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Abstract: The present paper reports a systematic computational analysis study
of the two possible pathways, fused and bridged, for an intramolecular hetero
Diels-Alder (IMHDA) and an intramolecular 1,3-dipolar cycloaddition (IMDCA)
of 2-(vinyloxy)benzaldehyde derivatives. The potential energy surface analyses
for both resctions are in agreement with the experimental observations. The
activation energies associated with the two regioisomeric channels in the
IMHDA reaction showed that the bridged product is favored, although in the
IMDCA, the most stable transition state results in the fused product. The global
electronic properties of the fragments within each molecule were studied to
discuss the reactivity patterns and charge transfer direction in the intra-
molecular processes. The asynchronicity of the bond formation and aromaticity
of the optimized TSs in the Diels-Alder reaction as well as cycloaddition
reaction were evaluated. Finaly, the TH-NMR chemical shifts of the possible
regioisomers were calculated using the GIAO method, the values of which for
the most stable products were in agreement with the experimental data for both
reactions.

Keywords: intramolecular hetero Diels-Alder; intramolecular 1,3-dipolar cyc-
loaddition; charge transfer; DFT calculation; fragment electrophicity analysis.

INTRODUCTION

Pericyclic reactions are of particular interest because of their broad prepar-
ative significance in the chemistry of drugs and natural products.1-6 Intra-
molecular hetero Diels-Alder reactions appeared to be a versatile strategy for the

* Corresponding author. E-mail: m.hamzehl ooian@gmail.com
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912 HAMZEHLOUEIAN et al.

formation of novel polycyclic systems, which were successfully employed in the
design of skeletons for some natural products and potent anti-tumor agents.’—10
1,3-Dipolar cycloaddition reactions (DCA) also provide an efficient approach for
the synthesis of five-membered heterocyclic units in a highly regio- and stereo-
selective manner.1! Five-membered heterocycles are an important class of com-
pounds, not only because of their natural abundance, but also for their chemical
and biological importance.12

Steric and electronic effects are two major factors that could influence the
selectivity of these reactions. Domingo et al.13 proposed that the global electro-
philicity index introduced by Parrl4 could be used as a reliable quantity to clas-
sify the electrophilicity of a series of dienes/dipoles (D) and dienophiles/dipol-
arophiles (Dp) involved in intermolecular Diels-Alder and 1,3-dipolar cyclo-
addition reactions within a unique relative scale. Useful information about the
polarity at the transition state (TS) for a given reaction could be obtained from
the difference in global electrophilicity Aw of the D/Dp interacting pair. Thus,
small electrophilicity differences are related to non-polar mechanisms, while
large electrophilicity differences are associated with polar mechanisms.13 Soto-
Delgado and coworkers established that these rules could be transferred to an
intramolecular a Diels-Alder process by introducing electrophilicity and nucleo-
philicity indices of the fragment.1516 These analyses indicated that electronic
effects, such as charge transfer (CT) aong the reaction coordinate are invariant in
both inter- and intra-molecular processes.16

The global electrophilicity index, «, which measures the stabilization energy
when the system acquires an additional electronic charge, AN, from the environ-
ment, is given by the following simple expression:14

2
o=2" (1)

21
where 1 is the electronic chemical potential and # is the chemical hardness at the
ground state of the molecules. This index was used to classify the dienes/dipoles
and dienophiles/dipolarophiles used in Diels-Alder and 1,3-dipolar cycloaddition
reactions within a unique scale of electrophilicity.13 Furthermore, both the elec-
tronic chemical potential and chemical hardness may be approached in terms of
the one electron energies of the frontier molecular orbitals HOMO and LUMO,

ey and g, using the expressions:

_ (é‘H +€|_)

> 2

and
n=¢&L—é&H (3)
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THEORETICAL INVESTIGATION ON THE REGIOSELECTIVITY 913

On the other hand, the nucleophilicity index, N, for agiven system is defined
as.
N =£HOMO — EHOMO(TCE) (4)
where eqomo is the HOMO energy of the nucleophile and eqomo(TcE) corres-
ponds to the HOMO energy of tetracyanoethylene (TCE), taken as reference.l’

The fragment electrophilicity and nucleophilicity indices are given as fol-
lows:

fragment) = WF = @ > fk+ )
keF
and
N(fragment) = NF = @ 2 fk_ (6)
keF

where F = D or Dp.1516 The regional Fukui functions at the atomic center k for
electrophilic ( f7) and nucleophilic ( f, ) attacks can be obtained from single
point calculations at the optimized structures of the ground state of the mole-
cules.18 The direction of the electronic flux within an IMHDA and IMDCA
reagent may be determined by introducing the following dual indices:

El= wpp+ Np @)
and
E2= wp + Npp )

Accordingly, the charge transfer (CT) can be estimated from the relative
values of E1 and E2. The process will be characterized by a Dp to D electronic
flux if E1 < E2, whereas the electronic flux occurs from D to Dp if EL > E2. The
charge transfer along the reaction coordinates can be elucidated by the regional
electrophilicity:17

2
= Ho (9)
2110

where Q isA or B.

In the past decades, in addition to the selectivity behavior, the understanding
of the underlying principles in pericyclic reactions has grown from afruitful inter-
play between theory and experiment and continues to present a real challenge.19
Recently, Kim et al. reported the synthesis of benzo-fused 2,8-dioxabicyclo-
[3.3.1]nonane (3) utilizing a domino Knoevenagel condensation hetero Diels-
—Alder reaction of 2-(vinyloxy)benzaldehyde (1).20 Then, it was expected that
the 1,3-dipole (5), generated from 1 with sarcosine, would react with the neigh-
boring double bond to give a structurally novel bicyclo[3.2.1]octane ring system
(6b), Scheme 1.21 However, contrary to anticipation, a linearly fused tricyclic
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914 HAMZEHLOUEIAN et al.

compound 7f was obtained as the mgor product instead (Scheme 1). In the
present work, as a part of an ongoing theoretical and experimental research prog-
ram on 1,3-dipolar cycloaddition reactions,?? a theoretical study on the observed
difference in regioselectivity of the above reactions was performed, in order to
achieve a deeper insight to IMHDA and IMDCA.

— |
O
o )
d ICD:ME
o CH,
1 Ts-6b B
ST O Me
CO-Md o
fﬁfCH_ 0
L] 6h
g o CH, _
N_ co-H - :
o 2 &
H 5 o N
Ts-7f B
— L CO-Me
o oo

i

Scheme 1. Possible reaction channels for the IMHDA and the IMDCA reactions of
2-(vinyloxy)benzal dehyde derivatives.

COMPUTATIONAL DETAILS

All calculations were performed using Gaussian09% suite of programs. The full geo-
metrical optimization of al structures and transition states (TSs) was realized with the Density
Functional Theory (DFT) using non-local B3LY P hybrid functional and the 6-31G(d,p) basis
set. The nature of stationary geometries was characterized by calculating the frequencies in
order to verify that the transition states have only one imaginary frequency with the
corresponding eigenvector involving the formation of the newly created C—C bonds.

RESULT AND DISCUSSION
Energies of transition state structures

The intramolecular hetero Diels-Alder and intramolecular 1,3-dipolar cyclo-
addition reactions are kinetically controlled reactions with early transition
states.24 Theoretical calculations are the only way to study these TSs. For each of
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THEORETICAL INVESTIGATION ON THE REGIOSELECTIVITY 915

the IMHDA and IMDCA reactions, two regiochemical channels, namely, the
fused (TS) and the bridged (T S-b) modes, were studied. The optimized trans-
ition structures are shown in Figs. 1 and 2. The activation energies, enthalpies
and Gibbs free energies as well as energies, enthalpies, Gibbs free energies of the

reactions are reported in Table.
2 2

e

o9

? )
Ts-df Ts-3b

Fig. 1. Optimized structures of the transition states for the IMHDA reaction at B3lyp/6-
31G(d,p) level. The lengths of the bonds directly involved in the reactions are given in
angstroms.

9

\

! !ll =
Ts-Gb Ts=71

Fig. 2. Optimized structures of transition states for the IMDCA reaction at B3lyp/6-31G(d,p)
level. The lengths of the bond directly involved in the reactions are given in angstroms.

TABLE I. Caculated electronic activation energies E,, reaction Gibbs free energies AG,
reaction enthal pies AH, reaction energies AE,,,,, activation Gibbs free energies AG*, activation
enthalpies AH# (all energies are in kcal molL; 1 kcal = 4.184 kJ), charge transfers CT and
nucleus-independent chemical shifts NICS

Structure Ea AG*L  AH*1  AEy, AG AH cT NICS 1
au. ppm mol
Ts3b 20.33 1.03 084 2039 -21.84 -1694 0.08 -11.79
Ts4f 31.61 151 1.32 -12.11 -1349 891 032>  -10.10
Ts7f 2.87 0.19 010 4838 -49.95 4600 0.03* -13.94
Ts-6b 5.06 0.27 0.17 4261 4417 4016 0.16% 1217

arom D to Dp; Pfrom Dp to D
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916 HAMZEHLOUEIAN et al.

The computed activation energies associated with the two regiocisomeric
channels for the IMHDA reaction of 2 are 31.61 (T S-4f) and 20.33 (T S-3b) kcal
mol~1. Therefore, the bridge mode 3b is favored over the fused one by 11.28 kcal
mol—1. The activation barriers associated with the IMDCA reaction of 5 are 2.87
(TS-7f) and 5.06 (Ts-6b) kcal mol—L1. Accordingly, it could be predicted that the
regioisomer 7f would be formed preferentially. These results are in agreement
with the experimental findings that for the IMHDA reaction of compound 2, the
bridged product 3b is the major product20 but for the IMDCA reaction of 5, the
fused product 7f is favored.2l

In order to calculate the charge transfer and reactivity indices for an intra-
molecular reaction, it is necessary to consider a molecule as two fragments: diene
(D) and dienophile (Dp) for IMHDA and dipole (D) and dipolarophile (Dp) for
IMDCA. The embedded fragments in 2 and 5 are shown in Fig. 3. For the
IMHDA reaction, the calculated CTs present diene—dieneophile fragments elec-
tron flux in TS-3b, while a reversed flux was predicted for TS-4f. However, the
calculated CTsin both TS of IMDCA are from dipole to dipolarophile fragments.

The extent of the asynchronicity of the bond formation in a Diels-Alder or
cycloaddition reaction can be measured through the difference between the
lengths of the two ¢ bonds that are being formed in the reaction. The computed
ARs are 0.368, 0.227, 0.832 and 0.748 A for TS-3b, TS4f, TS-7f and TS-6b,
respectively. This data indicates that the TSs associated with the more favorable
sterecisomeric channels (TS-3b and TS-7f) have more asynchronous character
than those associated with the other channels.

In order to evaluate the aromaticity of the optimized TSs, the nucleus-inde-
pendent chemical shifts (NICS)25 at the center of the forming ring were com-
puted using the gauge invariant atomic orbital (GIAQ)26 approach at the B3LY P/
/6-31G(d,p) level. The calculated NICSvalues are presented in Table |. All of the
transition structures in Table | have large negative NICS values, which indicate
the aromatic characters of TSs due to the six electrons undergoing bond change.

Reactivity indices analysis for the IMHDA and IMDCA reactions

The computed electronic chemica potentials x, chemical hardness #, global
eectrophilicities w and nucleophilicities N of 2 and 5 are given in Table II. The
global electrophilicity indices of 2 and 5 are 2.49 and 0.97 eV and their nucleo-
philicities are 2.72 and 4.86 eV, respectively. Compound 2 is classified as a
strong electrophile and two compounds are described as excellent nucleophiles.

Frontier molecular orbital (FMO) analysis cannot be applied for IMHDA and
IMDCA reactions when the HOMO and LUMO orbitals of the D and Dp frag-
ments belong to a molecule. Thus, the eectrophilicity and nucleophilicity indices
of fragments were employed to analyze the polar interactions in the IMHDA and
IMDCA reactions. The two considered fragmentsin compounds 2 and 5 are shown
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THEORETICAL INVESTIGATION ON THE REGIOSELECTIVITY 917

in Fig. 3 and their computed electrophilicity and nucleophilicity indices are given
in Table I11. For compounds 2, E1 = 2.99 and E2 = 2.84 (Egs. (7) and (8)) and for
5, E1 =5.13 and E2 = 1.28. The larger E1 for both compounds indicates that CT
will occur from D to Dp (Table I). The analysis of the fragment electrophilicity
and nucleophilicity indices is in agreement with the estimated CTs for both TSs
(TS-7f and TS-6b) of the IMDCA reaction (D to Dp). However for the IMHDA
reaction, the analysis of fragment indices only agree with the direction of
estimated charge transfer for the most stable TS (TS-3b) (Tablel).

TABLE II. Global properties of 2 and 5

Structure ulau nlau wl eV N/eVv
2 -0.1641 0.1423 249 272
5 —0.0941 0.1246 0.97 4.86
2
: 7y + M
F-'l:;'t"‘-a\ T ___—_l. I'. o = |
§ \ ! e \.
[ o ._-_'.'_-:h-\____// E I’ CHa
Mrf. Fragment A (1)) wf,f;? o Fragment A (I
O S, COgMe o= my _COMe
Fragment B (Dp) 5 Fragment B (Dp)
3 .

Figure 3.The diene (D)/dienophile (Dp) and dipole (D)/dipolarophile (Dp) fragments
in compounds 2 and 5.

For compounds 2 and 5, the values of the wg index of the D fragments are
2.95 and 1.08 eV, and the values of the Dp fragments are 0.27 and 0.25 eV,
respectively. The fragment electrophilicity difference Awq = |wg—wa| was used
to estimate the CT at the TSs associated with the IMHDA/IMDCA reactions. The
IMHDA processes involving 2 are expected to follow a polar mechanism with
significant CT at the TS, Awgq > 1.50, while the IMDCA reaction in compound 5
is predicted to undergo a polar mechanism with marginal CT at the TS, 0.5 < Aw
< 1.50.

TABLE I11. Local electronic properties (in €V) of the embedded fragments of 2 and 5

Structure wp ND pr NDp w(Q:A) C()(Q:B) ACUQ = |wB—wA|
2 2.81 2.90 0.10 0.03 2.95 0.27 2.85
5 113 5.01 0.12 0.15 1.08 0.25 0.83

NMR chemical shifts

Owing to similar splitting pattern for the two regioisomers of these reactions,
evaluation between the experimental data and calculated chemical shifts of pos-
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918 HAMZEHLOUEIAN et al.

sible regioisomers could be useful. Thus, the TH-NMR chemical shifts of regio-
isomers were calculated using the GIAO method and the results (values in ppm)
are summarized in Table IV. The theoretica values of H-1, H-2 and H-3 of
compound 3 for IMHDA reaction and compound 7 for IMDCA reaction are
closer to the experimental values, as can be seen in Table 1V. Therefore, the esti-
mated chemical shift values of the more stable regioisomers 3 and 7 correspond
well with the experimental data.

TABLE V. Comparison of the theoretical IH-NMR chemical shifts data (6 / ppm) of H-1,
H-2 and H-3 of each pair of regioisomers with those obtained from the experimental
spectroscopy

Atom number IMHDA IMDCA
3 4 Experimental 20 6 7 Experimental 21
H-1 4.7 4.3 454 4.0 49 4.59
H-2 2.8 21 312 2.9 3.0 3.52
H-3 6.4 5.6 6.30 51 6.0 5.67
CONCLUSIONS

A systematic theoretical study on the regioselectivity in the intramolecular
hetero Diels-Alder (IMHDA) and intramolecular 1,3-dipolar cycloaddition reac-
tions (IMDCA) of 2-(vinyloxy)benzaldehyde derivatives using DFT method was
conducted. A potential energy surface analysisin the IMHDA and IMDCA reac-
tions demonstrated that the preferred products would be bridged and fused, res-
pectively, in agreement with experimental observations. The charge transfer
direction in these intramolecular processes was studied in terms of the global
electronic properties of fragments within each molecule.

Acknowledgment. The authors acknowledge the University of Jouybar for financial
support of this research.
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TEOPHUJCKO UCITUTUBAILE PETUOCEJTIEKTHBHOCTH HHTPAMOJIEKYJICKE
DIELS-ALDER U 1,3-TUIIOJIAPHE HUKJIOAOUITUIE TEPUBATA
2-(BUHWJIOKCH)BEH3AJIDEXUIA

MAHSHID HAMZEHLOUEIAN', SAEID YEGANEGI®, YAGHOUB SARRAFI®, KAMAL ALIMOHAMMADI*
Y MARZIEH SADATSHAHABI®

IDepartment of Chemistry, Islamic Azad University, Jouybar Branch, Jouybar, Iran, 2Department of Physical
Chemistry, University of Mazandaran, Babolsar, Iran, 3Department of Organic Chemistry, University of
Mazandaran, Babolsar, Iran u *Department of Chemistry, Dr. Ali Shariati Branch,

University of Farhangian, Sari, Iran

H3BplIeHa je cucTeMaTcka KOMIjyTepcka aHajau3a JBajy MOryhux peakLHOHHX MyTeBa
uHTpamorexyscke xerepo Diels—Alder (IMHDA) u unTpamosnekysncke 1,3-guronapHe UKIO-
apuuuje (IMDCA) mepuBata 2-(BuHUIOKCH)OeH3annexuaa. AHanin3a MOBpIUIMHE MTOTeHLHjamTHe
eHepryje 3a ode peakuyje je y carjiacjy ¢ eKCliepuMeHTalIHUM onakawuMa. EHepruje aktu-
Balldje 3a IBa IOCMaTpaHa MexaHU3Ma Mokasyjy ma je y IMHDA peaxuuju daBopr3oBaH
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THEORETICAL INVESTIGATION ON THE REGIOSELECTIVITY 919

npemoirthenu nponykr, nok y IMDCA je To koHIeH30BaHHU NMponyKT. [IpoydeHe cy riobamHe
eJIeKTPOHCKe 0CcodHHe (pparMeHara, ¥ AUCKYyTOBaHA PEAKTUBHOCT U IpaBall NIPeHOoca Haeslek-
TpUCama Yy UHTPaMOoJIeKyJICKUM npouecuma. OgpeheHu cy acMHXpOHUUHMTET rpahema Besa U
apOMaTUYHOCT y ONTHMMH30BAaHUM IpENasHUM CTalkMMa HCTpakKMBaHMX peakuuja. Vspauy-
Hata cy 'H-NMR xemujcka nmomepama HacTalux PETMOM30Mepa M HaheHa [a cy y ckiafy ca
€KCIIEPUMEHTAIHUM NOJJaluMa.
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K-10 clay asareusable catalyst for the solvent-free,
MW-induced synthesis of enaminones
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Abstract: A series of f-amino-o,f-unsaturated ketones and esters were syn-
thesized in good to excellent yields from the reaction of different amines with
1,3-dicarbonyl compounds in solvent-free media using montmorillonite K-10
clay as a solid recyclable heterogeneous acidic catalyst and microwave irradi-
ation.

Keywords. montmorillonite K-10 clay; p-amino-a,f-unsaturated esters and
ketones; solvent-free; microwave.

INTRODUCTION

S-Amino-a,f-unsaturated esters and ketones are useful synthetic intermed-
iates,! particularly in the construction of heterocyclic compounds such as dihyd-
ropyridines,2-> pyridines,® pyrimidines,” indoles,8 isothiazoles,® oxazolidinones,
pyrrole and a-amino-g-lactams.10-13 A number of reviews have been published
concerning the chemistry of f-amino-a,f-unsaturated esters and ketones, their
hydrolysis, physicochemical properties and uses.14 The standard methods for the
preparation of fenamino ketones involve the direct condensation of amines and
diketones using a stream of gaseous amine, ammonium acetate and reflux in aro-
matic solvent with azeotropic removal of the waterl> or the reaction of alithiated
Schiff’ s base from imines with esters.16 Consequently, the development of more
efficient methods and exploring proper reagents as catalysts are still in demand to
make the available procedures more convenient and simple.

Application of naturally benign substances like montmorillonite clays as
catalysts for chemical reactions constitutes an exciting component of green

* Corresponding author. E-mail: omid_marvi@pnu.ac.ir
doi: 10.2298/JSC140112061M
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chemistry. The use of K-10 clay as solid support has become very useful in
synthetic organic chemistry because of its enhanced selectivity dueto its lamellar
swelling structure, large surface area, the availability of both Brgnsted and Lewis
surface acidic sites, milder reaction conditions and ease of workup.1” The com-
bined use of montmorillonite and microwave irradiation (MWI) showed rate
enhancements, high yields and short reaction times. In addition, the use of sol-
vent-free conditions with heterogeneous media under microwave irradiation is a
useful alternative and has received considerable attention due to its greater effi-
ciency from economic as well as ecological points of view.18

In continuation of ongoing investigations exploring the use of montmoril-
lonite as a solid support in the synthesis and reactivity of organic compounds
using microwave irradiation,19 this paper reports a simple, selective and envi-
ronmentally acceptable microwave promoted synthesis of S-amino-a,S-unsatu-
rated esters and ketones using montmorillonite K-10 clay as an efficient hetero-
geneous acid catalyst.

RESULTS AND DISCUSSION

Asshown in Table|, avariety of f-amino-a,f-unsaturated esters and ketones
were obtained using this procedure and no by-products were observed. In gene-
ral, for awide variety of amines, the condensation reactions usually afforded the
corresponding S-amino-a,f-unsaturated esters and ketones in over 90 % yieldsin
a short reaction time (Scheme 1). The presence of an electron-withdrawing group
on the benzene ring decreased the reactivity of the substrate (entry 14). The solid
clay portion applied in the first cycle was washed with methanol and dried at 120 °C
under reduced pressure to be reused in the subsequent reactions, which showed a
gradual decreasein the activity (Tablel).

TABLE 1. K-10 clay supported microwave-induced synthesis of S-amino-a,S-unsaturated
esters and ketones

Dicarbonyl

Entry Compound Amine Product? Yield, %P  Time, min
1 0 o Nz O 96 (92) 2
o]
Moa @ ,]\)LOB
2 0 o CHaNH, oram 98 (91) 25
(0]
A okt A
3 o o M en 4 >—CHCH 95 (89) 3
MOEt : ‘NH o
S0kt
4 o o HNTNF =N 96 (92) 25
o]
Moa %
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TABLE I. Continued

Dicarbonyl

] a ] b . .
Entry Compound Amine Product Yield, % Time, min
5 o o CH;3NH, CHyNH 96 (90) 25
/U\)J\OEt Moa
6 o 0 NHz < > NH 98 (95) 2
(o]
/U\)LOMe @ /]\/”\om
7 0 0 NH; @ME 95 (91) 25
M OMe e NH o
x~"0Me
8 0 0 NH EtOONH 94 (90) 25
(o]
M OMe MOMe
OEt
9 o o0 ki GHCH 92 (87) 25
M ? ©_ NH ;
X
10 )?\)0'\ CHgNH; CHgNH o 94 (90) 25
S
11 o o NHz NH 95 (92) 2
o]
12 o o N OEt 97 (92) 3
EtO
M @ CENH o
N
13 o 0 NH, Me 95 (88) 3
M Me ©:
¥
14 M NH; @—NH o 87 (82) 35
15 o o0 CHZNH, < > CH.NH 92 (88) 25
201 o
AN L

8All products were identified by comparison of their physical and spectral data with those of authentic
sampl e5,20 bigpl ated yields. Yieldsindicated in the parenthesis correspond to those reactions in which recovered
K-10 clay was used. The fresh solid clay portion applied in the first cycle, was filtered off, washed with
methanol (2x30 mL) and dried at 120 °C under reduced pressure to be reused in the subsequent reaction

0 0 R(Ar)-NH 0
/U\/U\ © RAnNH, —1O/MW
r)- e R
R, ®  Solvent-free X

R,

R,: OEt, OMe, Me
Scheme 1. Synthesis of -amino-«,8-unsaturated esters and ketones on K-10 clay under MWI.
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EXPERIMENTAL
General

Melting points were determined on an Electrothermal 9100 apparatus. The 1H-NMR and
13C-NMR spectra were recorded on a FT-NMR BRUKER DRX 500 Avance spectrometer.
Chemical shifts were measured in ppm from TMS. CDCl3 was used as the solvent as well as
the internal standard. The IR spectra were recorded on a Perkin-Elmer FT-IR GX instrument
in KBr discs. Physical and spectral data of the synthesized compounds are given in the
Supplementary material to this paper.

Microwave irradiations were realized with a Synthewave 402® (Prolabo, France) single
mode focused microwave reactor.2! The chemicals used in this work were purchased from
Merck and Fluka.

