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STUDIA UBB CHEMIA, LXI, 3, Tom I, 2016 (p. 7-8) 
(RECOMMENDED CITATION) 

This issue of our journal is dedicated to Professor 
Luminița Silaghi-Dumitrescu at her 65th anniversary. 

Professor Luminița Silaghi-Dumitrescu 

Professor Luminița Silaghi-Dumitrescu was born on March 9th, 1951 in 
Brasov, where she got the primary and secondary education. In 1970 she became 
an undergraduate student in chemistry, at Babes-Bolyai University in Cluj-Napoca, 
where she graduated with a MSc degree in 1974. In 1983 she obtained the PhD in 
chemistry with a thesis on “Metallic and Organometallic Dithioarsinates” (supervisor 
Professor Ionel Haiduc), a work which contributed significantly to the field. 

After a short period of appointment in the industry (1975-1978) she became 
a researcher in the Institute of Chemical Research in Cluj-Napoca, where she was 
active between 1978-1986. After this period she joined the staff of the Chemistry 
Faculty at Babes-Bolyai University and became a lecturer in chemistry (1986-1994), 
associate professor (1994-1999) and full professor (1999-to date). She acted 
as dean of the Chemistry Faculty (2002-2007) and vice-rector of Babes-Bolyai 
University (2008-2012). 

During her tenure she was teaching courses in Organic chemistry, 
Organometallic chemistry, Organometallic reagents in organic synthesis and 
Organometallic reagents in heterocyclic chemistry. An important activity of her 
was (and continues to be) the supervising of graduate students, which produced 
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very interesting and original research contributions. In addition to her communication 
and teaching skills she demonstrated a remarkable ability to supervise research 
activities and to perform successfully in administrative duties. 

A very important part of the professional life of Mrs. Luminița Silaghi-
Dumitrescu was devoted to research. Her research interests started during the 
preparation of her PhD thesis and her expertise now includes Organometallic 
chemistry (Groups 13-15 elements and transition metals); Chemistry of the 
coordination compounds (synthesis and structural characterization); Organometallic 
reagents in organic synthesis (organo-lithium, -magnesium, -titanium and -boron 
derivatives); Synthesis of novel organometallic compounds as precursors for 
semiconductors; Synthesis of building blocks for smart polymers (heteroalkenes, 
heteroallenes of heavier Group 14 and 15 elements). Her contributions were 
awarded with the „Costin D. Nenitzescu Prize”of the Romanian Academy (1997) and 
the „Nenitzescu-Criegee Lectureship Prize” of German Chemical Society jointly 
with the Romanian Academy (2011).. 

Her research was supported by numerous national grants (e.g. on 
Metallomics; Green chemistry; Microwave assisted organic and organometallic 
synthreesis; Organometallic precursors for hybrid electronic devices, etc) and 
participation in international programs, such as TEMPUS Project “Reforms and 
Upgraded Chemistry - Undergraduate Studies in Macedonia” (2008-2009) as 
Romanian co-coordinator; DAAD Programme Stability Pact - “Academic 
Reconstruction of South Eastern Europe”; “International Master and Postgraduate 
Programme in Materials Science and Catalysis”, Romanian co-coordinator (2006-
2016); MC and WG member COST Action CM 802 - European Phosphorus 
Sciences Network - PhoSciNet (2009-2012); MC and WG member COST Action 
CM 1302 – Smart Inorganic Polymers (SIPs) (2013-2017); Grant EC COST 
(individual) (1993 - 1994), Université Paul Sabatier Toulouse, France; and Royal 
Society of Chemistry Grant (1998). Her collaboration with Professor Eva Marie 
Hey-Hawkins of the University of Leipzig, Germany, should be mentioned as a 
particular success story of mutual interest, which resulted in a considerable 
number of remarkable joint publications. The contributions of Mrs. Luminița 
Silaghi-Dumitrescu to the ditioarsinate chemistry remained until today of 
primordial importance, but her research interests were extended from arsenic 
chemistry to other areas, with important contributions, published in major high 
impact chemistry journals. (visit ResearcherID: B-5307-2015) 

Currently, Professor Luminița Silaghi-Dumitrescu is continuing with 
competence and talent her scientific life and she is at the summit of a splendid 
career, promising more important contributions to the science of chemistry. 

The editorial board of Studia Universitatis Babes-Bolyai-Chemia is expressing 
the best wishes to her for a good health and many years of successful activity. 

ONORARY EDITOR 
IONEL HAIDUC - Member of the Romanian Academy 



STUDIA UBB CHEMIA, LXI, 3, Tom I, 2016 (p. 9-18) 
(RECOMMENDED CITATION) 

Dedicated to Professor Luminița Silaghi-Dumitrescu  
on the occasion of her 65th anniversary 

DITHIOARSINATES REVISITED. A MINI-REVIEW 

IONEL HAIDUCa,* 

ABSTRACT. The dithioarsinato ligands display a variety of coordination 
patterns in inorganic and organometallic compounds. Their structures and 
transformations are reviewed. 

Keywords: dithioarsinate, 1,1-dithiolato ligands, self-assembly, organometallic, 
coordination. 

1. INTRODUCTION

Dithioarsinates are members of a large family of anionic ligands, 
1,1-dithiolates, which also includes dithiophosphinates, dithiophosphates, 
dithiocarboxylates, dithiocarbonates (xanthates) and dithiocarbamates 
(Scheme 1)[1]. Among these the dithioarsinates and dithiocarboxylates are 
less studied. 
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The1,1-dithiolates are versatile ligands and display a variety of 
coordination patterns: monodentate, symmetric or unsymmetric bidentate 
chelating and bridging (Scheme 2, E = P or As). Our interest for this type of 
ligands was mainly stimulated by their ability to participate in the formation 
of inorganic (carbon-free) chelate rings [2].  

The history of dithioarsinate chemistry has known three periods. 
After the preparation of the first metal dithioarsinates in the 19th century [3], 
the field lay dormant until the 70-thies of the 20th century, when the first X-
ray structure determinations were performed. After a new period of some 
silence, the interest for the field was revitalized recently in particular due to 
the work of a group in Patras, Greece. 
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2. TRANSITION METAL COMPLEXES 
 
 A series of dithioarsinates of chromium, manganese, cobalt, nickel, 
copper, zinc and indium was prepared from sodium dimethyldithioarsinate, 
Na[Me2AsS2] and metal halides or by bubbling H2S in a methanolic hydrochloric 
solution of the corresponding dimethylarsinates, M[Me2AsO2]n, and the 
compounds were characterized by spectroscopic methods [4]. 

The transition metal dithioarsinates reported so far include 
dimethyldithioarsinates M(Me2AsS2)n with M = Cr(III), n = 3; M = Mn(Il) [5a], 
Co(Il) [5a, b], Cu(Il) [5a,b,c] diphenyldithioarsinates M(S2AsPh2)n, with M = 
Cr(III), and V(III), n= 3, Co(II), Ni(II), n = 2; and M = In(III) [4c] and a 
dibenzyldithioarsinate Co[S2As(CH2Ph)2]2 [6].  
 Oxovanadium VO(Me2AsS2)2 and oxomolybdenum MoO(Me2AsMe2)3 
were also investigated in the same period [7]. 
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In a structural investigation the chromium complex Cr(Me2AsS2)3 
was found to display a distorted octahedral coordination geometry [8]. 

The complex (Me2AsS2)2Pd was prepared from sodium salt 
Na[Me2AsS2].2H2O, and Pd(OAc)2. The later also cleaves the disulfide 
Me2As(S)–S–AsMe2 to form the complex (Me2AsS2)2Pd, but this reacts 
further to form other Me2As(S) compounds [9]. 

The copper(I) compound was obtained from Na[Me2AsS2]·2H2O 
with CuCl2·2H2O and Cu(OAc)2·H2O and was also formed in the reaction of 
Me2As(S)-S-AsMe2, with Cu(AcO)2·H2O, the compound Me2As(S)OAs(S)Me2 
being also observed as by-product [10]. 

Of the post-transition metals of zinc and cadmium: form 
dimethyldithioarsinato complexes M(Me2AsS2)2 [5a, b].  

A spectacular compound is the tetrahedral oxo-centered inverse 
coordination complex [(µ4-S)Zn4(µ2-Me2AsS2)6] (1) in which the central sulfur 
atom is surrounded by four zinc atoms, bridged by six [Me2AsS2] linkers. 
The structure was established by X-ray diffraction and a cadmium analogue 
was obtained [12]. The compound was prepared from Me2As(S)-S-AsMe2 
and Zn(ClO4)2.6H2O and Cd(NO3)2.4H2O in ethanol. 
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3. MAIN GROUP DERIVATIVES

The alkali metal dithioarsinates, M[R2AsS2] (M = Na, R = Me [11];  
M = K, R = Ph, [4c], CH2Ph [6]) are conveniently prepared from arsinic acids 
or their salts, M[R2AsO2] by treatment with hydrogen sulfide. Two alkali metal 
dimethyldithioarsinates, namely the sodium salt Na[Me2AsS2]·2H2O [9] and 
the potassium salt K[Me2AsS2].2H2O, forming infinite bidimensional sheets, 
were structurally characterized by X-ray diffraction. [13].  
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Tris(dimethyldithioarsinato) complexes of Group 13 metals, 
M(Me2AsS2)3 (M = Al, Ga, In, Tl) were recently prepared and characterized. 
[4c, 5b, 11, 14]. 

The indium(III) derivatives, In(S2AsR2)3 (R = Me, Ph), studied by X-ray 
diffraction are monomeric distorted octaheral, and contain the dithioarsinates 
as isobidenate ligands [15]. The reaction of Na[Me2AsS2]·2H2O with Tl(OAc)3 
gave Me2AsS2Tl and Me2As(S)OAs(S)Me2 as by-product [10]. 

An interesting compound, [(Me2AsS2)2Ga]2S·0.75H2O (2), was formed 
in the hydrolysis (!) of Ga(Me2AsS2)3. An X-ray diffraction analysis demonstrated 
its unique structure containing two monodentate and two bridging dithioarsinato 
ligands [16]. 
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A number of dimethyl- and diphenyldithioarsinates of Main Group 

metals [Sn(IV), Pb(II), As(III), Sb(III), Bi(III)] were synthesized [17]. The 
tris(dimethyldithioarsinato) complexes of group 15 metals, M(S2AsMe2)3 (M = 
Sb, Bi) can be prepared by the reaction of Na[Me2AsS2].2H2O with antimony 
trichloride and bismuth nitrate pentahydrate, respectively, but the reaction 
with AsCl3 gave only Me2As(S)-S-AsMe2 as isolable product [18]. 

The crystal structure determination of bismuth dimethyldithioarsinate, 
Bi(S2AsMe2)3 has found in the solid state that the compound is a dimeric 
supermolecule formed through Bi…S secondary bonds.[19] 

 
 

4. ORGANOMETALLIC DERIVATIVES 
 
 Very few organometallic dithioarsinato derivatives of transition metals 
have been reported; most known examples are dealing with main group metal 
compounds. 

A rhenium(l) carbonyl complex [Re(CO)3(Me2AsS2)py] has been described 
[20] and several trimethylplatinum compounds, including [PtMe3(Me2AsS2)L] (3), 
with L= py or phosphines PMe3, PPh3, PMePh2, and a binuclear complex 
[(PtMe3)2(Me2AsS2)2] (4) have been reported with an X-ray diffraction study of 
the later [21]. 



DITHIOARSINATES REVISITED. A MINI-REVIEW 

13 

Me

Pt
Me

Me

L

S

S

As
Me

Me
S

Pt
Me

Me

Me

S

S

Pt

As

S

Me

Me

Me

As

MeMe

Me
Me

3    4 

A series of organo-silicon, -germanium, -tin and -lead, derivatives of 
dimethyl- and diphenyldithioarsinic acids, Ph4-nM(S2AsR2)n (M = Si, Ge, Sn, 
Pb; n = 1 and 2, R = Me, Ph) were prepared. An X-ray structure analysis of 
Me2Sn(S2AsMe2)2 (5) established that the dithioarsinato ligand is anisobidentate
[22]. On the basis of vibrational spectroscopy it was suggested that 
R3Pb(S2AsPh2) and R2Pb(S2AsPh2), contain Pb-As chelate rings, while in 
the analogous organosilicon and -germanium derivatives, the dithioarsinato 
ligand is monodentate. 

S
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S

As As

Me Me

Me

MeS SMe Me

5 

Ph4-nMCln + n Na[R2AsS2] → Ph4-nM(R2AsS2)n + n NaCl 
  n = 1 M = Si, Ge, Pb; R = Me, Ph 
  n = 2 M = Si, Pb; R = Me, Ph 

Phenylantimony(III) dimethyldithioarsinates, PhnSb(S2AsMe2)3-n with 
n = 1-2, have been prepared and the structure of Ph2SbS2AsMe2 was 
determined by X-ray diffraction. The compound is a supramolecular compound, 
formed by self-assembly of molecular tectons into a chain-like structure 
with S-AsMe2-S bridging ligands, displaying short (covalent, 2.655 Å) and 
long (secondary bonding, 2.830 Å) antimony-sulfur bonds. 

Diphenylantimony(III) dithioarsinates, Ph2SbS2AsR2 (R = Me or Ph), 
have been synthesised and the structure has been determined for 
Ph2SbS2AsPh2 (6). The compound is a dimeric supermolecule formed through 
Sb...S secondary bonds (3.590 and 3.369 Å) longer than the covalent single 
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Sb-S bonds (2.486(2) Å. The self-assembly results in the formation of an 

eight-membered Sb2S4As2 ring [23]. An X-ray diffraction analysis showed 
the Ph2SbS2AsMe2 forms a supramolecular chain (7) in the crystal via 
bridging dimethyldithioarsinate ligands [17b]. 
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5. VARIOUS REACTIONS INVOLVING DITHIOARSENIC GROUPS  

 
When chlorodiphenylphosphine reacted with sodium dithioarsinates, 

Na[R2AsS2] (R = Me, Ph) the products were diorganoarsenic(II1) 
diphenyldithiophosphinates R2AsS-P(S)Ph, instead of the expected 
diphenylphosphinyl dithioarsinates Ph2P-S-As(S)R2, as a result of a 
rearrangement involving migration of sulfur from arsenic(V) to phosphorus(IIl) 
proved by infrared and NMR spectroscopic data. An alternative preparation 
of the phenyl derivative through the direct reaction of Ph2P(S)SH with 
(Ph2As)2O provides additional proof. The reaction was called “sulfotropic 
rearrangement”) [24]. 

A similar sulfotropic rearrangement was found for tetraorganodiarsine 
disulfides, formed in the reaction of chlorodiphenylarsine with sodium 
dithioarsinates [25] 
 
 
Na[R2AsS2]  →  R2As-S-PPh2 → R2As-S-PPh2   ←  (Ph2As)2O 
 +             ║                ║             + 
     Ph2PCl          S                S          Ph2P(S)SH 
 
 
Ph2As-S-AsR2   ←   Ph2As-S-S-AsR2  →   Ph2As-S-AsR2   R = Me, Ph 
    ║                                         ║ 
    S                                         S 
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The oxidation of (Ph2As)2S with tert-butyl hydroperoxide and sulfur 
in 1:1 and 1:2 molar ratio produces the compounds Ph2As(S)-S-AsPh2 and 
Ph2As(S)-S-As(S)Ph2, respectively. The dioxidation products are less 
stable and on recrystalisation an unusual mixed supramolecular adduct 
[Ph2As(O)OH·Ph2As(S)OH]2 self-assembled through hydrogen bonds was 
isolated [26]. 

The first oxygen-bridged dithioarsenic(V) compound, Me2As(S)-O-
As(S)Me2, along with Me2As(S)–S–As(O)Me2, was obtained by oxidation of 
tetramethyldiarsine disulfide Me2As(S)SAsMe2 with tert-butylperoxide. The 
molecular structure of the oxo-bridged compound was established by single 
crystal X-ray diffraction. The formation of the oxo-bridged isomer is unexpected 
and can be rationalized in terms of an oxotropic rearrangement of the sulfur 
bridged compound. Ab initio calculations predict that the oxo-bridged species 
are more stable than the thio-bridged isomer [27].

The reactions of thioarsinites R2As-SPh (R = Me or Ph) with octasulfur 
in the presence of triethylamine were slow and complex and produced the 
disulfide R2As(S)-S-AsR2 mixed with R2As-S-NEt3(+) and R2As-S(-). The disulfide 
Ph2As(S)-S-AsPh2 was not stable and decomposed during work-up to octasulfur 
and Ph2As-S-AsPh2 which was auto-oxidized to Ph2AsO2H.Ph2As(S)OH [28]. 

The dimethylarsino dimethyldithioarsinate Me2As(S)SAsMe2 (also 
known as “Bunsen’s cacodyl disulfide”) was prepared from Me2As(O)OH and 
hydrogen sulfide or by reaction of dimethylarsine Me2AsH with excess sulfur. Its 
molecular structure was established by X-ray diffraction [29, 30]. 

2 Me2AsO(OH) + 3 H2S  →  Me2(S)As-S-AsMe2 + S + 4 H2O  

Interesting products were obtained in the reactions of the sulfide 
Me2As(S)-S-AsMe2 with various reagents.  

The interaction of dimethylarsino dimethyldithioarsinate, Me2(S)As-
S-AsMe2, with metal hexacarbonyls under UV irradiation gave complexes of 
the type [M(CO)5L] (M = Cr or W, L = Me2As-S-AsMe2) and [MM'(CO)10L] 
(M = M' = Cr, L = Me2As-AsMe2, and M = Cr, M' = W or M = M' = W, L = 
Me2As-S-AsMe2). The complex [Cr(CO)5L] decomposes on heating to form 
[Cr(Me2As2)3 [31]. 

The reactions of sulfide Me2As(S)-S-AsMe2 with group 13 halides 
were studied in detail. With BF3.Et2O the product was an equilibrated 
mixture of Me2As(S)-S-AsMe2 and Me2As-S-S-AsMe2. While AlCl3 produced 
complete isomerisation to Me2As-S-S-AsMe2, the halides GaCl3 and InCl3 
just formed coordination adducts. With Tl(III) acetate the unstable complex 
(Me2AsS2)3Tl formed initially was reduced to the Tl(I) compound Me2AsS2Tl 
[32]. 



IONEL HAIDUC 

16 

In the reaction with heavy metal cations in methanol, the disulfide, 
Me2As(S)-S-AsMe2, produced insoluble salts (complexes) of dimethyldithioarsinic 
acid, Me2As(S)SH, and dimethylarsenium ion, Me2As:(-) and finally dimethylarsino 
sulfenium cation, Me2As-S(+). The reactions of (Me2AsS2)xM with triphenylphosphine 
and trimethyl phosphite gave Me2As-S-AsMe2 and the metal sulfide [33]. 

The reactions of the disulfide, Me2As(S)-S-AsMe2 with group 15 
Lewis bases was also investigated. Triphenylamine did not react but 
4-dimethylaminopyridine and triethylamine isomerised the disulfide to 
Me2AsSSAsMe2. Triphenylphosphine and P(OR)3 where (R = Me, Et, Ph) 
and triphenylarsine desulfurised the disulfide to Me2AsSAsMe2 [34]. 

Me2(S)AS-S-AsMe2 + :L → Me2As(-)-S-AsMe2  →  Me2As-S-S-Me2 + L=S 
        │ 
        L(+) 

L= PPh3, AsPh3, P(OMe)3, P(OEt)3, P(OPh)3, P(SPh)3 

With iodine the disulfide Me2As(S)-S-AsMe2 reacted producing an 
uncommon compound, dimethylarsinosulfenyl iodide, Me2As-S-I, containing 
a rare sulfur-iodine bond [35]. 

CONCLUSIONS 

The chemistry of dithioarsinates is less popular than that of 
dithiophosphinates, possibly because of fear of toxicity, unpleasant smell of 
some compounds and non-commercial availability of most starting materials. 
The dithioarsinates are less robust than the dithiophosphinates and quite often 
produce unexpected transformations. In fact this makes them attractive due 
to the serendipity of their chemistry. The popular belief that the arsenic and 
phosphorus display a similar chemistry is not entirely true and for this reason 
the investigation of arsenic compounds, including dithioarsinates, but not 
limited to, deserves attention on its own. 
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NEW DIORGANOCHALCOGEN COMPOUNDS BASED ON 
THE 2-(Me2NCH2)C6H4 GROUP  
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VALENTIN ZAHARIAb, CRISTIAN SILVESTRUa and ANCA SILVESTRUa*  

ABSTRACT. Heteroleptic diorganochalcogen compounds of type  
R[2-(Me2NCH2)C6H4]E [R = (phtz)CH2, E = Se (1), S (2); R = (4-Cl-phtz)CH2,  
E = S (3);  R = (pz)CH2CH2,  E = Se (4)]  were prepared by reacting  
2-(Me2NCH2)C6H4ELi with the appropriate organic halide in a 1:1 molar ratio. 
The new compounds were investigated in solution by 1H, 13C and 77Se NMR 
where appropriate. For compounds 1 and 4 the crystal and molecular 
structures were determined by single-crystal X-ray diffraction. 

Keywords: Diorganoselenium compounds, hypercoordination, structure 
elucidation 

INTRODUCTION  

The organoselenium compounds bearing organic groups with 
possibilities of O→Se or N→Se intramolecular coordination attracted a 
considerable increased interest during last years due to their improved 
hydrolytic and thermal stability [1-3]. They are well-known active species in 
different organic transformations, i.e. selective hydrogenation, methoxyse-
lenenylation or selenocyclization [4-7], or as enzyme models and chemo-
therapeutic reagents [8-10]. A special interest attracted their use as neutral 
or anionic ligands towards main group or d metals, such metal complexes 
being valuable candidates as single-source precursors for metal selenides [11]. 
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On the other hand, pyrazole or thiazole based compounds proved to 
have a significant importance in medicinal chemistry, as anti-inflammatory, 
antibacterial or antitumor agents [12-16]. 

During last years our studies were focused on organoselenium compounds 
of type Ar2Se2, ArSeX (X = Cl, Br, I) or ArSeL (L = organophosphorus ligand) 
bearing organic groups (Ar) with one or two pendant arms, i.e. 2-(R2NCH2)C6H4 
and 2,6-(R2NCH2)2C6H3 (R = Me, Et, Pri, R2 = (CH2CH2)2O, (CH2CH2)2NMe 
[17-20], as well as their metal complexes [21,22]. Recently we reported about 
the compounds [2-(R2NCH2)C6H4][(3,5-dmpz)CH2CH2]Se, [R = Me, Et, dmpz = 
dimethylpyrazole] and their behavior towards gold, silver and palladium [23]. 
As a continuation of our studies we report here about the synthesis and 
structural characterization of the new diorganoselenium compounds  
[2-(Me2NCH2)C6H4][(pz)CH2CH2]Se (pz = pyrazole) and  
[2-(Me2NCH2)C6H4][(phtz)CH2]Se (phtz = phenylthiazole), as well as the 
related sulfur containing compounds [2-(Me2NCH2)C6H4][(phtz)CH2]S and 
[2-(Me2NCH2)C6H4][(4-Cl-phtz)CH2]S. 
 
 
RESULTS AND DISCUSSION 
 

Synthesis and spectroscopy 
 

Several diorganochalcogen compounds containing the 2-(Me2NCH2)C6H4 
group with potential for N→E intramolecular interactions were prepared by 
reacting the lithiated derivative LiEC6H4CH2NMe2-2 (E = S, Se) with the appropriate 
organic halide in a 1:1 molar ratio, as depicted in Scheme 1. 
 

 
 

Scheme 1 
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The new compounds were isolated as solid species, soluble in 
common organic solvents. They were characterized by solution multinuclear 
NMR (1H, 13C and 77Se where appropriate).  

The 1H and 13C NMR spectra show the expected resonances for the 
organic groups. The resonances corresponding to the aromatic protons in 
all compounds appear as multiplets, due to the proton – proton couplings. 
The protons in the CH2 and the NMe2 groups in the pendant arm of the 
2-(Me2NCH2)C6H4 ligands appear as singlet, thus giving no information 
about a possible N→E interaction in solution. 

The 77Se NMR spectra of compounds 1 and 4 present singlet 
resonances at δ values of 315.28 and 241.1 ppm, respectively. 

Single-crystal X-ray diffraction studies 

For compounds 1 and 4 the molecular structures were determined 
by single-crystal X-ray diffraction. The two compounds have similar molecular 
structures. The Ortep-like diagrams with the atom numbering schemes for 
compounds 1 and 4 are given in Figures 1 and 2, respectively, while important 
interatomic distances and angles are given in Table 1.  

Figure 1. Ortep-like diagram with 30% probability ellipsoids of RN1-1.  
Hydrogen atoms are omitted for clarity. 

Figure 2. Ortep-like diagram with 50% probability ellipsoids of RN1-4.  
Hydrogen atoms are omitted for clarity. 
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In both compounds a T-shaped coordination geometry is realized 
around selenium. The 2-(Me2NCH2)C6H4 group acts as a C,N chelating 
ligand, while the thiazole group in 1 and the pyrazole group in 4 are not 
involved in any interaction with selenium.  
 

Table 1. Important interatomic distances (Å) and angles (deg.) in 1 and 4 
 

1 4
C1−Se1 1.926(3)  C1−Se1 1.923(3) 
C13−Se1 1.983(3)  C10−Se1 1.957(4) 
N1−Se1 2.836(3)  N1−Se1 3.093(3) 
C1−Se1−C13 99.59(14)  C1−Se1−C10 101.7(2) 
N1−Se1−C13 173.15(12)  N1−Se1−C10 172.99(1) 
N1−Se1−C1  73.75(11)  C1−Se1−N1 72.05(9) 

 
The N→Se intramolecular interaction is longer in compound 4 than 

in 1, but much shorter than the sum of the van der Waals radii of the two 
elements (ΣrvdW(N,Se) 3.54 Å [24]). The five-membered SeC3N rings are not 
planar, but folded along the imaginary axes Se1···C7. Moreover, the N→Se 
intramolecular interaction induces planar chirality and, as a consequence, 
the respective compounds crystallize as 1:1 mixtures of R and S isomers.  
 
 
CONCLUSIONS 

 
Our studies revealed a C,N bidentate behavior of the 2-(Me2NCH2)C6H4 

group in compounds 1 and 4 in solid state. The room temperature NMR 
spectra suggest either the absence of the N→E (E = S, Se) intramolecular 
interaction in solution, or a dynamic behavior involving de-coordination, inversion 
at nitrogen and re-coordination to chalcogen, too fast to be observed at the NMR 
time scale. 
 
 
EXPERIMENTAL SECTION 

 
Starting materials, i.e. 2-(Me2NCH2)C6H4ELi [25], pzCH2CH2Br [26], 

(phtz)CH2Cl and (4-Cl-phtz)CH2Cl [27] were prepared according to literature 
procedures. nBuLi and other starting chemicals were commercially available. All 
manipulations involving air sensitive compounds were carried out under 
argon, using Schlenk techniques. Solvents were dried and distilled prior to use. 
Elemental analyses were performed on a Flash EA 1112 machine. Melting 
points have been determined with an ELECTROTHERMAL 9200 apparatus  
and they are not corrected. Multinuclear NMR spectra (1H, 13C and 77Se) were 
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recorded on a BRUKER 400 instrument operating at 400.1, 100.6 and 76.3 
MHz, respectively, using CDCl3 solutions. The chemical shifts are reported in 
δ units (ppm) relative to the residual peak of the deuterated solvent (ref. 
CHCl3: 1H 7.26, 13C 77.0 ppm) and Me2Se, respectively. The 1H and 13C 
chemical shifts were assigned based on 2D experiments (COSY, HSQC and 
HMBC) using standard BRUKER XWIN-NMR pulse sequences and they are 
given according to the numbering in Scheme 2. The NMR spectra were 
processed using the MestReC and MestReNova software [28].  
 

 
 

Scheme 2. 
 
 

Preparation of N,N-dimetyl-1(-2(((-2-phenylthiazol-4-yl)metyl)selanyl) 
phenyl)metanamine (1) 
 

Selenium powder (0.347 g, 4.4 mmol) was added to a solution of  
2-Me2NCH2C6H4Li (0.62 g, 4.4 mmol) in THF (30 mL) at room temperature 
and stirring was continued for 2 hours. To the as obtained lithium 
organoselenolate a solution of 4(-chlorometyl)-2-phenylthiazol (0.92 g, 4.4 
mmol) in THF (20 ml) was added dropwise and the reaction mixture was 
stirred over night. Then the solvent was removed under reduced pressure 
and the remained solid was treated with toluene. The precipitated LiCl was 
filtered off and toluene was removed under reduced pressure, when the title 
compound resulted as a colourless powder. Yield 1.3 g (76%) M.p. 91°C. 
Anal. Calc. for C19H20N2SSe (M = 387.40) C 58.91, H 5.20, N 7.23%. 
Found: C 58.83, H 5.22, N 7.31%. 1H NMR: δ 2.21 (s, 6H, NCH3); 3.46 (s, 
2H, NCH2); 4.26 (s, 2H, SeCH2); 6.98 (s, 1H, H8); 7.18 – 7.27 (m, 3H, 
C6H4); 7.43 (m, 3H, C6H5-meta+para); 7.62 (m, 1H, C6H4); 7.89 – 7.97 (m, 
2H, C6H5-ortho); 13C NMR: δ 26.05 (s, SeCH2, 1JSeC 17.2 Hz), 44.77 (s, 
NCH3), 64.47 (s, NCH2), 115.06 (C8), 126.16 (C6H4), 126.57 (C6H5-ortho), 
127.77 (C6H4), 128.89 (C6H5-meta), 129.62 (C6H4), 129.96 (C6H5-para), 
131.63 (C6H4), 133.66 (C8), 134.00 (C1), 140.41 (C2), 154.88 (C7), 167.88 
(C6H5-ipso). 77Se NMR: δ 315.28s 
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Preparation of N,N-dimetyl-1(-2(((-2-phenylthiazol-4-yl)metyl)thio) 
phenyl) metanamine (2) 
Sulfur powder (0.138 g, 4.3 mmol) was added to a solution of 2-

Me2NCH2C6H4Li (0.61 g, 4.3 mmol) in THF (30 mL) at room temperature and 
stirring was continued for 2 hours. To the as obtained lithium organothiolate 
a solution of 4(-chlorometyl)-2-phenylthiazol (0.90 g, 4.3 mmol) in THF (20 ml) 
was added dropwise and the reaction mixture was stirred over night. Then 
the solvent was removed under reduced pressure and the remained oil was 
treated with toluene. The precipitated LiCl was filtered off, and toluene was 
removed under reduced pressure, when the title compound resulted as an 
orange powder. Yield 1.34 g (92%) M.p. 95°C. Anal. Calc. for C19H20N2S2 
(M = 340.51) C 67.02, H 5.92, N 8.23%. Found: C 67.22, H 6.07, N 8.34%.1H 
NMR: δ 2.26 (s, 6H, NCH3); 3.51 (s, 2H, NCH2); 4.31 (s, 2H, SCH2); 7.01 (s, 
1H, H8); 7.11 – 7.22 (m, 2H, C6H4); 7.21 (d, 1H, C6H4, 3JHH 7.3 Hz); 7.39 (d, 1H, 
C6H4, 3JHH 7.5 Hz); 7.40 – 7.48 (m, 3H, C6H5-meta+para); 7.92 – 7.94 (m, 2H, 
C6H5-ortho); 13C NMR: δ 34.29 (SCH2), 45.34 (NCH3), 62.02 (NCH2), 115.76 
(C8), 125.94 (C6H4), 126.56 (C6H5-ortho), 127.65 (C6H4), 128.94 (C6H5-meta), 
129.29 (C6H4), 129.99 (C6H5-para), 130.06 (C6H4), 133.54 (C8), 136.30 (C1), 
138.95 (C2), 153.80 (C7), 168.17 (C6H5-ipso). 

Preparation of 1-(2-(((2-(4-chlorophenyl)thiazol-4-yl)methyl)thio) 
phenyl)-N,N- -dimethylmethanamine (3) 
To a solution of 2-Me2NCH2C6H4SLi (0.63 g, 3.6 mmol) in THF (30 

mL) was added a solution of 4(-chlorometiy)-2(-4-chlorophenyl)thiazol (0.88 
g, 3.6 mmol) in THF (20 ml). and the reaction mixture was stirred over night. 
Then the solvent was removed under reduced pressure and the remained 
orange oil was treated with toluene. The precipitated LiCl was filtered off, and 
toluene was removed under reduced pressure. The remained orange oil was 
treated with n-hexane, when the title compound precipitated as an orange 
powder. Yield 1.31 g (97%) M.p. 80°C. Anal. Calc. for C19H19ClN2S2 (M = 
374.95) C 60.86, H 5.11, N 7.47%. Found: C 60.73, H 5.21, N 7.51%. 1H 
NMR: δ 2.20 (s, 6H, NCH3); 3.47 (s, 2H, NCH2); 4.37 (s, 2H, SCH2); 6.56 (s, 
1H, H8); 7.18 – 7.24 (m, 2H, C6H4); 7.31 – 7.35 (m, 2H, C6H4); 7.43 (d, 2H, 
C6H5- meta, 3JHH 7.9 Hz); 8.12 (d, 2H, C6H5- ortho, 3JHH 8.1 Hz); 13C NMR: δ 
30.36 (SCH2), 45.19 (NCH3), 62.58 (NCH2), 109.68 (C8), 127.30 (C6H4), 
127.93 (C6H4), 128.04 (4-ClC6H4-ortho), 128.90 (4-ClC6H4-meta), 129.75 
(C6H4), 129.97 (C6H4), 130.56 (4-ClC6H4-para), 131.54 (C8), 134.66 (C1), 
135.61 (C2), 157.04 (C7), 166.11 (4-ClC6H4-ipso). 
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Preparation of 1-(2-((2-(1H-pyrazol-1-yl)ethyl)selanyl)phenyl)-
N,N-dimethyl-methanamine (4) 
 

Selenium powder (0.68 g, 8.5 mmol) was added to a solution of 2-
Me2NCH2C6H4Li (1.20 g, 8.5 mmol) in THF (25 mL) and the reaction 
mixture was stirred under argon for 3 hours. Then a solution of 1-(2-
bromoethyl)pyrazol (1.49 g, 8.5 mmol) in THF (10 mL) was added dropwise 
and the reaction mixture was stirred over night. Then the solvent was 
removed under reduced pressure and the remained solid was treated with 
toluene. The precipitated LiCl was filtered off, and toluene was removed 
under reduced pressure. The remained solid was washed with n-hexane 
and the title compound resulted as a yellow solid. Yield: 2.38 g (91%) M.p. 
45°C. Anal. Calc. for C14H19N3Se (M = 308.28) C 54.54, H 6.21, N 13.63%. 
Found: C 54.22, H 6.51, N 13.78%. 1H NMR: δ 2.23 (s, 6H, NCH3), 3.31 (t, 
2H, H8, 3JHH 7.33 Hz), 3.48 (s, 2H, H7), 4.40 (t, 2H, H9, 3JHH 7.44 Hz), 6.24 
(s, 1H, H11), 7.21 (m, 2H, C6H4), 7.28 (d, 1H, C6H4, 3JHH 7.14 Hz), 7.38 (s, 
1H, H12), 7.48 (d, 1H, C6H4, 3JHH 7.27 Hz), 7.55 (s, 1H, H10). 13C NMR: δ 
26.04 (C5), 44.86 (NCH3), 52.15 (C7), 64.66 (C4), 105.47 (C11), 126.31 
(C6H4), 128.12 (C6H4), 129.32 (C6H4), 130.11 (C10), 130.81 (C12), 132.31 
(C6H4), 139.79 (C6H4), 140.63 (C6H4). 77Se NMR: δ 241.1s, broad. 
 

X-ray Crystallographic Studies 
 

X-ray quality crystals of compounds 1 and 4 resulted by slow diffusion 
from a mixture of CDCl3 and n-hexane (1/4, v/v). The crystals were attached 
with paraton/N oil to cryoloops. Data collection and processing were carried 
on a Bruker SMART APEX CCDC system, using graphite-monochromated 
Mo Kα radiation. Details of the crystal structure determination and refinement 
are given in Table 2.  

 
Table 2. Crystalllographic data for compounds 1 and 4. 

 

 1 4
Empirical formula C19H20N2SSe C14H19N3Se 
Formula weight 387.39 308.28 
Temperature, K 297(2) 297(2) 
Wavelength, Å 0.71073  0.71073 
Crystal system Triclinic monoclinic 
Space group P -1 P2(1)/n 
Crystal size, mm 0.40 x 0.33 x 0.30 0.40 x 0.32 x 0.28 
Unit cell dimensions   
 a, Å 6.101(4) 11.797(3) 
 b, Å 11.062(7) 5.3923(15) 
 c, Å 14.045(8) 23.848(7) 
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1 4
α, o 79.694(10) 90.00
β, o 86.408(9) 103.299(5)
γ, o 81.020(9) 90.00

V, Å3 920.6(9) 1476.4(7)
Z, Calculated density 2, 1.397 mg/m3 4, 1.387 mg/m3 
F(000) 396 632
Refinement method Full-matrix least-squares on F2 
ϴ Range for data collection, deg. 1.475 to 24.999 1.75 to 25.00 
Reflections collected 8572 13300 
Independent reflections [Rint] 3202 R(int) = 0.0447 2599, R(int) = 0.0432 
Data/restraints/parameters 3202 / 0 / 208 2599 / 0 / 165 
Goodness-of-fit on F2 1.022 1.056
Final R indices [I>2sigma(I)] R1 = 0.0407, 

wR2 = 0.0864 
R1 = 0.0445, 
wR2 = 0.1061 

R indices (all data) R1 = 0.0531, 
wR2 = 0.0907 

R1 = 0.0543, 
wR2 = 0.1102 

Largest diff. peak and hole, (e Å -3) 0.502 and -0.303 0.846 and -0.560 

The structure was refined with anisotropic thermal parameters. The 
hydrogen atoms were refined with a riding model and a mutual isotropic 
thermal parameter. The software package SHELX-97 was used for structure 
solving and refinement [29]. The drawings were created with the DIAMOND 
program [30]. 
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THE QUEST FOR BRIDGING TRIFLUOROPHOSPHINE 
LIGANDS IN TRANSITION METAL COMPLEXES 

ROBERT BRUCE KING1* 

ABSTRACT. Trifluorophosphine is a strong back-bonding ligand like the 
ubiquitous carbonyl ligand. In fact mononuclear zerovalent trifluorophosphine 
complexes such as M(PF3)6 (M = Cr, Mo, W), M(PF3)5 (M = Fe, Ru), and 
M(PF3)4 (M = Ni, Pt) are even more stable than their well-known carbonyl 
analogues. However, metal complexes with bridging trifluorophosphine ligands 
are virtually unknown. We review theoretical studies on the Co2(PF3)8, 
Fe2(PF3)9, and Cp2Fe2(PF3)n (Cp = 5-C5H5; n = 4, 3) systems analogous to 
the well-known metal carbonyls Co2(CO)6(µ-CO)2, Fe2(CO)6(µ-CO)3, 
Cp2Fe2(CO)2(µ-CO)2, and Cp2Fe2(µ-CO)3 containing two or three bridging 
CO groups. In most cases structures having features other than bridging 
PF3 groups are energetically preferred.  

Keywords: Trifluorophosphine, iron, cobalt, density functional theory 

INTRODUCTION  

The use of carbon monoxide as a ligand to stabilize low transition 
metal oxidation states dates back to the discovery of nickel tetracarbonyl in 
1890 as a volatile liquid containing formally zerovalent nickel [1]. Other transition 
metals were subsequently found to form similar zerovalent binary metal 
carbonyls as exemplified by Cr(CO)6, Mn2(CO)10, Fe(CO)5, and Co2(CO)8. A 
key to the stabilization of formally zerovalent transition metal derivatives is the 
removal of electron density from the metal atom by dπpπ* back-donation 
from filled metal d orbitals into empty CO π* antibonding orbitals. 

1 Department of Chemistry, University of Georgia, Athens, Georgia 30602, USA.  
* Corresponding author: rbking@chem.uga.edu
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 The unusual properties of the CO ligand in stabilizing low oxidation 
states stimulated the search for other ligands with similar properties. In this 
connection Wilkinson and Irvine [2] in 1951 discovered the binary zerovalent 
nickel trifluorophosphine complex Ni(PF3)4, as a volatile liquid considerably 
more stable than Ni(CO)4. Subsequent work led to the extensive development of 
metal trifluorophosphine chemistry, particularly in the laboratories of Kruck et al. 
Thus reactions of phosphorus trifluoride under pressure with various transition 
metal derivatives led to a variety of metal very stable trifluorophosphine 
complexes [3, 4, 5, 6, 7, 8, 9, 10, 11, 12] The strong back-bonding of the 
trifluorophosphine ligand in metal trifluorophosphine complexes can be related to 
the the electron withdrawing properties of its three highly electronegative fluorine 
atoms [13, 14, 15, 16, 17, 18, 19, 20, 21, 22]. Thus PF3 ligands, like CO 
ligands, stabilize low formal oxidation states so that zerovalent metal derivatives, 
such as Cr(PF3)6, Fe(PF3)5, and Ni(PF3)4, are essentially stable towards air 
oxidation. In addition, their volatility is comparable to the analogous metal 
carbonyls despite their considerably higher molecular weights. In addition 
several binary zerovalent metal trifluorophosphine complexes without currently 
known stable homoleptic metal carbonyl counterparts are known including 
M2(PF3)8 (M = Rh, Ir) [23], Pt(PF3)4 [24, 25, 26] and Pt4(PF3)8 [27]. This 
suggests that PF3 is even better than CO in stabilizing low transition metal 
oxidation states. In addition to the strong back-donation of PF3 ligands, the 
greater steric protection of the central metal atom by multiple PF3 ligands 
relative to that by multiple CO ligands may enhance the stability of some 
zerovalent metal trifluorophosphine complexes. 
 These observations on the higher stability of metal trifluorophosphine 
complexes relative to corresponding metal carbonyls suggested originally 
that metal trifluorophosphine chemistry might evolve into a more extensive area 
of inorganic chemistry than even metal carbonyl chemistry. However, as metal 
trifluorophosphine chemistry continued to develop, metal trifluorophosphine 
complexes with bridging PF3 groups analogous to well-known metal carbonyls 
with bridging carbonyl groups (Figure 1) such as Co2(CO)8 { = Co2(CO)6(µ-CO)2} 
[28, 29, 30, 31] and Fe2(CO)9 {= Fe2(CO)6(µ-CO)3} [32, 33] remained unknown 
even though metal trifluorophosphine complexes with terminal PF3 groups are 
generally more stable than their carbonyl counterparts.  

 
Figure 1. The bridged structures of Co2(CO)8 and Fe2(CO)9. 
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The cyclopentadienyliron carbonyl Cp2Fe2(CO)4 is another example 
of a common metal carbonyl derivative containing two bridging CO groups. In 
fact, cis and trans isomers of Cp2Fe2(CO)2(µ-CO)2 can be isolated separately 
and structurally characterized by X-ray crystallography (Figure 2) [34, 35, 36]. 
The doubly bridged Fe–Fe bonding distances in these structures are ~2.54 Å 
corresponding to formal single bonds. Again the analogous Cp2Fe2(PF3)2(µ-PF3)2 
with two bridging PF3 groups remains unknown even though related CpFe 
species with terminal PF3 groups such as CpFe(PF3)2H have been synthesized 
[37]. Another stable binuclear cyclopentadienyliron carbonyl is the triply bridged 
Cp2Fe2(µ-CO)3, which can be synthesized by photolysis of Cp2Fe2(CO)2(µ-CO)2 
at low temperatures. This species is of interest in being a stable organometallic 
triplet state molecule [38, 39, 40, 41]. Thus, the Fe=Fe formal double bond 
of length 2.265 Å in Cp2Fe2(µ-CO)3 has two orthogonal single-electron orthogonal 
π “half-bond” components analogous to the O=O double bond in ordinary 
dioxygen thereby accounting for the triplet spin state of this molecule. An 
analogous Cp2Fe2(PF3)3 has not been synthesized. 
 

 
 

Figure 2. The trans and cis isomers of the doubly bridged  
Cp2Fe2(CO)2(µ-CO)2 [= Cp2Fe2(CO)4] and the triply bridged Cp2Fe2(µ-CO)3 structure. 

 
In order to gain some insight into the reasons for the lack of binuclear 

transition metal complexes having bridging PF3 groups, we undertook a density 
functional theory study of trifluorophosphine analogues of binuclear metal 
carbonyls with bridging CO groups. We review here the highlights of our 
studies on the Co2(PF3)8 [42], Fe2(PF3)9 [43], and Cp2Fe2(PF3)n (n= 4, 3) [44] 
systems analogous to Co2(CO)8, Fe2(CO)9, and Cp2Fe2(CO)n, respectively. 
Further details are provided in the individual cited articles. 
 
 
RESULTS AND DISCUSSION 
 
 Optimization of Co2(PF3)8 led only to the unbridged structure having a 
predicted Co–Co distance of ~2.77 Å (Figure 3). This Co–Co distance is 
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analogous unbridged (OC)4Co–Co(CO)4 isomer stabilized in a C60 matrix [45] 
The lengthening of the unbridged Co–Co bond upon substituting all of the CO 
groups with PF3 groups may be a consequence of the greater steric bulk of 
PF3, thereby forcing the cobalt atoms to remain at a longer distance from each 
other. The doubly bridged Co2(CO)6(µ-CO)2 isomer has a shorter Co–Co 
distance of ~2.53 Å owing to a bond-shortening effect of the two bridging CO 
groups [46, 47, 48]. The bridged Co2(CO)6(µ-CO)2 and unbridged Co2(CO)8 
isomers are shown to be in equilibrium in solution [49, 50, 51, 52, 53] and are 
calculated by density functional theory to have similar energies. 

A bridging PF3 group is a feature of the only Co2(PF3)9 structure found 
in the density functional theory study (Figure 3). This structure may be regarded 
as a substitution product of PF5 in which the two axial fluorine atoms have 
been replaced by –Co(PF3)4 units, i. e., one-half of the optimized Co2(PF3)8 
structure. However, Co2(PF3)9 appears to be disfavored thermochemically with 
respect to exothermic PF3 loss by ~10 kcal/mol to give Co2(PF3)8. Thus 
Co2(PF3)9 is not likely to be a viable species. A high-energy Co2(PF3)7 structure 
is also found with a bridging PF3 group between two Co(PF3)3 units without a 
Co–Co bond. However, this Co2(PF3)6(µ-PF3) structure lies ~60 kcal/mol in 
energy above the lowest energy Co2(PF3)7 structure and thus does not appear 
to be a viable species. 

Figure 3. Structures of Co2(PF3)n (n = 8, 9). 

 The experimental Fe2(CO)9 structure is the triply bridged isomer 
Fe2(CO)6(µ-CO)3 [54, 55]. However, a singly bridged Fe2(CO)8(µ-CO) isomer is 
of comparable energy. An analogous singly bridged Os2(CO)8(µ-CO) structure 
is the experimental Os2(CO)9 structure. The lowest energy Fe2(PF3)9 structure 
by ~28 kcal/mol (Figure 4) is related to the lowest-energy Co2(PF3)9 structure 
(Figure 3) by migration of a fluorine atom from the bridging phosphorus atom 
to an iron atom leaving a bridging PF2 group rather than a bridging PF3 group. 
Formation of the Fe2(PF3)8(F)(µ-PF2) structure for Fe2(PF3)9 can also be 
interpreted as insertion of an iron atom into a P–F bond of an initially bridging 
PF3 ligand. The driving force for the splitting of the neutral PF3 ligand into the 
anionic PF2 and F ligands can relate to the reducing power of zerovalent iron. 
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Similar bridging PF2 groups are found in the binuclear derivatives 
M2(PF3)6(µ-PF2)2 (M = Fe, Co [56]). These observations suggest that bridging 
PF2 groups are more favorable than bridging PF3 groups. 

Figure 4. Lowest energy structures of Fe2(PF3)n (n = 8, 9) 

The dissociation energy of Fe2(PF3)9 to give Fe2(PF3)8 + PF3 is 
~13 kcal/mol, which is significantly lower than CO dissociation from the stable 
binary metal carbonyls. Thus the experimental CO dissociation energies of 
Cr(CO)6, Fe(CO)5, and Ni(CO)4 are 37, 41, and 27 kcal/mol, respectively [57]. 
More significantly, dissociation of Fe2(PF3)9 into the mononuclear fragments 
Fe(PF3)5 + Fe(PF3)4 is essentially thermoneutral within ~1 kcal/mol suggesting 
that Fe2(PF3)9 is not a viable species. However, the dissociation of Fe2(PF3)8 
into two Fe(PF3)4 fragments is clearly endothermic at ~25 kcal/mol. The 
optimized Fe2(PF3)8 structure consists of two Fe(PF3)4 units linked solely by 
an Fe=Fe bond of length ~2.51 Å. This Fe=Fe distance is ~0.26 Å shorter 
than the Co–Co single bond in the likewise unbridged Co2(PF3)8 structure 
(Figure 3). This supports the formulation of the Fe=Fe bond in Fe2(PF3)8 as 
the formal double bond needed to give each iron atom the favored 
18-electron configuration. The carbonyl Fe2(CO)8 analogous to Fe2(PF3)8 has 
been detected spectroscopically in low-temperature matrices but is not viable 
not under normal conditions [58, 59, 60].  

A density functional theory study on the Cp2Fe2(CO)4 system shows 
the cis and trans isomers of the doubly bridged Cp2Fe2(CO)2(µ-CO)2 
structure (Figure 2) to be the lowest energy structures consistent with the 
fact that both stereoisomers have been isolated and characterized structurally by 
X-ray crystallography. However, an unbridged Cp2Fe2(CO)4 isomer was 
also found lying ~6 kcal/mol in energy above the doubly bridged Cp2Fe2(CO)2(µ-
CO)2 isomers. The predicted Fe–Fe distance of ~2.73 Å in the unbridged 
Cp2Fe2(CO)4 isomer is ~0.2 Å longer than that in the doubly bridged 
Cp2Fe2(CO)2(µ-CO)2 isomer. A density functional theory study on the 
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evidence for any low-energy Cp2Fe2(PF3)4 structures with bridging PF3 groups. 
The less sterically hindered trans-Cp2Fe2(PF3)4 structure was found to lie 
~5 kcal/mol in energy below its cis stereoisomer. The predicted Fe–Fe distances 
of ~2.98 Å and ~3.01 Å for trans- and cis-Cp2Fe2(PF3)4, respectively, are 
nearly 0.3 Å longer than that for the unbridged Cp2Fe2(CO)4 isomer. This 
presumably is an effect of the greater bulk of the CpFe(PF3)2 halves of the 
Cp2Fe2(PF3)4 molecule as compared with the CpFe(CO)2 halves of the 
unbridged Cp2Fe2(CO)4 molecule. 

A density functional theory study on the Cp2Fe2(PF3)3 system also 
showed the only structures within ~11 kcal/mol of the lowest energy structure 
to be unbridged triplet and quintet spin state structures with two terminal PF3 
groups on one iron atom and a third terminal PF3 group on the other iron atom. 
This is in stark contrast to the experimentally known triply bridged Cp2Fe2(µ-
CO)3 structure of the carbonyl analogue. The Fe=Fe distances in these 
unbridged Cp2Fe2(PF3)3 structures range from ~2.44 Å for a quintet spin state 
structure to 2.7 to 2.8 Å for the triplet spin state structures. All of these Fe=Fe 
distances are significantly less than the ~3.0 Å Fe–Fe single bond distances in 
the unbridged Cp2Fe2(PF3)4 structures thereby suggesting formal double 
bonds of various types. 

Figure 5. The lowest energy Cp2Fe2(PF3)n (n = 4, 3) structures. 
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fluorine atom has migrated from the bridging PF3 group to a terminal PF3 
group. The predicted exothermicity of this process indicates that bridging PF2 
groups with four-coordinate phosphorus atoms are more favorable than 
bridging PF3 groups with five-coordinate phosphorus atoms. The terminal 
PF4 group bonded to the iron atom is related to phosphorus pentafluoride by 
replacing one of the P–F bonds with a P–Fe bond. It is a net donor of one 
electron to the iron atom so both iron atoms in the Cp2Fe2(PF3)3(PF4)(µ-PF2) 
structure have the favored 18-electron configuration.  

Figure 6. The exothermic conversion of Cp2Fe2(PF3)4(µ-PF3) to 
Cp2Fe2(PF3)3(PF4)(µ-PF2) involving fluorine migration from a bridging  

PF3 group to a terminal PF3 group. 

CONCLUSIONS 

Density functional theory studies on the Co2(PF3)8, Fe2(PF3)9, and 
Cp2Fe2(PF3)n (Cp = 5-C5H5; n = 4, 3) systems confirm the experimentally 
observed reluctance for the strong back-bonding PF3 ligand to form binuclear 
metal complexes containing bridging PF3 groups despite the fact that their 
carbonyl analogues contain two or three CO groups bridging a central metal-
metal bond. Thus for Co2(PF3)8 and Cp2Fe2(PF3)n (n = 4, 3) all of the low-
energy structures are unbridged structures with the two parts held together 
only by metal-metal bonds. The lowest energy Fe2(PF3)9 structure by a 
substantial margin is of the type Fe2(PF3)8(F)(µ-PF2) where one of the iron 
atoms has inserted into a P–F bond of one of the PF3 ligands. 

Bridging PF3 groups without a central metal-metal bond are found in 
low-energy structures of the ligand-rich species Co2(PF3)9 and Cp2Fe2(PF3)5. 
However, Co2(PF3)9 is not likely to be a viable species since loss of one PF3 
ligand to give Co2(PF3)8 is an exothermic process by ~10 kcal/mol. 
Furthermore the PF3-bridged Cp2Fe2(PF3)4(µ-PF3) is disfavored relative to 
migration of fluorine from the bridging PF3 group to a terminal PF3 group to 
give Cp2Fe2(PF3)3(PF4)(µ-PF2). 
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The reluctance of PF3 to bridge two metal atoms compared with CO 
can be related to the coordination number of the donor atom. Thus terminal 
and bridging CO groups have dicoordinate and tricoordinate carbon atoms, 
respectively (Figure 7). Similarly, terminal and bridging PF3 groups have 
tetracoordinate and pentacoordinate phosphorus atoms, respectively. Thus the 
phosphorus atom in a bridging PF3 group has energetically less favorable 
hypervalent coordination, necessarily involving high-energy d orbitals or 
multicenter three-center four-electron bonding. In fact, the Co2(PF3)8(µ-PF3) 
and Cp2Fe2(PF3)4(µ-PF3) having bridging PF3 groups without metal-metal bonds 
may be regarded as substitution products of phosphorus pentafluoride, PF5. 

Figure 7. Comparison of terminal and bridging CO and PF3 ligands 
showing the hypervalent nature of a bridging PF3 group. 
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BISPHOSPHONITOCARBABORANE(12)S:  

A COMPUTATIONAL STUDY 
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ABSTRACT. Density functional calculations indicate that, the steric and 
packing factors seem to play a much more significant role than the 
electronic effects in influencing the bending of the rhodium(I) complexes of 
bisphosphonitocarbaborane(12)s. 

Keywords: Rhodium(I) Complexes, Bisphosphonitocarbaborane(12)s, Density 
Functional Theory, Natural Bond Orbital Analysis  

INTRODUCTION  

The rhodium(I) complexes 1–5 (Scheme 1) with various 
bisphosphonitocarbaborane(12) ligands are chloro-bridged dimers in which 
the Rh2Cl2 four-membered ring is either in a butterfly conformation (1–4) or 
planar (5) [1]. Density functional calculations were carried out to elucidate 
which factors determine the conformational preferences in these complexes.  

RESULTS AND DISCUSSION 

Bis(phosphanes) are versatile ligands for late transition metals, which 
can be used in homogeneous catalysis. Due to the tunability of the steric and 
electronic properties, a range of different ligands has been employed over the 
last few decades. 1,2-Dicarba-closo-dodecaborane(12) [ortho-carbaborane(12)] is 
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of interest as a C2-symmetric backbone for phosphanes. Tertiary phosphane 
derivatives were first obtained in 1963 by dilithiation of ortho-carbaborane(12) 
and subsequent reaction with chlorodiphenylphosphane [2]. Since then several 
derivatives with organophosphorus substituents have been prepared and 
their reactivity and coordination chemistry have been investigated. Several of 
these compounds have been applied in homogeneous catalysis [3]. Specifically, 
the corresponding rhodium complexes are of interest in homogeneous catalysis. 
We have, therefore, prepared several rhodium(I) bisphosphonitocarbaborane(12) 
complexes (1–5) (Scheme 1) which were shown by X-ray crystallography to be 
chloro-bridged dimers in which the Rh2Cl2 four-membered ring is either in a 
butterfly conformation (1–4) or planar (5) [1]. We here report the results of 
density functional calculations which allowed elucidating the factors determining 
the conformational preferences in these complexes.  

1: R1 = 2: R1 =

Cl

Cl
P

P

Rh

P

P

Rh

R1R1

R1 R1

R2

R2

R2

R2

; R2 = Cl ; R2 = Cl

4: R1 = ; R2 = N

O

O

O

3: R1 = ; R2 = ClN

5: R1 = ; R2 = OMeN

= BH
= C

Scheme 1. Chloro-bridged rhodium(I) bisphosphonitocarbaborane(12)  
complexes 1–5 [1]. 

