±0.04 12.43±0.07 12.41±0.06 12.40±0.07 12.41±0.07 
5 12.60±0.10 12.60±0.07 12.58±0.06 12.68±0.07 12.61±0.07 
10 12.75±0.06 12.77±0.07 12.76±0.06 12.75±0.07 12.76±0.07 
15 12.87±0.04 12.94±0.07 12.94±0.06 12.90±0.07 12.93±0.07 
20 13.01±0.20 13.10±0.07 13.12±0.06 13.11±0.07 13.11±0.07 
25 13.25±0.02 13.27±0.07 13.29±0.06 13.25±0.07 13.28±0.07 
30 13.51±0.10 13.44±0.07 13.47±0.06 13.46±0.07 13.46±0.07 
35 13.69±0.10 13.61±0.07 13.65±0.06 13.60±0.07 13.63±0.07 
40 13.82±0.15 13.77±0.07 13.82±0.06 13.81±0.07 13.81±0.07 
45 14.04±0.10 14.11±0.07 14.00±0.06 14.09±0.07 14.04±0.07 
0 12.79±0.152 – – – – 

TABLE VI. Average experimental and calculated values of log β111 at I = 0.1 mol dm-3 of 
NaClO4 and different aqueous solutions of CH3OH for MIDA, based on two solvatochromic 
parameters: α, hydrogen bond donor acidity; β, hydrogen bond acceptor basicity; π*, 
dipolarity/polarizability. T = 298 K 

Methanol content, % (v/v) Experimental 
Calculated 

α, β α, π* β, π* 
0 12.50±0.04 12.41±0.06 12.42±0.07 12.40±0.06 
5 12.60±0.10 12.59±0.06 12.63±0.07 12.62±0.06 
10 12.75±0.06 12.76±0.06 12.76±0.07 12.76±0.06 
15 12.87±0.04 12.94±0.06 12.92±0.07 12.92±0.06 
20 13.01±0.20 13.11±0.06 13.10±0.07 13.11±0.06 



 COMPLEXATION IN WATER-METHANOL MIXTURES 1555 

TABLE VI. Continued 

Methanol content, % (v/v) Experimental 
Calculated 

α, β α, π* β, π* 
25 13.25±0.02 13.29±0.06 13.26±0.07 13.28±0.06 
30 13.51±0.10 13.46±0.06 13.45±0.07 13.47±0.06 
35 13.69±0.10 13.63±0.06 13.60±0.07 13.63±0.06 
40 13.82±0.15 13.81±0.06 13.79±0.07 13.82±0.06 
45 14.04±0.10 14.04±0.06 14.10±0.07 14.03±0.06 

TABLE VII. Average experimental and calculated values of log β101 at I = 0.1 mol dm-3 of 
NaClO4 and different aqueous solutions of CH3OH for MIDA, based on one and three 
solvatochromic parameters: α, hydrogen bond donor acidity; β, hydrogen bond acceptor 
basicity; π*, dipolarity/polarizability. T = 298 K 

Methanol content 
% (v/v) 

Experimental
Calculated 

α β π* α, β, π* 
0 10.96±0.10 10.90±0.09 10.86±0.07 10.86±0.09 10.86±0.08 
5 11.08±0.20 11.09±0.09 11.07±0.07 11.18±0.09 11.10±0.08 
10 11.27±0.10 11.28±0.09 11.27±0.07 11.26±0.09 11.27±0.08 
15 11.45±0.05 11.47±0.09 11.47±0.07 11.42±0.09 11.46±0.08 
20 11.57±0.20 11.66±0.09 11.68±0.07 11.66±0.09 11.67±0.08 
25 11.77±0.20 11.85±0.09 11.88±0.07 11.83±0.09 11.87±0.08 
30 12.06±0.30 12.04±0.09 12.08±0.07 12.07±0.09 12.08±0.08 
35 12.33±0.20 12.24±0.09 12.28±0.07 12.23±0.09 12.28±0.08 
40 12.58±0.10 12.43±0.09 12.49±0.07 12.47±0.09 12.49±0.08 
45 12.70±0.10 12.81±0.09 12.69±0.07 12.79±0.09 12.70±0.08 
0 11.74±0.252 – – – – 
0 10.16±0.12a – – – – 
aI = 1.0 mol dm-3 NaClO4, T = 298 K (data were taken from the literature1) 

Different trends exist for the variation of solvatochromic parameters with the 
change in the concentration of various alcohols. Values of α, β and π* for various 
aqueous solutions of methanol are listed in Table IX.6 The α and π* values 
decrease but the β values increase with increasing methanol (Table IX). Several 
interactions exist in solution that are mainly classified as specific and non-
specific interactions. All of these interactions can be defined as solvent polarity 
or solvation power. The famous specific interactions include different kinds of 
hydrogen bonding. All the other interactions except hydrogen bonding have been 
classified as non-specific interactions. The main intention of this work was to 
determine the contributions of different interactions by calculation of the 
regression coefficients a, b and p. Different one and two parameters KAT 
equations for the dissociation and stability constants are gathered in Table X. 
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TABLE VIII. Average experimental and calculated values of log β101 at I = 0.1 mol dm-3 of 
NaClO4 and different aqueous solutions of CH3OH for MIDA, based on two solvatochromic 
parameters: α, hydrogen bond donor acidity; β, hydrogen bond acceptor basicity; π*, 
dipolarity/polarizability. T = 298 K 

Methanol content, % (v/v) Experimental 
Calculated 

α, β α, π* β, π* 
0 10.96±0.10 10.87±0.08 10.88±0.09 10.86±0.08 
5 11.08±0.20 11.07±0.08 11.14±0.09 11.09±0.08 
10 11.27±0.10 11.27±0.08 11.27±0.09 11.27±0.08 
15 11.45±0.05 11.47±0.08 11.45±0.09 11.46±0.08 
20 11.57±0.20 11.67±0.08 11.66±0.09 11.67±0.08 
25 11.77±0.20 11.88±0.08 11.84±0.09 11.87±0.08 
30 12.06±0.30 12.08±0.08 12.06±0.09 12.08±0.08 
35 12.33±0.20 12.28±0.08 12.23±0.09 12.27±0.08 
40 12.58±0.10 12.48±0.08 12.45±0.09 12.48±0.08 
45 12.70±0.10 12.70±0.08 12.80±0.09 12.71±0.08 

TABLE IX. Solvatochromic parameters for different aqueous solutions of methanol from the 
literature6 

Methanol content, % (v/v) α β π* 
0 1.17 0.47 1.09 
5 1.16 0.48 1.05 
10 1.15 0.49 1.04 
15 1.14 0.50 1.02 
20 1.13 0.51 0.99 
25 1.12 0.52 0.97 
30 1.11 0.53 0.94 
35 1.10 0.54 0.92 
40 1.09 0.55 0.89 
45 1.07 0.56 0.85 

TABLE X. Different KAT equations with one and two solvatochromic parameters together 
with their standard errors and square values of the correlation coefficients (r2) for the 
dissociation and stability constants at T = 298 K, I = 0.1 mol dm-3 of NaClO4 and different 
aqueous solutions of methanol: α, hydrogen bond donor acidity; , hydrogen bond acceptor 
basicity; π*, dipolarity/polarizability; n = 10 

KAT Equation r2 
log K1 = (7.08±0.20) – (3.88±0.18)α 0.98 
log K1 = (0.62±0.15) + (4.07±0.29)β  0.96 
log K1 = (4.30±0.08) – (1.63±0.09)π* 0.98 
log K1 = (13.86±2.79) – (7.94±1.67)α – (4.31±1.77)β 0.99 
log K1 = (7.22±1.99) – (4.08±2.77)α + (0.08±1.16)π* 0.98 
log K1 = (5.68±2.07) – (1.53±2.30)β – (2.23±0.91)π* 0.98 
log K2 = (15.52±0.27) – (5.03±0.24)α 0.98 
log K2 = (7.13±0.15) + (5.31±0.29)β 0.98 
log K2 = (11.92±0.10) – (2.11±0.10)π* 0.98 
log K2 = (14.54±5.13) – (4.44±3.07)α + (0.62±3.25)β 0.98 
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TABLE X. Continued 

KAT Equation r2 
log K2 = (13.78±2.61) – (2.60±3.65)α – (1.02±1.53)π* 0.98 
log K2 = (10.84±2.51) + (1.20±2.78)β – (1.64±1.10)π* 0.98 
log β111 = (32.02±0.80) – (16.74±0.71)α 0.99 
log β111 = (4.07±0.36) + (17.73±0.69)β 0.99 
log β111 = (20.06±0.30) – (7.02±0.31)π* 0.98 
log β111 = (13.75±13.37) – (5.81±8.02)α + (11.61±8.48)β 0.99 
log β111 = (27.45±7.69) – (10.34±10.75)α – (2.69±4.51)π* 0.99 
log β111 = (9.31±6.52) + (11.93±7.24)β – (2.31±2.87)π* 0.99 
log β101 = (33.27±1.05) – (19.12±0.93)α 0.98 
log β101 = (1.32±0.42) + (20.30±0.82)β 0.99 
log β101 = (19.61±0.38) – (8.03±0.39)π* 0.98 
log β101 = (3.78±16.33) – (1.47±9.79)α + (18.74±10.36)β 0.99 
log β101 = (26.35±10.02) – (9.42±14.00)α – (4.08±5.88)π* 0.98 
log β101 = (4.82±7.94) + (16.43±8.81)β – (1.54±3.49)π* 0.99 

CONCLUSIONS 

In general, it could be stated that increasing the methanol concentration 
(lower solvation and decrease in the polarity of the mixture) in the concentration 
range studied in this research cause an increase in the values of the dissociation 
and stability constants for the complexation of dioxovanadium(V) with amino-
polycarboxylic acids. The standard errors for three parameters KAT equations 
were too high due to the strong intercorrelation of the methanol parameters. The 
standard errors for the two-parameter KAT equation in Table X are relatively 
high in comparison to those of the one parameter KAT equation. Therefore only 
one and two parameters KAT equations are presented in Table X. Although rela-
tively good results were obtained with the one-parameter KAT equation, it could 
be concluded that KAT equation may not be applicable in the current research 
because the solvatochromic substances may be preferentially solvated to a greater 
or lesser degree than the substances involved in the studied chemical reaction. 
For the methanol + water system in the current work, it is very difficult to deter-
mine exactly the role of the KAT parameters because the variations in the stabi-
lity and dissociation constants with the methanol concentration are linear and 
strong correlation exist for the KAT parameters. 
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ИЗРАЧУНАВАЊЕ КОНСТАНТИ СТАБИЛНОСТИ ЗА ФОРМИРАЊЕ КОМПЛЕКСА 
ДИОКСОВАНАДИЈУМА(V) СА МЕТИЛИМИНОДИСИРЋЕТНОМ КИСЕЛИНОМ У 

РАЗЛИЧИТИМ H2O + CH3OH РАСТВОРИМА КОРИШЋЕЊЕМ 
KAMLET–ABBOUD–TAFT-ОВЕ ЈЕДНАЧИНЕ 

KAVOSH MAJLESI, SAGHAR REZAIENEJAD, NAZILA DOUSTMAND SARABI, MEHRDOKHT FAHMI 

и FERESHTEH TAHAMTAN 
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Константе стабилности за формирање комплекса VO2
+ са метилиминодисирћетном 

киселином (MIDA) су одређене у овом раду за различите запреминске уделе метанола 
(0–45 %, v/v) на T = 298 K, I = 0,1 mol dm-3 натријум-перхлората. Потенциоментријска и 
УЉ спектрофотометријска метода су примењене за прикупљање података. Различите 
врсте су испитиване, а најбољи модел садржи VO2HL и VO2L- (L = MIDA) за наш трет-
ман података. Једно-, дво- и тропараметарске Kamlet–Abboud–Taft-ове (KAT) једначине 
су примењене за одређивање и израчунавање КАТ модела солватохромних регресионих 
коефицијената. 

(Примљено 17. марта, ревидирано 21. јуна 2013) 
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Abstract: A potentiometric method was used to determine the autoprotolysis 
constant for aqueous solutions containing 0, 20 and 40 mass % of methanol 
over a wide range of NaCl concentrations at 25 °C. The ionic strength ranged 
between 0.25 and 2.00 mol L-1 at intervals of 0.25 units. The osmotic and 
activity coefficients of the mixed solvents were calculated as a function of 
ionic strength. The dependence on ionic strength was analyzed using the ori.-
ginal specific ion interaction theory. The specific ion interaction parameters 
associated with the thermodynamic autoprotolysis constant were extracted. 
Results indicate that interaction between ions increases with increasing metha-
nol content in the mixture.  

Keywords: autoprotolysis; water–methanol; sodium chloride; specific ion inter-
action theory. 

INTRODUCTION 

Mixed solvent electrolyte systems, especially water/organic/salt mixtures, 
frequently occur in wide variety of chemical industries, such as supercritical 
technologies, environmental applications, production of energy sources and sepa-
ration, electrochemical and hydrometallurgical processes.1 A comprehensive 
knowledge of the physicochemical properties of mixed solvents is mandatory for 
the development of modeling a successful process in the chemical industry. The 
autoprotolysis constant is one of the most important properties of each medium 
that is essential for pH definition, chemical speciation and acid–base equilibrium 
calculation.2 An autoprotolysis constant describes quantitatively the extent of self 
ionization of solvent molecules SH, when a solvated proton, SH2+, and lyate ion, 
S–, are produced in a chemical reaction: 

 2SH + SH S +SH+−  (1) 

                                                                                                                    

* Corresponding author. E-mail: a_farajtabar@yahoo.com 
doi: 10.2298/JSC130104039F 
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Although autoprotolysis of various aqueous electrolytes and solvent mix-
tures has been extensively investigated in the literature,2–5 to best of our know-
ledge, no effort has been made on the determination of the autoprotolysis cons-
tant of mixed solvent electrolyte systems. Therefore, in this work, the autopro-
tolysis constants of methanol–water mixtures (0, 20 and 40 mass % of methanol) 
were determined over a wide range of NaCl electrolyte concentrations. The auto-
protolysis constant was modeled utilizing the specific ion interaction theory (SIT).  

EXPERIMENTAL 

All chemicals were purchased from Merck. Methanol was of highest available purity and 
used without further purification. Sodium chloride was dried under vacuum at room tempe-
rature for at least 72 h before use. NaOH and HCl solutions were prepared from a titrisol 
solution and their concentration was determined by several titrations. Water was double 
distilled with a conductivity equal to 1.3±0.1 μΩ-1 cm-1. A Jenway research potentiometer, 
model 3520, with a combined glass pH electrode was used for electromotive force (e.m.f) 
measurement in the potentiometric titrations. The electrode was modified by replacing its 
aqueous KCl solution with NaCl solution (0.10 mol L-1) saturated with AgCl in aqueous 
methanol mixture.3 This method is useful to improve the response speed of the glass electrode 
and to keep the liquid junction potential constant at a small value.  

The autoprotolysis constant of a mixed solvent was determined by the potentiometric 
titration method at 25 °C at different ionic strengths from 0.5 to 2.0 mol L-1, supplied by 
sodium chloride as an inert electrolyte. 25 mL of acidic solution (0.01 mol L-1 HCl) in a 
double-walled thermostated reaction vessel was titrated with NaOH (0.10 mol L-1) at each 
ionic strength. Potentiometric data were taken after every addition of titrant, after which the 
stabilization of e.m.f data was checked manually. The criterion for a stable e.m.f was ±0.1 mV 
deviation, which was achieved in a period of 1 min. 

RESULTS AND DISCUSSION 

Computation of the autoprotolysis constant 

According to Eq. (1), the thermodynamic autoprotolysis constant, K°, can be 
defined by Eq. (2):  

 
+ + +
2 2 2

+
SH S SH S SH S2

2 2 2
SH SH SH

[SH ] [S ]γ γ γ γ− − −−
= = =

a a
K K

a a a
 (2) 

where γi and ai are the activity coefficient and the activity of the species, res-
pectively. K is a conditional autoprotolysis constant and [SH2+][S–] the product 
at each constant ionic strength.  

During a potentiometric titration, the potential of a potentiometric cell equip-
ped with a glass electrode in the acidic region can be formulated as:6 

 
2 2SH SH 2log log log[SH ]γ+ + += + = + + E E k a E k k  (3) 

E° is value of the standard electromotive force; k is the Nernst slope equal to 
2.303RT/F in which R, T and F have their usual meaning. At constant ionic 
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strength, the activity coefficient of species should be constant; therefore, Eq. (3) 
can be rewritten as Eq. (4), with Ea being E° + k logγ: 

 a 2log[SH ]E E k += +  (4) 

The hydrogen ion concentration can be easily calculated by:  

 H 0 OH 1

0 1
[H ]

M V M V

V V
+ −=

+
 (5) 

where MH and MOH are the molarities of the acid and base, and V0 and V1 are the 
initial volume of acid and the added volume of sodium hydroxide solution, res-
pectively. 