Typical procedure

In atypical experiment (entry 11), acetylacetone (3 mmol) and aniline (5 mmol) were
dispersed on K-10 clay (1 g). The heterogeneous mixture was submitted into a single mode
focused microwave reactor with continuous rotation for 3 min (optimized time) at 40 °C. The
product was extracted by washing the K-10 clay with ethyl acetate. The organic layer was
washed with water, dried with MgSO,, filtered and the solvent was removed under vacuum to
afford the relevant f-amino-a,f-unsaturated ketone 11.

CONCLUSIONS

In conclusion, the supported reaction using K-10 clay and MW!I provides a
general procedure for a highly selective method for the synthesis of f-amino-a,f-
unsaturated esters and ketones. The major advantages of this methodology are
mild reaction conditions and faster reaction rates. The K-10 clay catalyst is
inexpensive, non-toxic and reusable, which makes the process convenient, more
economic and benign. The notable features of this procedure are the solvent-free
conditions, high yields of products, cleaner reaction profiles, and availability of
the reagents.

SUPPLEMENTARY MATERIAL

Physical and spectral data of the synthesized compounds are available electronicaly at
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgment. Financial support from Payam Noor University (PNU), Roodsar,
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H3BOI
[JIMHA K-10 KAO KATAJIU3ATOP CA BULIEKPATHOM YIIOTPEBOM 3A CUHTE3Y

EHAMHWHOHA I10J1 YCJIOBUMA I'PEJAIbA MUKPOTAJTACUMA Y OOCYCTBY
PACTBAPAYA
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HsBpiieHa je cuHTe3a cepuje [-aMHHO-a,f-He3acHheHHUX KETOHa M ecTapa peakLdjoM
Pa3nUYUTHX aMUHa U 1,3-IUKapOOHUIHUX jemumerma, Y OOCYyCTBYy pacTBapaya, kopuurhemem
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moHMopHjoHUT K-10 riuHe, Kao YBPCTOT KaTalu3aTopa Ca BUIIEKPAaTHOM ymoTpebom, Imox
yCJIOBHMA 3arpeBama peaklHoHe cMellle MUKpoTanacuma. [IpousBonu cy nodujeHu y nodpom
10 OJIMYHOM NPHUHOCY.

15.
16.

17.

18.

wN P

(ITpumrbeHo 26. janyapa, peBunupano 14 maja, nmpuxsaheno 3. jyna 2014)
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PHYSICAL AND SPECTRAL DATA FOR THE SYNTHESIZED ENAMINONES

3-Phenylamino-but-2-enoic acid ethyl ester (1). Oil, IR (neat, cm1): 3429,
3018, 2959, 1630, 1508, 1293, 1128, 1085, 921, 796; H-NMR (500 MHz,
CDCl3, 5 / ppm): 1.22 (3H, t, J = 7.3 Hz), 1.92 (3H, 5), 4.12 (2H, q, J = 7.3 H2),
4.61 (1H, ), 6.68-7.35 (5H, m, aromatic), 11.38 (1H, s, NH): 13C-NMR (125
MHz, CDCl3,  / ppm): 15.8 (CH2CHs), 18.7 (CH3), 57.6 (CHy), 92.7 (=CH),
123.9 (CH), 125.3 (CH), 128.4 (CH) , 138.8 (qC), 158.0 (N-C=), 189.2 (O=C).

3-Benzylamino-but-2-enoic acid ethyl ester (2). Qil, IR (neat, c1): 3292,
3074, 2951, 1655, 1608, 1512, 1229, 1173, 1151, 1068, 928, 756; 1H-NMR (500
MHz, CDCls, 6/ ppm): 1.20 (3H, t, J = 7.3 Hz), 1.89 (3H, 9), 4.15 (2H, g, J = 7.3
Hz), 4.33 (2H, d, J = 6.4 Hz), 454 (1H, ), 7.08-7.29 (5H, m, aromatic), 11.21
(1H, s, NH); 13C-NMR (125 MHz, CDCls, 6 / ppm): 14.2 (CH,CHs), 18.6
(CH3), 46.3 (PhCHy), 57.6 (CH>), 82.8 (=CH), 126.2 (CH), 126.4 (CH), 128.4
(CH), 138.4 (qC), 161.5 (N-C=), 171.2 (O=C).

3-(1-Phenylethanamino)-but-2-enoic acid ethyl ester (3). Qil, IR (neat, cnr3):
3298, 3019, 2996, 1686, 1616, 1541, 1229, 1182, 1163, 1055, 980, 745; 1H-
NMR (500 MHz, CDCls,  / ppm): = 1.27 (3H, 9), 1.32 (3H, t, J = 7.3 Hz), 2.04
(3H, d, J = 4.7 Hz), 4.09 (1H, m), 4.29 (2H, g, J = 7.3 Hz), 4.68 (1H, ), 7.15—
—7.41 (5H, m, aromatic), 11.06 (1H, s, NH); 13C-NMR (125 MHz, CDCls, 6 /
/ ppm): 14.3 (CH»>CH3), 18,5 (CHg), 22.3 (CH3CH), 56.0 (CH>CH3), 61.4
(CHCH3), 82.3 (=CH), 116.9 (CH), 126.7 (CH), 128.5 (CH), 129.9 (¢C), 162.2
(N—C=), 170.4 (O=C).

* Corresponding author. E-mail: omid_marvi@pnu.ac.ir
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3-Allylamino-but-2-enoic acid ethyl ester (4). Oil, IR (neat, c1): 3297,
3064, 2975, 1668, 1611, 1508, 1284, 1169, 1058, 949, 766; 1H-NMR (500 MHz,
CDCl3, o/ ppm): =1.23 (3H,t,J= 7.3 Hz), 3.61 (3H, s), 3.81-3.86 (2H, m), 4.14
(2H, g, J = 7.3 Hz), 4.83 (1H, ), 5.16-5.24 (2H, m), 5.82-5.90 (1H, m), 8.64
(1H, s, NH); 13C-NMR (125 MHz, CDCls, ¢ / ppm): 14.2 (CH,CH3), 24.5 (CH3),
49.7 (CH2C=), 61.4 (CH>CH3), 82.3 (=CH), 116.9 (=CH>), 134.4 (=CH—CHy>),
161.8 (N-C=), 170.5 (O=C).

3-Methylamino-but-2-enoic acid ethyl ester (5). Oil, IR (neat, cm1): 3288,
3046, 2989, 1645, 1602, 1529, 1274, 1154, 1138, 1072, 943, 792; 1H-NMR (500
MHz, CDCl3z, 6 / ppm): 1.21 (3H, t, J=7.3Hz), 1.93 (3H, s), 281 (3H,d,J=7.4
Hz), 4.11 (2H, q, J = 7.3 Hz), 4.52 (1H, ), 11.82 (1H, s, NH); 13C-NMR (125
MHz, CDCls, & / ppm): 14.2 (CH,CHa), 18.7 (CHs3), 46.3 (NCH3), 57.3
(CH2CH3), 80.3 (=CH), 162.3 (N-C=), 171.3 (O=C).

3-Phenylamino-but-2-enoic acid methyl ester (6). Oil, IR (neat, cmr1): 3454,
3092, 2940, 1639, 1524, 1252, 1149, 1125, 1078, 912, 737; 1H-NMR (500 MHz,
CDCl3, 6 / ppm): 1.42 (3H, s), 2.19 (3H, ), 4.70 (1H, s), 7.02—7.48 (5H, m,
aromatic), 11.19 (1H, s, NH); 13C-NMR (125 MHz, CDCl3, ¢ / ppm): 14.6
(CH2CH3), 54.3 (OCHg), 91.2 (=CH), 122.4 (CH), 129.1 (CH), 129.6 (CH),
139.1 (9qC), 160.2 (N-C=), 179.9 (O=C).

3-(2-Methyl-phenylamino)-but-2-enoic acid methyl ester (7). M.p. 65-67 °C;
IR (KBr, cnm1): 3435, 2692, 1648, 1590, 1442, 1284, 1141, 880, 791; 1H-NMR
(500 MHz, CDCl3, ¢ / ppm): =1.38 (3H, s), 1.80 (3H, s), 3.43 (3H, 9), 4.61 (1H,
), 6.75-7.19 (4H, m, aromatic), 10.48 (1H, s, NH); 13C-NMR (125 MHz,
CDCl3, 6 / ppm): 14.0 (CH2CH3), 18.5 (CH3), 51.9 (PhCH3), 84.4 (=CH), 123.8
(CH), 126.5 (CH), 127.2 (CH), 131.3 (CH), 135.0 (qC), 136.1 (CH3-C aro-
matic), 160.4 (N-C=), 170.8 (O=C).

3-(4-Ethoxy-phenylamino)-but-2-enoic acid methyl ester (8). M.p. 60-62 °C;
IR (KBr, cm1): 3445, 2681, 1635, 1587, 1429, 1248, 1159, 869, 776, 1H-NMR
(500 MHz, CDCl3, ¢ / ppm): 1.44 (3H, t, J = 7.2 Hz), 1.92 (3H, ), 3.65 (3H, 9),
4.1(2H,q,J=7.2Hz), 468 (1H, s), 6.81 (2H, d, J=8.7 Hz), 7.09 (2H, d, J = 8.7
Hz), 10.12 (1H, s, NH); 13C-NMR (125 MHz, CDCl3, 6 / ppm): 14.8
(OCH2CHa3), 20.1 (CH3), 50.1 (OCHgy), 62.3 (OCH>CH3), 84.3 (=CH), 115.2
(CH), 127.1 (CH), 131.8 (qC), 156.9 (O-C aromatic), 160.1 (N-C=), 170.5
(O=C).

4-(1-Phenylethanamino)-3-penten-2-one (9). M.p. 58-61 °C; IR (KBr, cmrl):
3438, 3016, 1657, 1593, 1242, 1179, 1025, 941, 883; 1H-NMR (500 MHz,
CDCl3, o / ppm): 1.26 (3H, ), 1.97 (3H, d, J = 4.7 Hz), 2.25 (3H, 3), 4.23 (1H,
m), 5.11 (1H, ), 7.24-7.45 (5H, m aromatic), 10.56 (1H, s, NH); 13C-NMR (125
MHz, CDCl3, 6 / ppm): 22.4 (CHg3), 24.6 (CHCH3), 27.4 (COCH3y), 56.2
(CHCHag), 95.0 (=CH), 126.4 (CH), 126.5 (CH), 128.3 (CH), 141.5 (qC), 160.1
(N-C=), 195.7 (O=C).
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4-Methylamino-3-penten-2-one (10). M.p. 36-38 °C; IR (KBr, cm1): 3269,
3082, 2988, 1651, 1639, 1560, 1281, 1154, 1063, 974, 787; 1H-NMR (500 MHz,
CDCl3, 6 / ppm): 1.94 (3H, s), 1.98 (3H, ), 2.85 (3H, d, J = 5.6 Hz), 11.86 (1H,
s, NH); 13C-NMR (125 MHz, CDCl3, 6 / ppm): 18.1 (CH3), 28.3 (NCH3), 29.1
(OCCH3y), 94.8 (=CH), 163.7 (N-C=), 192.8 (O=C).

4-phenylamino-3-penten-2-one (11). M.p. 47-49 °C; IR (KBr, cm1): 3432,
3058, 1629, 1587, 1255, 1194, 1068, 859; 1H-NMR (500 MHz, CDCl3, 6 / ppm):
1.95 (3H, s), 2.28 (3H, ), 5.19 (1H, 9), 7.12-7.49 (5H, m, aromatic), 12.45 (1H,
s, NH); 13C-NMR (125 MHz, CDCl3, 6 / ppm): 19.5 (CH3), 28.7 (OCCHy3), 96.9
(=CH), 124.5 (CH), 125.3 (CH), 128.7 (CH), 139.0 (qC), 159.8 (N-C=), 195.2
(0=0C).

4-(2-Ethoxy-phenylamino)-3-penten-2-one (12). M.p. 56-58 °C; IR (KBr,
cml): 3448, 3071, 1627, 1564, 1249, 1173, 1028, 872, 747; 1H-NMR (500
MHz, CDCl3, J / ppm): 1.36 (3H, t, J = 7.2 Hz), 1.93 (3H, 9), 2.56 (3H, s), 4.09
(2H, q, J = 7.2 Hz), 4.68 (1H, 9), 6.61-6.98 (4H, m, aromatic), 10.18 (1H, s,
NH); 13C-NMR (125 MHz, CDCl3, 6 / ppm): 14.8 (CHoCH3), 19.8 (CH3), 27.8
(COCHg3) , 63.5 (CH2CH3), 96.4 (=CH), 113.5 (CH), 121.1 (CH), 122.3 (CH),
123.8 (CH), 130.4 (qC), 154.2 (O—C aromatic), 159.6 (N-C=), 195.6 (O=C).

4-(2-Methyl-phenylamino)-3-penten-2-one (13). M.p. 52-55 °C. IR (KBr,
cml): 3435, 3042, 1624, 1571, 1239, 1187, 1058, 854, 762; 1H-NMR (500
MHz, CDCl3, ¢ / ppm): 1.96 (3H, s), 2.16 (3H, ), 2.26 (3H, 9), 5.21 (1H, 9),
6.29-7.32 (4H, m, aromatic), 10.79 (1H, s, NH); 13C-NMR (125 MHz, CDCl3,
o | ppm): 17.8 (PhCHg), 19.6 (CH3z), 27.5 (COCH3), 97.6 (=CH), 123.5 (CH),
126.4 (CH), 127.4 (CH), 131.3 (CH3—C aromatic), 135.8 (CH), 136.6 (qC), 159.7
(N-C=), 196.1 (O=C).

4-(3-Chloro-phenylamino)-3-penten-2-one (14). M.p. 75-78 °C; IR (KBr,
cml): 3424, 3156, 1691, 1621, 1524, 1486, 1264, 1145, 1039, 894; 1H-NMR
(500 MHz, CDCl3, ¢ / ppm): 1.97 (3H, s), 2.21 (3H, 9), 5.20 (1H, 9), 6.31-7.14
(4H, m, aromatic), 11.68 (1H, s, NH); 13C-NMR (125 MHz, CDCls, 6 / ppm):
18.5 (CH3), 23.4 (COCHg3), 96.8 (=CH), 122.3 (CH), 124.7 (CH), 125.6 (CH),
134.7 (CH), 135.6 (C-Cl), 141.1 (gC), 158.2 (N-C=), 195.9 (O=C).

4-Benzylamino-3-penten-2-one (15). Oil, IR (neat, cm1): 3288, 3046, 2989,
1645, 1602, 1529, 1274, 1138, 1154, 1072, 943, 792; 1H-NMR (500 MHz,
CDCl3, 6 / ppm): 1.81 (3H, s), 2.07 (3H, s), 4.38 (2H, d), 4.93 (1H, ), 6.81-7.29
(5H, m, aromatic), 11.19 (1H, s, NH); 13C-NMR (125 MHz, CDCls3, 6 / ppm):
18.7 (CHg), 22.6 (COCH3), 57.3 (CH>), 80.3 (=CH), 123.9 (CH), 125.3 (CH),
127.2 (CH), 136.8 (qC), 162.3 (N-C=), 191.3 (O=C).
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Abstract: In this study, the volatile profiles of an economically important type
of cheeses for the FYR Macedonian dairy sector were characterized. A total of
eighteen samples belonging to 6 different geographical regions of Beaten
cheese, including cheeses from Kumanovo, Tetovo, Struga, Resen, Veles and
Radovis, were comparatively studied for their volatile profiles. Sixty one
volatile compounds were identified in the cheeses by solid-phase micro-
extraction combined with gas chromatography—mass spectrometry. The results
are discussed based on their chemical classes (17 esters, 9 ketones, 10 acids, 8
acohols, 6 terpenes and 11 miscellaneous compounds). Acids, esters and alco-
hols were the most abundant classes identified and were highly dependent on
the geographical origin of the cheeses. Beaten cheese from Struga had the
highest levels of carboxylic acids, ketones, alcohols, esters and terpenes. The
Beaten cheese of other geographical origin had low levels of volatiles, pro-
bably due to the effects of the variable characteristics of the employed milk and
differences in the cheese making processes, which affected the biochemical
processes. The results suggested that each cheese from different geographical
regions had a different volatiles profile and that the manufacturing technique
and the ripening stage of the cheeses played major roles in determining the
distribution of the volatile compounds.

Keywords.: Beaten cheese; geographical regions; volatile compounds; SPME;
GC-MS.

INTRODUCTION

Severa reviews summarize the present knowledge of volatile formation,
profiling in different types of cheese and the analytical techniques for their
study.12 The typical flavour of each cheese variety is determined by the presence
of volatile compounds and their relative concentrations. Although over 600 vola-
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928 SULEIJMANI, RAFAJLOVSKA and GUNESER

tile compounds have been identified in cheeses, only a small fraction can be con-
sidered as “flavour impact” compounds. The most potent flavour compounds in
cheeses are aldehydes, acohols, carboxylic acids and esters derived from the
catabolism of amino acids. The main agents related to flavour formation in
cheese are indigenous milk enzymes, rennet and microbial enzymes from the
wild microbial flora and/or commercial starters or adjunct cultures used.

For some cheese varieties, a specific compound group is recognized as being
the major contributor to flavour. In general, raw milk cheeses contain a more
diverse group of volatile compounds than cheeses made from pasteurized milk,
as pasteurization of milk promotes changes that affect the flavour. In hard Italian
cheese varieties, free fatty acids (FFAS) are the important contributors, while in
blue-veined ripened cheeses, the impact of FFAs on the flavour is less owing to
the dominant influence of methyl ketones. The volatile chromatographic pattern
was used in the classification of some cheese varieties.3 The formation of these
compounds in cheese results from proteolysis, lipolysis and the metabolism of
lactose and lactate.4

Beaten cheese is an autochthonous product in the FYR Macedonia, which
originates from the territory of Mariovo where it is manufactured on the pasture
land exclusively from sheep’s milk. It is characterized by extremely salty flavour
and afirm texture with visible holes (eye). Thiskind of cheese is named after the
manufacturing process. the cheese curd is beaten; therefore, it is caled “Beaten
cheese” or “Bieno sirenje”. Beaten cheeses are produced almost exclusively on
state territory mainly from raw milk of cows, ewes and goats. The production of
cheese varies in different regions, which results in the appearance of different
cheese varieties. The characteristics of the milk used for cheese production are
also variable and depend on the geographical region, season of milking and the
nutrition method. Following coagulation of the milk at 34 °C for 45 min using
animal rennet, the curd is stirred and beaten manually or mechanically until a
homogenous compact structure is obtained. After drainage, the curd is cooked in
a hot water at 70 to 90 °C for 20 min. Following the cooking, the curd is beaten
for 5 to 10 min. The curd is then moulded and transferred to a cotton cloth for
hanging for about 24 h. Then the curd is pre-ripened for 3 days. During this
period, the curd gains a specific yellowish colour, a hard texture and visible
holes. The cheese loafs are cut in slices 30 to 40 cm long and 4 to 5 cm wide. The
cheese blocks are salted by dry—salting for 24 h and then brine salting. Finally the
pieces are packed in plastic barrels containing brine with concentration of 18 to
20 % (w/V) NaCl for long-term storage. Such differences in manufacture proce-
dure have strong influence on the characteristics and appearance of the cheese
varieties.®

The am of this study was to determine and compare the volatile compounds
of Beaten cheeses produced in different geographical regions. Due to the lack of
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information on such cheeses, the results should provide a better understanding
and natification of these cheeses, which would lead to a protected designation.

EXPERIMENTAL
Cheese samples

Eighteen samples from 6 different regions of Beaten cheese (three samples per region)
were collected from FYR Macedonia in 2012. The ages of the cheeses were between 1-9
months old (Table I). As far as possible, ripened or ready for sale cheese samples were
collected. Production dates were noted when known; however, some samples were produced
by artisanal methods without packaging and labelling. Thus, to assess the production dates for
these, the manufacturer’s declarations were taken into account. The cheese samples were
stored in sterile plastic bags and transported to the laboratory of the Food Engineering
Department, Canakkale Onsekiz Mart University, Turkey. The cheese samples were vacuum-
packed and stored at —20 °C until analysis, which was performed within 1 month of sample
collection.

TABLE |. Short summary of the production characteristics of the analysed cheeses

Geographical origin of Beaten cheeses (n = 18)

Characteristic —
Kumanovo  Tetovo Struga Resen Veles Radovi$
Milk type Ewe/Goat Ewe/Cow Ewe Cow/Ewe Cow Ewe/Goat
Pasteurisation No No No Yes Yes No
Rennet type Home made Home made Chymosin  Chymosin  Chymosin  Home made
Cooking tem- 80 90 80 70 70 60
perature, °C
Ripening Under brine Under brineUnder brine  Vacuum Vacuum  Under brine or
type packed packed dry
Ripening > 9 months 8-9 months > 9 months < 2 months <1 months 9 months
period
Industrialised No No No Yes Yes No
SPME GC/MS

The volatile compounds were isolated from Beaten cheese by solid-phase microex-
traction (SPME) methods. For this purpose, 5 g of grated and homogenized cheese sample
was placed in a40-mL amber-coloured SPME vial and then 1 g of NaCl was added and 10 pL
of internal standard (0.8 png 2-methyl-3-heptanone for basic/neutral compounds and 55.2 pg
2-methylvaleric acid for acidic compounds). The vial was vortexed for one min, and held in a
water bath for 20 min at 40 °C. Volatile compounds were extracted by placing a SPME fibre
(2 cm — 50/30 pm divinylbenzene (DV B)/Carboxen/polydimethylsiloxane (PDMS), Supelco)
into a vial and exposing it to a head-space (HS) via for 20 min at 40 °C. The volatile com-
pounds were determined using a HS-GC-M S system, which consisted of a HP 6890 GC and a
7895C mass selective detector (Agilent Technologies, Wilmington, DE, USA). Helium was
used as the carrier gas. The total flow was 1.2 mL min'l. The GC was fitted with a HP5 MS
column (30 mx0.25 mm idx0.25-um film thickness, J and W Scientific, Folsom, CA, USA.
The mass spectra were recorded in the electron impact mode at an ionization voltage of 70 eV
in the 33-300 a.m.u. mass range. Oven temperature was programmed from 40 to 230 °C at
rate of 10 °C minl, with initial and final hold times of 5 and 20 min, respectively. The
volatiles were tentatively identified by comparison of the mass spectra of the unknown
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compounds with those in the National Institute of Standards and Technology (NIST 08) and
Wiley Registry of Mass Spectral Data, 7t edition (Wiley 05) mass spectral databases. The
retention indices were calculated using an n-alkane series.® Quantification of flavour
compounds were realised from the relative abundances of the volatiles compounds positively
using Eq. (1):/

Mean abundance (ug/kg) = ¢;sXAc/As, (@D}
where, ¢ig is concentration of internal standard (Ig/kg), Ac is peak area of compound, As is
peak area of the internal standard.

Satistical analysis

Data from GC-MS measurements were analyzed using one-way analysis of variance
(ANOVA). The HSD Tukey's test was applied to compare the mean values of the volatile
compounds. These statistical treatments were performed using the SPSS program for Win-
dows, version 9.0 (SPSS Inc., Chicago, IL, USA).

RESULTS AND DISCUSSION
Volatile compounds

A total of 62 volatile compounds were identified in Beaten cheeses from 6
different geographical regions. These compounds were grouped into chemical
classes including 10 acids, 8 alcohols, 17 esters, 9 ketones, 6 terpenes and 11
miscellaneous compounds. Duplicate analyses for al samples were performed
and the average values with standard deviation (SD) are listed in Tables [1-VII.
The volatiles of Beaten cheeses have not hitherto been characterized and the
results are discussed by comparison to data reported by other researchers for dif-
ferent cheeses.