 
A driving force for bending of such binuclear square-planar complexes 

of d8 transition metal appears to be the donor–acceptor interactions between 
the dz2 electrons and empty pz orbitals of the two metal atoms [4,5], However, 
only for large degrees of bending is the M···M interaction attractive enough 
to make the molecule more stable in its bent form with θ < 140°. The fold 
angle θ is defined as the dihedral angle between the coordination planes of 
the two metal centers (M–X–X–M: M = Ni, Pd, Pt, Rh, Ir; X = Cl, Br, I). Steric 
factors can also have a major influence on the fold angle θ, as shown by an 
energy difference of 10 kJ·mol−1 between a planar and folded modification 
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of [{Rh(μ-Cl)(H2PCH2PH2)}2] [6]. However, steric effects seem to be 
important in preventing bending only for bulky terminal ligands [7]. Furthermore, 
packing effects in the crystal may also be considered to play an important 
role in the degree of folding of the molecules [4,6]. 

Figure 1. Optimized and experimental Rh–Cl–Cl–Rh fold angles θ (top, [°]), ligand 
volumes (middle, V, [cm3·mol–1]) and second-order energy lowering values  

(bottom, ∆E, [kJ·mol–1]) for rhodium complexes 1–5. 

The optimized fold angles θ in complexes 1–4 correlate well with the 
calculated ligand volumes (Figure 1), indicating the significant influence of 
the steric factors on the bending of these complexes. The almost equal 
second-order energy lowering (∆E(2)) values, in contrast with the decreasing 
fold angles θ in 1, 2 and 3, clearly indicate that the influence of d → p* 
interactions on the level of bending is insignificant when compared with the 
effects of the steric factors. Complex 4 is perhaps the best example where 
steric and packing effects override electronic ones. Even though the crystal 
structure of 4 presents a bent Rh2Cl2 central unit, θ relaxes to 180° after 
optimization. On the other hand, the fold angle θ is unchanged or insignificantly 
altered after optimizing the structures of 1, 2 and 3. Thus, the bending 
observed in the crystal structure of 4 is only due to packing effects in the 
crystal and not caused by electronic effects. Furthermore, the bending in 
the optimized structure of 4 is sterically prohibited by the bulky ligands, in 
spite of the associated significant d → p* interactions with the highest of all 
the ∆E(2) values presented in Figure 1. 
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Finally, complex 5 stands out from the group with a planar Rh2Cl2 
central unit in both the X-ray [1] and the optimized structure associated with 
a small ligand volume. The small ligand should allow the bending of 5. 
However, the associated d → p* interaction energies seems to be too weak 
to cause bending in 5.  

The values discussed above are summarized in Table 1. All in all, the 
steric and crystal packing effects seem to play a much more significant role 
than the electronic effects in influencing the bending of the rhodium 
complexes of the present study. This tendency of the bulky ligands to prevent 
bending is in good agreement with findings from previous studies [7]. 

 
 

Table 1. Optimized geometries and natural bond orbitals (NBO) involved in the 
d → p* donor–acceptor interactions identified in 1–5. Rh: pink, Cl: green, P: 

orange, O: red, N: blue, C: gray, B: tan. Hydrogen atoms are not shown. 
 

 d(Rh1) → p*(Rh2) d(Rh2) → p*(Rh1) 

1 

  

2 

  

3 
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d(Rh1) → p*(Rh2) d(Rh2) → p*(Rh1) 

4 

5 

CONCLUSIONS 

Density functional calculations indicate that steric factors and packing 
seem to play a much more significant role than electronic effects in influencing 
the bending of the rhodium complexes 1–5. 

EXPERIMENTAL SECTION 

The geometries of complexes 1–5 were optimized using the M06-L 
density functional [8] of the Gaussian 09 program package [9]. The calculations 
were performed using the LANL2TZ(f) basis set for Rh, the LANL08d basis 
set for P and Cl [10], along with the effective core potential of Hay and Wadt 
[11], obtained from the EMSL Basis Set Library [12]. For the remaining atoms, 
the D95V(d) basis set was used [13]. The existing d → p* donor–acceptor 
interactions were identified with Natural Bond Orbital (NBO) analysis [14]. 
Additionally, the volume of one bisphosphonito-carbaborane(12) ligand in each 
rhodium complex was also calculated. Images of the optimized structures and 
of the NBOs were rendered with the UCSF Chimera program package [15]. 
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COMPARATIVE COMPUTATIONAL CHARACTERIZATION 
OF FERRIC CYTOCHROME P450 AND SUPEROXIDE 

REDUCTASE BINDING TO CYANIDE 

RADU SILAGHI-DUMITRESCU,a* DANIELA CIOLOBOCa 

ABSTRACT. The active sites of the enzymes superoxide reductase (SOR) 
and cytochrome P450 feature square pyramidal FeN4S centers, with a 
thiolate in axial position trans to the substrate binding site but with differing 
equatorial nitrogenous ligands. The respective catalytic cycles also share a 
common intermediate – a ferric-(hydro)peroxo species. The detailed catalytic 
mechanisms are still a matter of debate for both enzymes, as some of their 
key catalytic intermediates have very short lifetimes. Inhibitors such as 
cyanide were therefore often employed to probe active sites of these 
enzymes and identify important structural features controlling reactivity; 
among these studies, ENDOR spectral data on ferric-cyanide complexes 
were previously reported. Here, density functional calculations are employed 
in order to more accurately correlate the experimental data with electronic 
structure elements. The data are shown to be in good agreement with 
experiment and also provide new insight. 

Keywords: cytochrome P450, superoxide reductase, DFT, ENDOR 

INTRODUCTION 

Superoxide reductases[1,2] and cytochromes P450[3] share a common 
motif at their active sites: a ferrous center with FeN4S coordination, where a 
thiolate sulfur occupies an axial position, trans to the substrate binding site 
(cf. Figure 1). The four nitrogen atoms belong to a porphyrin in P450 and to 
four equatorial histidine side-chains in SOR. 
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Figure 1 illustrates the proposed catalytic cycles of SOR[4-11] and 
P450.[3] Two apparently orthogonal functions have been proposed for the 
thiolate ligand in P450 and SOR ferric-peroxo catalytic intermediates, under 
a framework known as “the push effect”[12]. Thus, at the ferric-hydroperoxo 
level, the thiolate is assumed to facilitate O-O bond cleavage in P450[3,13], 
while in SOR the same thiolate would favour Fe-O bond cleavage[14,15]. 
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Figure 1. Proposed catalytic cycles of SOR (left) and P450 (right). For P450, “S” is 
a generic organic substrate that undergoes oxygen atom insertion to yield “SO”. 

 
 

It was previously reported[9,10] that the trans (“push”) effect of the 
thiolate in heme-(hydro)peroxo adducts appears to be small at the geometric 
level. Thus, thiolate-ligated “ferric-peroxo” and ferric-hydroperoxo complexes 
featured Fe-O and O-O bond lengths very similar to those where the thiolate 
was replaced by imidazole, imidazolate, or phenoxide[9,10]. Slightly longer 
Fe-O and O-O bonds were noted in thiolate compared to non-thiolate 
models, possibly indicating an electronic basis for the proposed[14,15] 
apparently orthogonal facets of the “push effect”: Fe-O bond cleavage and O-
O bond cleavage. On the other hand, the energetics of the “ferrous-dioxygen” 
- “ferric-peroxo” - ferric-hydroperoxo sequence were clearly different with 
thiolate compared to imidazole[9,10]. As expected based on simple charge 
arguments, the thiolate-ligated “ferric-peroxo” adduct had a much higher 
proton affinity than its imidazole-ligated counterpart. Along the same lines, 
reduction of “ferrous-dioxygen” to “ferric-peroxo” was harder to accomplish in 
thiolate models than in imidazole models[9,10]. The latter feature, which we 
described as “thiolate obstruction”, appears to also be active in nitric oxide 
reduction by another heme-thiolate active enzyme, P450nor, and its 
physiological utility as a “control switch” has been pointed out[9,10].  
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A comparison of SOR and P450 from the point of view of their 
cyanide adducts, employing ENDOR spectroscopy to probe spin density 
distribution within these two enzymes, has recently been reported, 
concluding strong similarities between SOR and P450[16,17]. While DFT 
calculations were employed in order to examine electronic structures[16,18], 
detailed calculations on ENDOR parameters have to our knowledge not been 
reported to date on the SOR and P450 cyanide adducts. Such data are 
reported here, further delineating differences between the two enzymes, and 
also addressing the issue of heterogeneity in cyanide binding geometry. 

RESULTS AND DISCUSSION 

DFT-optimized geometries (cf. Figure 2 and Table 1) are in good 
agreement with previous results on other low-spin Fe(III) adducts of SOR[18] 
and hemes[19-21]; for the latter, a general agreement with experiment was 
previously noted[21].  

Figure 2. DFT-optimized S=1/2 Fe(III)-CN SOR and P450 models 
(following protocol described in [18,20,22]). 

Essentially identical Fe-C-N moieties were obtained for models 
P450 (Figure 2), SOR (Figure 2), and for a truncated version of the Figure 2 
SOR model, where the imidazole ligands were replaced with ammonia 
(SORr). SORr was further used in order to explore the conformational space. 
Despite previous proposals for a distinctly bent Fe-C-N unit in SOR, and 
despite the fact that the crystal structure of a P450 Fe(III)-cyanide adduct 
indeed shows a bent Fe-C-N moiety (pdb code 1N2N[23]), no local minimum 
for a bent Fe-C-N moiety could be located in any of the models examined 
here. When starting the geometry optimization from Fe-C-N angles ranging 
between 125º and 155º, the Fe-C-N moiety converged back to linearity. 
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However, modifying the Fe-C-N angle to 166º, 156º, 146º and 136º, with all 
other parameters unchanged, resulted in energy increases of 0.6, 1.9, 4.0, and 
6.9 kcal/mol, respectively; a 5.5-kcal/mol energy difference was obtained 
after allowing the rest of the molecule to relax in response to the 136º-angle 
constraint. Also, it is unlikely that the bent local minima are actually differences 
in iron-imidazole(histidine) torsion angles. These very small energy differences 
suggest that within the respective protein active sites, factors as simple as 
even one strong hydrogen bond may in principle induce bending of the Fe-
C-N moiety; steric constraints are also a likely cause of bending, at least in 
P450. Last but not least, it may be noted that the above-discussed data are 
an indication of a shallow potential surface around the Fe-C-N angle, and 
do not preclude the existence of local minima with a bent Fe-C-N moiety (or 
the identification thereof with a different functional or different numerical 
settings for convergence) – as long as any such minimum would be separated 
from the global minimum by extremely small barriers and would hence present 
negligible experimental relevance for the protein in its native environments. 

The Fe-S bond in the SOR model is 0.1-0.2 Å shorter than measured 
by EXAFS for the resting ferrous and ferric states of SOR[24]. This difference 
is consistent with the high-spin character of the resting states compared to 
low-spin for the cyanide adducts. However, our previously calculated Fe-S 
bond length for the ferrous resting SOR was also 0.1-Å shorter than measured 
by EXAFS[18]. In principle, the SOR protein may impose an Fe-S bond 
longer than the intrinsic equilibrium distance, which, as shown by calculated 
Fe(III)-OO(H) distances[18] and as elaborated based on spectroscopy[24] and 
model compounds, would be beneficial (but not necessarily required[18]) 
for the SOR catalytic cycle. Tables 2 and 3 show that elongation of the Fe-
S bond in the SOR Fe(III)-CN model by 0.2 Å (with a negligible energy cost, 
not shown), would affect –SCH3 carbon and hydrogen spin densities and 
couplings to a small but detectable extent; the effect on the cyanide ligand 
appears to be very small but may in principle be detectable by virtue of a 
slightly altered isotropic coupling of the CN carbon atom (cf. Table 3).  
 

Table 1. Key distances (Å) and angles for DFT-optimized SOR and  
P450 Fe(III)-CN models. 

 

Model Fe-S Fe-CN C-N Fe-Nc Fe-C-N S-Fe-C H-C-S-Fe 
SOR 2.24 1.94 1.18 2.04 179º 174º -166º, 76º, -46º 

SORra 2.21 1.94 1.18 2.06 176º 177º 168º, 49º, -75º 
SORrNb 2.14b 1.87 1.18 2.06 179º 179º - 

P450 2.28 1.96 1.18 2.01 179º 175º 174º 

aequatorial imidazoles replaced with ammonia. baxial thiolate replaced with NH3;  
column 2 lists the axial Fe-NH3 distance. caverage of four equatorial Fe-N bonds. 
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Table 2. DFT-derived charges and spin densities 
(the latter are shown in parentheses). 

Model Fe S Cmethyl Hmethyl CCN NCN 
SOR 0.98 

(0.77) 
-0.21 
(0.25) 

-0.52 
(-0.01) 

0.18, 015, 0.19 
(-0.000, 0.011, 0.008) 

0.02 
(-0.04) 

-0.52 
(0.05) 

SORLa 0.99 
(0.79) 

-0.25 
(0.23) 

-0.52 
(-0.01) 

0.18, 015, 0.16 
(-0.000, 0.010, 0.007) 

0.03 
(-0.04) 

-0.52 
(0.05) 

SORr 0.83 
(0.81) 

-0.23 
(0.21) 

-0.53 
(-0.01) 

0.14, 0.21, 0.16 
(-0.000, 0.010, 0.007) 

-0.07 
(-0.04) 

-0.44 
(0.06) 

SORr 
bent 

0.80 
(0.82) 

-0.22 
(0.20) 

-0.53 
(-0.04) 

0.14, 0.21, 0.17 
(-0.001, 0.010, 0.006) 

-0.13 
(-0.04) 

-0.35 
(0.05) 

P450 0.92 
(0.87) 

-0.18 
(0.23) 

-0.50 
(-0.01) 

0.1, 0.15, 0.15 
(-0.001, 0.009, 0.008) 

0.13 
(-0.04) 

-0.58 
(0.05) 

P450tw 0.92 
(0.86) 

-0.18 
(0.24) 

-0.50 
(-0.01) 

0.13, 0.11, 0.16 
(0.011, 0.003, 0.002) 

0.13 
(-0.05) 

-0.58 
(0.04) 

aFe-S bond elongated by 0.2 Å compared to SOR while leaving all other geometrical parameters 
unchanged. The energy difference between SOR and SOR(long) was 2.8 kcal/mol. 

For SOR, two of the methyl-thiolate protons are predicted to exhibit 
couplings that would make them readily detectable (cf. Table 3). These 
large couplings are due to isotropic components (15-26 MHz, cf. Table 3) 
and are one order of magnitude larger than those of other protons in the 
model (as exemplified by the third proton within the methyl-thiolate ligand). 
Correspondingly, the two strongly-coupled protons feature spin densities one 
order of magnitude higher than the third proton in the methyl-thiolate ligand 
(cf. Table 2). The origin of these increased spin densities is readily seen in 
hyperconjugation between the π electrons of the Fe-S bond and the C-H 
bonds of the Cysβ carbon. This hyperconjugation, although not explicitly 
discussed in each case, is indeed seen in all heme-thiolate and SOR 
adducts examined to date, including catalytically relevant ferrous-dioxygen, 
ferric(hydro)peroxo, Compound I, or Fe-NO adducts[5,18,20,21,25]. Because 
of the sterical steric constraints imposed by the imidazole ligand sitting above 
the Cys-β-carbon in SOR, rotation around the S-CH3 bond in the SOR model 
(or in the actual protein) is impossible, and the S---CH hyperconjugation is 
maximized for the two protons placed ~symmetrically outside of the Fe-S-Cβ 
plane; the third proton (corresponding in fact to the Cys Cα carbon atom of 
SOR) is ~in the Fe-S-Cβ plane.  

In the P450tw model, where the H-C-S-Fe dihedral was twisted to 25º 
compared to the value of ~0º in the global minimum, the isotropic Fermi 
contributions for the methyl protons, at 3 and 7 MHz respectively, are still 
distinctly above the values calculated for the other protons, and thus these 
protons might be observable by ENDOR. By contrast, in a P450 S=1/2 
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Fe(III)-OOH model with a similar H-C-S-Fe dihedral, the methyl protons have 
calculated Fermi contributions below 1 MHz, i.e., indistinguishable from other 
protons in the model and therefore unlikely to be observed experimentally by 
ENDOR[22]. 
 

Table3. Isotropic Fermi contact couplings (shown in italics) and anisotropic spin 
dipole couplings for SOR and P450 cyanide adduct models  

(in MHz for H and in Gauss for 13C and 15N). 
 

Model Cmethyl Hmethyl CCN NCN 
SOR -2.106 

-0.282, 0.001, 
0.282 

-0.437 
-1.705, -1.435, 3.140 

26.723 
2.016, -1.357, 3.373 

16.692 
-2.230, -1.178, 3.408 

-6.475 
-1.065, -0.551, 

1.616 

0.342 
-0.670, -0.590, 

1.259 

SORL 
 

-1.664 
-0.292, 0.003, 

0.292 

-0.921 
-1.540, -1.311, 2.851 

24.550 
-1.895, -1.180, 3.075 

15.221 
-2.098, -0.968, 3.067 

-6.891 
-1.051, -0.525, 

1.576 

0.367 
-0.692, -0.590, 

1.282 

SORr 
 

-2.066 
-0.243, 0.039, 

0.204 

-0.730 
-1.617, -1.352, 2.970 

13.372 
-2.191, -1.260, 3.451 

23.109 
-1.944, -1.426, 3.370 

-6.574 
-1.184, -0.580, 

1.763 

0.395 
-0.804, -0.702, 

1.506 

SORr 
Bent  

-2.145 
-0.229, 0.020, 

0.209 

-0.939 
-1.616, -1.313, 3.369 

12.623 
-0.772, -0.445, 1.218  

22.422 
-1.900, -1.469, 3.369 

-6.528 
-1.242, -0.538, 

1.781 

0.348 
-0.918, -0.537, 

1.455 

P450 
(global 

minimum) 

-2.038 
-0.298, 0.071, 

0.227 

-1.545 
-1.602, -1.454, 3.056 

20.916 
-2.300, -1.335, 3.635 

18.344 
-2.483, -1.366, 3.848 

-7.844 
-1.007, -0.557, 

1.564 

0.332 
-0.673, -0.550, 

1.223 

P450twa -2.066 
-0.277, 0.101, 

0.176 

25.176b 

-1.959, -1.607, 3.566 
7.642 

-1.778, -1.515, 3.293 
3.752 

-2.488, -1.522, 4.009 

-7.536 
-0.997, -0.569, 

1.566 

0.329 
-0.647, -0.536, 

1.183 

 
aP450 model with H-C-S-Fe dihedral placed at 25º. bthis proton does not exist in the actual 

P450 protein, where it it replaced by the cysteine Cα. 
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The isotropic Fermi contact couplings computed in Table 3 are in 
good agreement with experiment insofar as showing a detectable shift for the 
cyanide carbon atom, albeit smaller than measured experimentally (~7 MHz 
here, compared to 20-30 MHz in experiment)[16,17]. On the other hand, the 
anisotropic coupling constants range between 0.5 and 1.8, i.e. close to the 
experimental values[16,17]. However, our DFT-derived anisotropic constants 
appear to be affected to ~10% of their value when bending the Fe-C-N angle, 
whereas variations as high as 40% were proposed to arise from such 
bending, in order to interpret the fact that three different signals arising from 
iron-bound cyanide were observed experimentally by ENDOR[17].  

Results obtained during molecular dynamics simulations illustrate the 
high mobility of the cyanide adduct. Figure 3 displays the evolution in time of 
the Fe-C-N angle over a course of 500 femtoseconds. The angle fluctuates 
very rapidly between the equilibrium point computed at 0 Kelvin (180⁰) and the 
lowest value (158⁰). These fluctuations may also engender fluctuations on 
electronic structure and, implicitly, modification of the anisotropic constants. On 
the other hand the high mobility of the cyanide adduct emphasizes the fact that 
multiple conformers are accessible which may impact on the ENDOR 
parameters; the frozen matrix and very low temperatures employed for these 
measurements may in principle help trap apparent local minima.  
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Figure 3. The Fe-C-N angle variation over a course of 500 femtoseconds. 
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 The Fe-C bond length (data not shown) oscillates with an amplitude 
of 0.12 Å between 1.98 Å and 1.86 Å – a range also likely to have ENDOR-
detectable effects on the electronic structures. Overall, this reveals that 
beyond the quasi-linear energy minimum of the ferric-cyanide adduct in 
SOR, the entire conformational space, with rotation around the Fe-C bond 
and bending of the Fe-C-N angle down to ~155º, is very much accessible, so 
that any influence from the second coordination sphere or beyond (e.g., the 
“distal” aminoacids E47 and K48, or indeed further from these) may easily 
lock the adduct into a distinct local minimum. The dynamics calculations also 
confirm a tendency of the Fe-C-N to gravitate around 170º, i.e. slightly but 
distinctly different from true linearity.  

 
 

CONCLUSIONS 
 
 To conclude, computation of ENDOR-related parameters with DFT 
methods has allowed for a useful comparison between SOR and P450 active 
sites while also maintaining good agreement and even allowing for 
reinterpretation of some of the experimental data. The dynamics data reveal 
a relatively mobile Fe-C-N angle in SOR, with an average value distinctly 
below 180° in agreement with spectroscopic experimental data, even though 
the equilibrium geometry (and unique energy minimum) is precisely at 180°. 
 
 
EXPERIMENTAL SECTION 

 
Unless otherwise specified, geometries were optimized without any 

constraints with the BP86 functional, which uses the gradient-corrected 
exchange functional proposed by Becke (1988)[26], the correlation functional 
by Perdew (1986)[27], and the DN** numerical basis set (comparable in size to 
6-31G**), as implemented in Spartan[28]. For the SCF calculations, a fine grid 
was used, and the convergence criteria were set to 10-6 (for the root-mean 
square of electron density) and 10-8 (energy), respectively. For geometry 
optimization, convergence criteria were set to 0.001 au (maximum gradient 
criterion) and 0.0003 (maximum displacement criterion). This methodology was 
previously shown to yield reasonable results on P450 and SOR models, as well 
as on related bioinorganic centers.[7,21,29-36] Hyperfine couplings, Mulliken 
charges and spin densities were obtained from UBP86/6-31G** energy 
calculations at geometries shown in Table 1, using the Gaussian98[37] 
software package. Molecular dynamics (MD) simulations were performed on 
the SOR model using the extended Lagrangian approach with the ADMP (Atom 
Centered Density Matrix Propagation) model using the Gaussian09 software 
package and the same functional and basis sets as for the energy profiles. 
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SYNTHESIS AND ELECTRONIC PROPERTIES OF  
3-ARYL 10H-PHENOTHIAZINES 

CHRISTA S. BARKSCHATa, and THOMAS J. J. MÜLLER*a,b 

ABSTRACT. 3-Bromo 10H-phenothiazines, even the 10H-unsubstituted 
derivative, can be efficiently coupled with several boronic acids to give 3-aryl 
10H-phenothiazines with good to excellent yields. Selected electronic properties 
(UV/Vis spectroscopy, cyclic voltammetry, DFT calculations) are discussed 
and correlations of the Hammett-Taft substituent parameters are established 
for rationalizing the transmission of the remote electronic substituent effects. 

Keywords: Cross-coupling – DFT calculations – Heterocycles – Substituent 
Effects – UV/Vis Spectroscopy  

INTRODUCTION  

The Suzuki cross-coupling [1] is the most practical and most versatile 
catalytic arylation methodology and has found widespread application in biaryl 
formation ranging from natural product synthesis over medicinal chemistry to 
electronic materials. A major advantage over other Pd-catalyzed cross-coupling 
reactions is definitely the uneventful handling of boronic acids and boronates as 
robust organometallics that even do not require anhydrous reaction conditions. 
As a consequence, Suzuki arylations have efficiently been used for the synthesis 
of electroactive materials. 
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Phenothiazine, a heteroaromatic S,N-tricycle, and its derivatives have 
been intensively studied at the Faculty of Chemistry and Chemical Engineering at 
Babeş-Bolyai University in Cluj-Napoca, as witnessed by numerous publications 
[2]. Most interestingly, phenothiazines display low oxidation potentials, forming 
stable deeply colored radical cations with perfect Nernstian reversibility [3-6]. 
Since 2000 we have been systematically exploring the synthetic and physical 
organic chemistry of oligophenothiazines in linear [7] and cyclic [8] topologies. 
Besides the inherent electro- and photochromicity of phenothiazine conjugates [9], 
we became particularly interested in luminescence characteristics of -conjugated 
expanded derivatives [10,11] and the peculiar behavior of (oligo)phenothiazines 
as potent donors in donor-acceptor conjugates, even enabling photo-induced 
electron transfer [12-16]. As a consequence hole transport in OLED [17], 
mesoporous organo silica hybrid materials [18], and chromophores in dye-
sensitized solar cells can also be devised on the basis of oligophenothiazines [19-
21]. Particularly interesting for nanotechnology are native (oligo)phenothiazines 
displaying a pronounced ability to form self-assembled monolayers on gold 
surfaces [22-24] as well as on zinc and iron oxide surfaces [25]. 

Employing Suzuki coupling as a key reaction to establish 
oligophenothiazines and derivatives by biaryl formation we devised borylated 
phenothiazines as versatile building blocks [26] that were successfully 
transformed in various functional 3-(hetero)arylated and 3,7-di(hetero) arylated 
phenothiazines [27]. Amazingly, while Suzuki coupling with N-substituted 
derivatives is wide spread and established the use of 3-bromo 10H-phenothiazine 
without N-substituent has remained unexplored. Here, we report a series of 
Suzuki coupling of 3-bromo 10H-phenothiazines with several boronic acids and 
selected electronic properties are discussed on the basis of UV/Vis spectroscopy, 
cyclic voltammetry, and DFT calculations. 

RESULTS AND DISCUSSION 

Most conveniently, we could employ standard Suzuki conditions, 
developed and applied in several studies [7,26], for reacting three different 
3-bromo 10H-phenothiazines 1, i. e. the unsubstituted derivative 1a, the 
methyl (1b), and the n-hexyl derivative 1c, with equimolar amounts of various 
aryl boronic acids 2 in the presence of Pd(PPh3)4 as a catalyst and potassium 
carbonate as a base in boiling aqueous DME or 1,4-dioxane. The resulting 
3-aryl 10H-phenothiazines 3 were obtained as slightly colored microcrystalline 
solids (3a-i) or as a pale yellow oil (3j) in 56-97% yield (Scheme 1, Table1). 
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Scheme 1 

Table 1. Experimental details of the synthesis of 3-aryl 10H-phenothiazines 3. 

Entry 
3-bromo-10H-

phenothiazine 1 
aryl boronic 

acid 2 
Time 

t
3-aryl 10H-phenothiazines 3  

(yield)a 
1 R = H (1a) [28] aryl = 

2,6(MeO)2C6H3 
(2d) 

12 h

 3a 
(78%) 

2 1a aryl = p-tBuC6H4 
(2b) 

48 h

 3b 
(80%) 

3 1a aryl = m-H2NC6H4 
(2e) 

45 h

 3c 
(78%) 

4 1a aryl = Ph (2a) 16 h

3d (67%) 
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Entry 
3-bromo-10H-

phenothiazine 1 
aryl boronic  

acid 2 
Time 

t 
3-aryl 10H-phenothiazines 3  

(yield)a 
5 1a aryl = 2-thienyl (2h) 22 h

 3e (68%) 
6 1a aryl = OHCC6H4 

(2c) 
72 h

 3f 
(80%) 

7 1a aryl = m-F3CC6H4 
(2f) 

25 h

 3g 
(97%) 

8 1a aryl = 3,5-
(F3C)2C6H3 (2g) 

12 h

 3h 
(87%) 

9 R = Me (1b) [29] 2a 3 h 

 3i (83%) 
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Entry 
3-bromo-10H-

phenothiazine 1 
aryl boronic  

acid 2 
Time 

t 
3-aryl 10H-phenothiazines 3  

(yield)a 
10b R = nhexyl (1c) [30] 2a 25 h

 3j (56%) 
 

aIsolated yield after chromatography on silica gel. bThe reaction was conducted in a 
degassed mixture of 1,4-dioxane (8 mL) and water (4 mL). 

 
The structural assignments are in excellent agreement with the 1H and 

13C NMR resonances for phenothiazine typical NMR spectra [31]. Although the 
slightly colored appearance of the solids indicated a propensity to facile air 
oxidation, no special precautions had to be taken for preparing the NMR 
spectra samples. Most characteristically, the proton resonances of the NH-
signals of the compounds 3a-h, recorded in d6-DMSO, appear as distinct 
singlets between  8.6-8.8. The resonances of the methyl (3i) and methylene 
protons (3j) that are directly adjacent to the electronegative 10-nitrogen core 
appear in the spectra recorded in CDCl3 as a singlet at  3.38 or as a triplet  
at  3.95, respectively. Likewise in the IR spectra of compounds 3a-h the 
bands between 3300 and 3400 cm-1 can be unambiguously assigned to the 
distinct NH stretch vibrations [32], which are absent in the spectra of 
compounds 3i and 3j. For the latter CH stretch vibrations are clearly observed 
between 2900 and 3000 cm-1. For all derivatives 3 the base peak in the mass 
spectra is the molecule peak, indicating the peculiar stability of phenothiazinyl 
radical cations. The most characteristic fragmentation pattern is the -cleavage 
of the methyl or hexyl substituent adjacent to the nitrogen atom in the spectra 
of phenothiazines 3i and 3j. 

Selected electronic properties of the 3-aryl 10H-phenothiazines 3 were 
determined by recording UV/Vis spectra and cyclic voltammograms (Table 2). 
For comparison the same data were measured for phenothiazine (4), 10-methyl 
10H-phenothiazine (5), and 10-n-hexyl 10H-phenothiazine (6). 

In the UV/Vis spectra all phenothiazines 3 display two distinct 
absorption bands, an intense band between 254 and 287 nm and a variable 
weaker longer wavelength absorption that varies with the aryl substitution pattern 
between 318 and 402 nm. As a consequence of the electron withdrawing 
substituent effect at the remote p-position on the 3-aryl moiety this latter 
absorption band obviously arises from pronounced charge transfer characteristics. 
This finding and interpretation is in good agreement with the electronic properties 
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of a series of 3-(hetero)aryl substituted 10-n-hexyl 10H-phenothiazines [27c].
Comparison of two consanguineous series reveals the electronic effect of 
N-substitution. The longest wavelength absorption in the UV/Vis spectra 
of phenothiazine (4), 10-methyl 10H-phenothiazine (5), and 10-n-hexyl 10H-
phenothiazine (6) appears at 320, 310, and 311 nm, respectively. The same 
trend is found for 3-phenyl derivatives where the NH derivative 3d displays the 
most redshifted maximum at 335 nm, for the hexyl derivative 3j this band is 
found at 322 nm and for the methyl derivative 3i the maximum appears at 
318 nm. Assuming a charge transfer character of this band with phenyl being 
a weak acceptor moiety, the NH derivative 3d with represents the most 
pronounced donor character followed by the hexyl derivative 3j and the 
methylated compound 3i. While the correlation between methyl and hexyl 
substitution is logical, the NH effect is counterintuitive at first sight. However, 
considering the pseudoequatorial orientation of the small H atom in the butterfly 
conformation of phenothiazine an efficient overlap of the nitrogen lone pair with 
the annelated benzo cores can be assumed [33]. Alkyl substituents must 
adopt pseudoaxial orientations due to steric interactions. Hence, the overlap 
of the nitrogen lone pair with the -systems is considerably diminished. 

Table 2. Selected UV/Vis spectroscopic and electrochemical data of 3-aryl  
10H-phenothiazines 3 and reference phenothiazines 4-6 and selected Hammett-Taft 
substituent parameters p/m, R, and R

+ (UV/Vis spectra recorded in DMSO; cyclic 
voltammetry recorded in 0.1 M dichloromethane solution of NBu4PF6 as an electrolyte, 

Pt working electrode and Pt counter electrode vs Ag/AgCl reference electrode, 
ferrocene as internal standard ( // 	= 450 mV) [34], scan rate v = 100 mV/s, T = 20 °C). 

3-aryl 10H-
phenothiazines 3 

Absorption  
max [nm] 

//
[mV] 

/ /
[mV] 

//
[mV] 

p/m R R
+ 

3a 262, 322 542 1170 - - - - 

3b 270, 333 587 1185 - -0.20a -0.16a -0.26a 

3c 265, 329 589 784 (irr) - -0.16b -0.18b -0.16b 

3d 268, 335 611 1153 - 0.00c 0.00c 0.00c 

3e 265sh, 287, 
346 

- - - - - -

3f 284, 402 671 1267 -1802 
(irr) 

0.42d 0.23d 0.72d 

3g 265, 328e - - - - - -

3h 271, 340, 
372 

- - - - - -

3i 265, 318e 741 - - - - - 

3j 268, 322 701 - - - - - 
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3-aryl 10H-
phenothiazines 3 

Absorption  
max [nm] 

//
[mV] 

/ /
[mV] 

//
[mV] 

p/m R R
+ 

4 254, 320f 

[34]  
624 - - - - - 

5 254, 310e 764 - - - - - 

6 256, 311 728 - - - - - 

aSubstituent parameter p-tBu. bSubstituent parameter m-NH2. cSubstituent parameter H. 
dSubstituent parameter p-CHO. eRecorded in CHCl3. fRecorded in acetonitrile. 

This assignment is additionally supported by the first reversible 

oxidation potentials // 	, which are also lowest for the NH derivatives 3d 

(611 mV) and 4 (624 mV) in both consanguineous series. Likewise the 
potentials of the hexyl derivatives appear anodically shifted at 701 (3j) and 728 
mV (6), and for the methyl substitution in compounds 3i and 5 the oxidation is 
shifted most anodically to 741 and 764 mV, respectively. All this underlines the 
peculiar and very electron rich character of NH phenothiazine substituents as 
potent donors. 

For scrutinizing the remote electronic substituent effect on the oxidation of 
the phenothiazinyl core we recorded redox potentials of another consanguineous 
series of derivatives (3b-d, and 3f) bearing substituents in p- and m-positions 
of the phenyl ring. For these substituents suitable Hammett -parameters are 
available, however, out of curiosity we also were interested to determine the 
effect of the 2,6-dimethoxy substitution (3a) on the first oxidation potential. 
Indeed the lowest oxidation potential is found for the 2,6-dimethoxy derivative 
3a. From ESR measurements of the radical cation of 1,3-dimethoxy benzene 
it is known that the methoxy substituents can considerably accommodate spin 
density [36]. Although twofold ortho-methoxy substitution causes a torsional 
angle of 52° in a related biphenyl [37], an efficient stabilization of the 
phenothiazinyl radical cation by the remote substituents can be assumed. 
Besides first oxidations at potentials between 542 and 671 mV with Nernstian 
behavior (Figure 1) the derivatives 3a-d, and 3f also display second oxidations, 
which are also reversible in arrange between 1170 and 1267 mV, with 
exception of the m-aniline derivative 3c. In that case the second oxidation 
occurs, due to the similarity of the ionization potentials of phenothiazine (7.02 
eV) and aniline (7.55 eV) [38], at considerable lower potential, also causing 
irreversible consecutive reactions of the dication, such as dimerization or 
deprotonation [39]. The appearance of a reduction wave for compound 3f at a 
cathodic potential of -1802 mV can be assigned to the irreversible reduction in 
the phenothiazinyl expanded benzaldehyde. This reduction is considerably 
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anodically shifted in comparison to benzaldehyde (Ered = -2581 mV, measured in 
a 0.1 M solution of NBu4ClO4 as an electrolyte in sulfolane vs. Ag/AgClO4 at 
a scan rate v = 167 mV/s, T = 50 °C) [40], presumably to due to the extended 
conjugation of the -system. 

For further elucidating the remote substituent effect the first oxidation 
potentials // 	 of the four derivatives 3b-d, and 3f of the consanguineous 
series bearing p- and m-phenyl substituents were subjected to Hammett-Taft 
correlation analyses with the parameters p/m, R, and R

+ [41]. The obtained 
correlations gave for p/m: // 	 = 138.16 p/m + 612.43 [mV] (R² = 0.9981); 

for R: // 	 = 203.8 R + 620.1 [mV] (R² = 0.9717); and for R
+: // 	 = 

88.117 R
+ + 607.89 [mV]; (R² = 0.992). This indicates that the remote 

electronic effect is transmitted by both resonance and inductive effects, 
however, with a dominance imposed by the stabilization of positive charges as 
a consequence of the generation of radical cations. 
 

 
 

Figure 1. Cyclic voltammogram of compound 3d (recorded in 0.1 M dichloromethane 
solution of NBu4PF6 as an electrolyte, Pt working electrode and Pt counter 
electrode vs Ag/AgCl reference electrode, ferrocene as internal standard,  

scan rate v = 100 mV/s, T = 20 °C). 
 
Additional insight in the electronic structure of 3-aryl substituted 10H-

phenothiazines was obtained by quantum chemical calculations for the four 
representative structures 3b-d, and 3f on the DFT level of theory (B3LYP  
6–31 G*) [42]. The HOMO energies of the geometry optimized structures 
were considered for correlation studies, both with p/m, R, and R

+ [41], and the 
experimentally obtained first oxidation potentials // 	 of the corresponding 
compounds 3b-d, and 3f (Table 3). 
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Table 3. Computed HOMO energies (B3LYP 6–31 G*), first oxidation potentials // 	, and selected Hammett-Taft substituent parameters p/m, R, and R
+ of 

structures 3b-d, and 3f. 

Structure p/m R R
+ // [mV] EHOMO [eV] 

3b -0.20a -0.16a -0.26a 587 -4.925

3c -0.16b -0.18b -0.16b 589 -4.890

3d 0.00c 0.00c 0.00c 611 -4.969

3f 0.42d 0.23d 0.72d 671 -5.177

aSubstituent parameter p-tBu. bSubstituent parameter m-NH2. cSubstituent parameter H. 
dSubstituent parameter p-CHO. 

The correlations of the Hammett-Taft substituent parameters p/m, R, 
and R

+ with the calculated HOMO energies are reasonable with R2 between 
0.953 and 0.966, as already established with the first oxidation potentials // . The correlation between the HOMO energies and the first oxidation 

potentials // 	fits even better (R2 = 0.98). Therefore, it should be possible 
to predict the oxidation potentials of congeners of compounds 3 by employing 
the calculated HOMO energies in the following equation: 

// 	 = -301.73 EHOMO - 891.23 [mV] (R² = 0.98), 

where EHOMO is given in [eV]. 

Figure 2. Frontier molecular orbitals, HOMO (bottom) and LUMO (top) of structure 3f. 
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A closer inspection of the Kohn-Sham frontier molecular orbitals 
indicates that the longest-wavelength electronic absorption bands that can 
be assigned to arise from states with considerable HOMO to LUMO transitions 
that possess significant charge-transfer character. In particular, for the formyl 
substituted derivative 3f this charge-transfer character becomes apparent, 
where the HOMO displays phenothiazine-centered coefficient density and 
the LUMO coefficients are predominantly localized in the formylphenyl moiety 
(Figure 2). 

CONCLUSIONS 

In summary we could show that the Suzuki coupling of 3-bromo 
10H-phenothiazines, in particular with the 10-unsubstituted derivative, with 
several boronic acids proceeds very efficiently and can be employed for the 
rapid access of various 3-(hetero)aryl 10H-phenothiazines. Extensive UV/Vis 
spectroscopic measurements and cyclic voltammetry as well as DFT 
calculations have revealed that the electronic properties of these derivatives 
can be correlated with Hammett-Taft parameters indicating a significant 
contribution of resonance in transmitting the electronic substituent from the 
remote substituent position by virtue on the effect of the first oxidation 
potential. For further exploitation of the insights in the electronic structure 
extracted from DFT calculations, especially with 10-unsubstituted phenothiazines 
as donors, underline a considerable charge-transfer character from the 
phenothiazine to most favorably an electron acceptor at the remote 
substituent position. This is particularly interesting for devising novel types of 
light-harvesting dyes for organic photovoltaics. Further studies in these 
directions are currently underway. 

EXPERIMENTAL SECTION 

All reactions were carried out in flame-dried Schlenk flasks under 
nitrogen. Reagents and catalyst were purchased as reagent grade and 
were used without further purification. Solvents were dried and distilled by 
standard procedures [43]. 3-Bromo 10H-phenothiazines 1 were prepared 
according published procedures [28-30]. Column chromatography: silica gel 
60, mesh 70–230. TLC: silica gel plates. Melting points: uncorrected values. 
1H and 13C NMR spectra: d6-DMSO, d6-acetone, or CDCl3 (locked to Me4Si). 
The assignments of quaternary C, CH, CH2 and CH3 were made with the aid of 
DEPT spectra. Elemental analyses were carried out in the Microanalytical 
Laboratories of the Organisch-Chemisches Institut, Ruprecht-Karls-Universität, 
Heidelberg, Germany. 



SYNTHESIS AND ELECTRONIC PROPERTIES OF 3-ARYL 10H-PHENOTHIAZINES 

65 

Electrochemistry: Cyclic voltammetry experiments (EG & G potentiostatic 
instrumentation) were performed under argon in dry and degassed CH2Cl2 at 
room temperature and at scan rates of 100, 250, 500, and 1000 mVs–1. The 
electrolyte was Bu4NPF6 (0.025 M). The working electrode was a 1 mm 
platinum disk, the counter-electrode was a platinum wire, and the reference 
electrode was an Ag/AgCl electrode. The potentials were corrected to the 
internal standard of Fc/Fc+ in CH2Cl2 ( // 	= 450 mV) [34]. 

General procedure (GP) for the synthesis of 3-aryl 
10H-phenothiazines 3 

In a 50 mL Schlenk flask with a magnetic stir bar 3-bromo-10H-
phenothiazine 1 (1.0 equiv), aryl boronic acid 2 (1.1 equiv), Pd(PPh3)4 (40 mg, 
0.03 mmol), K2CO3 (159 mg, 1.15 mmol), DME (10 mL), and water (5 mL) 
were placed and degassed with nitrogen for 5 min (for experimental details 
see Table 4). The light brown suspension was heated to reflux under nitrogen for 
the time indicated. After cooling to room temp the reaction mixture was 
extracted with dichloromethane (2 x 50 mL) and the combined organic layers 
with water (2 x 50 mL). The combined organic layers were dried (anhydrous 
MgSO4), the solvents were removed in vacuo and the residue was purified 
by flash chromatography on silica gel (ether/pentane) to give the 3-aryl 
phenothiazines 3. 

Table 4. Experimental details of the synthesis of 3-aryl 10H-phenothiazines 3. 

Entry 3-bromo-10H-
phenothiazine 1 

aryl boronic 
acid 2 

3-aryl 10H-
phenothiazines 3 (yield) 

1a 349 mg (1.25 mmol) of 1a 254 mg (1.40 mmol) of 2,6-
dimethoxyphenyl boronic aid 

(2a) 

330 mg (78%) of 3a 

2b 224 mg (0.80 mmol) of 1a 157 mg (0.88 mmol) of 4-tert-
butylphenyl boronic acid (2b)

214 mg (80%) of 3b 

3c 305 mg (1.10 mmol) of 1a 193 mg (1.21 mmol) of 3-
aminophenyl boronic acid (2c)

249 mg (78%) of 3c 

4d 321 mg (1.15 mmol) of 1a 155 mg (1.27 mmol) of phenyl 
boronic acid (2d) 

213 mg (67%) of 3d 

5e 327 mg (1.17 mmol) of 1a 160 mg (1.30 mmol) of 2-
thienyl boronic acid (2e) 

226 mg (68%) of 3e 

6f 270 mg (0.97 mmol) of 1a 160 mg (1.06 mmol) of 4-
formylphenyl boronic acid (2f)

239 mg (80%) of 3f 

7g 311 mg (1.12 mmol) of 1a 234 mg (1.23 mmol) of 3-
(trifluoromethyl) phenyl 

boronic acid (2g) 

373 mg (97%) of 3g 

8a 151 mg (0.54 mmol) of 1a 154 mg (0.59 mmol) of 3,5-
bis(trifluoromethyl) phenyl 

boronic acid (2h) 

194 mg (87%) of 3h 
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Entry 3-bromo-10H-
phenothiazine 1 

aryl boronic  
acid 2 

3-aryl 10H-
phenothiazines 3 (yield) 

9h 292 mg (1.00 mmol) of 3-
bromo-10-methyl-10H-

phenothiazin (1b) 

134 mg (1.10 mmol) of phenyl 
boronic acid (2d) 

240 mg (83%) of 3i 

10g,i 362 mg (1.00 mmol) of 3-
brom-10-hexyl-10H-

phenothiazin (1c) 

121 mg (1.00 mmol) of phenyl 
boronic acid (2d) 

201 mg (56%) of 3j 

 
aReaction time of 12 h. bReaction time of 48 h. cReaction time of 45 h. dReaction time of 16 h. 
eReaction time of 22 h. fReaction time of 72 h. gReaction time of 25 h. hReaction time of 3 h. 
iThe reaction was conducted in a degassed mixture of 1,4-dioxane (8 mL) and water (4 mL). 
 

3-(2,6-Dimethoxyphenyl)-10H-phenothiazine (3a) 
According to the GP and after chromatography on silica gel 

(ether/pentane 1:2) 330 mg (78%) of compound 3a were obtained as a rose 
powder, Rf (diethyl ether/pentane 1:2) = 0.30, Mp 204-205 °C. 

1H NMR (d6-DMSO, 300 MHz),  3.64 (s, 6 H), 6.66-6.83 (m, 7 H), 6.90 
(mc, 1 H), 6.98 (mc, 1 H), 7.23 (t, J = 8.4 Hz, 1 H), 8.59 (s, 1 H). 13C NMR (d6-
DMSO, 75 MHz),  55.8 (CH3),104.5 (CH), 113.9 (CH), 114.6 (CH), 115.5 
(Cquat), 116.6 (Cquat), 117.9 (Cquat), 121.8 (CH), 126.4 (CH), 127.6 (CH), 127.7 
(Cquat), 128.4 (CH), 128.8 (CH), 130.2 (CH), 140.7 (Cquat), 142.4 (Cquat), 157.3 
(Cquat). MS (EI+, 70 eV) m/z (%): 336 (21), 335 (M+, 100), 289 (14). IR (KBr), ̃ 
cm-1: 3381 (m), 3000 (w), 2935 (w), 2834 (w), 2182 (w), 1891 (w), 1579 (s), 
1504 (w), 1469 (vs), 1428 (s), 1377 (w), 1303 (s), 1265 (m), 1246 (vs), 1171 
(w), 1107 (vs), 1033 (w), 1024 (w), 886 (w), 819 (w), 789 (w), 745 (m). UV/VIS 
(DMSO), max nm (): 262 (38400), 322 (6400). Anal. calcd. for C20H17NO2S 
(335.4): C 71.62, H 5.11, N 4.18, S 9.56; Found: C 71.57, H 5.39, N 4.02, S 
9.13. 

 
3-(4-tert-Butylphenyl)-10H-phenothiazine (3b) 
According to the GP and after chromatography on silica gel 

(ether/pentane 1:1) 214 mg (80 %) of compound 3b were obtained as a rose 
powder, Rf (diethyl ether) = 0.90, Mp 253-255 °C.  

1H NMR (d6-DMSO, 300 MHz),  1.27 (s, 12 H), 6.67-6.77 (m, 3 H), 
6.90-7.00 (m, 2 H), 7.17 (d, J = 1.8 Hz, 1 H), 7.26 (dd, J = 1.8 Hz, J = 8.3 Hz, 
1 H), 7.39 (d, J = 8.4 Hz, 2 H), 7.46 (d, J = 8.4 Hz, 2 H), 8.66 (s, 1 H). 13C NMR 
(d6-DMSO, 75 MHz),  31.2 (CH3), 34.3 (Cquat), 114.6 (CH), 114.8 (CH), 116.3 
(Cquat), 117.1 (Cquat), 121.9 (CH), 124.0 (CH), 125.5 (CH), 125.7 (CH), 125.8 
(CH), 126.4 (CH), 127.7 (CH), 133.8 (Cquat), 136.5 (Cquat), 141.3 (Cquat), 141.9 
(Cquat), 149.3 (Cquat). MS (EI+, 70 eV) m/z (%): 332 (24), 331 (M+, 100), 317 
(13), 316 (52), 301 (27). IR (KBr), ̃ cm-1: 3372 (m, br), 2961 (m), 1605 (w), 
1577 (w), 1460 (m, sh), 1471 (vs), 1431 (w), 1307 (m), 1269 (w), 1125 (w), 
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1034 (w), 813 (s), 744 (s). – UV/VIS (DMSO), max nm (): 270 (36600), 333 
(8400). HRMS calcd. for C22H21NS: 331.1394; Found: C: 331.1423. 

3-(10H-Phenothiazin-3-yl)phenylamine (3c) 
According to the GP and after chromatography on silica gel 

(ether/pentane 1:1) 249 mg (78%) of compound 3c were obtained as a 
greenish brown powder, Rf (diethyl ether) = 0.46, Mp 193-194 °C. 

1H NMR (d6-DMSO, 300 MHz),  5.06 (s, 2 H), 6.49 (mc, 1 H), 6.65-
6.76 (m, 5 H), 6.90-7.07 (m, 4 H), 7.18 (dd, J = 1.8 Hz, J = 8.3 Hz, 1 H), 8.64 
(s, 1 H). 13C NMR (d6-DMSO, 75 MHz),  111.4 (CH), 112.8 (CH), 113.7 (CH), 
114.6 (CH), 114.7 (CH), 116.3 (Cquat), 116.9 (Cquat), 121.9 (CH), 124.0 (CH), 
125.7 (CH), 126.4 (CH), 127.7 (CH), 129.4 (CH), 134.8 (Cquat), 139.9 (Cquat), 
141.2 (Cquat), 141.9 (Cquat), 149.2 (Cquat). MS (EI+, 70 eV) m/z (%): 291 (19), 
290 (M+, 100), 289 (25), 258 (10). IR (KBr), ̃ cm-1: 3362 (vs), 3049 (m), 1602 
(vs), 1576 (vs), 1471 (vs), 1424 (vs), 1379 (w), 1305 (vs), 1253 (w), 1224 (m), 
1169 (w), 1155 (w), 1125 (w), 1078 (w), 1033 (w), 994 (w), 864 (m), 820 (s), 
783 (vs), 746 (vs), 688 (s), 656 (m). UV/VIS (DMSO), max nm (): 265 
(41800), 329 (10700). Anal. calcd. for C18H14N2S (290.4): C 74.45, H 4.86, N 
9.65, S 11.04; Found: C 74.18, H 4.81, N 9.49, S 10.78. 

3-Phenyl-10H-phenothiazine (3d) 
According to the GP and after chromatography on silica gel 

(ether/pentane 1:25) 213 mg (67 %) of compound 3d were obtained as a 
rose powder, Rf (diethyl ether) = 0.75, Mp 217-218 °C. 

1H NMR (d6-DMSO, 300 MHz),  6.67-6.77 (m, 3 H), 6.91-6.99 (m, 2 
H), 7.20 (d, J = 1.8 Hz, 1 H), 7.27-7.31 (m, 2 H), 7.38 (t, J = 7.3 Hz, 2 H), 7.55 
(d, J = 7.4 Hz, 2 H), 8.68 (s, 1 H). 13C NMR (d6-DMSO, 75 MHz),  114.6 (CH), 
114.9 (CH), 116.3 (Cquat), 117.2 (Cquat), 122.0 (CH), 124.3 (CH), 125.8 (CH), 
126.0 (CH), 126.4 (CH), 126.9 (CH), 127.7 (CH), 128.9 (CH), 133.8 (Cquat), 
139.3 (Cquat), 141.5 (Cquat), 141.8 (Cquat). MS (EI+, 70 eV) m/z (%): 276 (20), 
275 (M+, 100), 274 (25). IR (KBr), ̃ cm-1: 3362 (vs), 3055 (w), 1881 (w), 1601 
(m), 1576 (m), 1487 (s), 1469 (vs), 1424 (m), 1382 (w), 1305 (m), 1273 (w), 
1155 (w), 1125 (w), 1078 (w), 1032 (w), 884 (w), 819 (s), 758 (vs), 749 (vs), 
689 (s). UV/VIS (DMSO), max nm (): 268 (35800), 335 (8000). HRMS calcd. 
for C18H13NS (275.3): 275.0768; Found: 275.0776. 

3-Thiophen-2-yl-10H-phenothiazine (3e) 
According to the GP and after chromatography on silica gel 

(ether/pentane 1:4) 226 mg (68%) of compound 3e were obtained as golden 
brown crystals that were sensitive to oxidation in solution, Rf (diethyl 
ether/pentane 1:4) = 0.24, Mp 220-222 °C. 
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1H NMR (d6-DMSO, 300 MHz),  6.66-6.77 (m, 3 H), 6.90-7.06 (m, 3 
H), 7.18 (d, J = 1.8 Hz, 1 H), 7.24 (dd, J = 1.8 Hz, J = 8.1 Hz, 1 H), 7.32 (mc, 1 
H), 7.40 (mc, 1 H), 8.71 (s, 1 H). 13C NMR (d6-DMSO, 75 MHz),  114.6 (CH), 
114.8 (CH), 116.0 (Cquat), 117.3 (Cquat), 122.1 (CH), 122.4 (CH), 123.0 (CH), 
124.5 (CH), 125.1 (CH), 126.4 (CH), 127.8 (CH), 127.85 (Cquat), 128.5 (CH), 
141.4 (Cquat), 141.6 (Cquat), 142.9 (Cquat). MS (EI+, 70 eV) m/z (%): 282 (20), 
281 (M+, 100), 280 (17), 249 (24), 248 (14), 236 (14), 204 (11). IR (KBr), ̃ cm-

1: 3362 (vs), 3070 (w), 1603 (w), 1576 (m), 1532 (w), 1471 (vs), 1428 (s), 1389 
(w), 1298 (s), 1259 (w), 1211 (w), 1153 (w), 1125 (w), 1076 (w), 1033 (w), 930 
(w), 879 (w), 811 (vs), 751 (vs), 693 (s). UV/VIS (DMSO), max nm (): 265 
(19000, sh), 287 (21900), 346 (8700). HRMS calcd. for C16H11NS2: 281.0332; 
Found: 281.0349. 

4-(10H-Phenothiazin-3-yl)-benzaldehyde (3f) 
According to the GP and after chromatography on silica gel 

(ether/pentane 1:2) 239 mg (80%) of compound 3b were obtained as an 
intense yellow powder, Rf (diethyl ether/pentane 1 : 2) = 0.10, Mp 202 °C. 

1H NMR (d6-DMSO, 300 MHz),  6.67-6.78 (m, 3 H), 6.91-6.99 (m, 2 
H), 7.33 (d, J = 1.7 Hz, 1 H), 7.40 (dd, J = 1.8 Hz, J = 8.3 Hz, 1 H), 7.80 (d, J 
= 8.3 Hz, 2 H), 7.90 (d, J = 8.3 Hz, 2 H), 8.80 (s, 1 H), 9.98 (s, 1 H). 13C NMR 
(d6-DMSO, 75 MHz),  114.7 (CH), 114.9 (CH), 116.1 (Cquat), 117.4 (Cquat), 
122.2 (CH), 124.7 (CH), 126.2 (CH), 126.4 (CH), 126.6 (CH), 127.8 (CH), 
130.3 (CH), 132.1 (Cquat), 134.6 (Cquat), 141.3 (Cquat), 142.5 (Cquat), 144.9 (Cquat), 
192.6 (CH). MS (EI+, 70 eV) m/z (%): 304 (17), 303 (M+, 100), 274 (22), 273 
(15), 241 (19). IR (KBr), ̃ cm-1: 3435 (s, br), 2924 (w), 2852 (w), 1691 (s), 
1598 (vs), 1575 (s), 1521 (w), 1491 (m), 1471 (vs), 1435 (w), 1387 (w), 1308 
(s), 1272 (m), 1218 (m), 1175 (s), 1079 (w), 1033 (w), 836 (m), 811 (s), 750 
(s). UV/VIS (DMSO), max nm (): 284 (24700), 402 (11400). Anal. calcd. for 
C19H13NOS (303.4): C 75.22, H 4.32, N 4.62, S 10.57; Found: C 75.29, H 4.37, 
N 4.53, S 10.28. 

3-(3-Trifluoromethylphenyl)-10H-phenothiazine (3g) 
According to the GP and after chromatography on silica gel 

(ether/pentane 1:2) 373 mg (97%) of compound 3g were obtained as a light 
yellow powder, Rf (diethyl ether/pentane 1:2) = 0.30, Mp 217 °C 

1H NMR (d6-DMSO, 300 MHz),  6.67-6.77 (m, 3 H), 6.90-7.01 (m, 2 
H), 7.32-7.39 (m, 2 H), 7.57-7.62 (m, 2 H), 7.87 (mc, 2 H), 8.74 (s, 1 H). 13C 
NMR (d6-DMSO, 75 MHz),  114.7 (CH), 114.9 (CH), 116.2 (Cquat), 117.4 
(Cquat), 122.1 (CH), 122.2 (mc, CH), 123.4 (mc, CH), 124.6 (CH), 126.2 (mc, 
Cquat), 126.3 (CH), 126.4 (CH), 127.8 (CH), 129.8 (CH), 129.9 (d, J = 28 Hz, 
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Cquat), 130.0 (CH), 132.0 (Cquat), 140.3 (Cquat), 141.5 (Cquat), 142.2 (Cquat). MS 
(EI+, 70 eV) m/z (%): 344 (22), 343 (M+, 100), 342 (16), 311 (17). IR (KBr), 
̃ cm-1: 3435 (m, br), 3363 (s), 2928 (w), 1602 (w), 1577 (w), 1479 (s), 1448 
(m), 1422 (m), 1382 (w), 1335 (vs), 1303 (w), 1293 (w), 1263 (w), 1174 (vs), 
1111 (s), 1074 (m), 1043 (m), 877 (w), 798 (s), 756 (s), 694 (m). UV/VIS 
(CHCl3), max nm (): 265 (34000), 328 (6800). Anal. calcd. for C19H12F3NS 
(343.4): C 66.46, H 3.52, N 4.08; Found: C 66.46, H 3.26, N 4.03. 