By introducing Eq. (2) into Eq. (4), the e.m.f value in the alkaline region can 
be represented as: 

 a log log[S ]−= + −E E k K k  (6) 

The experimental e.m.f data were fitted simultaneously to Eqs. (4) and (6) 
using nonlinear least squares analysis to find the optimum values for the negative 
logarithm of K (pK). For each experiment at constant ionic strength, the slopes 
obtained from the least squares analysis were close to the theoretical Nernst value 
(59.167 mV at 25 °C) with correlation coefficients of nearly r2 = 0.99. The pK 
values in both the molar and molal concentration scales are reported in Tables I– 
–III. The average standard deviations of the calculated pK values were less than 
0.01 units. Conversion from the molar to the molal scale was realized using 
literature data for the density of NaCl solution in water–methanol mixtures.7 

TABLE I. Values of pK, activity coefficient of NaCl, osmotic coefficient and solvent activity 
in methanol–water mixture containing 0 % methanol in different ionic strengths at 25 °C 

I / mol L-1 I / mol kg-1 pK / mol2 L-2 pK / mol2 kg-2 γNaCl φ aSH 
0.10 0.10 13.781 13.777 0.778 0.934 0.996 
0.25 0.25 13.754 13.748 0.720 0.924 0.991 
0.50 0.51 13.717 13.700 0.681 0.919 0.982 
0.75 0.76 13.711 13.699 0.664 0.923 0.973 
1.00 1.02 13.719 13.702 0.656 0.931 0.963 
1.25 1.28 13.734 13.713 0.653 0.941 0.954 
1.50 1.55 13.761 13.733 0.654 0.952 0.943 
1.75 1.82 13.794 13.760 0.657 0.964 0.933 
2.00 2.09 13.834 13.796 0.663 0.977 0.923 

Computation of the activity and the osmotic coefficient of mixed solvent 

The activity and osmotic coefficient of a mixed solvent were calculated 
according to Eqs. (7) and (8) from activity coefficients of NaCl and then tabu-
lated in Tables I–III: 
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s

SHln
1000

ν
φ

−
= jM m

a  (7) 

 j0

1
1 d lnφ γ= +  jm

j
j

m
m

 (8) 

The symbol ν is the stoichiometric index, mj stands for the molality of the salt. 
Ms and φ  are the molecular weight and osmotic coefficient of the solvent, res-
pectively. The activity coefficients of NaCl in water–methanol mixtures were 
taken from the literature.8 

TABLE II. Values of pK, activity coefficient of NaCl, osmotic coefficient and solvent activity 
in methanol–water mixture containing 20 % methanol in different ionic strengths at 25 °C 

I / mol L-1 I / mol kg-1 pK / mol2 L-2 pK / mol2 kg-2 γNaCl φ aSH 
0.10 0.10 13.720 13.689 0.720 0.910 0.996 
0.25 0.26 13.684 13.651 0.643 0.892 0.991 
0.50 0.52 13.598 13.564 0.592 0.883 0.982 
0.75 0.79 13.591 13.546 0.571 0.890 0.973 
1.00 1.06 13.631 13.580 0.563 0.905 0.963 
1.25 1.33 13.697 13.643 0.563 0.923 0.953 
1.50 1.60 13.769 13.713 0.567 0.944 0.942 
1.75 1.88 13.826 13.764 0.576 0.966 0.931 
2.00 2.16 13.846 13.779 0.588 0.988 0.919 

TABLE III. Values of pK, activity coefficient of NaCl, osmotic coefficient and solvent acti-
vity in methanol–water mixture containing 40 % methanol in different ionic strengths at 25 °C 

I / mol L-1 I / mol kg-1 pK / mol2 L-2 pK / mol2 kg-2 γNaCl φ aSH 
0.10 0.11 13.830 13.766 0.675 0.896 0.996 
0.25 0.27 13.654 13.588 0.596 0.877 0.990 
0.50 0.54 13.674 13.607 0.545 0.869 0.980 
0.75 0.82 13.738 13.660 0.523 0.877 0.969 
1.00 1.10 13.838 13.755 0.514 0.892 0.958 
1.25 1.38 13.906 13.820 0.512 0.910 0.947 
1.50 1.66 14.003 13.915 0.515 0.930 0.935 
1.75 1.95 14.141 14.047 0.522 0.953 0.922 
2.00 2.25 14.221 14.119 0.532 0.976 0.909 

Ionic strength effect 

To account for the ionic strength effect, the results were analyzed using the 
specific ion interaction theory (SIT) in which activity coefficient of ion i with 
charge zi can be expressed by Eq. (9) in a solution of ionic strength I (in the 
molal scale) at 25 °C:5,9–14 

 2log
1

γ ε= − +
+ i i ij j

i j

A I
z m

Ba I
 (9) 
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where ai is the effective diameter of the hydrated ion i. A and B are Debye– 
–Hückel constants, the values of which can be calculated by: 

 
0.5

6
1.5

1.8247 10
( )

A
DT

ρ= ×  (10) 

 
0.5

0.5
50.2901

( )
B

DT

ρ=  (11) 

where ρ,  D and T are the density, dielectric constant and temperature of the 
solvent, respectively. Dielectric constants were taken from the literature,15 and 
are listed in Table IV. The ion interaction coefficient εij interprets the specific 
short-range interactions of ion i with ion j in its molal concentration mj. 

TABLE IV. Values of pK° and Δε for every methanol–water mixture at 25 °C 

Methanol content, mass % D pK° Δε / kg mol-1 r2 
0 78.38 13.992±0.006 0.090±0.005 0.981 
20 70.00 13.899±0.023 0.158±0.018 0.915 
40 60.94 13.945±0.021 0.317±0.022 0.966 

Introducing the SIT model into the logarithmic form of Eq. (2), the effect of 
the NaCl concentration on the autoprotolysis constant can be modeled as:  

 SH
2

p 2log p
1

ε+ = − + Δ
+

 A I
K a K I

B I
  (12) 

where  

 
2 S ,NaSH ,Clε ε ε+ − +−Δ = +  (13) 

The pK° and Δε values were optimized by least squares analysis for all 
methanol–water mixture. The results are tabulated together with the correlation 
coefficient of the fitting procedure (r2) in Table IV. 

The value of ion interaction coefficient was positive and increased with 
increasing methanol content in the mixture. It is worthwhile to consider the effect 
of changing the dielectric constant on interaction parameter. As shown in Fig. 1, 
there is a linear dependence of the ion interaction coefficient on the reciprocal of 
dielectric constant. 

The same behavior was found for β1, an interaction parameter in the Pitzer 
Model, in the thermodynamic treatment of the activity coefficients of 1:1 elec-
trolytes in mixed solvents.15–22 Similar to β1, the principal contribution to εij in 
SIT model originated from the short-range interactions between ions of opposite 
charge. Based on the exponential form of the Debye–Hückel theory, Gupta 
showed that the radial distribution function for unlike charged ions, namely g+– 
(which contributes to β1 and εij) is a function of the dielectric constant that 
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increases greatly with decreasing dielectric constant.18 This explanation is con-
sistent with the presented results. The positive values of Δε indicate that there is 
an attractive force between unlike ions. Moreover, the linear dependency of Δε 
on the inverse of dielectric constant shows that this attractive force mainly ori-
ginated from electrostatic interactions. This is reasonable because the electro-
static interaction between unlike charged ions increases with decreasing polarity 
of the media. 

Fig. 1. Plot of Δε values as a function of the 
reciprocal of dielectric constant in water– 
–methanol mixtures at 25 °C. 

CONCLUSIONS 

The autoprotolysis of some methanol–water mixture were successfully deter-
mined by an accurate potentiometric method over a wide range of ionic strength 
supplied by sodium chloride at 25 °C. The SIT theory was applied to describe the 
ionic strength dependency of the pK values. The thermodynamic autoprotolysis 
constant at infinite dilution was calculated together with the overall specific ion 
interaction coefficients. 
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Потенциометријска метода је коришћена за одређивање константе аутопротолизе 
за водене растворе који садрже 0, 20 и 40 мас. % метанола у широком опсегу концен-
трација NaCl на 25 °C. Вредности јонске јачине биле су између 0,25 и 2,00 mol L-1, са 
интервалима од 0,25 јединица. Осмотски коефицијенти и коефицијенти активности 
помешаних растварача израчунати су у зависности од јонске јачине. Зависност од јонске 
јачине анализирана је коришћењем теорије специфичних јонских интеракција. Пара-
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метри специфичне јонске интеракције добијени су заједно са термодинамичком конс-
тантом аутопротолизе. Резултати указују да интеракција између јона расте са порастом 
садржаја метанола у смеши. 

(Примљено 4. јануара, ревидирано 10 марта 2013) 
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Abstract: Additives are necessary in the electrodeposition of Zn–Mn alloys at 
high current densities, in order to reduce the hydrogen evolution reaction and 
prevent dendrite formation. The influences of two aromatic aldehydes, 4-hyd-
roxy-benzaldehyde and 3,4-dimethoxy-benzaldehyde, as additives in the Zn–Mn 
plating electrolyte, were examined in this study. The characterization of the 
coatings by scanning electron microscopy and X-ray energy dispersive spec-
troscopy, as well as an examination of the effect of the additives by electro-
chemical methods, indicated a complex involvement of additive molecules in 
hydrogen evolution, as well as in Zn2+ and Mn2+ reduction. Consequently, a 
levelling action could be achieved and the chemical composition of the Zn–Mn 
alloy tailored by the addition of the proper type and concentration of additive in 
the plating electrolyte.  

Keywords: Zn–Mn alloy; plating additive; hydrogen inhibitor; leveller; surface 
morphology. 

INTRODUCTION 

Among the various zinc alloys, Zn–Mn alloy coatings have received wide 
attention in the automotive industry, due to their attractive features.1 It has been 
reported that alloy coatings with a high Mn content (10–30 at. % Mn) show the 
highest corrosion resistance known among zinc alloys.2,3  

The large scale production of Zn–Mn coatings with varying Mn contents 
seems achievable by electrochemical deposition.4 However, the incorporation of 
higher percent of Mn in an alloy is a difficult issue, since the standard electrode 
potentials of the Zn2+/Zn and Mn2+/Mn couples are significantly different, i.e., 
–0.76 VSHE for Zn vs. –1.18 VSHE for Mn.5 One way of overcoming this issue is 
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to shift the deposition potential of Zn closer to that of Mn by using a complexing 
agent, as realized, for instance, with sodium citrate or EDTA2 in an acidic 
sulphate bath, or pyrophosphate ion in an alkaline bath.6 The deposition process 
in these cases has important drawbacks, particularly with regards to process 
control and current efficiency.7  

On the contrary, a simple bath without strong complexing agent shows seve-
ral benefits, such as high current efficiency and good bath stability.5 A simple 
electrolyte consisting of boric acid, potassium, and zinc and manganese chlorides 
was proposed for Zn–Mn electrodeposition in the past decade,8 and this electro-
lyte was chosen for examination in the present study. However, in order to obtain 
a Mn-rich deposit from a simple chloride bath, significant cathodic polarization 
or high deposition current density (c.d.) is necessary. Under such conditions, the 
Zn reduction is under diffusion control, leading to the formation and growth of 
dendrites,9,10 and additionally, the accompanying intensive hydrogen evolution 
decreases the current efficiency and may lead to porous coatings.11  

Dendritic deposit formation and hydrogen co-deposition during Zn–Mn elec-
trodeposition at high c.d.s, could be prevented by the use of plating additives. As 
a matter of fact, in the industrial production of pure Zn coatings, plating additives 
are mainly necessary,12,13 and the list of compounds investigated for this purpose 
is extremely long.12,14 Concerning pure Mn plating, sulphur and selenium 
compounds are normally used as additives, in order to increase the current effi-
ciency, but at the cost of contamination of the Mn deposit with sulphur and sele-
nium inclusions.15 The effect of various additives (e.g., gelatine, agar–agar,16 
ascorbic acid, alcohols, aromatic aldehydes and ketones,17 thiourea and thiocarb-
amide18) are well understood in Zn–Mn electrodeposition from a sulphate elec-
trolyte. Contrarily, the list of additives studied in chloride electrolytes is appre-
ciably shorter, including Fra 700 (a commercial additive for pure Zn),8 poly-
(ethylene glycol)5 and ammonium thiocyanate.19  

The scope of the present study was to investigate the influence of plating 
additives on the Zn–Mn alloy electrodeposits obtained from a chloride electro-
lyte, at a high c.d., where the onset of dendrite formation was observed, i.e., at 90 
mA cm–2. The additives were expected to inhibit both dendritic growth and the 
hydrogen evolution reaction. According to the literature, substituted aromatic 
aldehydes are good candidates for both purposes.20  

The effects of two substituted aromatic aldehydes, namely 4-hydroxy-benz-
aldehyde (HBA) and 3,4-dimethoxy-benzaldehyde (DMBA), shown in Fig. 1, 
were studied in this work. Electrochemical techniques were used to investigate 
the role of the additives in the electrodeposition process, and scanning electron 
microscopy (SEM) coupled with X-ray energy dispersive spectroscopy (EDS) 
was used to characterize the deposits obtained under different plating conditions.  
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 a) b) 

      
Fig. 1. a) The structure of 4-hydroxy-benzaldehyde and 
b) the structure of 3,4-dimethoxy-benzaldehyde. 

EXPERIMENTAL 

Electrolyte preparation 

The electrodeposition of Zn–Mn alloys and the electrochemical experiments were per-
formed using a chloride electrolyte containing 1.25 mol dm-3 KCl, 0.4 mol dm-3 H3BO3, 0.3 
mol dm-3 ZnCl2 and 1 mol dm-3 MnCl2, pH 4.50. HBA and DMBA were added in concen-
trations of 0.25 or 0.5 g dm-3. The electrolytes were prepared with analytical grade reagents 
and double distilled water.  

Substrate preparation 

The substrates for all experiments were steel (AISI 4340) panels with an active surface 
area of 3.68 cm2. Prior to each experiment, the steel surface was abraded successively with 
emery papers of the following grades: 600, 1000 and 1200, and then degreased in a saturated 
solution of NaOH in ethanol, pickled with 2 mol dm-3 HCl for 30 s and finally rinsed with 
distilled water. 

Electrochemical studies and coating electrodeposition 

A three-electrode cell arrangement was used for both the electrochemical (voltammetric 
and chronopotentiometric) studies and alloy electrodeposition, at the temperature of 25 °C 
without stirring. The reference electrode was a saturated calomel electrode (SCE) mounted in 
a Luggin capillary. All potentials in this paper are referred to this electrode. The counter 
electrode was a Zn plate (high purity Zn).  

The Zn–Mn alloy coatings were electrodeposited galvanostatically at a c.d. of 90 mA 
cm-2, using a PAR M173 galvanostat as the power supply. The deposition time was chosen to 
obtain layers of 10 µm thickness, verified by a coating thickness measuring instrument 
Dualscope MPOR.  

The voltammetric experiments (with IR correction) were performed at 5 mV s-1 between 
–800 and –1700 mV vs. SCE scanning to negative potentials, by using a ZRA Reference 600 
potentiostat, Gamry Instruments. 

Zn–Mn coating characterization 

Surface morphology of the coatings was examined by scanning electron microscopy 
(SEM), using a Tescan, VEGA TS 5130 MM instrument. Chemical analysis of the deposits 
was performed by an attached energy dispersive X-ray spectrometer (EDS), INCAPenta-
FETex3, Oxford Instruments. 

The measurement of the surface roughness of the samples was performed using a TR200 
surface roughness tester, over a length of 2.5 mm. The measured parameter was the average 
roughness, Ra, as denoted in Eq. (1), where “y” is the distance between the profile line and the 
average line: 
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RESULTS AND DISCUSSION 

Effect of additives on the morphology of the Zn–Mn deposits 

Zn–Mn coatings were preliminary electrodeposited from the chloride elec-
trolyte free of organic additives, and it was observed that the samples obtained at 
c.d.s of up to 80 mA cm–2 were smooth and homogeneous, i.e., commercially 
acceptable deposits. However, the SEM photograph of a Zn–Mn coating plated at 
90 mA cm−2 (Fig. 2a) shows a deposit with cauliflower morphology and a very 
rough surface, on which precursors of dendrites are visible.9 Therefore, the effect 
of plating additives was further studied at 90 mA cm–2, in order to clarify whether 
the additives could extend the operation window for the applied current density. 

The morphologies of Zn–Mn deposits plated from the baths containing diffe-
rent concentrations of HBA or DMBA additive, are presented in Fig. 2b–e. It can 
be seen that the additive concentration had a higher impact on the coating 
morphology than the additive type. Namely, no dendrites are visible in Fig. 2b 
and c, but grain globules, ranging from 2–4 μm, are found for the Zn–Mn depo-
sits plated from the baths containing 0.25 g dm–3 HBA or DMBA. Thus, both 
HBA and DMBA are powerful additives for depressing the formation of dendri-
tes on Zn–Mn deposits formed at high c.d.s, i.e., they act as levelling agents. The 
substituted aromatic aldehydes were reported as dendrite inhibitors due to their 
specific adsorption on the metallic surface and slow diffusion to the cathode.20,21 
Namely, the rate of metal deposition is inhibited on the cathode locations where 
the additive molecules are adsorbed. Since the additive bulk concentration is very 
low, the adsorption of organic molecule is highly influenced by mass transport, 
i.e., the molecules are preferentially adsorbed on those parts of the surface that 
are more accessible, i.e. on the precursors of dendrites. As a result, protrusions 
receive more additive molecules by diffusion and consequently become smaller 
as the deposit grows.21 

When the concentration of HBA and DMBA additives was increased to 0.5 g 
dm–3, two strong effects could be observed, as shown in Fig. 2d and e. The Zn–Mn 
globules no longer exist, meaning that the growth of the crystallites perpendicular 
to the surface was inhibited, and they spread across the surface as smooth layers 
to produce deposits which are rather flat on the microscopic scale. It should be 
noticed that the deposits obtained appeared bright, as observed by the naked eyes. 
Thus, the levelling action of the additives examined in this study, strongly depended 
on their concentration. This is in agreement with data for some other additives. 
Thus, it was shown, for example, that coumarone in Ni plating produced levelled 
or bright deposits only as a function of its concentration.22 A similar result was 
found for thiourea and saccharin in Ni–P and Cu deposition.23 In fact, aldehydes  
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Fig. 2. SEM Microphotographs of Zn– 
–Mn coatings deposited at 90 mA cm-2 
from a) basic electrolyte, and with b) 
0.25 g dm-3 HBA, c) 0.25 g dm-3 
DMBA, d) 0.5 g dm-3 HBA and e) 0.5 g 
dm-3 DMBA. 
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are widely used as brightening agents in Zn electrodeposition, improving grain 
fineness.13,14,24 Additives that smooth the surface at the 1–500 µm lateral length 
are known as levellers and the ones responsible for surface brightening at 1–1000 
nm lateral distance are known as brighteners.25 Apart from visual examination, 
no additional experiment was conducted in order to evaluate further the bright-
ening effect of the two additives in the present article. 