Carboxylic acids

Carboxylic acids were the most abundant chemical family isolated from the
headspace of the Beaten cheeses from the different regions. A high concentration
(173624.6 ng 100 g1) of these acids was detected in the Struga cheeses. A low
concentration (1863.6 ng 100 g-1) was detected in the samples of Resen cheeses.
Five different acids were identified in the Kumanovo and Resen Beaten cheeses,
and their concentrations were 13347.2 and 1863.6 ug 100 g1, respectively. Six
different acids were identified in the Tetovo and RadoviS Beaten cheeses, and
their concentration were 4220.8 and 13773.8 ug 100 g1, respectively. Acetic
acid was identified in the Veles Beaten cheese (371.9 pg 100 g-1), while con-
siderably higher levels of butanoic (59993.8 ug 100 g1) and hexanoic acid
(84803.1 ug 100 g1) were detected in the Struga cheeses. Throughout the ripen-
ing period of the cheeses, most of carboxylic acids came from lipolysis of tri-
glycerides followed by those produced from lactate metabolism; therefore, lipo-
lysis was the main pathway responsible for the release of carboxylic acids in
Beaten cheeses. Acetic acid was probably the product of citrate or lactate fer-
mentation of amino acid catabolism by bacteria.
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TABLE Il. Contents of acids in the Beaten cheeses, ug 100 g1 (n = 18); * — significant
statistical differences (Tukey’s test, P < 0.05); n.q.: not quantified; NS — not significant; Rl —
retention index

Geographical origin

Compound RI Kumanovo Tetovo Struga Resen  Veles Radoviévalljue
(n=3) (n=3) (n=3) (h=3) (=3 (n=3)
Acetic acid 614 n.g. n.g. n.g. ng. 371.9+71.2 n.gq. *
Pentanoic acid 882 ng. 10889. 9288 1885 0.7+0.06 4375 *
+47.3 +139 1523 +80.0
2-Methylbutanoic acid 889 n.g. 3612 nq. 0.6 0.6+0.07 ng. NS
+420.5 0.1
Butanoic acid 890 74936 1137.8 59993.8 501.5 1090.1+37.7 12850.2 *
+3141.7 +85 £1509.1 +22.1 +1409.9
3-Methylbutanoic acid 909 n.g. n.g. n.g. n.g. n.g. 419449 *
Hexanoic acid 1060 32534 n.g. 848031 239 489.7+19.1 2631 *
+1344.4 +2095.1 9.5 +28.8
Octanoic acid 1204 1695 1259.1 1981.6 819.4 191.4+166 1759 *
1546 4853 +375 +2594 8.5
Nonanoic acid 1276 6.8 n.g. 665 n.g. n.g. n.g. *
+0.04 +54.1
Decanoic acid 1379 24236 373.8 25234.4 330.02 42.3t+5.9 51 *
+1007.2 +179.3 +3261.4 +210.3 0.6
Dodecanoic acid 1556 n.g. ng. 17.8+£1.2 n.g. n.g. n.g. *
Total acids 13347.1 4220.8 173624.61863.6 2186.8 13773.8

The differences between cheeses in the volatile acid concentrations are asso-
ciated with the maturation periods since the longer maturation period results in
higher amount of carboxylic acids (Tables | and I1). The variabilities in the milk
composition during the seasonal production of the used milk could also impact
these differences.8 Acid compounds constituted 97 % of the volatile compounds
isolated from the Beaten cheeses. Significant differences (P < 0.05) for al acids
were found, except for 2-methylbutanoic acid. Other carboxylic acids detected in
Beaten cheese arelisted in Table 1.

Hexanoic acid, a short-chain carboxylic acid, contributes to the typical
aroma of Struga Beaten cheese. The fatty acids hexanoic, octanoic and decanoic
acids were widely recognized as being responsible for the characteristic aroma of
goat cheeses, giving rise to the trivial terms caproic, caprylic and capric acids,
respectively,® and their contribution to the volatile profile of Beaten cheeses has
been showed in this study as well.

Acetic and propanoic acids were associated with the dlight sour taste of
Veles Beaten cheeses. Branched-chain fatty acids (BCFA) were not characteristic
active compounds of Beaten ewe’'s cheeses in general. 2-Methylbutanoic acid
was the most abundant acid found in Tetovo Beaten cheese and it provides aran-
cid cheese and sweaty odours.10 In this case, as raw sheep milk was used for
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some cheese manufacture, the native microorganisms of non-pasteurized milk
may have a significant contribution on its final volatile profile.11

Ketones

Most of the ketones in Beaten cheeses were methyl ketones (Table I11).
There were significant differences among the cheeses (P < 0.05) from different
origin. The highest (7555 pg 100 g3) and lowest (27.5 png 100 g7?)
concentration were identified in Kumanovo and RadoviS Beaten cheeses, res-
pectively. Methyl ketones are produced from free fatty acids by an aternative
pathway to S-oxidation.11 About 7 ketones were identified in Kumanovo Beaten
cheese and the highest concentration of 2-heptanone was detected in Kumanova
Beaten cheese. In addition, some identified ketones, including 2-octanone, 8-
nonen-2-one and 2-nonanone were rarely found in cheeses from other regions. 2-
Butanone, with a butterscotch odour, was identified as the main odorant in
Cheddar cheesel? and 2-heptanone, with a herbaceous odour, is an important
flavour compound of Emmentaler and natural creamy Gorgonzola cheeses.13
Fruity, floral and musty notes are associated with various methyl ketones, such as
2-octanone, 2-nonanone and 2-undecanone, so the presence of these volatile
compounds could be considered beneficia to the flavour of cheese.14 2-Butanone

TABLE 1. Contents of ketones in the Beaten cheeses, pg 100 g1 (n = 18); * — significant
statistical differences (Tukey’s test, P < 0.05); n.q.: not quantified; NS — not significant; Rl —
retention index

Geographical origin

Compound RI Kumanovo Tetovo Struga Resen Veles Radovis v alpue
(n=3) (=3) (n=3) (n=3) (n=3) (n=3)
Acetone <600 n.g. 146 ngq. n.g. n.g. n.g. *
+0.5
2-Butanone 612 n.g. ng. 385.2 n.g. n.g. n.g. *
+1.6
2-Pentanone 684 92.2 47 2315 n.g. 54 n.g. *
6.3 +16 15 +0.2
3-Hydroxy-2-butanone 711 n.g. 4482 n.q. 100 1153 265 *
+37.1 1258 +184 4.1
2-Hexanone 790 16 n.g. 16.7 n.g. n.g. n.g. *
1.7 2
2-Heptanone 896 520 6.3 621 325 247 naq *
+50.9 59 £37 +0.7 65
2-Octanone 991 12.2 - 0.6 n.g. n.g. n.g. *
+2.8 +0.1
8-Nonen-2-one 1088 11.2 n.g. 0.05 n.g. n.g. n.g. *
1.2 %0
2-Nonanone 1094 1039 18 0.06 8.3 6.2 1 *
+10.2 +2.2 10 18 +2  #0.2
Total ketones 7555 4756 7960 1409 1515 274
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and 2-pentanone were the main ketones in Struga Beaten cheese, similar to Mala-
tya cheeses made from raw milk.1®> Resen and Veles Beaten cheeses were diffe-
rentiated from the other cheeses due to their similar ketone concentration of
140.9 and 151.5 pg 100 g1, respectively. On the other hand, 2-butanone was
identified only in Struga Beaten cheese. Seven different types of ketones were
identified in Tetovo Beaten cheese with the concentrations of 3-hydroxy-2-
butanone or acetoin (448.2 ug 100 g-1) and acetone (14.6 ug 100 g-1) being the
greatest (Table I11). Veles Beaten cheese was aso rich in ketones (7 types) with
acetoin (115.3 pug 100 g3) and 2-heptanone (24.7 pug 100 g1) being
predominant, while the others were present at considerably lower levels (0.2-6.2
ug 100 g1). The ketones followed a similar trend as was described for the acids.
However, the reduction in the concentration of ketones was higher in cheese
from the Radovi$ region. 2-Pentanone and 2-heptanone were previously
identified as the prevailing ketones in the volatile fraction of Parmigiano,6
whereas acetoin was identified at higher concentrations in pasteurized milk
cheeses than in raw milk cheeses.l” Similar results were found in Spanish
regional raw milk cheeses with protected designation of origin (PDO).18 There-
fore, they could play an important role in the final aroma of these cheeses made
from raw milk.

Alcohols

Eight different alcohols consisting of primary, secondary, and branched-
chain alcohols were present in the cheese samples. The levels of the alcohols
were significantly affected (P < 0.05) by the different methods of cheese manuf-
acture. Generally, primary acohols originate from the corresponding aldehydes
produced from fatty acids and from amino acid metabolism. Among these,
ethanol may be formed by lactose metabolism or by reduction of acetaldehyde.16
Secondary alcohols are obtained by the enzymatic reduction of methyl ketones.#
Alcohols were quantitatively the most abundant volatiles in Kumanovo Beaten
cheese (Table 1V) with 7 different alcohols being identified in this cheese. 2-Hep-
tanol, 2-pentanol and benzyl alcohol were the most abundant alcohols in the
cheeses from Kumanovo (Table 1V). The concentration of alcohols in the cheeses
from other regions may have been higher than the reported levels as it was
reported that the level of alcohols can fluctuate during ripening.1® Thus, at the
time of analysis, the cheeses examined in the present study were not sampled at
the time where the levels of the various acohols were at their maximal. Similar
concentrations of total alcohols were isolated in Tetovo (74.1 pug 100 g1) and
Struga (88.6 pug 100 g—1) Beaten cheeses, athough the predominant alcohols dif-
fered between these cheeses. 2-Pentanol was detected in the Struga Beaten
cheeses, while, on the other hand, 1-butanol was detected in the Tetovo Beaten
cheese. Two alcohols were identified in Resen and Veles Beaten cheeses with the
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main one being 3-methyl-1-butanol. Radovis Beaten cheese did not contain high
levels of alcohols, however, the concentration of acohols was similar with the
Veles (9.9 ug 100 g1) Beaten cheese.

TABLE IV. Contents of alcohals in the Beaten cheeses, pug 100 g1 (n = 18); * — significant
statistical differences (Tukey’stest, P < 0.05); n.g.: not quantified; RI — retention index

Geographical origin

Compound RI Kumanovo Tetovo Struga Resen Veles Radovis v aIPue
(n=3) (n=3) (n=3) (n=3)(n=3) (n=3)
2-Pentanol 701 249.6 n.g. 83.3 ng. ng. n.g. *
+28.9 +17
1-Butanol 729 99.6 71.7 n.g. ng. ng. 4.1 *
+129 +18.2 +0.7
3-Methyl-1-butanol 730 n.g. n.g. 5.1+0.07 1804 8.2 32 *
449 +08 0.6
2-Heptanol 914 277.8 n.g. n.g. ng. 15 n.g. *
+35.2 0.1
3-(Methylthio)-1- 983 1.04 n.g. n.g. ng. ng. n.g. *
-propanol +0.2
Benzyl alcohol 1039 161.1 n.g. n.g. ng. ng. 0.1 *
+32.3 +0.01
2-Nonanol 1104 19.9 n.g. n.g. ng. ng. 0.01 *
+1.2 +0
Benzenethanol 1118 17.2 24 n.g. ng. ng. 29 *
+0.5 +0.8 +0.5
Total alcohols 826.4 74.1 88,5 180.7 9.8 10.4

2-Heptanol was the highest secondary alcohol isolated in the artisanal
Kumanovo cheese, which was previously identified as a key odorant of Gorgon-
zola and Grana Padano cheeses,13 and was detected in the highest concentrations
in semi-hard Spanish goat cheeses.20 2-Pentanol has lower detection thresh-
olds,18 which plays an important role in the aroma of ewe raw milk La Serena
cheese. The present results indicated that 2-butanol was the most abundant com-
pound, followed by 3-methyl-1-butanol, 1-propanol and ethanol. Similar results
were observed in the case of the aromatic fraction of other raw milk cheeses, in
which all these components were found in high amounts.18 The large amount of
2-butanol was formed by the reduction of 2,3-butanedione to 2-butanol during
ripening, due to the high activity of non-starter lactic acid bacteria.2!

Esters

These compounds are produced by enzymatic or chemical reactions of fatty
acids with primary alcohols, so the alcohol concentration is a limiting factor in
ester production.22 Seventeen esters were found in the 6 Beaten cheeses of differ-
ent geographical origin and the most frequently identified sub-groups were seven

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



CHARACTERIZATION OF VOLATILES IN BEATEN CHEESES 935

ethyl, four methyl, two isopropyl, two isobutyl, one isoamyl and one methylbutyl
esters (Table V). The amounts of esters were significantly different (P < 0.05) in
the cheeses, except for octanoic acid methyl ester. Esters were the unique che-
mical family with a high presence in Radovi§ Beaten cheese because these
cheeses had the longest maturation period (Table V). This increase could be due
to the esterification of acids and alcohols. The ethyl esters of hexanoic acid and
butanoic acid were the most abundant esters isolated in the Kumanovo and Resen
Beaten cheese. These esters were obtained from esterification reactions occurring
with hexanoic and butanoic acids, respectively. The ethyl esters of butanoic and
hexanoic acids were identified as two of the most potent odorants of Cheddar,
Emmentaler, creamy Gorgonzola, Grana Padano and Pecorino cheeses.13 These
two esters, in addition to ethyl acetate, were the major esters identified in

TABLE V. Contents of esters in the Beaten cheeses, ug 100 g1 (n = 18); * — significant
statistical differences (Tukey’s test, P < 0.05); n.qg.: not quantified; NS — not significant; Rl —
retention index

Geographical origin

Compound RI Kumanovo Tetovo Struga Resen Veles RadoviéV alpue
(n=3) (n=3) (n=3) (n=3) (n=3) (h=3)
Ethyl acetate 603 126.3+16.3 n.g. n.g. ng. ng. n.g. *
Methyl butanoate 716 n.g. n.g. n.g. 38 nag n.g. *
+0.7
Ethyl butanoate 804 9.1+08 1565 65.3 4.6 2.7 n.g. *
+359 14 +1  #0.3
Methyl hexanoate 97 45+0.2 nq. 10.2 0.8 0.6 n.g. *
+17 02 0.1
Isobutyl butanate 959 134+1.7 nag. n.g. ng.  ng. n.qg. *
Ethyl hexanoate 1006 287.8+33.7 1206 87 ng.  ng. n.g. *
1524  +0.7
Isoamyl butyrate 1058 14402 n.q. n.g. ng.  ng. n.g. *
Methyl octanoate 1124 2.4+2.6 75 8.3 ng.  ng. ng. NS
+6 +0.6
Isobutyl hexanoate 1136 22+0.2 nag. n.g. ng.  ng. n.qg. *
Ethyl octanoate 1202 21.6+1.8 83 114 ng. ng. 0.7 *
41 +05 +0.01
Isopropy! octanoate 2.2+0.2 n.g. 0.04 n.g. n.g. n.g. *
1232 +0.0
2-Methylbutyl hexanoate 1252 91401 n.gq. 51 ng. ng. n.g. *
+0.3
Ethyl 9-decenoate 1389 35+0.1 n.gq. n.g. ng. ng. n.g. *
Ethyl decanoate 1397 55.2+1 20 16.8 n.g. 0.1 n.g. *
13 16 10
Isopropy! decanoate 1428 15+05 n.q. n.g. ng. ng. n.g. *
Ethyl dodecanoate 1598 29+04 n.q. n.g. ng. ng. n.g. *
Methyl palmitate 1889 82+11 nag. n.g. ng.  ng. n.qg. *
Total esters 552.1 2949 1258 9.3 3.2 0.7
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Majorero goat cheese.23 The most abundant ester was ethyl acetate, followed by
ethyl butanoate, ethyl propanoate and propyl acetate. It is notable that in
Manchego cheese, ethyl esters were reported at higher levelsin raw milk cheeses
than in pasteurized ones.18

Terpenes

Six terpenes were identified in the cheese samples; however, higher con-
centrations were isolated in Kumanovo and Veles Beaten cheese (Table VI). On
the contrary, terpenes were not detected in Radovis cheeses. The most abundant
terpene in the majority of the cheese samples was limonene, which is associated
with citrus-like note,24 and was the most abundant terpene in eleven varieties of
Turkish cheese.2> Three different terpene compounds were determined in Tetovo
Beaten cheese, with a-pinene being the main one. a-Pinene was also identified in
Kuflu26 and Manchego cheeses.” These compound originate from pasture plants
and are transferred to the milk and milk products.24 High levels of terpenes were
detected in Resen cheese (32.3 nug 100 g1), with limonene being the main one.
Low levels of terpenes were detected in Tetova (8.7 ug 100 g-1) and Radovi$
(6.9 ng 100 g1) Beaten cheese. The magjority of terpenes that were identified in
the Beaten cheeses were also isolated from other types of brined cheese.2’ It is
thought that the high level of terpenes in the cheeses could be due to the high
levels of terpenes in the plants consumed by the animals. In traditional cheeses
manufactured in Alpine regions, terpenes are important volatile compounds with
origins in the plants that constitute the forage mixture of the pastures.?8 In
another study, terpenes were considered to be important compounds due to their

TABLE VI. Terpenes in the Beaten cheeses, ug 100 g (n = 18); * — significant statistical
differences (Tukey’ stest, P < 0.05); n.q.: not quantified; Rl — retention index

Geographical origin

Compound RI Kumanovo Tetovo Struga Resen Veles RadoviéV aIPue
(n=3) (=3) (h=3) (n=3) (h=3) (h=3)
a-Pinene 934 0.13 43 n.g. 39 21 115 %
+0.02 114 +0.7 0.3 017
B-Pinene 980 n.g. n.g. n.g. 12 n.g. ng. NS
+1.45
p-Myrcene 990 n.g. n.g. n.g. n.g. 0.2 n.g. *
+0.1
p-Cymene 1025 n.g. 13 n.g. n.g. 4.2 n.g. *
114 0.5
I-Limonene 1033 90.5 29 n.g. 271 562 571 *
+7.3 1.1 +37 84 180
y-Terpinene 1061 0.54 0.1 n.g. 0.1 04 004 *
+0.08 +0.02 +0.1 +01 +0.01
Total terpenes 91.2 8.7 n.g. 323 629 69
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low odour thresholds and they were thought to originate from the plants that con-
stituted the forage mixture of the grazing pastures.28

Miscellaneous

Eleven miscellaneous compounds, including eight hydrocarbons, one phe-
nol, one aldehyde and one sulphur compound (carbon disulfide), were detected
(Table VII). Carbon disulfide was the most abundant miscellaneous compound,
while toluene was isolated at various levels, as aresult of contamination.29

TABLE VII. Miscellaneous compounds in the Beaten cheeses, ug 100 gl (n = 18); * —
significant statistical differences (Tukey’s test, P < 0.05); n.g.: not quantified; Rl — retention
index

Geographical origin

Compound RI Kumanovo Tetovo Struga Resen Veles RadoviéV aIPue
(n=3) (n=3) (n=3) (n=3) (n=3) (n=3)
Carbon disulfide <600 2237 1798 2311 5133 469.6 1675
+18.7 +7  +16.9 +52.8 +1104 +444
2-Methyloctane 866 n.g. n.g. n.g. n.g. 04 n.g. *
+0.1
3,7-Dimethyl-1,6-octa- 945 29 4.6 33 n.g. 33 ng. NS
diene 015 09 =06 +29
3,7-dimethyl-2-octene 970 n.g. 4.6 0.7 ng.  ng. ng. NS
54 +0.1
2-Butenal 643 n.g. ng. 1048 ng ng n.g. *
+39
Toluene 763 n.g. 24 24.8 28 203 05 *
+28 32 +07 02 +0.08
m-Cresol 1076 4.9 n.g. 0.09 n.g. n.g. 0.1 *
+0.4 +0 +0.01
Undecane 1098 n.g. 9.9 n.g. ng. 156 001 *
+3.9 +2.6 +0.00
Dodecane 1199 n.g. n.g. n.g. n.g. 6.2 n.g. *
+1.3
Tridecane 1301 n.g. n.g. n.g. n.g. 21 n.qg. *
04
Nonadecane 1846 15 n.g. n.g. n.g. n.g. n.g. *
+0.2
Total miscellaneous 229.4 30.2 3559 516.1 4955 168.1

One of the hydrocarbons, toluene, which provides nutty odour, was the most
abundant hydrocarbon, already identified at high levels in Feta-type cheese.30
High levels of octane were previously found in other raw milk cheeses, e.g., in
Spanish Manchego cheese.1’ Hydrocarbons originate from fodder,18 and are also
produced during the ripening as a result of lipid autoxidation.16 Volatile sulphur
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compounds greatly contribute to the flavour of many cheeses!! and interact with
each other and with other compounds in cheese.

CONCLUSIONS

The aim of this study was to characterize the volatile profile of the cheeses
that are important for the dairy sector of the FYR Macedonia. Volatile acids were
the most abundant compounds isolated in the headspace analyses of Beaten
cheese. These acids are of the highest importance for the aromatic profile of this
type of cheese. The pattern of volatile acids formation according to their most
probable origin could be associated with the different and typical characteristics
in each cheese from different regions. The concentration of volatile compounds
varied greatly with high standard deviations, due to the lack of standard manuf-
acturing protocols and age-related differences. In general, the highest concen-
tration of alcohols, esters and ketones were observed in Kumanovo, wheresas the
highest concentration of the miscellaneous compounds was observed in Resen
Beaten cheese. This study highlights the fact that the manufacturing technigue
and ripening conditions of the cheeses play important roles on the formation of
volatile compounds. The data presented in this article provide new information
on the volatile characterization of some Beaten cheeses from different regions of
the FYR Macedonian. In addition, the volatile profiles could be applied for qual-
ity control of Beaten cheeses. Complementary sensory and microbial analyses
should be performed in the future to develop further the relationship between
manufacturing factors and the formation of volatilesin Beaten cheese.

n3BOJ

KAPAKTEPU3ALIMJA UCITAPJbBUBUX CYIICTAHLIX U3 BUJEHOT CUPA ,FUEHO
CHPEIBE" METOJOM SPME/GC-MS: YTUIIAJ TEOI'PA®CKOTI I[IOPEKJIA

ERHAN SULEJMANI"? VESNA RAFAJLOVSKA? U1 ONUR GUNESER®

1Department of Food Technology, State University of Tetova, 1200 Tetovo, FYR Macedonia, ZDepartment of
Food Engineering, Canakkale Onsekiz Mart University, 17020 Canakkale, Turkey u 3Department of Food
Technology and Biotechnology — Skopje, Ss. Cyril and Methodius University,1000 Skopje, FYR Macedonia

Y oBOM pany Ccy OKapaKTepHCaHH HUCHIAp/bHBH CACTOjIM CHpa KOjH je, ca eKOHOMCKOT
acnekra, BeoMa BakaH 3a BJP Makemonujy. YmopenHo je ucrnutuBaHo 18 y3opaxa dujeHor
cupa, U3 6 pasnuuuTHX reorpadckux odnactH, ykmyuyjyhu Kymanoso, Tetoso, Ctpyry,
Pecen, Benec u PagoBum. MeTonoM eKCTpakLHje Y YBPCTOj (pasd M raCHO—MAacEeHOM CIEK-
TPOMETPHjOM HIeHTHU(HKOBaH je 61 ucmapmus cacrojak. Pesynratu cy obpahenu npema
BUX0BOj XeMHjckoj knacuduxanuju (17 ecrapa, 9 xerona, 10 xucenuna, 8 amkoxoma, 6
TeprnieHa u 11 ocranux jenumena). HajupucyTHuja jenumena Cy KUCeINHe, eCTPH U aJIKOXOJIH,
a BUXOB CacTaB je BeOMa 3aBUCHO of reorpadckor mopewia cupa. bujenu cup uz Crpyre je
UMao Hajsehu cafpkaj kapOOKCHMIHUX KUCEIWHA, KETOHA, alKoXojla, ecrapa M TepleHa.
bujeHu cup U3 Opyrux perdoHa je MMao MajM cafipkaj MCIap/bUBUX cacTojaka, LITO Ce MOXe
CMaTpaTH MOCIEOULIOM CacTaBa MJIEKa M HauyMHa 0o0pafe Ccupa, KOjU yTUUy Ha DHOXEMHjCKe
npouece. PesynraTu cy NOKasald Ja je cCUp M3 CBake 0O1acTM MMao DPasIM4YUT NpOduI
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WCIIAp/bUBUX CYIICTAHLW, Ka0 W Jia je TEeXHWKA ITPOU3BOMHE WU CTaIUjyM 3DPENIOCTH CHpa Of
omtyuyjyher 3Hauaja 3a Te npodure.
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Abstract: Four novel polymeric iron(l11) complexes with 2,2"-bipyridine (bipy)
and different aromatic polycarboxylato ligands as anions of phthalic (pht),
isophthalic (ipht), terephthalic (tpht) and pyromellitic (pyr) acid were syn-
thesized by ligand exchange reaction. The complexes were characterized by
elemental and TG/DSC analysis, FTIR and diffuse reflectance UV-Vis-NIR
spectroscopy and magnetic susceptibility measurements. Based on the anal-
ytical and spectral data, the formulae of the complexes were {[Fey(bipy),
(H20)2(OH)g(pht)s]-2HO} - (1), {[Fea(bipy)o(Hipht)(ipht),(OH)gl -4H,0}
(2), {[Feq(bipy)o(Htpht),(OH)g(tpht)]-4H0}, (3) and {[Fey(bipy)(H2O)s-
(OH)4(pyr),]-H-0} , (4). All complexes were red brown and low-spin with a
distorted octahedral geometry with FeOg or FeN,O, chromophores. The
polycarboxylato ligands played a bridging role in all cases, whereas mono-
dentate COO groups were present in 2 and 3, while bridging and chelate COO
groups were established in 1 and 4. The thermal behaviours of 1-4 were
investigated in detail and the molar dehydration enthalpies were calculated.
According to the all those results, the structural formulae of complexes 14
were proposed.