3-(3,5-Bis-trifluoromethylphenyl)-10H-phenothiazine (3h) 
According to the GP and after chromatography on silica gel 

(ether/pentane 1:2) 194 mg (87%) of compound 3h were obtained as a light 
green powder, Rf (diethyl ether/pentane 1:2) = 0.34, Mp 199 °C 

1H NMR (d6-DMSO, 300 MHz),  6.67 (d, J = 7.7 Hz, 1 H), 6.73-6.77 
(m, 2 H), 6.92 (mc, 1 H), 6.98 (mc, 1 H), 7.48-7.51 (m, 2 H), 7.94 (s, 1 H), 8.22 
(s, 2 H), 8.81 (s, 1 H). 13C NMR (d6-DMSO, 75 MHz),  114.7 (CH), 114.8 (CH), 
116.2 (Cquat), 117.6 (Cquat), 120.0 (mc, CH), 123.5 (d, J = 271 Hz, Cquat), 122.3 
(CH), 125.0 (CH), 126.3 (mc, CH), 126.4 (CH), 126.8 (CH), 127.8 (CH), 130.3 
(Cquat), 130.9 (quat, J = 32 Hz, CH), 141.3 (Cquat), 141.8 (Cquat), 142.8 (Cquat). 
MS (EI+, 70 eV) m/z (%): 412 (22), 411 (M+, 100), 410 (13), 379 (16). IR (KBr), 
̃ cm-1: 3435 (s, br), 2927 (w), 1605 (w), 1578 (w), 1478 (m), 1465 (m), 1377 
(s), 1280 (vs), 1184 (m), 1130 (s), 1067 (w), 899 (w), 881 (w), 749 (w), 682 
(w). UV/VIS (DMSO), max nm (): 271 (27300), 340 (7100), 372 (7000). Anal. 
calcd. for C20H11F6NS (411.3): C 58.40, H 2.70, N 3.40; Found: C 58.55, H 
2.39, N 3.36. 

10-Methyl-3-phenyl-10H-phenothiazine (3i) 
According to the GP and after concentration of the extraction solvents 

240 mg (83%) of compound 3i were obtained as colorless crystals, Mp 126-
127 °C. 

1H NMR (CDCl3, 300 MHz),  3.38 (s, 3 H), 6.83 (mc, 2 H), 6.93 (mc, 1 
H), 7.15 (d, J = 7.5 Hz, 2 H), 7.19-7.31 (m, 1 H), 7.37-7.42 (m, 4 H), 7.52 (d, J 
= 7.3 Hz, 2 H). 13C NMR (CDCl3, 75 MHz),  35.3 (CH3), 114.1 (CH), 114.2 
(CH), 122.5 (CH), 123.1 (Cquat), 123.8 (Cquat), 125.6 (CH), 126.1 (CH), 126.5 
(CH), 126.9 (CH), 127.2 (CH), 127.5 (CH), 128.8 (CH), 135.6 (Cquat), 140.0 
(Cquat), 145.1 (Cquat), 145.6 (Cquat). MS (EI+, 70 eV) m/z (%): 290 (20), 289 (M+, 
100), 275 (13), 274 (59), 144 (15). IR (KBr), ̃ cm-1: 3436 (m, br), 1629 (w, 
br), 1602 (w), 1577 (w), 1464 (vs), 1335 (m), 1260 (m), 1142 (w), 1042 (w), 
873 (w), 810 (w), 762 (m), 750 (m), 697 (w). UV/VIS (CHCl3), max nm (): 265 
(31200), 318 (7200). Anal. calcd. for C19H15NS (289.4): C 78.86, H 5.22, N 
4.84, S 11.08; Found: C 78.50, H 5.24, N 4.81, S 11.03. 
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10-Hexyl-3-phenyl-10H-phenothiazine (3j) 
According to the GP and after chromatography on silica gel (pentane) 

201 mg (56%) of compound 3j were obtained as a light yellow oil, Rf 
(pentane) = 0.31. 

1H NMR (d6-acetone, 300 MHz),  0.84 (mc, 3 H), 1.28 (mc, 4 H), 1.45 
(mc, 2 H), 1.79 (mc, 2 H), 3.95 (t, J = 7.0 Hz, 2 H), 6.93 (mc, 1 H), 7.00-7.08 (m, 
2 H), 7.13-7.22 (m, 2 H), 7.29 (mc, 1 H), 7.38-7.48 (m, 4 H), 7.59 (mc, 2 H). 13C 
NMR (d6-acetone, 75 MHz),  14.2 (CH3), 23.2 (CH2), 27.1 (CH2), 27.5 (CH2), 
32.1 (CH2), 47.8 (CH2), 116.6 (CH), 116.8 (CH), 123.3 (CH), 125.1 (Cquat), 126.0 
(Cquat), 126.1 (CH), 126.7 (CH), 127.1 (CH), 127.8 (CH), 128.0 (CH), 128.3 (CH), 
129.6 (CH), 136.1 (Cquat), 140.6 (Cquat), 145.5 (Cquat), 146.0 (Cquat). MS (EI+, 70 
eV) m/z (%): 360 (30), 359 (M+, 100), 288 (35), 275 (19), 274 (79), 256 (13). IR 
(Film), ̃ cm-1: 2954 (s), 2927 (s), 2855 (m), 1599 (m), 1576 (m), 1508 (w), 1483 
(m), 1462 (vs), 1443 (m), 1395 (w), 1332 (m), 1293 (w), 1250 (s), 1133 (w), 1105 
(w), 818 (m), 761 (vs), 747 (s), 697 (s). UV/VIS (CH2Cl2), max nm (): 236 
(20400), 268 (37300), 322 (8100). Anal. calcd. for C24H25NS (359.5): C 80.17, H 
7.01, N 3.89, S 8.92; Found: C 80.40, H 7.07, N 4.07, S 8.86. 
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NOVEL 1,9-DIACYL-5-
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ABSTRACT New 1,9-diacyl-5-(phenothiazinyl)dipyrromethane (aphdpm) obtained 
by diacylation of 5-phenothiazinyl-dipyrromethane were subjected to 
complexation reactions with dimethyl- and di-n-butyltin(IV) dichloride which 
afforded complexes of the type [Me2Sn(aphdpm)] and [(n-Bu)2Sn(aphdpm)] 
respectively [where aphdpm: 1,9-diformyl-5-(phenothiazinyl)dipyrromethane 
and 1,9-dibenzoyl-5-(phenothiazinyl) dipyrromethane]. Plausible structures of 
the new tin(IV) complexes were proposed based on spectroscopic FT-IR, 
1H-,13C-,119Sn-NMR and mass spectrometry studies.  

Keywords: Dipyrromethane, Phenothiazine, Tin complexes 

INTRODUCTION  

Dipyrromethanes bearing acyl groups at the α positions of the pyrrole 
units are key precursors to porphyrins with diverse substituents in the meso 
positions and thus the synthetic procedures gained additional importance. 
Taking benefit from the electron rich nature of the pyrrole units, substitution 
was readily achieved in the presence of mild electrophiles. Thus, Vilsmeier 
formylation [1] and benzoylation procedures were applied in the preparation of 
acyl-dipyrromethanes [2] producing both mono- and diacylated dipyrromethanes 
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with high regioselectivity for the α positions of the pyrrole rings. The treatment 
of a dipyrromethane with ethylmagnezium bromide in THF followed by the 
reaction of the pyrrolate intermediate with acid chloride also generated a 
mixture of mono- and diacylated dipyrromethane [3]. Optimization of the reaction 
conditions (reagents ratio, solvent, temperature) afforded increased ratio of 
diacylated : monoacylated derivatives (5:1) [4]. 
 The properties of the dipyrromethanes can be conveniently modulated 
by the presence of various structural motifs in the meso position (methylene 
bridge) and/or by introducing different substituents in the α positions of the 
pyrrole units. The current interest on organotin(IV) complexes lays on a wide 
range of applications [5] such as catalysts, biocides [6] or antitumor agents 
[7]. 1,9-Diacyldipyrromethane-tin complexes were reported to be formed 
selectively from a crude acylation mixture upon treatment with dibutyltin 
dichloride [8]. 

Dipyrromethane derivatives functionalized in the meso position with 
phenothiazine units were first reported by our research group [9] and in this 
work we focus on their chemical characterization by describing the acylation 
and tin complexation of 1,9-diacyl-phenothiazinyl-dipyrromethanes ligands. 
Taking into consideration the biological activity potential of the individual 
heterocyclic units embedded in their structure, we consider the new 
phenothiazine functionalized dipyrromethane derivatives as stimulating 
structures for applications in biological systems.  
 
 
RESULTS AND DISCUSSION 
 
 The reactivity of the starting phenothiazinyl-dipyrromethanes 1 is 
governed by the presence of two types of electron rich heteroaromatic units 
susceptible of readily undergoing electrophilic substitution under the influence 
of mild electrophiles. Careful selection of the reaction conditions was required 
for increasing the regioselectivity. The synthesis of 1,9-diformyl-phenothiazinyl-
dipyrromethane 2 and 1,9-dibenzoyl-phenothiazinyl-dipyrromethane 3 are 
presented in Scheme 1. Vilsmeier formylation performed at 0oC offered a high 
regioselectivity towards the α positions of the pyrrole units generating diformyl 
derivative 2 in 65% yields. 1,9-dibenzoyl-phenothiazinyl-dipyrromethane 3 was 
prepared in 45% yields by a two steps procedure which implied the treatment 
of the starting phenothazinyl-dipyrromethane with ethylmagnesium bromide, 
followed by the reaction of dipyrromethane analog of the "pyrrole Grignard 
reagent," with benzoyl chloride. 
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Scheme 1 

 
 The FT-IR analysis of the acylation products 2 and 3 displayed the 
absorption band corresponding to the stretching vibration of the carbonyl 
bonds situated at 1650 cm-1.  
The reaction of diacyl derivatives 2, 3 with dibutyltin dichloride and dimethyltin 
dichloride respectively, afforded the corresponding tin complexes 2SnBu2 4, 
3SnBu2 5, 2SnMe2 6 and 3SnMe2 7 (scheme 2) which were isolated by 
passage through a silica pad followed by precipitation from methanol. 
 

 
 

Scheme 2 
 
 

 The structural assignments of the complexes were based on FT-IR, 
1H-, 13C- and 119Sn-NMR spectroscopy and high resolution mass spectrometry 
studies. The molecular weight of each complex 4-7 was determined from 
the HRMS(APCI+) spectrum which displayed the molecular ion in high 
abundance. In the IR domain the main spectral changes included the 
disappearance of the IR stretching vibrations of the N-H bonds of the ligands 
and the shifting of the characteristic stretching vibration of the carbonyl bonds 
towards lower wavenumber values. Deeper structural assignments of dialkyltin 
complexes 4-7 were achieved based on 2D-NMR homonuclear correlation 
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(H-H COSY) and heteronuclear (HMQC) experiments. Upon complexation, the 
protons attached to the pyrrole units appeared more shielded (chemical shift 
values with additional 0.3–0.2 ppm), but only a negligible effect of the 
environment was recorded for the protons of the phenothiazine unit situated in 
the meso position. The alkyl groups connected to the tin atom gave two sets of 
signals in both 1H- and 13C-NMR spectra according to their syn or anti spatial 
position with respect to the meso-substituent.  

For each complex 4-7 the decoupled 119Sn-NMR spectrum displayed 
a signal situated in the range from -219 ppm to -272 ppm. An upfield shift of 
the chemical shift value was observed as a result of a structural change of 
the alkyl substituent from dibutyl to dimethyl group, as well as in the case of 
a change of the acyl group from benzoyl to formyl group (figure 1). The 
undecoupled 119Sn-NMR spectra revealed multiplet signals with splitting 
patterns mainly governed by the vicinal heteronuclear coupling constants 
119Sn-1H of about 80 Hz. 

A correlation between the range of the chemical shift values recorded 
in the 119Sn-NMR spectra of different coordination butyltin complexes with 
the coordination numbers of the central tin atom was previously described, 
offering the possibility to assign the coordination geometry around the central 
tin atom [10]. Based on the evidence that six-coordinate compounds are 
producing chemical shifts values ranging from −210 to −400 ppm, we 
assumed an octahedral coordination geometry for each of the complexes 4-7. 

Figure 1. 149 MHz 119Sn-NMR spectra of 1,9-diacyl-5-(phenothiazinyl)-
dipyrromethane dialkyltin complexes 
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CONCLUSIONS 

Synthetic procedures for the preparation of novel 1,9-diacyl-
phenothiazinyl-dipyrromethane derivatives based on Vilsmeier formylation 
and acylation with benzoyl chloride respectively, were described. 

New [diacyl-5-(phenothiazine-3-yl)dipyrromethane]-dialkytin complexes 
were obtained and their structure was confirmed by high resolution 
spectroscopic techniques (FT-IR, 1H-, 13C-, 119Sn-NMR spectroscopy and HRMS). 
An octahedral coordination geometry of the central tin atom was sustained 
by literature data regarding the plausible correlation between the 119Sn-NMR 
chemical shifts and the coordination geometry of butyltin complexes. 

EXPERIMENTAL SECTION 

All chemicals used were of reagent grade. The melting points were 
determined in capillaries with an Electrothermal 9100 instrument. HRMS spectra 
were recorded on a Thermo LTQ Orbitrap XL with ESI+ ionization mode. NMR 
spectra were recorded in solution at room temperature on a 400 and 600 MHz 
Bruker Avance instrument. Chemical shifts are expressed in terms of δ (ppm) 
relative to standard tetramethylsilane (TMS). FT-IR spectra were recorded in 
KBr pellet using a Bruker Vector 22 instrument.  

5-(phenothiazinyl)dipyrromethane: 1 was prepared according to our 
previously reported procedure [9]. 

Synthesis of 5,5'-((10-methyl-10H-phenothiazin-3-yl)methylene)bis(1H-
pyrrole-2-carbaldehyde) (2). DMF (10 mL) was treated with POCl3 (1 mL, 10.2 mmol) 
at 0°C under argon, and the resulting solution was stirred for 10 min (Vilsmeier 
reagent). A solution of 1 (1.00 g, 2.8 mmol) in DMF (15 mL) at 0°C under argon 
was treated with the freshly prepared Vilsmeier reagent, and the resulting solution 
was allowed to stir for 1.5 h at 0°C. Saturated aqueous sodium acetate solution 
(100 mL) was added, and the ice bath was removed. The mixture was then stirred 
for 4 h and allowed to warm to room temperature. The mixture was extracted with 
ethyl acetate. The collected organic phase was washed with brine, dried with 
MgSO4, and filtered. The filtrate was concentrated to dryness under reduced 
pressure. The crude product was purified by column chromatography (using silica 
gel and DCM/MeOH ratio 20/1 as eluent), the product is a brown-yellow solid, 65% 
yield, m.p. 192-194 oC (decomp.); MS (ESI+ ): 414 [M+H+ ], 396; 1H-NMR 
(400MHz, CDCl3): δ ppm: 3.35 (s, 3H, N-CH3-), 5.47 (s, 1H, H5), 6.04 (m, 2H, H3,7), 
6.74 (d, 1H, H1’, 3J= 8.8Hz), 6.81-6.83 (m, 3H, H9’, H2,8), 6.94 (t, 1H, H7’, 3J= 7.3 
Hz), 7.02- 7.05 (m, 2H, H4’,2’), 7.12 (d, 1H, H6’, 3J= 7.3 Hz), 7.18 (t, 1H, H8’ , 3J= 7.3 
Hz), 9.18 (s, 2H, H1a,9a), 10.52 (brs, 2H, H10,11); 13C-NMR (100 MHz, CDCl3): 
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δppm= 35.3 (CH, Ca), 43.4 (CH, C5), 111.4 (CH, C3,7), 114.1 (CH, C9’), 114.2 (CH, C1’), 
122.2 (CH, C2,8), 122.6 (CH, C7’), 122.9 (Cq, C4a’), 124 (Cq, C5a’), 126.9 (CH, C4’), 
127.2 (CH, C2’), 127.4 (CH, C6’), 127.5 (CH, C8’), 132.6 (Cq, C3,6), 133.3 (Cq, C3’), 
141.3 (Cq, C1,9), 145.3 (Cq, C9a’), 145.5 (Cq, C10a’), 178.9 (Cq, C1a,9a); IR (KBr): 
ῡ(cm-1 ): 3243, 2970, 2815, 1650, 1488, 1352, 1287, 1254, 1111, 786, 747, 669. 

(5,5'-((10-methyl-10H-phenothiazin-3-yl)methylene)bis(1H-pyrrole-5,2-
diyl))bis(phenylmethanone) (3). A solution of EtMgBr (35 mL, 35 mmol, 1.0M 
solution in THF) was added slowly to a water cooled flask containing a solution of 5-
(phenothiazinyl)dipyrromethane (2.5 g, 7 mmol) in toluene (200 mL) under argon. 
An exothermic reaction with gas evolution was observed. The resulting mixture was 
stirred at room temperature for 30 min. A solution of benzoyl chloride (4.07 mL, 35 
mmol) in toluene (25 mL) was added over 10 min, and the resulting solution was 
further stirred for 10 min. The reaction mixture was poured into saturated aqueous 
NH4Cl (200 mL) and ethyl acetate (150 mL). The organic layer was washed with water 
and brine, dried MgSO4, and filtered. The filtrate was concentrated to dryness under 
reduced pressure. The crude product was purified by column chromatography (using 
silica gel and DCM/MeOH ratio 40/1 as eluent) and afforded the product as a brown 
solid in 48% yield, m.p. 114 oC (decomp.); MS (ESI+): 566 [M+H+], 457, 390, 274; 1H-
NMR (400MHz, CDCl3): δppm: 3.37 (s, 3H, Ha), 5.63 (s, 1H, H5), 6.01 (m, 2H, H3,7), 
6.56 (m, 2H,, H2,8), 6.77 (d, 1H, H1’, 3J= 8.3 Hz), 6.84 (d, 1H, H9’, 3 J= 8.1 Hz), 6.95 (t, 
1H, H7’, 3J= 7.5 Hz), 7.12 (d, 1H, H6’ , 3 J= 7 Hz), 7.19 (t, 1H, H8’, 3J= 7 Hz), 7.27-7.30 
(m, 1H, H2’,4’), 7.38-7.42 (m, 4H, Hc’), 7.49-7.52 (m, 2H, Hd’), 7.79 (d, 4H, Hb’, 3J= 7.3 
Hz), 11.68 (brs, 2H, H10,11); 13C-NMR (100 MHz, CDCl3): δppm: 35.3 (CH, Ca), 44 (CH, 
C5), 111.1 (CH, C3,7), 114 (CH, C9’), 114.2 (CH, C1’), 120.9 (CH, C2,8), 122.5 (CH, C7’), 
123.2 (Cq, C4a’), 124 (Cq, C5a’), 127.2 (CH, C4’), 127.4 (CH, C2’), 127.5 (CH, C6’), 127.7 
(CH, C8’), 128 (CH, Cc’), 129 (CH, Cd’), 129.6 (CH, Cb’), 131 (Cq, Ca’), 131.6 (Cq, C4,6), 
138.2 (Cq, C3’), 141.01 (Cq, C1a,9a), 145.1 (Cq, C9a’), 145.7 (Cq, C10a’), 184.5 (Cq, 
C1a,9a); IR (KBr): ῡ(cm-1 ): 3433, 3262, 2957, 2871, 1596, 1567, 1463, 1401, 1332, 
1289, 1237, 928, 774, 728, 696; 

General procedure for Tin Complexation of 1,9-diacyl-dipyrro-methanes. 
A crude sample of phenothyazinyl-1,9-diacyldipyrromethane (2, 3) (2 mmol) was treated 
with TEA (6 mmol) and R’2SnCl2 (2 mmol) in DCM (4 mL) at room temperature and left 
to stand overnight. The mixture was filtered over a short pad of silica eluted with DCM. 
The eluent was concentrated to dryness. The residue was dissolved in a minimum 
amount of diethyl ether, and then methanol was added, yielding a precipitate, which 
upon filtration afforded a colorless/rose solid (65-80%). 

5,5-dibutyl-10-(10-methyl-10H-phenothiazin-3-yl)-5,10-dihydrodipyrrolo 
[1,2-c:2',1'-f][1,3,2]diazastannine-3,7-dicarbaldehyde (4). Column chromatography 
(DCM), MeOH precipitation, afforded the product as a white solid in 78% yields, m.p. 
97-99 oC (decomp.); MS (ESI+ ): 646 [M+H+]; 1H-NMR (600MHz, CDCl3): δppm= 0.75 
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(t, 3H, ’ , 3J= 7.32 Hz), 0.83 (t, 3H,, 3J= 7.32 Hz), 1.14-1.18 (m, 2H, H’), 1.28-1.34 
(m, 4H, H,’), 1.45-1.48 (m, 4H, H,’), 1.62-1.66 (m, 2H, H), .35 (s, 3H, Ha), 5.46 (s, 
1H, H10), 6.18 (d, 2H, H1,9, 3J= 3.8 Hz), 6.73 (d, 1H, H1’, 3J= 8.3 Hz), 6.80 (d, 1H, H9’, 
3J= 8 Hz), 6.91 (d, 1H, H4’, 4J= 2 Hz), 6.93 (td, 1H, H7’, 4J= 0.8 Hz, 3J= 7.5 Hz), 6.96 
(dd, 1H, H2’, 4 J= 1.3 Hz, 3J= 8.3 Hz), 7.08 (d, 2H, H2,8, 3J= 3.8 Hz), 7.12 (dd, 1H, H6’ , 
4J= 1.3 Hz, 3J= 7.6 Hz), 7.17 (td, 1H, H8’ , 4J= 1.3 Hz, 3J= 8.2 Hz), 9.18 (s, 2H, H1,9); 
13C-NMR (125 MHz, CDCl3): δppm= 13.4 (CH, C’), 13.6 (CH, C), 23.9 (CH, C), 24.4 
(CH, C’), 26 (CH, C), 26.4 (CH, C’), 27 (CH, C’), 27.2 (CH, C), 35.2 (CH, Ca), 44.2 
(CH, C10), 114.03 (CH, C9’), 114.08 (CH, C1’), 115.4 (CH, C1,9), 122.5 (CH, C7’), 123 (Cq, 
C4a’), 123.8 (Cq, C5a’), 123.9 (CH, C2,8), 126.5 (CH, C4’), 126.9 (CH, C6’), 127.1 (CH, C2’), 
127.5 (CH, C8’), 137.93 (Cq, C9a,10a), 137.98 (Cq, C3’), 144.6 (Cq, C9a’), 145.6 (Cq, C10a’), 
151.9 (Cq, C3,7), 178.6 (Cq, C1a,9a); 119Sn-NMR (149 MHz, CDCl3): δppm= - 242.16. 

5,5-dimethyl-10-(10-methyl-10H-phenothiazin-3-yl)-5,10-dihydrodipyrrolo 
[1,2-c:2',1'-f][1,3,2]diazastannine-3,7-dicarbaldehyde (5). Column chromatography 
(DCM), MeOH precipitation, afforded the product as a cream white solid in 80% yields, 
m.p. 164-167 oC (decomp.); MS (ESI+): 562 [M+H+], 469, 299; 1H-NMR (400MHz, 
CDCl3): δppm= 0.79 (s, 3H, ’), 1.01 (s, 3H,), .33 (s, 3H, Ha), 5.48 (s, 1H, H10), 
6.2 (d, 2H, H1,9, 3J= 3.8 Hz), 6.72 (d, 1H, H1’, 3J= 8.25 Hz), 6.79 (d, 1H, H9’, 3J= 8.1 Hz), 
6.91-6.94 (m, 3H, H7’,4’,2’), 7.07 (d, 2H, H2,8, 3J= 3.8 Hz), 7.12 (dd, 1H, H6’, 4J= 1.5 Hz, 
3J= 7.6 Hz), 7.17 (td, 1H, H8’ , 4J= 1.5 Hz, 3J= 8.1 Hz), 9.14 (s, 2H, H1a,9a); 13C-NMR 
(100 MHz, CDCl3): δppm= 3.66 (CH, C), 4.64 (CH, C’), 35.2 (CH, Ca), 44.2 (CH, 
C10), 114 (CH, C9’), 114.2 (CH, C1’), 115.2 (CH, C1,9), 122.5 (CH, C7’), 122.9 (Cq, C4a’), 
123.9 (Cq, C5a’), 124 (CH, C2,8), 126.3 (CH, C4’), 126.6 (CH, C6’), 127.1 (CH, C2’), 127.5 
(CH, C8’), 137.5 (Cq, C9a,10a), 137.9 (Cq, C3’), 144.6 (Cq, C9a’), 145.6 (Cq, C10a’), 151.7 
(Cq, C3,7), 178.4 (Cq, C1a,9a); 119Sn-NMR (149 MHz, CDCl3): δppm= -219.24; IR (KBr): 
ῡ(cm-1 )= 2962, 2851, 1592, 1499, 1305, 1062, 788, 747, 755; 

5,5-dibutyl-10-(10-methyl-10H-phenothiazin-3-yl)-5,10-dihydrodipyrrolo 
[1,2-c:2',1'-f][1,3,2]diazastannine-3,7-diyl)-bis(phenylmethanone) (6). Column 
chromatography (DCM), MeOH precipitation, afforded the product as a pink solid in 
65% yields, m.p. 86-87 oC (decomp.); HRMS (APCI +): Calcd. for C44H44SnN3O2S 
[M+H+] 798.2154, Found 798.2171;1H-NMR (400MHz, CDCl3): δppm= 0.71 (t, 3H, ’ 
, 3J= 7.32 Hz), 0.79 (t, 3H,, 3J= 7.32 Hz), 1.10-1.19 (m, 2H, H’), 1.27-1.39 (m, 4H, 
H,’), 1.47-1.55 (m, 4H, H,’), 1.73-1.77 (m, 2H, H), .34 (s, 3H, Ha), 5.52 (s, 1H, H10), 
6.22 (d, 2H, H1,9, 3J= 3.8 Hz), 6.74 (d, 1H, H1’, 3J= 8.3 Hz), 6.79 (d, 1H, H9’, 3J= 8 Hz), 
6.91 (t, 1H, H7’, 3J= 7.5 Hz), 7.01 (d, 1H, H4’, 4J= 2 Hz), 7.03 (dd, 1H, H2’, 4J= 2 Hz, 3J= 
7.3 Hz), 7.09-7.17 (m, 4H, H2,8,6’,8’), 7.48- 7.52 (m, 4H, Hc’), 7.55-7.58 (m, 2H, Hd’), 7.91 
(d, 4H, Hb’); 13C-NMR (100 MHz, CDCl3): δppm= 13.6 (CH, C’), 13.7 (CH, C), 24 (CH, 
C), 24.8 (CH, C’), 25.9 (CH, C), 26.4 (CH, C’), 27.2 (CH, C’), 27.3 (CH, C), 35.2 (CH, 
Ca), 44.7 (CH, C10), 114 (CH, C9’), 114.06 (CH, C1’), 115.3 (CH, C1,9), 122.4 (CH, C7’), 
123.2 (Cq, C4a’), 123.7 (Cq, C5a’), 124.1 (CH, C2,8), 126.6 (CH, C4’), 127 (CH, C6’), 127.1 
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(CH, C2’), 127.4 (CH, C8’), 128.4 (CH, Cc’), 129 (CH, Cb’), 131.6 (CH, Cd’), 135.8 (Cq, Ca’), 
137.7 (Cq, C9a,10a), 137.5 (Cq, C3’), 144.5 (Cq, C9a’), 145.7 (Cq, C10a’), 151.6 (Cq, C3,7), 
184.6 (Cq, C1a,9a); 119Sn-NMR (149 MHz, CDCl3): δppm= -271.50 ppm; IR (KBr): ῡ 
(cm-1)= 2955, 2851, 1538, 1463, 1382, 1333, 1258, 1064, 887, 727, 697, 623. 

(5,5-dimethyl-10-(10-methyl-10H-phenothiazin-3-yl)-5,10-dihydrodipyrrolo 
[1,2-c:2',1'-f][1,3,2]diazastannine-3,7-diyl)-bis(phenylmethanone) (7). Column 
chromatography (DCM), MeOH precipitation, afforded the product as a rose-white 
solid in 67% yields, m.p. 160-163 oC (decomp.); MS (ESI+): 714.1 [M+H+]; 1H-NMR 
(400MHz, CDCl3): δppm= 0.83 (s, 3H, ’), 1.11 (s, 3H,), .34 (s, 3H, Ha), 5.55 (s, 
1H, H10), 6.26 (d, 2H, H1,9, 3J= 3.8 Hz), 6.74 (d, 1H, H1’, 3J= 8.3 Hz), 6.79 (d, 1H, H9’, 
3J= 8 Hz), 6.93 (t, 1H, H7’, 3J= 7.3 Hz), 7.03 (dd, 1H, H2’, 4J= 2 Hz, 3J= 8.3 Hz ), 7.06 (d, 
1H, H4’, 4J= 2 Hz), 7.11-7.19 (m, 4H, H2,8,8’,6’), 7.49-7.53 (m, 4H, Hc’), 7.56-7.60 (m, 2H, 
Hd’), 7.92 (d, 4H, Hb’, 3J= 8.5 Hz); 13C-NMR (100 MHz, CDCl3): δppm= 4.1 (CH, C), 
5.1 (CH, C’), 35.2 (CH, Ca), 44.6 (CH, C10), 113.9 (CH, C9’), 114.1 (CH, C1’), 115 (CH, 
C1,9), 122.4 (CH, C7’), 123 (Cq, C4a’), 123.7 (Cq, C5a’), 124.2 (CH, C2,8), 126.4 (CH, C4’), 
126.6 (CH, C6’), 127.1 (CH, C2’), 127.4 (CH, C8’), 128.3 (CH, Cb’), 129 (CH, Cc’), 131.6 
(CH, Cd’),135.3 (Cq, Ca’), 137.5 (Cq, C9a,10a), 138.4 (Cq, C3’), 144.5 (Cq, C9a’), 145.6 
(Cq, C10a’), 151.4 (Cq, C3,7), 184.2 (Cq, C1a,9a); 119Sn-NMR (149 MHz, CDCl3): δppm=-
247.19; IR (KBr): ῡ(cm-1 )= 2923, 2850, 1530, 1414, 1308, 1017, 850, 750, 677. 

REFERENCES 

1. K.E. Borbas, H.L. Kee, D. Holten, J.S. Lindsey, Org. Biomol. Chem., 2008, 6, 187.
2. W.S. Cho, H.J. Kim, B.J. Littler, M.A. Miller, C.H. Lee, J.S. Lindsey, J. Org.

Chem. 1999, 64, 7890.
3. C-H. Lee, F. Li, K. Iwamoto, J. Dadok, A.A. Bothner-By, J.S. Lindsey, Tetrahedron

1995, 51, 11645. 
4. P.D. Rao, S Dhanalekshmi, B.J. Littler, J.S. Lindsey, J.Org. Chem., 2000, 65,

7323. 
5. M. Nath, P.K. Saini, Dalton Trans., 2011, 40, 7077.
6. S.R. Collinson, D.E. Fenton, Coord. Chem. Rev., 1996, 148, 19.
7. L. Pelleerito, L. Nagy, Coord. Chem. Rev., 2002, 224, 111.
8. S-I. Tamaru, L. Yu, W.J. Youngblood, K. Muthukumaran, M. Taniguchi, J.S.

Lindsey, J. Org. Chem., 2004, 69, 765.
9. B. Brem, E. Gal, L. Gaina, C. Cristea, L. Silaghi-Dumitrescu, Rev. Roum. Chim.,

2014, 59(11-12), 949. 
10. J. Holeček, M. Nádvorník, K. Handlíř, A. Lyčka, J. Organomet. Chem., 1986,

315 (3), 299.



STUDIA UBB CHEMIA, LXI, 3, Tom I, 2016 (p. 81-90) 
(RECOMMENDED CITATION) 

81 

Dedicated to Professor Luminița Silaghi-Dumitrescu  
on the occasion of her 65th anniversary 

NEW STANNEPINE DERIVATIVES. SYNTHESIS AND 
CHARACTERISATION 

LAVINIA BUTAa, RALUCA SEPTELEANa, NOEMI DEAKa,  
ALEXANDRA POPa, GABRIELA NEMESa* 

ABSTRACT. A new diphenylstannepinic derivative has been synthesized and 
completely characterized in solution and in solid state (multinuclear NMR 
spectroscopy, HRMS, X-ray diffraction). As a result of the reaction of the 
diphenylstannepinic derivative with bromine, a brominated product was 
evidenced by NMR spectroscopy. 

Keywords: diphenylstannepine, dibromostilbene, dihalostannepine 

INTRODUCTION 

The synthesis and characterization of low coordinated compounds 
containing heavy elements of group 14 remain in actuality [1-4] and represent a 
permanent interest for our research group [5-7] which is focused on the field 
of heterophosphapropenes [8,9] and heterophosphaallenes [10] as potential 
precursors in the production of materials with controlled properties. The 
chemistry of low coordinated silicon and germanium compounds containing a 
phosphaalkenyl group is well studied; however, in the case of tin, only a 
scarce number of phosphastannapropenes have been reported to date [9]. 
Furthermore, phoshastannaallenes were not reported until now, due to the 
difficulty in stabilizing the >Sn=C< moiety. The quest for finding the suitable 
geometric and steric parameters in order to stabilize these systems is a real 
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challenge in the synthesis of phospastannaallenes. To stabilize the -P=C-Sn< 
and -P=C=Sn< fragments, we propose a stannepine type compound based on 
a tin containing heterocycle, similar with other already reported species [11]. 
The synthesis of previous phosphastannapropenes in which the tin atom was 
included in a stannepine ring has been performed via a chlorination of the 
dimethyl stannepine [9,12]. However, the synthesis of dichlorostannepine 
starting from its dimethyl analogue is not very convenient; therefore we tried to 
find a more efficient alternative way for obtaining dihalostannepine derivatives. 
This paper presents the synthesis and structural characterization of a new 
diphenylstannepine derivative and some preliminary results regarding the 
bromination reaction of this compound. 

RESULTS AND DISCUSSION 

The synthesis of the new diphenylstannepine 1 was realized starting 
from 1,1’-dibromostilbene, which was allowed to react with diphenyltin dichloride, 
via a lithiated intermediate, according to the procedure described in literature 
for the dimethyl analogue [11,12]. The synthetic route to compound 1 is 
described in Scheme 1. 

Scheme 1 

Diphenylstannepine 1 was investigated in solution by multinuclear NMR 
spectroscopy and MS spectrometry. The 119Sn NMR spectrum of compound 1 
shows one signal situated at -134.48 ppm, while the dimethylstannepine 
analog exhibits a specific signal at –76.0 ppm, as shown in the 119Sn NMR 
spectrum. The 1H NMR spectrum highlights all the specific resonances of 
the protons in the chemical shift range expected for this derivative. For 
example, the signal of the protons situated in the CH=CH bridge appears as 
a singlet at the chemical shift of 6.87 ppm (see experimental part). 13C NMR 
spectra analysis has led to an accurate attribution of all the signals, in the 
expected field, for all the carbons atoms. The 13C NMR spectrum is shown 
in Figure 1. 
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Figure 1.13C NMR spectrum for the diphenylstannepine 1. 
 
 
The assignment of all NMR signals was challenging, since all the 

resonances appear in a tight area of chemical shifts. Actually, the correct 
assignment of all signals (in carbon and proton NMR spectrum) was 
possible using various 2D-NMR experiments (COSY, HSQC, HMBC,) at 
two working frequencies (400.13 and 600.13 MHz for 1H and 100.61 MHz 
for 13C, respectively). Two of the most relevant bidimensional NMR spectra 
(HSQC and HMBC) used for the assignment of the carbon and hydrogen 
atoms are presented in Figure 2. 

From the HSQC experiments (Figure 2a), the assignment of carbon 
atoms, such as the CH=CH bridge was possible; for this fragment a strong 
correlation can be seen between the corresponding hydrogen and carbon 
atoms, respectively the peaks at 6.86 ppm (1H) and 134.3 ppm (13C) in 
Figure 2. In the HMBC spectra, the same hydrogen atom (namely the 
protons of the CH=CH fragment situated at 6.86 ppm and highlighted in red 
on Figure 2) exhibits strong correlations with three other carbon atoms from 
the stannepinic ring. The identification of all signals from the hydrogen and 
carbon atoms from compound 1 was possible by corroboration of all the 
NMR analysis results. 
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Figure 2. Details of the HSQC (a) and HMBC (b) NMR spectra of the 
diphenylstannepine 1. 
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The molecular structure of compound 1 was determined in solid 
state by single crystal X-Ray diffraction. The compound crystallizes in a 
triclinic system in the P1 space group with 2 molecules per unit cell. The 
crystal and refinement data are summarized in Table 1, (see experimental 
part). The tin atom has a tetrahedral environment, with the C(13)‒Sn(1)‒C(21) 
angle of 100.98(1) and the C(1)‒Sn(1)‒C(7) angle of 108.59(1) respectively 
(Figure 3). The value of the dihedral angle between the two planes, each 
containing an aromatic stannepinic phenyl ring is 66.15 in 1, slightly more 
open than in the dichlorostannepine analogue (62.06) [12]. 

The main geometrical parameters of 1 (bond lengths and bond 
angles) are shown in Table 2. Comparing the geometrical parameters  
of diphenylstannepine 1 with the dichloro analogue it is noticed that the  
Sn‒C(stannepine) bond length has similar values (2.12 Å in 1 and 2.11 Å in 
dichlorostannepine) while the C(stannepine)‒Sn‒C(stannepine) angle ranges from 
100.98 in 1 to 108.55 in the dichlorostannepine [12]. 

 

 
 

Figure 3. Molecular structure of diphenylstannepine 1 in solid state.  
The atoms are drawn with 50% probability ellipsoids 
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Table 2. Relevant interatomic distances (Å) and angles (°) for compound 1. 

Distances (Å) Angles (°) 

Sn(1) - C(1) 2.1385(3) C(1) - Sn(1) - C(7)     108.59(1)  

Sn(1) - C(7) 2.1319(3) C(1) - Sn(1) - C(13)   115.45(1) 

Sn(1) - C(13) 2.1259(3) C(1) - Sn(1) - C(21)   111.37(1) 

Sn(1) - C(21) 2.1232(3) C(7) - Sn(1) - C(13)   108.59(1) 

C(13) - C(14) 1.3910(2) C(7) - Sn(1) - C(21)   111.74(1) 

C(14) - C(19) 1.4750(2) C(13) - Sn(1) - C(21)  100.98(1) 

C(19) - C(20) 1.3395(2) 

C(20) - C(22) 1.4770(2) 

C(21) - C(22) 1.3921(2) 

An association between two molecules of 1 was revealed in the crystal 
packing, formed through C–H ··· π contacts as shown in Figure 4. The C-H··· π 
distance (2.78 Å) and corresponding C–H ··· π α plane angle (29°) are 
appropriate for such intermolecular interaction and in agreement with the 
literature data (2.60 - 2.86 Å for sp2-C–H··· π distance and the α angle <30°). 
[13, 14, 15] 

Figure 4. Association in the crystal packing of diphenylstannepine 1.  
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Concerning the reactivity of diphenylstannepine 1, a reaction with 
bromine in the presence of iron (as a catalyst) [16] was performed. This 
reaction led to a mixture of compounds, among them a brominated derivative 
was identified by NMR spectroscopy. 119Sn NMR spectra showed a 
resonance at -53.26 ppm, at a value of the chemical shift expected for such 
compounds (when compared to -12.49 for the dichlorinated analogue [12]).  

CONCLUSIONS 

Two novel stannepine derivatives were evidenced. Diphenylstannepine 
derivative 1 was completely characterized in solution, by multinuclear NMR 
spectroscopy experiments, and in the solid state, by a single-crystal X-ray 
diffraction study. A new brominated stannepine product was evidenced by a 
preliminary NMR study. The complete characterization of this compound is 
still in progress since its separation from the reaction mixture could not be 
achieved yet.  

EXPERIMENTAL SECTION 

All manipulations were performed under a dry and oxygen free 
atmosphere (argon) using standard Schlenk techniques. THF was freshly 
distilled upon Na/benzophenone. 2-bromobenzyl bromide, Ph3P and 2-
bromobenzylaldehide were purchased from Alfa Aesar, t-BuOK, t-BuLi, 
Ph2SnCl2 from SIGMA-ALDRICH and used as supplied. Z-2,2’-dibromostilbene 
was prepared according to the literature procedure [17]. 

NMR spectra were recorded in CDCl3 on a Bruker Avance 400 MHz 
spectrometer at the following frequencies: 400.13 (reference TMS) for 1H; 
100.61 MHz (reference TMS) for 13C; 149.21 MHz (reference SnMe4) for 119Sn 
and Bruker Avance 600 MHz spectrometer at the following frequencies: 
600.13 (reference TMS) for 1H; 125.61 MHz (reference TMS) for 13C. The 
general notation of the hydrogen and carbon atoms used for assignment of 
the NMR resonances of compound 1 is shown in Figure 1. 

Crystallographic data for the structural analysis were collected at room 
temperature on a Bruker-SMART APEX instrument by using graphite-
monochromated Mo-Ka radiation (λ = 0.71073 Å). The crystals were attached 
with paraton/N oil to cryoloops and the data were collected at room 
temperature (294 K) (Table 1). The structures were refined with anisotropic 
thermal parameters. The hydrogen atoms were refined with a riding model and 
a mutual isotropic thermal parameter. For structure solving and refinement the 
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software package SHELX-97 was used [18].The drawings were created with 
the Diamond program [19]. The Crystallographic data for the structural 
determinations have been deposited in the Cambridge Crystallographic Data 
Base (CCDC 1465305).  

Table 1. Crystal Data and Structure Refinement for 1. 

Empirical formula C26H20Sn Absorption coefficient (mm-1) 1.230 
Formula weight 451.11 F(000) 452 
Temperature (K) 294(2) Crystal size, mm 0.330 x 0.280 x 

0.260 
Wavelength (Å) 0.71073 θ range for data collection (°) 1.835 to 25.000 

Crystal system Triclinic Reflections collected 9058 
Space group P -1 Independent reflections 3517 [R(int) = 

0.0461] 
Unit cell dimensions Refinement method Full-matrix least-

squares on F2 
a (Å) 9.3401(13) Data/restraints/parameters 3517 / 0 / 244 
b (Å) 10.3276(15) Goodness-of-fit on F2 0.981
c (Å) 

  α (°) 
11.3543(16) 
80.999(2) 

Final R indices [I>2σ(I)] R1 = 0.0405,  
wR2 = 0.0830 

  β (°) 
  γ (°) 

80.119(2)  
77.272(2) 

R indices (all data) R1 = 0.0561,  
wR2 = 0.0909 

Volume (Å3) 1044.4(3) Largest diff. peak and hole, eA-

3 
0.684 and -0.327 

Z 2 Calculated density (g/cm3) 1.434 

Synthesis of (Z)-5,5-diphenyl-5H-dibenzo[b,f]stannepine (1) 
A solution of t-BuLi (9.18 ml, 15.6 mmol, 1.7 M in pentane, 10% 

excess) was added dropwise to (Z)-2,2’-dibromostilbene (2.4 g, 7.1 mmol) 
dissolved in 170 ml THF at -78°C. After 2h at this temperature, a solution of 
diphenyltin dichloride (2.54 g, 7.4 mmol) in 20 ml THF was added dropwise 
and the reaction mixture was allowed to warm up to room temperature 
overnight. The resulting solution was quenched with 100 ml of a 
water:diethylether mixture (1:1). After separation of the phases, the aqueous 
layer was washed with diethyl ether (2 x 25 ml) and the combined organic 
layers were washed with brine and dried over Na2SO4. All volatile 
compounds were removed under reduced pressure. Recrystallization from 
diethyl ether yielded 1 as colorless crystals (1.5 g, 47%). 

1H NMR, 400.13 MHz (CDCl3) ppm: 6.87 (2H, s, CH=CH bridge), 
7.22-7.27 (2H, m, H-3), 7.35 (2H, dt, 3JH-H =7.3, 4JH-H = 1.4 Hz H-para-Ph), 
7.42-7.44 (8H, m, H-4,5, H-meta-Ph), 7.46 (2H, 3JH-H = 7.3, 4JH-H = 1.0 Hz, 
dd, H-2), 7.59 (4H, m, 3JH-Sn = 50.0 Hz, H-orto-Ph). 
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13C NMR, 100.61 MHz (CDCl3) ppm: 127.5 (C-3, 3JC-Sn = 49.1 Hz), 
128.8 (3JC-Sn = 51.5 Hz, C-meta-Ph), 129.0 (4JC-Sn = 9.8 Hz, C-4), 129.3 (4JC-

Sn = 11.3 Hz, C-para-Ph), 129.9 (3JC-Sn = 45.7 Hz, C-5), 134.3 (3JC-Sn = 12.0 
Hz, CH=CH), 136.1 (1JC-Sn = 526.6 and 551.2 Hz, ipso-C Ph), 136.2 (2JC-Sn = 
34.1 Hz, C-2), 137.8 (2JC-Sn = 37.9 Hz, C-orto-Ph), 139.9 (1JC-Sn = 499.1 and 
477.8 Hz, C-1), 144.1 (2JC-Sn = 28.5 Hz, C-6). 
119Sn NMR, 149.21 MHz (CDCl3), ppm: -134.48  

HRMS [APCI] (m/z): 453.0691 [M+1](calcd. for C26H21Sn = 453.0665); 
375.0215 [M+1 – Phenyl] (calcd. for C20H15Sn = 375.0196). 
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THE EFFECT OF ELECTRON-RICH HETEROATOMS IN 
METALLABORANE CLUSTERS 

ALEXANDRU LUPANa*, AMR A.A. ATTIAa, R. BRUCE KINGb 

ABSTRACT. The experimentally synthesized and structurally characterized 
metallaborane clusters containing highly electronegative heteroatoms namely 
(S, P, and Se) were studies by density functional theory in order to provide an 
insight into the influence of these heteroatoms on the polyhedral framework of 
metallaboranes.  

Keywords: Metallaboranes, Density functional theory, heteroatoms, 
electronegativity.  

INTRODUCTION  

The most stable boranes are the deltahedral borane dianions BnHn2– 
which adopt the geometries of the most spherical deltahedra having in 
general vertices of degrees 4 and 5. Such boranes have 2n + 2 skeletal 
electrons, as required by the Wade-Mingos rules [1,2,3,4]. BH vertices can 
be replaced by isoelectronic CH vertices leading to stable neutral C2Bn-2Hn. 
In 1960s Hawthorne successfully substituted BH vertices in dicarbaboranes 
with transition metal units such as CpCo (Cp = η5-C5H5) leading to neutral 
cobaltadicarbaboranes [5]. 

Phosphorous and carbon have similar electronegativities owing to 
their diagonal relationship in the periodic table. However, replacement of a 
CH vertex by a phosphorus atom in carborane cages leads to the possibility 
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of new chemistry arising from the basic properties of the phosphorus 
external lone pair. The first icosahedral diphosphaborane P2B10H10 was 
initially synthesized in low yield in 1989 [6]. Subsequent improvements in 
the synthesis of P2B10H10 made it more readily available to synthesize the 
cobaltadiphosphaborane CpCoP2B9H9 [7]. Other work led to the synthesis 
of various ferradiphosphacarboranes such as CpFeCP2B8H9 [8]. 

One important aspect in the chemistry of the metalladiphosphaboranes 
is the basicity of the phosphorus lone pairs. A phosphorus vertex is a four 
skeletal electron donor so that a CpFeCPBn-3Hn–2 structure has 2n+2 skeletal 
electrons and thus exhibits most spherical closo deltahedral geometries. The 
11-vertex iron complex CpFeCHP(CH3)B8H8 has been synthesized [9] in which 
the iron atom is located in the unique degree 6 vertex while the carbon and 
phosphorus atoms are located in the only two available degree 4 vertices. 
Interestingly one of the Fe-B bonds is abnormally long suggesting that a 
degree 6 vertex is not favored. Related to the ferracarbaphosphaboranes 
are the isoelectronic ferrathiacarboranes CpFeCHSBn–3Hn–3 Two examples 
of such species have been synthesized by Kudinov and coworkers [10], 
namely the icosahedral 12-vertex CpFeC(NHCMe3)SB9H9 and the 11-
vertex CpFeC[B(OH)2]SB8H8. 

The 10- and 12-vertex cobaltathiaboranes were first synthesized by 
by Sneddon and co-workers in low yield [11]. A more efficient synthesis of 
CpCoSB10H10 was recently carried out by Welch and co-workers [12]. X-ray 
crystallography showed an icosahedral structure with adjacent cobalt and 
sulfur atoms. [12]. The synthesis of B9H9E2 (E = S or Se) species having 
two sulfur or selenium vertex atoms has been reported [13]. Such species 
appear to have nido structures derived by removal of a vertex from a regular 
icosahedron to leave a pentagonal face. A similar introduction of a CpCo 
unit into the diselenaborane B9H9Se2 gives a low yield of a novel 12-vertex 
nido species CpCoSe2B9H9 having a bent pentagonal face.[13]  

This study aimed at investigating the effect of the electron-rich 
heteroatoms, namely S, P and Se, on the polyhedral framework of metallaborane 
clusters by using density functional theory. We review our results in this 
area. 

RESULTS AND DISCUSSION 

A. Phosphorus as a "carbon copy" and its heavier congeners 

The low energy 8-vertex CpCoP2B5H5 structures are based on the 
most spherical deltahedron namely the D2d bisdisphenoid. The lowest such 
structure has the cobalt atom located in a degree 5 vertex and the phosphorus 
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atoms located in non-adjacent degree 4 vertices (figure 1). All of the 9-vertex 
CpCoP2B6H6 structures have central CoP2B6 tricapped trigonal prisms. The 
lowest energy CpCoP2B6H6 structure has the phosphorus atoms located in 
non-adjacent positions with one at a degree 4 vertex and the other located 
at a degree 5 vertex. The latter is adjacent to the cobalt atom located in the 
only adjacent degree 5 vertex that is not adjacent to the degree 4 
phosphorus atom. [14] 

 

CpCoP2B5H5 CpCoP2B6H6 CpCoP2B7H7 
 

CpCoP2B8H8 
 

CpCoP2B9H9
 

Figure 1. The lowest energy CpCoP2Bn–2Hn–2 structures. 
 

The geometries of the 10-vertex cobaltadiphosphaboranes 
CpCoP2B7H7 are based on the D4d bicapped square antiprism. The lowest 
energy such structure is the unique structure having both phosphorus 
atoms located at degree 4 vertices. The 11-vertex CpCoP2B8H8 system is 
based on the 11-vertex most spherical deltahedron. This C2v deltahedron 
has a single degree 6 vertex, and consequently two degree 4 vertices. The 
lower symmetry leads inherently to a more complicated potential energy 
surface. The lowest energy such structure has a P…P edge that is too long 
for a direct bond thereby leading to a polyhedron with a quadrilateral face 
including a P…P diagonal. The lowest energy 12-vertex CpCoP2B9H9 
structures are all regular icosahedra. The most stable such structure has 
two Co-P edges and non-adjacent P atoms. [14] 

The lowest energy 8-vertex CpFeCHP(CH3)B5H5 structures are all 
bisdisphenoids having the iron atoms located mainly in degree 5 vertices 
with phosphorus and carbon atoms in non-adjacent positions (Figure 2). 
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The 9-vertex systems are based on the most spherical closo tricapped 
trigonal prism having the iron atom located at a degree 5 vertex. In all such 
structures the phosphorus atom is adjacent to the iron atom while the 
carbon atom prefers a degree 4 vertex. The situation is similar for the 10-
vertex CpFeCHP(CH3)B7H7 system exhibiting also the geometry of the 
corresponding most spherical deltahedron, namely the bicapped tetragonal 
antiprism. Such structures have the carbon and phosphorus atoms located 
in the only two degree 4 vertices. [15] 

CpFeCHP(CH3)B5H5 CpFeCHP(CH3)B6H6
 

CpFeCHP(CH3)B7H7

CpFeCHP(CH3)B8H8 
global minimum 

CpFeCHP(CH3)B8H8

( +3.1 kcal/mol) 

CpFeCHP(CH3)B9H9 

Figure 2. The lowest energy CpFeCHP(CH3)Bn-3Hn-3 structures. 

The experimental CpFeCHP(CH3)B8H8 structure is not the global 
minimum but a slightly higher energy structure (+3.1 kcal/mol) having the 
phosphorus atom located in a degree 4 vertex. Lengthening one of the Fe-B 
bonds converts the two adjacent deltahedral faces into a single quadrilateral 
face thus reducing the degree of the iron vertex from 6 to 5. [15] 

The 12-vertex structures based on the FeCPB9 framework clearly 
favor the regular icosahedron over any other arrangement of the 12 vertex 
atoms. The most stable such structure has an Fe-P edge with the carbon 
vertex placed antipodally to the phosphorus vertex. [15] 
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B. The electron rich sulfur and selenium vertices: a route to 
more open structures 
 

A sulfur vertex contributes four skeletal electrons so that a 
CpCoSBn–2Hn–2 system has 2n + 2 skeletal electrons and thus prefers a closo 
deltahedral bisdisphenoid geometry according to the Wade-Mingos rules. 
The lowest energy CpCoSB6H6 structure is a bisdisphenoid having the 
cobalt atom at a degree 5 vertex and the sulfur atom at a non-adjacent degree 
4 vertex (Figure 3). The lowest energy 9-vertex cobaltathiaborane structures 
are tricapped trigonal prisms having the cobalt atom located in a degree 5 
vertex and the sulfur atom in the non-adjacent degree 4 vertex. The same 
location pattern was found for the lowest energy CpCoSB8H8 structure based 
on the most spherical 10-vertex deltahedron, namely the bicapped tetragonal 
antiprism. This trend continues for the 11-vertex CpCoSB9H9 family in 
which the low-energy structures are all isomers of the corresponding closo 
deltahedron, The most stable such structure is the unique isomer having 
the cobalt atom located in the unique degree 6 vertex and the sulfur atom 
located in an adjacent degree 4 vertex. [16] 

 

 
CpCoSB6H6 CpCoSB7H7 

 
CpCoSB8H8 

 

CpCoSB9H9 CpCoSB10H10 
 

Figure 3. The lowest-energy CpCoSBn-2Hn-2 structures. 
 
 For the 12-vertex CpCoSB10H10 structures, isomers based on the 
icosahedron have much lower energies than those based on any other 
possible 12-vertex polyhedra such as the cuboctahedron or anticuboctahedron. 
The lowest-energy cobaltathiaborane icosahedron has a direct Co-S edge. 
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The highest energy such structure has the cobalt and sulfur atoms located 
on at antipodal vertices. [16] 

Various ferrathiacarboranes such as CpFeC(NHCMe3)SB9H9 and 
CpFeC[B(OH)2]SB8H8, have been synthesized and structurally characterized 
by X-ray crystallography [17]. The ferrathiacarboranes are isoelectronic with 
the dicobaltadicarbaboranes and the cobaltathiaboranes. The question arises 
regarding the geometrical preferences of the ferrathiacarboranes CpFeCHSBnHn 
as compared with the previously discussed iron phosphacarboranes 
CpFeCHP(CH3)Bn–3Hn–3 and whether two heteroatoms known to exhibit a 
preference for a lower vertex degree, namely sulfur and carbon in this case, 
would induce deviations from the deltahedral sphericity. 

CpFeCHSB5H5 CpFeCHSB6H6 
closo

CpFeCHSB6H6  
isocloso

CpFeCHSB7H7 CpFeCHSB8H8 CpFeCHSB9H9

Figure 4. The lowest-lying CpFeCHSBn-3Hn-3 structures. 

The lowest energy 8-vertex CpFeCHSB5H5 structures are based on 
the most spherical deltahedron, namely the bisdisphenoid with the iron 
atom in a degree 5 vertex directly connected to a degree 4 vertex sulfur 
atom. The carbon atom is located in the only other degree 4 vertex which is 
non-adjacent to either iron or sulfur atoms (figure 4). [18] The lowest energy 
9-vertex iron thiacarbaborane CpFeCHSB6H6 structure is a closo tricapped 
trigonal prismatic which is very close in energy to an isocloso isomer. The 
low-energy closo structure is the unique structure having the iron atom 
located in a degree 5 vertex and sulfur and carbon atoms located in degree 
4 vertices but not with adjacent iron and carbon atoms and with a direct Fe-
S bond. The 10-vertex CpFeCHSB7H7 global minimum structure is the most 
spherical deltahedron having the heteroatoms at degree 4 vertices with the 
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added preference for iron-sulfur adjacency. The most stable CpFeCHSB8H8 
structure is the unique closo/isocloso isomer with both heteroatoms located 
at degree 4 vertices and the iron atom located in the unique degree 6 
vertex. [18] This is the experimentaly reported polyhedral arrangement for 
the boronic acid CpFeC[B(OH)2]SB8H8 [17]. The lowest energy 12-vertex 
structure CpFeCHSB9H9 is reported to be the only isomer having adjacent 
iron and sulfur atoms as well as non-adjacent and non-antipodal iron and 
carbon atoms. [18] 

While a CH vertex is a donor of 3 skeletal electrons, a group 16 
element vertex (S or Se) has an external lone pair thus leaving 4 skeletal 
electrons for skeletal bonding. Thus a thia- or selenaborane has the 2n + 2 
skeletal electrons necessary for a spherical cage. This can also be predicted 
for neutral boranes having extra hydrogen atoms. In practice such “extra” 
hydrogen atoms cannot remain on a closed polyhedron. However removal of a 
vertex leaves an open face which is suitable for edge-capping extra hydrogens. 
Such species are called nido-boranes. The ability of each sulfur and 
selenium atom to provide four skeletal electrons provides the possibility of 
nido metallaborane structures without bridging hydrogen atoms. Such species 
having 11 vertices obtained by removal of a vertex from an icosahedron (and 
consequently having a pentagonal opened face) have been reported [19]. 