However, as a second effect of the change in additive concentration from 
0.25 to 0.5 g dm–3 was that an insufficient coalescence of the deposits could be 
noticed, with pitting-like morphology, particularly for the coating obtained with 
HBA (Fig. 2d), probably indicating that the additives and/or products of their 
decomposition act as organic contaminants in the electrolyte. As a matter of fact, 
many organic compounds, above some critical concentration in a plating bath, 
bond to specific parts of the substrate and consequently may be trapped in the 
deposit or cause a noticeable hydrogen gas bubbling, increasing thereby the 
chances for the formation of gas pits in that area. The pitting of the deposit due to 
organic impurities is a serious problem in Ni22 and Cr26 electrodeposition, and 
probably is present in this work, for higher additive concentration (0.5 g dm–3).  

In order to additionally examine the levelling effect of substituted aromatic 
aldehydes, the macroscopic roughness was measured for the Zn–Mn coatings 
deposited at different concentrations of the two additives, and the values of ave-
rage roughness are presented in Table I. Similarly to the SEM observations, it is 
clear from Table I that the roughness of the samples depended strongly on the 
concentration of the additives, regardless of their structure, in terms of a decrease 
in the average roughness on addition of more additive to the plating solution. The 
lower Ra values for the samples deposited in the presence of additives, compared 
to the sample from blank electrolyte, clearly denote the smoothening effect. This 
is particularly visible for 0.5 g dm–3 of additives, where the Ra values of ≈ 0.5 μm 
indicate very flat deposits. 

TABLE I. The values of average roughness, Ra, for Zn–Mn coatings deposited from different 
plating electrolytes 

Additive type Additive concentration / g dm-3 Ra / µm 
No additive 0 1.65 
HBA 0.25 1.03 

0.5 0.47 
DMBA 0.25 0.98 

0.5 0.62 

EDS Analysis 

The chemical composition analysis revealed that in addition to Zn and Mn, 
various amounts of oxygen were present in the Zn–Mn coatings obtained at 90 
mA cm–2. The atomic contents of Mn and O in the samples deposited from 
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electrolytes with different additive concentrations are shown in Fig. 3. The oxy-
gen content was between 5 and 7 at. % for the samples obtained in the presence 
of additives, which could be related to alloy oxidation during air-exposure.1 On 
the contrary, the coating obtained in the blank electrolyte contained 18 at. % oxy-
gen, indicating either rapid corrosion of the dendritic sample or, more probably, 
the inclusion of metallic hydroxides, due to the increased pH in the near-cathodic 
layer, as a result of fast hydrogen evolution.27 The issue of hydroxide inclusions 
was reported for Mn alloy coatings obtained at high c.d.s, where the oxygen con-
tent reached even 60 at. %,11,27 and also for pure Zn coatings, where 18 mass % 
of oxygen was reported.28 

 
Fig. 3. The dependence of the Mn and O content in the Zn–Mn coatings obtained at 

90 mA cm-2 on the type and concentration of the plating additive. 

Hence, the low oxygen percent in the coatings obtained with additives, pro-
bably means that the deposits were hydroxide-free, i.e., the hydrogen evolution 
process during alloy deposition is not fast enough to create alkaline media in the 
near-cathodic layer.29 It could be concluded that the EDS analysis gives circum-
stantial, but strong evidence that the additives are hydrogen inhibitors in Zn–Mn 
electrodeposition. 

When it is assumed that the total applied deposition c.d. is related to Zn and 
Mn reduction and hydrogen formation, then the zinc and manganese atomic per-
centage determined by EDS, allows an evaluation of the partial current densities 
for each reaction.30 While the surface morphology was quite similar for both 
additives, the elemental composition of the Zn–Mn deposits depended greatly on 
the additive type. The Mn content was 9 % in the coating obtained at 90 mA cm–2 
without additives in the electrolyte (Fig. 3) and it increased to 13 % when HBA 
was added, independent of the additive concentration. This indicates that the 
adsorbed HBA molecules do not affect the reduction of both metals equally, i.e., 
either Zn reduction is more inhibited or Mn reduction is favoured in the presence 
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of HBA. On the other hand, in the case of DMBA, the role of its concentration is 
quite ambiguous, because at the lower DMBA concentration, the Mn content in 
the deposit reached 16 %, whereas it was only 8 % when 0.5 g dm–3 DMBA was 
present in the electrolyte. 

Linear sweep voltammetry 

In order to further examine the influence of additives on the coating mor-
phology and chemical composition, electrochemical techniques were applied. For 
characterization of the substituted benzaldehydes as hydrogen evolution inhi-
bitors, linear voltammetry was performed at 5 mV s–1. The polarization curves, 
shown in Fig. 4, were recorded in plating solutions free of Zn and Mn ions; thus 
the increase in the cathodic current could be attributed to only one process, i.e., 
hydrogen evolution. The polarization curves in Fig. 4 reveal that hydrogen evo-
lution started at the same potential, around –1200 mV, in all electrolytes. How-
ever, at more negative potentials, the suppression of hydrogen evolution by the 
additives was seen as a decrease in the j–E slope.31 According to the literature, 
substituted aromatic aldehydes are strong hydrogen evolution inhibitors, due to 
the interaction of the negative charge centre in the organic molecule (–CHO) 
with the positive charge carriers at the cathode/electrolyte interface, i.e., with the 
adsorbed hydrogen ions from acidic plating baths.32 It is also clear from Fig. 4 
that HBA provides stronger inhibition as compared to DMBA. 

 
Fig. 4. Linear voltammograms of a steel electrode in 1.25 mol dm-3 KCl + 0.4 mol dm-3 

H3BO3, with different concentrations of HBA and DMBA additives. 

It should be additionally stressed that the increase in the additives concen-
tration from 0.25 to 0.5 g dm–3 did not bring any improvement in the suppression 
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of hydrogen evolution. In fact, it is quite common with many additives that the 
slopes of the cathode potential vs. additive concentration curves decrease with 
increasing additive concentration, and that a polarization plateau is reached at a 
certain amount of additive.33 

To conclude, it is clear that both additives are beneficial for Zn–Mn electro-
deposition because they inhibit the hydrogen evolution reaction, thus increasing 
the current efficiency and preventing coating porosity. Moreover, as the most 
important fact, they enable the formation of hydroxide-free Zn–Mn deposits even 
at 90 mA cm–2. 

Chronopotentiometric study 

From the previous analysis, it could be concluded that two general effects 
were noticed concerning the influence of the additives: an increase in the smooth-
ness of the samples with increasing additive concentration and the Mn content 
change in the alloys. A number of theories concerning the influence of additives 
on metal deposition start from the principle of electrosorption of additives at the 
metal/electrolyte interface;29 hence this approach may also be used to relate the 
structure and concentration of the additives analysed in this work with their effect 
on Zn–Mn deposits. A strong influence of additives on the cathodic overpotential 
is often used as a selection criterion for efficient plating agents. It is thought that 
the main cause of the changes in the cathode potential is the coverage of the 
electrode interface by additive molecules, which increases the effective c.d. and, 
consequently, the overvoltage.33  

The effect of HBA and DMBA additives on the cathodic potential related to 
the Zn–Mn electrodeposition at a c.d. of 90 mA cm–2 is shown in Fig. 5. It can be 
seen that the curves recorded in the presence of the additives are 55–70 mV more 
negative as compared to the curve of the blank electrolyte. The SEM photographs 
showed that such an overpotential difference is sufficient for the production of 
smooth, non-dendritic deposits with a fine-grained structure.  

When the influence of additive concentration is analyzed, it is seen that the 
overpotential only slightly increases when the additives concentration increases 
from 0.25 to 0.5 g dm–3, i.e., the change is approximately 5–20 mV. Never-
theless, it seems possible that such a small increase in the cathodic overpotential 
is related to the change in surface morphology from spherical agglomerates to a 
completely flat surface, as SEM analysis showed. This is consistent with the lite-
rature, because it was reported, for example, that the brightening of a nickel 
deposit was accompanied by a cathode polarization of only 20 mV.34 Based on 
the overpotential change seen in Fig. 5, it could be assumed that a more uniform 
distribution of the adsorbed additive molecules could occur on the surface when a 
higher additive concentration is applied, leading to significant reduction in the 
Zn–Mn aggregate size, which resulted in a smoother appearance.25 
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Fig. 5. Potential – time transients for Zn–Mn alloy electrodeposition at 90 mA cm-2 from: 

1) basic electrolyte, with 2) 0.25 and 3) 0.5 g dm-3 HBA; with 4) 0.25 and 
5) 0.5 g dm-3 DMBA. 

Concerning the additive structure, an analysis of the voltammograms shown 
in Fig. 4, which refer to hydrogen evolution, and of the E–t curves in Fig. 5, 
where the main reactions are Zn and Mn reduction, indicates that the DMBA 
additive is a weaker inhibitor for hydrogen evolution, as compared to HBA addi-
tive, but it has a stronger inhibiting influence on the reduction of metal ions. Fur-
thermore, the EDS analysis showed that the Mn at. % in the Zn–Mn deposits was 
principally higher for the depositions in the presence of additives and, addition-
ally, that DMBA had a more pronounced effect on the Mn content in alloy depo-
sit. Based on all these results, it could be inferred that the molecular structure of 
the investigated additives plays an important role in their interaction with Zn2+, 
Mn2+ or H+ reduction.  

The adsorption of aromatic aldehydes, such as vanillin and its derivatives, is 
well documented and examined,32,35 and it was shown that the adsorption on a 
steel surface would occur through carbonyl, methoxy and hydroxyl functional 
groups arranged on the benzene ring.35 In addition, it was assumed that the orga-
nic molecules preferably interact with the positive cathodic sites, and the strength 
of the negative charge centre in the molecule (carbonyl group) is influenced by 
side groups of the benzene ring (–OH, –OCH3).32 It should be emphasized that 
besides adsorbed hydrogen ions, the metallic species participating in Zn–Mn 
deposition may also be positive charge carriers adsorbed on the cathode (for 
instance, Znad+, ZnHad+, etc.).36 As Fig. 1 shows, the HBA molecule has a hyd-
roxyl, while the DMBA molecule has two methoxy groups as functional side 
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groups. It can be summarized that due to different side groups, the molecules 
have different affinities to various adsorbed species, which results in the slight 
overpotential deviations observed in Fig. 5, but leads to significant changes in 
Mn at. % in the coatings.  

CONCLUSIONS 

The effects of the addition of two aromatic aldehydes to the plating electro-
lyte on the properties of Zn–Mn alloy electrodeposits were studied. The SEM 
micrographs showed that the Zn–Mn coatings obtained at 90 mA cm–2 in the 
presence of additives were smooth and homogeneous. A levelling action was 
observed with 0.25 g dm–3 additive and that it increased when the additive con-
centration was increased to 0.5 g dm–3, regardless of the additive type.  

The EDS results showed that the sample deposited from the electrolyte free 
of additive possesses high amount of oxygen, indicating rapid corrosion or metal-
lic hydroxide inclusions in the sample. The very low oxygen percent in the 
samples deposited with additives, as well as a voltammetric examination, gave 
evidence for strong inhibiting actions of the additives on hydrogen evolution. 
Furthermore, the observed changes in Zn and Mn atomic content in the coatings 
revealed that the additive molecules interact with all reactions in the process, i.e., 
the Zn2+, Mn2+ and hydrogen ion reduction. It is assumed that the molecule 
structure of the additives (i.e., the presence of methoxy or hydroxyl groups) 
affects their adsorption ability and, consequently, modifies the kinetic parameters 
of all reactions participating in the electrodeposition of Zn–Mn alloys.  

It could be concluded that the employed aromatic aldehydes are beneficial 
additives for Zn–Mn alloy electrodeposition, because they extend the operative 
window of the current density, thereby increasing the Mn content and enabling 
the formation of smooth deposits. 
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2Институт за мултидисциплинарна истраживања, Универзитет у Београду, п. пр. 33, 11030 Београд 

У циљу успоравања реакције издвајања водоника и спречавања настајања дендрита 
приликом електрохемијског таложења Zn–Mn легура високим густинама струје, неоп-
ходна је примена специфичних додатака. У овом раду је испитиван утицај два арома-
тична алдехида, 4-хидрокси-бензалдехидa и 3,4-диметокси-бензалдехидa, као специ-
фичних додатака у таложењу Zn–Mn легура. Карактеризација превлака скенирајућом 
електронском микроскопијом и енергетском дисперзионом спектроскопијом X-зрака, 
као и испитивање утицаја специфичних додатака на процес таложења електрохемијским 
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методама, указују на сложене интеракције молекула ароматичних алдехида у проце-
сима издвајања водоника и редукције јона цинка и мангана. У раду је показано да се 
само применом одређене концентрације и врсте специфичног додатка може мењати 
хемијски састав Zn–Mn легуре и могу се добијати превлакe мање храпавости. 

(Примљено 18. јануара, ревидирано 20. фебруара 2013) 
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Abstract: The paper presents a comparison of the electrochemical behavior of 
samples of CuAg 4 at. % alloy obtained by the powder metallurgy method and 
the same alloy obtained by melting and casting during oxidation in an alkaline 
medium. The investigated alloys exhibited the anneal hardening effect. Hence, 
they were examined in each stage of thermomechanical treatment resulting in 
this effect. Cyclic voltammetry investigations showed that both the sintered and 
cast samples after cold rolling to a final reduction of 60 % behaved as comple-
tely homogenous phases. In this stage of thermomechanical treatment, peaks 
corresponding to reactions on silver did not appear and the currents on the 
cyclic voltammograms were the lowest. After annealing below the recrystalli-
zation temperature, both samples exhibited anneal hardening; in this stage, the 
sintered alloy retained its corrosion stability, whereas the current densities for 
the cast alloy increased and peaks characteristic for silver appeared again. 
Further annealing above the recrystallization temperature led increasing current 
density on voltammograms for samples obtained by both methods and all 
characteristic current peaks for silver reappeared. 

Keywords: copper; silver; anodic oxidation; anneal hardening; recrystallization. 

INTRODUCTION 

Copper–silver alloys can be obtained by the so-called ingot metallurgy (IM) 
method, i.e., by melting and casting, as well as by the powder metallurgy (PM) 
method.1–3 The Ag–Cu binary alloy is a characteristic example of a eutectic sys-
tem, with full solubility in the liquid state and mutually restricted solubility in the 
solid state.4 The maximum solubility of silver in copper at the eutectic tempe-
rature is 4.9 at. % and it decreases with decreasing temperature. Cu–Ag alloys 
have wide range of electrical applications because of good combinations of high 
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mechanical properties and high electrical conductivity. Tensile strengths up to 1 
GPa and electrical conductivities of about 60–70 % of the International Annealed 
Copper Standard (IACS) make them particularly suitable for applications such as 
pulsed high-field solenoids and conductor materials for Bitter type magnets.5,6 
Additional improvements in properties such as electrical conductivity, corrosion 
resistance, strength and maintenance of strength at high temperatures can be 
achieved by application of proper thermomechanical treatments. Anneal harden-
ing is a genuine hardening mechanism that occurs in some copper-based alloys, 
including Cu–Ag alloys, where alloying elements segregate on dislocation after 
cold deformation and annealing below the recrystallization temperature. Anneal 
hardening of Cu–Ag alloys was observed in the annealing temperature range 
from 140 to 400 °C, the hardness increasing with the degree of pre-deforma-
tion.2,3 The phenomenon was observed in alloys synthesized by both the IM and 
the PM method. 

Oxidation and passivity of pure copper and silver have been widely inves-
tigated in the electrochemical literature.7–13 Cu–Ag alloys have been less exa-
mined, but some recent papers deal with electrochemical characteristics of this 
binary alloy.14–21 Taking into account that the method of synthesis of an alloy 
may influence its corrosion stability, the goal of the current work was to compare 
the electrochemical behavior of CuAg 4 at. % alloy obtained by the PM method 
with the same alloy obtained by the IM method. The samples obtained by the two 
different methods were compared in the corresponding stages of thermo-mecha-
nical treatment that results in anneal hardening. 