Keywords: mixed ligand complexes; iron(l11); 2,2-bipyridine; polycarboxylato
ligands; Fe,(OH),*" dimer.
INTRODUCTION

The growing interest in the field of mixed ligand complexes arises from the
high structural tunability of these compounds, which directly impacts their
magnetic, electrical, optical and catalytic properties. The variety of individua
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building blocks and coordination modes of aromatic polycarboxylates provides a
wide range of potentially supramolecular architectures and, consequently, many
practical applications. Hitherto, transition metal complexes with polycarboxylato
ligands have been utilized in adsorptive hydrogen storage, gas separation, catal-
ysis, and sensitization in dye-solar cells or sensors. 1~/

In the past few decades, specia interest has been developed towards the
implementation of aromatic polycarboxylato ligands as building units, which
combined with transition metals and N,N-ligands, result in one-, two- or three-
-dimensional complexes based on covalent bonds, as well as on hydrogen bond-
ing and non-covalent n—r interactions. The most frequently used aromatic poly-
carboxylato ligands are the dianions of phthalic (Hopht), isophthalic (Hzipht) and
terephthalic (Hotpht) acid, together with the tetra-anion of pyromellitic acid
(Hapyr), which usually have a bridging role using numerous donor O atoms from
COO groups. A great number of different coordination modes of these polycar-
boxylates in a variety of transition metal complexes is well understood and
explained elsewhere.8-18

The iron(l11) ion has been rarely utilized as the metal centre within mixed
ligand complexes containing aromatic polycarboxylato and diamine ligands. To
the best of our knowledge, there are only two reported crystal structures of this
kind. One of them, [Fex(OH)>(phen)o(pyr)]n, Wwhere phen is 1,10-phenanthroline,
is a two-dimensional polymer.19 The pyr4-ion bridges two Fe(lll) ions and it is
coordinated by all four COO groups acting as bis-monodentate and bis-chelate
ligands. The distorted octahedral environment of the Fe(l11) ion consists of three
O atoms from two pyr4- ligands, two N atoms from phen and one OH~ group. In
the second reported compound, [Fex(bipy)2(H20)2(Hopyr)(pyr)]n, Where bipy is
2,2"-bipyridine,20 the coordination polyhedron of Fe(lll) ion is also a distorted
octahedron comprising two N atoms from chelate bipy, one O atom from coor-
dinated H,0, two O atoms from monodentate COO groups of pyr4 and one O
atom from Hopyr2-. The binuclear units built zig-zag chains, which are further
connected in layers and finaly form athree-dimensional crystal packing governed
by numerous hydrogen bonds.

On the other hand, the hydrolytic behaviour of Fe(lll) ions in agueous
solution is much more investigated, and represents solid ground for further
research and implementation in the synthesis of mixed ligand Fe(l11) complexes.
Absorption spectroscopy of different Fe(lll) salts in agueous solutions, over a
wide range of concentrations and pH values, reveaed that the Fe(l11) ions are sub-
jected to hydrolysis and polymerization reactions, leading to the formation of com-
pounds with Fe(OH)2*, Fe(OH),* or Fex(OH),4* as predominant species,21-25
and eventualy to hydroxido-bridged complexes, such as [Fex(C404)2(H20)4s-
(OH)5]-2H20,26 [FegO2(C7H502)10(hedmp)2(OH)5]-3CH3CN, where hedmp is
2-(hydroxyethyl)-3,5-dimethylpyrazole2? and [Fe(barbital)(H,0),(0OH)].28
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In this work, the possibilities of implementing Fe(l11) ions as metal centres,
starting from Fe(l11) nitrate, bipy as diamine ligand and different aromatic
polycarboxylates: pht, ipht, tpht and pyr, were investigated. Such compounds
should be comparable to the aready known mixed ligand Co(ll), Ni(ll) and
Cu(ll) complexes of similar composition.12.13.29 |n the present study, four novel
Fe(I11) complexes with w-hydroxido and u-carboxylato bridges were synthesized
by ligand exchange reaction and characterized by elemental and TG/DSC
analysis, FTIR and diffuse reflectance UV—Vis-NIR spectroscopy and magnetic
susceptibility measurements.

EXPERIMENTAL
Materials

With the exception of 2,2"-bipyridine, which was of purum quality, the other reagents
were of analytical grade and were used as purchased.

Preparation of the complexes

The complexes were prepared according to the following procedure: a solution of
Fe(NO3)3-6H,0 (0.01 mol for complexes with pht, ipht and tpht, or 0.02 mol for complex
with pyr) in H,O (200 mL) and a solution of bipy (0.005 mol) in EtOH (15 mL) were first
mixed. Then, a dilute solution of Naypht/Nayipht/Nastpht/Na,pyr (0.015 mal) in H,O (75 mL)
was added dropwise at room temperature over about 1.5 h under vigorous magnetic stirring.
During this period, the pH value of the solution increased from 2.0 to 3.0. After standing for
severa days, the formed precipitates were filtered off, washed several times with H,O, EtOH,
and Et,O and dried at room temperature.

Characterization of the complexes

Elemental analysis was realised by standard analytical micro-methods. The Fourier-
-transformed infrared spectra were recorded on a Bomem MB-100, Hartmann Braun FTIR
spectrophotometer, using KBr pellets, in the region 4000 — 400 cmL. The diffuse reflectance
UV—VisNIR spectra, in the region of 2001400 nm, were taken on a UV-2600 Shimadzu
spectrophotometer with an integrating sphere, using BaSO, as an internal standard. The
recorded data were transformed using the Kubelka—-Munk function in order to obtain absorp-
tion spectra30-32 The thermal behaviour of the complexes was investigated from room
temperature up to 1050 °C using an SDT Q600 TGA/DSC instrument (TA instruments), at a
heating rate of 20 °C min'1 under a nitrogen atmosphere (flow rate: 100 cm3 min'1). The mag-
netic susceptibility measurements were performed at room temperature on an MSB-MK1
magnetic susceptibility balance (Sherwood Scientific Ltd., Cambridge, UK). The data were
corrected for diamagnetic susceptibilities.

RESULTS AND DISCUSSION

All complexes were prepared as microcrystalline products from dilute
solutions by ligand exchange reactions. The empirical formulae of the complexes
based on analytical and spectral data were: Fey(bipy)2(OH)g(pht)3-4H20 (1),
Fes(bipy)2(Hipht)2(ipht)2(OH)e-4H20 (2), Fes(bipy)2(Htpht)2(OH)s(tpht)2-4H20
(3) and Fey(bipy)(OH)4(pyr)2-9H20 (4). As seen from the formulae, al the
obtained compounds were hydrated hydroxido-carboxylato complexes with tetra-
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nuclear building units. The mole ratio Fe(l11):bipy was 2:1 for 1-3, and 4:1 for 4,
meaning that the initial ratios of reagents were preserved in the products. In
addition to the fully deprotonated polycarboxylates present in al cases, proton-
ated dicarboxylates, Hipht and Htpht, were found in 2 and 3. Moreover, com-
plexes 2 and 3 had identical empirical formulae with the only difference being in
the polycarboxylato ligand. All complexes contained OH groups, indicating the
formation of x-hydroxido speciestypical for Fe(l11) compounds.21-25

The analytical data of reported complexes are as follows:

Fey(bipy)2(OH)g(pht)3-4H20 (1). Yield: 51.6 %; M.W.: 1202.22 g mol;
Anal. Calcd.: C, 43.96; H, 3.52; N, 4.66; H>0, 5.99 %. Found: C, 44.16; H, 3.35;
N, 4.67; H20, 5.90 %.

Fes(bipy)2(Hipht)o(ipht)2(OH)g-4H20 (2). Yield: 54.2 %; M.W.: 1368.35 g
mol—1; Anal. Calcd.: C, 45.64; H, 3.54; N, 4.09; H,0, 5.27 %. Found: C, 44.95;
H, 3.37; N, 3.90; H»0, 5.90 %.

Fey(bipy)2(Htpht)2(OH)g(tpht)2-4H20 (3). Yield: 57.8 %; M.W.: 1368.35 g
mol—1; Anal. Caled.: C, 45.64; H, 3.54; N, 4.09; H50, 5.27 %. Found: C, 45.24;
H, 3.13; N, 4.03; H»0, 5.27 %.

Fey(bipy)(OH)4(pyr)2:9H,0 (4). Yield: 63.6 %; M.W.: 1109.98 g mol-L;
Anal. Calcd.: C, 32.46; H, 3.09; N, 2.52; H»0, 14.61 %. Found: C, 32.20; H,
2.96; N, 2.74; H20, 15.14 %.

The total water content was obtained from TG/DSC analysis.

The magnetic moments, calculated from susceptibility measurements at
room temperature (Table 1), are in accordance with the values reported for low-
spin Fe(l11) complexes, which are expected to bein the range 2.0-2.5 ug, dueto a
considerable orbital contribution.33 Although the complexes exhibited a notice-
able difference in shade, al were red—brown coloured, which generally corres-
ponds to other known low-spin Fe(lll) complexes with octahedral or distorted
octahedral geometry.33:34 Compounds 2 and 3 were insoluble in water, EtOH and
acetone, 1 was partially soluble in H>O but insoluble in EtOH and acetone; 4 was
to some extent soluble in EtOH, but insoluble in H,O and acetone. Considering
their solubility, complexes 14 are probably polymeric.

TABLE |. Magnetic moments and selected FTIR spectral datafor 1-4

Complex Heit | g Vas ! cl v/ cml Av/cml Av,/cm?
1 2.59 1566 1410 156 157
2 2.38 1588 1385 203 176
3 2.67 1574 1385 189 173
4 2.21 1583 1385 198 193

The presence of OH groups, water molecules, diamine and benzenepoly-
carboxylato ligands were confirmed in detail from the FTIR spectra (Fig. 1).
Broad O—H stretching vibrations in the region of 3420-3060 cm2 correspond to

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



SYNTHESIS OF 4-POLY CARBOXYLATO-BRIDGED IRON(III) COMPLEXES 945

coordinated or uncoordinated water molecules. A weak shoulder at ~3570 cm1
could be assigned to the bridging OH stretch?2 in the FTIR spectra of all com-
pounds. Since the shape and the position of the v(OH) bands are similar in the
spectra of 1-3, it can be concluded that the number of water molecules in these
complexes was the same or very similar. The extremely broad band centred at
~3420 cm1 in spectrum of 4 indicates a larger number of water molecules. Such
bands are characteristic for pyr-containing compounds with numerous and short
hydrogen bonds.35 Additional confirmation for these conclusions was obtained
from the TG analysis (vide infra).

|1
eV ad Iy n
f1 1

LiFy g

TR

& l
=

Fig. 1. FTIR spectraof 1-4.

Characteristic vibrations of the aromatic nuclei: v(C=C), v(C=N) and
v(C—H), found in the 1610-1600, 1445-1440 and 768-735 cmr1 regions, res-
pectively, verify the coordination of the bipy ligand in al the synthesized com-
plexes. The presence of coordinated aromatic polycarboxylato ligands caused the
appearance of two very intense bands, due to the asymmetrical (vas) and sym-
metrical (vg) COOQ vibrations, which are listed in Table I. The difference between
these vibrations, Av, when compared with the “purely ionic” value, Avj, for
akaline metal salts Nagpht (this study), Koipht,3¢ Kotpht37 and Nagpyr (this
study), predicts the coordination mode of COO groups.38 The significant diffe-
rence between Av and Av; for 2 and 3 suggests a monodentate coordination mode
of the COO groups. On the other hand, the small difference between Av and Av;
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indicates a combination of chelate and/or bridging COO groups, such asin 1 and
4. Besides the va(COQO) and v{(COO) vibrations in the FTIR spectra of 2 and 3,
additional pairs of intense bands at 1697 and 1281 cm1 for 2, and 1690 and 1288
cm1 for 3 confirm the presence of the protonated species Hipht— and Htpht—.38

Close observation of the region between 1000 and 800 cmL, shown in Fig.
2, provided information about hydrolysis and polymerization tendency of the
Fe(l11) ions. The asymmetric bands at 858-831 cm1 could be attributed to the
Fe-O—Fe unit, while the bands at 962-932 cmr?® refer to OH bridging defor-
mation in an [Fe{OH)—Fe]4* entity.22

Fig. 2. FTIR spectra of 1-4 in the region 1000-800 cmL.,

Flynn2! conducted extensive research regarding the hydrolysis of inorganic
Fe(I11) salts and established a correlation between the found OH~/Fe3* mole ratio
and the pH value of agueous Fe(NOs)3 solutions. For the mole ratio OH~/Fe3*
between 0.5 and 2.5, the pH values of fresh 0.1 and 0.01 mol dm=3 solutions
were 1.9-2.4 and 2.3-2.8, respectively. Since the initial pH values were ~2.0 in
the present case, it could be concluded that the corresponding OH—/Fe3* ratio
was within the reported interval 0.5-2.5. This leads to the assumption that during
the synthesis of 14, the dominant x-hydroxido species might be Fex(OH),4, i.e.,
hydroxido-bridged Fe(OH)2* dimers. The confirmation was obtained by the
results of UV—Vis-NIR spectroscopic measurements, shown in Fig. 3. All spec-
traexhibited very prominent peaks at ~235 and ~294 nm and several shoulders at
higher wavelengths, which could be attributed to the presence of Fe(l11), Fe(OH)2*
and Fep(OH)** species 2539 In addition, 4T1q — A1 energy transitions charac-
teristic for a distorted octahedral environment of low-spin Fe(l11) complexes?0
and the FeOg or FeN,O4 chromophore?! were found as weak maxima in the
range 956-999 nm (inset in Fig. 3).
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Fig. 3. UV-VisNIR spectra of 1-4.

Thermal properties of synthesized complexes were investigated by TG/DSC
anaysis (Fig. 4). The first significant weight loss corresponded to the dehyd-
ration (the H,O content is listed above), which is a single step processin all four
cases, and it was not possible to distinguish between coordinated and uncoor-
dinated water molecules. As seen from the initial, Tgen i, and final, Tgen f, dehyd-
ration temperatures (Table I1), complexes 1-3 were easily dehydrated with Tgen
not exceeding 144 °C. In the case of 4, DSC peak maximum, Tpax, COrres-
ponding to dehydration, as well as Tgen s Were higher in comparison to those for
1-3, very likely due to the nine H,O molecules within the formula. According to
the DSC curves, the molar dehydration enthalpies, AgenH°m, for 1-4 were cal-
culated by measuring the area under the peaks. The values AgenH’m, listed in
Table 11, varied from 143 to 441 kJ mol-1, as a consequence of the different
number of H>O molecules in the complexes.

Further decomposition of the anhydrous compounds occurred in several not
well-separated steps. In the case of 1, the removal of water was followed by three
overlapped steps, with an overall mass loss of 65.9 %, ending at 519 °C, and one
additional loss of 12.0 %, ending at 661 °C. These steps could be attributed to the
consecutive removal of bipy, pht and OH groups, respectively. In the cases of 24,
the thermal decomposition had similar pattern. After the dehydration, the next mass
loss corresponded to the elimination of bipy followed by the removal of the poly-
carboxylato ligand, ending at 524-565 °C, and a final step of about 13 %, after
which OH groups were assumed to have been removed. The only noticeable dif-
ference between 1 and 24 was that the TG curve for 1 dropped suddenly at about
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620 °C, which was accompanied by a sharp endothermic DSC maximum, while
the analogous processes for 2—4 were slower with broader DSC peaks (Fig. 4).
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Fig. 4. TG (a) and DSC (b) curves
t/°C of 1-4.

Although the final temperature of the decomposition process was insufficient
to form pure ferrimagnetic FepO3 or Fe304,%2 the black residue exhibited mag-
netic interactions at room temperature.
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TABLE Il. Extracted data from the TG and DSC curves

Complex Tdeh,i /°C Tdd}'f /°C Tmax /°C AdehHom / kImol-1
1 37 138 94 143
2 45 144 94 167
3 35 127 90 170
4 47 177 109 441

Based on the above described analytical and spectral data, and the results of
TG/DSC analysis and magnetic measurements, the following structural formulae
for complexes 14 were proposed: {[Fe4(bipy)2(H20)2(0H)g(pht)3]-2H20} (1),
{ [Fea(bipy)2(Hipht)o(ipht)2(OH)e] -4H20} n (2), {[Fea(bipy)2(Htpht)2(OH)e
(tpht)2]-4H20} n (3) and {[Fes(bipy)(H20)8(OH)a(pyr)2]-H20} n (4), which are
shownin Fig. 5.
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T e g T | \o/l T e
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Fig. 5. Structural formulae of 1-4 (uncoordinated water molecules are not shown).
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CONCLUSIONS

Four u-hydroxido and u-carboxylato mixed ligand iron(l11) complexes, i.e.,
{ [Fea(bipy)2(H20)2(OH)e(pht)3]-2H20} n (1), {[Fea(bipy)2(Hipht)o(ipht)2
(OH)6]-4H20}n  (2), {[Fea(bipy)2(Htpht)2(OH)e(tpht)2]-4H20}n (3) and
{[Fes(bipy)(H20)g(OH)a(pyr)2]-H20} i (4), were synthesized and characterized.
All complexes are polymeric with tetranuclear units, red—brown coloured and
low-spin, without noticeable magnetic interactions at room temperature. A dis-
torted octahedral geometry was proposed in all cases. The polycarboxylato
ligands play a bridging role in al compounds,; while monodentate COO groups
were present in 2 and 3, bridging and chelate COO groups were found in 1 and 4.
The presence of Fey(OH),* dimers in 1-4 was confirmed by UV-Vis-
—NIR spectroscopic measurements. The dehydration and decomposition of the
anhydrous compounds were discussed in detail and the calculated molar dehyd-
ration enthal pies were in the range of 143-441 kJ mol-1. Furthermore, the struc-
tural formulae of the complexes 1-4 were proposed. Attempts to obtain the com-
pounds 14 in the single crystal form suitable for X-ray structure analysis are in
progress; this could confirm the supposed structural formulae of the complexes.

Acknowledgements. This study was financially supported by the Ministry of Education,
Science and Technologica Development of the Republic of Serbia (Project No. 11145007).

H3BOJ
CUHTE3A U KAPAKTEPU3AIIMJA IT'BOXBE(III)-KOMIIJIEKCA CA
w-XUIOPOKCHUIO U u-ITOTUKAPEOKCHUIIATO MOCTOBUMA U 2,2-BUITUPUTUHOM

HHUKOJIA TACI/IFS, JEJIEHA POFAHZ, OEJAH HOHETI/IZ, JINOUJA PAHOBAHOBI’IB2 u TOPAH BPAHKOBUR'
10gcex 3a nayxy o mamepujamuma, HHCTUTLY T 30 MyTTUGUCHUTLTUHAPHA UCTAPANUBAIA, YHUBEP3UTAET ¥
Beoipagy, Knesa Buwecnasa 1, 11030 Beoipag u ZKaw.egpa 30 OUWTHY U HEOPIAHCKY XeMUJY,
TexHonmowKo—memanypuxu Gaxynieid, Ynusepsutei y beoipagy, Kapueiujesa 4, 11000 Beoipag

PeakuujomM HM3MeHe JMraHaja CHHTETHCaHa Cy YeTHPH HOBAa MOJKMMEDHA KOMILIEKCA
reoxha(Ill) ca 2,2’-dunupungrHom (bipy) ¥ pasIMYUTHM apOMATHYHUM MOTHKAPOOKCH-
JIATHUM JINTAaHIHUMA, Kao 1ITO Cy aHjoHH (TanHe (pht), udodranue (ipht), repedranue (tpht)
W UpoMenuTHe (pyr) kucenuHe. Komiuiekcu cy okapakTepucaHu enemeHTapHoMm U TG/DSC
aHanusoMm, FTIR u pudysnono-pednexcuonom UV-Vis—NIR cnexrpockonujom, kao U mMar-
HEeTHUM MepewuMa. Ha 0CHOBY aHA/IMTUUKUX U CIIEKTPa/lHUX [ofaTaka, yTephene cy cienehe
dopmyne xommiekca: {[Fey(bipy),(H,0),(0OH)g(pht)3]-2H,0}, (1), {[Fe4(bipy),(Hipht),-
(ipht),(OH)gl-4H,0},, (2), {[Fe4(bipy),(Htpht),(OH)g(tpht),]-4H,0}, (3) u {[Fe4(bipy)-
(H20)g(OH)4(pyr),]-H,0}, (4). CBM KOMIIEKCH Cy LIpBEHOMpKe 00je M HUCKOCIHHCKU ca
IedopMHUCaHOM OKTaelapckoM reoMeTpujomM U xpomodopom tuna FeOg unu FeN,0y4. ITonu-
KapDOKCHIATO JIMTaHOU UMajy MOCTOBHY yJIOTy KOJ CBHX jedHmema, MehyTHMm, 1ok koj 2 1 3
nocroje moHopeHtatHe COO™-rpyme, xon 1 u 4 Hahene cy mocroBHe mnu xemnatHe COO™
rpyne. JleTa/bHO je HCIUTaHO TEPMHUUKO IIOHAlIamke KomIiekca 1-4 ¥ u3pauyHaTe Cy MOapHe
eHTaINdje pexumpaTauuje. Ha ocHOBY cBuX HoOujeHHX pe3ynTaTa, NpemiokeHe Cy CTPyK-
TypHe dopmyre koMmiuiekca 1-4.

(ITpumiseno 28. oxtodpa 2013, pesuarpano 10. janyapa, npuxsaheno 17. janyapa 2014)
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Abstract: Complexes of the type [ML'L(OH)(H,0)], where M = Ni(ll), Co(ll)
or Mn(Il), L' = isatin and HL = 3-(2-phenylhydrazono)acetylacetone, 3-(2-(4-
-chlorophenyl)hydrazono)acetylacetone or 3-(2-(4-bromophenyl)hydrazono)-
acetylacetone, were synthesized by equimolar reaction of a metal(l1) chloride
with isatin and a 3-(2-arylhydrazono)acetylacetone. The resulting complexes
were characterized by elemental analyses, molar conductivity, spectral data (IR
and mass spectrometry) and magnetic moments. Furthermore, the ligands and
their metal complexes were screened for their cytotoxicity against different
human cancer cell lines using the sulforhodamine B (SRB) assay. The results
showed that most of the mixed ligand metal complexes have high cytotoxicity
in comparison with the reference drugs used.

Keywords. 3-(2-arylhydrazono)acetylacetone; isatin; transition metals, mixed
ligands; cytotoxicity.

INTRODUCTION

One of the main goals for research chemists and pharmacologists is the syn-
thesis of novel bioactive compounds for the development of better drugs to fight
diseases. Thus, coordination chemistry has developed very rapidly mainly in the
last 15 years since many ligands of no or low biological activity become more
active when transferred to their metal complexesl2 and some drugs show
increased activity when administered as metal complexes.3-5 In addition, com-
plexes containing heterocyclic ligands having nitrogen and/or sulfur have inc-
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reased biological activities compared to the original ligands.®7 Recently, there is
an increasing interest in the synthesis of mixed ligand metal complexes due to
their biological significance. These complexes play important roles in biological
processes since enzymes are known to be activated by metal ions.8° Moreover,
they have wide antituberculosis, antifungal,19 antibacterialll and antitumorl2.13
pharmacological activities.

A literature survey reveads that isatin (indole-2,3-dione) and its derivatives
shows awide range of antimicrobial 14 anticonvulsant,1® anticancerl6.17 and anti-
HIV activities.18 On the other hand, arylhydrazono-1,3-diketone derivatives have
been widely used as intermediates in the preparation of a large number of
biologically important heterocyclic compounds.19-21

In view of these facts and continuing our interest in the synthesis of com-
pounds with promising biological activities, % Ni(ll), Co(ll) and Mn(ll) com-
plexes of 3-(2-arylhydrazono)acetylacetone with isatin were prepared and charac-
terized by IR and UV—-Vis spectroscopy, elemental analyses, molar conductivity
and magnetic susceptibility measurements. The study was extended to screen the
ligands and their metal complexes against different human cancer cell lines.

EXPERIMENTAL
Chemistry

All melting points were measured on a Gallenkamp melting point apparatus and are
uncorrected. The IR spectra were recorded (KBr disk) on a Perkin-Elmer 1650 FT-IR ins-
trument. The 1H-NMR (500 MHz) spectra were recorded on a Varian 500 MHz spectrometer
in DMSO-dg using TMS as an interna standard. The FAB mass spectra of the complexes
were recorded on a JEOL JM S/AX-500 mass spectrometer. Elemental analyses were obtained
from the Micro Anaytical Data Center at Cairo University, Egypt. The magnetic suscept-
ibilities were measured at 20 °C by the Gouy method at the Faculty of Science, Cairo Uni-
versity. The electronic absorption spectra were recorded on a PG Instruments Ltd., +80+
automatic UV—-Vis spectrophotometer in DM SO. The molar conductance values of solutions
of the metal complexes in DMF (103 mol L) were measured using Metrohem 660 con-
ductivity meter.