CpCoSe2B5H5 CpCoSe2B6H6 CpCoSe2B7H7 

CpCoSe2B8H8 CpCoSe2B9H9 

Figure 5. The lowest-lying CpCoSe2Bn-3Hn-3 structures. 

The most stable 8-vertex cobaltaselenaborane CpCoSe2B5H5 structure 
originates from the 9-vertex most spherical deltahedron by the removal of a 
degree 5 vertex leading to a pentagonal open face providing two degree 3 
vertices for the selenium atoms (Figure 5). [20] 
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The lowest energy 9-vertex CpCoSe2B6H6 structures are generated 
by the removal of a degree 4 vertex from the closo 10-vertex most spherical 
deltahedron, namely the bicapped tetragonal antiprism. This leaves a large 
tetragonal open face. The 10-vertex CpCoSe2B7H7 system is a simple one, 
derived from the 11-vertex most spherical closo deltahedron by removal of 
the single degree 6 vertex. This decreases the degrees of the two former two 
degree 4 vertices to just 3 where the two selenium atoms are located. This 
structure resembles the well-known structure of nido decarborane, B10H14. 
The lowest energy CpCoSe2B9H9 structure originates from a regular icosahedron 
by distorting a vertex so that two edges are broken leaving a degree 4 vertex 
as well as two degree 3 vertices for the selenium atoms. [20] 

CONCLUSIONS 

Density functional theory results show that the lowest energy 
CpCoP2Bn−3Hn−3 (n = 8 to 12) structures have the cobalt atom at a degree 5 
or 6 vertex and the phosphorus atoms at degree 4 vertices with strong 
preference of the phosphorus atoms to occupy non-adjacent vertices. The 
lowest energy structures of the isoelectronic CpFeCHP(CH3)Bn−3Hn−3 (n = 8 
to 12) have adjacent iron and phosphorus atoms and non-adjacent 
phosphorus and carbon atoms. One of the Fe–B bonds from the degree 6 
iron vertex in the 11-vertex CpFeCHP(CH3)B8H8 structure appears to be 
fragile, readily elongating to ∼3.1 Å in one of the low-energy structures, 
consistent with experimental observation on this system. The lowest energy 
structures for the CpCoSBnHn (n = 6–10) systems were found to be the closo 
deltahedra in accord with expectations for these 2n + 2 Wadean skeletal 
electron systems. The sulfur atoms in these structures were shown to prefer 
locations at the lowest degree vertices. Results on the ferrathiacarboranes 
CpFeCHSBn–3Hn–3 (n = 8-12) indicate energetic preferences for deltahedral 
structures having the iron atoms located at degree 5 or 6 vertices, the carbon 
and sulfur atoms located at degree 4 vertices, and Fe–S edges. The lowest 
energy CpCoSe2Bn–3Hn–3 (n = 8-12) structures have central CoSe2Bn-3 nido 
polyhedra derived from closo or isocloso deltahedron by removal of a vertex. 
This leads to an “open” non-triangular face having four to six edges. The two 
selenium vertices in such structures are located on this open face reflecting 
the general preference of selenium for low-degree vertices. 
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THEORETICAL METHODS 

Full geometry optimizations have been carried out at the M06L/6-
311G(d,p) level of theory. The natures of the stationary points after 
optimization were checked by calculations of the harmonic vibrational 
frequencies. If significant imaginary frequencies were found, the optimization 
was continued by following the normal modes corresponding to imaginary 
frequencies to insure that genuine minima were obtained. 

All calculations were performed using the Gaussian 09 package [21] 
with the default settings for the SCF cycles and geometry optimization, 
namely the fine grid (75,302) for numerically evaluating the integrals, 10–8 
hartree for the self-consistent field convergence, maximum force of 
0.000450 hartree/bohr, RMS force of 0.000300 hartree/bohr, maximum 
displacement of 0.001800 bohr, and RMS displacement of 0.001200 bohr. 
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ANTIOXIDANT ACTIVITY AND TOTAL PHENOLIC CONTENT 
OF SOME COMMERCIAL FRUIT- FLAVOURED YOGURTS 
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ABSTRACT. There is currently an increasing interest in developing functional 
foods and in the use of natural food antioxidants as health promoting additives. 
The purpose of our study was to compare the antioxidant potential and 
the total phenolic content of 12 commercial available fruit flavoured yogurts 
from three different producers present on the Romanian diary market. The 
free radical scavenging capacity was evaluated using the 2, 2-azino-bis(3-
ethylbenzothiazoline)-6-sulphonic acid (ABTS) assay and the total phenolic 
content (TPC) was determined by Folin-Ciocalteu method. The TPC of the 
investigated samples varied between 362.3 and 926.7 μg gallic acid equivalents/mL 
yogurt and the antioxidant activity (AA) was in the range of 197.1÷ 653.8 μM 
Trolox. A positive linear correlation between the antioxidant activity and the 
total phenolic content (R2 = 0.915; 0.912; 0.687) was established for the yogurt 
samples. 

Keywords: fruit-flavoured yogurt, polyphenols, antioxidant activity  

INTRODUCTION 

Fermented foods have been consumed since ancient times. 
Fermentation was used to improve the shelf-life of some foods. The most famous 
examples of consumed fermented products are bread, cheese and wine [1]. 
Beside these, yogurt has also an important place, being one of the most popular 
traditionally consumed fermented foods, firstly consumed in the Middle Asia 
and nowadays widely spread in the whole world. Yogurt is a basic diary 
product, produced by some thermophilic lactic acid generating bacteria such 
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as Streptococcus thermophilus and Lactobacillus delbrueckii spp. Bulgaricus 
during the slow fermentation of milk lactose [2]. Compared to milk, yogurt has 
increased nutritional properties being a good source of proteins, vitamins 
(thiamine, riboflavin, niacin, nicotinic acid, folic acid, ascorbic acid), minerals 
and microelements (calcium, phosphorus, zinc, magnesium) [3]. Yogurt is 
considered a healthy food being an excellent source of probiotics, energy and 
calcium. In addition, consumption of yogurt has proved to be beneficial to the 
immune system, inflammatory diseases, allergies, cancer prevention, reduction 
of constipation, regulation of blood pressure, weight control, obesity, decrease 
of cholesterol absorption and many others [4-6]. Moreover, lactose intolerant 
people can consume yogurt since during fermentation milk lactose is converted 
to lactic acid [7].  

Yogurt is often flavoured or fortified to create value-added products, 
as yogurt’s flavour gained lately an important role on consumers’ demand. 
Flavouring of yogurt can be achieved by addition of synthetic compounds or 
natural ingredients such as fruit juices or fruit pulp. The enrichment with 
various plant derived health beneficial ingredients can improve the nutritional 
properties of fermented diary food products. 

Strawberry is the leading fruit used in Europe for flavouring yogurt [2]. 
Other fruits, such as peach, apricot, apple, banana, orange, plum, cherries are 
also widely used to enhance the flavour of yogurt. Apart of giving different tastes 
to yogurt, these fruit based additives are an important source of active compounds 
which provide specific health benefits including antioxidant, anti-inflammatory 
and antimicrobial activities [8, 9]. Despite its nutritional characteristics, yogurt 
as well as other dairy products are extremely poor in phenolic compounds. Hence, 
adding fruits reach in phenolics improves the antioxidant activity of yogurt [10]. 

Antioxidant compounds protect the human organisms from oxidative 
damages of the free radicals and play an important role in prevention of some 
degenerative diseases. The most active antioxidants of fruits are polyphenols 
such as anthocyanins, flavonols, catechins and carotenoids and vitamins. Among 
these, phenolics have received lately an increased attention, fruits reach in these 
compounds being intensively used as functional ingredients in the food industry. 

Despite the widely consumption of fruit flavoured yogurt and its 
improved nutritional properties, there are not many studies reporting the 
antioxidant capacity and phenolic content of these commercial available 
dairy products [11].  

The aim of our study was to assess the antioxidant activity and the 
total phenolic content of 12 commercial available fruit flavoured yogurt samples. 
The samples were chosen in order to include fruits with powerful antioxidant 
capacity such as strawberry, sour cherries, wild berries and apricots and were 
provided by different producers. 
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RESULTS AND DISCUSSION 
 
 The total phenolic content (TPC) of 12 fruit flavoured yogurts was 
estimated using the Folin-Ciocalteu reagent. The TPC of the investigated 
samples varied from one producer to another and among the added fruits 
(Figure 1). Elevated TPC values were recorded for the wild berry and the 
sour cherry flavoured yogurts, the highest phenolic content being determined 
for the sour cherry flavoured yogurt from producer 3 (926.7 μg gallic acid 
equivalents/mL yogurt) while the lowest value was 362.3 μg gallic acid 
equivalents/mL for the apricot yogurt from producer 2. The differences in the 
total phenolic content might be due to the different phenolic profile of the fruits 
used for flavouring the yogurt as well as to the different fruit content of the 
investigated yogurts which varied from one producer to another (Table 1). 

 
Figure 1. Total phenolic content (μg GAE/mL yogurt) of investigated yogurts 

 
 The antioxidant capacity (AA) of the 12 investigated fruit flavoured 
yogurts was determined using the ABTS radical cation method, based on the 
free radical scavenging capacity of antioxidant molecules. The total antioxidant 
capacity of the studied yogurts was assessed using a dose response curve for 
ABTS+· as function of stock solutions of Trolox standard (concentration from 50 
to 800 μM) and expressed as μM Trolox equivalents. The obtained values of 
AA for the investigated samples presented a large variation, ranging from 197.1 
to 653.8 μM Trolox. The highest levels of the antioxidant capacity were obtained 
for yogurts from producer 1 (Figure 2).  
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Figure 2. Antioxidant activity (μM Trolox) of investigated yogurts 

Wild berries flavoured yogurt from producer 1 exhibited the highest 
radical scavenging capacity comparable to that of apricots flavoured yogurt 
from the same producer (653.8 and 639.4 μM Trolox, respectively). Comparing 
yogurts with added wild berries from all three producers is notable that yogurts 
from producers 2 and 3 presented similar antioxidant activities (355.7 and 
302.8 μM Trolox, respectively) values that are almost half than that of yogurt from 
producer 1. Generally, the lowest levels of the antioxidant capacity of investigated 
samples were obtained for the yogurts from producer 2, with wild berries added 
yogurt as the only exception. Strawberry flavoured yogurts presented the lowest 
values of antioxidant activity in all the investigated cases.  

By comparing the values of antioxidant activities it’s important to take 
into account the free radical scavenging capacity of the contained fruits in the 
analyzed yogurts. It’s well known that wild berries posses a stronger antioxidant 
activity than cultivated strawberries or apricots [12, 13]. The literature studies 
on the antioxidant activity of commercial fruit flavoured yogurts are poor and 
the reported data were obtained by applying different assays such as DPPH 
scavenging method, β-carotene bleaching inhibition and ferric reducing antioxidant 
power assay [11]. There are no reported data regarding evaluation of the 
antioxidant activity of commercial fruit yogurts using the ABTS assay.  

A positive linear correlation between the antioxidant capacity and total 
phenolic content of the investigated yogurts was established (Figure 3).  
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Figure 3. Correlation between total phenolic content and antioxidant activity 
of investigated yogurts 

The high linear correlation coefficients R2 (0.915 for yogurts of producer 
1 and 0.912 for yogurts of producer 3) clearly indicated that the phenolic 
compounds from the added fruits significantly contributed to the antioxidant 
capacity of the derived dairy products. The results are consistent with those 
reported by other research groups [14, 15]. The poor correlation between the 
two investigated parameters of yogurts from producer 2 (R2 = 0.687) may be 
explained by the fact that the total phenolic content does not necessarily 
incorporate all the antioxidants present in the samples. Some antioxidants 
(such as citric acid) are added in the fermented dairy products of producer 2 
as labelled by producer.  

CONCLUSIONS 

The present study delivers key information on the total phenolic content 
and antioxidant capacity of some commercial available fruit flavoured yogurts, 
less investigated until now. Wild berry yogurts showed the highest AA value, 
while the highest TPC was recorded for sour cherry flavored yogurt. The radical 
scavenging capacity decreased in the order: wild berry > apricots > sour cherry > 
strawberry. Addition of fruits to yogurt enhances its nutritional properties due to 
their high antioxidant content. 
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EXPERIMENTAL SECTION 

Yogurt samples  

Twelve fruit flavoured yogurts were purchased from a local market from 
Cluj-Napoca, Romania. The samples were selected taking into account the 
addition of fruits with high antioxidant capacity. The composition of the chosen 
yogurt samples is given in Table 1. All samples were kept refrigerated at 2°C 
and analyzed at 24 h after purchase. 

Table 1. Composition of the investigated yogurts as labeled by producer 

Producer Type of 
yogurt 

Composition

1 

Sour cherries Pasteurized milk, sugar, sour cherry 2%, glucose-fructose 
syrup, colors (aronia and carrot juice), flavor, milk proteins, 
corn modified starch, thickener (pectin), lactic ferments 

Apricots Pasteurized milk, sugar, apricot 2%, colors (carrot and red 
pepper extracts, β-carotene), flavor, milk proteins, corn 
modified starch, thickener (pectin), lactic ferments 

Strawberries Pasteurized milk, sugar, strawberry 2%, glucose-fructose 
syrup, colors (red beet and carrot juice, β-carotene), flavor, 
milk proteins, corn modified starch, thickener (pectin), lactic 
ferments 

Wild berries Pasteurized milk, sugar, wild berries 2.3% (blackberry, 
strawberry, raspberry, blueberry, black elderberry), colors 
(black carrot and red beet concentrated juice, hibiscus), 
flavor, milk proteins, corn modified starch, thickener (pectin), 
lactic ferments 

2 

Sour cherries Pasteurized milk, sugar, sour cherry 2% (sour cherry pulp, 
sour cherry concentrated juice, water, modified starch, 
stabilizer: pectin, acidifying agent: citric acid ), color (carrot 
concentrated juice), milk proteins, lactic ferments 

Apricots Pasteurized milk, sugar, apricot 2% (apricot pulp, apricot 
concentrated juice, water, modified starch, flavor, stabilizer: 
pectin, acidifying agent: citric acid), colors (carrot 
concentrated juice, β-carotene), milk proteins, lactic ferments 

Strawberries Pasteurized milk, sugar, strawberry 2% (strawberry pulp, 
strawberry concentrated puree, water, modified starch, 
stabilizer: pectin, flavor, acidifying agent: citric acid), colors 
(carrot concentrated juice, β-carotene), milk proteins, lactic 
ferments 

Wild berries Pasteurized milk, sugar, wild berries 2% (black currant, 
blackberry, raspberry and strawberry concentrated juice, 
water, modified starch, stabilizer: pectin, flavor, acidifying 
agent: citric acid), colors (aronia, grapes and carrot 
concentrated juice), milk proteins, lactic ferments 
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Producer Type of 
yogurt 

Composition

3 

Sour cherries Semi-skimmed yogurt, sugar, sour cherry 3.7%, glucose-
fructose syrup, color (carrot concentrated juice), flavor 

Apricots Semi-skimmed yogurt, sugar, apricot 3.7%, glucose-fructose 
syrup, color (pumpkin and apple concentrate), flavor 

Strawberries Semi-skimmed yogurt, sugar, strawberry 3.7%, glucose-
fructose syrup, color (carrot concentrated juice), flavor 

Wild berries Semi-skimmed yogurt, sugar, wild berries concentrated juice 
(raspberry 2.3%, strawberry 1.8%, blackcurrant 0.7%, red 
currant 0.5%), glucose-fructose syrup, color (carmin), flavor 

Chemicals and reagents 

All chemicals and reagents were purchased from Merck (Darmstadt, 
Germany), were of analytical grade and were used without further purification. 
A TYPDP1500 Water distiller (Techosklo LTD, Držkov, Czech Republic) was 
used to obtain the distilled water. 

Extraction procedure 

A volume of 10 mL yogurt was stirred with 10 mL ethanol:water mixture 
(60:40) at room temperature for 30 minutes. The resulting mixture was 
centrifuged at 5000 rpm for 15 minutes in a Hettig 1004 EBA 21 centrifuge 
(Germany). The collected supernatant was stored at 2°C and further used to 
evaluate the total phenolic content and antioxidant activity of the samples. 

Determination of total phenolic content 

The TPC was determined by the method of Singleton [16] using the 
Folin-Ciocalteu reagent. 

Yogurt extract (0.3 mL) was mixed with 0.2 N Folin-Ciocalteu reagent 
(1.5 mL). After 5 min, 1.2 mL of 0.7N Na2CO3 solution were added. The mixture 
was incubated at room temperature for 2 hours and then the absorbance was 
measured at 765 nm, using an UV-VIS Perkin Elmer Lambda 25 double 
beam spectrophotometer against a blank sample as reference. Quantitative 
determinations were performed based on a five points standard calibration curve 
(10; 25; 50; 75; 100 μg/mL) of gallic acid in 80% methanol. The results were 
expressed as μg galic acid equivalents (GAE)/mL yogurt. 

Determination of antioxidant capacity 

The ABTS·+ method of Re et al. [17], slightly modified was used to 
determine the antioxidant activity of the examined yogurts. 360 mg of ABTS 
were dissolved in 100 mL distilled water. The ABTS radical cation was generated 
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by mixing ABTS solution (7mM) and of potassium persulfate solution (2.45 mM) 
in equal volumes. The resulting solution was kept in the dark for 24 h. To 
6 mL of diluted ABTS·+ solution (absorbance around 0.8), 0.1 mL yogurt extract 
were added. After 15 minutes, the decrease of the absorbance of ABTS·+ was 
monitored at 734 nm. A calibration curve of the standard -Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid) (50-800 M Trolox), was used 
to determine the antioxidant capacity of the samples. The AA was expressed 
in μM Trolox equivalents.  
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CYTOTOXIC ACTIVITY OF PALLADIUM (II) COMPLEXES OF 
(1E,6E)-1,7-BIS(4-(DIMETHYLAMINO)PHENYL)HEPTA-1,6-
DIENE-3,5-DIONE AGAINST HUMAN COLON CARCINOMA  
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BIANCA TATOMIRb, CRISTINA SZALONTAIb, DIANA CENARIUc, 

FERDINAND DEVÍNSKYa, EVA FISCHER-FODORb* 

ABSTRACT. Two palladium(II) complexes of (1E,6E)-1,7-bis(4-(dimethilamino) 
phenyl)hepta-1,6-diene-3,5-dione were synthesized and structurally characterized 
with the aim of testing their cytotoxicity towards human colon tumor cells in vitro. 
Complexes A and B have the capacity to inhibit the cell growth in HT-29 
and DLD-1 cell lines, the activity of A being superior as a result of a better 
accumulation inside the tumor cells. 

Keywords: palladium complexes, curcumin derivative, cytotoxicity, colon 
cancer, cellular uptake 

INTRODUCTION  

The natural extract curcumin exhibits in vitro antitumor effect against 
a variety of cancer cells [1], but this activity is not transposable to clinics 
due to the low bioavailability of the compound  [2], which generates a minor 
effect on the cancer patients survival [3]. Seeking out for more active prodrugs, 
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synthetic strategies were elaborated to obtain metal complexes of curcumin 
with enhanced selectivity in vivo [4]. We reported previously novel palladium 
complexes with curcumin derivative ligands having antiproliferative [5] and 
immunomodulatory effects [6]. The curcumin derivative used in synthesis of 
palladium complexes tested in this work, 1,7-bis(4-(dimethylamino)phenyl) 
hepta-1,6-diene-3,5-dione, has been reported and tested for its biological 
activity against activation of AP-1 family of transcription factors [7]. It was 
tested for its cytotoxic ability, displaying a comparable or better activity than 
curcumin in a series of different curcuminoids. Pabon [8] observed a 
comparable activity of the curcumin derivative, containing dimethylamino 
moieties, with the pure curcumin when the anti-oxidant activity was 
investigated by FRAP assay. The aim of the present study was to obtain 
new metal complexes with enhanced capacity to target the tumor cells; the 
selected biologic substrates were the human colon cancer cells, a tumor 
type where curcumin alone was proven to be efficient more in prevention 
than in cancer cure [3].  

RESULTS AND DISCUSSION 

The synthesis of curcumin derivative with dimethylamino groups on 
the aromatic rings follows the pathway described previously in the literature 
[9]. Palladium complexes with the curcumin like ligand and the precursor 
palladium complexes used in syntheses (Scheme 1) were prepared based 
on a procedure reported formerly in our papers [5, 6]. 
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Cytotoxicity 
 
 The biological tests showed that the (1E,6E)-1,7-bis(4-(dimethilamino) 
phenyl)hepta-1,6-diene-3,5-dione ligand has no toxic effect against colon 
cancer cell lines in the studied concentration range; the attempts to calculate 
IC50 values resulted ambiguous and unconverged data in a 95% confidence 
interval. The half inhibitory concentrations (IC50) corresponding to complexes A 
and B were calculated using the sigmoidal dose-response curves (Table 1);  
 
 

Table 1. Half inhibitory concentrations IC50 of curcuminoid like ligand and 
palladium(II) complexes A and B. 

 

Compound Cell line IC50 value [μM] ± Standard 
deviation 

Complex A DLD-1  19.17 ± 4.35 
 HT-29    5.54 ± 0.37 
Complex B DLD-1  49.65 ± 6.13 
 HT-29  68.51 ± 6.56 

 
 

  
 

  
 

Figure 1. Sigmoidal dose-response curve corresponding to inhibitory activity of 
complexes A and B against DLD-1 and HT-29 cells growth. 
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a lower IC50 value indicates more significant toxicity. The inhibitory effect of 
complex A against tumor cells growth is superior to the effect of complex B in 
both DLD-1 and HT-29 cell lines in vitro (Figure 1). The IC50 value for 
compound A is markedly decreased in HT-29 cells. The complexes show a 
superior toxicity when compared with the nearly inactive ligand. 

Cellular accumulation  

The (1E,6E)-1,7-bis(4-(dimethilamino)phenyl)hepta-1,6-diene-3,5-dione 
and its complexes (A and B) are fluorescent molecules, and their 
accumulation in the cancer cells can be tracked using fluorescence intensity 
measurements on treated cells.  

Figure 2. The compounds cellular uptake into DLD-1 cells following 24 hours 
treatment with the compounds, measured using fluorescence at 620nm emission, 

540nm excitation; median values obtained from 6 independent experiments 

Table 2. Linear regression data proving the dose-response relationship  
between the compounds concentration and their cellular accumulation rate 

within 24 hours treatment of DLD-1 and HT-29 cells; p<0.0001  
(the deviation from zero was significant for all compounds) 

Best-fit values  Ligand  Complex A  Complex B 
DLD-1 cells 
Slope 7.20 ± 0.28 8.163 ± 0.26 2.27 ± 0.24 
r2 0.94 0.96 0.65
F 675.4 998.4 86.32
Deviation from zero Significant Significant Significant

HT-29 cells 
Slope 1.99 ± 0.08 5.89 ± 0.43 3.37 ± 0.11 
r2 0.93 0.81 0.95
F 624.9 186.5 881.0
Deviation from zero Significant Significant Significant
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The compounds accumulate in HT-29 and even in the K-ras mutant 
DLD-1 cells after 24 hours of exposure (Figure 2) and the cellular uptake in 
all compounds was dose-related (Table 2). Complex A displays the biggest 
accumulation rate in both DLD-1 and HT-29 cells (one-way analysis of 
variance, Bonferroni post-test, p<0.05). The curcumin like ligand is selective, 
with good affinity for the DLD-1 line but with lower uptake in the HT-29 cells. 
The accumulation of complex B was better in HT-29 cells at 1mM 
concentration, and the decrease was very rapid. In DLD-1 cells a plateau 
was observed above 250 μM, where, despite the dose augmentation, the cells 
do not take up more complex. Although complex A is the most cytotoxic, 
there is no statistically significant correlation between the intracellular 
fluorescence and the IC50 values of studied compounds (nonparametric 
Spearman correlation, p value 0.917). 

It is known that the DLD-1 and HT-29 tumor cells are sensitive to 
platinum-based-based drugs [10]. The accumulation of the platinum-based 
compounds in the colorectal tumor cells is related to the drug transporter 
molecules belonging to ABC family such ABCB1 and ABCG2 drug efflux 
pumps [11]. The alteration of ABCB1 and ABCG2 in colon carcinoma cells 
lead to a decrease of the cytotoxic drugs efficacy [12], including the metal-
based drugs such as oxaliplatin.  

The most toxic compound, complex A was proven to be one with 
the best accumulation in the cell, in agreement with previous studies which 
demonstrated a relation between the cellular uptake of Pd(II) complexes 
and their cytotoxic activity [13].  

On the assumption that the favourable in vitro effect of complex A 
could be translated to chemotherapy, the compound might be functionalized 
[14] or encapsulated [15], to obtain a satisfactory in vivo activity. 

CONCLUSIONS 

Despite its capacity to accumulate in tumor cells, the curcuminoid 
ligand showed no toxicity against colon adenocarcinoma cell lines, IC50 
values being relatively high, above the highest concentration used in 
biological tests. Once incorporated inside the cells, the fluorescence of the 
three compounds was detected at 620 nm emission, with 540 nm excitation. 
The cellular uptake of the two palladium complexes A and B exhibit different 
patterns: complex A incorporation was superior to B in both cell lines. 
Complex A displays also the most important in vitro inhibitory growth 
capacity against colon carcinoma HT-29 and K-ras mutant DLD-1 cells. 
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EXPERIMENTAL SECTION 
 
 All chemicals necessary in the syntheses were of reagent grade and 
were used as they received.  
 All synthesized products were structurally characterized by NMR 
spectra, measured on a Varian Gemini 2000 spectrometer at working 
frequencies 300 Mz ( for 1H-NMR) and 75 Mz (for 13C-NMR). Spectra were 
measured in CDCl3, using as internal standard TMS. The infrared spectra were 
recorded on a Nicolet 6700 FT-IR spectrophotometer, scanning between 400 
and 4000 cm-1. UV-Vis spectra were measured with a Genesys 10S UV-Vis 
spectrophotometer in ethanol at a concentration of 10-5 mol/L. Purification 
of curcumin derivative and complexes A and B was done by column 
chromatography performed on silica gel (0.035-0.070 mm 60 Å, Acros). 
Melting points were determined with a Koffler apparatus without correction.   
 Syntheses: Complex A: 0.38 mmol (0.14 g) of (1E,6E)-1,7-bis(4-
(dimethylamino)phenyl)hepta-1,6-diene-3,5-dione were dissolved in 5 mL of 
chloroform and to this solution were added dropwise 0.38 mmol (0.15 g) of 
palladium precursor complex containing N,N,N’,N’-tetramethylcyclohexane-
1,2-diamine dissolved in 3 mL of chloroform. Reaction was left on stirring 
for 96 h at room temperature, then the mixture was filtered and the solvent 
evaporated under vacuum. The final product was obtained, after purification 
via silica gel chromatography (CHCl3:MeOH, 9:1) as a reddish powder 
(0.07 g, 26 %). M.p.: 170 °C (decomposed without melting). 

1H-NMR (300 Mz, CDCl3) δ (ppm): 1.24-1.36 (m, 2H); 1.42-1.54 (m, 2H); 
1.81 (d, 2H); 1.89 (s, 3H); 2.18 (d, 2H); 2.82 (s, 6H); 2.84 (s, 6H); 3.01 (s, 12H); 
3.18 (m, 2H); 5.72 (s, 1H); 6.57 (d, 2H); 6.73 (d, 4H); 7.40 (d, 2H); 7.45 (d, 4H). 
13C-NMR (75 MHz, CDCl3) δ (ppm): 25.02 (1C); 25.28 (2C); 25.56 (2C); 40.32 
(4C); 43.56 (2C); 73.18 (4C); 105.34 (1C); 113.17 (4C); 120.79 (2C); 124.35 
(2C); 130.90 (4C); 142.04 (2C); 153.43 (2C); 179.61 (2C). IR νmax (cm-1): 3359; 
2931; 1727; 1660; 1597; 1508; 1431; 1407; 1342; 1298; 1272; 1165; 1070; 995; 
971; 862; 847; 823; 692; 632. UV-Vis λmax (nm): 272; 504. 

Complex B: (1E,6E)-1,7-bis(4-(dimethylamino)phenyl)hepta-1,6-diene-
3,5-dione (0.67 mmol, 0.24 g) was dissolved in 10 mL of methanol. To this 
solution was added dropwise the palladium precursor complex containing N,N’-
dimethylpiperazine (0.67 mmol, 0.23 g) dissolved in 5 mL of dry methanol. 
Reaction mixture was stirred at room temperature for 72 h. Final product was 
purified by silica gel chromatography (CHCl3:MeOH, 9:1), being isolated as a 
reddish powder (0.06 g, 14 %). M.p.: 195 °C (decomposed without melting). 

1H-NMR (300 Mz, CDCl3) δ (ppm): 1.89 (s, 3H); 2.59 (s, 6H); 2.72 (d, 
4H); 3.00 (s, 12H); 3.84 (d, 4H); 5.74 (s, 1H); 6.57 (d, 2H); 6.71 (d, 4H); 7.44 (dd, 
6H). 13C-NMR (75 MHz, CDCl3) δ (ppm): 24.14 (1C); 40.33 (4C); 46.57 (2C); 
59.50 (4C); 105.76 (1C); 113.15 (4C); 120.61 (2C); 124.42 (2C); 130.89 (4C); 
142.37 (2C); 153.33 (2C); 179.42 (2C). 
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IR νmax (cm-1): 3414; 1592; 1497; 1429; 1409; 1364; 1298; 1232; 1158; 
1125; 994; 969; 946; 858; 818; 794; 688; 643. UV-Vis λmax (nm): 272; 503. 

The absorption of complexes A and B was monitored by UV-vis 
spectra in an interval of 96 hours, each spectrum being recorded once in 24 
hours. No significant changes of characteristic wavelengths were observed, 
thus the two palladium complexes A and B are considered stable in 
ethanolic solution and atmospheric conditions. 
 Biologic activity: To evaluate the curcumin like ligand and its 
palladium complexes A and B, a pair of in vitro cultivated human colon 
adenocarcinoma cell lines from the European Collection of Cell Cultures 
(Salisbury, UK) was used as biologic system. The cell lines were the 
human colon adenocarcinoma HT-29 and DLD-1 cells, respectively, 
epithelial, adherent cells with high proliferation rate. They were cultivated 
as described earlier [10] using media acquired from Sigma Aldrich (St 
Louis, USA); at 37 °C in a sterile Unitherm incubator (from Uniequip, Planegg, 
Germany) with humidified atmosphere and 5% CO2 content. Cells passage 
was made at 85-90% confluence, using Trypsin-EDTA solution. 

For cytotoxicity test the cells were plated on 96-well microplates 
(Nunclon delta surface plates from Thermo Fischer Scientific, Waltham, MA, 
USA) at a concentration of 13x103 cell/well in 190 μl media and they were 
incubated for 48 hours. At subconfluency they were treated with 10 μl of ligand 
or complex. The curcumin derivative and the complexes A and B, were 
dissolved in absolute ethanol, to obtain a stock solution of 2 mM. From these 
stock solutions, it was prepared working solutions through a serial dilution in 
PBS, from 1000 to 10 μM for each compound. Dissolved compounds were 
intensively colored, therefore for every concentration color controls were 
required, by applying the solution in wells without cells, containing cell culture 
media only. As reference values, untreated cells were used. 

The cytotoxicity of the compounds was measured in triplicate, using 
the MTT dye (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 
from Sigma Aldrich), as described earlier [16] the 96-well plates were 
measured in colorimetry using a Synergy 2.0 microplate reader (from BioTek 
Company, Winooski, USA) at 570 nm wavelength. Two independent 
measurements were performed. The absorbance of each well reflected the 
number of viable cells present.  

For cellular uptake, the cells were seeded on 96-well microplates and 
treated the same as for MTT testing. Six wells were used for every 
concentration. After 24-hours of incubation with studied compounds, the cell 
culture media was gently removed; wells were washed twice with PBS and 
filled with 100 μl PBS. The plates were measured in fluorescence, at 540 nm 
excitation and 620 nm emission, using the Synergy 2.0 microplate reader.  

The results were analyzed with the Graph Pad Prism 5 software 
(from GraphPad Software, La Jolla, USA). 
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THIAZOLE DERIVATIVES WITH ANTIFUNGAL ACTIVITY 
AGAINST CANDIDA SPECIES 
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MIRELA FLONTAc, VALENTIN ZAHARIAb and CASTELIA CRISTEAd  

ABSTRACT. The antifungal activity of a series of thiazole, benzothiazole 
and benzothiazolyl-phenothiazine derivatives against Candida albicans and 
non-Candida albicans species causing invasive candidiasis was investigated 
using the diffusion method and the broth dilution procedure. Minimal 
inhibitory concentrations revealed antifungal activity against C. albicans, C. 
guillermondii, C. krusei and C. parapsilosis strains isolated from clinical 
materials (blood, urine and peritoneal fluids cultures). The tested hydrazine-
thiazole derivatives showed promising antifungal activity against both 
fluconazole susceptible and resistive Candida species, while the benzothiazolyl-
phenothiazine derivatives were not effective.  

Keywords: Thiazole, Benzothiazole, Phenothiazine, Candida species. 

INTRODUCTION 

Health care associated infections have become a cause of major 
public concern due to complications inducing morbidity, mortality and increased 
treatment costs for both immunocompromised as well as non-immunocompromised 
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patients. Staphylococcus aureus, Enterococcus species, Escherichia coli, 
Pseudomonas aeruginosa and Candida species are the most common groups 
of organisms that cause nosocomial infections in both adults and children. [1]. 
Candidiasis affected a significant number of individuals and the ratio of sepsis 
episodes of fungal etiology has risen [2]. Health care-associated candidiasis 
appears globally hierarchized as the third reported cause of invasive nosocomial 
infection [3,4]. Among Candida species, C. albicans was historically identified 
as predominant in causing invasive candidiasis, but more recently several non-
C. albicans species such as C. tropicalis, C. parapsilosis complex, C. glabrata 
and C krusei were increasingly incriminated as responsible for invasive infections 
[5,6]. According to medical statistics, the top four Candida species involved in 
invasive infections were C. albicans (58.4%) followed by C. parapsilosis complex 
(19.5%), C. tropicalis (9.3%), and C. glabrata (8.3%) [7,8]. Minimal immune 
suppression seemed required to predispose an individual to infections and the 
high mortality associated to candidemia varied in different geographic areas 
(e.g. 15%-35% in Europe, up to 46% in USA and up to 54% in Brazil). [9] 

In our previously reported studies we tested the antifungal activity of 
benzothiazol and benzothiazolyl-phenothiazine derivatives against C. albicans 
ATCC 14053 standard strain [10,11]. In this work we extended the screening 
of antifungal activity of selected hydrazino-thiazole, phenyl-benzothiazole and 
phenothiazinyl-benzothiazole derivatives against several Candida species 
isolated from clinical materials which were collected from patients with invasive 
fungal infections health cared in the Hospital of Infectious Diseases Cluj-Napoca, 
Romania. 

RESULTS AND DISCUSSION 

The chemical structures of the heterocyclic compounds selected for 
evaluation of antifungal activity against Candida spp. are presented in figure 
1. The chemical synthesis of hydrazones 1-3 containing different substituents
attached to the phenyl and thiazole unit, benzothiazolyl-phenothiazine derivatives 
4,5 differentiated by the substitution pattern of the phenothiazine core and 2-
phenyl-benzothiazole 6, were described previously in some of our works 
[10,11]. 
 The Candida strains subjected to this study were responsible for 
invasive infections in health-care patients with different comorbidities or 
immunosuppression in critical stages and were isolated from physiological 
fluids (blood, urine, peritoneal liquid, or bronco-alveolar lavage liquid) and 
the results are presented in Table 1. The minimal inhibitory concentrations 
(MIC) were determined according to CLSI standard [12] 
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Figure 1. The chemical structures of the tested antifungal agents. 

Table 1. Minimal inhibitory concentration (MIC) of different antifungal  
drugs against isolated Candida strains 

Candida strain 
source 

MIC (μg/ml) 
Fluconazole Voriconazole Caspofungin Micafungin Amph-B 5-FC 

C. albicans 
Blood culture 

1 (S) 0.12 (S) 0.25 (S) 0.06 (S) 2 (I) 1 (S) 

C. glabrata 
Blood culture 

16 (I) 0.5 (S) 0.83 (S) 0.012 (S) 1 (S) 1 (S) 

C. glabrata 
Br-alv lavage 

4 (DDS) 0.12 (S) 0.25 (S) 0.06 (S) 0.5 (S) 1 (S) 

C. glabrata 
Blood culture 

4 (DDS) 0.12 (S) 0.25 (S) 0.06 (S) 1 (S) 1 (S) 

C. guillermondii
Urine culture 

32 (R) 0.12 (S) 0.25 (S) 0.06 (S) 2 (I) 1 (S) 

C. krusei 
Peritoneal fluid 

8 (R) 0.12 (S) 0.25 (S) 0.12 (S) 0.5 (S) 8 (I) 

C. lusitaniae 
Blood culture 

32 (R) 0.008 (S) 0.12 (S) 0.06 (S) 0.5 (S) 256 (R) 

C. norvegiensis
Urine culture 

16 (DDS) 0.25 (S) 0.25 (S) 0.12 (S) 1 (S) 4 (S) 

C. parapsilosis 
Blood culture 

1 (S) 0.12 (S) 1 (S) 0.5 (S) 1 (S) 1 (S) 

C. parapsilosis 
Blood culture 

1 (S) 0.12 (S) 0.5 (S) 0.5 (S) 0.5 (S) 1 (S) 

C. albicans 
ATCC 10231 

1 (S) 0.12 (S) 0.25 (S) 0.06 (S) 0.12 (S) 1 (S) 

S=sensible; I=intermediate; R=resistant; DDS=dose-dependent sensibility; 
Amph-B= Amphotericin B; 5-FC= 5-Fluorocytosine 
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 Three of the non-C.albicans strains appeared to be resistant to 
fluconazole, the most largely employed antifungal drug.  
 The in vitro susceptibility of Candida species to the synthetic compounds 
1-6 was screened using the diffusion method and the results are presented in 
Table 2. 
 

Table 2. Inhibition zone diameter (mm) resulted by diffusion method  
using 10 μl solution 2.5 mg/ml of compound 1-6. 

 

Candida strain 
source 

Inhibition zone diameter (mm)

Fluconazole 1 2 3 4 5 6 

C. albicans 
Blood culture 

25 6 4 12 8 6 6 

C. glabrata 
Blood culture 

4 0 0 0 0 0 7 

C. glabrata 
Br-alv lavage 

4 0 4 0 0 0 6 

C. glabrata 
Blood culture 

4 0 4 0 0 0 6 

C. guillermondii 
Urine culture 

2 6 4 12 0 0 0 

C. krusei 
Peritoneal fluid 

0 6 8 6 0 0 7 

C. lusitaniae 
Blood culture 

0 0 0 0 0 0 0 

C. norvegiensis 
Urine culture 

6 6 4 4 0 0 0 

C. parapsilosis 
Blood culture 

31 6 7 12 0 0 0 

C. parapsilosis 
Blood culture 

24 7 7 12 0 0 0 

C. albicans 
ATCC 10231 

30 2 2 12 0 0 8 

 
 
 Neither of the tested compounds 1-6, nor fluconazole were active 
against C. lusitaniae, while in the case of C. albicans and C. parapsilosis 
strains all the tested compounds 1-6 showed inhibition zones with considerably 
smaller diameter in comparison to the antimycotic drug. 

Hydrazones 1-3 and phenyl-benzothiazole 6 exhibited a moderate 
antifungal activity against C. guillermondii and C. krusei strains which seemed 
resistant to fluconazole, while C. glabrata strain appeared slightly sensitive 
to phenyl-benzothiazole 6.  
 Benzothiazolyl-phenothiazine derivatives 4, 5 appeared inactive against 
any of the isolated non-C. albicans strains.  
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 Hydrazones 2, 3 and phenyl-benzothiazole 6 pointed by the diffusion 
method screening as potential antifungal agents against C. albicans and non-
C. albicans strains: C. guillermondii, C. krusei and C. parapsilosis were further 
employed in MIC determination experiments using the broth dilution method. 
The results thus obtained are summarized in table 3. 

Table 3. Minimal inhibitory concentration (MIC) for hydrazones 2, 3  
and phenyl-benzothiazole 6. 

Candida strain MIC (μg/ml) 
Fluconazole 2 3 6 

C. albicans 
Blood culture 

1 (S) 0.16 0.8 64 

C. guillermondii 
Urine culture 

32 (R) 32 0.16 64 

C. krusei 
Peritoneal fluid 

8 (R) 0.8 32 1.2 

C. parapsilosis 
Blood culture 

1 (S) 0.5 (S) 1 (S) 64 

C. parapsilosis 
Blood culture 

1 (S) 0.5 (S) 0.5 (S) 64 

C. albicans 
ATCC 10231 

1 (S) 32 1.2 64 

S=sensible; R=resistant; 

 Hydrazones 2, 3 gave the impression of effective antifungal agents 
against the two non-C.albicans strains resistant to fluconazole: C. guillermondii 
and C. krusei and proved to be even more effective than the commercial 
antifungal drug against C. albicans and C. parapsilosis strains isolated from 
the blood of health-care patients. 
 Phenyl-benzothiazole 6 appeared effective only against C. krusei 
isolated from peritoneal fluid. 

CONCLUSIONS 

The antifungal activity of heterocyclic compounds containing the 
thiazole unit screened in vitro pointed out the sensibility of C. albicans and 
non-C. albicans strains isolated from clinical materials towards hydrazino-
thiazole derivatives. Substituted benzothiazole derivatives appeared to be 
less effective and the presence of the phenothiazine unit did not favour the 
antifungal activity. 
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EXPERIMENTAL SECTION 

 Compounds 1-6 were synthesized according to our previously reported 
procedures [10,11].  

The Candida species strains were isolated from clinical materials which 
were collected from patients with invasive fungal infections health cared in the 
Hospital of Infectious Diseases Cluj-Napoca.  

The Candida species strains were isolated from blood, urine, peritoneal 
liquid and bronco-alveolar lavage liquid cultures.  

The identification and the susceptibility profile of the isolated Candida 
strains to six different commercial antifungal drugs was determined using the 
automated systems Vitek 2 YST and AST-SY01. 

Antifungal activity tests: 

The fungus strains were cultivated on Sabouraud dextrose agar with 
incubation at 37±20C for 48h in aerobic conditions. 

a) The Diffusion method was carried out according to previously
reported procedure [11] using a fungus culture which has been adjusted to 
0.5 McFarland standard inoculated in Muller Hinton agar plates; 10 μl from 
2.5 mg/ml solution of synthetic compounds in DMSO were disposed on sterile 
paper disks. Standard Fluconazol 25 µg/disc (Oxoid, England) was employed. 
After incubation at 37±20C for 72 hours the plates were examined for inhibition 
zone, which was measured and recorded in mm. 

The tests were repeated three times to ensure reliability. 
b) Broth dilution procedure was carried out according to the protocols

previously described [11]. MIC was determined using microdilution trays using a 
stock solution 2.5 mg/ml in DMSO and distilled water. Each tray included a 
growth control well and a sterility (uninoculated) well.  

The rights of the patients regarding the confidentiality of personal 
information were respected in agreement to Helsinki declaration of Ethical 
Principles for Medical Research Involving Human Subjects 

ACKNOWLEDGMENTS 

This work was supported by the Swiss Enlargement Contribution in 
the framework of the Romanian-Swiss Research Program, project number 
IZERZO-142198/1 (A. Grozav). 

This paper was published under the frame of European Social Found, 
Human Resources Development Operational Programme 2007-2013, project 
no. POSDRU/159/1.5/S/136893” (A. Grozav). 



THIAZOLE DERIVATIVES WITH ANTIFUNGAL ACTIVITY AGAINST CANDIDA SPECIES 

123 

REFERENCES 

1. E.R.M. Sydnor, T.M. Perl, Clinical Microbiology Reviews 2011, 1, 141.
2. G.S. Martin, D.M. Mannino, S. Eaton, M. Moss, The New England Journal of

Medicine, 2003, 348, 1546.
3. M.A. Pfaller, D.J. Diekema, Clinical Microbiology Reviews, 2007, 20, 133.
4. N. Azie, D. Neofytos, M. Pfaller, H.U. Meier-Kriesche, S.P. Quan, D. Horn,

Diagnostic Microbiology and Infectious Disease, 2012, 73, 293.
5. M.T. Montagna, G. Caggiano, G. Lovero et al. Infection, 2013, 41, 645.
6. J.R. Rees, R.W. Pinner, R.A. Hajjeh, M.E. Brandt, A.L. Reingold, Clinical

Infectious Diseases, 1998, 27, 1138.
7. F. Marco, S.R. Lockhart, M.A. Pfaller, C. Pujol, M.S. Rangel-Frausto, T. Wiblin,

H.M. Blumberg, J.E. Edwards, W. Jarvis, L. Saiman, J.E. Patterson, M.G.
Rinaldi, R.P. Wenzel, D.R. Soll, Journal of Clinical Microbiology, 1999, 37, 2817.

8. M. Bassetti, M. Merelli, E. Righi, A. Diaz-Martin, E.M. Rosello, R. Luzzati, A.
Parra, E.M. Trecarichi, M. Sanguinetti, B. Posteraro, J. Garnacho-Montero, A.
Sartor, J. Rello, M. Tumbarelli, Journal of Clinical Microbiology, 2013, 51, 12,
4167. 

9. A. Lepak, D. Andes, Critical Care Clinics, 2011, 27, 123.
10. A. Grozav, V. Zaharia, C. Cristea, N.I. Fit, Studia UBB Chemia, 2015, 60 (3),

283. 
11. B. Brem, E. Gal, C. Cristea, L. Gaina, A. Grozav, V. Zaharia, L. Silaghi-Dumitrescu,

Studia UBB Chemia, 2015, 60 (2), 37.
12. P.A. Wayne, CLSI, Clinical Laboratory Standards Institute. Reference method

for broth dilution antifungal susceptibility testing of yeast: fourth Informational
Supplement, 2012, M27-S4.





STUDIA UBB CHEMIA, LXI, 3, Tom I, 2016 (p. 125-134) 
(RECOMMENDED CITATION) 

Dedicated to Professor Luminița Silaghi-Dumitrescu  
on the occasion of her 65th anniversary 

ELECTROCHEMICAL INVESTIGATION OF THE INHIBITING 
EFFECT EXERTED BY THE SULFURIC ACID DIAMIDE ON 

BRONZE CORROSION 
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ABSTRACT. The present study is aiming to study the effect of sulfuric acid 
diamide (SAD) on corrosion of bronze CuSn8. In order to determine the 
optimal corrosion inhibiting effect SAD was tested at different concentrations. 
The inhibiting effect of the SAD was investigated by electrochemical 
methods, in a 0.2 g / L Na2SO4 + 0.2 g / L NaHCO3 (pH = 5) solution 
simulating acid rain. The results show that SAD exerts a good protection in 
case of CuSn8. 

Key words: bronze corrosion, inhibitor, acidic solutions, electrochemical 
techniques 

INTRODUCTION 

Because of increasing urban pollution in recent years, bronze statues 
exposed in these areas are subject to accelerated corrosion, resulting in 
the destruction of the protective layer formed over time (noble patina). The 
artistic aspect is also suffering due to the appearance of leaks, discoloration 
and the crystallization of impurities on the bronze surface. 

For bronze protection against corrosion are used various inhibitors, 
most of them containing S and N in their molecules, such as thiadiazoles 
[1 - 7], imidazoles [1, 8 - 9], antibacterial drugs [10] etc. It is preferable that 
they do not modify the noble patina artistic appearance. 
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In this context, in order to improve the corrosion resistance of bronze 
CuSn8 surface, the aim of this paper was to investigate the protective effect 
of sulfuric acid diamide (SAD) at different concentrations on bronze CuSn8 
surface, in a solution containing Na2SO4 + NaHCO3 (pH5)  that simulated 
an acid rain in urban environment. The protective effect of SAD was investigated 
by electrochemical methods (potentiodynamic polarization measurements and 
electrochemical impedance spectroscopy). 

RESULTS AND DISCUSSION 

Open circuit potential measurement 

In order to evaluate inhibiting properties of SAD at different 
concentrations, the experiments were started with the open circuit potential 
(OCP) measurements as a function of time. In Fig. 1 there are shown the OCP 
evolution for all concentrations of SAD studied, as well as in the absence of 
SAD, in the corrosion solution (pH 5). We can observe that all curves present a 
similar electrochemical behavior. In time, there is an increase of the values of 
OCP, but after approximately 15 minutes, it can be observed a regular 
evolution caused by a stable process at electrode / corrosive solution interface. 
It can be also observed that in the case of the presence of SAD OCP values 
are more negative than in the case of its absence, suggesting interactions of 
SAD molecules with the cathodic depolarization reaction [4]. 
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Figure 1. Open circuit potential measurements for the examined samples in 
absence / presence of SAD, immersed in corrosion solution, pH 5 



ELECTROCHEMICAL INVESTIGATION OF THE INHIBITING EFFECT EXERTED BY THE SULFURIC ACID… 

127 

Potentiodynamic polarization measurements 

One hour after immersion of bronze electrodes in the corrosive solution 
in the presence or absence of various SAD concentrations (pH 5), the linear 
polarization curves were recorded at a potential scan rate of 10 mV / min., in the 
potential domain of ± 20 mV vs. the value of the open circuit potential (OCP). 
The polarization resistance values, Rp*, calculated as the inverse of the slope of 
each curve in case of all SAD concentrations, are shown in Table 1. 

To determine the kinetic parameters of the corrosion process, polarization 
curves were recorded in the potential range of ± 200 mV vs. OCP Fig. 2. The 
results obtained by Tafel interpretation are also shown in Table 1. 

Table 1. Corrosion process parameters for the examined samples 
in 0.2 g/L NaSO4 + 0.2 g/L NaHCO3 (pH = 5) 

C [mM] icorr Ecorr βa βc Rp* IE [%] 

[µA/cm2] [mV] [mV] [mV] [kΩcm2] icor Rp
* 

0 1.46 41.57 255.55 76.82 9.05 - - 
0.5 0.41 1.52 182.18 203.85 48.30 72 81 
1 0.16 -6.65 106.86 313.72 176.00 89 95 
2 0.39 1.14 406.10 168.29 44.85 73 80 

Based on the corrosion current density (icorr) the protection efficiencies 
IE, calculated with the formula (1) are highest when a 1mM solution of SAD 
was used. 

100[%] 0

0

x
i

iiIE
corr

corrcorr   (1) 

i0corr and icorr are the values of the corrosion current densities in absence 
and in presence of the SAD at different concentrations, respectively. 

IE was also calculated with the formula (2): 

100[%]
0

x
R

RR
IE

p

pp   (2) 

R0
p and Rp are the values of the polarization resistance in absence and in 

presence of the SAD at different concentrations, respectively. The results 
calculated by equation (2) are in accordance with the previous ones. 
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As shown in Table 1, the sulfuric diamide exerts a protective effect 
against bronze corrosion at all investigated concentrations. The best results 
were noticed at 1 mM SAD, this being suggested by the high value of the 
polarization resistance (Rp=176.00 [kΩcm2]) and the low value of the 
corrosion current density (icorr= 0.16 [µA/cm2]). It can be assumed that the 
beneficial action of the organic compound is due to S and N heteroatoms 
from its molecules determining its adsorption on the bronze surface. 

This behaviour it can be ascribed to the formation of the uniform 
and stable passive layer on bronze surface. According to Chiavari the layer 
of corrosion products formed, prevents especially the oxygen diffusion to 
the bronze surface [11]. 

Based on these results SAD can be considered an efficient corrosion 
inhibitor for bronze. 
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Figure 2. Polarization curves (± 200 mV vs. ocp) for the studied electrodes 
immersed in 0.2 g / L Na2SO4 + 0.2 g / L NaHCO3 (pH = 5) at different 

concentrations of SAD, potential scan rate, 10 mV / min. 
 
 

Electrochemical impedance spectroscopy 
 

The corrosion behaviour of bronze after 1 h immersion in the 
corrosive solutions without and with various concentrations of SAD was more 
deeply investigated by electrochemical impedance spectroscopy (EIS). The 
measurements were conducted at 1 hour, 24, 48, respectively 72 hours from 
the immersion in the corrosive solution and the obtained Nyquist diagrams 
are presented in Fig. 3.  
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Figure 3. Nyquist impedance diagrams of bronze electrode in Na2SO4 / NaHCO3 

(pH 5) solution without / with various concentrations of SAD as a function of 
immersion time; the lines represent fitted data. 
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It can be noticed that the impedance spectra exhibit a capacitive 
behaviour in the whole frequencies domain. The experimental impedance 
spectra were analyzed by fitting to the (2RC) equivalent electrical circuit 
(Fig. 4), which was previously used to model bronze corrosion in the presence 
of corrosion inhibitors [10 - 12]. The origin of various variables used in the 
equivalent circuit from Fig. 4 is as follows: Re: Electrolyte resistance; Rt: 
Charge transfer resistance; Cd: Double layer capacitance at the bronze | 
electrolyte interface; Rf: Faradic resistance of the corrosion products 
accumulated at the interface; Cf: Faradic capacitance due to an oxidation - 
reduction process taking place at the electrode surface, probable involving 
the corrosion products, nd, nf: Coefficient representing the depressed feature 
of the capacitive loop in Nyquist diagram (n = [0.52 – 0.81]). 

The polarization resistance Rp, can be calculated as the sum Rf + Rt 
[1], and is inversely proportional to corrosion rate. The protective effectiveness 
of the SAD calculated from Rp values (according to the relation 2), is 
presented in Table 2. 

As can be observed, the used equivalent circuit suitably reproduce 
the experimental data corresponding to bronze corrosion in the absence and 
in the presence of SAD (Fig. 3). The parameters obtained by non - linear least 
square fitting and the calculated inhibition efficiencies are given in Table 2. It 
can also be observed that after 1 hour of immersion, the efficiency is also 
highest in case of addition of 1mM SAD (92.22 %), thus confirming the results 
obtained from the polarization curves. Generally, the inhibition efficiencies 
are higher at short immersion times and are situated around 90 %. 

Table 2. Electrochemical parameters of bronze corrosion in Na2SO4 / NaHCO3 (pH 5) 
solution obtained in the absence / the presence of various concentrations of SAD. 

C 
[mM] 

Time 
[h] 

Re 
[kΩcm2] 

Rt
[kΩcm2] 

Cd
[µF/cm2] 

Rf
[kΩcm2] 

Cf
[µF/cm2] 

Rp
[kΩcm2] IE[%]

0 

1 1.03 3.04 321.8 2.12 837 5.16 - 
24 0.937 11.67 48.55 34.58 678.4 46.25 - 
48 0.782 15.99 39.76 39.02 616.2 55.01 - 
72 0.675 18.17 27.48 43.90 608.2 62.07 - 

0.5 

1 1.22 19 29.58 21.67 301.8 40.67 87.31 
24 1.30 67.6 36.15 120.8 644.8 118.98 61.13 
48 0.93 80.4. 35.2 156.3 33.16 192 71.35 
72 0.72 50.09 2.03 135.2 2.8 185.29 66.50 

1 

1 1.05 47.52 45.96 18.78 602.1 66.3 92.22 
24 0.752 49.95 30.40 59.97 222 109.92 57.92 
48 0.295 44.02 20.36 58.5 190.52 102.52 46.34 
72 0.303 36.57 22.73 233.6 10.12 270.17 77.03 

2 

1 0.97 33.69 26.79 31.35 480.4 65.04 92.07 
24 0.63 67.08 27.53 68.46 353.1 135.54 65.88 
48 0.51 85.73 7.1 286 71.99 371.73 85.20 
72 0.54 143.6 6.43 472 65.36 615.6 89.91 
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Figure 4. Equivalent electrical circuit used for fitting  
of the experimental results (2RC)  
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Figure 5. Variation of the polarization resistance  
in time at different SAD concentrations. 