EXPERIMENTAL 

Electrochemical characterization was performed using a standard three-electrode system 
consisting of a saturated calomel electrode (SCE) as the reference electrode, platinum as the 
counter electrode and CuAg 4 at. % alloy, as the working electrode material. The active 
surface area of the working electrodes was 0.25 cm2 and that of the counter electrode was 2 
cm2. The investigations were performed in a 0.1 M NaOH solution (pH 12.7) by cyclic 
voltammetry and open-circuit potential measurement under the following conditions: tempe-
rature, 25 °C and scan rates of 10, 20, 50, 75 and 100 mV s-1.  

The CuAg 4 at. % alloy for the working electrodes was obtained by both the PM and IM 
methods. The sample marked as IM1 (pre-saturated solid solution) was prepared in the 
following usual metallurgical way: metallic silver and electrolytic copper wire with a purity of 
99.99 % were weighed in the required ratio, melted in a laboratory electric furnace and cast in 
a sand clay mould; the obtained ingots were subjected to homogenization annealing at 800 °C 
for 34 h, pre-final cold rolling, solution annealing and quenching in ice water.  

Electrolytic copper powder and silver powder with purities of 99.7 and 99.9 %, res-
pectively (the silver powder content in the mixture was 4 at. %) were used to prepare the 
samples marked as PM. Powder mixture compacts measuring 6–7 mm in height, 30 mm in 
length and 12 mm in width were prepared by the method of one sided pressing at a pressure of 
300 MPa on a hydraulic press (sample PM1 for electrochemical investigations). The compacts 
were sintered at 790 °C in a horizontal tube furnace under an atmosphere of high purity dry 
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hydrogen for 1 h to obtain the sample marked as PM1. Detailed synthesis and thermomecha-
nical treatment to obtain starting samples are described in previous works.2,3,18,19 The samples 
for testing are chosen in corresponding different stages of thermomechanical treatment that 
resulted in anneal hardening for both the IM and PM samples. This treatment included final 
cold rolling and annealing at different temperatures below the recrystallization temperature. 
Finally, the samples were subjected to annealing above the recrystallization temperature. The 
sample assignments and descriptions of preparation are given in Table I. 

TABLE I. Sample abbreviations and descriptions of preparation 

Abbreviation Description of preparation 
IM1 Pre-saturated α solid solution obtained by melting, casting, annealing at 700 °C 

for 1 h and quenching in ice water (the treatment is fully described in ref. 16) 
IM2 Cold rolled sample IM1 after a final reduction of 60 % 
IM3 Sample IM2 annealed at 260 °C for 90 min (exhibited anneal hardening) 
IM4 Sample IM3 annealed at 600 °C for 60 min 
PM1 Powder mixture pressed at a pressure of 300 MPa and sintered at 790 °C for 1 h 

with a two-phases structure 
PM2 Cold rolled PM1 after a final reduction of 60 % 
PM3 Sample PM2 annealed at 260 °C for 150 min (exhibited anneal hardening) 
PM4 Sample PM3 annealed at 600 °C for 60 min 

Five measurements of hardness and electrical conductivity were performed on each 
chosen sample. The hardness measurements were realized using a Vickers hardness tester 
VEB Leipzig with a load of 5 kg and a dwell time of 15 s. Electrical conductivity was 
measured using a “Sigmatest” conductometer.  

For electrochemical measurements, all the investigated samples were prepared in the 
form of electrodes. Electrical contact between the copper wire and the electrode material was 
achieved using conducting silver glue IM-P3014 (Iritel, Belgrade) and then mounted in cold 
polymerized SIMGAL mass (Galenika, Belgrade). For each set of experiments, working elec-
trodes were ground with the finest grinding paper, polished with alumina (0.05 μm), washed 
with distilled water and alcohol, dried, and finally drowned into electrolyte. Before each 
experiment, the working electrode was polished with alumina. 

The system for electrochemical measurements consisted of hardware (PC, AD–DA con-
verter NI-6251 produced by National Instruments and an analog interface) and software for 
excitation and measurement (LabView 8.2 platform, National Instruments, Austin, TX, and 
application software) both fully developed by the Technical Faculty in Bor, Serbia.22,23 The 
investigations were performed in 0.1 M NaOH by cyclic voltammetry and open circuit poten-
tial measurements.  

RESULTS AND DISCUSSION 

Hardness, electrical conductivity and steady-state open circuit potentials of 
all the investigated samples are presented in Table II. The table illustrates the 
changes in the mechanical and electrical characteristics of the CuAg 4 at. % alloy 
during thermomechanical treatment resulting in so-called anneal hardening. 

It can be seen that sample PM1 had lower hardness and electrical conduc-
tivity values in comparison with those of the IM1 sample. The porosity of the 
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sintered material decreased its properties in comparison with the more compact 
cast material. 

TABLE II. Some properties of the CuAg 4 at. % alloys in different stages of thermo-
mechanical treatment 

Abbreviation Hardness, HV Electrical conductivity, MS m-1 
Steady-state open circuit 

potential, V vs. SCE 
IM1 80 42.6 –0.200 
IM2 170 40.4 –0.209 
IM3 194 42.1 –0.152 
IM4 97 50 –0.157 
PM1 48 38 –0.198 
PM2 156 46.3 –0.208 
PM3 182 46.9 –0.205 
PM4 93 50.4 –0.210 

The hardness of both samples increased during cold rolling, due to defor-
mation strengthening. Although the PM2 sample still had lower hardness in com-
parison with the suitable hardness of the IM2 sample, a more intensive hardness 
increase was achieved with the PM2 sample, because porosity elimination and 
deformation strengthening occurred simultaneously. The electrical conductivity 
of the PM sample was increased after cold rolling but the electrical conductivity 
of the IM sample decreased with deformation. This was the result of two oppos-
ing effects.2 A porosity decrease during cold rolling increases the electrical con-
ductivity (effect 1). However, lattice distortion (effect 2) during the cold rolling 
decreases the electrical conductivity. In the PM sample, the first effect was 
stronger than the second one and as a result, the electrical conductivity increased. 
On the other hand, with the IM sample, the second effect was stronger than the 
first one, which resulted in a decrease in the electrical conductivity. 

The anneal hardening effect appeared in both cold deformed samples during 
annealing at 260 °C as the result of silver segregation to dislocations, analogous 
to the formation of Cottrel atmospheres in interstitial solid solutions, which 
resulted in increases in the hardness and electrical conductivity of samples IM3 
and PM3.  

After annealing the cold deformed samples at 600 °C, the hardness of both 
samples dropped significantly, because of the formation and growth of new 
undeformed grains, i.e., recrystallization starts to occur. The hardness values for 
the IM4 and, especially, for the PM4 sample were higher compared to those of 
the initial state, implying that the recrystallization had not occurred in full. 
Annealing at 600 °C led to an increase in the electrical conductivity, because of 
recovery and the beginning of recrystallization (samples IM4 and PM4). 

The electrochemical investigations included measurements of the open-cir-
cuit potential (OCP) and cyclic voltammetry. The open-circuit potentials for all 
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the samples are given in Table II. It is obvious that there is no big difference in 
the OCP values between the samples obtained by the two different metallurgical 
techniques. On the other hand, annealing led to some positive change in the OCP 
of casted samples, because silver as the nobler component appeared as an inde-
pendent phase, while all PM samples had very similar OCP values (around 
–0.200 mV vs. SCE). The voltammograms were recorded from –1.6 up to 1.0 V 
vs. SCE, i.e., from hydrogen evolution up to the beginning of gaseous oxygen 
evolution. To recognize which current wave corresponds to copper and which 
one to silver, the voltammograms obtained for the alloy (samples IM4 and PM1) 
were compared with those obtained on the pure metals, copper and silver (Fig. 1). 
The results of the first scan obtained at a scan rate of 20 mV s–1 are presented. 

 
Fig. 1. Cyclic voltammograms of pure metals Cu and Ag, and samples IM4 and PM1 in 

0.1 M NaOH at a scan rate of 20 mV s-1. 

The voltammograms in Fig. 1 proved that the mechanism of the anodic oxi-
dation of the alloy in NaOH medium consisted of at least six steps. The first step 
in the oxidation process of the investigated alloy was the formation of a mono-
layer of adsorbed OH– species.18,19 This reaction is attributed to the current peak 
marked as A1. The next step during the anodic polarization was the formation of 
a lower copper oxide, Cu2O, connected with the peak A2. Peak A2 appeared only 
on the voltammograms for samples of the alloy, both IM4 and PM1, and for pure 
copper. The same was valid for the peak A3; hence, this peak is connected with 
formation of a higher oxide of copper, CuO. Current peaks A4, A5 and A6, regis-
tered on the voltammogram for pure silver, are very well defined on the voltam-
mogram for the sample of alloy obtained by the PM method, but they appear only 
as waves on voltammogram for the sample IM4. Peaks or waves A4 and A5 are 
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connected with formation of the lower oxide of silver, Ag2O (type I and type II), 
and the peak A6 is related with formation of higher silver oxide, AgO.11–13,18–21 
In the cathodic direction, the anodic reaction products are sequentially reduced in 
the corresponding reverse order, C6, C5, C4, C3, C2, and C1. The anodic current 
wave A7, on the cathodic part of voltammograms, is associated with additional 
oxidation of elemental silver to Ag2O.20,21,24,25 

Within the aim of comparing the behavior of CuAg 4 at. % obtained by the 
IM method with the same alloy obtained by the PM method, first the sample IM1 
was compared with the sample PM1 (Fig. 2), because these two samples are con-
sidered as the primary step for further thermomechanical treatment. The sample 
IM1 is a pre-saturated α solid solution, the synthesis procedure of which is des-
cribed in detail elsewhere.18 An optical microphotograph of the IM1 sample (Fig. 
2b) shows that the structure was generally homogeneous with equiaxal grains of 
average size 50–100 μm. The sample PM1 was obtained by pressing an appro-
priate powder mixture at a pressure of 300 MPa and sintering at 790 °C for 1 h 
(Table I). The optical microphotograph of the sintered PM1 sample (Fig. 2c) 
shows a relatively homogeneous structure with equiaxal grains and spherical 
pores. According to the phase diagram, the PM1 structure mainly consists of a 
Cu-rich α solid solution with a small amount of an Ag-rich β solid solution. The 
structure of the sintered sample was more fine-grained compared to the coarse-
grained cast structure. The obtained voltammograms, presented in Fig. 2a, con-
firmed that in sample PM1, silver-rich grains still existed because the indepen-
dent current peaks corresponding to silver are very well defined. It is obvious that 
the time of sintering was not long enough to complete the process of alloying. 

On voltammogram for the cast alloy (sample IM1), the anodic currents are 
lightly higher than those obtained for the sintered sample and the current peaks 
A3 and A4 are hardly distinguishable because they overlap. Other current peaks 
on this voltammogram corresponding to the oxidation of silver are noticeable 
only as small shoulders because all these peaks are superposed on the current 
wave of copper oxidation. This indicates that the highest amount of silver present 
in the alloy was in form of a solid solution in copper. However, low but noti-
ceable waves at potentials corresponding to the formation of silver oxide on the 
voltammogram obtained for the sample IM1 indicate that a small amount of sil-
ver was also present as an independent component.  

The thermomechanical treatment that leads to anneal hardening consisted of 
cold rolling and further annealing below the recrystallization temperature. For 
this reason, in the next step of thermomechanical treatment, the IM1 and PM1 
samples were subjected to final reduction of 20, 40 and 60 % by cold rolling. The 
samples obtained after the reduction of 60 % were chosen as samples IM2 and 
PM2 for electrochemical investigations because they resulted in highest final 
hardening. Voltammetric curves of samples IM2 and PM2 are presented in Fig. 3a, 
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from which it could be seen that the voltammograms of the CuAg 4 at. % alloys 
obtained by the PM and IM method, both cold rolled to a final reduction of 60 %, 
almost do not exhibit any peak that would correspond to the formation of silver 
oxide, which indicated that the highest amount of silver present in the alloy was 
in the form of a solid solution in copper. At this stage of thermomechanical 
treatment, both samples behaved as a homogenous phase and the peak currents 
were the lowest. Optical microphotographs of the IM2 and PM2 samples pre-
sented in Fig. 3a and b, respectively, show that the equiaxal grains had been 
deformed and elongated in the rolling direction. Moreover, in PM2 sample, poro-
sity had decreased significantly due to sealing of the pores. In previous studies, it 
was shown that the slip lines in the cast samples formed during the plastic defor-

 
(a) 

         
 (b) (c) 

Fig. 2. Comparison of the CuAg 4 at. % alloys obtained by the IM method when in form of an 
undeformed α solid solution and by the PM method after pressing and sintering; a) cyclic 
voltammograms under the conditions: v = 20 mV s-1, 0.1 M NaOH, t = 25±0.5 °C; optical 

microphotographs of the b) IM1 and c) PM1 sample. 
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mation were more extensive than in the sintered samples,2,3,18,19 as is evident in 
Fig. 3b and c. This could be an explanation for differences in behavior between 
these samples during further treatment. 

Cyclic voltammograms of the CuAg 4 at. % alloy obtained by IM and PM 
method in a stage when they exhibit anneal hardening effect (samples IM3 and 
PM3) are presented in Fig. 4a, from which, it could be seen that after annealing 
below the recrystallization temperature, the sintered alloy retained its corrosion 
stability, whereas the peak currents for the cast alloy increased. The current peaks 
corresponding to the oxidation of silver were hardly distinguishable for the 
sample obtained by the PM method, while on the voltammogram obtained for the 
sample synthesized by melting and casting (IM3), these peaks reappeared. After 

 
(a) 

         
 (b) (c) 

Fig. 3. Comparison of the CuAg 4 at. % alloys obtained by the IM and PM methods, both cold 
rolled to final reduction of 60 %; a) cyclic voltammograms under the conditions: v = 20 mV s-1, 

0.1 M NaOH, t = 25±0.5 °C; optical microphotographs of the b) IM2 and c) PM2 sample. 
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annealing at 260 °C, the oxidation of silver in the cast CuAg 4 at. % alloy sample 
was more pronounced because of segregation of solute atoms (silver) on the dis-
locations and the higher non-homogeneity of the structure. show The microstruc-
tures of the cold rolled IM and PM alloys after annealing at 260 °C, which led to 
a hardening of their structures due to anneal hardening effect, are shown in Fig. 
4b and c, respectively. Several explanations have been proposed for the origin of 
this phenomenon, among which two propositions are thought to be rational. The 
first proposition is the formation and collapse of short-range order and the second 
one is the segregation of solute atoms to stacking faults. The grains are still 
elongated along the rolling direction and the slip lines and slip bands are still 
very clear, especially for the IM3 sample. 

 
(a) 

         
 (b) (c) 

Fig. 4. Comparison of the CuAg 4 at. % alloys obtained by the IM and PM methods, both 
exhibiting the anneal hardening effect; a) cyclic voltammograms under the conditions: v = 20 

mV s-1, 0.1 M NaOH, t = 25±0.5 °C; optical microphotographs of the b) IM3 and 
c) PM3 sample. 
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The voltammograms of both the IM and PM samples annealed above the 
recrystallization temperature (IM4 and PM4) are presented in Fig. 5a. The vol-
tammograms of both samples contain distinctly separate current waves of silver 
oxide formation, which means that silver, that was in the form of a solid solution, 
remained in that form after cold rolling, whereas in the annealing process, it was 
extracted as a second pure metal phase. After recrystallization annealing at 600 
°C for 30 min, the peak currents increased to the value they had before cold 
deformation and the current densities were lower for the sample PM4, obtained 
by the powder metallurgy method, than for the sample IM4. The microstructure 
of the samples IM4 and PM4 are shown in Fig. 5b and c, respectively. No newly 
deformed, recrystallized grains were observed in the structures. In PM4 sample, 

 
(a) 

         
 (b) (c) 

Fig. 5. Comparison of the CuAg 4 at. % alloys obtained by the IM and PM methods after 
recrystallization annealing; a) cyclic voltammograms under the conditions: v = 20 mV s-1, 0.1 

M NaOH, t = 25±0.5 °C; optical microphotographs of the b) IM4 and c) PM4 sample. 
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some places with elongated grains were still visible, implying that the recrys-
tallization was not complete, which is in agreement with the results of the hard-
ness measurements. 

CONCLUSIONS 

The electrochemical behavior of samples of CuAg 4 at. % alloy obtained by 
the powder metallurgy method during oxidation in an alkaline medium was com-
pared with behavior of the same alloy obtained by melting and casting (so-called 
ingot metallurgy). It was shown in cyclic voltammetric investigations that the 
oxidation of both copper and silver in the CuAg 4 at. % alloy samples obtained 
by the ingot metallurgy method was more pronounced than in the samples 
obtained by the powder metallurgy technique in all stages of thermomechanical 
treatment leading to anneal hardening. This was the consequence of the more 
fine-grained structure of the sintered samples in comparison to the cast structure. 
The oxidation was the slowest in the case when only the α phase (solid solution 
of silver in copper) was present in the structure. This structure was obtained after 
cold rolling to a final reduction of 60 %. 