Acetylacetone, p-chloroaniline, p-bromoaniline, aniline, sodium acetate, methanol and
hydrochloric acid were of Merck AR grade, Germany. Isatin was supplied by Riedel de Haén
AG, Germany. The employed NiCl,-6H,0, CoCl,-6H,0 and MnCl,-4H,0 salts (Fluka, Ger-
many) were of AR grade.

Preparation of 3-(arylhydrazono)acetyl acetones)

The 3-(arylhydrazono)acetylacetone derivatives (HL) were prepared by coupling acetyl-
acetone with different diazonium salts. Thus, a solution of acetylactone (0.01 mol) and sodium
acetate (5 g) in ethanol (50 mL) was cooled to 0-5 °C and then the diazonium salt (0.01 mol)
was added under stirring. The reaction was allowed to proceed at 0-5 °C for 30 min. The
3-(arylhydrazono)acetylacetone derivatives were precipitated and collected by filtration,
washed with cold deionized water and recrystallized from ethanol 24
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Preparation of the complexes 1-9

A solution of the metal chloride (3.4 mmol) in a minimum amount of water was added to
a hot solution of the mixed ligand (3.4 mmol) in methanol, whereby a clear solution was
obtained. The pH was increased from 6.0 to 8.0 with dilute NaOH solution. The mixture was
refluxed under stirring for 6 h. The formed complex was filtered off, washed severa times
with hot methanol and dried under reduced pressure.
Biological experiments

In vitro cytotoxicity screening. The tested compounds were subjected to in vitro disease-
-oriented primary antitumor screening. Different tumor cell lines were utilized. The human
tumor cell lines of the cancer screening panel were grown in RPMI 1640 medium containing 5 %
fetal bovine serum and 2 mM L-glutamine. In atypical screening experiment, 100 L of cells
were inoculated into 96-well microtiter plates at plating densities ranging from 5000 to 40000
cellswell'1, depending on the doubling time of the individual cell lines. After cell inoculation,
the microtiter plates were incubated at 37 °C, 5 % CO,, 95 % air and 100 % relative humidity
for 24 h prior to the addition of the experimental drugs. After 24 h, two plates of each cell line
were also fixed in situ with trichloroacetic acid (TCA) to represent a measurement of the cell
population for each cell line at the time of drug addition (T,). Experimental drugs were
solubilized in DM SO at 400-fold of the desired final maximum test concentration and stored
frozen prior to use. At the time of drug addition, an aliquot of frozen concentrate was thawed
and diluted to 2-times the desired final maximum test concentration with complete medium
containing 50 g mi-1 gentamicin. Four additional 10-fold or 0.5log serid dilutions were made
to provide a total of five drug concentrations plus a control. Aliquots of 100 pL of these
different drug dilutions were added to the appropriate microtiter wells already containing 100
pL of medium, resulting in the required final drug concentrations. Following drug addition,
the plates were incubated for an additional 48 h at 37 °C, 5 % CO,, 95 % air and 100 %
relative humidity. For adherent cells, the assay was terminated by the addition of cold TCA.
The cells were fixed in situ by the gentle addition of 50 pL of cold 50 % (W/V) TCA (fina
concentration, 10 % TCA) and incubated for 60 min at 4 °C. The supernatant layer was
discarded and the plates were washed five times with tap water and air-dried. Sulforhodamine
B (SRB) solution (100 uL) at 0.4 % (W/V) in 1 % acetic acid was added to each well and the
plates were incubated for 10 min at room temperature. After staining, the unbound dye was
removed by washing five times with 1 % acetic acid and the plates were air dried. The bound
stain was subsequently solubilized with 10 mM Trizma® base and the absorbance was read on
an automated plate reader at a wavelength of 515 nm. For suspension cells, the methodology
was the same except that the assay was terminated by fixing the settled cells at the bottom of
the wells by gently adding 50 puL of 80 % TCA (final concentration, 16 % TCA). The
parameter 1Csy which is the concentration of the drugs inducing a 50% inhibition of cell
growth of treated cells when compared to the growth of control cells.2527

RESULTS AND DISCUSSION
Chemistry
The ligands. The 3-(arylhydrazono)acetylacetone derivatives (HL) are pre-
pared via coupling between diazotized aromatic amine derivatives and acetyl-
acetone in a 1:1 molar ratio according to Scheme 1.24 The structures of these

ligands were confirmed by elemental analyses and their spectral data (IR and
IH-NMR), which are discussed later with their metal complexes.
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Scheme 1. Synthesis of 3-(arylhydrazono)acetylacetone derivatives (HL).

The complexes. Reactions of the hydrated metal(11) chloride with 3-(arylhyd-
razono)acetylacetone and isatin in equimolar ratios resulted in formation of the
complexes 1-9, shown in Scheme 2.

The physical, analytic and spectral data for the ligand and their metal
complexes are given in the Supplementary material to this paper.

Infrared spectra of the ligands and their complexes

In the infrared spectra of the ligands (HL1, HL2 and HL3), the broad band in
the range 3428-3086 cm1 indicates the existence of strong intramolecular hyd-
rogen bonding.28 Furthermore, there are two strong bands at 1673 and 1623 cnmr1
assignable to v(C=0, free) and v(C=0, hydrogen bonded), respectively. The
v(C=N) band appears at 1593 cm1, which remains almost unaffected in the
spectra of all the complexes suggesting that the nitrogen atom is not involved in
the coordination, while the v(C=0) band at 1623 cm! is shifted to lower fre-
guencies in the spectra of the complexes, suggesting that this oxygen atom is
involved in the coordination, while the carbonyl group at ~1673 cm! remains
almost unchanged in the spectra. The prominent band present at ~1518 cnmr? of
the ligands is due to 6(N—H) vibrations, which disappears in the spectra of all the
complexes because of the replacement of the hydrazone NH proton with a metal
ion. The infrared spectrum of isatin (L") shows aband at 3191 due to v(N-H) and
two v(C=0) group absorptions at 1745 and 1731 cmL. The IR spectra of the
complexes show that the two carbonyl groups of isatin ligand are shifted to lower
frequency, suggesting that both groups are involved in the coordination, while
v(N-H) at 3191 cm? is not changed, indicating that the (N-H) group is not
involved in the coordination.

Conclusive evidence of bonding was also given by the observation that new
bands in the spectra of all metal complexes 1-9 appear in the low frequency
regions at 493-438 and 584-540 cm! characteristic of v(M—O) and v(M—N)
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stretching vibrations, respectively.29 Furthermore, the observed broad band at
3550 e in @l complexes were attributed to the OH group and the OH stretch-
ing vibrations of |attice water molecules.10

X
0
Z HN—N CH;
+ MADClLnH0 + N\
HN \ \
o 0o=— 0

M= Ni(Il), n=6
M= Co(1), n=6
M= Mn(Il), n=4 CH;

L-(isatin) X=H (HL'), CI (HL?) and Br (HL?)
‘ MeOH

X
=0 M —x CH,
NPZAER
M
L N R \n
O om \

Complexes M(II) X Complexes M(Il) X
Ni H 6 Mn

1 Cl
2 Co H 7 Ni Br
3 Mn H 8 Co Br
4 Ni Cl 9 Mn Br
5 Co Cl

Scheme 2. Synthesis of mixed ligand complexes of the type [ML'L(OH)(H,0)].

Nuclear magnetic resonance of the ligands

The 1H-NMR spectrum of HL revealed a single proton at ¢ ~14.02 ppm due
to the N—H---O=C group.30:31 The 1H-NMR spectrum of HL?Z is illustrated in
Fig. S-1 of the Supplementary material to this paper.
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Mass spectra of the complexes

The molecular ion peaks in the mass spectra of some complexes were used
to confirm the molecular formula. Thus, the mass spectra of the Ni(Il) complexes
confirmed the molecular formulas, e.g., [NiL'LYOH)(H20)] and
[NIL'L3(OH)(H20)] confirmed C19H19N3NiOg and Cq9H18BrN3NiOg, respect-
ively. Similarly, the mass spectra of the Co(ll) complexes confirmed the mole-
cular formulas, e.g., [CoL'L2(OH)(H20)] and [CoL 'L 3(OH)(H20)] confirmed the
molecular formulas CygH18CICON3Og and CqgH18BrCoN3Og, respectively.
Moreover, the mass spectrum of the Mn(I1) complex, e.g., [MnL'L3(OH)(H20)]
confirmed the molecular formula C1gH1gBrMnN3zOg.

Electronic spectra and magnetic moments

The UV-visible spectra of the free ligands HLY, HL2, HL3 and L' showed
absorption bands at 292—297 and 418-440 nm due to n—n* and n—n* trans
itions, respectively. These bands were blue- or red-shifted in the spectra of the
complexes due to coordination in the ligands.

The Mn(11) complexes 3, 6 and 9 exhibited two weak bands at 618-622 and
520-526 nm which were attributed to ®A1q — 4T14(*G) and ®A1g — 4T2y(*G)
transitions, respectively. These absorptions are consistent with an octahedral geo-
metry around the Mn(l1) atom. The magnetic moment values of the Mn(l1) com-
plexes were in the range of 5.82-5.90 up, corresponding to five unpaired elec-
trons, which is also indicative of octahedral geometry.33

The electronic spectra of the Co(ll) complexes 5 and 8 showed two d—d
transitions in the ranges 654-661 and 540-548 nm due to the 4T14(F) — 4A24(F)
and 4T1g(F) — 4Axy(p) transitions, respectively, indicating an octahedral con-
figuration around the Co(I1) atom. The 4Tog(F) — 4T1g(F) transition (1237-1242
nm) would be observed in the near IR region. This region was out the range of
the employed spectrophotometer.34 The pess values for the Co(ll) complexes
were in the range 4.87-4.94 ug, which are similar to those reported for octa-
hedral Co(I1).35

The Ni(Il) complexes 1, 4 and 7 exhibited two absorption bands in the
ranges 963-988 and 572-581 nm, which are assigned to 3Ag(F) — 3T24(F) and
3A2g(F) — 3T1g(F) transitions, respectively. However, the absorption bands at
420-422 nm due to 3Azg(F) — 3T14(p) was overlapped with the ligand absorp-
tion bands. The spectra of these complexes support an octahedral stereochemistry
around the Ni(Il) atom. The room temperature magnetic moment values of the
Ni(Il) complexes were 3.17-3.20 ug, which are in the normal range observed for
octahedral Ni(I1) complexes.36
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Molar conductance measurements

The molar conductivities of 103 mol L1 solutions of the complexes in
DMF were measured at room temperature. The results were in the range 22.1—
—11.6 Q1 cm?2 mol-1, indicating that all the metal complexes had molar con-
ductance values in the range characteristic for non-electrolytes.3’

Biological activity

In vitro cytotoxicity screening. The cytotoxicities of the mixed ligand com-
plexes [ML'L(OH)(H20)], the ligands HL1-HL3 and L’ were determined using
the SRB assay on different human cancer cell lines including: cervical carcinoma
(KB), ovaria carcinoma (SK OV-3), CNS cancer (SF-268), non-small cell lung
cancer (NCl H460), colon adenocarcinoma (RKOP 27) (Table 1), anti-leukemia
(HL60, U937, K562), melanoma (G361, SK-MEL-28) and neuroblastoma
(GOTO, NB-1) (Table I1). The cytotoxic effect of the ligands and their metal
complexes [ML'L(OH)(H20)] on the cell lines HeLa (cervical), MCF-7 (breast),
HT1080 (fibrosarcoma) and HepG2 (liver) were also tested (Table I11). The
results are expressed as the | Cgg, which is the concentration of a drug that causes
a 50 % reduction in the proliferation of cancer cells when compared to the
growth of the control cells.

TABLE I. Cytotoxicity (ICsq / nM, the concentration required for 50 % inhibition of cell
growth) of the ligands and the mixed ligand complexes determined by using SRB assay on
different human cancer cell lines; the values for most potent compound are marked by “*”

The ligands and their Cell line

metal complexes KB SKOV-3 SF-268 NCIH460 RKOP27
L' 4.40 5.40 4.50 0.65 7.50
HL? 6.70 5.46 0.35* 0.89 2.30*
1 0.32* 3.20 0.55 0.44 4.30
2 4.40 3.40 3.50 0.40* 5.50
3 5.60 6.70 0.43 0.56 7.60
HL2 9.80 8.80 9.90 0.68 450
4 0.55 0.55* 5.60 0.66 7.80
5 0.45 8.80 0.50 0.43 8.80
6 0.45 7.60 0.40 0.67 6.40
HL3 0.65 0.67 450 0.87 4.80
7 8.00 7.70 0.75 0.57 4,30
8 0.67 5.60 0.65 0.43 450
9 0.90 0.89 0.85 0.84 2.30*
Fluorouracil 4.46 - - - -
Doxorubicin - 4,16 - - -
Cytarabine - - 7.68 - -
Gemcitabine HCI - - - 2.13 -
Capecitabine — — — — 4.33
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TABLE Il. Cytotoxicity (ICsg / nM, the concentration required for 50 % inhibition of cell
growth) of the ligands and the mixed ligand complexes determined by using SRB assay on
different human cancer cell lines; the values for most potent compound are marked by “*”

. . Cell line
;ﬁ;%ﬁ?ﬁ;ighm Leukemia Melanoma Neuroblastoma
HL60 U937 K562 G361 SK-MEL-28 GOTO NB-1
L’ 8.00 6.80 3.70 043 5.00 0.65 4.80
HL? 6.50 7.70 0.87 0.87 4.00 3.00 3.60
1 0.75 9.00 0.60 057 4.00 6.80 9.87
2 5.30 5.40 540 0.77 5.00 5.87 3.00
3 3.40 7.30 0.60 0.88 1.00* 760 4.00
HL2 6.00 8.70 9.00 0.50 8.00 750 230
4 0.44 0.65 6.00 8.80 4.00 0.57 0.70
5 0.56 3.50 0.68 0.64 6.00 0.68 0.69
6 0.32* 6.00 090 0.59 8.00 0.67 0.56
HL3 0.67 0.43* 640 054 7.00 470 0.36*
7 8.00 6.30 040* 0.70 8.00 050 7.60
8 0.33 8.00 0.50 0.70 7.00 0.34* 9.00
9 0.80 0.79 8.00 0.60 8.00 0.56 0.65
Doxorubicin 1.13 4.45 6.66 - - 473 5.15
Aldedeukin — — — 6.66 3.45 - —

TABLE IlI. Cytotoxicity (ICsq / NM, the concentration required for 50 % inhibition of cell
growth) of the ligands and the mixed ligand complexes determined by using SRB assay on
different human cancer cell lines; the values for most potent compound are marked by “*”

Theligands and their ——p 7 MCF-7 s HT1080 HepG2
metal complexes (cervical) (breast) (fibrosarcoma) (liver)
X 0.449 3.650 7.86 2.30
HLY 9.860 0.790 0.45 0.64
1 0.009* 9.600 0.09* 0.80
2 7.680 8.400 8.69 0.79
3 0.897 4,587 0.54 0.47
HL2 6.600 7.600 5.80 3.64
4 0.780 0.900 365 0.77
5 5.640 4.970 0.99 0.91
6 0.600 0.764 0.87 0.89
HL3 0.960 5.800 250 0.54%
7 6.500 9.600 0.86 8.50
8 0.770 4,600 7.00 0.79
9 0.444 0.760* 0.59 6.50
Tamoxifen 0.114 0.155 116 131

Screening the cytotoxicity of the mixed ligand complexes [ML'L(OH)(H20)]
and the ligands HL1, HL2, HL3 and L’ on cervical carcinoma (KB), where 5-fluo-
rouracil was used as a standard drug (ICsg = 4.46 nM), shows that the complexes
1,4,5, 6,8, and 9, and the ligand HL 3 were more potent than the standard drug.
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In the case of the ovarial carcinoma (SK OV-3) cell line, the tested com-
plexes 4 and 9 and the ligand HL3 (ICsg = 0.55, 0.89 and 0.67 nM, respectively)
were found to be more potent than the standard drug doxorubicin (ICsg = 4.16 nM).

Studying the cytotoxicity of the tested complexes and the ligands on the
CNS cancer (SF-268) cell line using cytarabine (ICsg = 7.68 nM) as a standard
drug, reveals that all the tested complexes and the ligands except HL2 (ICgq =
= 9.90 nM) were more potent than the standard drug.

In the case of the non-small cell lung cancer (NCI H460) cell line, al of the
tested complexes and the ligands were found to be more potent than the standard
drug gencitabine hydrochloride (ICsg = 2.13 nM).

In the case of the colon adenocarcinoma (RKOP 27) cell line, the ligand HL1
and the complex 9 (ICsg = 2.30 nM) were found to be more potent than the
standard drug capecitabine (ICsg = 4.33 nM).

The study of the cytotoxicity on the leukemia (HL60) cell line indicated that
the ligands L', HL1, HL2 and the complexes 2, 3 and 7 were less potent com-
pounds than doxorubicin (ICsg = 1.13 nM).

In the case of the leukemia (U937) cell line, the ligand HL3 (ICsg = 0.43
nM) was the most potent, while complex 1 (I1Csg = 9.00 nM) was the least bio-
active.

In the case of the leukemia (K562) cell line, the tested complexes and the
ligands, except ligand HL2 and complex 9, were more active than the standard
drug doxorubicin (ICsg = 6.66 nM); the ligand HL3 and complex 4 had activity
comparable to that of doxorubicin.

On estimation of the cytotoxicity on the melanoma (G361) cell line, the
tested complexes and the ligands, expect complex 4 (ICsg = 8.80 nM) were more
active than the standard drug aldesleukin (1Csg = 6.66 nM).

In the case of the melanoma (SK-MEL-28) cell line, the tested complexes
and the ligands were less active than the standard drug Aldesleukin (ICsg = 3.45
nM), expect complex 3 that was more active (1Csg = 1.00 nM)

Cytotoxicity of the tested complexes and the ligands on neuroblastoma
(GOTO) cdl line showed that complex 8 was the most potent (ICsg = 0.34 nM)
and more active than the standard drug doxorubicin (ICsq = 4.73 nM).

In the case of the neuroblastoma (NB-1) cell line, complex 2 was less active
than the standard drug doxorubicin (ICsg = 5.15 nM), while ligand HL3 (ICsg =
= 0.36 nM) was the most active.

The cytotoxicity of the tested complexes and the ligands on the Hel a (cer-
vical) cell line showed that complex 1 (ICsg = 0.009 nM) was the most potent
and more active than the standard drug tamoxifen (ICsg = 0.114 nM).

In the case of the MCF-7 (breast) cdll line, the standard drug tamoxifen (ICsg =
= 0.155 nM) was more active than all the other tested complexes and ligands.
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In the case of the HT1080 (fibrosarcoma) cell line, complex 1 (ICsg = 0.09
nM) was the most potent and complex 2 (ICsg = 8.69 nM) was found to be less
potent than tamoxifen (1Csg = 1.16 nM).

The cytotoxicity of the tested complexes and the ligands on the HepG2
(liver) cell line shows that the complexes 1-6 and 8, and the ligands HL3 and
HL1 were more active than the standard drug tamoxifen (ICsg = 1.16 nM),
whereby complex 3 (ICsp = 0.47 nM) was the most promising one.

CONCLUSIONS

Ni(ll), Co(ll) and Mn(ll) complexes of 3-(2-arylhydrazono)acetylacetone
(HL) and isatin (L") were synthesized. The ligands (L’ and HL1-HL3) act as
bidentate molecules, whereby L' was coordinated through two oxygen atoms
while the 3-(2-arylhydrazono)acetylacetones were coordinated by oxygen and
nitrogen atoms. The prepared complexes 1-9, which were non-electrolytes, have
octahedral geometry with the general structural formula [ML'L(OH)(H20)]. The
cytotoxicity results of the ligands and their complexes 1-9 against different
human cancer cell linesindicated that most of the complexes exhibited high cyto-
toxicity at very low concentrations in comparison with the reference drugs con-
sidered.

SUPPLEMENTARY MATERIAL

Physical, analytic and spectral data of the ligands and complexes are available elec-
tronically at http://www.shd.org.rs/JJSCS/, or from the corresponding author on request.

U3BOJ

CHUHTE3A, KAPAKTEPU3ALIMJA U HUTOTOKCUYHA AKTUBHOCT KOMIIIEKCA
MAHTAHA(II), KOBAJITA(II) U HUKJTA(II) CA MEIIOBUTUM JIMTAHIUMA

SOUAD A. OSMAN', HANAN A. MOUSA®, HISHAM ABDALLAH A. YOSEE', TAGHRID S. HAFEZ', ABDALLAH A.
EL-SAWY®, MOHAMED M. ABDALLAH" u ASHRAF S. HASSAN'

1Department of Organometallic and Organometalloid Chemistry, National Research Centre, EI-Behoos Street,
Dokki, P. O Box 12622, Cairo, Egypt, ZDepartment of Inorganic Chemistry, National Research Centre, El-
Behoos Street, Dokki, P. O. Box 12622, Cairo, Eqypt, 3Chemistry Department, Faculty of Science, Benha
University, Benha, Egypt u 4Univet Pharmaceuticals Ltd, Balteem, Egypt

Y peakuujama oxrosapajyher metan(Il)-xmopuma ca usatuHOM U 3-(2-apunxuppas’o-
HO)aleTHIALleETOHOM CHHTETH30BaHHU Cy KoMiuiekcu omute dopmyne [ML'L(OH)(H,0)] (rme
je M = Ni(II), Co(II) wnmu Mn(Il), L” = uzatun u HL = 3-(2-peHnnxupa3oHo)aleTUIaLeToH,
3-(2-(4-xnopdeHnn)Xuopa3oHo)aneTuaaueTod  uwid  3-(2-(4-6pomdennn)xuapa3oHo)awe-
TUIaneToH). KoMmiexkcu cy okapakTepUCaHHd MPUMEHOM eJIeMEeHTaTHe MUKpPOaHalu3e, Clek-
Tpockonckux mertofa (IR crmekTpockomuja U MaceHa CIEKTPOMETPHja) U MEPEHEM MOJapHe
NPOBOAI/BUBOCTH U MarHeTHOI MOMeHTa. McnuTHBaHa je HUTOTOKCHYHA aKTUBHOCT JIUTaHa U
KOMIUIeKCa Ha Ppa3IMuYUTUM TYyMOpPCKUM henujckuMm nMHHjama npumeHoM SRB Tecra.
JobujeHn pesynraTd Cy Mokasaad fa BehMHa KOMIUleKkca Mokasyje Behy LUTOTOKCHYHY
aKTHBHOCT y nopehemwy ca CTaHAapAHUM JIEKOBUMaA.

(ITpumibeHo 13. aBrycra, peBugupano 31. okrodpa, mpuxsaheno 15. Hoembpa 2013)
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PHYSICAL, ANALYTIC AND SPECTRAL DATA FOR THE LIGANDS

3—(2—Phenylhydrazono)acetylacetone (HLY). Yield: 86 %; Yellow needles;
m.p.: 86-87 °C; Anal. Calcd. for C11H12N20> (FW: 204.23): C, 64.69; H, 5.92;
N, 13.72 %. Found: C, 64.50; H, 6.10; N, 13.65 %; IR (KBr, cm1): 3430-3092
(N-H---O=C, hydrogen bonded), 1673 (C=0O, free), 1623 (C=0O, hydrogen
bonded), 1593 (C=N), 1518 (N-H); IH-NMR (500 MHz, DMSO-dg, J / ppm)
2.36 (3H, s, CH3CO free), 2.43 (3H, s, CH3CO hydrogen bonded), 7.16 (1H, t,
J=8.5Hz, aromatic), 7.27 (2H, t, J = 8.5 Hz, aromatic), 7.52 (2H, d, J = 8.5 Hz,
aromatic), 14.02 (1H, s, D>0 exchangeable, NH).

3—(2—(4-Chlorophenyl)hydrazono)acetylacetone  (HL?). Yield: 86 %;
Yellow needles; m.p.: 147-148 °C; Ana. Cacd. for C11H11CIN2O,> (FW:
238.67): C, 55.36; H, 4.65; N, 11.74 %. Found: C, 55.50; H, 4.52; N, 11.80 %; IR
(KBr, cmrl): 3432-3094 (N-H---O=C, hydrogen bonded), 1667 (C=0, free),
1625 (C=0, hydrogen bonded), 1589 (C=N), 1519 (N-H); IH-NMR (500
MHz, DMSO—dg, ¢ / ppm) 2.37 (3H, s, CH3CO free), 2.42 (3H, s, CH3CO
hydrogen bonded), 7.43 (2H, d, J = 8.4 Hz, aromatic), 7.57 (2H, d, J = 8.4 Hz,
aromatic), 13.81 (1H, s, D,0O exchangeable, NH).