 
 

The increase in polarization resistance observed in the presence of 
various concentrations of SAD compared to the values obtained in the 
absence of SAD may be associated with the slowing down of corrosion 
process. It can be observed that the polarisation resistance values are 
changing during time for all SAD concentrations (Fig. 5). A relative stabilization 
in time is noticed only at 0.5 mM SAD, probably due to a stabilization of the 
corrosion products layer. At high concentrations, Rp increases in time 
suggesting a thickening of the protective inhibitor film formed on the electrode 
surface by its adsorption. 
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CONCLUSIONS 

Inhibiting effect of the sulfuric acid diamide at different concentrations 
on artistic bronze were investigated in Na2SO4 / NaHCO3 (pH 5) solution. 
Electrochemical investigations (polarization and impedance measurements) 
revealed that sulfuric acid diamide exerts a good protective effect against 
bronze corrosion in case of all various concentrations. The best anticorrosive 
effect was noticed after 1 hour of immersion in corrosion media when 1mM 
inhibitor was used, but after 72 hour immersion the best protection is exerted 
by 2 mM SAD. 

The corrosion behaviour of the bronze immersed in Na2SO4 / NaHCO3 
(pH 5) solution can be simulated with a 2RC electric circuit. 

EXPERIMENTAL 

Materials 

For the working electrodes was used a complex tin bronze alloy that 
contains a series of secondary alloying elements: 90.18 % copper, 8 % tin, 
0.8 % zinc, 1 % lead and 0.02 % aluminium. 

The working electrodes were made from a cylindrical bronze rod, 
placed in a PVC tube and embedded in an epoxy resin, so that only the disc-
shaped cross section (S = 2 cm2) of the rod was exposed to the corrosive 
electrolyte. For electrical contact, a metal rod was attached. It were used four 
bronze electrodes. Before each electrochemical measurement, the bronze 
electrode was mechanically polished using successive grades of silicon carbide 
paper up to grade 2000 to obtain a planar and smooth surface. Finally, the 
bronze electrodes surface were rinsed with distilled water.  

Corrosion inhibitor 
The inhibitor used in the experiments was a non - toxic sulfonamide 

derivative, namely sulfuric acid diamide (H2NSO2NH2) (Fig. 6). The inhibitor 
was dissolved in the corrosive solution at different concentrations respectively: 
0.5 mM, 1 mM, 2 mM. The electrolyte solution for corrosion measurements was 
0.2 g / L Na2SO4 + 0.2 g / L NaHCO3 acidified to pH = 5 by the addition of a 
dilute sulfuric acid at room temperature. 

Figure 6. The molecular structure of the inhibitor 
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Experimental investigation 
The electrochemical corrosion measurements were performed on a 

PC – controlled electrochemical analyzer AUTOLAB - PGSTAT 10 (Eco Chemie 
BV, Utrecht, The Netherlands) using a three electrodes cell containing a 
working electrode (bronze), an Ag/AgCl electrode as reference electrode and a 
platinum counter electrode. Anodic and cathodic polarization curves were 
recorded in a potential range of ± 20 mV (for Rp determination) and of ± 200 
mV vs. the value of the open circuit potential (for Tafel interpretation), with 
a scan rate of 10 mV / min, after 1 hour immersion in the corrosive solution. 

Electrochemical impedance spectroscopy measurements (EIS) were 
carried out at the open circuit potential after 1 h, 24 h, 48 h respectively 72 h 
immersion of the bronze electrode in the corrosive medium. The impedance 
spectra were acquired in the frequency range 10 kHz to 10 mHz at 10 points/ 
decade with an AC voltage amplitude of ± 10 mV. The impedance data were 
interpreted based on equivalent electrical circuits, using the ZSimpWin 
V3.21 software for fitting the experimental data. 
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ELECTROCHEMICAL DETERMINATION OF DOPAMINE 
WITH GRAPHENE-MODIFIED GLASSY CARBON 

ELECTRODES 
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GABRIEL KATONAa, LIANA MARIA MURESANa 

ABSTRACT. Two new glassy carbon modified electrodes were prepared 
by drop casting of chemically reduced graphene oxide (rGO) or graphene 
oxide (GO) on glassy carbon (GC) and then protected with a polymeric 
layer of Nafion or chitosan (Chit) (GC/Chit/rGO/Chit and GC/GO/Nafion). 
Their investigation by cyclic- and square-wave voltammetry for dopamine 
(DA) oxidation was aiming to estimate the analytical parameters that have 
the best values for GC/Chit/rGO/Chit electrode (i.e., the highest sensitivity 
of 1.002  0.025 μA/ μM, a detection limit of 2.67 µM μM, for a linear 
domain from 4 to 18 µM DA). The modified GC/Chit/rGO/Chit electrode 
was also used for the detection of dopamine in injection vials using the 
standard addition method with a recovery of 99.42%. 

Keywords: graphene oxide, reduced graphene oxide, dopamine, cyclic 
voltammetry, square wave voltammetry 

INTRODUCTION 

Dopamine (DA) is a neurotransmitter with important roles in the 
function of central nervous, cardiovascular, renal and hormonal systems [1]. 
It is associated in human behaviours such as: reward, cognition, motor 
function, motivation, learning and memory [2]. Deficiency of DA may cause 
serious diseases like schizophrenia and Parkinson’s disease, so its detection 
becomes necessary and helpful for correct diagnosis [3-4]. 
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The detection of dopamine could be realized by capillary electrophoresis, 
liquid chromatography, calorimetric method, chemiluminescence, fluorescence 
etc. Because of its redox activity, dopamine is an interesting subject in 
electroanalysis, consequently electrochemical methods have gained more 
attention due to their advantages such as: selectivity, low-cost, portability, 
easy handling and less-time consuming [2]. 

However, in real body fluids, dopamine coexists with interfering 
substances (e.g., ascorbic acid and uric acid), having similar oxidation potential. In 
this context, for selective and discriminative detection of DA, surface modification 
of the working electrodes with appropriate agents such as graphene [5] and 
carbon nanotubes is a promising method [6]. 

Graphenes, an atomically thin layer of sp2-bonded carbon atoms, 
stacked in a two-dimensional (2D) honeycomb lattice, belong to a new class 
of carbon nanomaterials [7] that display versatile properties including 
thermal/electrical conductivity, good mechanical properties, large surface 
area etc. [8]. Due to these properties, graphenes can be successfully used in 
electrochemical sensing devices for selective detection of chemical species. 
Nevertheless, it should be mentioned that graphene is electrochemically active 
only in its reduced form, but electrode modification with graphene oxide can 
also be achieved by the introduction of a pretreatment step, which reduces 
the graphene oxide to graphene. The reduction of GO to graphene can be 
done either chemically, electrochemically or thermally [2]. 

The present work was focused on the electrochemical studies of 
chemically reduced graphene oxide (rGO) and electrochemically reduced 
graphene oxide (GO) immobilized via drop-casting method [9] on glassy 
carbon (GC) electrodes and protect by either Nafion [10] or Chitosan [11] 
polymers. The obtained modified electrodes were used for studying dopamine 
oxido-reduction process by cyclic- and square-wave voltammetry. 

RESULTS AND DISCUSSION 

Electrochemical behaviour of dopamine at different glassy 
carbon modified electrodes 

The oxido-reduction of 10-3 M DA at various modified electrodes 
was investigated by cyclic voltammetry (CV). As shown in figure 1, at both 
modified electrode a pair of peaks appeared at around +0.250 V vs. 
Ag/AgCl, KClsat and was attributed to the oxidation of dopamine to form 
dopaminequinone with the release of two electrons as described by the 
following reaction (1): 

   (1) 
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Figure 1. Cyclic voltammograms of 15 µM dopamine (thick) at 

GCE/GO/Nafion/(red) (A) and GCE/Chit/rGO/Chit (B) modified electrode. 
Experimental conditions: electrolyte, 0.1 M phosphate buffer (pH 7) (thin layer); 

scan rate, 50 mV/s; starting potential, -0.2 V vs. Ag/AgCl, KClsat. 

Dopamine being an easily oxidizable catecholamine, the separation 
of redox peaks (∆Ep, calculated as the difference between Epa and Epc) was 
found 0.046 V for GCE/GO/Nafion/(red) and 0.023 V for GCE/Chit/rGO/Chit 
electrode, respectively. On the other side, the Ipa/Ipc ratio was found 1.68 (at 
GCE/GO/Nafion/(red) electrode) and 1.39 (at GCE/Chit/rGO/Chit electrode), 
suggesting a quasi-reversible reaction. Despite the fact that the peak potentials 
for GCE/Chit/rGO/Chit electrode are placed more closely one from another, 
the formal peak potential (E0’, calculated as the midpoint of Epa and Epc) was 
estimated to be 0.242 V for both studied modified electrodes. The smaller 
value of ∆Ep and the Ipa/Ipc ratio value closer to 1 confirm that the redox 
process occurring at GCE/Chit/rGO/Chit electrode is more reversible than 
that occurring at GCE/GO/Nafion/(red) electrode. The difference between the 
two modified electrodes could be explained by the different porosity of the 
protective polymeric membrane used (i.e., chitosan and Nafion). 

Influence of scan rate 

The effect of scan rate on the peak current of dopamine was 
recorded in the range of 10 – 200 mV/s in order to investigate the electrode 
reaction kinetics and verify if diffusion is the only factor controlling the 
process (Fig 2A-B). As it can be seen in Fig 2A-B, for both studied electrodes 
the scan rate increasing leads to the increase of the peak current and the 
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anodic and cathodic peak potentials are slightly shifted towards the positive 
and negative direction, respectively [2]. 
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Figure 2. Influence of the scan rate on the 
cyclic voltammograms of 15 µM dopamine 
recorded at GCE/GO/Nafion/(red) () (A) 
and GCE/Chit/rGO/Chit () (B) modified 
electrode. Dependency I vs. scan rate (C). 
Experimental conditions: electrolyte, 0.1 M 
phosphate buffer (pH 7); starting potential, 
-0.2 V vs. Ag/AgCl, KClsat. 

Fig 2C illustrates for both anodic and cathodic processes a linear 
relationship between log Ip and log v with a slope close to 1 (Table 1), proving a 
surface adsorption-controlled kinetics for oxidation of dopamine at the electrode 
surface during the experiment. Also, from Figure 2C it can be observed that 
the current intensities for GCE/Chit/rGO/Chit electrodes have lower values 
than those of GCE/GO/Nafion/(red) electrode. This behaviour, at the working 
pH 7, could be explained by an enhanced attractive interactions between the 
positively charged dopamine (pKa = 8.89 [10]) and the negatively charged groups 
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(SO4
2-) of the Nafion protective polymers for GCE/GO/Nafion/(red) electrode. 

Such interactions could lead to an accumulation of DA on the surface of the 
modified electrode explaining the increase in peak current [4]. In the case of 
GCE/Chit/rGO/Chit electrode repulsive interactions between dopamine and 
the positively charged chitosan are noticed. Nevertheless, this effect is partially 
counteracted by the well-known phenomenon of swelling of Chit which increase 
the protective layer porosity [12]. 

Table 1: Influence of the potential scan rate on the voltammetric response of 
GCE/GO/Nafion/(red) and GCE/Chit/rGO/Chit modified electrodes.  

Experimental conditions: see Fig 2. 

where: R is the correlation coefficient and n is the no. of experimental points. 

Analytical parameters for dopamine detection 

The analytical parameters were determined by using square-wave 
voltammetry (SQW). 

Case of G/GO/Nafion electrode 

The GCE/GO/Nafion electrodes were activated by electrochemical 
reduction of GO, consisting by cycling the electrode potential between -1 and 
0 V vs. Ag/AgCl,KClsat for 10 cycles. This activation step was done before 
(i.e., GCE/GO/(red)/Nafion) and after (i.e., GCE/GO/Nafion/(red)) deposition 
of the protective layer of Nafion. Square-wave voltammetric measurements 
carried out at GCE/GO/Nafion electrodes in the absence and in the presence 
of dopamine (Figure 3A) allowed obtaining of calibration curves. Based on 
these curves (Figure 3B), the electroanalytical parameters of the modified 
electrodes were estimated (Table 2). 

It is worth mentioning that the step of electrochemical reduction of 
GO before or after applying the protective layer of Nafion has a great influence 
on the electrode sensitivity. Comparing the slopes of the calibration curves we 
can observe an increase of the sensibility from 0.147  0.004 µA/µM (for 

Electrode type Slope of the log Ip – log v dependencies 

oxidation R2/n reduction R2/n 

GCE/Chit/rGO/Chit 0.899  0.034 0.9916 / 9 1.417  0.056 0.9779 / 8 

GCE/GO/Nafion/(red) 1.121  0.07 0.9817 / 9 1.237  0.092 0.9706 /10 
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GCE/GO/(red)/Nafion electrode) to 0.318  0.007 µA/µM (for GCE/GO/ 
Nafion/(red) electrode). For GCE/GO/(red)/Nafion electrode the linear domain 
was between 2.5 - 70 µM DA and more narrow for GCE/GO/Nafion/(red) 
(i.e., 1 - 40 µM DA). 
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Figure 3. SQW voltammograms of dopamine (after baseline corrections) at 

GCE/GO/(red)/Nafion electrodes (A) and the corresponding calibration curve for 
dopamine detection at GCE/GO/(red)/Nafion () and GCE/GO/Nafion/(red) () (B). 

Experimental conditions: phosphate buffer 0.1 M (pH 7); frequency, 10 Hz; amplitude, 25 
mV; step potential, 10 mV; starting potential -1 V vs. Ag/AgCl, KClsat. 

 
 

Case of GCE/Chit/rGO/Chit electrode 
 
In the case of GCE/GO/(red)/Nafion electrode, after a short time 

storage of the electrode surface, either by immersion in buffer solution or 
on air, the protective layer cracked. This is the reason for which Nafion was 
replaced by chitosan. In view to determine the ideal concentration of the 
chitosan solution used for surface protection, a concentrated (1%) solution 
and a diluted (0.1%) solution was used. 

It was determined that the GCE/Chit/rGO/Chit electrode obtained 
using diluted solution shows a much higher sensitivity for detecting DA (e.g., 
1.0 µA/µM) compared with those obtained with concentrated one (e.g., 0.04 
µA/µM). Such high sensitivity can be obtained with a much lower limit of 
detection (i.e, 2.67 µM compared to 6.6 µM DA) (results not shown). 
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Figure 4. SQW voltammograms of dopamine (after baseline corrections) at 
GCE/Chit/rGO/Chit electrodes (A) and the corresponding calibration curve for 

dopamine. Experimental conditions: phosphate buffer 0.1 M (pH 7); frequency, 10 Hz; 
amplitude, 25 mV; step potential, 10 mV; starting potential -1 V vs. Ag/AgCl,KClsat; 

error bars: mean of measurements with 3 different electrodes. 

The analytical parameters of the mean measurements with 3 
different GCE/Chit/rGO/Chit electrodes are summarised in table 2.  

In the case of three measurements with 3 different electrodes of 18 
μM DA at GCE/Chit/rGO/Chit in 0.1 M phosphate buffer pH 7, the mean 
peak intensity is 16,11 ± 1.955 µA, with a RSD of 12.14% and the mean 
peak potential is 0.234 ± 0.006 V vs. Ag/AgCl, KClsat, with a RSD of 2.65%, 
respectively. The obtained RSD values indicate a good reproducibility of 
the obtained electrode, recommending the GCE/Chit/GO/Chit as a good 
sensor for DA detection. 

Real sample analysis 

To investigate the application potential of the GCE/Chit/GO/Chit 
electrodes for the detection of DA, the injections vials of DA (5 mg/ml) were 
analyzed by the standard addition method in order to overcome possible 
matrix effects.  
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Table 2. Electroanalytical parameters of the G/GO/Nafion and GCE/Chit/rGO/Chit 
modified electrodes. Experimental conditions: see fig. 3 and 4. 

 

Electrode type Sensitivity  
µA / µM

Linear 
range/ µM

LOD*
/µM

R2 / n 

GCE/GO/(red)/Nafion) 0.147  0.004 2.5 - 70 1.35 µM 0.9980/ 9 
GCE/GO/Nafion/(red) 0.318  0.007 1 - 40 0.69 µM 0.9980/10 
GCE/Chit/GO/Chit ** 1.002  0.025 4 -18 2.67 µM 0.9969/ 7 

* calculated using Miller approach and SMAC software based on the confidence bands of the 
calibration function; ** mean of 3 measurements obtained with 3 different electrodes. 
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The linear equation for 
GCE/Chit/GO/Chit electrode obtained 
with standard addition method was 
I/µA = (4.023  0.435) + (0.5  0.072) 
[DA]/µM (R2 = 0.9236 n = 6), and 
lead to calculate the unknown 
concentration of the DA, which was 
estimated as 8.046 μM DA, for an 
added concentration of 8 μM DA. The 
value is in good agreement with 
that indicated by the producer and 
confirms that the proposed method 
could be efficiently used for the 
determination of DA in injection vials 
with a recovery of 99.42%. 

 

Figure 5. Standard addition method for 
determination of DA concentration from 
injection vials using GCE/Chit/GO/Chit 

electrode. Experimental conditions:  
see fig 4. 

 
 

EXPERIMENTAL SECTION 
 

Reagents 

The graphene oxide (GO) were prepared by dr. C. Cotet at the Faculty 
of Chemistry and Chemical Engineering and was a kindly gift which is 
gratefully thanked here. The reduced graphene oxide (rGO) was provided 
by Chengdu Organic Chemicals Co. Ltd., Chinese, Academy of Sciences. 
Dopamine hydrochloride 99% and the glacial acetic acid were provided by 
Alfa Aesar and by Merck, respectively. The Na2HPO4 2 H2O, NaH2PO4 12 H2O 
and high viscosity chitosan were provided by Sigma Aldrich. The 5% Nafion 
in ethanol solution was supplied from Sigma Aldrich and ethanol 100% from 
Reactivul Bucuresti, respectively. All chemicals were of analytical grade and 
used without any purification step. For avoiding DA polymerization, stock 
solutions of dopamine were prepared fresh every day. The DA injection 
vials were produced by Zentiva with a specified content of DA of 5 mg/ml. 
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The graphene oxide (GO) 1 mg/mL solutions were prepared from 
flakes dissolved in distillated water during 30 minutes in a vortex mixer 
followed by 30 minutes sonication.  

The 1 mg/mL dispersion of reduced graphene oxide (rGO) was 
obtained by mixing the appropriate quantity of powder for 30 minutes on a 
vortex mixer, followed by sonication (2 hours) and mixing (30 minutes on a 
vortex mixer). Before every usage, the stored dispersion was further sonicated, 
and then mixed for 30 minutes.  

A 0.1 % chitosan solution was prepared by dissolving appropriate 
quantity of salt in 0.1 M acetic acid solution. 

A 0.1 M phosphate buffer solution was prepared by using appropriate 
amounts of Na2HPO4 and NaH2PO4 and adjusting the pH values with 0.1 M 
H3PO4 or NaOH solutions, respectively. 

Methods 

Electrochemical measurements were performed with a PGStat 12 
computer controlled potentiostat (Autolab, The Netherlands). An undivided 
electrochemical cell containing the modified glassy carbon electrode (GCE, 
3 mm diameter) as the working electrode, a platinum wire as the counter and a 
Ag/AgCl,KClsat as reference electrode was connected to the potentiostat. All 
experiments were carried out at room temperature. 

Electrode preparation 

The cleaning of glassy carbon electrodes (GCE) surfaces consist in 
polishing with 1200 abrasive paper and Al2O3 powder, followed by ultrasonication 
for 3 minutes. Between each step the electrode surface was rinsed with distillated 
water and inspected via microscope. The modified electrodes were prepared by 
drop casting.  

GCE/GO/Nafion was obtained by dropping 5 µL of 1 mg/mL of GO 
solution on the clean GC surface and dried in air for solvent evaporation. After 
that the electrode surface was covered with 5 µL of 1.25% Nafion solution. The 
active form of GO was obtained by cycling the potential between -1 and 0 V 
vs. Ag/AgCl/KClsat for 10 cycles either before (GCE/GO/(red)/Nafion) or after 
(GCE/GO/Nafion/(red)) protection with Nafion membrane. 

GCE/Chit/rGO/Chit was prepared by successive deposition of 2 µL 
Chit, and a mixture of 5 µL rGO dispersion and 3 µL Chit solutions, respectively. 
Between each deposition steps, the solvent was evaporated in air drying. 
This alternation was needed to eliminate the significant differences in surface 
structure of glassy carbon electrodes, thus obtaining a “universal” procedure 
that would yield matching results on all used GC electrodes. 
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CONCLUSIONS 

Modified GCE/GO/Nafion and GCE/Chit/rGO/Chit electrodes were 
prepared by drop casting method and investigated for studying the dopamine 
oxido-reduction process by cyclic voltammetry. The electrochemical parameters 
(Ep, Eo’, Ipa/Ipc, influence of scan rate) are in accordance with the literature 
data describing a 2e-/2H+ reversible electrode process.  

The prepared GCE/GO/Nafion and GCE/Chit/rGO/Chit electrodes, tested 
by square-wave voltammetry, exhibit greater sensitivity and selectivity for the 
determination of DA with a wide linear range and a low detection limit. 

The GCE/Chit/rGO/Chit electrode was also used for detection of DA 
in real samples and satisfactory results were obtained. 
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Abstract. The aim of this study was to develop an ecological method for 
the removal of Pb2+ ions from industrial wastewater. The electrocoagulation 
(EC) process of Pb2+ has been studied, using an electrolytic flow cell (flow 
rate of 20, 40, 60 mL/min) equipped with sacrificial Al electrodes, operated 
under galvanostatic mode (current density of 5, 10 and 15 mA/cm2). In all 
experimental conditions the concentration of Pb2+ was lowered below the 
maximum allowable concentration (0.5 ppm). The experimental results 
showed that the performances of the process are more strongly dependent 
on the applied current density than on the applied flow rate. The electrolytic 
flow cell has proved to be quite effective, allowing the complete removal of 
lead with a specific energy consumption of 3.08 kWh/kg Pb removed. 
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INTRODUCTION 

In the recent decades, the development of different types of industries, 
especially in Asian countries increased the amount of directly or indirectly 
discharged wastewaters into the environment [1, 2]. In many situations these 
wastewaters have high heavy metal concentrations, even exceeding the 
maximum allowable concentration, causing important environmental issues. 
The most of metals such as copper, nickel, lead, zinc and chromium tend to 
accumulate in living organisms leading to several health problems [3, 4]. 
Among the heavy metals, lead is one of the most dangerous since it is a 
neurotoxin that can accumulate in the soft tissues and bones through 
ingestion, causing serious brain disorders [5, 6]. There are different sources of 
lead pollution such as plating industries, depleted lead mines, dyes and 
refineries [7, 8]. Another major source of pollution is attributed to the 
uncontrolled degradation of electronic waste materials such as lead batteries 
or waste printed circuit boards [9, 10]. As a result, various techniques have 
been employed for the removal of heavy metals from industrial wastewaters 
among which the most important are: precipitation, adsorption, biosorption, 
ion-exchange, electrochemical and ion-exchange assisted membrane 
separation [11-14]. It is well known that an advanced removal of heavy metals 
can be achieved by means of electrochemical treatment, ion-exchange and 
reverse osmosis [15, 16]. The last two techniques are more expensive than 
electrochemical methods such as electrowinning, electrodialysis, and 
electrocoagulation (EC), which have been more frequently applied for heavy 
metal removal [17-19]. EC is a simple and efficient method where the 
flocculating agent is generated in situ by electro-oxidation of a sacrificial 
anode such as iron or aluminum [10, 20]. Moreover, EC offers an attractive 
and promising alternative considering its low environmental impact, high 
energy efficiency and the fact that it can be performed with minimal 
involvement of auxiliary materials. Thus, the treatment is done without adding 
any chemical coagulant or/and flocculants, preventing the generation of other 
wastewaters [21]. 

For the above reasons this study assesses the influence of current 
density and flow rate on the efficiency of lead removal via electrocoagulation. 
The most adequate operating conditions for the process were determined 
based on key technical performance indicators such as removal and 
cathodic current efficiency and specific energy consumption.  
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RESULTS AND DISCUSSION  
 
 
Theoretical background 

 
The removal of Pb2+ ions through electrocoagulation involves the 

following main electrochemical reactions: 
 

Anode: −+ +→ 3eAlAl 3
(aq)  (1) 

 

Cathode: 2(g)(aq)(l)2 3/2H3HO3eO3H +→+ −−  (2) 

 
At the cathode in parallel with hydrogen evolution the 

electrodeposition of lead can also take place as a secondary reaction: 
 

Cathode: (s)
2 Pb2ePb →+ −+  (3) 

 
The HO– formed at the cathode can react with Al3+ and Pb2+ ions, 

inducing their precipitation and co-precipitation as corresponding hydroxides. 
Freshly formed amorphous Al(OH)3(s) (sweep flocs) have large surface areas, 
which are beneficial for the adsorption and trapping of Pb2+ ions. According 
to the literature [10], the adsorption of Pb2+ ions on Al(OH)3 flakes can be 
described by the following reaction:  

 

 ++ +→+ 2HPbAl(OH)OPbAl(OH) 2
2

3  (4) 

 
 
The influence of current density and flow rate on process performances 

 
The removal efficiency of Pb2+ ions was evaluated under batch 

electrocoagulation using different current densities and flow rates. It was 
found that the increase of current density lead to more rapid removal of 
Pb2+ ions regardless the applied flow rate. Figure 1 shows that the removal 
efficiency values obtained at 5 and 15 mA/cm2 differ most in the initial stage 
of the process, being with 40 % higher after the first 5 minutes for the 
current density of 15 mA/cm2.  
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a 
 

b 

c 

Figure 1. Removal efficiency for 
various current densities at  

different flow rates: a - 20 mL/min;  
b - 40 mL/min; c - 60 mL/min. 

 

 
 
It can be also observed that the difference in removal efficiency 

values between the highest and the lowest current densities decreases in 
time and with flow rate increase, reaching a minimum of 10 % after 20 
minutes. This tendency can be accounted to the fact that current density 
determines the generation rate of metal hydroxides and the growth of flocs. 
Therefore the amount of produced coagulating agent increases as current 
density increases. However, the removal efficiency does not follow linearly 
the increase of current density considering that an increase of current 
density by three times did not increase the removal efficiency three times. 
This can be explained considering that the adsorption of Pb2+ ions is a 
much slower step than the generation of Al(OH)3 flocs. As a result, the 
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removal efficiency values increase only moderately with the increase of 
current density, even if the amount of coagulant agent and available surface 
area for Pb2+ ion adsorption increases. It can be also observed that the 
removal efficiency reached 100 % in just 30 minutes for all the combinations 
of current density and flow rate values. On the other hand, the period of 
time in which a complete removal of Pb2+ ions was achieved decreased as 
the applied current density and flow rate increased. 

Still, operating at high current densities has negative impact on the 
process considering the dependency of electrode potentials and cell 
voltage on the applied current density. As the data from Table 1 indicates, 
electrode potentials increase with the increase of current densities. This 
can be attributed to the increase of cathode over potential for hydrogen 
evolution and more advanced passivation of the aluminum anode. Similar 
tendency can be noticed in the case of the cell voltage which also increases 
with the increase of current density due to the higher ohmic drop. In contrast, 
the increase of flow rate has a positive effect on the electrochemical 
parameters of the process which can be accounted to the more intensive 
mass transport of electroactive species. 

Table 1. Electrode potentials and cell voltage vs. electrolyte  
flow rate and current density 

Flow rate, 
(mL/min) 

Ub, (V) Uel, (V) Uce, (V) 

i, (mA/cm2) i, (mA/cm2) i, (mA/cm2) 
5 10 15 5 10 15 5 10 15 

20 5.10 7.07 9.29 2.11 2.75 3.09 -1.88 -2.13 -3.81 
40 4.97 7.09 9.16 2.03 2.67 2.76 -1.72 -2.14 -2.89 
60 4.88 7.07 9.00 2.04 2.08 2.45 -1.63 -1.84 -2.23 

According to eq. (3) the removal of Pb2+ ions from the solution also 
involved the electrodeposition of metallic lead. In order to quantify the 
importance of lead electrowinning compared to the removal of Pb2+ ions by 
electrocoagulation a new performance criteria was introduced. The extraction 
efficiency was defined as the ratio between the amount of electrodeposited Pb 
and the total amount of Pb removed from the solution. The results from Table 
2 show that at the lowest flow rate and current density almost 5 % of Pb2+ ions 
were removed by electrowinning. Also as it was expected the extraction 
efficiency drops as flow rate and current density increases. The extraction 
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efficiency values are decreasing with 63 % by increasing the current density 
from 5 to 15 mA/cm2 and with 17 % by increasing the flow rate from 20 to 
60 mL/min. The more significant influence of current density can be accounted 
to enhancement of hydrogen evolution with the increase of current density 
while flow rate increase involves only the intensification of Pb2+ ions 
adsorption. This is also sustained by the cathodic current efficiency which 
follows the same tendency as the extraction efficiency. The low values of these 
two parameters it is also related to the fact that Pb2+ ions concentration is very 
low and decreasing during the process. 

 
 

Table 2. Extraction and current efficiency vs. electrolyte  
flow rate and current density 

Flow rate,  
(mL/min) 

Extraction efficiency, (%) Current efficiency, (%) 

i, (mA/cm2) i, (mA/cm2) 
5 10 15 5 10 15 

20 4.62 2.80 1.67 1.89 0.58 0.23 
40 4.39 2.38 1.49 1.80 0.49 0.21 
60 3.82 1.93 1.42 1.56 0.40 0.20 

 

 

In order to determine the combined effect of the previously discussed 
parameters the specific energy consumption for the removal of Pb2+ ions 
was also evaluated for all the experimental conditions. The specific energy 
consumption was defined as the amount of energy consumed for the 
removal of one kg of Pb2+ ions from the treated effluent. Figure 2 shows 
that the specific energy consumption increases in time regardless the 
applied flow rate or current density. This can be attributed to the fact that 
the amount of Pb2+ ions removed decrease in time, especially during the 
second part of the experiment. Moreover, as flow rate increases the 
difference between the specific energy consumption after 5 and 30 min of 
processing become even larger due to the faster removal of Pb2+ ions at 
higher flow rates.  

At constant current density, specific energy consumption increases 
by 200 % for the flow rate of 60 mL/min while for the other two flow rates it 
only doubles between the initial and final stages of the experiment. The 
results also revealed that specific energy consumption depends more on 
the applied current density than on the flow rate considering that it 
increased by 5 times between the lowest and highest current densities.  
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a b 

c 

Figure 2. Specific energy consumption 
for various current densities at different 

flow rates: a – 20 mL/min;  
b – 40 mL/min; c – 60 mL/min. 

CONCLUSIONS 

The study proved that the complete removal of Pb2+ ions from 
aqueous solutions can be performed efficiently by EC using an electrolytic 
flow cell in batch operation. The results revealed that in parallel with the 
precipitation of Pb2+ ions the process also involved the electrodeposition of 
metallic lead which accounted to 1.5-4 % of the removed Pb2+ ions. It was 
found that process performance is more strongly dependent on current 
density than electrolyte flow rate or duration of the experiment. 
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As it was expected, the increase of current density increases the 
amount of flocs which makes the removal of lead ions to be done in a 
shorter time but with higher specific energy consumption. Nevertheless, the 
increase of flow rate even if reduces the requested time for the removal of 
Pb2+ ions with less extent than current density it decreases the specific 
energy consumption as well.  

Considering the importance of the specific energy consumption it 
can be concluded that the complete removal of Pb2+ ions, in the applied 
experimental conditions, can be done the most efficiently at 60 mL/min and 
a current density of 5 mA/cm2. 

EXPERIMENTAL SECTION 

EC experiments were performed using a plexiglas undivided 
electrochemical reactor equipped with parallel Al plate electrodes with a 
nominal surface area of 12.5 cm2 (Figure 3). The inter-electrode gap between 
the electrodes was 20 mm. Cathode and anode potentials were measured 
using two Ag/AgCl/KClsat reference electrodes.  

Figure 3. The experimental set-up for the EC process using 
sacrificial Al electrodes: 1 - thermoregulated reservoir;  

2 - electrochemical cell; 3 - power supply; 4 - pump 

+ _

1 2

4

3
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Tests were performed under galvanostatic conditions, at different 
values of applied current densities (i = 5, 10, 15 mA/cm2), using a computer 
controlled DXC 236 potentiostat (Datronix Computer) equipped with a PCI 
6024E (National Instruments, U.S.A.) data acquisition board. All experiments 
were performed at room temperature over a period of 30 minutes using 100 
mL synthetic wastewater solutions containing 500 mg/L Pb2+ and 1 g/L 
NaNO3. The solutions were made by using analytical grade chemicals and 
double distillated water. The electrolyte containing 500 mg/L Pb2+ ions was 
recirculated through the electrochemical reactor at a flow rate of 20, 40 and 
60 mL/min by using a Reglo-Digital-Ismatec peristaltic pump. During the EC 
process, the electrolyte was sampled at different time intervals in order to 
determine the evolution of Pb2+ ion concentration in time. At the end of each 
experiment the cathodic deposit was dissolved in concentrated HNO3 
solution. The Pb content of the samples and of the solution with the cathodic 
deposits was quantified by an atomic absorption spectrophotometer (Avanta 
PM - GBC). 
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ABSTRACT. The increase of the graphite electrocatalytic activity toward 
hydrogen peroxide (HP) electrosynthesis (HPE) by the partial electroreduction 
of O2 can be achieved by in-situ electroactivation (EA). Our previous studies 
completed in strong alkaline media (1 M NaOH) by galvanostatic multi-
sequence EA techniques (MSETs) revealed that an adequate graphite EA can 
improve HPE current efficiency (CE) up to 35 % compared to the unmodified 
graphite. In order to implement the optimised operational parameters to a 
micro-pilot scale electrochemical reactor, in a first step, several systems for the 
on-line HP concentration monitoring were designed and tested. Unfortunately, 
the preliminary test, even in moderate alkaline media (0.1 M NaOH) revealed 
that, at concentrations greater that 50 ppm, the HP decomposes intensively 
in contact with the setup components, disallowing the HP accumulation. As a 
consequence, for all further experiments, the alkaline supporting electrolyte 
was replaced with 0.1 M Na2SO4. In these new conditions, two models of HP 
on-line detectors (spectrophotometrical and amperometrical) were designed and 
tested, presenting adequate limit of detection (L.O.D. = 10 ppm and L.O.D. = 0.23 
ppm, respectively). Also, the HPE process was studied in sulphate media, using 
a Pt/graphite wall-jet ring disk electrode system, revealed that the CE can 
reach a 46 % value for the unmodified electrode and increases up to 52 % 
when the auto-adaptive galvanostatic MSETs protocol is used. 

Keywords: hydrogen peroxide electrosynthesis, graphite electroactivation, 
hydrogen peroxide on-line monitoring, wall-jet ring disk electrode, auto-
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INTRODUCTION  

Hydrogen peroxide (HP) is widely used in many industrial areas, like 
chemical industry and environmental protection, but represents also a potential 
energy carrier. During the last decades, in order to counteract the main 
drawbacks of the consecrated anthraquinone based process for the HP 
production [1], significant efforts have been dedicated to develop efficient and 
on-site/in-situ HP production technologies, which can reduce considerably the 
cost for synthesis, separation, transport, storage and handling [2]. The methods 
based on the direct HP synthesis from H2 and O2 in plasma assisted [3] or 
catalytic [4] reactors allow the decentralized production of HP in continuous 
mode but still present the potential risk of H2/O2 gas mixture explosion. The HP 
electrosynthesis (HPE) by the partial electroreduction of O2 represents another 
extremely studied alternative. In spite of the fact that, in special conditions, the 
concentration of the accumulated HP can reach values up to 3.6 M (~ 122 g/L) [5], 
in almost all other studies, final concentrations between 3 ppm [6] and 700 ppm 
[7] were reported. Even at low HP accumulated concentrations, below 50 ppm, 
the interest for the HPE remains high due to the fact that, at this reduced level, 
HP allows the direct degradation of certain pollutants [8] and the generation 
of the electro-Fenton reagent, a more powerful and versatile depolluting agent 
[9 - 13]. Irrespective to the design of the electrochemical reactor used for the 
HPE process (i.e. divided or undivided batch reactors, filter-press, flow-through 
or wall-jet micro-reactors [14]), in almost all studies, the modified or unmodified 
carbonaceous materials, in 2D or 3D shapes, were used as cathode. Among 
them, the compact graphite electrodes present major advantages (i.e. inexpensive 
and facile production, high selectivity and conductivity), recommending them 
for the design of reliable small scale plants for on-site and/or in-situ HPE. 
Unfortunately, the low specific surface of the compact graphite requires 
consistent studies dedicated to the increase of its electrocatalytic activity 
toward HPE by chemical, physical or electrochemical activation (EA). 

In this context, the results of our previous studies [14] accomplished 
in strong alkaline media (1 M NaOH) by auto-adaptive galvanostatic multi-
sequence electroactivation techniques (MSETs) revealed that the adequate 
graphite EA can improve HPE current efficiency (CE) up to 35 % compared to 
the unmodified compact graphite. In consequence, we decided to implement the 
optimal operational parameters at a micro-pilot scale electrochemical reactor 
with recirculation and HP accumulation capability. In order to accomplish this 
goal and better understand the influence of the new experimental parameters 
on the HPE process, we found out that is mandatory to design and validate an 
accurate and reliable flow-through detector able to monitor, on-line and in-situ, 
the concentration of accumulated HP.  
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Unfortunately, the preliminary test, accomplished in a moderate alkaline 
media (0.1 M NaOH) revealed that, at HP concentration over 50 ppm, it 
decomposes intensively in contact with the setup components (PTFE and 
PVC tubes and cells), disallowing the HP accumulation. As a consequence, 
for all further experiments, the alkaline supporting electrolyte was replaced 
with a weakly acidic one consisting in 0.1 M Na2SO4 (pH ~ 4.2). In these new 
conditions, to models of HP on-line detectors (a spectrophotometrical and an 
amperometrical one) were designed and tested, presenting adequate sensitivity 
and limit of detection. Also, the HPE process was studies in sulphate media, 
using a Pt/spectral graphite (Pt/SG) wall-jet ring disk electrode (WJRDE) system, 
revealing that the CE can be improved using an auto-adaptive galvanostatic 
MSETs protocol. Additional tests indicate that a symmetrical divided reactor 
with periodic inversion of the electrodes cannot be used for sulphate media. 
 
 
RESULTS AND DISCUSSION 
 

Design and validation of the flow-through HP detectors 
 
Our previous results revealed that, even in optimal conditions, the 

increase of the electrosynthesized HP concentration during each passage of 
the electrolyte through the electrochemical reactor can reach a maximum 
value of 0.07 ppm (~ 2*10-6 M). In these conditions, in order to evaluate 
rigorously the influence of the EA parameters on the HPE efficiency and 
also the kinetic of the accumulation process, a very sensitive method of  
HP detection must be used. Many consecrated techniques (i.e. the Iodometric-
molybdate, Titanium oxalate, Peroxidase enzyme-DPD or Copper-DMP method) 
[15] accomplish this requirements but are inadequate for flow analysis, 
especially if the accumulation process is envisaged due to the requirement of 
permanent addition of specific reagents. In order to overcome this problem, 
we decided to evaluate the possibility to estimate the HP concentration by 
spectrophotometry without addition of specific reagents, exploiting the ability 
of HP to present an intense absorption in the UV range. The preliminary 
tests were accomplished, at a wavelength () of 225 nm, in a flow-through 
spectrometric cell with an optical path length of 10 mm, at a flow rate (Vf) of 
10 mL/min, using dilute standard solution of HP (10, 20, 50, 100, 250 and 
500 ppm) prepared in bi-distilled water. As indicated in Figure 1 and Table 1, 
if a second order polynomial fitting function (Y = A + B1*X + B2*X2) is used, 
this method presents acceptable analytical parameters in the studied 
concentrations range (R = 0.9999 and L.O.D. = 6.5 ppm for a signal to noise 
ratio (S:N) of 3:1), but the accuracy is poor at concentrations less than 20 
ppm. 
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In the next step, we tried to repeat the same set of measurements 
in the presence of 0.1 M NaOH in the standard solutions. Unfortunately, 
during the measurements, we observed, for the standard solutions having 
concentrations equal to or higher than 50 ppm, an intense HP decomposition, 
indicated by the gaseous oxygen evolution. This phenomenon, that appeared 
at the contact between the concentrated standard solutions and the setup 
elements (PVC and PTFE tubes, spectrophotometric cell), indicates that 
the available components and materials included in the structure of the 
designed micro-pilot scale electrochemical reactor are not compatible with the 
alkaline HP solutions, making, practically, impossible the accumulation of the 
electrosynthesized HP. In these conditions and based on literature data [9-13], 
we decided to replace, for all the further experiments, the alkaline supporting 
electrolyte with a weakly acidic one, consisting in a 0.1 M Na2SO4 solutions, 
having a intrinsic pH of around 4.2. 

Figure 1. Spectrophotometric calibration curves for HP recorded in flow conditions 
in bi-distilled water and 0.1 M Na2SO4. (= 225 nm, Vf = 10 mL/min.) 

Table 1. Analytical parameters evaluated for the UV spectrophotometric detection 
of HP in flow conditions in bi-distilled water and 0.1 M Na2SO4. 

Solution A B1 B2 R L.O.D.

Bi-distilled water -2.3±1.7 420±11 28±9 0.99995 6.5 ppm 

0.1 M Na2SO4 -0.5±0.4 410±3 36±2 0.99999 10 ppm 
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At this point, in order to verify that the new supporting electrolyte 
does not interact with the HP in the investigated concentrations range, the 
previous measurements were repeated in the presence of 0.1 M Na2SO4. As 
it can be seen from Figure 1 and Table 1, the new calibration curve is quasi-
identical with that recorded in bi-distilled water and the analytical parameters 
preserved very similar values, excepting the L.O.D. that degraded slightly. 
In these conditions, we conclude that de designed HP detection method 
can be used successfully during the accumulation experiments, but only at 
concentration greater that 10 ppm. Moreover, the detector is, practically, 
insensitive to the electrolyte flow rate, but presents failures risk if gaseous 
bubbles remain entrapped inside of the optical path. 

As pointed before, in order to quantify rigorously the increase of the 
electrosynthesized HP concentration after each passage of the electrolyte 
through the electrochemical reactor, a more sensitive detector must be 
used. In order to fulfil this requirement, an original dedicated 3-electrodes 
flow-through amperometric detector (described in the EXPERIMENTAL 
SECTION) was designed and tested. Using this new detector, 5 calibration 
curves were recorded at flow rates of 2, 5, 10, 15 and 20 mL/min., in an 
extended range of standard HP solutions (5, 10, 20, 50, 75, 100, 250 and 
500 ppm) prepared in 0.1 M Na2SO4. As indicated in Figure 2 and Table 2, if 
a similar second order polynomial fitting function is used, this new method 
presents excellent analytical parameters in the studied concentrations and 
flow rates ranges: R between 0.99996 and 0.99999 and L.O.D. between 0.15 
and 0.23 ppm for a S:N of 3:1. 

 

 
Figure 2. Amperometric calibration curves for HP recorded in 0.1 M Na2SO4 at 

different flow rates in the domain of reduced (A) and increased (B) concentrations 
(D.E. = 0.7 V vs. Ag/AgCl/KClSAT) 



ANA-DOMNICA MĂRINCEAN, SORIN-AUREL DORNEANU, PETRU ILEA 

160 

Table 2. Analytical parameters evaluated for the amperometric detection of HP 
in flow conditions in 0.1 M Na2SO4. 

Vf  
[mL/min.] A B1 B2*104 R L.O.D. 

[ppm] 
2 0.003±0.3 1.512±0.010 29±0.44 0.99999 0.23
5 -0.22±0.8 1.233±0.016 8.2±0.50 0.99997 0.18 

10 0.17±0.9 1.016±0.017 5.7±0.42 0.99996 0.15 
15 0.07±0.7 0.887±0.011 5.1±0.24 0.99998 0.14 
20 0.005±0.5 0.803±0.007 4.6±0.13 0.99999 0.15 

Based on the obtained result, we conclude that de designed HP 
amperometric detector can be used successfully during the HPE experiments, 
with or without accumulation. Obviously, the detector response depends on 
the flow rate, but the HP concentration can be easily calculated based on the 
corresponding calibration curve. Also, the vertical position of the detecting 
electrode reduces the failures risk due to the gaseous bubbles fixation on 
the electrode surface. 

HPE tests using 0.1 M Na2SO4 as supporting electrolyte

Prior to the HPE experiments, the collecting efficiency (N) of the 
WJRDE system was evaluated by hydrodynamic voltammetry with linear 
scan of the potential (HVLSP), at flow rates of 1, 2.5, 5 and 10 mL/min, 
using the fero/feri redox system. Based on the calculated N values, the CE 
values for the HPE process in sulphate media were evaluated by HVLSP at 
the same flow rates, the obtained results being presented in Figure 3. 

Figure 3. Voltamograms recorded by HVLSP on the Pt/SG WJRDE at different Vf 
in 0.1 M Na2SO4 air saturated solution (A) and the corresponding CE evolution (B). 

(v = 5 mV/s, r = 0.7 V vs. Ag/AgCl/KCl 1 M) 
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As it can seen from Figure 3, a maximal CE value of ~ 58 % can be 
obtained at a flow rate of 2.5 mL/min. and a disc potential (d) of -0.38 V, 
corresponding to a disc current (Id) of -16 μA. Supplementary, these evolutions 
of the ring currents (Ir) and the CE values suggest that, in sulphate media, the 
adsorption of the dissolved O2 on the electrode surface and desorption of the 
HPE products is considerable slower than in alkaline media, requiring 
additional studies able to elucidate the corresponding mechanism. 

Based on the promising results obtained by HVLSP, we decided to 
test if the EA protocols optimised in alkaline media can be applied in sulphate 
media. After several preliminary measurements (results not shown), we found 
that the best results can be obtained following the auto-adaptive galvanostatic 
MSETs protocol, the corresponding results and the optimised parameters 
being presented in Figure 4, where the invoked terms are explained in our 
previous work [14].  

Figure 4. The evolution of Ir, Id and d during 5 cycles of galvanostatic auto-adaptive 
EA and HPE in 0.1 M Na2SO4 solution. (Vf = 2.5 mL/min.; AS, MAX = +1.2 V;  

PRS, MIN = -0.8 V; TPS = 60 s; IAS.= +50 μA; IPRS.= -50 μA; IPS.= -15 μA) 

Based on the recorded data included in Figure 4, we found that, 
during the first cycle (corresponding to the inactivated graphite), the CE reached 
a global value of 46 % and increase to 52 % after 5 cycles of EA. These values 
are clearly superior to those of 28 % reported for a HPE continuous test 
accomplished using an unmodified graphite electrode, in very similar condition 
(0.05 M Na2SO4 as supporting electrolyte, pH = 3, j = 0.25 mA cm-2) [16].  
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Finally, in order to check the possibility to use the sulphate media for 
HPE in a symmetrical divided reactor with periodic inversion of the electrodes, 
we made complementary measurements using rectangular asymmetrical or 
symmetrical current profiles. The comparison between the signals recorded 
in these conditions, presented in Figure 5, reveals that, if the symmetric 
profile current is imposed through the disc electrode, the recorded ring current 
decrease continuously, from cycle to cycle, indicating an advanced deactivation 
of the graphite electrode surface. In these conditions, we conclude that the 
idea of a symmetrical divided reactor with periodic inversion of the electrodes is 
not applicable when the sulphate media is used. 

Figure 5. Comparison between the evolutions of Ir, Id and d recorded in 0.1 M 
Na2SO4 solution for asymmetrical and symmetrical current profiles. 

(Vf = 2.5 mL/min., r = 0.7 V vs. Ag/AgCl/KCl 1 M) 

CONCLUSIONS 

Obviously, HPE represents an attractive and eco-friendly alternative 
for on-place and/or in-situ production of HP and, consequently, extremely 
numerous researches are dedicated to this process. All these studies 
reveal that the evaluation of the HP concentration is a mandatory and 
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essential task, accomplished mainly by periodic sampling and ex-situ analysis 
of the extracted samples using consecrated analytical techniques. In order 
to eliminate these complicated and time-consuming procedures, we decided 
to design and validate an accurate and reliable flow-through detector able to 
monitor on-line the concentration of electrosynthesized and accumulated HP. 
In a first attempt, exploiting the ability of HP to present an intense absorption in 
the UV range, we proposed a spectrophotometrical flow-through HP detector that 
works without addition of specific reagents. The preliminary tests, accomplished 
at a wavelength of 225 nm and using HP standard solutions prepared in bi-
distilled water, revealed that, implementing a second order polynomial fitting 
function, the original designed method presents, for concentrations between 
10 and 500 ppm, acceptable analytical parameters (R = 0.9995 and L.O.D. = 
6.5 ppm at S:N = 3:1), but the accuracy is unsatisfactory at concentrations less 
than 20 ppm. The subsequent test, accomplished in a moderate alkaline media 
(0.1 M NaOH) revealed that, for HP concentrations over 50 ppm, it decomposes 
intensively in contact with the setup components (PTFE and PVC tubes and 
cells), compromising the HP accumulation tests. As a consequence, for all 
further experiments, we decided to replace the alkaline supporting electrolyte 
with a weakly acidic one consisting in 0.1 M Na2SO4 with an intrinsic pH 
of ~ 4.2. In these new conditions, the proposed original detection method 
presents very similar analytical parameters (R = 0.9999 and L.O.D. = 10 ppm 
at S:N = 3:1). 

In order to improve the L.O.D. value, another original amperometric 
flow-through HP detector was designed and tested. In the studied concentrations 
and flow rates ranges, the new detection method presents excellent analytical 
parameters: R between 0.99996 and 0.99999 and L.O.D. between 0.15 and 
0.23 ppm evaluated for a S:N of 3:1. 

Finally, using the Pt/SG WJRDE system, the HPE process was 
studied in sulphate media, using different protocols. The experiments revealed 
that, for the unmodified electrode, the CE of HPE can reach a value of 46 %, 
but increases up to 52 % when the auto-adaptive galvanostatic MSETs 
protocol is used. Unfortunately, additional measurements lead to the conclusion 
that the idea of a symmetrical divided reactor with periodic inversion of the 
electrodes cannot be applied when the sulphate media is used as supporting 
electrolyte. 

For future developments, in order to validate the very promising 
obtained results, the best experimental parameters will be implemented and 
tested at a micro-pilot scale electrochemical reactor. 
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EXPERIMENTAL SECTION 

For the spectrophotometric studies, a modular spectrometer (model 
UV-VIS USB4000), a miniature UV-VIS-NIR light source (model DT-MINI-2-
GS), 2 UV optical fibres (model QP600-025-SR) and a flow spectrometric 
cell (model FIA-Z-SMA-ML-PE), all from Ocean Optics (SUA), were used.  

The amperometric detector consists in a cylindrical PTFE flow 
channel of 3 mm inner diameter in which is fixed a coil (10 turns, 2.5 mm 
external diameter) of 0.1 mm diameter Pt wire as counter-electrode and, 
perpendicular to the flow direction, another Pt wire (0.8 mm diameter and 
0.5 mm length) as detecting electrode (D.E.). Supplementary, in the superior 
wall of the channel is fixed a VYCOR® pill that inter-connects the flow channel 
with an external chamber for the reference electrode, of Ag/AgCl/KClSAT type. 

All the electrochemical measurements, including the calibration of 
the amperometric HP detector, were carried out in controlled hydrodynamic 
conditions, using the experimental setup described in detail in our previous 
work [14, 17]. In the wall-jet cell (WJC), the injector to disc electrode distance 
was fixed at 1 mm in order to achieve a planar laminar flow. For the HPE 
experiments, an air saturated ([O2] ~ 8 ppm) 0.1 M Na2SO4 aqueous solution 
was pumped in the WJC at VF of 1, 2.5, 5 or 10 mL/min. Before each set of 
HPE experiments, the RDE surface was polished on waterproof emery paper of 
1200 grit (Struers, Denmark) and intensively washed with doubly distilled 
water. All measurements were performed at room temperature (25 ± 1 oC). 
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THE USE OF CHEMICALLY ACTIVATED FIR CONE 
CARBON IN THE REMOVAL OF Pb2+ CONTAMINATED 

AQUEOUS SOLUTIONS 

CARMEN MÂNZATUa, CORNELIA MAJDIKa and BOLDIZSÁR NAGYa,* 

ABSTRACT. Fir cone biomass was used as a precursor for the preparation 
of activated carbon by sulfuric acid treatment and activation. It is known that 
the activated carbon from different biomass sources has a wide range of 
applications in water treatment. Therefore, fir cone activated carbon (FCAC) 
was prepared from raw fir cone by chemical treatment and used in various 
experiments to test its functions for the removal of Pb2+. The influences of 
different parameters like contact time, initial lead concentration, initial pH, 
biomass quantity and temperature were studied. Adsorption isotherm and 
kinetic models were used to analyze the equilibrium data. It was found that 
the Freundlich isotherm model and pseudo-second-order model describe 
better the Pb2+ biosorption process. The changes in morphological structure 
after lead ions-biomass interactions were evaluated by SEM analysis. From 
these studies, it can be concluded that the fir cone activated carbon could be 
a promising and effectively employed bioadsorbent for the removal of Pb2+ 

ions from aqueous solutions.  

Keywords: Fir cone activated carbon, Lead, Biosorption, Isotherms 

INTRODUCTION  

Nowadays, the heavy metal pollution has become one of the most 
serious environmental problems. Unlike organic pollutants, heavy metals are 
non-biodegradable and so their removal is extremely important regarding the 
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health of living specimens [1]. The heavy metal ions are stable and persistent 
environmental contaminants, since they cannot be degraded and destroyed. 
These metal ions represent a threat for human health as well for the aquatic 
ecosystem [2].  

Among all the existing metals, Pb2+ may be found in wastewaters from 
many industries involving metal plating, painting, mining operations, battery 
manufacture and mining operations [3, 4]. Industrialists and environmentalists 
usually have the challenge of developing safe and effective disposal methods for 
these wastewaters containing heavy metals [5]. The long term Pb2+ exposure may 
cause several diseases such as: mental disturbance, retardation, semi-permanent 
brain damage, liver damage and can accumulate in animal tissues such as 
kidneys [6, 7, 8, 9, 10]. The World Health Organization (WHO) recommends that 
the amount of Pb2+ should be 0.01 mg/L for safe drinking water while the 
permissible level of Pb2+ in wastewater given by the Environmental Protection 
Agency (EPA) is 0.05 mg/L [11, 12]. 

Many physico-chemical methods such as extraction, ion exchange, 
chemical precipitation, membrane filtration, adsorption, and electrodialysis have 
been developed for the removal of heavy metals from aqueous solutions, but 
most of these methods have significant disadvantages (high operational 
costs and high specific consumption of reagent and energy) [13, 14]. 

Among the methods noted above, biosorption is preferred as a well-
organized technique for the removal of heavy metals from aqueous wastes 
[15, 16]. This biosorption technique has advantages over other conventional 
methods due to its unique properties, such as simple design, the use of non-
toxic and low cost materials, and the high efficiency in removing pollutants at 
low level concentrations, fast operation and favorable performance [17]. 

The biosorption with activated carbon is widely used to remove 
contaminants in water treatment processes because of its huge specific 
surface area, heterogeneous surface and well-developed pore structures [18, 
19]. One of the major advantages of using activated carbon is that many 
water treatment and remediation facilities already have granular activated 
carbon (GAC) filtration systems in place [20].  

The removal of heavy metals from aqueous waters using different 
biomasses [21] such as waste tea leaves [13], orange peel [14], hazelnut shell 
sago [22], sawdust [23], waste banana, orange peels [24], cocoa shells [25], 
coffee residue [26], rice husk [27], olive stone waste [28], grape stalk [29] as 
well as modified papaya seed [30] were also reported to have good biosorption 
abilities for Pb2+ but the potential of other waste agricultural by-products after 
chemical modification is yet to be entirely explored [31]. 

Wood products, especially products of fir wood have been treated 
using different kinds of chemical solutions to improve their surface properties, 
mechanical strength, chemical resistance and the ability to incorporate organic 
and inorganic compounds. Many of the recent studies show that these methods 
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have been applied for wood materials used as bioadsorbents for the removal 
of heavy metals [32]. Frequently, activated carbon surfaces are modified by 
oxidation, acidic treatment, ammonization or heating to enhance the biomasses 
adsorption capacity [33, 34]. 

The main objective of the present work is to investigate the potential 
biosorption of the FCAC prepared by sulfuric acid treatment and activation from 
the fir cone biomass. The influence of contact time, initial Pb2+ concentration, 
initial pH, biomass quantity and temperature were investigated in detail. SEM 
microscopy studies were also used for the extensive characterization of the 
biomass surface morphology. This study also evaluates the use of the FCAC 
as a new, low cost and effective bioadsorbent material for the removal of Pb2+ 
from aqueous solutions.  

RESULTS AND DISCUSSION  

 Biosorption experiments 

SEM analysis  
The SEM micrographs of FCAC carbon samples, before and after the 

Pb2+ biosorption, are given in Fig. 1. SEM enables a direct observation of any 
surface microstructure changes in the samples that would have occurred due 
to the biosorption of Pb2+. Some slight differences at the micrographs are 
noticeable. The number and shape of cracks and attached fine particles over 
the carbon surface clearly differ before (Fig. 1a) and after biosorption (Fig. 1b). 
A minor decrease in the size of the particles after biosorption is visible. 