Annealing below the recrystallization temperature led to anneal hardening of 
both the IM and PM samples. In this stage, sintered alloy retained its corrosion 
stability, whereas the current densities for the cast alloy increased and peaks 
characteristic for silver reappeared. The oxidation of the silver in the cast CuAg 
4 at. % alloy samples after annealing at 260 °C was more pronounced because of 
segregation of the solute atoms (silver) onto the dislocations and inhomogeneities 
of the structure. 
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И З В О Д  

ПОРЕЂЕЊЕ ЕЛЕКТРОХЕМИЈСКОГ ПОНАШАЊА ЛИВЕНЕ И СИНТЕРОВАНЕ ЛЕГУРЕ 
CuAg 4 ат. % У ТОКУ ТЕРМОМЕХАНИЧКЕ ОБРАДЕ 

МИРЈАНА М. РАЈЧИЋ-ВУЈАСИНОВИЋ, ВЕСНА Ј. ГРЕКУЛОВИЋ, ЗОРАН М. СТЕВИЋ, 

СВЕТЛАНА Д. НЕСТОРОВИЋ, ИВАНА И. МАРКОВИЋ и СЛАВКО Б. СИМОВ 

Универзитет у Београду, Технички факултет у Бору, В. Ј. 12, 19210 Бор 

У раду је приказано поређење електрохемијског понашања у алкалној средини 
легура CuAg 4 at. % добијених по две различите металуршке методе – методом металур-
гије праха и такозваном ингот методом. Ова легура је посебно интересентна због тога 
што испољава ефекат ојачавања жарењем после одговарајуће термомеханичке обраде. 
Због тога је поређење изведено у свим фазама које та термомеханичка обрада подразу-
мева. Методом цикличне волтаметрије утврђено је да је легура електрохемијски најста-
билнија у фази након хладног ваљања са степеном деформације од 60 % без обзира на 
методу којом је легура синтетизована. Тада се легура понаша као хомогена фаза, на 
волтамограмима се не појављују пикови карактеристични за сребро и густине струје су 
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најниже. Накнадно жарење испод температуре рекристализације, које доводи до оја-
чавања, донекле нарушава хомогеност ливене легуре, док синтерована легура задржава 
хомогеност и стабилност достигнуту након ваљања. Рекристализационо жарење, међу-
тим, доводи до повећања густине струје на волтамограмима и до поновне појаве свих 
струјних пикова карактеристичних за оксидацију и редукцију оба присутна метала у 
легури. 

(Примљено 24. децембра 2012, ревидирано 13. марта 2013) 
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Abstract: A carbon paste electrode modified with multiwall carbon nanotubes 
(MWCNTPE) was prepared to study the electrocatalytic activity of dopamine 
(DP) in the presence of homocysteine (HCy) and it was used for the deter-
mination of HCy. The diffusion coefficient of HCy (D = 6.79×10-6 cm2 s-1), 
and the kinetic parameters of its oxidation, such as electron transfer coefficient 
(α = 0.46), and rate constant (kh = 7.44×102 dm3 mol-1 s-1) were also 
determined using electrochemical approaches. Under the optimum pH of 5.0, 
the peak current of oxidation of HCy at MWCNTPE in the presence of DP 
occurred at a potential of about 530 mV and the results showed that the 
oxidation peak current of HCy at the modified carbon nanotubes electrode was 
higher than on the unmodified electrode. The peak current of differential pulse 
voltammograms of HCy solutions increased linearly in the range 3.0–600 μM 
HCy with a detection limit of 2.08 µM HCy. This method was also examined 
for determination of HCy in physiological serum and urine samples. 

Keywords: homocysteine; dopamine; electrocatalytic effect; carbon nanotubes, 
carbon paste electrode; voltammetry. 

INTRODUCTION 

Homocysteine (HCy), as an important sulfur-containing amino acid, plays a 
considerable role in many biochemical processes.1 HCy was discovered by Butz 
and Du Vigneaud in 1932 by heating methionine in sulfuric acid.2 The produced 
compound was found to have chemical properties similar to those of cysteine.  

The concentration of HCy can be an independent risk factor for disease in 
human society.3,4 Mild hyperhomocysteinemia has no signs but it provides the 
conditions for developed premature coronary disease in the third or fourth decade 
of life.4 Thus, early determination of the HCy plasma concentration is necessary 
and essential. Based on clinical studies, the normal total plasma HCy concen-
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tration range has been confirmed as 5–15 µM in the fasting state and elevated 
level of HCy has been classified in three range, moderate (16–30 µM) medium 
(30–100 µM) and severe (>100 µM).5,6 The total plasma HCy includes, 75 % 
homocysteine bound to various proteins via disulfide bonds and the remaining 25 
% free HCy includes oxidized homocysteine dimers (homocystine) or as homo-
cysteine–cysteine hetero dimers. Only 1–2 % of HCy is in the reduced state and 
is distributed among different tissues, cells, and intracellular compartments. In 
addition, small metabolic changes of HCy affect many physiological concentra-
tions.7,8 

According to many researches, elevated plasma HCy concentrations are 
known to be a factor implicated in the appearance and progression of various 
diseases, such as coronary artery and cerebro vascular disease.4,9,10 

To date, due to the importance of the determination of HCy, different tech-
niques have been employed its measurement. The direct methods included the 
enzyme immunoassay (EIA),11,12 the fluorescence polarization immunoassay 
(FPIA),13–15 and the enzyme-linked immunosorbent assay (ELISA).16,17 Gas 
chromatography (GC),18–21 liquid chromatography (LC),22,23 high-performance 
liquid chromatography (HPLC),24–31 capillary electrophoresis (CPE)28,32,33 and 
electrochemical methods1,5,34–41 fall in the category of indirect methods. The 
advantages of electrochemical methods, such as sensitivity, selectivity, facile, 
high performance, low cost, high accuracy and precision, aroused the attention of 
many researchers.1,5,35,41–51 Other methods such as immunoassay kits and chro-
matographic methods require sample preparation that consumes a long time, are 
expensive and necessitate the use environmentally hazardous solvents.1,5,35 

In the present work, we applied a carbon nanotubes-modified graphite paste 
electrode for determination of HCy using dopamine (DP) as an electrocatalytic 
mediator. The nanotubes interconnect the graphite powder particles together to 
form a continuous conductive network. The small diameters of the nanotubes 
enabled the nanotubes to be homogeneously distributed in the thin electrode 
material and to introduce a larger surface area to react with the electrolyte. The 
improved electrical conductivity of the electrode was related to the high electrical 
conductivity of the tubes, and the function of the electrical bridge between the 
graphite particles. In the presence of carbon nanotubes, the anodic signal 
increased, which could be due to the increase in the active surface of electrode 
and increase the conductivity of the electrode.52–61 Effective parameters on ano-
dic signal were studied and a method was proposed for determination of HCy in 
biological serum and urine samples. 

EXPERIMENTAL 

Reagents and apparatus 

All employed chemical were of analytical grade and purchased from Merck, Aldrich and 
Fluka. Homocysteine (≥95 %) and DP (99 %) were purchased from Aldrich. 
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Spectrally pure graphite powder (particle size <50 µm) from Merck and multiwall carbon 
nanotubes (> 90 %, MWCNTs, d×l, 100–70 nm×5–9 μm) from Fluka were used as the sub-
strate for the preparation of the carbon paste electrode as a working electrode (WE). High 
viscosity paraffin (ρ = 0.88 kg L-1) from Merck was used as the pasting liquid for the 
preparation of the paste electrodes. 

Universal buffer solutions (0.04 M acetic acid, boric acid, phosphoric acid and 0.2 M 
sodium hydroxide) contain the 0.1 M potassium chloride with different pH values were pre-
pared to examine and provide the optimum pH value. 

All aqueous solutions were prepared from deionized water by passing through a Milli-Q 
water purification system (resistance >18 MW cm-1). 

The homocysteine and DP solutions, 1.0×10-2 M, were prepared daily by dissolving 
0.0068 g homocysteine, respectively, 0.0095 g dopamine in the buffer solution and then 
diluting to 5 ml in two volumetric flasks. The solution was kept in a refrigerator at 4 °C in the 
dark. More dilute solutions were prepared by serial dilution of these solutions with water. 

All electrochemical experiments including cyclic voltammetry (CV) and differential 
pulse voltammetry (DPV) were performed using a computerized potentiostat/galvanostat 
(Autolab PGSTAT101, Eco Chem. Utrecht, The Netherlands). A Pentium IV computer con-
trolled all settings and data processing of the system. All the electrochemical studies were 
performed at 25±1 °C. The system was connected to a three-electrode cell assembly consisting 
of a 50 mL glass cell containing an Ag/AgCl electrode as the reference electrode (RE), a 
platinum wire counter electrode and a MWCNTPE working electrode. All of the measured 
potentials are reported vs. the Ag/AgCl reference electrode. The pH of the solutions was 
controlled with a Metrohm pH meter (model 827). The electrode prepared with carbon nano-
tubes was characterized by scanning electron microscopy (SEM) (Seron Tech. AIS 2100).  
Preparation of the modified electrode (MWCNTPE) 

A mixture of 0.10 g carbon nanotubes (CNT) and 0.9 g graphite powder was hand mixed 
using a pestle and mortar. To achieve a uniform mixture, diethyl ether was added to the 
mixture, the mixture was mixed again, and the diethyl ether allowed adequately to evaporate. 
Paraffin oil, about of 0.4 g, was added to the mixture and mixed well for 20 min until a uni-
formly wetted paste was obtained. The prepared paste was inserted into a glass tube (internal 
radius 2.2 mm) with a copper wire in it for electrical connection. A fresh surface was obtained 
after pushing out an excess the paste and polishing it on a weighing paper.  

For comparison, a uniform carbon paste electrode (CPE) was obtained in the same way 
without addition of CNT to the mixture. 
Electrochemical procedure 

The MWCNTPE as working electrode was located in an electrochemical cell containing 
10 ml of buffer solution (universal pH 5 and 0.10 M KCl) including 400 µM DP to record the 
voltammetric measurements. The voltamogramms were recorded with a scan rate 20 mV s-1 to 
give the blank signal from initial to final potentials of 0.1 mV to 0.7 mV vs. the Ag/AgCl 
reference electrode. Subsequently, different amounts of HCy solution were added to the cell 
and the same procedure was repeated to give the analytical signal. Differential pulse voltam-
metry (DPV) curves were recorded with a pulse height and pulse width of 50 mV and 0.005 s, 
respectively, using the same procedure to obtain blank and analytical signals. The difference 
between the blank and the analytical signal was obtained as a net peak current that was pro-
portional to the concentration of HCy. Calibration curves were constructed by plotting the net 
peak current vs. concentration of HCy.  



1598 MOHAMMADZADEH and FOULADAR 

Preparation of real sample 

Urine sample was stored in a refrigerator (at 4 °C) immediately after collection. Ten 
milliliters of the sample was centrifuged for 15 min at 1500 rpm and the supernatant solution 
was filtered through a 0.45 µm filter. Then, the solution was diluted ten times with buffer 
solution (pH 5.0 and 0.10 M KCl) and was transferred into the electrochemical cell, where it 
was analyzed without any further pretreatment. The standard addition method was used for the 
determination of HCy in real samples. 

Physiological serum solutions (0.9 % NaCl) were analyzed directly after 1:1 diluted with 
buffer solution (pH 5 and 0.10 M KCl) without any further preparation. 

RESULTS AND DISCUSSION 

SEM characterization of electrodes 

The SEM image of the CPE and MWCNTPE has been shown in the Fig. 1. As 
can be seen, multiwall carbon nanotubes were dispersed to the carbon paste matrix 
and were caused increasing the surface area of the active sites of the electrode. 

 
Fig. 1. SEM Image of A) CPE and B) MWCNTPE. 

Electrochemical behavior of dopamine (DP) on MWCNTPE 

The electrochemical behavior of DP on MWCNTPE in buffer solution (pH 
5.0 and 0.10 M KCl) was characterized by cyclic voltammetry. The cyclic 
voltammogram (Fig. 2) of DP showed well-defined and reproducible anodic and 
cathodic peaks with a peak separation potential of ΔEp = Epa − Epc = 620 mV. 
This value was greater than the value of 59/n mV for reversible behavior and was 
indicative of quasi-reversible behavior. The influence of potential scan rate (20 to 
500 mV s−1) on the anodic peak current of DP was studied by cyclic voltam-
metry. The peak currents of DP grew with increasing scan rate and the anodic 
peak current increased linearly with square root of the scan rate (I = 0.986v1/2 – 
– 0.534, R2 = 0.995). Such a dependence shows that the oxidation reaction of DP 
on the MWCNTPE is diffusion-controlled (Fig. 2).62 

pH Effect 

As the oxidation of DP is accomplished with the exchange of two electrons 
and two protons, the dependence of the redox reaction of DP on pH could be con-
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cluded. The voltammetric response of DP showed that with increasing pH of the 
solution, the peak potential shifted to less positive potentials. In addition, the 
effect of pH solution on the electrocatlytic oxidation of HCy in the presence of 
DP at the surface of MWCNTPE was investigated using cyclic voltammetry. The 
optimum pH was investigated by varying the pH from 3.0 to 6.0. As can be seen 
in Fig. 3, maximum peak current was obtained at pH 5.0. Hence, this pH was 
selected as optimum pH for further experiments. 

 
Fig.2. Plot of I vs. ν1/2 for 400 µM DP at the MWCNTPE. Inset: cyclic voltammograms at 

various scan rates of a) 50, b) 100, c) 150, d) 200, e) 300 and f) 400 mV s-1 
in the universal buffer (pH 5). 

Fig. 3. Effect of pH on the 
electrocatalytic current. 

Optimization of the dopamine (DP) concentration 

The effect of DP concentration on the peak currents was studied by varying 
its concentration in the range of 100–600 μM at pH 5.0. The electrocatalytic 
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response was optimized and the maximum value of the oxidation peak current 
was achieved by increasing the DP concentration up to 400 μM. This value was 
selected as the optimum concentration for further experiments. 

Electrocatalytic oxidation of HCy on MWCNTPE 

HCy, as an oxidizable compound, can be detected by electrochemical 
methods based on its anodic oxidation.8 The voltammetric response of HCy at 
MWCNTPE was investigated in presence and absence of DP in pH 5.0 buffer 
solution using cyclic voltammetry at a scan rate of 20 mV s−1. The recorded cyc-
lic voltammograms of HCy in the absence of DP did not show a significant redox 
peak for HCy (Fig. 4, curve d). Moreover, a pair of well-defined redox peaks was 
observed as the voltammetric behavior of DP (400 µM) in the absence of HCy 
(Fig. 4, curve c). Upon the addition of 500 µM HCy, the anodic peak current 
increased sharply and no cathodic current was observed in the reverse scan (Fig. 
4, curve a). Therefore, HCy can be detected in the presence of DP potential about 
0.53 V vs. Ag/AgCl at the surface of a MWCNTPE. As can be seen, the oxi-
dation of HCy on a CPE in presence of DP (Fig. 4, curve b) has a lower peak cur-
rent compare to that on the MWCNTPE. In the other words, the presence of 
multiwall carbon nanotubes increased the conductivity and effective surface area 
of the electrode for the oxidation of HCy.53,54 Based on the the obtained infor-
mation, the electrocatalytic mechanism showen in Scheme 1 is suggested for the 
oxidation of HCy. In the first step, DP is oxidized on the surface of the 
MWCNTPE. Then, the oxidized form of DP is reduced by HCy, whereby HCy is 
converted to its oxidized form.8 

 
Fig.4. Cyclic voltammograms recorded at a scan rate of 20 mV s-1 in universal buffer solution 
pH 5.0. a) 400 µM DP at the MWCNTPE in the presence of 500 µM HCy, b) as a) but at the 

CPE, c) 400 µM DP at the MWCNTPE, d) 500 µM HCy at the MWCNTPE 
in the absence of DP. 
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Scheme 1. Electrocatalytic mechanism for the oxidation of HCy 

at the surface of the modified electrode. 

Cyclic voltammograms of 500 µM HCy in presence of 400 µM DP at pH 5.0 
were recorded in the potential range −0.1 to 0.6 V at various sweep rates. With 
increasing scan rate from 5 to 40 mV s−1, the peak currents of HCy increaed (Fig. 
5, inset). The results showed, there was a linear relationship between the peak 
current and the square root of the scan rate (ν1/2) with the regression equation: 

 I (µA) = 1.621v1/2 (mV s−1)1/2 + 0.820 

(R2 = 0.997) 

 
Fig. 5. Plot of I vs. ν1/2 for 500 µM HCy in the presence of 400 µM DP at the MWCNTPE. 

Inset: cyclic voltammograms recorded at various scan rates: a) 5, b) 10, c) 15, d) 20, e) 30 and 
f) 40 mV s-1 in the universal buffer (pH 5.0). 
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This equation confirms that the process is diffusion controlled (Fig. 5). In 
addition, by increasing in the scan rate and following the shift of the oxidation 
peak potential towards more positive potential, the kinetic limitation of the 
electrochemical reaction was verified.63 

In order to obtain information on the rate determining step, Tafel plot was 
obtained from raising part of the current–voltage curve at scan rate of 20 mV s−1 
(Fig. 6). The slope of the Tafel plot was equal to 2.3RT/n(1−α)F, which was 
0.108 V decade−1. Using this data and assuming n = 1, then α = 0.46. 

 
Fig. 6. Tafel plot for 500 µM HCy in the presence of 400 µM DP (pH 5.0) at the MWCNTPE. 