3-(2—-(4-Bromophenyl)hydrazono)acetylacetone (HL3). Yield 86 %; Yellow
needles; m.p.: 141-142 °C; Anal. Cacd. for C11H11BrN2O> (FW: 283.12): C,
46.66; H, 3.92; N, 9.89 %. Found: C, 46.50; H, 4.10; N, 10.00 %; IR (KBr, cnm3):
3422-3073 (N-H---O=C, hydrogen bonded), 1667 (C=0, free), 1623 (C=0,
hydrogen bonded), 1585 (C=N), 1513 (N-H); 1H-NMR (500 MHz, DM SO—dg,

* Corresponding author. E—mail: Ashraf_salmoon@yahoo.com
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o/ ppm) 2.37 (3H, s, CH3CO free), 2.42 (3H, s, CH3CO hydrogen bonded), 7.50
(2H, d, J =9.15 Hz, aromatic), 7.56 (2H, d, J = 9.15 Hz, aromatic), 13.75 (1H, s,
D-0 exchangeable, NH).

Isatin (L. IR (KBr, cnm1): 3191 (N-H), 1745 (C=0), 1731 (C=0); IH-NMR
(500 MHz, DMSO-dg, 6 / ppm): 6.88 (1H, d, J= 7.7 Hz, aromatic), 7.03 (1H, t,
J=7.7 Hz, aromatic), 7.46 (1H, d, J = 7.7 Hz, aromatic), 7.54 (1H, t, J = 7.7 Hz,
aromatic), 10.98 (1H, s, D20 exchangeable, NH).

PHYSICAL, ANALYTIC AND SPECTRAL DATA FOR THE COMPLEXES

[NiL'LY(OH)(H20)] (1). Yield 50 %; Greenish yellow; m.p.: 215-218 °C;
Anal. Cacd. for C1gH19N3NiOg (FW: 444.06): C, 51.39; H, 4.31; N, 9.46 %.
Found: C, 51.50; H, 4.25; N, 9.55 %; IR (KBr, cm1): 3522 (O-H), 3181 (N-H,
L"), 1717 (C=0, L"), 1709 (C=0, L"), 1667 (C=0 free, L1), 1600 (C=0O coordi-
nated, L1), 1590 (C=N, L1), 583 (Ni—N), 493 (Ni-O); UV-Vis (DMSO) (Amax /
nm): 963, 576, 420; magnetic moment (Meff / w): 3.17; molar conductivity
(DMF, ¢/ 103 mol L1, A,/ Q-1 cm?2 mol—2): 11.6.

[CoL'LY(OH)(H20)] (2). Yield 53 %; Dark green; m.p.: 209-211 °C; Anal.
Calcd. for C1gH19CoN30g (FW: 444.30): C, 51.36; H, 4.31; N, 9.46 %. Found:
C, 51.55; H, 4.25; N, 9.55 %; IR (KBr, cm): 3580 (O-H), 3183 (N-H, L"),
1715 (C=0, L"), 1707 (C=0, L"), 1669 (C=0 free, L1), 1602 (C=0 coordinated,
L1), 1591 (C=N, L1), 584 (Co-N), 491 (Co-0); UV-Vis (DMSO) (Amax / nm):
654, 540 nm; magnetic moment (Meff / up): 4.92; molar conductivity (DMF,
¢/ 103 mol L1, A,/ Q1 cm?2 mol-1): 12.8.

[MnL'LL(OH)(H20)] (3). Yield 45 %; Green; m.p. 210-212 °C; Anal. Calcd.
for C1gH19MnNN3Og (FW: 440.31): C, 51.83; H, 4.35; N, 9.54 %. Found: C,
51.70; H, 4.40; N, 9.47 %; IR (KBr, cmrY): 3544 (O-H), 3182 (N-H, L"), 1719
(C=0, L"), 1711 (C=0, L"), 1661 (C=0 free, L1), 1605 (C=0 coordinated, L1),
1590 (C=N, L1), 540 (Mn-N), 487 (Mn-0); UV-Vis. (DMSO) (Amax / NM): 752,
618, 520 nm; magnetic moment (Meff / wp): 5.82; molar conductivity (DMF,
¢/ 103 mol L1, A/ Q1 cm?2 mol-1): 15.4.

[NiL'L2(OH)(H20)] (4). Yield 60 %; Greenish yellow; m.p.: 217-220 °C;
Anal. Cacd. for C1gH18CIN3NiOg (FW: 478.51): C, 47.69; H, 3.79; N, 8.78 %.
Found: C, 47.50; H, 3.70; N, 8.70 %; IR (KBr, cn1): 3565 (O-H), 3180 (N-H,
L"), 1715 (C=0, L"), 1707 (C=0, L"), 1661 (C=0 free, L2), 1605 (C=0 coordi-
nated, L2), 1585 (C=N, L?), 579 (Ni—N), 448 (Ni-O); UV—-Vis (DMSO) (Amax /
/ nm): 988, 581, 422 nm; magnetic moment (Mesf / 1B): 3.20; molar conductivity
(DMF, ¢/ 103 mol L1, A, / Q=1 cm?2 mol—1): 20.5.

[CoL'L2(OH)(H20)] (5). Yield 58 %; Dark green; m.p.: 207-209 °C; Anal.
Calcd. for C1gH18CICoN3Og (FW: 478.75): C, 47.67; H, 3.79; N, 8.78 %. Found:
C, 47.50; H, 3.85; N, 8.70 %; IR (KBr, cm1): 3553 (O-H), 3186 (N-H, L),
1716 (C=0, L"), 1708 (C=0, L"), 1662 (C=0 free, L2), 1602 (C=0 coordinated,
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L2), 1584 (C=N, L2), 572 (Co-N), 438 (Co-0); UV-Vis (DMSO) (Amax / nm):
661, 548 nm; magnetic moment (Ugs / B.M.): 4.94; molar conductivity (DMF,
¢/ 103 mol L1, A,/ Q1 cm?2 mol—1): 22.1.

[MnL'L2(OH)(H20)] (6). Yield 55 %; Greenish yellow; m.p.: 216-219 °C;
Anal. Calcd. for C1gH18CIMNN3Og (FW: 474.75): C, 48.07; H, 3.82; N, 8.85 %.
Found: C, 48.20; H, 3.75; N, 8.80 %; IR (KBr, cm1): 3550 (O-H), 3183 (N-H,
L"), 1718 (C=0, L"), 1710 (C=0, L"), 1661 (C=0 free, L2), 1605 (C=0O coor-
dinated, L2), 1580 (C=N, L2), 569 (Mn-N), 444 (Mn-O); UV-Vis (DMSO)
(Amax / nm): 758, 622, 526 nm; magnetic moment (Ueff / wp): 5.90; molar
conductivity (DMF, ¢/ 103 mol L1, A,/ Q1 cm?2 mol—1): 19.8.

[NiL'L3(OH)(H20)] (7). Yield 53 %; Greenish yellow; m.p.: 223-226 °C;
Anal. Cacd. for C1gH1gBrN3NiOg (FW: 522.96): C, 43.64; H, 3.47; N, 8.04 %.
Found: C, 43.50; H, 3.55; N, 8.00 %; IR (KBr, cm1): 3575 (O-H), 3184 (N-H,
L"), 1722 (C=0, L"), 1711 (C=0, L"), 1660 (C=O free, L3), 1600 (C=0O coor-
dinated, L3), 1580 (C=N, L3), 578 (Ni—N), 447 (Ni-O); UV—-Vis (DMSO) (/imax /
/ nm): 979, 572, 420 nm; magnetic moment (Mes / ¢g): 3.19; molar conductivity
(DMF, ¢/ 103 mol L1, A,/ Q1 cm2 mol—1): 18.7.

[CoL'L3(OH)(H20)] (8). Yield: 51 %; Greenish yellow; m.p.: 212-215 °C;
Anal. Calcd. for C1gH18BrCoN3Og (FW: 523.20): C, 43.62; H, 3.47; N, 8.03 %.
Found: C, 43.80; H, 3.40; N, 8.10 %; IR (KBr, cn1) 3535 (O-H), 3184 (N-H,
L"), 1719 (C=0, L"), 1707 (C=0, L"), 1662 (C=0 free, L3), 1601 (C=0O coor-
dinated, L3), 1582 (C=N, L3), 584 (Co-N), 481 (Co-0); UV-Vis (Amax / NM):
659, 544 nm; magnetic moment (Meff / g): 4.87; molar conductivity (DMF,
¢/ 103 mol L1, A4,/ Q1 cm? mol—1): 16.9.

[MNL'L3(OH)(H20)] (9). Yield: 45 %; Green; m.p.. 215-218 °C; Anal.
Calcd. for CigH18BrMnN3zOg, (FW: 519.20): C, 43.95; H, 3.49; N, 8.09 %.
Found: C, 44.10; H, 3.40; N, 8.15 %; IR (KBr, cn1): 3545 (O-H), 3182 (N-H,
L"), 1721 (C=0, L"), 1712 (C=0, L"), 1661 (C=0 free, L3), 1602 (C=0O coor-
dinated, L3), 1582 (C=N, L3), 571 (Mn-N), 472 (Mn-O); UV—Vis (DMSO)
(Amax / nm): 755, 621, 524 nm; magnetic moment (Uerf / wg): 5.87; molar
conductivity (DMF, ¢/ 103 mol L1, A,/ Q1 cm?2 mol-1): 17.3.
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Fig. S-1. The IH-NMR spectrum of 3-(2-(4-chlorophenyl)hydrazono)acetylacetone (HL2).
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Abstract: The quantitative structure property relationship (QSPR) for the
gas/particle partition coefficient, K, of polychlorinated biphenyls (PCBs) was
investigated. Molecular distance-edge vector (MDEV) index was used as the
structural descriptor of the PCBs. The quantitative relationship between the
MDEV index and log K, was modeled by multivariate linear regression (MLR)
and artificial neural network (ANN), respectively. The leave-one-out cross
validation and external validation were performed to assess the prediction abi-
lity of the developed models. When the MLR method was used, the root mean
square relative error (RMSRE) of the prediction for the leave-one-out cross
validation and external validation were 4.72 and 8.62, respectively. When the
ANN method was employed, the prediction RMSRE of the |eave-one-out cross
validation and the external validation were 3.87 and 7.47, respectively. It was
demonstrated that the devel oped models are practicable for predicting the K, of
PCBs. The MDEV index was shown to be quantitatively related to the K, of
PCBs.

Keywords: QSPR; PCBs; gag/particle partition coefficient; molecular distance-
edge vector index; artificial neural network.

INTRODUCTION

Polychlorinated biphenyls (PCBs) are a group of poly halogenated organic
compounds that are persistent organic pollutants. They have gained much attent-
ion due to their environmental persistence, high toxicity, tendency to bioaccu-
mulate through the food chain, and risk to human health.1-3 PCBs are used in
various industrial applications as organic diluents, plasticizers, and paint addi-
tives, etc. It is estimated that hundreds of million of kilograms of PCBs have

* Corresponding author. E-mail: mop@xsyu.edu.cn
doi: 10.2298/JSC130611152J
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been released into the environment due to inappropriate disposal practices and
accidental releases.4 Although the production and use of PCBs have been banned
in most countries, PCBs have already become ubiquitous pollutants in al envi-
ronmental compartments, including water, air, vegetation, soil and animals,
worldwide.® A total of 209 theoretical PCBs exist and approximately 150 have
been found in the environment.® Being semi-volatile organic compounds, PCBs
in the atmosphere are simultaneously present in the gas and particle phase. The
gas/particle partition behavior of PCBs in the atmosphere may affect their fate,
transport and transformation in the atmosphere. Thus, a quantitative study on
gas/particle partition coefficient, Kp, which is a parameter for describing the gas/
/particle partition behavior of PCBs, is useful for an understanding of the envi-
ronment fate, transport, and transformation of PCBs.”2 Many studies focusing
on the gas/particle partition coefficient of PCBs have been reported and several
methods for determining the Ky, of PCBs were proposed.’~12 However, the expe-
rimental determination of K is still difficult due to the complexity of the anal-
ytical methods and the high cost of experiments.13 Therefore, attention has been
paid to the quantitative structure—property relationship (QSPR) method, which is
fast, easy-to-use and cost-effective, for a preliminary assessment and the esti-
mation of K, of PCBs. Thus, a QSPR model for the K, of PCBs based on quan-
tum chemical descriptors was recently studied by Wei et al.13 However, it isaso
time-consuming and complicated to develop a QSPR model based on quantum
chemical descriptors, because the calculation and selection of the structural des-
criptors, which are always time-consuming and complicated, are still necessary to
establish the model. Obvioudly, it is still worthwhile to develop an easy-to-use
QSPR model for the Ky of PCBs. The topological index is a structural descriptor
that has frequently been used in the field of QSPR research. It can efficiently
describe the structure of molecules without the need for detailed molecular orbi-
tal calculations. This is useful because, despite its mathematical simplicity, it is
able to differentiate molecules with different structures.14 Thus, the aim of the
present study was to develop a QSPR model for the K, of PCBs based on the
topological index. The molecular distance-edge vector (MDEV) index, which has
not gained sufficient attention in QSPR research although having been used in a
few QSPR studies, 117 was introduced and employed as the structural descriptor
of PCBs. Multivariate linear regression (MLR) and artificial neura network
(ANN) methods were applied in the modeling of the quantitative relationship
between the MDEV index and log K, of PCBs.

CALCULATION AND EXPERIMENTAL

Data set

The MDEV index was calculated according to the approach presented later. The cal-
culated MDEV indexes for the PCBs are listed in Table I. The experimental log K, values of
the 41 PCBs listed in Table || were taken from the literature.13
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TABLE I. Values of the MDEV index of the investigated PCBs

967

Group No. PCB 7 U

I 1 24 0.0204 2.1510
2 2,34 0.1471 3.2140
3 2,233 0.3382 4.3470
4 2,235 0.2671 4.3470
5 2,245 0.2063 4.3250
6 2,344 0.2498 4.2540
7 2,345 0.2353 4.2760
8 2445 0.2498 4.2540
9 2,2.345 0.6143 5.3870
10 22445 0.4127 5.3650
11 22455 0.4056 5.3870
12 2,33/4,6 0.4571 5.3650
13 2,2,33,44 0.7698 6.4270
14 22,3445 0.6987 6.4270
15 2,233,445 1.0470 7.4900
16 2234455 0.9761 7.4900

I 17 2,3 0.0278 2.1740
18 224 0.1229 3.2620
19 225 0.1078 3.2850
20 2,34 0.1059 3.2140
21 244 0.0953 3.1910
22 245 0.0760 3.2140
23 344 0.1391 3.1430
24 2,255 0.1960 4.3470
25 33,44 0.2862 4.2050
26 22,345 0.4767 5.3870
27 2,2.35,6 0.4374 5.4580
28 23344 0.5080 5.3160
29 23445 0.4369 5.3160
30 23445 0.4668 5.3160
31 2,2,34'5,6 0.6674 6.4980
32 224455 0.5790 6.4270
33 2,2,35,5,6 0.6991 6.5210
34 233,446 0.7212 6.3650
35 2,233,456 0.7806 6.4980
36 2,233,456 1.0160 7.5610
37 2,234,456 0.9519 7.5380
38 2234556 0.9375 7.5610
39 2334455 1.0150 7.3790
40 2,2.33,4455 1.3450 8.5520
41 2,233,446 1.0230 7.5383

The root mean square relative error (RMSRE) was used to indicate the prediction

performance of the obtained QSPR model. The RMSRE is defined as follows:
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RMSRE = ZLE')Z

n
where RE; isthe relative error of the ith sample and n is the number of samples.

TABLE II. Experimental and predicted log K, values of the investigated PCBs

Group  No. Experimental log K, Predicted log K, Relative error, %

I 1 —4.60 —4.44 -3.39
2 -4.03 -4.13 253
3 -3.72 -3.64 -2.03
4 -3.80 -3.67 -3.39
5 -3.89 -3.68 -5.41
6 -3.58 -3.73 4.23
7 -3.54 -3.72 5.16
8 -3.63 -3.71 221
9 -3.26 -3.18 -2.49
10 -3.35 -3.30 -1.38
11 -3.39 -3.28 -3.28
12 -3.19 -3.27 243
13 —2.67 -2.79 4.37
14 -2.79 -2.80 0.36
15 -2.29 -2.28 -0.49
16 —2.36 -2.32 -1.69

0 17 —4.45 -4.43 -0.55
18 -4.27 —4.10 -3.91
19 -4.35 -4.10 —5.66
20 -4.03 -4.08 127
21 -4.09 -4.09 0.10
22 -4.10 -4.10 -0.03
23 -3.84 -4.07 6.02
24 -3.88 -3.74 -3.72
25 -3.10 -3.69 18.90
26 -3.29 -3.25 -1.17
27 -3.74 -3.27 -12.69
28 -3.16 -3.24 2.62
29 -3.05 -3.28 7.45
30 -3.25 -3.27 0.51
31 -2.85 -2.81 -1.40
32 -2.88 -2.88 0.08
33 —2.97 -2.79 —6.23
34 -2.84 -2.82 -0.82
35 —2.47 —2.74 10.90
36 —2.57 -2.30 —-10.58
37 —2.50 -2.34 -6.21
38 —2.63 -2.35 -10.77
39 -2.04 -2.31 13.31
40 -1.85 -1.82 -1.42
41 —2.06 —2.26 9.91
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MDEV index

For calculating the MDEV index of a molecule, each non-hydrogen atomis regarded as a
point and each chemical bond is regarded as an edge. The whole molecule is regarded as a
geometric graph. When dealing with PCBs, the molecular structure of PCBs can be encoded
by the MDEV index of chlorine atoms and benzene rings. If the relative electronegativity of
each chlorine atom and benzene ring is defined as 1, the MDEV index can be defined follows:

MH:Z[ . ]k,lzl,Zandlzk) @
7> \ ik, ji
where k and | denote the type of an atom (k =1 or | = 1 denotes a chlorine atom, and k = 2 or
| = 2 denotes a benzene ring). In addition, i and j are the coding number of a chlorine atom or
benzene ring in the molecular skeleton graph. Moreover, i and j belong to the ki and 1™ type,
respectively. The term djj expresses the shortest relative distance between the i" and jt"
atom. For example, d 1 is the nearest relative distance between the ith and jt chlorine atom.
The relative bond length between the two adjacent non-hydrogen atoms is defined as d = 1.
According to Eq. (2), there are three elements, M1, M1 and M,, in the MDEV index for a
PCB molecule. The three elements are usually noted as uq, up and us, respectively. For
example, the MDEV index of 2,2',3,5-PCB should be calculated as follows:

o5 (5] (8] (] (3] (] o
ot (Ao

2
1
Uz=Mp :(ij =1

Obvioudly, the M,, value of every PCB is 1. Thus, u; and u, are used to describe the
structure of PCBs.

Artificial neural networks

As the theory of ANN has been described in detail by many introductory articles,18-28
only abrief outline of an ANN is presented here.

An ANN isamultivariate calibration method capable of modeling complex functions. Its
basic processing unit is the neuron (node). An ANN comprises a number of neurons organized
in different layers. A linear artificial neural network (L-ANN),2428 which is usually used to
develop alinear model, is a neural network having no hidden layers, but an output layer with
fully linear neurons (that is, linear neurons with a linear activation function). In an L-ANN,
the neurons between the input and output layers fully connect, while the neurons in the same
layer do not. The basic architecture of an L-ANN is presented in Fig. 1.

In Fig. 1, x (i = 1,2,...,n), y; ( = 1,2,...,m) and w; are the input variables, output
variables and the element of connection weight matrix W, respectively. by is the bias vector,
which corresponds to the thresholds. The symbol f (=) denotes the activation function. Prior
to the training procedure, the input and output variables require normalization. When the
network is executed, it effectively multiplies the input variables by the weights matrix, and
then adds the bias vector. Hence, the postsynaptic potential (PSP) function of the neuron could
be described as follows:
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n

Routinely, the activation function used in an L-ANN isalinear function described as:
Yi =V ®)

> %

w
ij Tbj

Input layer Output layer

Fig. 1. The architecture of the linear artificial neural network.

As there are no non-linear functions and hidden neurons in the network, an L-ANN is
ideal for dealing with linear problems. Actually, training a linear network means finding the
optimal setting for the weight matrix W to minimize the root mean squared error of the
calibration set. In order to achieve this aim, the known samples are generally divided into two
parts: atraining set and a verification set. The network is trained using the training set, but is
also tested after each epoch using the verification set. The training should be stopped once
deterioration in the verification error is observed. Overfitting and overlearning can be effect-
ively avoided in this way. Although the verification set is used to identify the best network,
actualy, training algorithms do not use the verification set to adjust network weights. A stan-
dard pseudo-inverse linear optimization algorithm?# is usually employed to train the network.
This agorithm uses the singular value decomposition technique to calculate the pseudo-
-inverse of the matrix required to set the weightsin alinear output layer, to find the least mean
squared solution. Essentially, it guarantees the optimal setting for the weightsin alinear layer
isfound.

The main difference between MLR and L-ANN is the optimization agorithm. In MLR,
the aim of least square algorithm is to minimize the sum of squared residuals of the training
set. As for L-ANN, the aim of training algorithm is to minimize the root mean squared error
of verification set.24 Thus, the prediction ability of L-ANN is usually superior to that of MLR.

In this study, a 2-1 L-ANN (i.e., a network with 2 input variables and 1 output variable)
was used to establish the calibration model. The used activation function is presented in Eq.
(5). The MDEV index and log K, were used as the input and output variables, respectively.
Prior to the training procedure, the input and output values were normalized.
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Leave-one-out cross validation

The leave-one-out cross validation?® is a commonly used algorithm for estimating the
predictive performance of a multivariable calibration model. Usually, practical calibration
experiments must be based on a limited set of available samples. The idea behind the leave-
one-out cross validation algorithm is to predict the property value of each sample in turn with
the calibration model that was developed with the other samples. When applying the algo-
rithm to a dataset with n samples, the calibration modeling is performed n times, each time
using (n—1) samples for modeling and one sample for testing. Thus, the procedure of leave-
one-out cross validation can be divided into n segment. In each segment i (i = 1,...,n), there
are three steps: 1) taking sample i out as temporary “test set”, which was not used to develop
the calibration model, 2) developing the calibration model with the remaining (n—1) samples
and 3) testing the developed model with sample i, calculating and storing the prediction error
of the sample.

External validation

External validation2>3031 js a conventional approach that is usualy used to assess the
predictive ability of a calibration model. When using the approach, all the available samples
are split into two subsets: a calibration set, which is used to establish the prediction model,
and atest set, which is employed to verify the reliability of the established model. Usually, the
samplesin calibration set and test set are randomly selected from the working dataset.
Software

All data processing was realized with subroutines developed under Matlab (Ver. 7.0).
The computation was performed on a personal computer equipped with a Core2 T9400
processor.

RESULTS AND DISCUSSION

First, the values of the MDEV index for the PCBs were calculated according
to the method presented in the Calculation and Experimental section and the
results are listed in Table I. The MDEV index of different PCB molecules are
different, which confirms that the MDEV index can describe the structural differ-
rences among these molecules. Thus, it is reasonable to employ MDEV index as
structural descriptor for devel oping QSPR models of PCBs.

Then the two QSPR models (the MLR and L-ANN models) were developed
and investigated.

MLR model

Generally, a simple model should always be chosen in preference to a com-
plex model, unless the latter fits the data better. Thus, the MLR model was first
investigated to determine whether it could describe adequately the quantitative
relationship between the MDEV indexes and log K values of the PCBs. The
MDEV index was used as the independent variable and the log Ky, value as the
dependent variable to develop the model. In order to assess the predictive ability
of the developed QSPR model, two validation methods, the leave-one-out cross
validation and external validation, were performed. The 41 PCBs for which their
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log Kp value is known were randomly divided into two groups: Group I, which
comprised 20 PCBs and Group |1, which comprised 21 PCBs.

Then, the leave-one-out cross validation was applied to Group | and the
results are presented in Table Il, from which it could be seen that the predicted
log Kp were in agreement with the experimental values. For al the 20 com-
pounds, the obtained RMSRE was 4.72. Moreover, the predicted log K, vaues
were plotted vs. the corresponding experimental ones (shown in Fig. 2a) and the
plot exhibited alinear relationship (y = 0.9592x — 0.1314 with R2 = 0.9519). Sub-
sequently, external validation was performed to assess further the predictive abi-
lity of the MLR model. In this procedure, the calibration model was developed
by using all the 20 compounds in Group |. The obtained regression equation is
log Kp = 0.883u1 + 0.244u7 — 5.056. The R, standard error of the estimate and F
values of the regression model were 0.9636, 0.1501 and 225.0, respectively.
Then, the log Kp values of the PCBsin Group Il were predicted by the obtained
model. The prediction results are also given in Table Il, from which it can be
seen that the predicted log K, values were still in agreement with the experi-
mental log Kp. For the 21 compounds, the prediction RMSRE was 8.62. The plot
of the predicted log Ky vs. the experimental values (Fig. 2a) exhibited a linear
relationship (y = 0.9649x — 0.2291 with R2 = 0.9038).