(a)      (b) 

Figure 1. Scanning electron microscope (SEM) images of the (a) unloaded FCAC 
and (b) FCAC loaded with Pb2+.
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The effects of contact time and initial Pb2+ concentration 

The effects of contact time and initial concentration on biosorption of 
Pb2+ by FCAC are presented in (Fig. 2). The amount of Pb2+ adsorbed 
increased with the increase in contact time and reached equilibrium in about 
240 min. The equilibrium time is independent of initial Pb2+ concentration, but 
in the first 20 min, the initial rate of biosorption was greater for higher initial 
Pb2+ concentration. After that, it gradually decreases until equilibrium is 
reached. The rate of percent metal removal is higher at the beginning due to 
the large number of biosorption sites available and high surface area of the 
FCAC, while towards the end of the experiment fewer sites are available for 
biosorption. Therefore an equilibrium time of 240 min was assumed for all 
further experiments. 

Figure 2. The effect of contact time and initial concentration on the biosorption of 
Pb2+ on FCAC; pH = 5.0, d =150 – 300 µm, 296 K, 0.5 g biomass, 200 rpm. 

The effect of initial Pb2+concentration on the adsorption capacity was 
analyzed within the range of 50-250 mg/L. Fig. 3 shows that the adsorption 
capacity increases with an increase of lead concentration. The increase in 
adsorption capacity occurs due to the higher biosorption rate and the 
utilization of all the available active sites for biosorption at higher heavy metal 
concentration. Moreover, higher initial concentration provides increased 
driving force to overcome all mass transfer resistance of lead ions between 
aqueous and solid phase. It was noted that initial concentration increased the 
sorption of Pb2+ as is generally expected due to the equilibrium process. A 
further increase in the initial metal ion concentration does not lead to any 
other modifications in the adsorption capacity. 
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Figure 3. Influence of the initial Pb2+ concentration over the adsorption capacity of 

FCAC; 0.5 g biomass, d =150 – 300 µm, 296 K, pH 5.0, 200 rpm. 
 
 

The effects of biomass quantity 
 

 The amount of the FCAC added to the metal solutions varied between 
0.1 and 0.5 g, while the total volume, initial concentration of the metal solution, 
temperature and the pH value were kept constant. The result of variation of 
biosorption removal with quantity of FCAC is shown in (Fig. 4). The amount 
of Pb2+ biosorption increased with an increase in bioadsorbent quantity. This 
result can be explained by the fact that for optimum biosorption, extra sites 
must be available for biosorption reaction, whereas by increasing the biomass 
of the already available sites for biosorption, the site increased. However, a 
further increase of the bioadsorbent quantity did not lead to better results in the 
removal efficiency values at these experimental conditions; therefore, the 
optimum biomass was taken as 0.5 g for further batch experiments. 

 
 

Figure 4. The effect of the FCAC quantity on Pb2+ biosorption over the removal 
efficiency; Ci = 50 mg Pb2+/L, 296 K, d =150 – 300 µm, 5.0 pH, 296 K and 200 rpm. 
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The effect of initial pH of solution 
 

 The effect of initial pH of solution is an important factors in biosorption 
studies, which controls the biosorption process, particularly, the adsorption 
capacity and removal efficiency [35]. The effect of the pH on the amount of 
lead removed from the solution was assessed by performing experiments in 
acid/base pH scale and the results are shown in Fig. 5. The results point out 
that lead removal was 90.73% at initial pH of 2.0, which increased to 94.56% 
at initial pH 5.0. An appreciable decrease in percentage removal of Pb2+ was 
observed after pH 5.0. At lower pH values, the removal of Pb2+ was inhibited 
as a result of competition between hydrogen and metal ions on the sorption 
sites. Thus, the electrostatic repulsive forces between positively charged 
H3O+ and Pb2+ ions inhibited the Pb2+ removal at lower pH. As pH is 
increased, the active sites on the adsorbents are exposed to increasing 
negative charge density on the surface and the resultant is an increasing 
attraction of metal cation onto the surface. Consequently, an initial pH value 
of 5.0 was used as the optimum pH throughout the experimental work to 
avoid the formation of metal hydroxides. 
 

 
 

Figure 5. The effect of initial pH values on Pb2+ biosorption using FCAC; 
Ci = 50 mg Pb2+/ L, 0.5 g biomass, d =150 – 300 µm, 296 K and 200 rpm. 

 
The effects of temperature 

 

 The amount of Pb2+ adsorbed on FCAC as function of solution 
temperature is shown in Fig. 6. As the figure shows, the removal efficiency 
decreased as the temperature increased from 23 to 53°C, showing that low 
temperature favors the Pb2+ removal from aqueous solutions. It was observed 
that the maximum biosorption was found at 23°C with a maximum removal 
percentage of 94%. The observed increase in biosorption of Pb2+ with decrease 
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in temperature is indicative of the fact that the biosorption process is exothermic 
in nature. The general trend in decrease of biosorption for FCAC with an increase 
in temperature may be attributed to the Pb2+ escaping from the solid phase with 
a rise in temperature. The optimum temperature of 23°C was used for all further 
experiments.  

Figure 6. Temperature influence over the removal efficiency of Pb2+ on FCAC  
Ci=50 mg Pb2+/L, d =150 – 300 µm, 0.5 g biomass, 5.0 pH, 296 K and 200 rpm. 

Adsorption isotherms 
Isotherm equations have been used for the equilibrium modeling of 

adsorption systems. The adsorption data have been subjected to different 
adsorption isotherms, namely; Langmuir, Freundlich, Dubinin–Radushkevich 
(D–R) and Temkin required for Pb2+ biosorption from simulated wastewaters 
onto FCAC. 

The Freundlich isotherm assumes that adsorption takes place on a 
heterogeneous surface which involves a multilayer adsorption of metal ions. 
The Freundlich isotherm linear equation can be expressed as [36]: 

eFe C
n

Kq log×
1

+log=log (1) 

where, KF is related to the adsorption capacity and n is related to the intensity 
of adsorption. The logqe versus logCe plot allows the determination of the 
Freundlich constants. 

The Langmuir isotherm model describes the monolayer adsorption 
onto the surface of an adsorbent with finite number of identical sites and is 
the most widely used isotherm for adsorption studies in recent years. The 
linear form of the Langmuir isotherm model [37] can be represented by: 
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meme qCbqq
1

+
1

×
1

=
1

       
(2) 

 
where, Ce (mg/L) is the equilibrium concentration, qe is the amount of metal 
ion adsorbed at equilibrium, qm is the maximum adsorption capacity and b is 
the equilibrium Langmuir constant.  

The Freundlich constants n and KF, Langmuir constants b and qm, 
and their corresponding correlation coefficients, R2 are given in Table 1. 

The adsorption constants were calculated for concentration ranges 
between 50 and 250 mg/L the results are presented in Table 1. Based on the 
correlation coefficients (R2), it is clear that the biosorption of lead ions onto 
FCAC is best fitted to the Freundlich adsorption isotherm for the entire range 
of concentrations. The fact that the Freundlich isotherm fits the experimental 
data very well may be due to heterogeneous distribution of active sites on the 
carbon surface, since the Freundlich equation assumes that the surface is 
heterogeneous.  

The n value indicates the degree of nonlinearity between solution 
concentration and adsorption as follows: if n = 1, then adsorption is linear; if n < 
1, then adsorption is a chemical process; if n > 1, then adsorption is a physical 
process. The values of n for Freundlich isotherm were found to be greater than 
1, which indicates that the adsorption system is a favorable one and suggesting 
physical adsorption. 

The Temkin isotherm equation assumes that the fall in the heat of 
adsorption of all the molecules in the layer decreases linearly with coverage due 
to adsorbent-adsorbate interactions, and that the adsorption is characterized by 
a uniform distribution of the binding energies up to some maximum binding 
energy [38]. The Temkin isotherm has been applied in the following form: 
 

ete CBABQ  lnln       (3) 

Tb
RTB 

        (4) 
 

where, bT is the Temkin isotherm constant, T is the absolute temperature 
in Kelvin and R is the universal gas constant (8.314 J/mol K). The model 
constants AT and B are determined by the linear plot of qe versus lnCe. The 
Temkin isotherm assumes that the heat of adsorption of the molecules in a 
layer decreases linearly due to adsorbent-adsorbate interaction and that the 
binding energies are uniformly distributed. The Temkin constants are presented 
in Table 1. 
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The Dubinin–Radushkevich (D–R) model is given by [39]:  
 

2-ln=ln βεqq me        (5) 
 

where, qe is the whole amount of metal ions adsorbed on per unit weight of 
biomass (mol/g), qm is the maximum adsorption capacity (mol/g), β is the 
activity coefficient related to biosorption mean free energy (mol2/J2) and ε is 
the Polanyi potential. This energy E is determined by the following equation 
[40]: 

β
E

2-
1

=
        (6)

 

 

The isotherm constants qm and β were obtained from the intercept 
and the slope of the plot lnqe vs. ε2. It is known that the magnitude of 
apparent adsorption energy E is useful for estimating the type of adsorption 
and, if this value is below 8 kJ/mol, the adsorption type can be explained by 
physical adsorption, between 8 and 16 kJ/mol, the adsorption type can be 
explained by ion exchange, and, over 16 kJ/mol, the adsorption type can be 
explained by a stronger chemical adsorption than ion exchange [41, 42].The 
values of E are found to be below 8 kJ/mol (Table 1) which correspond to 
physical adsorption [43]. 
 

Table 1. Langmuir, Freundlich, Dubinin-Radushkevich and Temkin calculated 
coefficients using linear regression analysis for Pb2+ removal using FCAC;  

Ci = 50-250 mg/L, 0.5 g biomass, d =150 – 300 µm, 296 K, pH 5.0, 200 rpm. 
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10.01 48.54 0.981 1.70 4.76 0.997 2×10-5 5 0.885 2.89 2×10-6 0.807 

 
Adsorption kinetics 

 

 The adsorption kinetics is one of the most important data in 
understanding the mechanism of the adsorption and in assessing the 
performance of the adsorbents. Different kinetic models including pseudo-
first-order [44] and pseudo-second- order [45] were applied for the experimental 
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data to predict the adsorption kinetics of Pb2+. The linear form of the pseudo-first-
order and pseudo-second-order rate equation is given as:  

tkqqq ete 1-ln=)-ln( (7) 

( )2
2  -= te

t qqk
dt
dq

(8)

where, qt and qe (mg/g) are the amounts of the adsorbed lead ions at 
equilibrium time (mg/g) and t (min), respectively and the values of k1 (min-1) 
and k2 (g/mg min) are the adsorption rate constants of the pseudo-first-order 
and pseudo-second-order models.  

The experimental value of solid phase concentration of adsorbate at 
equilibrium (qe,exp) and the calculated value of solide phase concentration of 
adsorbate at equilibrium (qe,calc) for the pseudo-first-order and pseudo-second-
order models are also presented in Table 2. The qe,exp and the qe,calc values 
from the pseudo-second-order kinetic model are very close to each other, and 
also the calculated coefficients of determination, R2 are also closer to unity for 
pseudo-second-order kinetics than that for the pseudo-first-order kinetics. 
Therefore, the adsorption kinetic could be approximated more favorably by 
pseudo- second-order kinetic model for the biosorption of Pb2+ by FCAC.  

Table 2. Pseudo-first-order and pseudo-second-order rate constants, calculated 
and experimental qe values for Pb2+ removal by FCAC biomass using different 

initial concentrations; Ci = 50-250 mg/L, d =150 – 300 µm, 0.5 g biomass,  
296 K, pH 5.0, 200 rpm. 

C 
(mg/L) 

qe (exp) 
(mg/g) 

Pseudo-first-order Pseudo-second-order 
k1 

(1/min) 
qe (calc)
(mg/g) 

R2 k2 
(g/mgmin) 

qe (calc) 
(mg/g) 

R2 

Fir cone activated carbon 
50 9.35 1.01  10-2 0.002 0.6625 1.98  10-2 9.40 0.999 
100 19.51 1.75  10-2 0.066 0.9356 5.4  10-3 19.54 0.994 
150 26.12 1.96  10-2 1.216 0.9048 1.9  10-3 26.22 0.994 
200 36.00 1.82  10-2 1.343 0.8788 3.8  10-3 37.00 0.997 
250 41.00 1.94  10-2 1.576 0.8994 1.5  10-3 40.87 0.998 

Desorption experiments 

In wastewater treatment, the regeneration and reusability of the 
bioadsorbent material is very important from an economic point of view, and 
it also helps to protect the environment and recycling of adsorbate (Pb2+ ions) 
and bioadsorbent (fir cone activated carbon). The biosorption-desorption 
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processes were repeated consecutively to designate the reusability of the fir 
cone. The biosorption process was performed under the optimal batch conditions 
previously determined. Also, desorption studies help in process design systems 
by giving information on the mechanism and recovery process of the adsorbates 
from industrial wastewater and the bioadsorbent. In the present work, different 
concentrations of HCl (0.1, 0.2, 0.3 and 0.4 M) as stripping agents were used 
for the desorption studies. The experiments were performed in order to determine 
the optimum concentration of the HCl solution and to attained the maximum 
desorption efficiency. The desorption process were repeated three times 
consecutively and the biosorption-desorption efficiencies of FCAC after each 
cycle were determined separately (Fig. 6). It can be observed that the desorption 
rate decreases with the increase in HCl concentration, where at concentration of 
0.1 M, more than 80% were desorbed from FCAC. This can be explained by 
the fact that low concentration acidic treatment activates and opens the pore 
spaces in the surface of the bioadsorbent [46, 47]. Further biosorption-desorption 
cycle experiments can be performed in order to show the reusability by 
saturation of FCAC with Pb2+ ions at each cycle.  

 

 
Figure 6. Desorption of Pb2+ ions from FCAC; Ci=50 mg Pb2+/L, d =150 – 300 µm, 

0.5 g biomass, 5.0 pH, 296 K and 200 rpm. 
 
 
CONCLUSIONS 

 
This study presented the results obtained at Pb2+ ions biosorption 

where the fir cone biomass was used as a precursor for the preparation of fir 
cone activated carbon (FCAC) by sulfuric acid treatment and activation. The 
biosorption of Pb2+ on FCAC was found to be depending on factors such as 
initial pH, bioadsorbent quantity, initial lead concentration and temperature. 
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The following important results can be mentioned: 
 

 pH 5.0 was deduced as optimum for the removal of Pb2+ for the 
FCAC biomass. 

 Following the biosorption process, a contact time of 240 min was 
necessary to reach equilibrium, depending on lead ions initial 
concentration. 

 The biosorption rate increased with increasing bioadsorbent quantity 
and decreased with increasing of Pb2+ ion concentration. 

 Equilibrium was best described by Freundlich isotherm model (R2= 
0.9971). 

 The maximum adsorption capacity obtained from Langmuir model 
was 48.54 mg/g. 

 From the values of activation energy of the process calculated 
according to Dubinin-Radushkevich and Temkin models, it is 
suggested that biosorption of Pb2+ by FCAC biomass is physical in 
nature. 

 Kinetic study showed that the biosorption follows pseudo-second-
order kinetic model. 

 The biosorption is favorably influenced by a decrease in temperature 
of the operation. 

 Desorption experiments showed that more than 80% can be 
desorbed at 0.1 M concentration of HCl.  
In conclusion, the experimental results entail that the FCAC is a 

reasonably good, low cost and promising bioadsorbent for the efficient 
removal of Pb2+ from contaminated aqueous media. 
 
 
EXPERIMENTAL SECTION 
 

Preparation of biomass 
 

 Fir tree (Abies alba) cones were obtained from a botanical garden in 
Cluj-Napoca, Romania. The cones were washed to remove impurity such as 
sand and leaves, and then the washed cones were dried at 105°C for 24 h. 
The scales on the cones were then removed and crushed using a bead mill. 
Prior to being used, the fir cone biomass was washed with distilled water 
several times until it yielded colorless filtered water. The dried fir cone 
biomass were then soaked in concentrated sulphuric acid (98%) at 1:1 (W:V) 
ratio for 48 h at normal temperature and pressure. After treatment, the 
reaction product was soaked in 1% sodium bicarbonate solution overnight 
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(for neutralization) and washed with distilled water again until a neutral pH. 
The samples were then carbonized in a Muffle furnace at 600°C and at a 
heating rate of 10°C and held at this temperature for 1 h. The prepared 
FCAC material was sieved (150 – 300 µm) and used as bioadsorbent for the 
removal of Pb2+ from aqueous solutions. 

Preparation of Pb2+ solutions 

The stock solution of 1000 mg/L was prepared by dissolving Pb(NO3) 
in deionized water. Pb2+ solutions of different concentrations in range 
between 50-250 mg/L were prepared by serial dilution of the stock solution 
using deionized water. Before mixing the adsorbent, the pH of each test 
solution was adjusted to the required value with 0.1 M KOH or 0.1 M HCl. All 
chemicals used during the experiments were of analytical grade. 

Biosorption experiments 

Batch biosorption experiments were carried out in conical 
Erlenmeyer flasks containing 100 mL of Pb2+ solutions. The flasks with 
bioadsorbent quantity of 0.5 g were stirred at 200 rpm, 23°C and pH 5.0. In 
order to establish the evolution of the removal process, samples of 500 µL 
were collected at different time intervals (0-240 min). The collected samples 
at predetermined time intervals were filtered (ME cellulose 0.45 µm 
microfilter) and the remaining concentration in aqueous phase was 
determined using an Atomic Absorption Spectrometer (SensAA Dual GBS 
Scientific Equipment, Australia).  

In order to evaluate the amount of lead ions retained per unit mass of 
biomass, the adsorption capacity and efficiency was calculated using the 
following equations: 

100(%), 



i

fi

C
CC

E
(9)

m
VCC

gmgq fi
t

) (
)/(




 (10)

where E, (%) represents the efficiency, Ci and Cf the initial and final 
concentration of lead (mg/L) in the aqueous solution, the qt (mg/g) represents 
the amount of lead ions adsorbed onto unit weight of biomass, V(L) means 
the volume of lead ions in aqueous solution and m (g) the bioadsorbent 
quantity. 



CARMEN MÂNZATU, CORNELIA MAJDIK, BOLDIZSÁR NAGY 
 
 

 
180 

 In order to study the pH influence over the biosorption process, the 
initial pH was adjusted using 0.1 M HCl and 0.1 M KOH solutions. The 
relationship between temperature and removal efficiency values for Pb2+ 
biosorption were established and performed at different temperatures (296, 
306, 316 and 326 K) using a thermostat water bath. All the experiments were 
repeated three times, the values presented were calculated using averaged 
concentration values. 
 

Desorption experiments 
 

In order to consider the practical use fullness of the bioadsorbent, 
desorption experiments were performed. For the desorption study 0.5 g 
biomass was contacted with 100 mL of Pb2+ solution (50 mg/L). After the 
biosorption test, the biomass was collected by filtration and washed with 
deionized water two times to remove excess Pb2+ residual on the surface. 
Then, it was treated with 100 mL of 0.1, 0.2 0.3 and 0.4 M HCl each and 
stirred at 200 rpm for 240 min and 23°C. Supernatants were collected and 
Pb2+ analysis were done. For the best eluent, the biosorption and desorption 
steps were repeated three times. All of the experiments were carried out in 
duplicate and the average values were used in the calculations.  
 

Scanning electron microscopy (SEM) analysis 
 

Scanning electron microscopy is utilized for characterizing surface 
microstructures, porosity and fundamental physical properties of different 
adsorbents. The surface morphology of FCAC was determined using a 
scanning electron microscope JEOL JSM 5510 LV (Japan). Prior to the 
analysis, the bioadsorbent samples were mounted on a stainless stab with a 
double stick tape. Then they were coated with a thin layer of gold under 
vacuum to improve electron conductivity and image quality. 
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ABSTRACT. Adsorption of Malachite Green (MG) dye on a biomass 
prepared from fir (Abies nordmanniana) cones, followed by UV–Vis detection 
has been studied. The biomass was characterized using scanning electron 
microscopy (SEM). The maximum adsorption capacity of MG onto fir cones 
biomass was determined to be 2.197 mg/g. The influence of pH on the 
removal of the MG dye was investigated and the results showed that the best 
adsorption capacity were obtained in the most acidic environment (pH=2). 
The adsorption rates were evaluated by fitting the experimental data to 
conventional kinetic models such as pseudo- first- and pseudo-second-order 
models. From the Dubinin–Radushkevich isotherm model, a 5.95 kJ/mol value 
for the mean free energy was calculated, indicating that MG adsorption could 
include an important physisorption stage. 

Keywords: adsorption, cones biomass, Abies nordmanniana, kinetics, 
dyes, malachite green 

INTRODUCTION  

Malachite green (MG) is a cationic dye used extensively in the textile 
finishing industry for dyeing cotton, silk, wool and leather products [1] as 
well as in aquaculture to treat parasites, fungal and bacterial infections [2]. 
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Due to its potential carcinogenicity, mutagenicity and teratogenicity [3] MG 
should be removed from wastewater and this process has become an 
important environmental issue. 

One of the simplest and most cost-effective techniques to remove 
MG from aqueous effluents consists in its adsorption on different materials such 
as zeolites [4], clays [5], compost [6], active carbon prepared from different 
biomaterials such as pine sawdust [7], oak wood [8], olive stones [9] cherry 
stones [10] etc., but mostly on biosorbents derived from renewable resources 
[11-14]. By contrast with carbon-based and other inorganic adsorbents, 
biosorbents have some significant advantages. They exhibit excellent adsorption 
capacity, fast adsorption kinetics and simplicity of design together with low 
cost and availability [15].  

Numerous physicochemical factors affect dye adsorption, including: 
(i) characteristics of the adsorbent (i.e. surface area, pore structure, surface 
treatments, particle size); (ii) characteristics of the dye molecule, and 
(iii) operational conditions, such as pH, temperature, contact time etc. [16]. 
The interactions occurring between the adsorbate and adsorbent have to 
be also taken into consideration. 

In this context, adsorption of MG dye on biomass prepared from fir tree 
(Abies nordmanniana) cones biomass, followed by UV–Vis detection has been 
developed for the removal of the dye from aqueous solutions. The biomass 
was subsequently characterized using scanning electron microscopy (SEM). 
The influence of pH on the removal of MG was investigated. The adsorption 
rates were evaluated by fitting the experimental data to conventional kinetic 
models such as pseudo first- and second-order models. 
 
 
 
RESULTS AND DISCUSSION 
 

SEM characterization of the biomass 
 
Scanning electron microsopy (SEM) images of the biomass surface 

were taken before and after the adsorption of MG As can be seen from 
figure 1a, the crevices and the pores of the adsorbent offer good conditions 
for dye adsorption. Figure 1b shows clearly a smoother surface, resulted 
after filling the crevices with dye molecules. 
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 (a)  (b) 

Figure 1. SEM images of the fir cones biomass before (a) 
and after (b) MG adsorption  

Effect of pH  

Initial pH of the solution can significantly influence the dye adsorption 
on the adsorbent surface. Consequently, the effect of pH was investigated 
in the range of 2 to 6 imposed by the solubility of MG, which is better at 
acidic pHs. At basic pH values, new species of the dye can form [17] which 
could impede on the accuracy of the experimental results. 

It was observed that the best adsorption capacities were obtained in 
the most acidic environment, as can be seen in Figure 2. These results are 
different from those of some similar studies on MG [18], but are in agreement 
with the observations of some authors relative to other basic dyes, such as 
Maxilon Blue [19]. This could be attributed to the better solubility of MG, as 
could be observed during the experiments.  
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Figure 2. Initial pH influence on MG adsorption capacity of cones biomass, 
5g, 0.2-0.4 mm, t=20°C, C0=100mg/L MG, 100mL solution  
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Moreover, the fir cone biomass was observed to have a notable 
buffering effect on the solutions with pH between 3 and 6 (figure 3), by 
shifting the solution pH toward 6, irrespective to the initial pH value. At this 
pH, adsorption of MG is favored and involves interactions of the dye with 
the functional groups of the adsorbent [20]. At strong acidic environments, 
the MG acts itself as an acid according to its pKa (6.9) [21], counteracting 
the buffering effect of the biomass (Figure 3).  
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Figure 3. Initial pH influence over final pH for blank and MG adsoption, 5g 

biomass, 0.2-0.4 mm, t=20°C, C0=100mg/L MG, 100mL solution. 
 
 

Blank sample (shown in Figure 3) refers to the values obtained in batch 
experiments conducted under identical conditions (biomass:solution ratio, 
temperature and contact time) with distilled water instead of MG solution, in 
order to establish the contribution of MG on the global pH shift. 

 
Adsorption isotherms  
 

In order to characterize the adsorption process, the experimental 
data were analyzed according to the linear forms of Langmuir, Freundlich, 
Temkin and Dubinin-Radushkevich (D-R) equilibrium isotherms (Figure 4). 

Langmuir isotherm proposes that the adsorption sites on the surface 
are identical, the final result being a monolayer of adsorbate.  
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Freundlich isotherm assumes that a heterogeneous adsorption 
occures, the active sites are different by nature and energy and that there is a 
link between adsorption capacity (qe) and dye concentration at equilibrium. [17] 

Temkin isotherm takes into account adsorbent-adsorbate interactions, 
assuming that the heat of adsorption, expressed as a function of temperature, 
decreases linearly with coverage [22] while D-R isotherm model is applied to 
uncover the nature of the process, as physical or chemical sorption [23]. 

Characteristic parameters were calculated and are shown in Table 1. 
The values are comparable to results obtained in other similar studies [24, 25] 

In Table 1, AT is Temkin isotherm constant, dm3/mol; BD- Dubinin-
Radushkevich isotherm constant, mol2/J2; bT -Temkin isotherm constant; 
Ce- is the adsorbate concentration at equilibrium mg/dm3; E - free energy of 
sorption, J/mol; KL- Langmuir isotherm constant, dm3/g; KF- Freundlich 
isotherm constant; nF - Freundlich isotherm exponent; qe is the equilibrium 
adsorption capacity (mg/g) and the other symbols have the usual significance. 

From the Dubinin–Radushkevich isotherm model, a 5.95 kJ/mol value 
for the mean free energy was calculated, indicating that MG adsorption could 
be a physisorption process [26, 27]. 
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Figure 4. Isotherm models: Langmuir (a)., Freundlich (b)., Temkin (c). and Dubinin-
Radushkevich (d), for MG adsorption on Abies nordmanniana cones biomass,  

5g, 0.2-0.4 mm, t=20°C, C0=100mg/L MG, 100mL solution. 
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After examining the similarity between the different adsorption 
isotherms models and the experimental results, it seems that Freundlich 
isotherm is most adapted for the fitting of MG adsorption, as encountered in 
many similar studies [28]. 

Table 1. Characteristic parameters of adsorption isotherms 

Isotherm Equation R2/N Parameters Values 

Langmuir 1/qe = 1/qmKLCe+1/qm 0.9976/5 
qm (mg/g) 10.27 
KL (dm3/g) 1.69 

Freundlich lg qe = lgKf + 1/n lgCe 0.9998/5 
nF 1.29 
KF 2.56 

Temkin qe = RT/bT ln (ATCe) 0.9577/5 
bT (J/mol) 1244.77 

AT (dm3/mol) 3.00 

Dubinin-
Raduskevich 

lnqe = lnqD - BDR2T2 [ln 
(1+1/Ce)]2 

*ln(1+1/Ce) = ε for graph
4d 

0.9755/5 

BD (mol2/kJ2) 1.41x10-6 
E (kJ/mol) 5.95 
qD (mg/g) 5.88 

Kinetics of adsorption 

Kinetics of adsorption is one of the most important characteristics in 
defining the adsorption efficiency. In order to describe the mechanism of MG 
removal on fir cones biomass, pseudo-first and pseudo-second order kinetics 
as well as film layer and intra-particle diffusion were taken into consideration.  

It is common knowledge that, if the adsorption is the only 
phenomenon occurring on the surface, the variation of the reaction rate 
should be proportional to the first power of adsorbate concentration (pseudo-
first-order kinetics) [26, 29]. Lagergren suggested a first-order equation for 
the adsorption of liquid/solid system based on solid capacity, which can be 
expressed in linear form as follows [26, 27]: 

tkqln)qqln( 1ete    (1) 

where, qe and qt are the amounts of adsorbate for 1 g of adsorbent (mg/g) 
at equilibrium and time t, respectively, t is time (min), k1 is the rate constant 
of the first order adsorption (1/min). 

If diffusion (both on the adsorbent’s surface and through its pores) 
has a contribution to the global mechanism, limiting the adsorption process, 
the dependence between the concentration and rate will not be linear. 
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The pseudo-second-order kinetic model is derived on the basis of 
the adsorption capacity of the solid phase. The linear form of the model is 
expresses as follows [28, 30]: 

e
2
e2t q

t

qk

1

q

t     (2) 

where, qe and qt are the amounts adsorbed at equilibrium and time t, respectively 
(mg/g), t is time (min), k2 is the rate constant of the second order adsorption 
(g/mgmin). 

An analysis of the experimental data allowed us to conclude that the 
qe value calculated based on the pseudo-second order model compared to 
qe values obtained from experimental data are closer. Also taking into 
consideration the fact that the correlation coefficient is R2 = 0.999, for all 
five initial concentrations (55, 100, 155, 200 and 250 mg MG/L), (Figure 5, 
Table 2), in the case of pseudo-second-order model, we concluded that this 
model describe the considered adsorption process. 
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Figure 5. Pseudo-second order kinetics for MG adsorption on A. nordmanniana 
cone biomass, 5g, 0.2-0.4 mm, t=20°C, C0=55-250mg MG/L, 100mL solution. 
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Table 2. The correlation coefficient (R2) for pseudo-first and pseudo-second  
order models and different initial MG concentrations. 

 

Kinetic 
model 

Initial MG 
concentration 

[mg MG/L] 

R2

Pseudo-first  
order 

55 0.448 
100 0.447 
155 0.445 
200 0.444 
250 0.463 

Pseudo-
second 
order 

55 0.999 
100 0.999 
155 0.999 
200 0.999 
250 0.999 

 
 

The results are in agreement with most adsorption studies concerning 
MG [28-31]. 

As already mentioned, adsorption processes are accompanied by 
two types of diffusion: one on the material’s surface (liquid layer, or external 
diffusion) and the other through the pores of the adsorbent (internal 
diffusion). One of these two types is often rate determining for the entire 
process, therefore determining their implication is important.  

To identify the diffusion mechanism involved in MG retention on 
cones biomass, the model based on the theory of Weber and Morris was 
considered and can be written as follows: [32]. 

5.0
ipt tkq   (3) 

where, kip is the intra-particle diffusion rate constant (mg/g·min0.5). 
According to this theory, if intraparticle diffusion is the rate 

determining step, the adsorbate uptake, qt should be directly proportional to 
t1/2 and the plot qt vs. t1/2 passes through the origin. If the plots do not pass 
through the origin, it is possible that intraparticle diffusion is not the only 
rate controlling step. 

By examining the plot it could be seen that it not linear, meaning 
that the intraparticle diffusion is not the rate determining step, therefore 
results are not shown, but the correlation coefficients (R2) and intercept 
values for intra-particle and liquid layer diffusion can be seen in Table 2. 

As expected, at the beginning, the adsorption is fast, the high 
adsorption rate being due to the availability of the uncovered surface area 
of the adsorbent [19]. 
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Figure 6. Liquid layer diffusion pattern of MG on fir cone biomass, 5g,  
0.2-0.4 mm, t=20°C, C0=100mg/L MG, 100mL solution. 

Regarding the liquid layer (external) diffusion, the kinetic data have 
been analyzed using the model proposed by Boyd et al. [33]: 












2t

6
lnB)F1ln(       (4) 

where F represents the fraction of solute adsorbed at any time t (min), 
F = qt/qo and Bt is a mathematical function of F. 

Analyzing the experimental plot it suggests that intra-particle 
diffusion has a more important contribution to the global process.  

The fact that the R2 value is higher (0.9748) and the intercept is 
different, but closer to 0 (0.173 compared to 0.32 for liquid layer diffusion) 
confirms that in the given experimental conditions the intra-particle diffusion 
is most probably the rate determining step. 

Table 3. The correlation coefficients (R2) and intercept values for 
intra-particle and liquid layer diffusion 

Diffusion type R2 Intercept 
Intra-particle 0.9748 0.173 
Liquid layer 0.9568 0.32 
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CONCLUSIONS 
 
Fir (Abies nordmanniana) cones biomass was successfully used as a 

low cost adsorbent for the removal of toxic MG dye from aqueous solutions. 
The maximum adsorption capacity was determined to be 2.197 mg/g.  

Four isotherms were used to model the adsorption of MG on the fir 
cones biomass. The classification of the models obtained by simulation of the 
corresponding equations and correlation with the experimental data was 
Freundlich > Langmuir > Dubinin-Raduskevich > Temkin. Between the four 
isotherm models considered, Freundlich model describes better MG dye 
adsorption onto fir cones biomass (R2 = 0.9998). From the Dubinin–
Radushkevich isotherm model, a 5.95 kJ/mol value for the mean free energy 
was calculated, indicating that MG adsorption could be a physisorption process. 

Kinetic studies showed that the adsorption followed a pseudo-
second-order kinetic model, with a correlation coefficient of 0.999 for all five 
initial concentrations (55, 100, 155, 200 and 250 mg MG/L, respectively).  
 
 
EXPERIMENTAL SECTION 

 
Preparation of dye solution 
 

Analytical grade triphenylmethane dye MG (λ = 618 nm) in oxalate salt 
form was procured from Penta - Ing. Petr Švec, Czech Republic. Stock 
solution was obtained by dissolving 1 g of anhydrous powder in 1L of distilled 
water. Experimental solutions of different concentrations (55, 100, 155, 200 
and 250 mg MG/L) were realised by subsequent dilutions. 

 
Preparation and characterisation of adsorbent 
 

The fir (Abies nordmanniana) cones used in this study were collected 
from a natural forest biotope in Cluj-Napoca, Cluj county, Romania. The cones 
were washed with tap water and left to dry out naturally, then grounded with a 
ball mill. The resulting material was boiled for 20 min to extract the natural 
colorant, then washed with distilled water and dried at 65-75°C for 3 days and 
sieved into five particle size fractions (<0.2, 0.2-0.4, 0.4-0.6, 0.6-1, 1-1.25 mm). 

SEM images of the biomass were obtained on a with a JEOL (USA) 
JSM 5510 LV apparatus. 

 
Adsorption studies 
 

The MG adsorption on fir cones biomass was studied using the batch 
technique, with imobilized phases. Experiments were carried out by 
contacting different quatities of adsorbent, at 23°C, with 100 mL MG in 
aqueous solutions, with different initial concentrations (55–250 mg/L), until 
the equilibrium was reached. 
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Samples were collected and the residual concentration of MG was 
determined with a UV-Vis spectrophotometer Cintra 202 (GBC Scientific 
Equipment Ltd.) at 618 nm. 

The amount of adsorbed MG dye (adsorption capacity qe, mg/g) 
was calculated using Equation (5). Removal efficiency (E, %), Equation (6) 
was also calculated, in order to establish the effectiveness of the 
considered biomass in the Cd (II) removal process.  

1000

V

w

)CeC(
q 0

e    (5) 

100
C

CC
(%),E

0

e0    (6) 

where, C0 is the initial MG concentration (mg/L), Ce is MG concentration at 
equilibrium (mg/L), V = 100 mL, and w is the quantity of the adsorbent (g). [27]. 

The influence of initial pH (2-6) on the adsorption efficiency was 
studied. Its initial value was altered with 0.1M NaOH or 0.1M HCl solution, 
respectively.  
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ABSTRACT. This study investigated the removal of Crystal Violet (CV) from 
aqueous solutions using H3PO4-modified mango seeds kernel (H3PO4-MSK). 
The adsorbent was characterized using elemental analysis, thermal analysis 
(TGA), scanning electron microscopy (SEM), specific surface area and pore 
size distribution (BET) and Fourier Transformed Infrared Analysis (FTIR). X-
ray diffraction (XRD) analysis showed that H3PO4-MSK is a type II cellulose 
crystal structure, while SEM and BET analysis confirmed the macroporosity of 
the adsorbent. The removal efficiency of CV increased with an increase in 
adsorbent quantity and temperature. The adsorption capacities increased from 
23.94 to 87.23 mg/g for an increase in temperature from 30 to 50oC. 
Adsorption kinetics analysis indicated that pseudo-second-order and Elovich 
equations fitted very well the adsorption of CV onto H3PO4-MSK. The 
adsorption process followed the Temkin and Langmuir isotherm models. 
Isotherm modelling showed that CV is loosely bound to H3PO4-MSK. Further 
thermodynamic analysis revealed that the removal of CV from aqueous 
solution by H3PO4-MSK was a spontaneous and endothermic process. The 
proposed adsorption mechanism involves -OH, -NH2 and -COOH groups from 
the H3PO4-MSK surface. 
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INTRODUCTION 
 

Contamination of water is a worldwide environmental concern. This 
contamination is generated by urbanization, agriculture and industries, and 
particularly, in case of dyes, textile industries [1]. Textile industry is one of 
the main industries in Cameroon. This industry produces a large amount of 
wastewater which contain high amount of coloring dyes. Many methods 
have been developed to remove organic and inorganic pollutants from 
water. They include coagulation-flocculation [2,3], chemical oxidation [4-6], 
adsorption [7-9], etc. Among these methods, adsorption is considered to be 
easy to use, low cost and with high efficiency in wastewater treatment [7,8]. 

Many adsorbents have been used for the removal of undesirable 
substances from aqueous solution [10-13]. Among these adsorbents, 
activated carbon is found to be the most efficient. However, the high cost of 
production and of regeneration of activated carbon limits its use as adsorbent 
and encourage its substitution by low cost materials. Recent studies have 
demonstrated that a wide variety of low cost adsorbents, such as agricultural 
residues, can be employed, with minimum treatment, as biosorbents for the 
removal of organic and inorganic pollutants from wastewaters [14-16]. The 
implication of untreated fruit and vegetable wastes as adsorbents tends to 
generate several problems such as low adsorption, high Chemical Oxygen 
Demand (COD) and Biochemical Oxygen Demand (BOD) as well as total 
organic carbon due to release of soluble organic compounds from the plant 
materials, which eventually leads to depletion of oxygen content in water and 
threaten aquatic life. Therefore, plant wastes need to be modified or treated 
prior to their use in water purification. Chemical modifications involve 
treatment of the adsorbents with an array of chemicals for the elimination of 
undesired substances, enhancement of binding groups, elimination of 
inhibiting groups and graft copolymerization [17]. 

A recent study indicated that mango leaves, pits, seeds and husks 
are potential adsorbents for the removal of dyes from aqueous solutions 
[18-22]. Cameroon is an important producer of mango (Mangifera Indica) in 
Central Africa Region [23, 24] and the waste residues of this fruit are 
abundant. These residues can be used with minimum treatment as adsorbent 
for textile dye removal from aqueous solution. The purpose of this work was 
to study the physico-chemical characteristics of H3PO4-modified mango 
seeds kernel (Kent specie), H3PO4-MSK, and their use for the removal of 
Crystal Violet (CV) from aqueous solution. 
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2. RESULTS AND DISCUSSION 
 

Physico-chemical characterization of H3PO4-MSK 
 

Elemental analysis. Carbon, hydrogen nitrogen and oxygen content 
of the H3PO4-MSK were determined to be as follows C: 56.03%, H: 5.21%, 
N: 2,53% and O: 36.23%. These values are similar to those usually found 
in lignocellulosic materials [18,25,26].  

Thermal analysis. The TG curve for H3PO4-MSK showed three 
distinct patterns of weight loss (Fig. 1). In the temperature range of 25 to 160°C 
there is a gradual weight loss, in the range of 160 to 900°C there is a steep 
weight loss and a continuous decrease of weight is observed at temperature 
higher than 900°C. Associated numerical values of these weight losses are 
presented in Table 1. DTG curve showed two main endothermic peaks. The 
first peak between 25 and 160°C corresponds to the H3PO4-MSK powder 
dehydration. The second peak between 160°C and 900°C with a maximum at 
372°C is an overlapping peak with two shoulders observed at 240°C and 320°C. 
Many phenomena are associated to this second peak. These phenomena could 
be evaporation of water condensed in the pores, evaporation of volatile organic 
compounds, dehydroxylation and degradation of H3PO4-MSK powder. The peak 
at 372°C could be associated with the degradation of cellulose, while those 
appearing at 240 and 320°C could be associated to the degradation of 
starch and lignin respectively [18,20].  

 
Figure 1. TG and DTG graphs of H3PO4-MSK. 
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Table 1. Thermogravimetic and derivative analysis (TG and DTG) of H3PO4-MSK. 

Amount  
(mg) 

Total mass 
loss 
(%) 

Temperature interval
(°C) 

 Partial mass 
loss  
(%) 

Tmax  
(°C) 

18.91 71.4  

25 - 160 5.2  67 

160 - 900 60.3  372 

900 - 1200 5.9  Continuous  

Structural analysis. SEM micrographs of H3PO4-MSK are presented in 
Fig 2. Images showed a lamellate structure (Fig 2a) and a heterogeneous 
surface of the H3PO4-MSK sample (Fig 2b).  

(a)  (b)

Figure 2. SEM micrographs of H3PO4-MSK. 

Morpho-structural properties of H3PO4-MSK. The specific volume 
and specific surface area values of H3PO4-MSK are 10.24 cm3/g and the BET 
surface 44.57 m2/g, respectively.  

XRD analysis. The XRD studies showed that the apparently amorphous 
material presents a crystalline structure even if it does not present properties 
like angle and crystal face usually associated to the crystal structure [27]. The 
diffraction patterns of H3PO4-MSK exhibited a mixture of polymorphs I and 
cellulose II, with a remarkable predominance of type II cellulose (Fig. 3). The 
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presence of type II cellulose is reflected by peaks at 2θ =19.40° (plane 100) 
and 21.57° (plane 002) [28]. Reticular distances were 4.57 and 4.11 Å, 
respectively. The presence of type II cellulose in this work is associated with the 
regeneration of cellulose after hydrolysis.  

Figure 3. XRD diffractogram of H3PO4-MSK. 

Surface chemistry. The FTIR spectral analysis is important to identify 
the different functional groups of the adsorbent surface. Peaks appearing in 
the FTIR spectrum of MSK (Fig. 4a) and H3PO4-MSK (Fig. 4a) were 
assigned to various chemical groups and bonds in accordance with their 
respective wavenumber as reported in the literature. The FTIR spectral of 
MSK and H3PO4-MSK are very similar. However, at low wavelengths (<1800 
cm-1) the spectra of MSK, have its peaks more intense than those of H3PO4-
MSK ones. This difference can be attributed to the presence of hydrogen 
bonds among substances present in the crude mango seeds kernel. H3PO4 

treatment of mango seeds leads to the removal of some fatty acids 
compounds and to the rupture of some H-bonds. The region at high 
wavelengths, between 3000 cm-1 and 3400 cm-1 showed a broad and strong 
band stretch, indicative of the presence of –NH2 groups and free or hydrogen 
bonded O–H groups [29]. The narrow peaks at 2920.61 cm−1 and 2851.54 
cm−1 showed the asymmetric C–H bond of methyl and methylene groups [30] 
and N–H vibration, respectively. The peak at 1772.19 cm-1 can be attributed 
to unionized C-O stretching of the carboxylic acid. The peak at 1650.97 cm-1 

was attributed to COO−, C=O and C–N peptidic bond of proteins [31]. The 

0

50

100

150

200

250

300

350

0 20 40 60 80 100

In
te

ns
ity

2θ degree



G. A. M. ANOMBOGO, A. MĂICĂNEANU, J.B. B. MBAH, C. C. NDJEUMI, L. C. COTEŢ, R. KAMGA 

200 

peak at 1455.12 cm-1, was correlated with the symmetric bending of CH3 [32]. 
The bands at 1211.16 cm-1 might be attributed to phosphonate (P–OH) group 
stretching [33,34]. The bands appearing between 950 and 1200 cm-1 might 
be attributed to C-O group stretching [32]. We noticed that peaks at 1211.16, 
1772.29, 285.54 and 2920.61 cm-1 are strong for H3PO4-MSK. It can be 
thereby noted that the IR spectrum of the powdered MSK and H3PO4-MSK 
supported the presence of O–H, COOH, C = O, C–N, C–H, C-O, –NH2 and 
P–OH as functional groups. The diversity of functional groups indicated the 
presence of cellulose, lignin, starch and proteins [30].  

Figure 4. FTIR spectra of (a) crude MSK and (b) H3PO4-MSK. 

Point of zero charge and pH influence. The pH where, the sum of 
charges at the surface of an adsorbent are equal to zero, is generally known 
as the point of zero charge (pHPZC). The pHPZC of H3PO4-MSK is 5.4 as 
presented in the Fig. 5. At pH > pHPZC the adsorbent is negatively charged 
and the adsorbed species are positively charged. Such a situation improves 
the electrostatic attraction between the adsorbate and the negatively charged 
surface of the adsorbent. At pH < pHPZC the surface of the adsorbent is 
positively charged.  
Data presented in the Fig. 6 show the influence of the pH on the CV 
adsorption onto H3PO4-MSK. The adsorbed amount presents two major 
domains. When the pH is between 3 and 8 the adsorbed amount increased, 
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while when the pH is higher than 8 the adsorbed amount decreased. The 
increase of the amount adsorbed with the pH indicates a weak electrostatic 
attraction during the adsorption process. If the electrostatic attraction was 
strong, we would have had an interruption of the evolution of the amount 
adsorbed at pH 5.4 which is the point of zero charge. This situation is 
unfavorable for electrostatic attraction. This increase of the adsorbed amount 
suggests that the adsorption could also involve surface complexation. 

The formed complex might be instable at pH greater than 8, which 
leads to the decrease oh the adsorbed amount [36].  
 

 
Figure 5. H3PO4-MSK point of zero charge. 

 

 
Figure 6. Effect of the pH on the CV adsorption on H3PO4-MSK. 
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Kinetic studies 

Effect of adsorbent quantity. The adsorption of CV is relatively fast in 
the first 50-100 min, then the adsorption rate decreases and progresses 
much slower thereafter towards the equilibrium (240 min), irrespective to the 
adsorbent quantity, (Fig. 7). The amount of CV adsorbed per gram of 
adsorbent, decreases as the adsorbent quantity increases (Fig 7a). This 
shows that surface diffusion became rate-determining step due to particle 
agglomeration, which leads to difficult access to the adsorption sites. The 
relative amount of CV adsorbed at equilibrium is 78, 85 and 93% for 0.1, 0.2 
and 0.3 g of adsorbent, respectively (Fig 7b). This indicates that a better 
efficiency will be obtained if CV solution would be treated successively with 
0.1 g of adsorbent than one step treatment with 0.3 g of adsorbent. 

Figure 7. Adsorption kinetics of CV onto H3PO4-MSK (a) adsorbed amount and  
(b) relative amount adsorbed, for different adsorbent quantities, ●0.1 g, ■0.2 g  

and ▲0.3 g (50 mg/L, 25°C, pH 6). 

0

5

10

15

20

25

30

0 100 200 300 400 500

q 
(m

g/
g)

Time  (min)

0

20

40

60

80

100

0 100 200 300 400 500

P 
(%

)

Time (min)



PHYSICO-CHEMICAL PROPERTIES AND CRYSTAL VIOLET ADSORPTION PERFORMANCES OF H3PO4 
 
 

 
203 

Kinetic modeling. In order to analyze the adsorption kinetics of CV, 
the pseudo-first- and pseudo-second-order and simple Elovich models were 
applied to the experimental data.  

The pseudo-first-order rate equation or Lagergren equation is 
derived on the assumption of one step reaction [37] and is expressed as: 

tkqln)qqln( 1ete                                                            (3) 

where, qe is the amount of dye adsorbed at equilibrium (mg/g), qt is the 
amount of dye adsorbed at time t (mg/g), k1 is the pseudo-first-order 
reaction rate constant (1/min).  

Pseudo-second-order equation based on two step reaction is 
usually expressed in the form [38,39]: 

e
2

e2t q

t

qk

1

q

t                                                                       (4) 

where, k2 is the pseudo-second-order reaction rate equilibrium constant 
(g/mg·min).  

The simple Elovich model may be expressed in the form: 

tlnBAqt                                                                            (5) 

where, A and B (mg/g·min) are Elovich constants, related to the initial 
adsorption rate and to the number of available site for adsorption. B is 
related to the extent of surface coverage and activation energy for 
chemisorption. 

Based on the fact that pseudo-second-order equation is derived on 
the assumption of a two-step reaction, we concluded that CV adsorption 
takes place as a two-step reaction scheme. The pseudo-second-order 
model is build based on the assumption that the rate-controlling step is 
chemical adsorption involving valence force by sharing or exchange of 
electrons between adsorbent and adsorbate [40]. Therefore, a satisfactory 
fitness of this model suggested that chemisorption was the rate-controlling 
step [41]. A and B parameters derived from Elovich equation are used to 
estimate the reaction rates. It was suggested that an increase in A value 
and/or decrease in B value would increase the rate of the adsorption 
process. The obtained R2 values for H3PO4-MSK for all the dosage were 
high, suggesting that Elovich model describes this adsorption system.  

The estimated model and the related statistic parameters for CV 
adsorption onto H3PO4-MSK are presented in Table 2. Based on linear 
regression analysis, correlation coefficient (R2) values, we concluded that 
the kinetics of CV onto the considered adsorbent is well described by 
pseudo-second-order and Elovich models. The amount of adsorbed CV 
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determined from the two mentioned equations fitted very well with the 
experimental values (Table 2).  

The negative value of k1 indicated that the pseudo-first-order model 
cannot be applied to describe the adsorption of CV on H3PO4-MSK.  

Intra-particle diffusion. The common diffusion model usually designated 
as intra particle model is expressed as [42]: 

Dtkq 2/1
intt  (6) 

where, kint is the intra-particle diffusion rate constant (mg/L·min1/2) and D 
the constant. The fitting of the experimental data with this model was 
checked using so-called Weber and Morris plot of q versus t1/2. According 
to intra-particle diffusion model, a plot of uptake, q versus the square root of 
time, t1/2, should be linear if intra-particle diffusion is involved in the 
adsorption system and if this line passes through the origin, then intra-
particle diffusion is the rate controlling step [43]. In this study, the relative 
plot of q and t1/2 obtained for Crystal Violet dye adsorption on H3PO4-MSK 
did not go through the origin. Also it was indicative of some degree of 
boundary layer control and this further indicated that the intra-particle 
diffusion was not the only rate controlling step; other mechanisms were 
simultaneously operating during the adsorption of CV on H3PO4-MSK. 

Figure 8. Intra-particle diffusion model for CV adsorption onto H3PO4-MSK, for 
different adsorbent quantities, ●0.1 g, ■0.2 g and ▲0.3 g  

(50 mg/L, 25°C, pH 6). 
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Table 2. Kinetic parameters for the adsorption of CV onto H3PO4-MSK 
(50 mg/L, 25°C, pH 6); qexp and qcal are the experimental and calculated amount of 

CV adsorbed per gram of adsorbent 
 

Kinetic 
models  

Parameters 
Experiment 

0.1 g 0.2 g 0.3 g 

Pseudo-first-
order 

qexp (mg/g) 22,80 13,40 9,80 
k1 ×10-2 (1/min) -0.15 -0.07 -0.06 
qe (mg/g) 38.53 25.39 15.50 
qcal (mg/g) 22.61 11.17 7.22 
R2 0.9748 0.8744 0.8633 

Pseudo-
second-order

k2 ×10-2 (min.g/mg) 0.70 1.70 3.00 
qe (mg/g) 0.52 0.53 0.57 
qcal (mg/g) 23.16 13.47 9.87 
R2 0.9956 0.9987 0.9960 

Elovich 

A -21.92 -4.10 1.01 
B 8.17 3.17 1.59 
qcal (mg/g) 22.87 13.25 9.73 
R2 0.99 0.99 0.99 

Intra-particle 
diffusion 

kint (1/min) 1.23 0.47 0.23 
D 3.14 5.75 5.98 
qcal (mg/g) 22.21 12.98 9.6 
R2 0.9955 0.9782 0.9776 

 
 

Equilibrium studies 
 
Isotherm modeling. Adsorption isotherms modeling are prerequisites 

to understand the nature of the interaction between adsorbate and the 
adsorbent. In order to successfully represent the equilibrium adsorption 
behavior, it is important to have a satisfactory description of the equation 
state between the two phases of the adsorption system. Three well known 
phenomenological equations were tested to fit the experimental data, 
namely Langmuir, Freundlich and Temkin equations [42,44]. They are 
expressed as follows: 
 

Langmuir equation: 
maxeLmaxe q

1

C

1

Kq

1

q

1                                    (7) 

Freundlich equation: eFe Cln
n

1
Klnqln                                         (8) 

Temkin equation: ee ClnBAlnBq                                               (9) 
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where qe, qmax and Ce, are, the amount adsorbed at equilibrium (mg/g), the 
amount adsorbed at the monolayer (mg/g) and the equilibrium concentration 
of CV (mg/L), respectively. KL is the Langmuir adsorption equilibrium constant 
(L/mg), KF is the Freundlich constant related to the adsorption capacity 
(mg(1−1/n)

 L1/n/g) and n is the Freundlich constant related to the adsorption 
energy. B is Temkin constant related to adsorption energy (J/mol) and A is the 
Temkin constant (L/mg).  

Considering the correlation coefficient (R2) values, Table 3, the following 
series was obtained for CV adsorption onto H3PO4-MSK: Langmuir > Temkin > 
Freundlich. The adsorption of CV on H3PO4-MSK is favorable as n takes value in 
the range of 1 to 10. However, the small value of B indicates that CV is loosely 
bond to H3PO4-MSK, therefore the adsorption is physical in nature. The essential 
characteristic of Langmuir isotherm can be expressed in terms of dimensionless 
separation factor of equilibrium parameter, RL, defined by the equation [44]: 

0L
L CK1

1
R


 (10) 

where, C0 is the highest dye concentration in solution (mg/L). The values of 
RL indicates the type of isotherm to be irreversible (RL=0), favorable 
(0<RL<1), linear (RL=1) or unfavorable (RL>1). The calculated value of RL for 
the highest concentration of 300 mg/L obtained for H3PO4-MSK indicates 
(Table 3) that is a suitable adsorbent for CV removal from aqueous solutions.  

Table 3. Isotherms parameter values for the adsorption of CV onto  
H3PO4-MSK (50-300 mg/L, 0.1 g, pH 6). 

Isotherm  models Constants Values 

Langmuir 

KL (L/mg) 0.38
qmax (mg/g) 112.44 
RL 0.0087 
R2 0.9907 

Freundlich 
KF (mg(1−1/n L1/n/g) 34.48 
n 2.40
R2 0.9474 

Temkin 
A (L/mg) 34.93 
B (J/mol) 21.72 
R2 0.9849 

Fig. 9 shows the plot of the amounts of CV adsorbed versus 
equilibrium dye concentrations. The amount of dye adsorbed increased 
from 23.94 to 87.25 mg/g for an increase in initial dye concentration from 
50-300 mg/L, whereas the percent dye removal decreases from 79 to 33% 
for an increase in initial dye concentration from 50-300 mg/L. The adsorption 
isotherm has the L form considering Giles classification [45]. 
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Figure 9. Isotherms of CV adsorption onto H3PO4-MSK  
(♦Experimental values, ○Langmuir, ▲Freundlich; ×Temkin). 

Thermodynamics 

Effect of temperature. Experiments were performed at different 
temperatures 30, 40 and 50°C for the initial concentration of 50 mg/L. The 
CV adsorbed amount (mg/L) increases as temperature increases (Fig. 10). 
The results showed that the adsorption was endothermic in nature. Since 
adsorbent is porous and CV diffusion in pores plays an important role in the 
adsorption process, increase in the adsorption with the rise of temperature may 
be diffusion controlled, which is an endothermic process, i.e. the rise of 
temperatures favors the CV transport within the pores of the adsorbent. The 
increased adsorption with the rise of temperature is also due to the increase in 
the number of the adsorption sites generated because of the breaking of some 
internal bonds near the edge of the active surface sites of the adsorbent [46,47]. 

Thermodynamic parameters. Standard thermodynamic parameters 
such as change in free energy (G°), enthalpy (H°) and entropy (S°) 
were calculated using the following equations: 

e

a
c C

C
K            (11) 

cKlnRTG  
(12) 

R

S

RT

H
Kln c

             (13) 
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where, Kc is the equilibrium constant, Ca and Ce are the equilibrium 
concentration (mg/L) of CV on the adsorbent and in solution, respectively, T 
is the temperature (K) and R is the universal gas constant (kJ/K·mol). H° and 
S° were obtained from the slope and the intercept of van’t Hoff plot of lnKc 
versus 1/T and values are presented in Table 4. The negative free energy 
values indicate that the adsorption process is spontaneous. It was also noted 
a decrease in the free energy values with an increase in temperature 
corresponding to an increase of the adsorbed CV amount. The positive 
values of the enthalpy further confirm the endothermic nature of the process 
whereas the positive values of entropy reflect good affinity of the dye towards 
H3PO4-MSK [48,49]. When the CV is adsorbed on the surface of the 
adsorbent, water molecules previously bonded to the dye cation are released 
and dispersed in the solution, which leads to the increase of the entropy [50]. 

 
Figure 10: Effect of temperature on the adsorption of CV onto H3PO4-MSK at 

25°C, 50mg/L, time 240 min, pH 6 (●0.1g, ■0.2g and ▲0.3g). 
 

Table 4. Thermodynamic parameters for CV adsorption onto H3PO4-MSK. 
 