Chronoamperometric study 

The electrochemical response of HCy at the MWCNTPE was investigated 
using various concentrations of HCy by chronoamperometry. The chronoampero-
grams were obtained in buffered solution by employing and adjusting a double-
step potential from 0.3 (first step) to 0.7 V (second step) vs. Ag/AgCl (Fig. 7). 
The linearity of the electrocatalytic current vs. t−1/2 indicates that the current 
must have been under diffusion control. The inset in Fig. 7 shows the linear 
relationships between I vs. t–1/2 for different concentrations of HCy. The Cottrell 
Equation is given by:  

 
π

= nFAc D
I

t
 (1)  

where I is the current (A), n the number of electrons involved in the process, F is 
the Faraday constant, A is the area of the electrode (cm2), c is the initial 
concentration of HCy (mol cm–3), D is the diffusion coefficient (cm2 s–1) and t is 
time (s). 
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Fig.7. Chronoamperograms obtained at MWCNTPE in the absence (a), and in the presence of 

b) 100, c) 300, d) 700, e) 900 and f) 1000 µM HCy in buffer solution (pH 5.0). Inset (A): 
charge–time curves; inset (B): the Cottrell plot for data from the chronoamperograms; inset 

(C): dependence of IC/IL on t1/2 derived from the chronoamperogramic data. 

From the Cottrell Equation and the obtained slope values for different 
concentrations of HCy, the diffusion coefficient could be calculated and was 
found to be 6.79×10−6 cm2 s−1.62 

In addition, the chronoamperometry method was applied to obtain the rate 
constant of the catalytic oxidation (kh) of HCy. For this purpose, the Galus 
Method was used: 
 IC/IL = π1/2γ1/2 = π1/2(khct)1/2 (2) 

where IC is catalytic current of HCy in the presence of DP at the MWCNTPE, IL 
is the limiting current in the absence of HCy, and t is the time elapsed (s). Based 
on the slope of the IC/IL vs. t1/2 plots, k could be obtained for different con-
centrations of HCy. The average value of kh was calculated to be 7.44×102 dm3 
mol–1 s–1.  

Analytical features of the method 

Differential pulse voltammetry method (DPV) was used for preparation of 
the calibration plot. The DP voltammograms were recorded for the determination 
of HCy in the buffer solution (pH 5.0 and 0.10 M KCl). The electrocatalytic 
current of MWCNTPE increased with increasing HCy concentration in the pre-
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sence of 400 µM DP. The results showed that there is a linear dynamic range of 
3.0–600 µM for HCy.  

 I (μA) =0.008cHCy+0.873, R2=0.997 

The limit of detection was 2.08 µM and the relative standard deviations 
(RSD) for six replicated analyses of 200 and 400 µM HCy at 20 mV s−1 were 
1.15 and 2.3 %, respectively. 

Interference study 

To evaluate the ability of proposed method for determination of HCy in real 
samples, such as urine, the interference effects due to some potential interfering 
species that are commonly found in urine, were studied under the optimum 
conditions with 400 µM HCy at pH 5.0. The tolerance limit was taken as the 
maximum concentration of foreign substances that caused no more than ±5 % 
relative error in the determination of HCy. Some cations may form complexes 
with HCy or DP and disrupt or effect on electrocatalytic mechanism, but no inter-
ference was observed for the following cations: Pb2+, Ni2+, Ba2+and Ca2+ (1000 
fold) or Fe2+ (100 fold). The results are presented in Table I. 

TABLE I. Interference study 

Species Tolerance limit (M/MHCy) 
Pb2+, NO3

2-, Ni2+ , SO4
2-, Ba2+, Cl-, Ca2+, glucose, methionine, 

phenylalanine, ethanol, fructose, lactose, sucrose, urea 
1000 

Fe2+ 100 
Citric acid 50 
Uric acid 10 

Ascorbic acid, L-cysteine 1 

Determination of HCy in real samples 

The utility of the proposed sensor for the electrocatalytic determination of 
HCy was investigated in physiological serum solution and urine samples. The 
centrifuged urine sample and physiological serum were diluted ten and two 
times, respectively, with buffer and then various amounts of HCy were added to 
the physiological serum and urine samples. The recovery of HCy was obtained 
using the standard addition method. The results are given in Table II, from which 
it could be seen the proposed method had good recoveries of the spiked HCy. 

TABLE II. Determination of HCy in real samples 

Recovery 
% 

Found±SD (n = 3) 
μM 

Expected 
μM 

HCy added 
μM 

Biological 
sample No. 

 < Detection limit – – Serum 1 
101.2 50.6±1.1 50.0 50.0  2 
99.3 148.9±1.2 150.0 100.0  3 
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TABLE II. Continued 

Recovery 
% 

Found±SD (n = 3) 
μM 

Expected 
μM 

HCy added 
μM 

Biological 
sample No. 

– < Detection limit – – Urine 4 
97.4 48.7±0.6 50.0 50.0  5 
102.2 102.2±0.7 100.0 50.0  6 
99.3 198.6±0.8 200.0 100.0  7 

CONCLUSIONS 

In this paper, DP was proposed as a homogeneous mediator for deter-
mination of HCy by electrochemical oxidation at a multiwall carbon nanotubes 
graphite paste electrode (MWCNTPE). The electrochemical behavior of HCy 
was studied using cyclic voltammetry, differential pulse voltammetry and chro-
noamperometry in a buffer solution (pH 5.0 and 0.10 M KCl). The peak current 
of HCy oxidation was at 0.53 V on the MWCNTPE in the presence of DP, while 
in the absence of DP oxidation of HCy did not occur at the surface of the carbon 
nanotube graphite paste electrode. The kinetic parameters of the electrocatalytic 
process and the diffusion coefficients of HCy in an aqueous solution were deter-
mined. The proposed method has a good linear dynamic range and was applied 
for the determination of HCy in biological serum and urine samples.  
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И З В О Д  

ЕЛЕКТОКАТАЛИТИЧКА ОКСИДАЦИЈА И ОДРЕЂИВАЊЕ ХОМОЦИСТЕИНА НА 
ЕЛЕКТРОДИ ОД УГЉЕНИЧНЕ ПАСТЕ МОДИФИКОВАНОЈ ДОПАМИНОМ КАО 

МЕДИЈАТОРОМ 

SAFOORA MOHAMMADZADEH
1
 и MASOUD FOULADGAR

2
 

1Department of Chemistry, Payame Noor University, P. O. Box 19395-3697 Tehran, Iran и 
2Department of Biochemistry, Falavarjan Branch, Islamic Azad University, Falavarjan, Iran 

Електрода од угљеничне пасте која је модификована вишеслојним угљеничним 
наноцевима припремљена је за испитивање електрокаталитичке активности допамина у 
присуству хомоцистеина и коришћена за одређивање хомоцистеина у раствору. На 
основу електрохемијских мерења одређен је коефицијент дифузије хомоцистеина (D = 
= 6,79×10-6 cm2 s-1) и кинетички параметари за његову оксидацију, као што су коефи-
цијент прелаза (α = 0.46) и константа брзине (kh = 7,44×102 dm3 mol-1 s-1). При опти-
малној вредности pH 5,0 максимум струје оксидације хомоцистеина на електроди од 
угљеничне пасте модификованој допамином постиже се на потенцијалу од око 530 mV. 
Запажено је да је тај максимум виши него на немодификованој електроди. Струјни мак-
симум за оксидацију хомоцистеина одређен диференцијалном пулсном волтаметријом 
повећавао се линеарно у опсегу концетрације 3,0–600,0 μM са границом детекције 2,08 
μM хомоцистеина. Ова метода је такође тестирана за одређивање хомоцистеина у 
физиолошком серуму и у узорцима урина. 

(Примљено 29. октобра 2012, ревидирано 11. јануара 2013) 
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Abstract: In this study, spherical superparamagnetic iron oxide nanoparticles 
(SPION) with mean diameter of 6 nm were prepared by a reduction–preci-
pitation method. The surface of SPION were coated with poly(acrylic acid) 
5000 (PAA-5000) and followed by loading with the anticancer drug doxo-
rubicin (DOX). The drug loading efficiency was (14.64±0.29). In vitro drug 
release studies were realized for 8 h at two different pH values 4.2 and 7.4. The 
drug release rate at pH 4.2 (100 % DOX released in 2 h) was much faster than 
that at pH 7.4 (≈78 % DOX released in 8 h). These results indicate that these 
DOX-carrier nanoparticles have a high drug loading capacity and favourable 
release property for magnetic drug targeting. The drug release kinetics fol-
lowed the Korsmeyer–Peppas model at pH 4.2, while at pH 7.4 the zero order 
model was fitted the best. The drug release mechanism followed super-case II 
transport in acidic and basic medium. The samples were characterized by XRD, 
SEM, TEM, FTIR, and UV–Vis. 

Keywords: magnetite drug targeting; functionalization; poly(acrylic acid); anti-
cancer drug; controlled delivery; release kinetic studies. 

INTRODUCTION 

Recently, Fe3O4 magnetic nanoparticles (MNs) have been widely used in 
biology and medicine in fields such as immunoassay, drug delivery and magnetic 
resonance imaging (MRI) due to their favourable characteristics, such as chemi-
cal stability, low toxicity and ultra-fine size, etc.1,2 Bare magnetite nanoparticles 
on account of their large surface area/volume ratio tend to agglomerate. To pre-
vent agglomeration, a variety of polymeric coatings have been applied to nano-
particles.3,4 Of these polymers, poly(acrylic acid) (PAA) has been identified as 
being highly effective. 

                                                                                                                    

* Corresponding author. E-mail: reyhan.omidirad@gmail.com 
doi: 10.2298/JSC121225041O 
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The PAA shell reduces the interactions of the electrostatic particles and as a 
result significantly augments the stability of the diffusion colloid. Poly(acrylic 
acid) is an aqueous soluble polymer with a high density of reactive functional 
groups, well known for its biocompatibility and widely used in drug delivery 
systems, especially as a mucoadhesive drug carrier.5 Surface-modified Fe3O4 
nanoparticles have been explored as drug carriers. Doxorubicin (DOX) is an effi-
cient anti-neoplastic agent commonly used in the treatment of a variety of can-
cers, such as leukaemia, ovarian cancer and, especially, late-stage breast cancer.6 
The clinical use of DOX is limited by the resistance developed by cancer cells 
and the strong side effects of DOX, namely dose-dependent cardiotoxicity.7 Drug 
targeting (drug delivery to the tumour site) can prevent side effects and increase 
the cytotoxicity of doxorubicin. One of the possible approaches for drug targeting 
is delivery using magnetic nanoparticles, which can be retained in a tumour by 
application of an external magnetic field.8,9 

In this research, one kind of novel nano-scale carrier for doxorubicin was 
prepared using Fe3O4 nanoparticles as the core, PAA as a polymeric shell and 
doxorubicin as a drug to form drug-loaded magnetic nanoparticles.  

EXPERIMENTAL 

Materials 

All chemicals were of analytical grade and used without further purification, iron(III) 
chloride hexahydrate (FeCl3·6H2O, Merck), poly(acrylic acid) 5000 (PAA-5000, Polysci-
ences), anhydrous sodium sulphite (Na2SO3, Merck), ferrous ammonium sulphate 
((NH4)2Fe(SO4)2⋅6H2O, Carlo Erba), doxorubicin hydrochloride (DOX, Pharmacia Italia SpA, 
Milan, Italy), tris hydroxymethyl aminomethane (Tris, Merck). 

Chemical synthesis of Fe3O4 nanoparticles 

Fe3O4 nanoparticles were prepared using the reduction–precipitation method.10 Briefly, 
aqueous solutions of 0.3M FeCl3⋅6H2O (45 ml) and 2 M HCl (0.5 ml) were placed into a 200-
ml glass beaker and subsequently aqueous solution of 0.3 M Na2SO3 (15 ml) was put into the 
beaker under stirring; Meanwhile, in another clean 1000-ml glass beaker, 50.8 ml of con-
centrated ammonia was diluted to a total volume of 800 ml with deionised water. In the 
smaller beaker, the colour of solution could be seen to turn into red from light yellow imme-
diately upon mixing Fe3+ and SO3

2-, implying the formation of complex ions. Then, when the 
colour had returned from red to yellow, the solution was quickly poured into the dilute 
ammonia solution under intensive stirring. After continuation of the stirring for 30 min, the 
beaker with the suspension was placed on a permanent magnet. A black powder could be 
observed rapidly precipitating on the bottom of the beaker. The supernatant was discarded and 
fresh water added to the beaker. This technique was performed 5 times until a great part of the 
ions in the suspension had been removed. The powders were extracted by filtration and dried 
at room temperature. 

Preparation of PAA-functionalized magnetite nanoparticles 

The as produced nanoparticles were washed 3 times in absolute ethanol, centrifuged, and 
vacuum-dried overnight. Then, the dried nanoparticles were dispersed in deionised water 
using ultrasound. A solution of PAA in deionised water were added into the suspension under 
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stirring, and stirred for 24 h. The Fe3O4:PAA mass ratio was 1:2. The product was washed 
with deionised water and freeze-dried under vacuum at –20 °C for 24 h.  

Preparation of DOX–SPION 

A solution of DOX–Fe2+ complex of 1.5:1 drug:iron molar ratio was obtained by adding 
an aqueous solution of (NH4)2Fe(SO4)2⋅6H2O to DOX in tris buffer pH 7.6. Then the DOX– 
–Fe2+ complex was incubated in the dark with the PAA-coated SPION (PS), the mass ratio of 
DOX:PS was 0.31 mass %. After incubation for 30 min, the drug-loaded PS were separated by 
centrifugation at 19000 rpm for 15 min (4 °C). Finally, the resulting solid product was washed 
with ice-cold fresh aqueous buffer pH 7.6 and used immediately afterwards. 

Drug loading determination  

The DOX loading, %, was defined as the weight fraction of the drug in doxorubicin-
loaded PS (DLPS). To measure the loaded drug, particles equivalent to 5 mg were accurately 
weighed and re-suspended for 20 min in acetate buffer (pH 4.0), conditions that lead to 
complete dissociation of the DOX–Fe2+ complex and therefore to the release of 100 % of 
DOX. Then, the sample was centrifuged and the DOX concentration measured by means of 
UV–Vis using the DOX absorbance at 480 nm.  

The drug-loading capacity, %, was determined using the following equation: 

 Drug loading = 1 2

1
100

−W W

W
 (1) 

where W1 is the initial weight of DOX that was incorporated into the PS and W2 is the weight 
of free drug (unincorporated DOX). Each determination was performed in triplicate. 

Kinetics of drug release 

In order to understand the kinetics and mechanism of drug release from DLPS, the drug-
loaded nanoparticles were suspended in 50 ml of acetate buffer (pH 4.2) or phosphate buffer 
(pH 7.4) at 37 °C for 8 h under constant stirring (200 rpm) by a mechanical stirrer. At given 
time intervals, 2 mL of the release medium was removed for analysis and replaced with 2 mL 
of same buffer solution. The concentration of drug released was determined from the absor-
bance at 480 nm (measured using a UV–Vis spectrophotometer) and previously established 
calibration curves. 

The results of the in vitro drug release study were fitted with zero order model (cumul-
ative drug release vs. time), first order model (ln (cumulative drug remaining) vs. time), 
Higuchi model (cumulative  drug release vs. t1/2), Hixson–Crowell model (cube root of drug 
remaining in the matrix vs. time) and the Korsmeyer–Peppas model (log (cumulative drug 
released) vs. log t). The kinetic model that best fitted the dissolution data was evaluated by 
comparing the regression coefficient (r2) values of the various models. The “n” (release 
exponent) value of the Korsmeyer–Peppas model used to characterize the different mecha-
nisms of drug release from polymeric systems. For nanoparticles of spherical shape, values of 
n ≤ 0.43 mean Fickian diffusion, between 0.43 to 0.85 mean anomalous (non-Fickian) diffu-
sion, n = 0.85 for case II transport and n > 0.85 for super-case II transport.11 To determine the 
drug release mechanism, first 60 % of the drug release data was fitted to the Korsmeyer–Pep-
pas model. 

Characterization of nanoparticles 

Powder X-ray diffraction (XRD) patterns were acquired from dried nanoparticle samples 
employing a Rigaku D/max rA X-ray diffractometer using CuKα radiation. A Philips-CM120 
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transmission electron microscope (TEM) at an accelerating voltage of 120 KV and a Hitachi 
S-4160 field emission scanning electron microscope (FE-SEM) at an accelerating voltage of 
15 kV were used to observe the morphologies of the Fe3O4 MNs and PS. Fourier transform 
infrared (FTIR) spectra were taken on a Bruker FTIR spectrometer (Tensor 27) and the UV– 
–Vis absorption spectra were recorded using a Camspec-M350 double beam spectrophoto-
meter. 

RESULTS AND DISCUSSION 

XRD Analysis 

The XRD patterns of the bare Fe3O4 and PS are shown in Fig. 1. These pat-
terns detect the nanocrystalline structure of the nanoparticles and the mean par-
ticle size. The seven diffraction peaks visible in both patterns are consistent with 
the diffraction peaks of (220), (311), (400), (422), (511), (440) and (533), ascer-
tained by comparison with Joint Committee on Powder Diffraction Standards 
(JCPDS card, File No. 79-0418). These coincidences suggests that the crystalline 
structure of Fe3O4 did not change on modification of the particles with PAA 
chains and shows that the PAA coating occurred only at the surface of Fe3O4 
MNs and resulted in no detectable chemical/physical change in bulk of the nano-
particles. 