= -1
a b

Predicted log "
|
Predicted log K i

4 Groupl 4 Groupl

A o GroupIl e Group 11

Experimental log Kr‘ Experimental log Kr‘

Fig. 2. Experimental log K, vs. predicted log K, values, @) MLR and b) L-ANN.

The result of the leave-one-out cross validation and external validation
demonstrates that the values of MDEYV index of the investigated PCBs are quan-
titatively related to their log K, values. MLR was shown to be practicable for
modeling the quantitative relationship between the MDEV index and log Kp
value of PCBs. Obviously, alinear QSPR model based on MDEYV index could be
used to predict the log K, of other PCBs.
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Thus, an MLR model was developed using the 41 samples listed in Table 1.
The obtained regression equation was log Ky = 1.04647 + 0.196up — 4.825. The
R2, standard error of the estimate and F values of the regression model were
0.9282, 0.1958 and 245.5, respectively.

L-ANN model

Besides MLR, an L-ANN, which is the simplest artificial neural network, is
a commonly used linear calibration method in QSPR studies. Thus, we inves
tigate whether a better model can be established by using L-ANN. Leave-one-out
cross validation and external validation were carried out to assess the predictive
ability of the developed model.

Group | was still used to accomplish leave-one-out cross validation. In each
run of the ANN, the verification set comprised four randomly selected samples,
and the learning rate and momentum were set as 0.6 and 0.3, respectively. The
results are presented in Table 11, from which it could be seen that the predicted
log Kp values were in good agreement with the corresponding experimental ones.
For all the 20 compounds, the obtained RMSRE was 3.87. Moreover, the pre-
dicted log K values were plotted vs. the experimental ones (Fig. 2b) and the plot
exhibited a linear relationship (y = 0.9511x — 0.1613 with R2 = 0.9725). Then, all
the 41 samples listed in Table Il were used to accomplish an external validation.
The L-ANN model was trained using the 20 samples of Group I. In the training
procedure, the verification set comprises four randomly selected samples, and the
learning rate and momentum was set as 0.6 and 0.3, respectively. The results of
the external validation are given in Table I, from which it could be seen that the
predicted log Ky values were in good agreement with the experimental ones. For
the 21 compounds, the prediction RMSRE was 7.47. The plot of the predicted
log Ky values vs. the experimental ones (Fig.2b) showed alinear relationship (y =
= 0.9574x — 0.1435 with R2 = 0.9136). Obviously, the prediction accuracy of
L-ANN model was dightly higher than that of the MLR model. Hence, using the
L-ANN model would be dightly better than the MLR model for the prediction of
the log Kp values of PCBs. Thus, it was demonstrated that the L-ANN technique
is a practicable and promising method for modeling the quantitative relationship
between the values of the MDEV index and the log K, values of PCBs.

Thus, an L-ANN model was developed using the 41 samples listed in Table
Il as the calibration set. In the training procedure, the verification set comprised
eight randomly selected samples, and the learning rate and momentum was set as
0.6 and 0.3, respectively. Wei et al.13 predicted the log K}, values of the PCBs
using a quantum chemistry QSPR model. A comparison of the present result with
theirs showed no significant difference between the two sets of predicted results.
Thus, the models developed within the present study should provide a reasonable
method for the prediction of the log Ky value of PCBs. Compared with quantum
chemical descriptors, the MDEV index is easier to generate. Obvioudly, the
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development of QSPR models based on the MDEV index is a smple and easy-
to-use method for predicting the log Ky, values of PCBs.

CONCLUSIONS

QSPR maodels for predicting the gag/particle partition coefficient of PCBs
were investigated. The MDEV index was used as the structural descriptor of the
PCBs. Both a MLR and an L-ANN model were investigated. The predictive abi-
lity of the developed models was assessed by the leave-one-out cross validation
and by external validation. The results indicate that both the MLR and the
L-ANN models are practicable for predicting the log Ky values of PCBs. It is
demonstrated that the values of the MDEV index of PCBs are quantitatively
related to the log Ky values of PCBs. MDEV index can be generated easier than
guantum chemical descriptors. Accordingly, using MDEV index as structural
descriptor is more convenient than using a quantum chemica descriptor when
developing a QSPR model for the K, of PCBs. In addition, the result demon-
strated that both the MLR and L-ANN models are practicable for modeling the
quantitative relationship between the MDEV index and log Ky of PCBs. There-
fore, the proposed method should be easy-to-use and practicable for the predict-
ion of the log K values of PCBs.
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H3BO[J

QSPR CTYJUJA TIOJEOHOT KOEPUITMIEHTA T'AC/HECTHULIA TIOJIMXJIOPOBAHHUX
BUOEHUJIA TIPUMEHOM BEKTOPCKOI' MUHIEKCA PACTOJABE-TPAHA

LONG JIAO"?, XIAOFEI WANG', HUA LI* 1 YUNXIA WANG”
Xian Shiyou University, Xi'an, China u ’Northwest University, Xi'an, China

Hctpaxusane cy QSPR penauuje 3a moneoHu koeduUjeHT rac/yectuua, K, 3a monu-
xnoposaHe dudenune (PCB). Kao CTpyKTypHH AeCKpPUNTOP KOpUIIhEeH je BEKTOPCKH UHIEKC
pacrojame-rpana (MDEV uHzekc). KsantutatvsHa penauuja usmehy MDEV unnekca u log K,
MOJIeIOBaHa je METONOM MYJITHBADHjaHTHE JMHEapHE PErpecHje W HEYPOHCKHUM Mpexama.
[ToxasaHo je fa ce MOJeN KOjH je PasBHjeH MOXKE yNOTpeDHTH 3a npensubate K;, BpeAHOCTH
xog PCBs. [Toctoju kBaHTHTaTHBHA Besa uamehy MDEV nnnexca u K, 3a PCB.

(ITpumiseno 27. Hopembpa, mpuxsaheno 12.nenemdpa 2013)
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Abstract: Fe-doped TiO, photocatalysts with different contents of Fe (0.5, 1.6,
3.4 and 6.4 %) were synthesized by a microwave-hydrothermal method and
characterized by X-ray diffraction analysis, N, physisorption at 77 K and UV—
—Vis spectrometry. The characterization showed that the Fe ions were highly
dispersed in the TiO, lattice. It was found that all the synthesized catalysts had
amesoporous structure and that Fe-doping increased the BET surface area. The
UV-Vis study showed that the absorption spectra were shifted to longer wave-
lengths (red shift) with increasing dopant concentration. The photocatalytic
activity of the samples was evaluated by the decolorization of the textile dye
Reactive Blue 52 (RB) in agueous solutions under sun-like radiation in the
presence of H,O, (a heterogeneous photo-Fenton process). The photocatal yst
with 3.4 % Fe was found to be the most efficient in the presence of H,O,. The
effect of the initial pH of the dye solution was assessed and dissolution of iron
ions was studied as a function of pH value. It was concluded that decolori-
zation was more favorable in acidic pH, and that at pH values >4, the release of
Fe ions into the solution was negligible. Photocatalytic degradation of 4-
chlorophenol (4-CP) was investigated under the optimal conditions and it was
shown that the catalyst was capable of degrading colorless pollutants.

Keywords.: Fe/TiO,; heterogeneous photo-Fenton; Reactive Blue 52; 4-chloro-
phenoal.
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INTRODUCTION

Dye pollution from textile plants is a source of environmental concern the
world over. These effluents are toxic and mostly non-biodegradable. Moreover,
they absorb and scatter sunlight and thus, affect aguatic ecosystems. Most of the
dye molecules are resistant to destruction by conventional methods for water
treatment (coagulation, carbon adsorption, reverse osmosis, ultrafiltration and
biological treatments).1 In the last decades, advanced oxidation processes (AOPS)
appear to be a promising alternative for the degradation of organic pollutants.
These processes are based on the generation of very reactive species, such as
hydroxyl ("*OH) and hydroperoxyl (HO2") radicals, and complete mineralization
of the target pollutant species is achieved.?

Among the advanced oxidation processes, titanium dioxide (TiOp) offers a
great potential as a photocatalytic material for detoxifying wastewater. TiO> has
the advantage of being non-toxic and stable in aqueous solutions. Furthermore,
photo-assisted processes are inexpensive and do not require special conditions.
They are open-atmospheric systems that can operate at room temperature, utiliz-
ing natural solar light as an energy source.

In addition, the photo-Fenton oxidation is a very efficient system for the deg-
radation of pollutants. This method involves the catalytic decomposition of H,O»
in the presence of ferrous ions, resulting in the generation of hydroxyl radicals.
The formation of hydroxyl radicals and the regeneration of Fe2* by photo-red-
uction from Fe3* can be represented by the following reactions:3

Fe2* + HoOp — Fe(OH)2* + *OH Q)
Fe(OH)2* + hv — Fe2* + *OH 2

Both of these processes suffer from limitations. TiO» has wide bandgap (3.2
€V), which means it can utilize only =5 % of the solar spectrum, al in the UV
region.4 This problem is partially overcome by doping with different species,
such as: iron,>7 nitrogen-sulfur,8 silver,910 molybdenum!! and lanthanum,12
which enables the reactions to be induced not only with UV, but also with visible
light. The homogenous photo-Fenton system requires a pH of =3, in order to
avoid the formation of insoluble Fe(OH)3, and the after treatment separation of
the dissolved iron ions.13

In order to overcome these problems, a combination of these two processes
could be used and the advantage of potential synergistic effects taken. A hetero-
geneous catalyst of this type would enable operation over a wide pH range, a
TiO2 and Fenton reagent combination would enhance visible-light absorption and
the removal of sludge containing Fe ions would not be necessary, which would
reduce the costs of treatment.14.15

The aim of this research was to prepare Fe/TiO> materials with different
contents of Fe by a microwave-assisted, hydrothermal method and investigate
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their applicability as heterogeneous photo-Fenton catalysts for the decolorization
of the textile dye Reactive Blue 52 (RB) in aqueous solutions under sun-like
radiation in the presence of HyO;. The effects of different Fe contents and initial
pH values of the dye solution on the decolorization efficiency were assessed. The
dissolution of iron ions was studied in dependence on the experimental con-
ditions, because it is a common phenomenon during heterogeneous photo-Fenton
oxidation, which increases the contribution of the homogeneous photo-Fenton
process. In addition, the degradation of 4-chlorophenol (4-CP) was investigated
to show that the studied catalyst was al so able to degrade colorless pollutants and
that the excitation of the dye molecule is not the only mechanism, but also the
production of reactive oxygen speciesis operative.

EXPERIMENTAL
Materials

Titanium tetrachloride, TiCl, (Fluka 98 %), ammonium hydroxide, NH,OH (Sigma—
—Aldrich 25 %), iron(l11) chloride, FeCl; (Merck), hydrogen peroxide, H,0O, (Sigma-Aldrich
30%) and 4-chlorophenol (Sigma-Aldrich) were used as received. The azo dye Reactive Blue
52 (RB) was obtained from Clariant (Switzerland) and used without further purification; the
molecular structure of RB is shown in Fig. 1. All solutions were prepared with deionized

water.
g———Cu———0 NH;
N=—=N /J-\
o e
HO.S N/‘\‘-N/LC
H
S0.H
Fig. 1. Structural formula of Reactive Blue 52.

Preparation of catalysts

All the catalysts were prepared using the microwave-hydrotherma method. TiCl, was
added to icy water containing the required amount of the iron salt (TiCls:H,O (V/V) ratio
1:10) Then, the precipitation was induced by the slow addition of NH,OH (25 %) solution
under constant stirring at room temperature until the reaction mixture attained a pH between 7
and 8. The suspension was transferred into a Teflon® microwave closed vessels (digestion
system ETHOS One Milestone, equipped with a High Pressure Rotor SK-10, Italy), seded
and heated by microwave irradiation, whereby the maximum temperature of 150 °C was
attained in 10 min, and then kept at this temperature for a further 15 min more for hydrother-
mal treatment. The resulting product was separated by centrifugation and washed repeatedly
with deionized water until the precipitate becomes free of chloride ion (confirmed by the
AgNO; test). Finally, it was dried at 80 °C for 5 h and then calcined at 500 °C for 10 h.

Characterization

The content of Fe in the synthesized samples was determined by the inductively coupled
plasma-—optical emission spectroscopy (ICP-OES) technique (Thermo Scientific iCAP 6500
Duo ICP spectrometer, UK). Samples were prepared by microwave digestion using an Ethos
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One microwave system (Advanced Microwave Digestion System, Milestone, Italy). Each
sample (0.1 g) was mixed with 5 mL of sulfuric acid (H,SO,, 98 %), 2 mL of nitric acid
(HNOg, 65 %) and 1 mL of hydrofluoric acid (HF, 50 %), all analytical grade reagents from
Carlo Erba, transferred into a microwave digestion vessel and microwave heated. The maxi-
mum temperature of 220 °C was reached after 15 min and then this temperature kept constant
for afurther 20 min. The concentrations of Fe in the prepared powders are expressed in terms
of mass weight percent.

Powder X-ray diffraction (XRPD) analysis was used for the identification of the
crystalline phases, a quantitative phase analysis and an estimation of the crystallite size and
strain. The XRPD patterns were collected on a Philips diffractometer (PW1710) employing
CuK ;1 » radiation. Step scanning was performed within the 26 range from 20 to 100° with a
step size of 0.080° and a fixed counting time of 5 s per step. The XRPD patterns were used to
refine crystallographic structure and microstructural parameters using the procedure imp-
lemented in the Full Prof computer program.16

Adsorption—desorption isotherms were obtained by nitrogen adsorption at 77 K using a
Sorptomatic 1990 Thermo Finnigan device. Prior to adsorption, the samples were outgassed
for 1 h at room temperature under vacuum and additionally for 16 h at 110 °C at the same
residual pressure. The specific surface areas of the samples (Sget) were calculated by apply-
ing the Brunauer—Emmet—Teller (BET) Equation, from the linear part of the adsorption
isotherm.1” The total pore volumes (Vi) Were obtained from the N adsorption, expressed in
liquid form, by application of the Gurvitsch rule.® The micropore volumes (Vi) Were esti-
mated according to the Dubinin-Radushkevich method.1® The mesopore volumes (Vi) Were
estimated according to the Barrett, Joyner and Halenda method from the desorption branch of
the isotherms. 20

The UV—Vis diffuse reflectance spectra (DRS) were recorded on an Evolution 600 UV—
—Vis spectrophotometer (Thermo Scientific), equipped with a DRA-EV-600 diffuse reflec-
tance accessory.

Photodegradation procedure

A typica photocatalytic experiment was performed in a cylindrical photochemical
reactor, with a water circulation arrangement to maintain the temperature in the range 22+1
°C. An Osram Ultra-Vitalux lamp (300 W) with a sun-like radiation spectrum was used as the
light source. The distance between the lamp and the sample was 25 cm. Appropriate amounts
of Fe/TiO, were added into 100 mL of RB solution and stirred in the dark for 1 h before
illumination, to ensure the establishment of the adsorption—desorption equilibrium between
the photocatalyst and RB. The pH was adjusted by the addition of H,SO, or NaOH using a pH
monitor (Microcomputer pH-vision 6071, JENCO Electronics Ltd., Taiwan). Concentration
changes of the RB were monitored according to the decreasing intensity of the absorption
peak at 615 nm. Absorption spectra of RB were recorded on a double-beam UV-Vis spectro-
photometer (Cintra 10 UV—Visible spectrometer, Australia), at a fixed dlit width (1 nm), using
1 cm quartz cell. The decolorization efficiency was calculated from the relation:

Mxloo
Ay

Decolorization =
where Ag and A are the absorbance at the maximum absorption wavelength (1,5 of the initial
dye solution and after the treatment, respectively.

Degradation of 4-chlorophenol was monitored by high-performance liquid chromato-
graphy with photodiode array detection (HPLC-DAD). The HPLC analysis was performed
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using Dionex UltiMate 3000 chromatograph. A Hypersil Gold C8 column (150 mmx3 mm, 3
um) at 40 °C was used. The mobile phases were water as component A and acetonitrile as
component B (both HPLC grade, Sigma-Aldrich). The compounds were eluted at flow rate of
1.0 ml minL, The injection volume was 10 pl and the detector was set at 280 nm. The gradient
elution was as follows: 3080 % B in 20 min. The data analyses were realized using a com-
puter equipped with the Chromeleon 6.8 program (ThermoFisher Scientific, Bremen, Ger-
many).

RESULTS AND DISCUSSION
X-Ray diffraction analysis of photocatalysts

The diffraction patterns of four Fe/TiO, catalysts are shown in Fig. 2. It can
be seen that only the anatase phase (JCPDS card 78-2486) was present up to a Fe
content of 6.4 %, when the presence of broad low-intensity diffraction peak at
260 =~ 32.5° for 6.4Fe/TiO2 could be ascribed to the pseudobrookite (FexTiOs)
phase (JCPDS card 29-1360). The pseudobrookite content in this sample was
determined to be 3 %. This is formed because Fe3* substitute Ti4* in the TiO,
lattice. This can occur because the radii of Ti4* and Fe3* are similar (0.69 and

Fig. 2. The fina Rietveld refi-

) nement plots of the samples: a)

d  05FeTiO, b) 16FETIO, o)

3.4FelTiO,; d) 6.4Fe/TiO,. The

observed data are represented by

circles and the calculated data by

g i R A BN ANs e saae e a continuous line. The Bragg

¥ Y Y 1 positions are denoted by vertical

20 40 80 60 100 ticks and the difference curve is
20/° shown &t the bottom.
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0.64 nm for Ti4* and Fe3*, respectively2l) and the electronegativities of both
ions are reasonably close (Fe3*: 1.96,21 Ti4+: 1.522). No peaks due to Fe-oxide
phase were observed in any of the samples; the Fe3* were highly dispersed in the
TiOo lattice.

Structure refinements were performed by the Rietveld method. The final
Rietveld refinement plots of the samples are presented in Fig. 2, while the main
results of the refinement are listed in Table |. The obtained values for the unit cell
parameters of anatase show that the value of the parameter a varied around its
reference value (ag = 3.78479(3) A), while the vaue of the ¢ parameter was
dightly smaller than the reference one (co = 9.51237(12) A) in al the samples.
The obtained average crystallite size slightly decreased with increasing content of
Fe. The radius of the Fe3* is smaller than that of Ti4*; hence, the doping of Fe
made the cell parameter smaller than that of pure anatase.23

Low values of agreement factors between the model, both structure and mic-
rostructure, and XRD data (Table 1) indicate the high accuracy of the obtained
results.

TABLE 1. The results of the Rietveld analyses of the anatase phase (unit cell parameters,
microstructure parameters and refinement residuals)

Unit cell parameters ~ Microstructure parameters Rietveld refinement

residuals
Sample Averagesize Average
alA c/A A srainx10® R R Rep 22 Ry
05Fe/TiO, 3.7854(2) 9.5049(6) 163 20 75 99 85 137 277
1.6Fe/TiO, 3.7858(2) 9.5039(7) 128 16 74 99 84 139 195
3.4FelTiO, 3.7884(3) 9.5040(10) 97 15 89 11.1 89 154 258
6.4Fe/TiO, 3.7881(4) 9.4958(13) 94 15 9.7 121 93 169 234

Nitrogen physisorption

Information about specific surface areas and the pore volumes of the catal-
ysts are summarized in Table Il. The isotherms of all the synthesized materials
presented in Fig. 3 could be interpreted?4 as type 1V, which is typical for meso-
porous materials, with an H2-type hysteresis loop, indicating the presence of pore
networks. It could be seen that the position of the condensation branches on the
pressure axis, the specific surface area and the pore volume were dependent on
the Fe content. The introduction of the Fe ions causes an increase in specific
surface area and a decrease in the pore volume. The origin of increase in the spe-
cific surface area could be explained in two ways: the reorganization of the pore
system through the entrance of small particles into the pore system or the for-
mation of a new phase, which has a higher specific surface area. The reorgani-
zation of the pore would also lead to preservation or reduction of the pore vol-
ume. From the results for Vinic, Vimeso and Vigt given in Table 11, it is clear thisis
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the case for synthesized Fe/TiO» catalysts. Fe species are not |ocated on the outer
side of the TiO» particles as a separate oxide phase. This statement was aso
confirmed by the XRD results, that Fe ions are highly dispersed in the TiO»
lattice.

TABLE II. Textural and structural properties of the Fe/TiO, samples
Sample Content of Fe, mass % Sger/ M2 gt Vigi / cm3 g1 Ve / emP gl Vipeso / cm3 g1

0.5Fe/TIO, 0.47 72.4 0.252 0.021 0.2189
L6Fe/TIO, 1.60 935 0.261 0.027 0.232
3.4FelTiO, 3.42 837 0.250 0.028 0.191
6.4F/TiO, 6.41 123.1 0.257 0.037 0.189
- — 0.5Fe/TiO, &
%07 — 16Ferio, e
140 — 3.4FelTiO, ':
1 — B.4Fe/TiO, o
_ 120 / - 83
Tiis . R
& 100
E £
f: 80
% 60 -
S -
40 4
20 -
0 I I I I 1

r/pg
Fig. 3. Nitrogen physisorption isotherms of Fe/TiO, at 77 K. The empty symbols represent
adsorption points and the filled symbols represent desorption points.

UV-Vis diffuse reflectance spectra

The UV—Vis diffuse reflectance spectra of synthesized samples are shown in
Fig. 4. It could be seen that with increasing Fe content, the photocatalyst res-
ponse shifted to higher wavelengths, which was accompanied by changesin color
from pale yellow to reddish brown. The absorptions in the visible region may be
induced by two factors. One is the excitation of 3d electrons of Fe3* to the TiO,
conduction band (charge transfer transition) at 415 nm.2> The other can be asc-
ribed to the d—d transitions 2Toq — 2Aog and 2T14 of Fe3* or to the charge trans-
fer transition between iron ions (Fe3* + Fe3t — Fe** + Fe2*) at 500 nm.26.27
These results are in agreement with the XRD and nitrogen physisorption results
and confirmed that the Fe ions were incorporated into the lattice of TiO,, thus
atering its crystal and electronic structures.
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1

——0.5Fe/TiO
—— 1.6Fe/TiO

3.4FelTiO
——6.4Fe/TIO

2
2
2
2

Kubelka-Munk, a. u.

300 400 500 600 700 800
Wavelenght, nm

Fig. 4. Diffuse reflectance spectra of Fe/TiO, powders, plotted as the
Kubelka-Munk function (F) of the reflectance (R).

Decolorization of RB

The efficiencies of different AOPs in the degradation of RB are shown in
Fig. 5, from which it could be seen that the efficiency of direct photolysis under
sun-like irradiation was very small. The dye removal efficiency with only H2O,
was much higher when H>O» was applied in combination with illumination. This
could be explained by the generation of highly reactive *OH by direct photolysis
of the added H0,.28 As the photolysis wavelength range of HoO» is between
200 and 350 nm and since the employed lamp is active in the UV-B and UV-A
regions, this reaction was possible.

In order to examine whether the presence of Fe in the Fe/TiO, samples
influences the efficiency of photocatalytic degradation of RB, the efficiency of
3.4Fe/TiOo was compared with that of the pure TiO,. The degradation efficiency
of 3.4Fe/TiO, was higher, which indicates that the addition of Fe contributes to
the catalytic activity. The beneficial effect of Fe ions could be explained by con-
sidering the efficient separation of the photo-excited electrons and holes.2° Since
the energy level for Fe3*/Fe#* is above the valence band edge of anatase TiO»,
Fe3* could act as photogenerated hole traps (Eq.(3)). Fe3* could also serve as
photogenerated electron traps, as the energy level for Fe3*/Fe2* is below the con-
duction band edge of TiO, (Eq. (4)). Thus, Fe3* could act as both electron and
hole traps, whereby Fe2* and Fe#* are generated, respectively. The Fe2* could be
oxidized to Fe3* by transferring electrons to absorbed O, on the surface of TiO»
(Eg. (5)) or to a neighboring surface Ti4* (Eq. (6)), thereby leading to interfacial
electron transfer (Eq. (7)). The trapped holes in Fe** could migrate to surface
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adsorbed hydroxyl ions (Eg. (8)) to produce hydroxyl radicals. As a result, the
introduction of Fe ions reduces electron-hole recombination rate and improves
the photoactivity:>

Fe3* + h* — Fet* (3)

Fe* + e — Fe2* (4)

Fe2* + Op(ads) — Fe3* + HOy™ (5)
Fe2t +Ti4t — Fe3* +Ti3* (6)

Ti3* + Oy(ads) — Ti4 + HO,~ (7)
Fe** + OH- (ads) — Fe3* + *OH(ads) (8)

As can be seen in Fig. 5, the presence of HoO» increased the photocatalytic
efficiency of the TiO», which could be explained by the electron-acceptor role of
H20,. With the 3.4Fe/TiO, catalyst, the presence of H>O, increased the effi-
ciency to a high extent. This means that H,Oo in addition to its electron-acceptor
role also participates in the heterogeneous photo-Fenton process.