Samples  R2 
Temperature 

(K) 
G° 

(kJ/mol) 
H° 

(J/mol) 
S° 

(J/mol·K) 

0.1 g 0.96 
303 -4.19 

142.86 482.95 313 -6.79 
323 -13.94 

0.2 g 0.98 
303 -3.07 

170.06 569.41 313 -6.88 
323 -14.55 

0.3 g 0.98 
303 -3.20 

185.29 622.28 313 -7.55 
323 -14.34 
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Adsorption mechanism 

The binding mechanisms of dyes by adsorption could be explained 
by the physical and chemical interactions between cell wall ligands and 
adsorbates by ion exchange, complexation, coordination and micro-
precipitation. The diffusion of the dye from the bulk solution to active sites 
of the adsorbents occurs predominantly by passive transport mechanisms, 
while various functional groups such as carboxyl, hydroxyl, amino and 
phosphate existing on the cell wall can bind the dye molecules. The 
adsorption dynamics can be described by the following three consecutive 
steps, which are as follows [22]: transport of the dye molecules from bulk 
solution through the liquid film to the adsorbent exterior surface, migration 
on the adsorbent surface and diffusion into the pore of the adsorbent, and 
adsorption on the interior pores surfaces of the adsorbent. 

The last step is considered to be an equilibrium reaction. Out of 
three steps, the third step is assumed to be rapid. Therefore, the adsorption 
of CV onto H3PO4-MSK is probably controlled by a two-step reaction 
scheme. The adsorption of CV onto H3PO4-MSK was proposed to take 
place according to the following chemical mechanism: 

H3PO4-MSK-OH + CV
+ + H

+
H3PO4-MSK-O-CV

H3PO4-MSK-N
H

H
+ CV

+ H3PO4-MSK-N
H

CV
+ H

+

H3PO4-MSK-C
O

OH
+ CV

+ H3PO4-MSK-C
O

O-CV
+ H

+

CONCLUSION 

The ability of H3PO4-MSK to retain dyes with high molecular weight 
was investigated for CV dye using kinetic, equilibrium and thermodynamic 
models. The kinetics of CV onto H3PO4-MSK was studied using the pseudo-
first-order, pseudo-second-order and Elovich kinetic models. The results 
indicated that the pseudo-second-order and Elovich models provided the 
best correlation with the experimental data. Then, CV adsorption rate is 
governed by two-step reaction scheme. The adsorption process followed well 
Temkin and Langmuir models. Calculated thermodynamic parameters 
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indicated that the adsorption in this system was a spontaneous and endothermic 
process. These results suggest that H3PO4-MSK is a potential low-cost adsorbent 
for dye removal from industrial wastewaters. 
 
 
EXPERIMENTAL  
 

Material 
 
Mango seeds kernel (MSK) used as adsorbent in this study was 

collected from Ngaoundere a city, in the Adamawa Region, Cameroon. 
MSK was treated by concentrated phosphoric acid (H3PO4), then washed 
with deionized water and dried at 110°C for 24 h. The dried H3PO4-MSK 
was grounded to fine powder and sieved to a particle size < 50µm. 

Crystal Violet (CV) dye was of commercial grade (MF: C25H30N3Cl, 
MW: 408, λmax: 586 nm) and it was used without further purification (Fig. 11). 
Stock solution was prepared by dissolving 1g of the CV powder in 1000 mL 
distilled water. For adsorption experiments this solution was diluted to the 
desired initial concentrations ranging from 50-300 mg/L. The initial solution 
pH was adjusted to the desired value by adding drop wise HCl, 0.1M or 
NaOH, 0.1M solutions. 

 
 

Figure 11. Structural formula of Crystal Violet. 
 

Adsorbent characterization 
 

Elemental analysis (C, H, N, S) was performed using a CHN 
CARLO ERBA EA 1108 Elemental Analyzer. The oxygen percentage was 
estimated by difference. 

The thermal behavior of the H3PO4-MSK sample was studied using a 
TGA/SDTA 851, 1600°C Mettler-Toledo analyzer. Experimental conditions were 
as follows: initial mass of the sample was 18.91 mg, initial temperature 25°C, final 
temperature 800°C, heating rate of 10°C/min and nitrogen flow of 50 mL/min. The 
DTG and TG curves were obtained by calculating the derivative simultaneously. 
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The X-ray diffraction (XRD) was used to determine the crystalline 
structure of the H3PO4-MSK sample. The X-ray diffractograms were 
obtained at room temperature within a 2θ ranging from 5 to 40 and a scan 
rate of 1°/min. The equipment used was a Bruker Advance D8 diffractometer, 
operating at a power of 40 kV with a current of 30 mA and Cu K radiation 
(1.5406 Å). Before performing the analysis the sample was dried at 50°C 
for 12 h in an air-circulating oven. 

The surface structure of H3PO4-MSK was analyzed using Scanning 
Electron Microscopy (SEM Quanta 2000 - Philips) at an electron acceleration 
voltage of 25 kV. Prior to scanning, the unloaded and dye-loaded H3PO4-
MSK sample was mounted on a stainless steel stab with double stick tape 
and coated with a thin layer of gold in a high vacuum condition.  

Infrared spectra were recorded using a Nicolet Magna FT-IR-750 
spectrometer thoroughly mixing MSK and H3PO4-MSK with KBr matrix. 

Specific surface area and pore specific volume for the H3PO4-MSK 
were determined by the Brunauer–Emmett–Teller (BET) method using 
a Sorptomatic ADP-nitrogen adsorption analyzer (Thermo Electron-Corp.). 
Prior to N2 adsorption, samples were out gazed for 20 h at 105°C.  

The pH of the point of zero charge (pHpzc) corresponds to the pH 
were the sum of all the electrical charges at the surface of the adsorbent 
are equal to zero. pHpzc determination method consist in the preparation of 
a solution of desired pH in the 2-11 range. HCl 0,01M solution was 
dropwise to a 50 mL NaCl 0,01M solution until de pH value was reached. 
0,05 g of adsorbent were then added to the prepared solution. The mixture 
is then stirred at 50 rpm for 24 h. The pH of the solution is noted and the 
graph of the pH versus the variation of the pH is drawn. The value at the 
intersection of the obtained curve with the x-axis gives the pHpzc of the 
adsorbent [51]. 

Batch adsorption experiments 

A predetermined amount of H3PO4-MSK was added into 100 mL 
conical flasks filled with 25 mL of CV solution of known concentration. The 
flasks were then placed in a shaking water bath (50 cycles/min) at room 
temperature for 24 hours. The samples were then withdrawn at 
predetermined time interval and the residual concentration of CV was 
determined by UV-Visible spectroscopy. The absorbance was measure at 
586 nm with 1 cm optical path length quartz cell. TG Instrument T-70 UV-
Vis spectrophotometer was used for this purpose. The concentration of CV 
was determined from the calibration curve.  
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The adsorbed amount of CV per gram of adsorbent (q, in mg/g) and 
the relative amount adsorbed (P, in %) were expressed as:  

 

 
m

V
CCq f0                                                                                    (1) 

 

100
C

CC
P

0

f0                                                                                    (2) 

 

where, Co is the initial concentration of CV (mg/L), Cf is the final 
concentration of CV (mg/L), V is the volume of the solution (L) and m the 
amount of adsorbent (g). 
 

Statistical analysis 
 

In order to ensure the accuracy and reliability, all experiments were 
performed in triplicate, and the mean values were used in data analysis. 
Relative standard deviations were found to be within ±3%. Microsoft Office 
Excel program was employed for data processing. Linear regression 
analysis was employed to fit experimental data with theoretical models. 
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DEVELOPMENT OF THE SOUR WATER PLANT DYNAMIC 
SIMULATOR FOR IMPROVING DESIGN AND OPERATION 
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ABSTRACT. Sour water system (SWS), as vital part of refineries, is aimed to 
process wastewater produced during different refining processes. Sour water 
contains contaminated water with H2S and NH3 and/or alkali metals or 
hydrocarbon traces. The main objective of SWS is to reduce the concentration 
of these contaminants below undesirable level and to make possible water 
reuse in the refinery. H2S is generally stripped from the sour water and sent to 
the Claus Unit. The paper reviews two possible designs for SWS. The first one 
corresponds to the traditional design of the SWS unit, while the second design 
uses an internal stream to heat up the feed flow. For analyzing the two 
different design configurations, dynamic simulators were developed in Aspen-
Hysys using industrial and literature data. Different operating scenarios 
were tested, also involving the SWS control loops. Dynamic simulation results 
reveal incentives for the second analyzed design from the energy cost 
reduction perspective, as external need of heat utilities is diminished and this is 
associated to an improved separation of the contaminants.  

Keywords: sour water system, dynamic model, design, pollution, energy 
consumption 

INTRODUCTION 

Oil and gas production use a significant amount of water. The source 
of water may have different origin: surface, rain, ground water, water in crude 
or recycled water. Figure 1 reveals the raw balance of the water in a refinery 
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[1]. Sour water is produced by different plants, such as: crude, vacuum, 
catalytic cracker, delayer coker, visbreaker, hydrotreater, hydrocracker and 
sulphur plant units, or in the isomerization, Claus and alkylation processes [1, 2]. 
Sour water contains water contaminated with hydrogen sulfide (H2S), 
ammonia (NH3), traces of CO2, salts, phenols, caustic. Non-phenolic sour 
water contains exclusively H2S and NH3. It is produced exclusively by 
hydro-treating processes and it is usually recycled in the upstream process. 
Phenolic sour water is generally not recycled for reuse because it contains 
contaminants which can undesirably affect the upstream process [3]. 

Figure 1. Water balance in a refinery [1]. 

The main concern with sour water is the H2S content. Commonly, 
the concentration of the H2S has to be kept below 1ppm [2, 3]. Presence of 
ammonia is also undesired. The treated water has to contain limited amount 
of NH3 as its concentration must lie between 30-80 ppm [2-4].  

The process of treating sour wastewater contains two main steps. In 
the first step H2S is eliminated in a Sour Water (SW) Stripper. In the second 
stage the water is introduced in an absorption column where the remained 
NH3 is separated. The vapor streams separated at the top of the SWS columns 
are sent to the Claus Unit, where the H2S is broken down to its elemental 
molecules H2 and S, for later use in other industrial processes. 

Nowadays, SWS gets more attention in industrial plants [5]. The 
process is important because of the increasing emphasis on regulating the 
quality of the effluent water and saving energy [6-10]. 

RESULTS AND DISCUSSIONS 

The paper presents two dynamic models for differently designed 
SWSs. The models represent the first step of the wastewater purification, which 
is performed in the SW Stripper. Figure 2 shows a traditional SWS design 
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and its schematic representation. The contaminated water from the refinery 
enters the Flash Drum where the gases are separated from the liquid part 
(water and oil). The gas is sent directly to the top of the SW Stripper. The 
liquid is directed by the Feed Pump to the Feed Heat Exchanger where the 
inlet stream is heated up to the desired temperature, using hot water as 
heating agent. The heated sour water is sent to the SW Stripper. During the 
distillation (stripping) process the dissolved H2S and NH3 leave at the top of 
the SW Stripper and the purified water at the bottom. The heat for the 
distillation is provided by live steam injection at the bottom of the column. 
High efficiency of the SW Stripper is provided by a pump around consisting in 
a controlled recycled flow which leaves one tray of the column, it is cooled 
down by an air cooler and sent back to an upper tray. The stripped water 
bottom product is driven by the Striper Water Pump to a cooler and sent 
downstream to the absorption column for separation. This first design and 
model will be further referred as Model A.  
 

 
 

Figure 2. SWS flow sheet for Model A. 
 

Table 1 lists the equipment of the SWS simulator.  
 

Table 1. SWS equipment description [11]. 
 

Equipment Name Description 
SWS - V - 001 Flash Drum 
SWS – P - 001A Feed Pump 
SWS - HX - 001 Feed Heat Exchanger 
SWS - C - 001_TOP  SWS - C - 001_MIDDLE SW Stripper 
SWS - C - 001  SWS - C - 001_BOTTOM  SWS – P - 003A Pump-Around Pump 
SWS - EA - 001 Pump-Around Air Cooler 
SWS – P - 002A Stripper Water Pump 
SWS - EA - 002 Stripped Water Air Cooler 
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Figure 3 represents the second investigated design for the SWS, in 
which the heating agent for the Feed Heat Exchanger of Model A was 
replaced by the stripped water from the bottom of the SW Stripper. This 
new design recovers heat and is intended to spare costs with the heating 
agent. This second design and model will be further referred as Model B. 
Figure 4 presents the SWS simulator implemented in Aspen Hysys for the 
SWS setup described in Figure 3.  

Figure 3. SWS flow sheet for Model B. 

Figure 4. Model B implemented in Aspen Hysys. 
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Table 2 presents the feed stream composition [12-18]. The main 
parameters of the feed stream are: inlet feed pressure of 300 kPa, inlet 
feed temperature of 62.3 °C and mass flowrate of 19860 kg/h. 
 The most important and complex equipment of a SWS is the SW 
Stripper. Generally, the SWS stripper is modeled as a series of equilibrium 
stages [2, 3, 6, 7, 16]. The SW Stripper in both Model A and Model B, contains 
50 equilibrium trays. Sieve trays were used for modeling the internal part of the 
column. The feed stream enters the column at tray 5. Tray 5 is critical because 
the pump around flow also leaves at this level and it is important to maintain 
the tray level. The pump around flow reenters the column in tray 1, where the 
vapors coming from the Flash Drum also enter the column. 
 

Table 2. SWS feed stream composition. 
 

Components Mass Fraction 
Hydrogen 0.0002064 
i-Butane 0.0000107 
n-Butane 0.0000251 
Propane 0.0000352 
Ethane 0.0000402 

Methane 0.0000956 
H2O 0.9459771 
H2S 0.0344657 

Ammonia 0.0191440 
 
Model A and Model B designs contain the controllers listed in Table 3.  
 

Table 3. Controllers used in Models A and B. 
 

Controller Name  Description 
SWS - FIC - 001 Inlet flow controller in the Flash Drum 
SWS - LIC - 001 Water level controller in the Flash Drum 
SWS - LIC - 002 Oil level controller in the Flash Drum 
SWS - PIC - 001 Top pressure controllers for the SW Stripper SWS - PIC - 002 

SWS  - FIC - 003 Flow controller for the pump around flow of the SW Stripper 
(SWS-EA-001) 

SWS - TIC - 100 Temperature controller for the pump around of the SW Stripper 

SWS - LIC - 004 Master loop of the bottom level controller for the SW Stripper 
which has as slave loop SWS – FIC - 002 

SWS - TIC - 101 Temperature controller for the stripper water after EA-002 

SWS  - FIC - 002 Flow controller for the stripper water (slave loop of the bottom 
level controller, is in cascade with SWS – LIC - 004) 

SWS  - FIC - 004 Flow controller for the live steam injected at the bottom of the 
SW Stripper 
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Controllers are important because they affect the dynamics of the 
process [18, 19]. Most of them are PID controllers. Two types of control 
systems were used: feed-back control and cascade control. Cascade control 
was used for controlling the level in the SW Stripper.  
 
 
Comparison of the two dynamic models 

 

Model B design uses the hot water stream from the bottom of the SW 
Stripper to heat the Feed stream, instead of the external hot water utility of 
Model A. This new design shows energy saving incentives. The Models have 
been undertaken to several analyses in order to determine the design most 
appropriate for industrial implementation. Table 4 shows the main temperature, 
pressure and flow variables of the inlet and outlet streams, revealing also the 
overall mass balance of the plant. 

 
 

Table 4. Main variables and mass balance of the plant for both Models A and B. 
 

  INLET OUTLET 

Model A FEED 
Live steam 

Injected 

Feed Heat 
Exchanger 

External Agent 
Gas 

Leaving 
Stripped 

Water 
Temperature [°C] 62.3 150 122 73.83 89.94 
Pressure [kPa] 300 290 1800 225 600 
Molar Flow [kmol/h] 1087 120.3 498.6 32.52 1175 
TOTAL Flow 1207.3  1207.52 

Model B FEED 
Live steam 

Injected 

Feed Heat 
Exchanger 

External Agent 
Gas 

Leaving 
Stripped 

Water 
Temperature [°C] 62.3 150 - 78.58 60.21 
Pressure [kPa] 300 290 - 225 400 
Molar Flow [kmol/h] 1087 119.1 - 35.1 1171 
TOTAL Flow 1206.1  1206.1 
 
 
 As expected, Model A presents higher bottom temperature and 
higher pressure, compared to Model B. Model A shows lower temperature at 
the top of the SW Stripper. The Feed stream temperature to the SW Stripper 
is controlled with the Stripped Water flow, as the latter is already used for 
the bottom level cascade control (in the slave loop). Consequently, the 
temperature of the inlet stream in the SW Stripper of Model B is about 4 °C 
higher than in Model A. Table 5 presents the outlet streams composition.  
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Table 5. Mass fraction composition of the outlet streams from the SW Stripper. 

Model A Model B 
Components Gas Leaving Stripped Water Gas Leaving Stripped Water 

Hydrogen 0.0627 0 0.0579 0 
i-Butane 0.0001 0 0.0001 0 
n-Butane 0.0003 0 0.0002 0 
Propane 0.0005 0 0.0005 0 
Ethane 0.0008 0 0.0008 0 

Methane 0.0036 0 0.00034 0 
H2O 0.1572 0.9843 0.1919 0.9861 
H2S 0.619 0 0.5722 0 

Ammonia 0.1558 0.0157 0.1731 0.0139 

Table 5 shows that all light hydrocarbons are found in the gas phase 
leaving the top of the SW Stripper. H2S separation is very efficient as the 
whole H2S amount can be found in the gas phase that is sent to further 
operations. The stripped water is free of H2S but there is a small amount of 
NH3 (1.39%). It is worthy to notice that NH3 concentration is lower in the case 
of Model B design, favouring the separation. Figure 5 shows temperature 
and the pressure profiles of the SW Stripper along the column height. 

Figure 5. Temperature and pressure profiles of the SW column in function of the 
tray position (0 is the top of the column and 50 is the bottom of the column). 
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As expected, both the temperature and the pressure decrease from 
the bottom to the top of the column. The overall temperature profile is higher 
in the case of Model B. The main difference between the two models 
consists in their energy efficiency perspective. Model A uses utility water with 
the temperature of 122 °C, pressure of 1800 kPa and flow of 8984 kg/h in 
order to warm up the feed stream for the SW Stripper. Model B uses the 
bottom stripped water to warm up the feed stream to the SW stripper. The 
stripped water leaves the column at temperature of 127 °C and pressure of 
1743 kPa. This makes possible to replace the warm water utility with a 
process stream leading to a significant energy saving of about 59 GJ/day. 

Based on the above results it is relevant to conclude that Model B is 
more efficient than Model A and demonstrates incentives for industrial 
application. As a result, further analysis will be made on Model B. 

 
Effects of changing the feed temperature  

In order to show the SWS simulator behavior several operating 
scenarios were investigated. Two of them are presented in the following. 

The operating scenario presented in Figure 6, shows effects of an 
increasing step change in the inlet feed temperature, from 63 °C to 80 °C. As 
the stripping temperature increases, more of the heavier components, such as 
H2O and NH3, leave at the top of the column, Figure 6.c. and Figure 6.d. The 
quantity of the H2S removed remains the same at the top of the column, 
although Figure 6.b shows a decreasing profile. The latter is due to the fact 
that mass of the other top column components are increasing and 
consequently, the H2S concentration is decreased. 

 

 
 

Figure 6. Effects of changing the SWS inlet temperature on the mass fraction of 
the components at the top of the column. 
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Effects of changing the pump around flow rate on the top column gas 
composition 

 
In normal operating conditions, part of liquid leaves tray 5 of the 

column and after it is cooled down from the temperature of 100°C to the 
temperature of 60 °C it enters again the top of the column. This pump 
around increases the efficiency of the column. The operating scenario 
reveals the effects of decreasing followed by increasing of the pump around 
flow. Due to the pump around flow decrease from the value of 7800 kg/h to 
the value of 2000 kg/h, Figure 7.a, the top temperature of the column 
increases and higher amount of NH3 component leaves at the column top. 

During the reverse action, when at 77 minutes the pump around 
flow is increased from the value of 2000 kg/h to the value of 12000 kg/h, 
the temperature at the top of the column decreases and consequently, 
higher amount of the heavier components is condensing. Figure 7.b reveals 
an increase of the H2S mass fraction due to the fact that both NH3 and H2O 
condensate and the vapor phase which leaves at the top of the column 
contains more H2S compared to the other components. 
 
 

 
 
 
 

Figure 7. Effects of decreasing followed by increasing the pump around flow of the 
SW Stripper on the H2S and NH3 mass fractions at the top of the column. 
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Efficiency of the SWS-LIC-004 cascade loop 

The bottom level in the SW Stripper is controlled by a cascade level 
control system. Cascade control loops have two measurement signals to 
control the primary level variable. The output (OP) of the primary controller 
(level master loop) determines the set-point (SP) for the secondary flow 
loop (level slave loop). The master loop of the controller is the SWS-LIC-
004 and the slave loop of the system is the SWS-FIC-002.  

In order to check the operation of the cascade level control system 
the set-point of the level in the bottom of the SW Stripper was changed 
from the value of 3 m to the value of 2.5 m. Figure 8 shows the result of this 
last operating scenario. 

Figure 8. Effect of the level set-point change for the cascade control SWS-LIC-
004; a. Changes of the level set-point variable SP and level process variable PV; b. 

Change of the master controller output (OP). 

As a result of the level set-point SP change, Figure 8.a, the output 
of the level master controller opening percentage OP increases, Figure 8.b. 
Following a damped oscilation, the level PV is brought to the new set-point 
with zero offset and reduced overshoot, Figure 8.a. 

CONCLUSIONS 

Design and operation of the sour water stripping plant were 
investigated. Two dynamic models and their associated dynamic simulators 
were developed and implemented in Aspen Hysys simulation software. The 
results of the dynamic simulations are consistent with the data from the 
literature and with the measured data from the real plant.  
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Two dynamic models were investigated. Model A corresponds to the 
traditional design of the SWP unit, while Model B design uses an internal 
stream to heat up the feed flow. Investigated operating scenarios revealed 
that Model B is more efficient than Model A, as the former shows incentives 
from energetic perspective for reducing heat utilities and sparing costs. 
Better separation of the hazardous components is also achieved by the 
proposed Model B design. The same amount of H2S is sent to the top of the 
column in both models but the NH3 mass fraction concentration of 0.0157 
remains in the stripped water stream for the case of Model A, while a 
diminished NH3 concentration of 0.0137 is obtained for the Model B design. 

Different control loops were proposed and implemented in the 
simulators for controlling pressure, level, flow and temperature, in either 
feedback of cascade configuration. Tests were run and results showed their 
effectiveness. 

The developed simulators may be further exploited for the design of 
advanced control systems, elaboration of operator training software, 
operational optimization and investigation of new design improvements. 
 
 
EXPERIMENTAL SECTION 
 
 The SWS models have been implemented in Aspen Hysys version 
V8.0 flowsheet simulation software. Model A and B parameters were 
calibrated on the basis of the literature data and data measured from the 
real plant [6, 12, 14-16]. 
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CALCULATION OF THE EFFECTIVE MASS TRANSFER 
AREA IN TURBULENT CONTACT ABSORBER 

SIMION DRĂGANa 

ABSTRACT. One of the most important efficiency parameters for separation 
columns is the effective interfacial mass transfer area. In this study the 
effective mass transfer area in gas-solid-liquid turbulent contact absorber 
was determined using the chemical absorption of carbon dioxide into sodium 
hydroxide aqueous solution. The effective mass transfer area determined in 
this study was found to be from three to six times higher than the geometric 
area of the solid packing.  

Keywords: Three phase fluidized bed, gas-solid-liquid turbulent contact 
absorber, effective mass transfer area, chemical methods 

INTRODUCTION 

In order to obtain maximum absorption efficiency it is necessary to 
use proper equipments to maximize gas-liquid contact, such as new columns 
with three phase fluidized beds [1,2]. Gas-solid-liquid three phase fluidized 
bed absorber is mass transfer equipment in which the bed of low density 
packing is fluidized by the counter current flow of gas continuous phase and 
liquid as a dispersed phase.  

The efficiency of the mass transfer depends on many factors such 
as the effective interfacial mass transfer area, mass transfer coefficients 
and liquid holdup. 

The effective mass transfer area (ae) is not identical either to the 
geometric area (a) or to the wetted area of the packing (aw). The measurement 
of the specific geometric area of packing is straightforward but is not a design 
parameter. The wetted area is that part of geometric area over which there 
is a liquid film. 

a Babes-Bolyai University, Faculty of Chemistry and Chemical Engineering, Arany Janos 11, 
400028, Cluj-Napoca, sdragan@chem.ubbcluj.ro 
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The most popular absorption system employed for determining 
interfacial mass transfer area with the use of the chemical method is the 
reactive absorption of CO2 into aqueous solutions of sodium hydroxide [3-
6]. The liquid phase reaction is considered to fall in the fast reaction regime 
with the mechanism given by Tsai [7, 8]. 

CALCULATION OF GAS-LIQUID CONTACT AREA 

The effective mass transfer area can be calculated using a reactive 
absorption system such as air-CO2-NaOH. A pseudo-first order reaction 
has been chosen as model reaction in this study, due to the fact that the 
kinetics of the system is well-known and the chemicals are easy to handle. 
When the NaOH is in excess, the reaction between the dissolved CO2 and 
the NaOH in solution can be expressed as: 

2 2 3 22NaOH CO Na CO H O   (1) 

The concentration profiles of the two reactants in the liquid film are 
described by the next differential equations: 
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              (4) 

The analytical solution of the system (2)-(4) leads to the 
enhancement factor concept, E. This solution is available only if the reaction 
(1) is considered to be pseudo-first-order, i.e., the concentration of NaOH is 
not depleted in the liquid film ( 0

HO HO
C C  ). According to Danckwerts mass-

transfer model the reaction rate can be expressed as [8]: 

 2 2

1/22
1

i
abs e CO CO Lv a C k D k  (5) 
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The mass-transfer process of the absorption of CO2 is controlled by 
the liquid film, according to Henry’s law: 

2 2

i
CO COC H P   (6) 

In the fast reaction regime, defined by Ha>5, the enhancement 
factor equals the Hatta number and rapid chemical reaction is not sensitive 
to liquid side mass transfer coefficient kL, the equation of the reaction rate 
becomes: 

 2 2

1/2

1abs e CO COv a H P k D   (7) 

The solubility coefficient of CO2 in the electrolyte solution can be 
estimated as follows [9]: 

0

lg s
H K I
H

   (8) 

2 23
s g CONa HO CO

K i i i i i i i                       (9) 

For the system CO2-NaOH-H2O, ion coefficients are [3]: 
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(10) 

So, Ks=0,159 and equation (8) become: 

0

lg 0.159H I
H

  
(11) 

The solubility coefficient of CO2 in pure water, H0, depends only on 
temperature and can be calculated with relation (12) [9]: 

0
1140lg 5.30H

T
 

(12) 

The rate constant of the pseudo-first-order reaction is k1 and its 
relationship with temperature and ionic concentration is given by equation 
(13) [10]: 

1 2 HO
k k C   (13)  
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where k2 is the pseudo-second-order rate constant: 

22

2

lg 0.1987 0.012k I I
k

 
  

 
    (14) 

2
2382lg 11.895k

T
        (15) 

The formula for the ionic strength is as follows: 

2 01
2 i i NaOHI C Z C        (16) 

Using the equation system (17) it can be determine the concentration 
of CO2 at interface
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2 2
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     (17) 

In the fast reaction regime, the enhancement factor E = Ha and the 
equation of the absorption rate becomes: 

 2 2

1/20
2

i
abs e CO COHO

v a C k C D          (18) 

 The effective mass transfer area can be determined from the slope 
of the straight line, passing through the origin, obtained by the representation of 
equation (18). 
 
 
RESULTS AND DISCUSSION 

 
The carbon dioxide concentration at the inlet and outlet of system 

was determined. With these values and height of the fluidized bed, the 
absorption rate for the two concentrations of NaOH solution and two gas 
rates were determined: 

 2 2

273 1
293 22.4

g i f
ab CO CO

sf

w
v Y Y

H
        (19) 

The reaction constant k2 was calculated by the relations of:  
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 Barett equation [11]:  

0
2

2338.28lg 11.8609 0.1317 NaOHk C
T

       (20) 

 

Astarita equation [12]:  

0
2

2895lg 13.635 0.160 NaOHk C
T

        (21)  

 

Pohorecki equation [13]: 

 20 0
2

2382lg 11.895 0.221 0.016NaOH NaOHk C C
T

       (22) 

 

The obtained values are presented in the table 1. 
 
 

Table 1. Values of reaction constant k2 [l / mol s] at T=293 K 
 

Equation→ 
C0

NaOH 

↓ 

(20) (21) (22) 

0.0 N 7593. 154 5681.381 5825.151 
0.5 N 8836.335 6830.522 7444.014 
1.0 N 10283.06 8212.094 9339.146 
 
 
 The values of k2 obtained with Pohorecki equation are approximated 
the mean value of values obtained with equations (20) and (21), therefore 
these values are used. 
 The CO2 diffusivity in pure water depends on the temperature as 
follows: 
 

2

5
0

2

712.5 2.591 10lg 8.1764COD
T T

        (23) 

 

 While the diffusivity of the CO2 in the NaOH aqueous solution was 
calculated by the equation (24): 

2

2 2

0.637
0 H O

CO CO
NaOH

D D


 

  
 

     (24) 

 

 Using equations (23), (24) and the viscosity values of NaOH 
aqueous solutions has been calculated the diffusion coefficient DCO2.  
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Henry constant of CO2 in NaOH aqueous solutions has been 
calculated. These values are presented in table 2. 

Table 2. Diffusion coefficient DCO2 in NaOH aqueous solutions and  
Henry constant H at T=293 K 

C0
NaOH [mol/l] 0 0.5 1

2

9 210   [m / ]COD s  1.76 1.74 1.62

210  [atm l/mol ]H    3.897 3.245 2.7

In the tables 3 to 6 the concentrations of carbon dioxide at interfaces, 
the absorption rates and X coordinate from equation (18) are presented. 

Table 3. Experimental results for the absorption in three phase 
fluidized bed of CO2 into 0.5 N NaOH aqueous solution at vg = 1.1 [m/s]. 

CCO2 Ci
CO2  vab [Kmol/m3s] Liquid flow [l/h] 

0 0 0 0 

L=100 
5% 1.6200E-03 4.1940E-06 0.006221753
8% 2.6000E-03 6.7300E-06 0.010433075
10% 3.2400E-03 8.3900E-06 0.012784895

0 0 0 0 

L=200 
5% 1.6200E-03 4.1940E-06 0.006815129
8% 2.6000E-03 6.7300E-06 0.011182052
10% 3.2400E-03 8.3900E-06 0.013601283

Table 4. Experimental results for the absorption in three phase 
fluidized bed of CO2 into 1.0 N NaOH aqueous solution at vg = 1.1 [m/s]. 

CCO2 Ci
CO2  vab [Kmol/m3s] Liquid Flow [l/h] 

0 0 0 0 

L=100 
5% 1.3500E-03 5.2300E-06 0.006636536 
8% 2.1600E-03 8.3700E-06 0.011128613 
10% 2.7000E-03 1.0500E-05 0.013637221 

0 0 0 0 

L=200 
5% 1.3500E-03 5.2300E-06 0.007520142 
8% 2.1600E-03 8.3700E-06 0.012338816 
10% 2.7000E-03 1.0500E-05 0.014539302 

2 22
i
CO COHO

C k C D 

2 22
i
CO COHO

C k C D 
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Table 5. Experimental results for the absorption in three phase 
fluidized bed of CO2 into 0.5 N NaOH aqueous solution at vg = 2.11 [m/s]. 

CCO2 Ci
CO2  vab [Kmol/m3s] Liquid Flow [l/h] 

0 0 0 0 

L=100 
5% 1.6200E-03 4.1940E-06 0.011137704

8% 2.6000E-03 6.7300E-06 0.017339647

10% 3.2400E-03 8.3900E-06 0.019845364

0 0 0 0 

L=200 
5% 1.6200E-03 4.1940E-06 0.013427058

8% 2.6000E-03 6.7300E-06 0.019669209

10% 3.2400E-03 8.3900E-06 0.024171189

Table 6. Experimental results for the absorption in three phase 
fluidized bed of CO2 into 1.0 N NaOH aqueous solution at vg = 2.11 [m/s]. 

CCO2 Ci
CO2  vab [Kmol/m3s] Liquid Flow [l/h] 

0 0 0 0 

L=100 
5% 1.3500E-03 5.2300E-06 0.012622731

8% 2.1600E-03 8.3700E-06 0.020329241

10% 2.7000E-03 1.0500E-05 0.024097942

0 0 0 0 

L=200 
5% 1.3500E-03 5.2300E-06 0.015217332

8% 2.1600E-03 8.3700E-06 0.022947411

10% 2.7000E-03 1.0500E-05 0.029005427

The effective mass transfer area was determined as a slope of the 
straight line from representation of equation (18): 

2 22
i
CO COHO

C k C D 

2 22
i
CO COHO

C k C D 
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Figure 1. Absorption rate versus X at C0
HO

-=0.5 mol/l, T=293K 
 
 

 
 

Figure 2. Absorption rate versus X at C0
HO

-=1 mol/l, T=293K 
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The numerical values of the determined effective mass transfer area 
from figures 1-2 are centralized in table 7.  

Table 7. Effective mass transfer area in three phase fluidized bed (ae,[m2/m3]) 

C0
HO

-/ L [l/h] 100 200 
0.5 [mol/l] 1527.5 1635.4 

Vg=1.10 [m/s] 1.0 [mol/l] 1305.2 1421.9 
Average 1416.3 1528.6 
0.5 [mol/l] 2475.4 2937.4 

Vg=2.11 [m/s] 1.0 [mol/l] 2355.8 2774.8 
Average 2415.6 2856.1 

At a constant concentration of NaOH solution and constant liquid 
flow rate, effective mass transfer area increases more with gas velocity, 
from 1527.5 m2/m3 (CNaOH = 0.5 mol/l, vg = 1.10 m/s and L = 100 l/h) at 
2475,4 m2/m3 (CNaOH = 0.5 mol/l, vg = 2.11 m/s and L = 100 l/h).  

At a constant concentration of NaOH solution and constant gas 
velocity, the effective mass transfer area increases low with the increase of 
the liquid flow, from 2475.4 m2/m3 (CNaOH = 0.5 mol/l, vg = 2.11 m/s and L = 
100 l/h ) at 2937.4 m2/m3 (CNaOH=0.5 mol/l, vg=2.11 m/s and L=200 l/h). The 
increase of liquid flow determines the increase of packing buoyancy and a 
better fluidization is obtained.  

At a constant liquid flow rate and constant gas velocity, effective 
mass transfer area decreases with the increase of NaOH concentration, from 
1527.5 m2/m3 (CNaOH = 0.5 mol/l, vg = 1.1 m/s and L = 100 l/h ) at 1305.2 
m2/m3 (CNaOH = 1 mol/l, vg = 1.1 m/s and L = 100 l/h). This phenomenon can 
be explained using the two-film theory. The reaction of CO2 and NaOH takes 
place in liquid boundary layer, so CO2 has to diffuse through gas film and 
enter in liquid film to reach the NaOH solution. The increase of NaOH 
concentration causes the viscosity liquid increase, thus CO2 diffusion in liquid 
phase is slower and mass transfer area is decrease.  

CONCLUSION 

The effective mass transfer area in turbulent contact absorber with 
low density solid particles has been determined. The absorption of carbon 
dioxide from the mixture of air-CO2 into 0.5 N and 1.0 N aqueous NaOH 
solutions was employed as model reaction of known kinetics.  
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The effective mass transfer area increases when gas velocity and 
liquid flow increase and decreases when the concentration of the NaOH 
solution increases.  

The effective mass transfer area in turbulent contact absorber with 
three phase fluidized bed is from three to six times higher than the 
geometric area of the solid packing. 

EXPERIMENTAL 

In order to determine the effective mass transfer area in turbulent 
contact absorber with low density inert solid packing, the rate absorption of 
carbon dioxide from air-CO2 mixture into the NaOH solution was measured. 
The flow diagram of the experimental equipment used for the absorption 
rate is represented in the figure 7. 

Figure 7. Flow diagram of the experimental equipment 
1-carbon dioxide cylinder, 2-carbon dioxide mass flow meter, 3-air temperature 

controller, 4-air blower, 5-gas rotameter, 6-gas mixing tube, 7-liquid pump, 8-liquid 
rotameter, 9-three phase fluidized bed absorber column, 10-graduet scale,  

11-manometer, 12-slution tanks, 13-gas analyzer, 14-IBM computer. 
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The column was made of glass with an interior diameter of 0.14 m 
and high 1.10 m. The glass column was used for better visual observation of 
the phenomena occurring in the fluidized bed. Gas mixture is the continuous 
phase and was introduced at predetermined flow rate into the column. NaOH 
solution of specified concentration as dispersed phase was sprayed from the 
liquid distributor over the top of the fluidized bed. 

The solid materials which were used as solid phase are plastic hollow 
balls of 1.0 cm diameter and with the density of 170 kg/m3. The experiments 
were conducted in a fully fluidized state. The fluidized bed height was read 
on the scale. The liquid and air flow rates were measured by rotameters and 
carbon dioxide flow rate was measured and controlled by mass flow meter. 
The composition of carbon dioxide in the entering and leaving gas phase 
was measured using a calibrate BINOS 120 gas analyzer. The experimental 
conditions are presented in table 8. 

Table 8. The experimental conditions (T = 293 K, P = 1 bar) 

Variable Range 
Column diameter Dc [m] 0.14
Diameter of solid particle dp [m] 0.01
Solid particle density [Kg/m3] 170
Static solid bed height H0 [m] 0.12
Gas velocity vg [m/s] 1.1; 2.11 
CO2 mole fraction in the gas mixture 0.05; 0.08; 0.1 
Liquid flow [l/h] 100; 200 
Concentration of NaOH solution,[mol/l] 0.5; 1.0 

The absorption rate has been calculated from the measured inlet 
(Y0

CO2) and outlet (YCO2) concentration of the carbon dioxide in the gas phase. 
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ABSTRACT. Forsterite (Mg2SiO4) powders were synthesized by solid state 
reaction from basic magnesium carbonate and silicon dioxide. The 
MgO/SiO2 molar ratio was established at 2:1, 2:1.05 and 2:1.10. In order to 
realize a complete reaction between compounds and avoiding the MgO 
(periclase) presence in the final product, an excess of SiO2 was added. 
Boric acid in small quantity was used as a mineralizer. The six mixtures 
were designed and prepared in the laboratory. After a good 
homogenization and mechanical activation, the raw mixtures were 
thermally treated at 800 °C, 900 °C, 1000 °C, 1200 °C, 1300 °C and 1350 
°C with a heating rate of 2 °C/min and one hour plateau at maximum 
temperature. The grain size distribution of the powders obtained at 800 °C, 
900 °C and 1000 °C, according to the particle analyzes, are in the 
nanometer range. Increasing the temperature the size of grains is 
increased at micrometer dimensions indicating the presence of 
agglomerates. The mineralogical compositions evidenced by X-ray powder 
diffraction (XRPD) showed as the main crystalline compound the forsterite 
beginning of 1200 °C temperature. The crystallinity index of forsterite 
depends on the thermal treatment conditions, being highest at 1350 °C. A 
small quantity of MgO at the maximum temperature in compositions 
without boric acid was identified. The shape and morphology of forsterite 
crystals were evidenced by TEM analyses. 
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INTRODUCTION 

Due to the increasing interest in silicon and magnesium based 
bioceramic materials, much research was carried out recently on forsterite 
(Mg2SiO4) ceramics for medical applications [1-2]. Naghiu et al demonstrated 
that presence of MgO in small quantity does not affect the forsterite powder 
biocompatibility [3].  

It was previously demonstrated that magnesium and silicon play an 
important role in human body processes: magnesium is one of the most 
important elements in the human body, closely associated with mineralization 
of calcined tissues and indirectly influences mineral metabolism, whereas 
silicon is an essential element in skeletal development. Recent research has 
shown that the compounds in the MgO–SiO2 system are biocompatible, thus 
they are suitable to be used for dental and orthopaedic prosthetic materials. 

Forsterite nanostructured ceramics show improved biocompatibility, 
superior mechanical properties and increased osteoblast adhesion and 
proliferation over normal materials [4]. Because nanoparticle ceramics show 
more attractive properties than microstructured ceramics, like high diffusion 
rates or mechanical properties, many methods have been employed for 
obtaining forsterite nanoparticles. These methods included sol–gel method [5-
8], polymer precursor method [9], co-precipitation [10], or conventional solid-
state reaction [11-16]. During the synthesis by the ceramic method, a reaction 
in solid phase, at high temperature between, MgO and SiO2 takes place [17]. 
The formation of a single phase, forsterite, in the oxide systems MgO-SiO2, is 
difficult to obtain. It is always accompanied by secondary phases like enstatite 
(MgSiO3) and/or periclase (MgO). The mechanical activating of raw mixtures 
was demonstrated to be an efficient method to increase the chemical 
homogeneity of the product and to reduce the reaction temperature [18-20]. In 
this work boric acid as a mineralizing agent and a small excess of SiO2 were 
used in order to enhance the nanostructure forsterite formation. 

The aim of this work is to study the parameters of synthesis and 
characterization of nanoforsterite powders with a small excess of silicon 
dioxide. The effect of MgO/SiO2 ratio and additives on bionanoforsterite 
powders characteristics will be investigated by different methods: X-ray 
powder diffraction (XRPD), particle size analysis and transmission electron 
microscopy (TEM). 

RESULTS AND DISCUSSION 

X-ray powder diffraction  

X-ray powder diffraction (XRPD) patterns show the formation of 
well-crystallized forsterite in the samples thermally treated at 1350 °C. 
Beside of a forsterite phase, small quantities of periclase and enstatite were 
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detected in tested samples depending on composition and thermal treatment. 
The presence of the secondary phases could be assigned to an incomplete 
reaction or insufficient homogeneity of the precursor mixtures.  

Figure 1 showed the XRPD pattern for samples DPI which is similar 
to DPII, composition without boric acid. It can observe that in the pattern of 
samples thermally treated at low temperatures (800 °C, 900 °C, 1000 °C) 
the presence of forsterite crystals is not evidenced. The only crystalline 
phase is periclase resulted from magnesium carbonate decomposition. In 
the samples treated at higher temperatures, 1200 °C, 1300 °C and 1350 
°C, the specific peaks for forsterite as the main crystalline compound, and 
small quantities of enstatite and periclase were identified. In conclusion, in 
composition DPI and DPII, the reaction between reactants is no completed 
at 1350 °C temperature. 

Figure 1. XRPD patterns of DPI samples treated at 800 °C, 900 °C, 1000 °C, 1200 
°C, 1300 °C and 1350 °C, respectively (Fo-forsterite, En-enstatite, P-periclase) 
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In Figure 2 are presented the specific XRPD patterns of sample 
DPIII which are similar to DPIV at different temperatures. 

 

 
Figure 2. XRPD patterns of DPIII samples treated at 800 °C, 900 °C, 1000 °C, 1200 

°C, 1300 °C and 1350 °C, respectively (Fo-forsterite, En-enstatite, P-periclase) 

 
At low temperatures (800 °C, 900 °C, 1000 °C), the well crystalline 

phase evidenced is periclase and the enstatite and forsterite crystals are 
poorly crystalline. Beginning with 1200 °C temperature, the enstatite and 
forsterite phases were identified besides of periclase. At 1350 °C temperature 
the specific peaks of periclase and enstatite disappeared. This fact demonstrated 
that the presence of additives (boric acid) determines a complete reaction 
between reactants. 
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Figure 3 shows the XRPD specific pattern for samples DPV (similarly 
with DPVI) thermally treated at different temperatures. 

 

 
 

Figure 3. XRPD patterns of DPV samples treated at 800 °C, 900 °C, 1000 °C, 1200 
°C, 1300 °C and 1350 °C, respectively (Fo-forsterite, En-enstatite, P-periclase) 

 
The crystalline components evidenced by X-ray diffraction are similar 

to those detected in sample DPIII. At 1350 °C temperature only the forsterite 
and enstatite crystals were identified. It could be concluded that a small excess 
of SiO2 and mainly a proper additive determine a complete reaction and 
obtaining of forsterite of nanometer size besides of small amounts of enstatite.  
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In table 1 are listed the crystallite values of forsterite calculated from 
XRPD data using Scherrer formula at 1200 °C, 1300 °C and 1350 °C, 
respectively temperatures. 

Table 1. Calculated crystallite sizes D (nm)  

Sample  D [nm] 
1200 °C 1300 °C 1350 °C 

DPI 21.90 25.43 23.87 
DPII 29.21 24.63 21.30 
DPIII 23.90 27.18 20.20 
DPIV 26.28 26.28 21.30 
DPV 14.08 29.20 19.70 
DPVI 20.22 24.63 20.73 

The calculated crystallite values for all the tested samples are in the 20 
nm and 30 nm range size excepting the value of 14.08 nm for DPV sample.  

Transmission Electron Microscopy – TEM 

TEM microscopy evidenced the morphology and sizes of the crystallites 
from the synthesized powders (figure 4).  

(a) (b) (c) 

(d) (e) (f) 
Figure 4.TEM images of forsterite powders at different temperatures:  

(a) DPIV at 800 °C, (b) DPVI at 900 °C, (c) DPII at 1000 °C and (d) DPI at 1350 °C, 
(e) DPIII at 1350 °C, (f) DPV at 1350 °C  
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The TEM images show two types of crystal mixtures. In the samples 
fired at low temperatures very small and poorly crystalline phases are 
evidenced. The grain agglomerate and no individual crystal are illustrate 
(figure 4 a, b and c). In the case of samples fired at 1350 °C temperature the 
crystals orthoromboidal bipyramidal with a high crystallinity index specific for 
forsterite are identified. The crystal size are in the nanometer interval. 

 
Grain size distribution  
 

The grain size distribution of experimented composition thermally 
treated at 800 °C, 900 °C, 1000 °C is presented in figure 5. 

The grain sizes of samples free of boric acid, DPI and DPII, are smaller 
than the others. This fact could be explained by agglomerates formation. The 
boric acid in the forsterite samples emphasizes the particles aggregation; due 
to agglomeration, there could not be stabilized a correlation between grain size 
and synthesis temperature.  

The mean grain sizes of all treated samples with boric acid were 
situated in the 0.021-17.604 μm range, confirming that this technique 
measures the agglomerates and not individual particles. TEM measurements 
confirm the agglomerates formation at low temperatures. For this reason, the 
analyses of grain size distribution for samples thermally treated at higher 
temperatures were not realized. 

 
 

CONCLUSIONS 
 

Nanoforsterite was successfully synthesized by solid state reaction 
from basic magnesium carbonate and silicon dioxide with and without boric 
acid and a small excess of silicon dioxide. The XRD patterns showed that 
forsterite represents the main crystalline phase in samples thermally treated at 
1350 °C. The forsterite crystals are well crystallized and the sizes are in the 
nanometer range. At this temperature, only enstatite as crystalline phases is 
detected. Small amounts of periclase and enstatite at 1200 °C and 1300 °C 
temperatures are identified. The mainly crystalline phase in samples fired at 
low temperatures (800 °C, 900 °C and 1000 °C) is periclase. The crystallites 
sizes calculated by Scherrer formula for samples fired at high temperatures fall 
in the nanometer interval. The particles sizes of the treated samples measured 
by particle size analyzer were situated both in nano and micrometer interval 
due to the presence of the agglomerates. TEM measurements evidenced the 
morphology and sizes of forsterite crystals and agglomeration of particles; the 
size of the individual particles is in the nanometer range. 
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Figure 5. Grain size distributions (cumulative curves) for the forsterite 
nanopowders synthesized at 800 °C, 900 °C and 1000 °C, (a) samples DPI,  

DPIII and (b) DPV and DPII, DPIV and DPVI, respectively 
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EXPERIMENTAL SECTION 

Samples preparation 

Forsterite (Mg2SiO4) powders were synthesized by solid state reaction 
from basic magnesium carbonate and silicon dioxide. The MgO/SiO2 molar 
ratio was established at 2:1, 2:1.05 and 2:1.1. In order to realize a complete 
reaction between compounds, avoiding the MgO (periclase) presence, and to 
study the influence of silicium on forsterite biocompatibility a small excess of 
SiO2 was added. Boric acid in small quantity was used as a mineralizer. The 
six mixtures were designed and prepared in laboratory. DPI, DPIII and DPV 
samples were prepared in a molar ratio of MgO : SiO2 2:1.05, whereas in DPII, 
DPIV and DPVI samples the molar ratio was 2:1.10. H3BO3 was added, 
0.4%wt in DPIII and DPIV, and 0.8%wt in DPV and DPVI, respectively. 

A dry homogenization and mechanical activation 4 hours in a 
Pulverisette laboratory ball mill at ratio material/balls of 1/1.3 was performed. 
The mean grain size of raw mixtures is ranged between 50-60 nm. The raw 
mixtures were thermally treated at 800°C, 900 °C, 1000 °C, 1200 °C, 1300 °C 
and 1350 °C with a heating rate of 2 °C/min and one hour plateau at maximum 
temperature.  

The schematic flow chart for obtaining forsterite nanometer powder 
is presented in figure 6. 

Basic magnesium 
carbonate Boric acid

Dry milling

Thermal treatment

Nanoforsterite powders

Dosage

Silicium dioxide

Figure 6. Schematic flow chart of the nanoforsterite synthesis 
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CHARACTERIZATION METHODS 

The prepared materials were characterized by specific oxide materials 
methods. 

X-ray diffraction (XRD) 

XRD measurements were performed by a Shimadzu XRD-6000 
diffractometer, using CuKα radiation (λ=1.5418 Å), with Ni-filter with a speed 
of 2°/ min. Scans were conducted from 10 to 90º. 

Crystallite size was calculated from XRD data using the Scherrer 
approximation (Cullity, 1978), according to equation (1): 

D = Kλ / h1/2 cosθ                      (1) 

where d is the crystallite size, as calculated for the (hkl) reflections, λ is the 
wavelength of CuKα radiation, and k is the broadening constant varying 
with crystal habit and chosen as 0.9 [21]. 

Particle size analyses 

A Shimadzu Sald-7101 laser granulometer was used for investigating 
the grain size distribution of raw mixtures and forsterite powders. Using this 
apparatus, serial measurements based on the same measurement principle 
are possible for particle changing across the 10 nm to 300 μm measurement 
range. 

Transmission Electron Microscopy (TEM) 

The size and shape of forsterite crystallites were investigated by 
transmission electron microscopy (TEM) on HITHACHI H-7650 equipment. 
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ABSTRACT. Drinking water quality in the water network supply of the Satu 
Mare municipality was investigated, aiming to quantify the variation of some 
physico-chemical parameters with the distance from the water treatment plant. 
Usually, water quality decreases in the drinking water distribution systems due 
to unwanted physical, chemical and biochemical reactions occurring in the 
distribution systems. The variation of the main physicochemical parameters of 
drinking water such as turbidity, pH, oxidability, chlorides and free residual 
chlorine concentration, conductivity, iron content, water hardness and nitrates 
concentrations was studied. The drinking water samples were collected 
weekly during the year 2013 from 16 fixed points of the distribution network of 
Satu Mare. The statistical analysis of the results was accomplished and 
presented. Univariate and bivariate regression models of the water quality 
variation with the distance from the water treatment plant were proposed. The 
distance from the water treatment plant to the each sampling point was 
established by measuring the length of pipelines crossed by water until that 
sampling point. The sampling points were chosen on the main routes of water 
distribution pipes in the main districts of the city of Satu Mare. These 
mathematical models attempted to capture the variation of the physico-
chemical parameters of drinking water along the water network supply. An 
increasing trend of turbidity, water conductivity, water hardness and nitrates 
content of water was observed while the free chlorine content showed a 
decreasing trend.  

Keywords: drinking water; free chlorine; supply network; oxidability; turbidity. 
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INTRODUCTION  
 

Water is an important component of the environment and it is 
absolutely necessary to life, including human life. Access to safe drinking 
water is fundamental to human life, health and wellness. Therefore, obtaining 
drinking water with an adequate quality is an important objective of urban and 
rural communities. The assessment of water quality is an essential aspect in 
the case of raw water sources and also of drinking water. A water quality 
index (WQI) is a common tool for the quantitative assessment of water quality 
[1,2]. This activity needs synergetic actions and efforts from many partners 
such as: water resources managers, water plants, water distribution systems, 
communities and water consumers. To gain a proper understanding and 
control of water quality, the partners might bring together their different 
scientific backgrounds towards a comprehensive understanding of all the 
parameters involved [3,4].  

The treatment process of raw water for obtaining drinking water 
includes a chemical oxidation aiming to ensure the disinfection and oxidation 
of undesired compounds. Through chemical oxidation the taste and odor of 
water are improved and micro-pollutants are removed [5]. Chlorine is one of 
the most used chemical oxidants in the disinfection process due to its very 
effective disinfectant action [6,7,8]. The chlorine dose in the water is selected 
depending on the chemical and microbiological characteristics of the treated 
water (organic substances content and microbiological load) in order to 
ensure a residual chlorine content after the disinfection process at the 
drinking water entrance in the distribution network system [9,10]. The most 
studied halogenated disinfection by-products are trihalomethanes and 
haloacetic acids. These compounds could be found in low concentrations in 
the water treated by chlorine if it also contains organic substances [11,12]. 

Water quality usually degrades with time and space in the drinking 
water distribution systems. The water quality decreases due to unwanted 
physical, chemical and biochemical reactions that occur when the residence 
time in the distribution systems is increased [13,14].  

Water quality may decrease in the distribution system of drinking 
water and consequently the water quality has to be assessed also in several 
points of the water supply network. The network of drinking water supply is a 
complex installation composed of pumps, reservoirs, pipes, that contains 
zones of consumption and portions where water sometimes stagnates [15].  

Corrosion processes could occur in the water supply network 
generating corrosion scale on the inner walls of the pipes in the water 
distribution system. The physico-chemical properties of the corrosion scale 
depend on the metallic material of pipes, on the water quality transported 
through the pipes and also on the hydraulic conditions. The water quality 
parameters that influence the corrosion process are: pH, natural organic 
matter, temperature, oxygen content etc [16,17].  
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Satu Mare, located in the North-West of Romania is a relative small 
municipality, with about 100000 residents. The water source for drinking water 
is groundwater extracted from wells with a depth of 110 - 120 m. The treatment 
process consists of filtration to reduce the iron and manganese content and 
chlorination for water disinfection. Residual chlorine should prevent the 
reinfection during the leakage of drinking water through the distribution 
network. Nitrates occur in groundwater related to human activities such as 
fertilizers application. The drinking water samples were collected weekly during 
a year (2013), from 16 fixed points of the distribution network of Satu Mare. 
1728 physico-chemical analyses were performed in order to evaluate the 
variation tendency along the main distribution direction in the distribution 
network. The distance from the water treament plant to the sampling points 
was measured along the pipelines travelled by water to each sampling points. 
The sampling points were selected along the main distribution routes that 
ensures the water supply in the main districts of the city of Satu Mare. 

The experimental results were statistically analyzed with the purpose of 
finding the best mathematical models that most accurately describe the 
variation of the main physico-chemical parameters of drinking water in the 
distribution network [18,19]. Mathematical models which describe the variation 
of the main physico-chemical parameters of drinking water with the distance 
from water treatment in the distribution network system were proposed.  
 
 

RESULTS AND DISCUSSION 
 

Samples were taken during the year 2013 from 16 sampling points 
from the drinking water network of Satu Mare as shown in Fig. 1.  

 

 
 

Figure 1. The locations of the sampling points in the network  
of drinking water supply of Satu Mare city 
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The average values of the physicochemical parameters were calculated 
and presented in Table1. The studied physicochemical parameters of the 
drinking water are under the maximum allowable limit according to Romanian 
legislation. The obtained average values presented in Table I were compared 
with the maximum allowable limit by law 458/2002 and 311/2004 (of Romanian 
legislation). Physico-chemical parameters of drinking water in the distribution 
system were analyzed. The extent of their changing depending on the distance 
from the water plant to the sampling point was investigated. 

Table 1. Average values of the main physicochemical parameters from 16 
sampling points in the water distribution network.  

Point 
Turbidity

/NTU 
pH Cond./ 

µS/cm 
Oxidab/ 
mgO2/L

cCl
-/ 

mg/L
Total 

hardness
/°dh a 

cFreeCl2/
mg/L

cNO3
-/

mg/L
cFe / 
mg/L

Distance/ 
m 

P1 0.110 7.24 323.9 0.087 4.52 8.84 0.43 0.313 0.0005 0.0000 

P2 0.096 7.34 335.4 0.101 4.81 8.74 0.35 0.338 0.0029 5110.810 

P3 0.081 7.34 336.8 0.132 5.05 8.60 0.28 0.343 0.0025 4010.821 

P4 0.103 7.37 338.1 0.166 5.35 8.57 0.24 0.348 0.0031 4318.333 

P5 0.098 7.30 339.9 0.261 5.67 8.53 0.16 0.354 0.0037 4789.037 

P6 0,103 7.30 335.2 0.111 4.62 8.51 0.35 0.329 0.0038 4487.877 

P7 0.116 7.31 336.8 0.123 4.84 8.48 0.29 0.336 0.0046 4583.907 

P8 0.120 7.55 338.1 0.137 5.03 8.44 0.25 0.341 0.0063 6600.837 

P9 0.115 7.37 338.7 0.148 5.25 8.43 0.20 0.346 0.0063 5697.981 

P10 0.121 7.34 340.8 0.216 5.51 8.42 0.12 0.353 0.0063 5308.837 

P11 0.120 7.30 335.2 0.123 4.96 8.64 0.33 0.335 0.0041 3341.417 

P12 0.071 7.32 336.8 0.135 5.19 8.54 0.27 0.341 0.0049 3978.653 

P13 0.166 7.38 339.0 0.171 5.34 8.49 0.17 0.346 0.0056 4039.944 

P14 0.152 7.87 343,6 0.249 5.70 8.37 0.10 0.352 0.0157 8028.581 

P15 0.188 7.41 342.2 0.177 5.40 8.55 0.11 0.348 0.0070 4878.448 

P16 0.234 7.28 350.2 0.265 5.83 8.69 0.10 0.365 0.0124 11563.04 

Limitb ≤5 6.5-9.5 ≤2500 ≤5 ≤250 Min 5 0.1÷0.5 ≤50 0.2 
a Total hardness is expressed in °dh -German degree; b the maximum allowable limit or 
range according to Romanian legislation ( Law 458/2002 and 311/2004) .