 
Fig. 1. XRD Patterns of a) uncoated Fe3O4 MNs and b) PAA-coated Fe3O4 MNs. 

Particle sizes can be quantitatively evaluated from XRD data using the 
Debye–Scherrer equation. 
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 ( )cos=D Kλ β θ  (2) 

where, K (=0.89) is the Scherrer constant, λ is the X-ray wavelength, β is the 
peak width at half-maximum height and θ is the Bragg diffraction angle. 

The crystallite sizes of the Fe3O4 and PS were found to be about 6 and 11 
nm, respectively. 

FE-SEM and TEM analysis 

The morphologies of magnetic nanoparticles were investigated by FE-SEM 
and TEM, as shown in Fig. 2a–d. These images showed that the prepared nano-
particles had regular spherical shape and a core–shell structure. Due to large spe-
cific surface area and high surface energy, some bare magnetite nanoparticles 
were aggregated (Fig. 2a). However, after being coated with PAA, the nanopar-
ticles were well dispersed (Fig. 2b). Therefore, PAA coating reduced the aggre-
gation and enhanced the particle dispersion. It is an important factor in drug deli-
very applications that nanoparticles are individually dispersed and are not agglo-
merated because aggregation would reduce the effective magnetization of nano-
particles and cause difficulties during drug delivery to the desired site.12 

    

           
Fig. 2. FE-SEM Images of a) uncoated Fe3O4 MNs, b) PAA coated Fe3O4 MNs and TEM 
images of c) uncoated Fe3O4 MNs and d) doxorubicin-loaded PAA-coated Fe3O4 MNs. 

FTIR Analysis 

The FTIR spectra of bare Fe3O4 MNs (a) and PS (b) are shown in Fig. 3. 
The IR peak at approximately 603 cm–1 was assigned to Fe–O,13 and the peak at 
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3434 cm–1 was attributed to the stretching vibrations of –OH, which resulted 
from OH¯ absorbed by Fe3O4 nanoparticles. Moreover, Fig. 3b shows additional 
peak of the C=O stretching band at 1710 cm–1, the COO– stretching bands at 
1423 and 1554 cm–1, and –CH2– bending band at 1492 cm–1. These results sug-
gested that the Fe3O4 MNPs had been successfully coated by PAA-5000. 

 
Fig. 3. FTIR Spectra of a) bare Fe3O4 MNs and b) PAA-coated Fe3O4 MNs. 

Drug loading and in vitro release analysis 

The drug loading efficiency of DLPS was (14.64±0.29). The low values of 
the standard deviation indicate uniformity of the drug content in the nanocarriers. 
The drug-loaded nanoparticles were incubated in acetate buffer and phosphate 
buffer at different pH values to examine the drug release. The chosen pH levels 
replicated those found in the acidity environment of cancer cells (pH 4.2), as well 
as blood (pH 7.4). As shown in Fig. 4, the drug release at pH 4.2 was much faster 
than that at pH 7.4. This is likely due to protonation of the phenol group of DOX 
in the acidic environment, which leads to the faster dissociation of the DOX–iron 
complex.14 

Kinetic modelling of release data 

The regression coefficient (r2) values for DLPS are tabulated in Table I. The 
model that gave higher r2 values was considered as best fit model. Based on the 
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r2 values, it was also observed that the release of drug from DLPS at pH 4.2 
followed the Korsmeyer–Peppas kinetic model while at pH 7.4, the zero-order 
kinetic model was best fitted. The ‘n’ values of the Korsmeyer–Peppas equation 
for DLPS suggested that the drug release behaviour was super case II transport at 
the two pH values. These experiments were performed twice. 

Fig. 4. In vitro drug release of DLPS 
into pH 4.2 and 7.4 solutions 

TABLE I. In vitro release kinetics studies of DLPS 

pH 
Regression coefficient, r2, values 

Release exponent “n” 
values Zero 

order 
First 
order 

Higuchi
Hixson 
Crowell 

Korsmeyer–Peppas 

4.2 0.9998 0.9802 0.9946 0.9919 0.9999 1.0058 
0.9987 0.9871 0.9938 0.9883 0.9999 1.0193 

7.4 0.9986 0.9950 0.9910 0.9973 0.9981 1.0085 
0.9991 0.9906 0.9927 0.9964 0.9973 1.0047 

CONCLUSIONS 

Spherical magnetite particles, prepared using a reduction–precipitation method, 
were successfully modified with PAA and confirmed by FTIR spectroscopy. 
Based on X-ray diffraction, introduction of the PAA coating did not affect the 
crystalline structure of Fe3O4, whereas, based on FE-SEM, it enhanced the uni-
form dispersion of the nanoparticles. Drug loading was confirmed by UV-Vis 
and in vitro release behaviour was investigated. Approximately 78 % of DOX 
was released into phosphate buffer, pH 7.4, within 8 h but up to 100 % of drug 
was released at pH 4.2 within approximately 2 h. At pH 4.2, Korsmeyer–Peppas 
kinetics of drug release were observed while at pH 7.4, drug release kinetics 
followed the zero order model. The values of the release exponent “n” suggested 
a super-case II transport release mechanism in both phosphate and acetate buffer. 
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И З В О Д  

ПРИПРЕМА И IN VITRO ИСПИТИВАЊЕ БРЗИНЕ ОТПУШТАЊА ДОКСОРУБИЦИНА 
ИНКАПСУЛИРАНОГ У НАНОЧЕСТИЦАМА МАГНЕТИТА ПРЕКРИВЕНИМ 

ПОЛИАКРИЛНОМ КИСЕЛИНОМ  

REYHAN OMIDIRAD, FARZANEH HOSSEINPOUR RAJABI и BAHMAN VASHEGHANI FARAHANI 

Department of Chemistry, Faculty of Science, Imam Khomeini International University, Qazvin, Iran 

Предмет овог рада је добијање сферичних, супермагнетних наночестица оксида 
гвожђа, средњег пречника 6 nm, методом редукционе преципитације. Површина нано-
честица је обложена поли-акрилном киселином 5000, након чега је у честице инкапсу-
лиран лек доксорубицин. Степен инкапсулације лека износио је 14,64±0,29. Ослобађање 
лека из наночестица праћено је in vitro током 8 h у два система са различитим pH вред-
ностима (4,2 и 7,4). Отпуштање лека при pH вредности од 4,2 (100 % лека је ослобођено 
током 2 h) значајно је брже од отпуштања на pH 7,4 (~78 % током 8 h). Ови резултати 
указују на то да добијене наночестице имају потенцијал као носачи доксорубицина у 
системима за контролисано отпуштање под дејством магнетног поља. Кинетика ослоба-
ђања лека из наночестица описана је Korsmeyer–Peppas моделом у раствору pH 4,2, док 
је процес у раствору pH 7,4 могуће описати кинетиком нултог реда. Сви узорци су 
окарактерисани коришћењем различитих аналитичких метода: XRD, SEM, TEM, FTIR и 
UV–Vis. 

(Примљено 25. децембра 2012, ревидирано 12. марта 2013) 
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Abstract: The capacity of carbon monolith for pesticide removal from water, 
and the mechanism of pesticide interaction with the carbon surface were 
examined. Different carbon monolith samples were obtained by varying the 
carbonization and activation parameters. In order to examine the role of surface 
oxygen groups on pesticide adsorption, the carbon monolith surface was func-
tionalized by chemical treatment in HNO3, H2O2 and KOH. The surface pro-
perties of the obtained samples were investigated by determination of the Brun-
auer, Emmett and Teller (BET) surface area, pore size distribution and tempe-
rature-programmed desorption. Adsorption of pesticides from aqueous solution 
onto the activated carbon monolith samples was studied using five pesticides 
belonging to different chemical groups (acetamiprid, dimethoate, nicosulfuron, 
carbofuran and atrazine). The presented results show that higher temperature of 
carbonization and amount of activating agent enable microporous carbon 
monolith with higher numbers of surface functional groups to be obtained. The 
adsorption properties of the activated carbon monolith were more readily 
affected by the number of surface functional groups than by the specific surface 
area. Results obtained after carbon monolith functionalization showed that π–π 
interactions were the driving main force for adsorption of pesticides with an 
aromatic structure, while acidic groups played an important role in adsorption 
of pesticides with no aromatic ring in their chemical structure. 

Keywords: carbon monolith; activation; surface properties; adsorption; pesti-
cides. 
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INTRODUCTION 

The possibility of producing carbon materials with high specific surface 
areas, microporous structure, high adsorption capacity and high degree of surface 
reactivity brings a variety of applications for these materials. Carbon monolith 
(CM) is a relatively new carbon material. Depending on the application, CM can 
be produced with the desired shape and morphology, and controlled composition, 
structure and porosity. CMs are potentially useful in a wide variety of appli-
cations, such as residential water filtration, volatile organic compound emission 
control,1–4 indoor air purification, chemical separation,5 catalysis, biocatalysts,6 
adsorption, etc. In a previous work, cylindrical CM impregnated with silver was 
successfully used for the disinfection of drinking water.7 Due to the fact that 
finer silver particles had higher resistance to attrition from the surface of the 
carbon material in comparison to larger ones,8 the CM surface was efficiently 
modified and an Ag deposit was obtained in the form of fine crystals with small 
crystallite sizes.9 The last few years have been marked with a growing interest in 
carbon monolith as an alternative for conventional carbon materials. In the pre-
sent study, an attempt was made to use activated CM as an adsorbent for the 
removal of pesticides from aqueous solutions.  

Pesticides are the group of hazardous compounds that, due to their extensive 
application in agriculture, may contaminate surface and groundwater with poten-
tial risks for wildlife and human health.10 Environmental contamination occurs 
when pesticides drift away from the application sites and infiltrate the ground-
water by leaching through the soil.11,12 Several methods are available for remo-
val of pesticides, such as photocatalytic degradation, combined photo-Fenton and 
biological oxidation, advanced oxidation processes, aerobic degradation, nanofil-
tration, ozonation and adsorption.13 Adsorption on activated carbon is the most 
widespread technology used to deal with the purification of water contaminated 
by pesticides.14–17 The adsorption capacity as one of the most important proper-
ties is directly determined by the surface structure of the activated carbon material.  

As the surface characteristics of a carbon material depend on the nature of 
the carbon precursor and the processing conditions during production,18 the main 
objective of this work was to determine the appropriate carbonization and acti-
vation parameters in order to obtain a material with good adsorption properties 
toward pesticides. Chemical activation, either through carbonization followed by 
activation, or through a direct activation, as one of the most important steps 
during the preparation, has attracted extensive attention.19–21 Basta et al.22 found 
that a 2-step KOH activation was much more advantageous than a single-step 
activation for obtaining carbon materials with a high Brunauer, Emmett and 
Teller (BET) surface area. The factor that influence the final porous texture of 
activated carbon materials obtained by chemical activation are the activation 
agent, the activating agent/carbon material ratio, the heating rate and the acti-
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vation temperature.19 In the present work, different carbon monolith samples 
were obtained by changing the carbonization temperature and the amount of 
potassium hydroxide used as the activation agent. The adsorption properties of 
the resulting CM samples were determined by adsorption of five pesticides: acet-
amiprid, dimethoate, nicosufurone, carbofuran and atrazine. The influence of the 
carbonization temperature and the activation parameters on the specific surface 
area, surface functional groups and adsorption properties of the activated CM 
samples were studied. Additionally, in order to examine the role of surface oxy-
gen groups in pesticide adsorption, the carbon monolith surface was function-
alized by different chemical treatments. 

EXPERIMENTAL 

Material 

CMs precursor in the shape of cylinder (length 3.0 cm, diameter 1.8 cm) with 8600 
parallel capillary channels (each with a diameter of 80 µm) inside the cylinder were purchased 
from Fractal Carbon (London, UK). The design and structure of the employed CM is shown in 
Fig. 1. This is a composite material, consisting of a glassy carbon bed and activated carbon on 
the inner capillary walls. 

Fig. 1. SEM Photograph of the carbon 
monolith and cross-section (magnifi-
cation: 100×). 

Activation of the carbon monolith 

The carbon precursor was first carbonized at two different temperatures, 700 and 1000 
°C, under a constant nitrogen flow rate, at a heating rate of 5 °C min-1, and the samples CM7 
and CM1, respectively, were obtained. Only sample CM1 was further tested and compared 
with samples activated with KOH, as sample CM7 was not fully carbonized due to its lower 
carbonization end-temperature. The carbonized samples, CM7 and CM1, were mixed with 
KOH pellets in different weight ratio of KOH:carbonized material (1:1 and 2:1). The samples 
were placed in a furnace and heated at a rate of 5 °C min-1 to 900 °C. The activation process 
was realized under a constant nitrogen flow rate. The resulting products were thoroughly 
washed with tap water and finally distilled water to remove the residual KOH until the pH 
value of the washed solution ranged from 6 to 7. Four samples obtained in this way were used 
for further examination. The scheme of activated carbon monolith production is shown in Fig. 
2. The samples were denoted as CM719, CM729, CM119 and CM129. The first number in the 
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sample code represents a temperature of carbonization: 7 for 700 °C and 1 for 1000 °C; the 
second number in the sample code represents the amount of activating agent used: 1 for the 
KOH:carbon material ratio 1:1, and 2 for the ratio 2:1; the last number specifies the activating 
temperature: 9 for the 900 °C. 

 
Fig. 2. Scheme for the production of activated carbon monolith. 

Chemical surface treatment 

The chemical treatments involved submerging the sample CM719 in HNO3, KOH and 
H2O2 solution. The chemically treated samples were designated CM/A, CM/B and CM/P, 
respectively. Samples CM/A and CM/B were obtained by heating CM719 in 4 M HNO3 and 4 
M KOH, respectively, for 2 h, while CM/P was obtained by submerging CM719 in 4 M H2O2 
at room temperature until complete decomposition of the H2O2 (when there was no further gas 
evolution). After chemical treatment, modified samples were thoroughly washed with distilled 
water to neutral pH and dried at 110 °C for 24 h. All samples were stored in a dessicator until 
use. 

pHslurry of the chemically treated samples  

The pH values of aqueous slurries of the CMs samples were measured. The slurries were 
prepared with boiled distilled water in the ratio of 10 ml g-1; these suspensions were stirred 
and the pH values were measured several times until a constant value was reached. 

Specific surface area and porosity 

Specific surface area of all CM samples was determined by nitrogen adsorption at liquid 
nitrogen temperature using an automatic surface area analyzer, model 4200 (Leeds & North-
rup Instruments, USA). The N2 adsorption and desorption isotherms of samples CM119, 
CM129, CM719 and CM729 were measured at –196 °C, using the gravimetric McBain 
method. The specific surface area, SBET, pore size distribution, mesopore including external 
surface area, Smeso, and micropore volume, Vmic, for the samples were calculated from the iso-
therms. The pore size distribution was estimated by application of the Barret, Joyner and 
Halenda (BJH) method23 to the desorption branch of the isotherms. Mesopore surface and 
micropore volume were estimated using the high resolution αs plot method.24 Micropore surf-
ace, Smic, was calculated by subtracting Smeso from SBET. 

Surface oxygen groups 

Temperature-programmed desorption (TPD) in combination with mass spectrometry was 
used to investigate the nature and the thermal stability of the CM surface oxygen groups. The 
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TPD profiles were obtained using a custom-built set-up, consisting of a quartz tube placed 
inside an electrical furnace. A CM sample was outgassed in the quartz tube and subjected to 
TPD at a constant heating rate of 10 °C min-1 to 900 °C under high vacuum. The amounts of 
CO (QCO) and CO2 (QCO2) released from the carbon monolith sample (0.1 g) were monitored 
using an Extorr 300 quadrupole mass spectrometer (Extorr Inc., USA). 

Pesticide adsorption 

Adsorption of pesticides (acetamiprid, dimethoate, nicosulfuron, carbofuran and atra-
zine) by the CM samples (0.5 g) was performed from 50 ml of an aqueous solution of pes-
ticide in batch system with constant shaking. The initial concentration of each pesticide was 
500 ppb. The concentration of pesticides was determined at the end of 2 h adsorption period 
using an HPLC–MS/MS method.25 

HPLC–MS/MS Analysis 

Surveyor HPLC system (Thermo Fisher Scientific, USA) was used for the separation of 
the analytes on the reverse-phase Zorbax Eclipse XDB-C18 column, 75 mm long, 4.6 mm i.d. 
and 3.5 µm particle size (Agilent Technologies, USA). The mobile phase consisted of metha-
nol (A), water (B) and acetic acid (C). The composition was linearly changed as follows: 0 
min 59 % A, 40 % B, 1 % C; 10 min 99 % A, 1 % C; 15 min 59 % A, 40 % B, 1 % C. The 
flow rate of the mobile phase was 0.5 ml min-1. A 10 μl aliquot of the aqueous solution was 
injected into HPLC system. Quadrupole ion trap mass spectrometer, LCQ Advantage (Thermo 
Fisher Scientific, USA), was used for detection and quantification of pesticides. The electro-
spray ionization technique was used and all pesticides were analyzed in the positive ionization 
mode. External calibration method and the selected reaction monitoring (SRM) mode was 
used for quantification of all pesticides. 

RESULTS AND DISCUSSION 

The values of the specific surface area obtained by the dynamic method 
(Table I) showed an increase in the specific surface area on activation. It could be 
noted that specific surface area of activated CM samples depended on both 
amount of KOH amount and activation temperature. The increase in the KOH 
amount together with activation at 700 °C led to the development of a specific 
surface. During the activation process, the decomposition of KOH was followed 
by a gasification process under high temperature: 

 2KOH → K2O + H2O (1) 
 H2O + C → CO + H2  (2) 

Stronger activation, i.e., increased ratio of KOH, opened up the porous 
structure and increased SBET.26 The specific surface area of both CM samples 
increased on activation at 900 °C using two ratios of hydroxide. However, further 
increasing the amount of the activating agent decreased the specific surface area, 
probably due to enhanced gasification process. Therefore, an over-gasification 
might have occurred with the detrimental effect of reducing the surface area, 
especially the micropore surface area.27 This phenomenon was also observed by 
Laine and Calafat.28 The highest values of specific surface area were obtained for 
the samples carbonized at 700 °C and activated at 900 °C. 
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TABLE I. The amount of pesticides adsorbed on the CM samples ( q / µg g-1) 

Sample 
Spec. surf. 
area, m2 g-1 Acetamiprid Dimethoate Nicosulfuron Carbofuran Atrazine 

CM7 4.17 11.2 0.00 17.8 1.96 12.0 
CM1 6.42 14.9 2.90 2.30 9.19 15.0 
CM717 1.44 9.60 7.58 11.1 22.8 5.59 
CM727 321 51.4 36.2 18.6 52.6 41.6 
CM747 324 38.5 18.6 12.4 35.0 24.9 
CM719 388 47.8 48.0 47.7 47.9 48.0 
CM729 714 44.6 44.9 44.6 44.8 44.8 
CM749 609 44.9 44.9 44.9 44.9 44.7 
CM117 93.6 39.0 26.3 13.1 43.7 30.1 
CM127 110 28.5 46.5 8.05 63.6 21.0 
CM147 133 28.5 22.7 5.50 47.6 16.3 
CM119 105 44.6 44.4 43.7 44.7 44.3 
CM129 616 66.6 62.0 58.2 68.2 64.7 
CM149 59.2 41.2 43.7 26.2 75.0 27.3 

The concentration of the pesticides remaining in the aqueous solutions after 
adsorption on the CM samples was determined by the HPLC–MS/MS method. 
From the obtained MS2 spectra of the pesticides (Fig. 3), the most abundant 
fragment ions were selected. The selected reaction monitoring (SRM) mode was 
used for quantification of all pesticides. The amounts of pesticides adsorbed on 
CM samples are presented in Table I. The CM samples activated at 900 °C had 
better adsorption properties toward the examined pesticides. Since the amounts 
of pesticides adsorbed were not proportional to the values of specific surface 
area, it could be assumed that the specific surface area is not a key factor in the 
adsorption of pesticides. 

The porous texture of CM samples with best adsorption properties (CM119, 
CM129, CM719 and CM729) was determined by physical adsorption of N2 at 
–196 °C. The nitrogen adsorption isotherms of selected CM samples are pre-
sented in Fig. 4. According to the IUPAC classification,29 the isotherms are of 
type I, which are associated with microporous materials. The pore size distri-
butions, shown in Fig. 5, confirm that examined samples were microporous, with 
most of the pore having a radius smaller than 2 nm. Activation with the higher 
amount of hydroxide slightly increased the amount of mesopores. 

The specific surface areas calculated by the BET equation (SBET), micropore 
and mesopore area, micropore volume and average pore radius are listed in Table 
II. The SBET values cover a wide range 172–1144 m2 g–1 and follow the same 
trend as the values of the specific surface areas obtained by the dynamic method. 
However, the values of the specific surface area of selected CM samples obtained 
by dynamic method and the McBain method show some discrepancies. These 
discrepancies are even more pronounced with increasing SBET and in microporo-
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sity. The reasons for these discrepancies lie in the employed experimental condi-
tions. In the case of microporous materials, it is essential to estimate the experi-
mental conditions for the achievement of equilibrium N2 adsorption, due to the 
slow nitrogen adsorption within the micropores. The experimental conditions 
used in the McBain method enabled equilibrium adsorption of N2, while in the 
case of the fast dynamic method, equilibrium nitrogen adsorption was not achieved. 
Consequently, the dynamic method did not give complete surface coverage and 
results obtained by this method are lower than those obtain by the McBain method. 

 
Fig. 3. HPLC Chromatogram of aqueous solutions of the pesticides. 

TPD provides quantitative information on the total number of surface oxy-
gen groups. Surface oxygen complexes on carbon materials decompose upon 
heating by releasing CO and CO2. Thus, the TPD peaks of CO and CO2 at diffe-
rent temperatures correspond to specific oxygen groups. The decomposition tem-
perature is related to the bond strength of specific oxygen-containing groups. 
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Thus, the position of the peak maximum at a defined temperature corresponds to 
a specific oxygen complex at the surface. For example, CO2 is released by 
decomposition of carboxylic groups at 373–673 K,30–32 or lactone groups at 
463–923 K.30,33 Both CO and CO2 peaks originate from the decomposition of 
carboxylic anhydrides in the temperature range 623–900 K.30,31 Phenols, ethers, 
carbonyls and quinones give rise to CO at 973–1253 K.32,34,35 The quantities of 
CO and CO2 released during the TPD experiments correspond to the total 
amount of surface oxygen groups. 

 
Fig. 4. Nitrogen adsorption isotherms, the amount of N2 adsorbed as function of the relative 

pressure for CM samples. Solid symbols, adsorption; open symbols, desorption. 

 
Fig. 5. Pore size distribution for the CM samples. 
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TABLE II. Porous properties of the CM samples 

Sample SBET / m2 g-1 Smicro / m2 g-1 Smeso / m2 g-1 Vmicro / cm3 g-1 rp / nm 

CM1 6.42 – – – – 
CM119 172 168 4 0.084 1.54 
CM129 843 823 20 0.396 1.78 
CM719 398 396 2 0.160 2.03 
CM729 1144 1133 11 0.540 2.03 

TPD profiles of CO and CO2 evolution for all CM samples are shown in Fig. 
6. The TPD profiles of all the tested activated CM samples showed intensive 
peaks at relatively high temperatures (from 650 to 780 °C). In addition, the CO 
desorption profiles had a maximum at the temperature which coincides with the 
maximum in CO2 desorption profile, which indicates the existence of anhydride 
groups.36 The existence of these peaks was not observed in the TPD profiles of 

Fig. 6. TPD spectra of the CM 
samples. a) CO and b) CO2
desorption profiles. 
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CM1.30 Therefore, the presence of a large number of anhydride groups on the 
surface of the activated CM samples is probably the consequence of the KOH 
activation process. The appearance of a desorption peak at a low temperature 
(around 300 °C) in the CO profiles of all samples may be due to thermal decom-
position of carbonyl groups in α-substituted ketones and aldehydes.37 The CO2 
desorption profile (Fig. 6b) for sample CM129 showed an intensive TPD peak at 
around 300 °C related to the presence of carboxylic groups. For samples CM1 
and CM119, the TPD peak at 300 °C was less intensive but also present, while 
for the CM samples carbonized at 700 °C (CM719 and CM729), a peak at this 
temperature was not observed. 

The amounts of CO and CO2 released from the surface of CM samples were 
obtained by integration of corresponding TPD curves (Table III). For the CM 
samples carbonized at 1000 °C, the increased amount of activating agent enhanced 
the number of surface oxygen groups. The highest number of surface oxygen 
groups was observed for the CM129 sample. On the other hand, for the CM 
samples carbonized at 700 °C, the increased amount of KOH decreased the num-
ber of surface oxygen groups. Comparing the results of the specific surface area 
and TPD, no proportionality between these results was found. Therefore, it could 
be concluded that the development of porosity and specific surface area during 
the activation process was not accompanied with the formation of surface oxygen 
complexes. 

TABLE III. Amounts of CO (QCO) and CO2 (QCO2) evolving from the surface oxygen groups 
of the CM samples 

Sample QCO / mmol g-1 QCO2 / mmol g-1 QCO + QCO2 / mmol g-1 

CM1 1.404 0.297 1.701 
CM119 2.068 0.772 2.840 
CM129 3.103 1.031 4.134 
CM719 2.637 0.335 2.972 
CM729 2.173 0.283 2.456 

The amount of pesticides adsorbed on the CM samples after a 2-h adsorption 
period is presented in Fig. 7. The adsorption main force was expected to be the 
dispersion force between the π electrons in the pesticide structure and the π 
electrons on the surface of the carbon material.12 The presence of aromatic rings 
in pesticide structure increases the possibility of such interactions due to delo-
calized π electrons over the ring. Moreover, a branched substituent on the aro-
matic ring increased the level of pesticide adsorption. The obtained results showed 
that all the activated CM samples had good adsorption properties toward the 
selected pesticides compared to the CM1 sample. In addition, there was no strong 
adsorption competition between examined pesticides on the activated CM sur-
faces. The amounts of pesticides adsorbed on the samples CM119, CM719 and 
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CM729 were rather similar. According to the TPD results, these samples had 
similar total amounts of surface oxygen groups and despite of the differences in 
the specific surface area, they adsorb similar amounts of pesticides. It could be 
noted that the adsorption capability of these samples follows the same trend as 
that of the total number of surface oxygen groups. The most pronounced adsorp-
tion capability was observed for the sample CM129 with the highest number of 
surface oxygen groups. According to a suggested mechanism,12 the specific sur-
face area should have a crucial influence on pesticide adsorption. In the case of 
pesticide adsorption on activated carbon monolith surface, the specific surface 
area seems to play a secondary role, which implies that this mechanism cannot be 
applied for the pesticide adsorption on a carbon monolith surface. 

 
Fig. 7. Amount of pesticides adsorbed on the surface of the CM samples. 

In order to examine the role of surface oxygen groups in pesticide adsorption 
on carbon monolith surface, sample CM719 was functionalized in a way to 
change surface chemistry. The nature and number of surface oxygen groups were 
changed by chemical treatment with different regents. Specific surface area 
values for modified CM samples are presented in Table IV. It could be inferred 
from these results that CM modification results in almost negligible alterations in 
specific surface area values (less than 10 %). Based on these results, it could be 
concluded that the porous features of the CM were not greatly altered by chemi-
cal treatment.  

According to the pHslurry values (Table IV), it can be noted that samples 
CM719 and CM/B exhibited basic character, while the oxidized samples CM/A 
and CM/P became more acidic, showing that the majority of the created function-
alities were acidic in nature. 
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TABLE IV. Values of the specific surface area and pHslurry value for the chemically modified 
CM samples 

Sample SBET / m2 g-1 pHslurry 

CM719 398 9.1 
CM7-A 380 4.3 
CM7-P 362 5.0 
CM7-B 385 9.3 

The nature of the functionalities created on the carbon surface after the 
chemical treatment with HNO3, KOH and H2O2 was studied by TPD method. 
The influence of chemical treatment on the surface oxygen groups was examined 
through the total amount of surface oxygen groups (QCO + QCO2) and the ratio of 
evolved CO2 and CO (QCO2/QCO) (Fig. 8). The TPD results showed that chemi-
cal treatment enlarged total number of surface groups, especially for the sample 
treated with HNO3 (sample CM/A). Treatments with HNO3 and H2O2 increased 
surface oxidation, which resulted in the evolution of the large amounts of CO2. 
These results are consistent with the pHslurry results and indicate that acidic 
groups, such as carboxyl and lactone, which are CO2 evolving groups, were addi-
tionally formed in the HNO3 and H2O2 treatments. Although KOH treatment 
increased the total amount of surface groups, the QCO2/QCO ratio stayed almost 
unchanged, compared to the unmodified sample, which is in agreement with the 
pHslurry results. 

 
Fig. 8. Total amount of the surface oxygen groups (QCO + QCO2) and QCO2/QCO ratio 

for the CM samples. 

According to the results obtained for the chemically modified samples, it is 
possible to modify the surface functionality of an activated carbon monolith 
without changing considerably the porous texture. In this way, a proper under-
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standing of the role of the functionality of an activated carbon surface in the 
retention of pesticides from aqueous medium at low concentration could be 
acquired. 

As the structure of pesticides plays an important role in adsorption, two 
pesticides, dimethoate and carbofuran, with different chemical structure charac-
teristics were chosen for an examination of the adsorption properties of the che-
mically modified CM samples. The amounts of pesticides adsorbed on the modi-
fied CM samples are presented in Fig. 9. 

 
Fig. 9. Amount of dimethoate and carbofuran adsorbed on the surface of the chemically 

treated CM samples. 

It could be seen that chemical treatment affected the adsorption capacity of 
the examined CM samples. The efficiency of carbofuran adsorption decrease 
after chemical modification, which was the most pronounced for the oxidized 
samples. Due to the aromatic structure of carbofuran, dispersion forces between 
the π electron density of the graphene layers on the CM and the aromatic ring of 
the adsorbate could be expected. The decrease in the adsorption rate observed 
after oxidation was most probably due to an alteration of the π electronic density 
on the carbon surface because of its functionalization. The majority of the surface 
groups have electron-acceptor character. Functionalization of the carbon mono-
lith withdraws π electrons from the graphene layers, and then the contribution of 
dispersive interactions to adsorption is reduced. Sample CM/B showed more 
pronounced adsorption efficiency toward carbofuran, compared to the oxidized 
samples. Although CM/B had considerable number of surface oxygen groups, it 
displayed pronounced basic character. One of the reasons for the basic behavior 
of the carbon surfaces could be the π basicity of the exposed graphene layers.38 
Therefore, the good adsorptive capacity of CM/B toward carbofuran was prob-
ably the consequence of the increased π density and dispersive interactions. 
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On the other hand, the adsorption of dimethoate is not driven by the men-
tioned π–π interactions, due to the absence of an aromatic ring. The obtained 
results showed that the adsorption capacity increased after oxidation (samples 
CM/A and CM/P), following the same trend as the QCO2/QCO ratio. With respect 
to the pHslurry values and increased QCO2/QCO ratios obtained for the oxidized 
samples, it could be concluded that CO2 evolving groups play an important role 
in the adsorption of dimethoate. 

CONCLUSIONS 

In this study, microporous activated carbon monolith samples were produced 
by changing the parameters of carbonization and activation. Larger specific sur-
face areas were obtained by using higher amounts of the activating agent for 
samples obtained at carbonization temperatures of 700 and 1000 °C. TPD anal-
ysis showed the presence of anhydride groups on all activated CM samples and 
carboxylic groups on CM samples carbonized at 1000 °C. The possibility of 
using the produced materials for pesticide removal was also tested. Although, all 
the tested activated CM samples had good adsorption properties, the most pro-
nounced adsorption capability was observed for the sample CM129, which con-
tained higher numbers of surface oxygen groups. From the obtained results, it 
could be concluded that the specific surface area is not a crucial factor for pes-
ticide adsorption on the surface of CM. On the other hand, the nature and the 
number of surface oxygen groups show a dominant effect on pesticide adsorp-
tion. Additional functionalization of the CM surface showed that π–π interactions 
were the main force for the adsorption of pesticides with aromatic structure, 
while acidic groups play an important role in adsorption of pesticides without 
aromatic ring in their chemical structure. 
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И З В О Д  

УТИЦАЈ ПАРАМЕТАРА ДОБИЈАЊА КАРБОН МОНОЛИТА НА АДСОРПЦИЈУ 
ПЕСТИЦИДА 

МАРИЈА ВУКЧЕВИЋ
1
, АНА КАЛИЈАДИС

2
, БИЉАНА БАБИЋ

3
, ЗОРАН ЛАУШЕВИЋ

2
 и МИЛА ЛАУШЕВИЋ

1 

1Технолошко–маталуршки факултет, Универзитет у Београду, Карнегијева 4, 11001 Београд, 
2Лабораторија за физику, Институт за нуклеарне науке Винча, Универзитет у Београду, Мике 
Птеровића Аласа 12–14, 11001 Београд и 3Лабораторија за материјале, Институт за нуклеарне 

науке Винча, Универзитет у Београду, Мике Птеровића Аласа 12–14, 11001 Београд 

У овом раду је испитиван капацитет узорака карбон монолита за адсорпцију пести-
цида, као и механизам интеракције пестицида са површином угљеничног материјала. 
Различити узорци карбон монолита добијени су варирањем параметара карбонизације и 
активације. У циљу испитивања улоге површинских кисеоничних група у адсорпцији 
пестицида извршена је функционализација површине третирањем са HNO3, H2O2 и 
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KOH. Добијени узорци окарактерисани су одређивањем специфичне површине и распо-
деле пора, као и методом температурно-програмиране десорпције. За испитивање 
адсорпције пестицида из водених раствора коришћена је смеша пет пестицида који при-
падају различитим хемијским групама (ацетамиприд, диметоат, никосулфурон, карбо-
фуран и атразин). Приказани резултати указују на то да повећање температуре карбо-
низације, као и удела активационог агенса, омогућајвају добијање микропорозног кар-
бон монолита са већим садржајем површинских кисеоничних група. Утврђено је да 
површинске кисеоничне групе имају доминантан утицај на адсорпционе карактеристике 
активираних узорака. Добијени резултати након функционализације површине карбон 
монолита показују да π–π интеракције представљају главну покретачку силу за адсорп-
цију пестицида са ароматичном структуром, док киселе површинске групе имају водећу 
улогу у адсорпцији алифатичних пестицида.  

(Примљено 27. децембра 2012, ревидирано 14. јануара 2013) 
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