Figure 2 shows the concentration of the residual free chlorine in three 
series of the sampling points arranged in the ascending order of the distance 
from the water plant. As the distance from the water plant increases, the 
concentration of residual free chlorine in the distribution system decreases. 
At lower values the regrowth of bacterial could occur. If the chlorine 
concentration in water distribution system falls below 0.1 mg L-1, it is 
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necessary to install chlorination systems to restore free residual chlorine in 
the legal range of 0.1-0.5 mg L-1. At higher values, the reaction of chlorine 
with dissolved organic matter and bromine ions take place generating 
potentially harmful disinfection by-products like trihalomethanes [9]. The 
excess of chlorine confers the drinking water an unpleasant specific taste 
and odor. The decrease of chlorine concentration in the water distribution 
network is due both to the reaction with natural organic matter quantified by 
water oxidability that occurred in the bulk phase and to the reaction with iron 
released from pipe corrosion that took place to the boundary layer at the pipe 
wall [20]. Similar variations were reported by Mandel [21] after a continuous 
monitoring of the free chlorine concentration in the distribution network over 
the course of two weeks. Mandel concluded that chlorine concentration 
measurements are much less homogeneous, but rapid and important 
variations such as peaks are generally seen on all probes. 

Figure 2. Evolution of free residual chlorine concentration between the sampling 
points P1-P2-P3-P4-P5 (a) and P1-P6-P7-P8-P9-P10 (b) 

The electric conductivity of water is a measure of its content in ionic 
substances. In the case of two of the three series of sampling points (Fig. 
3) the electric conductivity first showed a slight increase with the distance in
the distribution network followed by a slight decrease. These fluctuations 
could be explained by the possible solubilization-deposition processes of 
some ionic substances contained in the corrosion scale of the pipes 
[16,20,21]. 
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Figure 3. Evolution of the electric conductivity between the sampling points  
P1-P2-P3-P4-P5 (a), P1-P6-P7-P8-P9-P10 (b) 

 
The water oxidability that is due to the remaining organic substances in 

the water after the chlorination step of the water treatment showed a tendency 
to increase along the water supply network (Fig. 4). This increasing trend 
was observed for the majority of the sampling points in the case of all the 
sequences: P1-P2-P3-P4-P5 and P1-P11-P12-P13-P14. Water oxidability 
varied between 0.05 and 0.3 mg (O2)L-1. The variation of water quality 
parameters such as pH, alkalinity, dissolved oxygen, natural organic matter, 
microorganisms, temperature, could disturb the solid-liquid equilibrium 
between corrosion scale and water phase, and consequently iron is released 
in the drinking water transported through the distribution systems [16.21]. 

 

 
 

Figure 4. Evolution of oxidability between the sampling points  
P1-P2-P3-P4-P5 (a), P1-P11-P12-P13-P14 (b) 
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Mathematical models 

A mathematical model is a mathematical description of a physical, 
chemical or biological state or process. Using a model we can design better 
experiments and interpret the results. When we fit a model to the data, we 
obtain the best-fit values that we can interpret in the context of the model 
that could guide further experiments. The mathematical models for the 
variation of the conductivity and free chlorine depending on the distance 
from the sampling points to the water treatment plant are given by nonlinear 
functions generated by the program, and the coefficients were determined. 

The mathematical model for the variation of conductivity depending 
on the distance of sampling points P1-P11-P12-P13-P14 to the water plant 
(r2=0.850, F = 106.15) is given by the equation (1): 

0.532.5 dxcxbxaf(x)      (1) 

where x is the distance and the coefficients are: 

0955.0d,241.2c,196.2b,917.233a 8  e

The mathematical model for the variation of free chlorine 
concentration depending on the distance of sampling points to the water 
plant (r2=0.8726, F=43.683) is given by the equation (2). The mathematical 
model describing the evolution of free chlorine concentration with the 
distance was a nonlinear function. 

2.521.50.5 fxexdxcxbxaf(x)                    (2) 

.429.6-f,478.2e10.00347,d0402c,793.9b0.433,a 85   ee

For the study of variation of distance to the water plant depending 
on free chlorine and the chloride concentrations, a two independent 
variables model was elaborated using TableCurve3D program. The graph 
resulted is presented in Fig. 5 and it is a nonlinear equation. 

The mathematical model for variation of chloride concentration 
depending on the distance to the water plant and free chlorine 
concentration (r2=0.6894, F=48.105) is given by the function (3): 

22 f/ye/yc(lnx)blnxay)f(x,z  (3)  

and the values of coefficients are: 

854.8f,884.4e,0522.0c.112,1-b,9889.4a 



THOMAS DIPPONG, CRISTINA MIHALI, FIRUTA GOGA, GHEORGHE ARDELEAN 

258 

Figure 5. Variation of of chloride concentration (z) depending on the distance (x) to 
the water plant (P1) and free chlorine concentration (y) 

The concordance between the results generated by the mathematical 
model and the experimental ones shows that we can use the model to 
approximate the value of conductivity when we know the value of water 
hardness and the distance to the water plant, by using the function f(x,y).  

The mathematical model for variation of distance to the water plant 
depending on conductivity and the total hardness (r2=0.7138, F=76.9022) is 
given by the function (4): 

2d/yc/ybxay)f(x,z               (4) 

The values of the coefficients are: 

.8423.956d2032.142,c0.00759,b201.744,a   
The corresponding graph is presented in Fig. 6. An increase 

tendency could be explained by the substances dissolved form the pipes 
walls depositions that increased with the distance traveled by water. The 
increase of the conductivity is more evident for lower water hardness due to 
a higher power of solvation of the soft water. 
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Figure 6. Variation of conductivity (z) depending on the distance (x) of the 
sampling points to the water plant and water total hardness (y) 

(odh – german degree of hardness) 
 
 

Usually, variation of the water demand occurs in the water distribution 
network. The variation of temperature and pressure modify the chemical 
equilibrium in which carbon dioxide is involved associated with carbonates 
depositions or solvation of previous carbonate deposits. At the end of the 
water distribution network, an increase of conductivity with 10-15 µS/cm 
was observed. 
 
 
CONCLUSIONS 

 
The paper is a comprehensive study that investigates the way in 

which the main pyshico-chemical parameters of water are influenced when it 
travels through the water supply network in Satu Mare municipality. An 
increase of turbidity was observed with the increase of the distance from the 
water treatment plant to the sampling points. Conductivity showed a slight 
increse along the water supply network.  

The residual chlorine concentration decreased with the distance from 
the drinking water plant. Also the nitrates concentration registred a decrease. 
Other indicators of water quality such as pH, oxidability and water hardness 
showed slight fluctuations compared with the initial value registred at the 
entrance in the water distribution network.  
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The physico-chemical parameters showed a very good quality of 
water at the entrance in the distribution system as well as at its end. 

Also during the water passing through the pipes, fluctuations of the 
parameter occurred due to the presence and action of free chlorine that 
oxidized a part of the easily oxidizable substances present in water 

The mathematical models developed in the present work show the 
variation of some physicochemical parameters, and can be used to a good 
approximation of these parameters, for drinking water in the network of 
Satu Mare city.  

EXPERIMENTAL SECTION 

Water sampling and analysis 

The water samples were collected weekly in 16 points of the 
distribution network of drinking water in Satu Mare municipality. The analysis 
of the physicochemical parameters was carried out within a maximum of 48 
hours after the sampling. Turbidity was measured immediately after sampling 
using a portable turbidimeter. The physico-chemical parameters analysed 
were: turbidity, pH, electric conductivity, oxidability, chloride, free chlorine, 
total hardness, iron and nitrate anion.  

The studied microbiological parameters were: Escherichia coli 
(according to STAS 3001-91), faecal streptococci (STAS 3001-91), coliforms 
(ISO 4831/2009 European standard) and total number of germs (TNG) 
according to SR EN ISO 6222/2004. These microorganisms were absent in 
the samples of drinking water. 

pH was determined using a Hanna Instruments pH meter HI 253 
equipped with a combined pH electrode according to EN ISO10523 -2012 
standard. The electric conductivity was measured using a WTW INOLAB 
740 conductometer according to SR EN 27888/1997. 

The measurements of water samples turbidity were performed with 
a WTW portable turbidimeter, model 355 IR according to the Romanian 
standard STAS 6323/88. Turbidity was expressed in NTU units. Oxidability 
was determined by back titration with potassium permanganate in presence 
of sulfuric acid after the addition of a known amount of oxalic acid (SR EN 
ISO 8467:2001). Chloride concentration in drinking water was measured by 
precipitation titration with silver nitrate according to ISO 9297-2001 
standard while free chlorine was analysed by titration with methyl orange 
solution in acidic medium (according to the STAS 6364/78 standard). Iron 
was analysed by spectrometry according to SR ISO 6332/2011 standard. 
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The analysis of nitrate was made by the spectrophotometric method according 
to the SR ISO 7890-1-1998 standard using a UV-VIS T-60 PG Instruments 
spectrophotometer.  

Water hardness was measured by EDTA titrimetric method according 
to SR ISO 6059/2008 standard.  

Models development  

Aiming to study the variation of the different physico-chemical parameters 
of water in the sampling points depending on distance from the sampling 
points to the water treatment plant, we used TableCurve Windows program, 
which applies the nonlinear regression method in order to obtain best-fit values of 
the parameters. Regression analysis was used to develop empirical models 
that relate some physico-chemical parameters of water such as oxidability, 
conductivity, free chlorine concentration to the distance from the water treatment 
plant. Also some correlations among the parameters were developed. 
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ABSTRACT. This paper presents the results obtained through the 
synthesis of spinel - structured, ceramic pigment nanopowders (CoAl2O4 si 
NiAl2O4), using a modified sol – gel method. This study focuses on the 
influence of the thermal treatment, applied during gel calcination, on the 
properties of the obtained powders. The behavior of the dried gels during 
calcination was studied by differential thermal analysis. The formation of 
the spinel structure after the thermal treatment, was analyzed using X-ray 
diffraction. The colour of the powders was characterized by UV–VIS 
spectroscopy, determining the absorption spectra. Additionally, the 
trichromatic coordinates were determined, and the corresponding pigment 
positions were fixed on the chromaticity diagram. 
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sol–gel method, sucrose, pectin.  
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INTRODUCTION  

Oxide materials with a spinel structure are employed in a large number of 
fields due to their refractory, magnetic, semiconductor, and optical properties [1]. 
Spinel structured oxides are one of the most important classes of pigments, 
primarily due to their high thermal and chemical stability and their capacity to 
“host” different cations, which leads to a great variety of colours and colour 
shades [2, 3]. 

Synthetic blue pigments are widely used in the ceramics industry as 
colouring agents for glazes or porcelain stoneware. The traditional source of 
blue colour in a ceramic pigment, remains the divalent cobalt ion (Co2+) in 
the tetrahedral coordination site - Co2SiO4 (olivine), (Co,Zn)2SiO4 (willemite) 
and CoAl2O4 (cobalt spinel). However, recent publications have focused on 
the elaboration of aluminate spinels for cyan pigments (one primary colour 
in the subtractive system) with Ni2+ as a chromophore ion [4]. 

The development of the blue colour, specific to the Co2+ and Ni2+ 

chromophores, tetra-coordinated in spinel structures, relies on their inclusion 
into the “host” crystalline lattice, in a uniform distribution. This raises the 
necessity for a better homogeneity of the raw materials, as well as a high 
synthesis temperature to ensure the proper arranging of the crystalline 
network. In the case of the classical method, based on a mechanical mixture of 
salts or oxides, reaching a good homogenization proves difficult. Another 
problem with this approach would be the high temperatures needed in order to 
obtain the desired colour (over 1200 °C) [5]. Due to these difficulties, 
unconventional synthesis methods were developed. These methods, such as 
co–precipitation, hydrothermal synthesis, microemulsion and sol–gel method, 
utilize advanced homogeneous precursors. The sol–gel method is commonly 
used in the synthesis of oxide nanomaterials, its advantages consisting of 
mixing the raw materials at a molecular level, low temperature processing, 
and a better control over the obtained nanomaterials [6, 7]. 

The sol–gel method entails the reaction of the precursors in the 
solution, with the purpose of creating the nanometric units, “sols”, which, further 
assemble to form a three – dimensional lattice, “gel”. The liquid phase of the gel 
fills the open pores of the structure. The structure of the gel is uniform, as both 
the constituent particles and pores are nanometric in scale. This homogeneity 
ensures an evenness of the materials properties [6].  

In the present paper, for the synthesis of the CoAl2O4 and NiAl2O4 
spinels, a modified sol – gel method was applied, using metal nitrates as well  
as sucrose and pectin as organic precursors. This modified method was 
successfully utilized in the synthesis of other oxide compounds as nanometric 
powders [8-10]. Sucrose and pectin are inexpensive materials, as well as 
nontoxic, making their use instead of other organic components, beneficial. 
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RESULTS AND DISCUSSIONS 
 

Differential thermal analysis  
 
The diagrams for the two gels are presented in figures 1 and 2. The 

thermal analysis for the cobalt gel indicates an endothermic process up to 
150°C, with a mass loss of approximately 15%, represented by the loss of 
residual water present in the pores. Between 150 and 548 °C, two exothermic 
processes, with an important mass loss, can be seen. This is due to the 
calcination of the organic compounds with a formation of volatile components. 
The first exothermic process, present between 150 – 443 °C, is more intense, 
having a mass loss of 60.30%. The second one, seen between 443 – 548 °C, 
has a loss of only 9.06%. At temperatures higher than 548 °C, the mass loss is 
insignificant (1.18%). 
 

 
Figure 1. TG – DTG – DTA diagram for the CoAl2O4 gel 

 
The thermal behaviour of the NiAl2O4 gel is similar to that of 

CoAl2O4. The residual water is eliminated in two steps, up until 144 °C, and 
the oxidation of the organic compounds takes place between 144 – 520 °C. 
It manifests with two exothermic processes, one less intense, at 144 – 190 °C, 
and the second one, more so, at 190 – 520 °C. The mass loss due to the 
calcination of the organic precursors consists of 77.76%. Prior to 700 °C, a 
small mass loss of 1.03% is attributed to the volatile compounds formed 
and remained inside the materials pores. According to the thermal analysis, 
the oxidation and elimination of the organic compounds takes place up until a 
temperature of 550 °C. The thermal treatment on the dried gels was performed 
at 600 – 1000 °C, with a 30 minutes plateau at maximum temperature.  
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Figure 2. The TG – DTG – DTA diagram for the NiAl2O4 gel 

X – ray diffraction analysis 

X – ray diffraction analysis performed on samples thermally treated 
at 600, 700, 800 and 1000 °C respectively, are illustrated in figures 3 and 4. 
The CoAl2O4 patterns indicate that all samples are well crystalized, with the 
spinel structure already evidenced for samples thermally treated at a 600 °C 
temperature. At higher temperatures, the crystallinity of CoAl2O3 is increased. 
Conversely, the NiAl2O4 pattern shows a lower crystallization temperature 
of the spinel phase. The patterns for the samples thermally treated at lower 
temperatures, 600 and 700°C, respectively, illustrate only three of the specific 
reflexes of the spinel structure. This indicates a week index of crystallization, 
the amorphous phase being predominant. No other crystalline phases are 
evidenced. In the case of the powder obtained at 800 °C, (figure 5) there are 
two spectral lines barely visible that tend to intensify with a longer thermal 
treatment time. The consolidation of the crystalline structure of NiAl2O4 can be 
seen on the 1000 °C diffraction pattern that shows a high crystallinity index. 
According to the results presented in [11] the arrangement of the NiAl2O4 
structure, begins at 900°C. An increase of the spinel structure lattice parameter 
with the increase of the thermal treatment temperature can be noted for both 
CoAl2O4 and NiAl2O4 samples, as presented in table 1.  

The sizes of the CoAl2O4 crystallites, calculated using the Debye-
Scherrer formula, are in the range of 28–39 nm (table 1). The NiAl2O4 crystallite 
sizes are smaller than those of CoAl2O4. The nanometric crystallite sizes 
represent an important factor in the case of pigments, an increase the coloration 
capacity being dependent on the specific surface. 



INFLUENCE OF THE THERMAL TREATMENT ON THE COLOUR OF RO٠Al2O3 (R=Co, Ni) … 
 
 

267 
 

28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66

(4
40

)

 1 000 oC

  800 oC

  700 oC

  600 oC

(5
11

)

(4
22

)

(3
31

)

(4
00

)

(3
11

)

In
te

ns
ity

 (
a

.u
.)

2 

(2
20

)

 
Figure 3. The X-ray diffraction pattern for CoAl2O4 thermally treated  

for 30 minutes at 600, 700, 800 and 1000 °C 
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Figure 4. The X-ray diffraction pattern for NiAl2O4 thermally treated  

for 30 minutes at 600, 700, 800 and 1000 °C 
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Figure 5. The X-ray diffraction pattern for NiAl2O4 thermally treated  

for 30 minute and 2 hours at 800 °C 
 
 
Table1. XRD values for the structural lattice parameter and the crystalline particles 

diameter, correlated to the calcination time 

 
 

Colour characterization of the obtained pigments  
 

The pigment colour is in the blue range for CoAl2O4 and cyan for 
NiAl2O4, being strongly influenced by calcination temperatures. 

The absorption spectra for CoAl2O4 and NiAl2O4 are shown in figure 
6 and 7, respectively. 

Thermal treatment 
temperature 

OC

a (Å) D (nm) 

 CoAl2O4           NiAl2O4 CoAl2O4           NiAl2O4 

600oC 8.081 28±1 

700oC 8.092 30±1 
800oC 8.098                      8.033 33±1                          9±1 
1000oC 8.102                      8.044 39±1                        23±1 



INFLUENCE OF THE THERMAL TREATMENT ON THE COLOUR OF RO٠Al2O3 (R=Co, Ni) … 

269 

Figure 6. The absorption spectra of CoAl2O4 powders, obtained by calcination,  
for 30 min at : 2.1 – 600 °C, 2.2 – 700 °C, 2.3 – 800 °C, 2.4 – 1000 °C 

Figure 7. The absorption spectra of NiAl2O4 powders, obtained by calcination,  
for 30 min at : 3.1 – 600 °C, 3.2 – 700 °C, 3.3 – 800 °C, 3.4 – 1000 °C 

In the case of CoAl2O4 thermally treated at 600°C, the colour is dark 
green, almost black and has a tendency of becoming blue with a raise in 
temperature. The blue colour observed at 700 °C becomes clearer, and more 
luminous at 800 and 1000 °C. This is accordingly to the UV – VIS absorption 
spectra, that, at 600 °C, shows high intensity absorption almost on the entirety 
of the visible spectrum. In the case of the powders thermally treated at 700, 
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800 and 1000 °C, the spectra shows an absorption broadband at 500 – 700 nm, 
with maximums at 580 and 640 nm, that accordingly to literature data [1,2,4, 
5,12] can be attributed to the 4A2(F)→4T1(P) transition of Co2+ (d4) in Td 
configuration. The rise in temperature leads to a narrowing of the absorbtion 
broadband, which indicates a high purity of colour.  

The colour of NiAl2O4 powders varies among yellowish green for the 600 
°C sample, bluish green for the 700, 800 °C one, and cyan blue for the 1000 °C 
sample. The absorption spectra for the powders calcined at 800 and 1000 °C 
show well contoured absorption bands with maximums at 370, 600, 640 nm, a 
characteristic of tetracoordinated Ni2+. According to literature data [1,11,13,14], 
the absorption bands at 600 – 640 nm, correspond to the 3T1(F) →3T1(P) 
transition, a feature specific to Ni2+ tetracoordinated. The bands from 710 and 
760 nm correspond to the 3A2g(F) →3T1g(F) transition, attributed to Ni2+ 
octahedrally coordinated, and the 370, 430 nm maximums correspond to the 
transfer in charge [11]. The experimental spectra do not show significant values 
for the absorbance at wavelenghts greater than 700 nm, so it can be concluded 
that the amount of Ni2+ octahedrally coordinated is verry small.  

The determination of the tricromatic coordinates and the location of 
the representative points on the cromicity diagram confirms that the 
obtained colours belong in the blue domain in the case of CoAl2O4 and the 
cyan one, in the case of NiAl2O4 (figure 8). 

Figure 8. The Cromicity diagram. The fixed positions for the CoAl2O4 and NiAl2O4 
pigments calcined between 600 – 1000 °C  
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CONCLUSIONS 

The modified sol – gel method, utilizing sucrose and pectin as organic 
precursors, leads to the formation of powders with crystallite dimensions under 
50 nm, when applied to CoAl2O4 and NiAl2O4 spinels. Sucrose and pectin are 
inexpensive and nontoxic both in terms of an economical, as well as an 
environmental point of view.  

After XRD analysis on powders obtained by gel calcination at 
temperatures ranging between 600 – 1000 °C, it is found that the structure 
of CoAl2O4 spinel arranges itself easily. The diffraction pattern indicates a 
consolidated crystalline structure even at a lower temperature as 600 °C. 
The crystalline structure of NiAl2O4 arranges itself with more difficulty, at 600 °C 
the amorphous phase being predominant. The ordering of the crystalline 
structure begins at 800 °C.  

The crystallite dimensions, determined with the Debye – Scherrer 
formula, indicate values in the range of 9 – 39 nm. These values rise with 
the rise in temperature, from about 28 nm for CoAl2O4 fired at 600 °C to 
about 39 nm for CoAl2O4 fired at 1000 °C. Comparatively, the crystallite 
dimension for NiAl2O4 is approximately 9 nm for the 800 °C sample and 
about 23 nm for the 1000 °C one. The differences shown are due to the 
differences in the ordering of the crystalline structure for the two pigments 

The colour of the powder is characteristic for the two spinel 
structures: blue in the case of CoAl2O4 and cyan for NiAl2O4. The UV – VIS 
absorption spectra shown specific maximums in conformity to the literature 
data. The colour of the powders is dependent on the calcination temperature – 
for CoAl2O4 there can be observed a dark green, almost black colour for the 
600 °C sample, dark blue for the 700 °C one, colour that becomes more 
luminous at higher temperature calcination. The colour for NiAl2O4 varies 
from a yellowish green, obtained at 600  °C to a bluish green at 700 - 800 
°C and finally cyan, for the sample fired at 1000 °C. 

EXPERIMENTAL SECTION 

The sol – gel process is based on the formation of a solution that 
contains metal salts or alkoxides, followed by the conversion of the gel, by 
hydrolysis and condensation, into the oxide gel lattice. The hydrolysis is 
accomplished under a strict control of the temperature, pH, concentration, 
water/ alcohol ratio. By controlled drying and calcination, the gel becomes 
an oxide [2,6].This mechanism, and the role played by sucrose and pectin 
in the formation of the oxide structures, is discussed in more detail in 
reference [8,9,10].The addition of sucrose, and pectin, to the solution of the 
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metal cations, forms a polymer matrix in which the Co2+ and Al3+ respectively 
Ni2+ and Al3+.cations are distributed through the polymeric network structure. 
Sucrose, which is always in excess, acts as a strong chelating agent and as 
a pattern material. The sucrose solution contains NO3- ions that help hydrolyze 
the sucrose molecule into glucose and fructose, and afterwards, oxidize it 
to gluconic acid, or polyhydroxyl acid. Gluconic acid contains carboxylic acid 
groups and hydroxyl groups which can participate in the complexation of 
metal ions and may form branched polymer with pectin. Pectin chains form 
long layers and sucrose molecules may bind between these layers. In the 
present process, metallic ions are bound by the sucrose molecule and the 
resulting complex molecule is trapped between pectin layers. During calcination 
this polymeric metal ion complex is decomposed into CO2 and H2O and a 
large amount of heat is generated preventing agglomeration by ensuring 
that the mixture remains porous [9]. 

For obtaining CoAl2O4 and NiAl2O4 spinels, Co(NO3)2*2H2O, 
Al(NO3)3*9H2O and Ni(NO3)2*6H2O were used. The salts were dissolved in 
water, to obtain concentrated solutions. The solutions were stirred in with 
the sucrose for 1 hour (with a 2:1 molar ratio for sucrose: oxides), at 40 – 
45 °C and with a pH corrected to 1 – 1.5. After stirring, the mixture is left in 
a repose state, at 60 °C, for 24 h, to ensure the formation of the gel lattice, 
with the elimination of the water present in the pores and the final formation 
of a porous structure. The thermal treatment of the dried gels was done in 
an electric furnace, in porcelain crucibles. The furnace temperature had an 
increase rate of 300°C/h, with an isothermal plateau of 30 minutes, at 600, 
700, 800, 1000 °C. At 800 °C an additional thermal treatment for 2 hours 
was realized.  

The behavior of the gels during heating was studied with a 
Differential Thermal Analysis, done with a TA Instruments SQD 600 analyzer, 
on an interval of 30 – 700 °C, and a heating rate of 10°C/min, in alumina 
crucibles and a dynamic air atmosphere.  

The structural characterization was carried out at room temperature 
by powder X-ray diffraction using a Bruker D8 Advance AXS diffractometer 
with Cu Κα radiation. The crystallite-sizes were calculated using the Debye – 
Scherrer formula: 

 cos
kλD

  [1], 

where β is the peak full width at half maximum (in radians) at the observed 
peak angle θ, k is the crystallite shape factor (was considered 0.94) and λ 
is the X-ray wavelength. 
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The characterization of the pigment colour was realized by 
measuring the absorption in UV - VIS and by determining the trichromatic 
coordinates (X, Y, Z), with an MOM colorimeter.The UV-visible absorption 
spectra were recorded with a Jasco V-650 spectrophotometer (Japan) 
equipped with an ISV-722 Integrating Sphere, in the range 200-800 nm with 
a scan rate of 400 nm/min. 
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ABSTRACT. Ceramic porous disks made of hydroxyapatite, HAP, loaded 
with silver ions and nitroxoline (5-nitro-8-hydroxyquinoline, NHQ) are used 
in vitro against pathogens, such as Staphylococcus aureus. HAP powder was 
synthesized by a wet chemical method, and its phase purity and nanocrystalline 
structure were assessed by X-ray diffraction (XRD), transmission electron 
microscopy (TEM) and atomic force microscopy (AFM). Disk samples of HAP 
were prepared and impregnated with Ag+ ions and NHQ solutions. A strong 
antimicrobial activity of all samples was assessed by the diffusion assay in 
vitro against Staphylococcus aureus. Through the development of the optimal 
composition of these biomaterials, this approach might hold potential applications 
for antimicrobial coating, bone tissue engineering scaffolds and biomedical 
devices. 

Keywords: ceramics, hydroxyapatite, silver ions, 5-nitro-8-hydroxyquinoline, 
antimicrobial effect  

INTRODUCTION  

Ceramics, such as nano crystalline hydroxyapatite, HAP, has been 
widely used as bone cement due to its structural similarity to inorganic 
component of natural bone and to its bone conductive properties. The HAP 
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coatings of orthopedic implants are also used, particularly in hip surgery, to 
enhance the implant osseo-integration. Although the estimated risk is rather 
low (about 5%), the post-operative infections are still major cause of bone 
tissue damage and might lead to the removal of implants and consequently, 
to an increased cost of treatment. To reduce the implant derived infections, 
the localized delivery of antimicrobial compounds using HAP as a support is the 
best choice for the prevention of bone infections [1-4]. Due to increased 
antibiotic resistance, the alternative use of Ag+ or silver nanoparticles, alone or in 
combination with antibiotics, is recommended [5-13]. 5-Nitro-8-hydroxyquinoline 
(nitroxoline: NHQ) [14] is a broad-spectrum antimicrobial agent, used as urinary 
antibiotic [15]. It is practically insoluble in water, at room temperature, but 
soluble in organic solvents [16]. At 298 K, the mole fraction, x, of NHQ in its 
saturated solution in ethanol is x = 0.0018 [16], which corresponds to a 0.02 M 
solution (3.8 g NHQ/L). 

This investigation is focused on the antimicrobial effect of nitroxoline 
and of silver nitrate, and on the possible interaction of Ag+ and NHQ leading 
to supramolecular associations, which could modulate their biological activity. 
They are adsorbed on HAP disks, which possess an enhanced adsorptive 
ability both for Ag+ and for biomolecules, such as nitroxoline. Their antimicrobial 
effectiveness is assessed by Kirby-Bauer diffusion assay [17] on agar plates, 
against Staphylococcus aureus microbial strain. 
 
 
 
RESULTS AND DISCUSSION 

 
Characterization of HAP powders. Two synthesized HAP powders 

are used, namely HAP1 calcined at 450 oC and HAP2 further calcined at 
850 oC. The XRD patterns are similar for HAP1 and HAP2 and show only the 
characteristic peaks for pure HAP indicating a unique phase of stoichiometric 
HAP of high phase purity. As an example XRD patterns for HAP2 are given 
in Fig. 1. The average crystallite size estimated by the Debye-Scherrer method 
is about 49.6 nm (HAP1) and 60.3 nm (HAP2), while the crystallinity degree 
for HAP1 is about 64.8% and for HAP2 is rather high, around 78.5 %. 

TEM images for HAP2 are given in Fig. 2, together with the histogram 
obtained by measuring the diameters of a large number of particles. The 
average diameter of HAP2 particles is of 65.1 ± 17.0 nm. 

A representative example of AFM images is given in Fig. 3 and 
confirms this size of HAP2 particles, about 67 ± 5 nm. 
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Figure 1. XRD patterns for the synthesized HAP2 powder compared  

with PDF 74-0566 for stoichiometric hydroxyapatite 

 
Figure 2. TEM images for HAP2 particles and histogram of their size distribution. 

The bars in the TEM images are 500 nm (a), and 200 nm (b). 

 
Figure 3. AFM images for HAP2 adsorbed on glass for 10 s from aqueous dispersion:  
(a) 2D-topographical image; (b) 3D-topographical image; (c) cross section profile along 

the arrow in panel (a); scanned area: 1 μm x 1 μm 
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Characterization of ceramic disks. Compactness characteristics 
of the sintered disk ceramics were determined using air and water weight 
method. Apparent density, ρa, water absorption, am, and apparent porosity, 
Pa, were determined (Table 1). The apparent porosity of ceramic disks is high. 
This property allows various solutions to penetrate within porous disks, and 
give an optimal choice for disk adsorption of the components from solutions. 
Consequently, active silver ions and NHQ biomolecules, impregnated into 
HAP disks, can be released into microbial medium.  

Antimicrobial activity. In Fig. 4 are presented representative images 
of the agar plates with Staphylococcus aureus cultures after incubation at 
37°C for 24 hours, with ceramic disks (Fig. 4a) and with the initial solutions 
in which the disks had been immersed (Fig. 4b). The diameters of the 
inhibition zones, in mm, are given in Table 2. 

Table 1. Characteristics of the ceramic disks 

Ceramic 
disks 

Sample 
No 

Apparent density, 
ρa [%] 

Water absorption, 
am [%] 

Apparent porosity, 
Pa [%] 

HAP1 1 1.24 38.27 47.67 
2 1.36 34.41 47.01
3 1.46 37.31 54.73

HAP2 1 1.57 29.44 46.39 
2 1.31 36.70 48.12
3 1.21 36.63 44.56

a.                                                       b. 
Figure 4. Inhibition zones for Staphylococcus aureus in presence of ceramic disks 
loaded with antimicrobial solutions (a), or in presence of antimicrobial solutions in 

wells (b). Samples are numbered as follows: 1 for HAP1/water and 6: HAP2/water, 
each as control; 2 and 3: HAP1/AgNO3; 7: HAP2 /AgNO3; 4: HAP1/NHQ;  

8: HAP2/NHQ; 5: HAP2/NHQ + AgNO3; 9: HAP1/NHQ + AgNO3. 
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Table 2. Inhibition zones for the samples presented in Fig. 4;  
the labels are the same as in Fig. 4 

 

 
Samples 

Inhibition zones (mm) 
1 2 3 4 5 6 7 8 9 

Disks -   15 15 >30 14 - 17 >30 18 
Solutions - 18 18 >30 17 - 18 >30 18 

 
The control disks, samples 1 and 6 (HAP1, HAP2, in pure water) did 

not produce any inhibition zone. The largest effect is observed for disks 
loaded with NHQ, sample 4 (HAP1) and sample 8 (HAP2) (Fig. 4a), and for 
their corresponding NHQ solutions, which remained after removing the disks  
(at about 24h from preparation) for antimicrobial evaluation (Fig. 4b). The 
antimicrobial effect of the NHQ impregnated HAP1 disk (sample 4) was 
very strong (> 30 mm) and comparable with that of the sample 8, HAP2/NHQ. It 
is clear evidence that NHQ adsorbed and incorporated into ceramic disks 
has a strong effect on S. aureus. The antimicrobial effect of ceramic disks 
loaded with NHQ is also comparable with that of NHQ solutions (samples 4 and 
8, in Fig. 4b) showing that S. aureus is highly susceptible in vitro to NHQ. The 
Ag+ ions loaded disks (Fig. 4a) and their corresponding AgNO3 solutions 
(Fig. 4b), namely samples 2, 3 and 7 also show distinct inhibition zones. The 
antimicrobial effect of Ag+ loaded HAP1 disk (samples 2 and 3, Fig. 4a) is 
smaller than that corresponding to the Ag+ solutions (Fig. 4b). The cause might 
be the interaction of Ag+ with the surface of ceramic nanoparticles within 
the disk leading to a retard delivery of Ag+. However, the inhibition zone is 
almost the same (Table 2) for HAP2 disk loaded with Ag+ (sample 7, Fig. 4a) 
and for Ag+ in solution (sample 7, Fig. 4b). This shows that characteristics 
of HAP disks are also important.     

The antimicrobial effect (Table 2) for HAP1 disk (sample 9) previously 
immersed in the initial NHQ solution for 30 min, is higher than that of HAP2 
disk immersed for 15 min (sample 5), both immersed after removing from 
NHQ, in 5 mL 10-2 M AgNO3 solution each. The effect of the disk sample 5 
(14 mm) is lower than that for its corresponding solution, sample 5 in Fig. 
4b (17 mm, Table 2). On the other hand, the antimicrobial effect of the disk 
sample 9 is the same as that of its corresponding solution (Table 2), 
showing the importance of adsorption time of biomolecules on ceramic 
disks to reach adsorption equilibrium. This situation is more complex and 
shows also the importance of the self-assemblies of NHQ and Ag+, adsorbed 
on ceramic disks as well as their role in antimicrobial activity. Specifically, the 
antimicrobial effects of AgNO3 solutions, samples 5 and 9, are almost the 
same as those for samples 2, 3 and 7, showing in fact the effect of pure AgNO3 
solution, since this was the final solution around ceramics disks impregnated 
with NHQ (samples 5 and 9). 
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The results are in substantial agreement with earlier results [17] showing 
discrete inhibitory effects characteristic for an investigated system.  

CONCLUSIONS 

This investigation demonstrates the antimicrobial effect of nitroxoline 
(NHQ), Ag+ and their self-assemblies or clusters against Staphylococcus 
aureus in vitro, under given experimental conditions. Results demonstrate 
for the first time the ability of NHQ and of Ag+ to diffuse from ceramic disks 
and to exert their antimicrobial effect. This technique of self-assembly on 
ceramic disks uses as a driving force for surface adsorption, electrostatic 
and van der Waals interaction, as well as hydrogen bonding and hydrophobic 
interaction [24, 25]. It offers another approach to depositing antimicrobial 
agents, such as NHQ and silver ions, within ceramics disks for their local 
retard delivery with potential applications to prevent or to treat infections. 
Further studies are needed to evaluate the efficacy of NHQ and silver ions 
impregnated ceramic disks against S. aureus. This investigation can be extended 
to various pathogens to explore the possible applications of NHQ and Ag+ 
incorporated in ceramic disks to address the susceptibility of microbial biofilms. 

EXPERIMENTAL SECTION 

Preparation of HAP powders. A chemical precipitation method 
was applied [17-23]. A 0.25 M calcium nitrate solution was obtained 
from Ca(NO3)2·4H2O (pure p.a., Poch S.A., Gliwice, Poland) dissolved in 
ultrapure water, with 25% ammonia solution, pH value  8.5, and o-toluidine 
p.a. (Merck) as template. A second solution was a 0.15 M diammonium hydrogen 
phosphate ((NH4)2HPO4 pure p.a., SC Nordic Invest SRL, Romania) solution in 
ultrapure water, with 25% NH3 solution, pH 11 and ethylene diamine (EDA, 
from Merck) as template. Equal volumes of the two solutions, at 22oC, were 
quickly mixed using a peristaltic pump (Masterflex L/S Digital Drive, 600 
RPM, 115/230 VAC, EW-07523-80) and an impact reactor type Y for the 
two fluid streams, with the reactants in stoichiometric molar ratio Ca/P = 1.67. A 
maturation treatment was applied to the obtained suspension (70oC, 24 h). 
To avoid agglomeration of particles during further processing, they were coated 
with urea-formaldehyde (UF) resin prepared in situ from an aqueous 30% 
CH2O solution and urea in a 1.5 mole ratio, final pH 8.5. After maturation 
(85-95°C, 8 h) the precipitate was filtered (Filter Disks Munktell, grade: 
382), washed with ultrapure water (until free of nitrate ions) and dried by 
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lyophilization. Thus obtained material was dispersed in a colloidal mill, for 2 h 
and calcined 4h at 450 ºC, in order to burn the organic matter (HAP1 powder); 
and further for another 4 h at 850ºC, for HAP2 powder, with increased 
crystallinity. 

Physical characterization methods. X-ray diffraction (XRD) patterns 
were obtained using a DRON-3 diffractometer, in Bragg–Brentano geometry, 
having a X-ray tube with copper Kα radiation, wave-length 1.541874 Å). Phases 
were identified by comparing the peak positions with PDF (Powder Diffraction 
File) 74-0566 for stoichiometric hydroxyapatite. HAP aqueous dispersions 
needed for TEM and AFM imaging were prepared by ultra-sonication (Sonics 
Vibra-Cell, model VCX 750), for 5 min, at 22°C. TEM images obtained with 
TEM, JEOL – JEM 1010 equipment have been recorded with JEOL standard 
software. The AFM JEOL 4210 equipment was operated in tapping mode [26], 
using standard cantilevers with silicon nitride tips. The particles were adsorbed 
(vertical adsorption) from their aqueous dispersion for 10 s on glass. Different 
areas from 10 µmx10 µm to 0.5 µmx0.5 µm were scanned on the same HAP 
layer. The AFM images (2D- and 3D-topographies) and cross-section profiles for 
the adsorbed HAP layer, along a selected direction were processed by the 
standard AFM JEOL procedures. 

Preparation of ceramic disks. The HAP powder was mixed with a 
2 % polyvinyl alcohol solution as a binding material for granulating and obtaining 
a final powder humidity of 6%. The ceramic disks with 6 mm diameter and 
3 mm in height were pressed at 1000 kgf/cm2. The raw HAP disks were dried 
in a laboratory oven at 100 ºC. Dried ceramic disks were sintered in air at 
900 ºC in a laboratory kiln using a 5 ºC/min heating rate and a plateau at the 
maximum temperature of one hour.    

Antimicrobial activity assessment. The HAP1 and HAP2 disks 
were treated by immersing each in 5 mL of the following solutions: ultrapure 
water (witness samples 1 (HAP1) and 6 (HAP2); 10-2 M AgNO3 (Merck, 
Germany) solution: samples 2 and 3 (HAP1), and 7 (HAP2); saturated NHQ 
(Sigma-Aldrich, Germany) solution in ethanol (sample 4: HAP1, and sample 8: 
HAP2); NHQ solution for 15 min (HAP2, sample 5), and for 30 min (HAP1, 
sample 9) and then moved in AgNO3 solution. The tested microbial strain was 
Staphylococcus aureus 6538P ATCC. It was streaked on glucose medium 
(nutrient broth and agar) (TM MEDIA, TITAN BIOTECH, India). The inhibitory 
effect was determined by Kirby-Bauer technique [17] (agar diffusion test). The 
nutrient agar, after liquefaction by heating on a water bath, was poured in Petri 
dishes (diameter of 90 mm) in an amount of 25 ml to form a uniform layer 
with about 3 mm thick. Inoculation was done by flooding, using 1 ml suspension 
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of the test strain at a density of 0.5 (according to "McFarland Standards"). 
The agar surface was dried in the incubator for 20 min with the lid slightly 
open. After 24h, the disks were removed from the liquid using a tissue plier 
DeBakey, previously sterilized in open flame and cooled in sterile distilled 
water. Disks were radially placed on the agar plate. On another plate, wells 
(ø = 6 mm) were cut in the agar gel, also by a radial pattern, and 20 µL of 
the liquid in contact with the disks was put in each well. The plates were 
incubated at 37°C for 24 h, and then the presence or absence of S. aureus 
culture development around the disks or wells was assessed. In the case of 
an inhibitory effect, the diameter of the inhibition zones was measured. The 
plates were further maintained under observation for an extra 5 days.  
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THEORETICAL INVESTIGATION OF SYMMETRICAL 
THREE-TERMINAL JUNCTIONS 

KATALIN NAGYa, CSABA L. NAGYa*, MIRCEA V. DIUDEAa

ABSTRACT. In the present study atomistic models of three-terminal Y 
junctions with D3h symmetry were built by the covalent assembly of single-
walled armchair carbon nanotubes and the energetic properties were 
evaluated using quantum chemical methods at the PM6 level of theory. The 
theoretical study follows the influence of the relative position of the heptagonal 
ring defects on the structure and stability of the junction. The deformation of 
the attached nanotube branches is discussed in terms of the evaluated 
geometric parameters. Results indicate that the size of the junction and the 
diameter of the nanotube will determine the proper position of the defects 
corresponding to the energetically favourable cluster. 

Keywords: armchair carbon nanotubes, three-terminal junctions, PM6, POAV 

INTRODUCTION 

Theoretical works predicted [1] and experimentally it was confirmed 
[2,3] that the electronic property of a single-walled carbon nanotube 
(SWCNT) strongly depends on the chiral vector – the direction along the 
graphene sheet is folded into the nanotube. Since carbon nanotubes can be 
both metals and semiconductors, this makes them promising candidates for 
miniaturizing electronics [4]. This would mean that silicon-based devices 
would be eventually replaced by all-carbon systems. The building blocks of 
such devices are the SWCNT junctions [5]. The unique electrical and 
mechanical properties of single nanotubes are reduced when they are joined 
electrostatically and share only a small contact area [6,7]. However the 
assembly of the quasi one-dimensional carbon nanotubes into an ordered 
covalent network remains a challenge in nanotechnology.  
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It is required that topological defects (non-hexagonal rings) to be 
introduced into the hexagonal lattice when assembling SWCNT junctions, so 
that the sp2 electron configuration of each atom is retained. Experiments have 
demonstrated [8,9] that the creation of defects by damaging the material is 
necessary for nanotubes to be merged covalently. High-temperature electron 
beam irradiation [8] or the use of atomic welders [9] of crossing nanotubes 
during heat treatment have demonstrated to create the necessary instability to 
allow the joining of nanotubes. A recent review [7] summarizes all the 
progress and techniques made towards welding carbon nanotubes to obtain 
novel architectures. Related theoretical studies [10-15] have shown that 
pentagon-heptagon defects allow nanotubes to be joined in junctions with 
different morphology. 

Soon after the discovery of multiwall carbon nanotubes the first 
symmetrical three-terminal SWCNT junction was theoretically proposed by 
Scuseria [16] and later they have been observed in electric arc experiments 
[17, 18]. Controlled growth of Y junctions has been achieved by template 
based synthesis using alumina with branching microchannels [19]. By the 
pyrolysis of methane over cobalt supported on magnesium oxide [20] Y 
junctions with straight branches and uniform diameters have been obtained, 
where the angles between the three arms are close to 120°. 

‘Super’-carbon nanostructures, including ‘super’ graphene-sheet [21] 
which is the rolled up to form ‘super’ single-walled nanotubes [21] and also 
topologically closed ‘super’-fullerenes [22] have been proposed. Following 
the topology of a known carbon nanostructure the ‘super’ structures were 
constructed by replacing the sp2 carbon atoms with Y-junctions and the 
carbon-carbon bonds with nanotubes resulting macromolecules with high-
porosity. Their properties have been evaluated using tight-binding and 
density of states calculations and molecular dynamics simulations [21,22]. 

 
 

RESULTS AND DISCUSSION 
 
The Y shaped nanotube junctions (Yj) studied in the present work are 

built by the covalent interconnection of three of the same finite length 
armchair single walled nanotubes which intersect each other at 120°, and are 
defined by (4,4), (6,6), (8,8) and (10,10) chiral vectors. The built structural 
models have D3h symmetry and require six heptagonal rings as determined 
by the Euler polyhedral formula. The relative position of these defects located 
at the conjunction areas defines the morphology of the structure. 
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Yj(10,10)(h0,l2) Yj(10,10)(h1,l2) 

Yj(10,10)(h2,l2) Yj(10,10)(h1,l2) 

Figure 1. PM6 optimized geometries of the Yj(10,10) junctions viewed along the C3 
(top view) and C2 axis (side view), respectively. Position of the heptagonal rings is 

highlighted in light blue, while the hexagons are shaded in dark red. 
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To the openings of the junction armchair carbon nanotubes are 
covalently attached (junction branches), resulting a seamless connection 
where all carbon atoms preserve the sp2 hybridization state. Hydrogen 
atoms were used for saturating the dangling bonds located at the junction 
boundaries. From each Yj a short-branch and a long-branch junction were 
derived by attaching a nanotube of length 2 and 5. 

To label the structures the nanotube chirality, the location of 
heptagons and the branch length is given. Here h refers to the number of 
hexagonal rings between the two heptagons as viewed from the side of the 
structure, whereas l defines the number of layers of carbon atoms in the 
junction branch and equals to the length of the nanotube. Notice that when 
l=2 for armchair nanotubes it corresponds to the nanotube unit cell. 

The relative position of the six heptagonal rings not only defines the 
morphology and electronic properties of the junction, but also alters the 
shape of the attached nanotube from a circular to an elliptic cross section. 
Figure 1 presents the optimized geometries of the Yj(10,10) junctions viewed 
from the top and the side of the structures. Heptagonal rings are shaded in 
light blue, while to make it easier to follow the hexagons located between the 
sevenfold rings are highlighted in dark red. When h equals zero, two 
heptagons located at the side of the junction are at one bond length distance 
from each other (see example Yj(10,10)(h0,l2) in Figure 1). As h increases the 
number of hexagons decrease as viewed from the top of the molecule. 

It can be observed in Figure 1 (side view) that in the case of 
structures Yj(10,10)(h0,l2) and Yj(10,10)(h2,l2) the cross section of the 
nanotube branches is elliptical. On the other hand junction Yj(10,10)(h1,l2) 
has a close circular cross section, which transforms to a better circular 
shape when the attached nanotube is longer, as it can be seen in case of 
Yj(10,10)(h1,l2). This concludes that the length of the nanotube will have an 
influence on the morphology of the junction, where longer nanotubes rather 
than changing the cross sectional shape will force the junction opening to 
have a close to circular outline. 

Notice that in the case of the (8,8) and (10,10) nanotubes it is 
possible to build the Yj(8,8)(h2,l2) and Yj(10,10)(h3,l2) junctions, respectively. 
However, during geometry optimization the junction becomes highly 
distorted, therefore these structures have been excluded from the study. We 
presume that as the diameter of the nanotube increases, it is more likely that 
the energetically favoured junction will have the heptagons located closer to 
the side of the structure. 

During energy minimization by employing the PM6 method the 
symmetry of the structure has been preserved. To verify if global minimum is 
reached, deformed initial geometries have been also used and no symmetry 
constraints have been used during geometry optimization. 
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Table 1. Binding energies (BE/NC in kcal/mol), gap energies (Egap in eV), and total 
energies (Etot in kcal/mol) obtained at the PM6 level of theory. 

 

 Label Formula BE/NC  
(kcal/mol) 

Egap  
(eV) 

Etot  
(kcal/mol) 

1 Yj(4,4)(h0,l2) C90H24 220.988 5.865 764.212 
2 Yj(4,4)(h0,l5) C162H24 214.363 5.013 1448.482 
3 Yj(6,6)(h0,l2) C150H36 222.704 5.764 807.879 
4 Yj(6,6)(h0,l5) C258H36 217.491 5.007 1384.013 
5 Yj(6,6)(h1,l2) C132H36 223.446 5.998 838.068 
6 Yj(6,6)(h1,l5) C240H36 216.387 4.923 1683.232 
7 Yj(8,8)(h0,l2) C222H48 222.399 5.371 988.376 
8 Yj(8,8)(h0,l5) C366H48 218.063 4.747 1594.005 
9 Yj(8,8)(h1,l2) C192H48 223.751 5.844 933.147 
10 Yj(8,8)(h1,l5) C336H48 218.279 5.047 1595.893 
11 Yj(10,10)(h0,l2) C306H60 221.834 5.042 1214.064 
12 Yj(10,10)(h0,l5) C486H60 218.133 4.510 1888.225 
13 Yj(10,10)(h1,l2) C264H60 223.117 5.406 1137.863 
14 Yj(10,10)(h1,l5) C444H60 218.546 4.784 1811.677 
15 Yj(10,10)(h2,l2) C234H60 224.434 5.867 1055.472 
16 Yj(10,10)(h2,l5) C414H60 218.706 5.018 1834.199 

 
 
To evaluate the stability of the structures the binding energy (BE/NC 

in kcal/mol) divided by the number of carbon atoms and the gap energy (Egap 
in eV) have been followed as a measure of thermodynamic and kinetic 
stability. The results for the 16 studied junctions obtained at the PM6 level of 
theory are listed in Table 1. 

When the HOMO-LUMO gap energies of the short- and long-branch 
nanotube junctions are compared, it can be observed in each case that the 
shorter junction has the higher gap. This property of a vanishing gap with the 
length of the nanotube has been previously published [23].  

Among the studied junctions Yj(6,6)(h1,l2) is the most kinetically stable 
with a gap value of ~6 eV. This is followed closely by structures 15, 1, and 9 
with gap values of 5.867, 5.865, and 5.844, respectively. All these structures 
are short-branched Y-junctions. It can be observed that this stability order is 
not affected by the size of the structure (number of carbon atoms). In each 
series of junctions having the same chirality, the gap energy increases with 
the value of h. This fact indicates that the junction is the most relaxed when 
the heptagons are located at the corresponding position. This observation 
could be compared with the preferential position of pentagonal rings in case 
of fullerene isomers. 
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The binding energy per atom values (Table 1) do not give the same 
stability ordering as in the case of the gap energy. Higher binding energy 
values indicate a larger stability of the cluster. Structure 15 has the largest 
binding energy (224.434 kcal/mol), followed by junctions 9, 5, and 13 in 
decreasing order (223.751, 223.446, and 223.117 kcal/mol, respectively). 
Once again the energy values cannot be associated with the cluster size. 

Table 2. Average piramidalization angles (θP) per carbon atom evaluated as defined 
by the POAV theory. 

Label 
Yj Yj arm Yj core 

NC θP NC θP NC θP 
Yj(4,4)(h0,l2) 90 4.107 48 4.119 42 4.093 
Yj(4,4)(h0,l5) 162 5.755 120 6.117 42 4.719 
Yj(6,6)(h0,l2) 150 2.490 72 2.755 78 2.246 
Yj(6,6)(h0,l5) 258 3.550 180 3.934 78 2.662 
Yj(6,6)(h1,l2) 132 2.502 72 2.663 60 2.308 
Yj(6,6)(h1,l5) 240 3.910 180 3.898 60 3.947 
Yj(8,8)(h0,l2) 222 1.707 96 1.994 126 1.489 
Yj(8,8)(h0,l5) 366 2.477 240 2.814 126 1.834 
Yj(8,8)(h1,l2) 192 1.528 96 1.964 96 1.091 
Yj(8,8)(h1,l5) 336 2.555 240 2.797 96 1.951 
Yj(10,10)(h0,l2) 306 1.271 120 1.564 186 1.081 
Yj(10,10)(h0,l5) 486 1.888 300 2.157 186 1.454 
Yj(10,10)(h1,l2) 264 1.071 120 1.492 144 0.720 
Yj(10,10)(h1,l5) 444 1.917 300 2.119 144 1.495 
Yj(10,10)(h2,l2) 234 1.274 120 1.544 114 0.990 
Yj(10,10)(h2,l5) 414 1.841 300 2.158 114 1.008 

To find a correlation between the energy of the Y junctions and the 
strain energy of the carbon atoms associated with the pyramidalization 
angles (θP), a POAV study was also performed. These values are presented 
in Table 2, and give a good estimate about the strain in the local geometry of 
carbon atoms. In Table 2 the average (per carbon atom) values are 
presented for the whole structure, and also for both the junction core and 
branches. The θP values of Yj arm can be compared with the one obtained 
for the single-walled nanotubes, and it is an indicator of the deformation from 
the perfect tubular shape. In case of armchair nanotubes (4,4), (6,6), (8,8) 
and (10,10) with five layers of carbon atoms the θP values are 4.187, 2.556, 
1.786, and 1.355, respectively. It can be observed that in case of the 
junctions the attached nanotube is more strained having larger θP values. 
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The θP values listed for junctions Yj(10,10) can be easily compared 
with the optimized geometries from Figure 1. Notice that structure 13 has a 
less deformed attached nanotube than in the case of junctions 11 and 15. 
The junction core is also the most relaxed one in case of structure 13. The 
global θP value indicates that the least strained structure is Yj(10,10)(h1,l2), 
whereas the most strained short-branched junction is 1, which is in contrast 
with the gap value stability ordering. 

To compare the local strain with the geometry of the structural 
fragments, the tubularity (T) of the nanotube branch, and the sphericity (S) of 
the junction core were computed. A quantitative measure of the attached 
nanotube tubularity defined by geometry can be expressed as: 
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where NC represents the number of carbon atoms in one layer of the 
nanotube, whereas ri is the distance of each carbon atom to the mass center 
of the given atom layer. It is based on finding the radius of a circle for each 
layer of carbon atoms, such that the sum of squares of the distance from 
each atom to this least-squares circle is minimal. In a similar way a measure 
of sphericity of the junction core can be defined [24]. 

In case of an armchair nanotube where all carbon atoms in a layer 
are arranged on a circle, the value of tubularity is zero. The larger the 
distortion of the nanotube the higher the values of T are. 

Table 3 lists the sphericity and tubularity values obtained for the 
short-branched (10,10) Y-junctions. It can be observed that the shape of the 
tube cross-section is nearly circular in case of structure 13. Sphericity of the 
junction core increases with the decrease of the number of carbon atoms in 
the core section. 

 
 

Table 3. Sphericity (S) of the junction core, tubularity (T) of the junction arm, the 
maximum (rmax), minimum (rmin), and average (ravg) radius (in Å) of both structural 

fragments for Yj(10,10) short-branched junctions. 
 

Label 
Yj core Yj arm 

S ravg rmax rmin T ravg rmax rmin 

Yj(10,10)(h0,l2) 0.178 7.78 10.10 5.43 0.059 10.92 11.76 10.03 
Yj(10,10)(h1,l2) 0.130 7.67 8.94 5.84 0.024 10.15 10.44 9.80 
Yj(10,10)(h2,l2) 0.053 7.64 8.10 6.75 0.047 9.42 9.87 8.81 
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CONCLUSIONS 

A set of 16 finite length single-walled armchair carbon nanotube Y 
junctions with D3h symmetry has been investigated using quantum chemistry 
calculations employing the PM6 Hamiltonian. The present study adds valuable 
information about the influence on the structure and electronic properties of 
the relative position of the six heptagonal defects included at the conjunction of 
the nanotubes. Although the stability ordering by different parameters is not 
always pertinent, the obtained results indicate that structures are more 
relaxed if the non-hexagonal defects in case of Y junctions are located at 
the side of the structure. Shape of the junction core and the attached tubular 
branches are in good correlation with the structure stability as evaluated by 
various geometrical parameters. 

COMPUTATIONAL DETAILS 

The initial geometries have been fully optimized in the given symmetry 
using a tight SCF convergence criteria using the semiempirical parametrization 
method 6 (PM6) [25] as implemented in the Gaussian 09 program package 
[26]. The optimization of the open-ended structures has been carried out with 
the saturation of the dangling bonds with hydrogens, appearing at the outer 
layer of carbon atoms. Harmonic vibrational analysis confirms that they are 
local minima on the potential energy hypersurface. 

On the optimized geometries the strain energy of the three-connected 
carbon atoms have been evaluated by computing the piramidalization angles 
(θP) according to the π-orbital axis vector (POAV) theory [27]. 
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