S,
o e
100 =
e
o
80 - = ia_:v =
a s B 0
‘H,N M
e
E_.

60

2

HZO / illumination

40 4

Decolorization, %

20

‘ H,0, / dark conditions

Direct photolysis

0

Fig. 5. Decolorization of RB using different AOPs. Operating conditions: [RB], = 60 mg dm'3,
[H205]p = 20 mM, photocatalysts, 0.5 g dm3, pH 4 and time = 60 min.

Effect of Fe content

The influence of the doping concentration on the photocatalytic efficiency of
the Fenton-like process was examined and the results are presented in Fig. 6. It
could be seen that the optimal amount of Fe doping was 3.4 %, as this level of
doping led to the complete elimination of RB within 60 min. Hence, all the other
investigations were performed using the 3.4Fe/TiO, catalyst. It could be noticed
that a further increase in the Fe content led to a decrease in the photoactivity. An
explanation about the beneficial effect of Fe ions was given above. Thus, Fe3*
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act as both electron and hole traps, but they can also act as recombination centers
for photogenerated electrons. When the dopant concentration is too high, the
recombination will compete with the redox processes because the distance
between trap sites is shorter. These trapped e~ or h™ might recombine before
migrating to the surface, resulting in a lower photocatalytic activity, because all
the reactions occur only on the surface.30

100
90
T ______..-—-"'"
80 - i v
70 -/_,--' ./
2 ] /T .%.
= 604 /' '%
,5 1 y /
= 504 &)
= 40+ )
S | —m—0.5Fe/TiO,
Sl ~e— 1.6Fe/TiO,
20 4 \—3.4FelTiO,
10- —v¥—6.4Fe/TiO,
0 T T T T v T T T 7 T ' T
0 10 20 30 40 50 60
Time, min

Fig. 6. Effect of Fe content in Fe/TiO, on the RB decolorization. Operating conditions:
[RB] = 60 mg dm3 [H,0,]g = 20 mM, photocatalysts, 0.5 g dm and pH 4.

The adsorption properties of Fe/TiOo catalysts are shown in Fig. 7. The
adsorption capacity of the powders increased with increasing Fe ion doping. The
factors leading to the enhanced adsorption capacity involve changes in the phy-
sical properties owing to doping. In the present case, it was the larger specific
surface area that enabled better adsorption of RB. Thus, the largest specific sur-
face area and the highest content of Fe ions with H>O» in Fenton-like process
gave reasons to expect that the 6.4Fe/TiO, catalyst would be the most efficient.
Figures 6 and 7 illustrate that the photocatalytic activity did not follow the
changes of the adsorption ability. Although adsorption is a prerequisite for the
photocatalytic process, it is not obligatory that large adsorption abilities stimulate
afaster degradation of the pollutant. An increase in photoactivity with increasing
adsorption could be observed up to a certain amount of dopant but a decrease
thereafter. This indicates that some other factors influence the degradation effi-
ciency, i.e., at higher contents, Fe3* play the role of recombination sites and this
effect dominates.
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60 -

3.4Fe/TiO,
6.4Fe/TiO,

2

40

0.5Fe/TiO,
1.6Fe/TiO

Adsorption, %

Fig. 7. Sorption ability of the Fe/TiO,
catalysts. Operating conditions:
[RB]p = 60 mg dm3, photocatalysts,
0.5 g dm3, pH 4 and time = 60 min.

0

Effect of theinitial pH

The pH plays an important role in the photocatalytic degradation of various
pollutants.31:32 The effect of pH on the kinetics of RB removal by the 3.4Fe/TiO,
photocatalyst is presented in Fig. 8, which clearly indicates that the pH value had
agreat effect on the photocatalytic efficiency. It could be seen that the efficiency
decreased with increasing pH value. This could be explained by the fact that the
higher values of pH favor the dissociation of HoO» to form HO»~, as shown in

Eq. (9):
HoOp == HO,~+ H* 9

HO,~ reacts with a non-dissociated molecule of H>O, according to Eq. (10),
which leads to oxygen and water, instead of hydroxyl radicals.

HO>~ + H2O2 — HoO + Oy + OH- (10)

At pH > 7, the ionic dissociation of HoO» is the predominant process, hence,
no experiments under alkaline conditions were performed.33 In addition, a pos-
sible cause of such behavior could be the fact that the oxidation potential of “OH
decreases with increasing pH.34

The best results were obtained at a pH value of 3. The inset of Fig. 8 shows
the leaching of iron after the photocatalytic process. The leaching of Fe ions was
enhanced at pH 3; hence, in this case, the homogeneous photo-Fenton process
contributed to the overal photodegradation. Since the efficiency was the same
after 60 min at pH 4, only with different kinetics, and the detected concentration
of Feionswas only 24 ug dm3, this pH value was chosen as the optimum for the
further experiments. Fe leaching to such alow extent does not have a significant
influence on the photodegradation.
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Fig. 8. Effect of solution pH on the RB decolorization in the presence of 3.4Fe/TiO,. The inset
shows the effect of theinitial pH on the leaching of iron. Operating conditions:
[RB]g = 60 mg dm3 [H,05]¢ = 20 mM and photocatalyst, 0.5 g dm3.

One additional possible reason of such dependence on the pH value is the
influence of adsorption and the results are presented in Fig. 9. A strong elec-
trostatic attraction between dye and the surface exists when the Fe/TiO, surface

is positively charged and the dye is negatively charged. At lower pH values, the
conditions for sorption were optimal.

&0 - pH 3
pH 4
40
P
g
=
< 20 S
pH 5
Fig. 9. Sorption ability of the 3.4Fe//TiO,
PH 7 catalyst at different pH values. Operating
conditions: [RB], = 60 mg dm3, photo-
0

catalyst, 0.5 g dm3 and time = 60 min.
Degradation of a colorless pollutant

When the compound used as model pollutant absorbs in the visible region,
such as the azo dye in the present study, the dye rather than the TiO particlesis
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excited by visible light. After excitation, the electrons from the dye molecule are
injected into the TiO» conduction band. The TiO» acts only as an electron trans-
fer mediator in this reaction.3® Thus, an experiment with 4-CP was performed to
prove that the studied catalyst is capable of degrading colorless pollutants and to
produce reactive oxygen species, meaning that excitation of the dye molecule is
not the only mechanism. The results are shown in Fig. 10, from which it can be
seen that after just 10 min of the treatment, the 4-CP peak with a retention time
of about 10 min had almost disappeared. Three additional peaks of degradation
products with retention times of 6.8, 2.9 and 1 min appeared. In Fig. 10c, after 20
min of the treatment, a further decrease in the intensity of the peaks, indicating
further degradation, could be observed.

a
—_
b
.LM N\
‘/L C
r T T T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14

Time, min
Fig. 10. Chromatograms of 4-CP degraded by the 3.4Fe/TiO, catalyst at different times:
a) 0; b) 10 and ¢) 20 min. Operating conditions: [4-CP]y = 100 mg dm3, [H,0,]¢ = 20 mM,
photocatalyst, 0.5 g dm and pH 4.

CONCLUSIONS

Fe/TiO, photocatalysts with different contents of Fe (0.5, 1.6, 3.4 and 6.4 %)
were successfully prepared by the microwave-hydrotherma method. The XRD
results showed that the Fe3* were highly dispersed in the TiO» lattice. The Fe
doping influenced the textural characteristics of the synthesized photocatalysts,
increasing the specific surface area, which is the critical parameter for the enhan-
cement of photocatalytic activity. Furthermore, Fe doping played a role in
extending the light absorption into the visible region. Fe-TiO» can efficiently
catalyze the degradation of RB under sun-like irradiation in the presence of
H-0o. The photocatalyst 3.4Fe/TiO, was found to be the most efficient with
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H20,. The results indicate that the pH value had a great effect on the photo-
catalytic efficiency. The decolorization of RB by the 3.4Fe/TiO>/H20, process
was more favorable at acidic pH values. With pH > 4, the release of Fe ionsinto
the solution was negligible in the heterogeneous photo-Fenton process.

Under the optimal experimental conditions, the catalyst was able to degrade
even a colorless pollutant. Therefore, it could be considered a good candidate for
wastewaters remediation purposes.
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H3BOJ

SEHTOHOBA OKCHIALIMJA A30 BOJE IIOMORY ME3OITIOPO3HOT Fe/TiO,
MMPUIMPEMJBEHOT XUOPOTEPMAJIHOM METOJOM IIOTIIOMOTHYTOM
MUKPOTAJIACUMA

JEJIEHA HEH.II/I'E1, JOPATAH 1. MAHOJJ’IOBI/IEZ, MWIINLA JOBI/IT11, BHUJbAHA II. LIOJ‘{I/IHOBI/I'B3,
TIPEJPAT J. BYHI/IT14, JYTOCJIAB KPCTHR® 1 TOPAH M. POIJIME®
1Ynosayuonu uenitiap Xemujckol paxyniienia, Ynueep3utieiti y beoipagy, Cuygeniticxu wipi 12, 11000
Beoipag, ZXemujCKu paxyninein, Ynusep3uiieis y Beoipagy, Ciygentucku wpi 12, 11000 Beoipag,
3I/Incu7uWym 3a xeMmujy, WexHonoTujy u metmanypiujy, Lientaap 3a xemujy, Ynugepsuiuein y beoipagy,
Fbetowesa 12, 11000 Beoipag, 4ﬂa5opawopuja 3a kpuctianoipadujy, Pygapcko—ieonowxu ¢paxyninei,
Ynusepsuinewi y beoipagy, bBywuna 7, 11000 Beoipag u 5Hucu7.umyu7. 30 xXeMujy, WexHoNoIujy u
memanypiujy, Lenitiap 3a Kawmanusy u XeMujcKo unsicerepcuieo, Ynusepsuineiti y beoipagy,
Fbetowesa 12, 11000 Beoipag

Fe-monupanu TiO, doTokaTtanu3aTopy ca pasTHIUTAM cagpkajem reoxkbha (0,5, 1,6, 3,4
u 6,4 %) CUHTETUCAaHH CYy MHKPOTAJaCHO-XUOPOTEPMAJHOM METONOM M KapaKTepUCaHU
nomohy XRD, ¢usucopnuuje N, va 77 K u DRS metopom. Kapakrepusauyja je noxasana ja
Cy joHH IrBoXha MOTIIYHO JUCNEPIrOBaHYU yHyTap kpucTanHe pemweTke TiO,. Haheno je na csu
KaTaJau3aTOpu HMMajy MEe3ONOpO3HY CTPYKTypy M ma Fe-momupame nosehasa cnenuduyny
nospunHy. UV-Vis cniekTpu mokasyjy Ia ce alcopruuja moMepa ka Behum TanmacHUM IyKu-
Hama (LpBEHO ToMepame) ca nosehaweM KOHIIeHTpanuje fomnanTa. PoTokaTamTuTHUKa aKTHB-
HOCT y30paka je NpolieleHa Ha OCHOBY /EKOJIOpH3aliije TEeKCTUIHE peakTHBHe Doje peax-
TUBHO 11aBo 52 (RB) y BogeHOM pacTBOpy nmomMohy namiie ca CIeKTpOM CYHYEBOT 3pauema y
npucyctsy H,0, (xereporenu cdoto-deHToHOB npolec). ®otokaTtanusartop ca 3,4 % rsoxha
ce moka3ao kKao HajedukacHuju ca H,0,. Yrunaj nanuujanse pH BpemHocTH je yTBpheH u
WCTIUTAHO je OTMylITawme joHa rBokha y 3aBUcHOCTH of pH. 3awbydeHo je na je morogHHja
KHCena CpefrHa 3a IeKoJopH3auujy U aa je, kaga je pH > 4, ornyumrrawme reoxha y pacTBop
3aHemapspMBO. McnnTaHa je dorokaTanuTHuKa Jerpagaudja 4-xnopdenona (4-CP) mpu ontu-
MaJIHUM YCJIOBMMA M TOKa3ajo ce ha je JaTW KaTaausaTop crocobaH M 3a Herpajauuje
0e3dojuux 3arahusaua.

(ITpumibeHo 1. okTobpa, pesuaupaHo 20 HoBemOpa, nprxsaheHo 21. HoBemdpa 2013)
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Abstract: The processes of Pb electrodeposition under diffusion control were
examined by scanning electron microscopy (SEM) of the formed crystals. The
orientation of grains of hexagonal shape formed in the initial stage of electro-
deposition strongly affected the final morphology of the Pb crystals. The for-
mation of Pb crystals of the different shape from the same initial shape was
discussed in terms of the effect of orientation of initially formed grains on the
type of diffusion control. A spherical diffusion layer was formed around the tip
of the hexagonal-shaped grain oriented with its tip towards the bulk solution
that led to the formation of elongated crystals in the growth process. On the
other hand, a cylindrical type of diffusion was responsible for the growth of
hexagonal-shaped grains oriented with the lateral side towards the bulk solu-
tion. Pb crystals with well-defined sides parallel to the surface area of the mac-
roel ectrode were formed under this type of diffusion.

Keywords. electrodeposition; lead; crystal; spherical diffusion; cylindrical dif-
fusion; scanning electron microscope (SEM).

INTRODUCTION

Thanks to its specific characteristics, such as extremely high reactivity and
superconductivity, lead has found an application in many very important techno-
logies.1 Some of these technologies are related with a production of high purity
active material for acid batteries,2 for semiconductors,34 and in the fabrication of
electrochromic devices.® Electrodeposition technique is very attractive way to

® In memory of Prof. Dr. John O’'M. Bockris.
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obtain Pb in the form suitable for application in various technologies. The mor-
phology of electrodeposited Pb, the growth rate, particle size and number density
can be easily regulated by the choice and control of parameters such as depo-
sition potential or current density, regime of electrolysis, time, temperature and
solution composition.

Lead belongs to the group of norma metals that are characterized by high
exchange current density values, low melting points and high overpotentials for
hydrogen discharge.6:” Regardiess of the type of electrolyte, electrodeposition of
lead occurs under mixed ohmic—diffusion or even full ohmic control of the elec-
trodeposition.8-11 The ratio of the ohmic to the overall control of the electro-
deposition increases with increasing concentration of Pb2* so that the electro-
deposition process becomes a full ohmic controlled one at high concentrations of
Pp2+ 8,11

Regular crystals were the main morphological forms obtained in electro-
depositions at overpotentials in the ohmic control region.11.12 The shape of these
crystals did not depend on the type of electrolyte. On the contrary, the shape of
the dendrites formed under the diffusion control was strongly influenced by the
type of electrolyte used. Considering the Wranglen definition of a dendrite,13
dendrites of the secondary (S) type, constructed from a stalk and primary and
secondary branches, were electrodeposited from complex electrolytes, such as
acetate® and alkalinel® electrolytes. Needle-like and dendrites constructed from
stalk and only primary branches (the primary (P) type) were formed during elec-
trodepositions from basic (nitrate) electrolytes. In addition to dendrites, irregular
crystals of various shapes were also formed during electrodepositions under dif-
fusion control. The aim of this study was to investigate the mechanism of the for-
mation of these irregular Pb crystals.

EXPERIMENTAL

Electrodeposition of lead was performed in an open cell from 0.40 M Pb(NO3), in 2.0 M
NaNO; at room temperature (22.0£0.5 °C). Lead was electrodeposited at overpotentials of 50
and 75 mV, with amounts of the electricity of 0.10 and 0.95 mA h cm2. Doubly distilled
water and analytical grade chemicals were used for the preparation of the solution for elec-
trodeposition of lead. All electrodepositions were performed on vertical cylindrical copper
electrodes. The geometric surface areas of the copper electrodes were 0.25 cm? for the SEM
analyses of the obtained Pb deposits and 0.50 cm? for recording the polarization curve. The
polarization curve for the electrodeposition of lead was recorded potentiostatically by chang-
ing the overpotential in 5 mV steps. In order to obtain a reproducible shape of the polarization
curve for this reaction, the following experimental procedure,814 usual for the recording of the
polarization curves of fast electrodeposition processes, was applied. At low overpotentials up
to 55 mV (Fig. 1), the values of the current obtained after reaching steady-state values were
used for constructing the polarization curves. Since at the overpotentials after the inflection
point (55 mV) on the polarization curve in Fig. 1, the current increased dramatically over
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time, the values were recorded immediately after setting the selected overpotential values
were used.

120
—0—0.40 M Pb(NO,), + 2.0 M NaNO,
100

80

60

I/ mA

40 4

20 4

Fig. 1. The polarization curve for lead

1 . . , , : : —  electrodeposition from 0.40 M Pb(NO3),
0 20 40 60 8 100 120 140 jn 20 M NaNOs;. The surface area of
n/mvV working €electrode was 0.50 cm?.

The reference and counter electrodes were of pure lead. The counter electrode was lead
foil with surface area of 0.80 dm? and was placed close to the cell walls. The reference
electrode was lead wire, the tips of which were positioned at a distance of about 0.2 cm from
the surface of the working electrode. The working electrodes were placed in the centre of the
cell, at the same location for each experiment.

A Tescan digital scanning electron microscope was used for the examination of the
morphology of the Pb deposits.

RESULTS AND DISCUSSION

Polarization curve for Pb electrodeposition from 0.40 M Pb(NOs3)2 in 2.0 M
NaNOs3 is shown in Fig. 1. The interval of overpotentials between 0 and 45 mV
corresponds to ohmic control. The diffusion control commences at an overpo-
tential of 45 mV and the inflection point is observed at 55 mV.

SEM images of the Pb deposits formed during the initial stages of electro-
deposition at overpotentials of 50 and 75 mV are shown in Fig. 2aand b, and Fig.
2c and d, respectively. It is necessary to note that both overpotentials corres-
ponded to electrodeposition under diffusion control. At both overpotentials, hex-
agonal-shaped grains were formed together with numerous other grains of vari-
ous shapes that showed well-defined crystal planes. Although the shape of the
hexagonal grains was the same in both cases, the orientations of these grains
were completely different. In the Pb deposit electrodeposited at 50 mV, the hex-
agonal-shaped grain was oriented with its lateral side towards the bulk solution
(Fig. 2aand b). On the other hand, the hexagonal-shaped grain in the Pb deposit
electrodeposited at 75 mV was oriented with its tip towards the bulk solution
(Fig. 2c and d).

Analysis of Fig. 2 clearly confirms that nucleation did not occur simultane-
oudly over the entire cathode surface, but it was a process extended in time so that
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. ‘ { A
50 pm 10 um
(© (d)
Fig. 2. SEM images of the Pb deposits formed in the initial stages of Pb electrodeposition
from 0.40 M Pb(NOs), in 2.0 M NaNOg at overpotentials of: @) and b) 50 mV, and c) and d)
75 mV. The amount of electricity was 0.10 mA h cm2,

grains generated earlier may be considerably larger in size than those generated
later.15 In the case of fast electrochemical processes, nucleation exclusion zones
around already existing nuclei are formed,16:17 as seen from Fig. 2. This process
causes a periodicity in the structure of polycrystalline deposit.18-20 With inc-
reasing the el ectrodeposition time, due to the current density distribution effect,21
further nucleation and growth primarily occurs at these hexagonal-shaped grains.
The final forms of the Pb crystals obtained at overpotentials of 50 and 75 mV
with an amount of electricity of 0.95 mA h cm2 are shown in Fig. 3. From Fig.
3, it can be seen that the Pb crystals formed at an overpotential of 50 mV (Fig. 3a
and b) were completely different in shape to those formed at 75 mV (Fig. 3c and
3d). The characteristics of the 2D (two-dimensional) Pb crystals formed at 50
mV were well-developed sides parallel to the surface area of the macroelectrode
(crystals denoted with A, B, C and D in Fig. 3a and the crystal shown in Fig. 3b).
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The 2D crystals obtained at 75 mV were with sharp tips as can be seen from Fig.
3candd.

50 pm

(d)

Fig. 3. SEM images showing the shape of crystals formed by electrodeposition processes from
0.40 M Po(NO3), in 2.0 M NaNO3 with amount of electricity of 0.95 mA h cm2. The
overpotentials of electrodeposition were: @) and b) 50 mV, and c) and d) 75 mV.

Hence, the same shape of Pb grains formed in the initial stage of the electro-
deposition (Fig. 2) gave completely different fina shapes of the Pb crystals (Fig. 3).
Considering that the electrodeposition processes at both overpotentials were
under diffusion control, it is very clear that the orientation of the grains formed in
theinitial stages of electrodeposition played an important, or even crucial, rolein
the mechanism of the formation of the final forms of the Pb crystals. A schematic
presentation of the processes of formation and growth of the crystals in depend-
ence of the orientation of the initialy formed grainsis givenin Fig. 4.

The equation of the cathodic polarization curve for aflat or alarge spherical
electrode of amassive metal is given by Eq. (1):1°
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j _ jO(fc_ fa)
jofc
1+——=

L

where |, jo and j_ are the current density, the exchange current density and the
limiting diffusion current density, respectively, and:

(D

n
f. =10 @
_n

where be and b, are the cathodic and anodic Tafel slopes and 7 is the over-
potential. Egation (1) is modified for use in electrodeposition of metals by taking
cathodic current density and overpotential as positive.

/\

Fig. 4. Time dependent simulation of
@ (b) growth of the differently oriented crystals.

The cathodic limiting diffusion current density for steady-state linear dif-
fusion, j., isgiven by Eq. (4):

nFDcy
== 4
5 (4)

where n is the number of transferred electrons, F is the Faraday constant, D and
co are the diffusion coefficient and bulk concentration of the depositing ion,
respectively, and ¢'is the thickness of the diffusion layer of the macroelectrode.
The paralld sides of initialy and finally formed Pb crystals (Fig. 3a and b)
clearly indicate that the growth of the hexagonal-shaped grains (Fig. 2a and b)
can be ascribed to a cylindrical type of diffusion around their top edges. A sche-
matic presentation of a crystal that obeys this type of diffusion is presented in
Fig. 5a. The limiting diffusion current density to the cylindrical electrode, j ¢
growing inside the diffusion layer of the macroelectrode is given by Eq. (5):22:23

L
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nFDcy

JL,cZﬁ (5)
rin——

r

where d = (nDt)0-3, r is the radius of the flat dendrite precursor and r << |.
Assuming to a first approximation that under steady state conditions d corres-
ponds to thickness of the diffusion layer of the macroelectrode, J, then the con-
dition 6>>r isvalid and Eq. (5) can be rewritten in the form:

. nFDcy
JL,C: 5 (6)
rin—
r
or in the form:
- L
= 7
JL,C r 5 ( )
7|n7
o r
Bulk solution [
8>>h,
5 d
] I3
hP
Metal electrode Ls
@
Bulk solution
&>> h,
x )
‘T\
A,
R Fig. 5. Schematic presentations of crystals (or pro-
Metal electrode trusions) growing under the conditions of: a) cyl-
(b) indrical and b) spherical diffusion.
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In the initial stage of the electrodeposition, the sizes of al grains are similar
to each other, and the cylindrical type of diffusion cannot be established due to
the overlapping of the diffusion zones. Then, the maximum current density to the
surface of grain (top edge) corresponds to the limiting diffusion current density,
jL- Dendritic growth may be expected for:

JL <ltipc (8)
i.e., when the current density under mixed controlled deposition to the tip of the
grain, jtip,c, becomes larger than the linear limiting diffusion current density.

Substitution of ji_ ¢ from Eq. (7) into Eq. (1) instead of j_ gives the equation
for the tip current density, jiip,c, as:

jo(fc—fa)

fipe=—— 7+ % (9)
1+ J(_JiLlné

jL o r
Relation (8) can then be written in the form:

jO(fC_ fa) (10)
jofer, o
1+ =—=—In—
JL o r
If it is assumed that r << g, which is true for the assumed meaning of r and
o, then:

jL<

LIné <<1
o

;
and the overpotential function is larger than the j /jo ratio. Using Eq. (2), it
follows that the minimum overpotential at which the growth of a dendrite is
possible, 7, is given by Eq. (11):

7 = b log AL (11)
Jo

Hence, initiation of dendritic growth is possible only at overpotentials larger
than ;.

On the other hand, it could be assumed that the condition of spherical dif-
fusion isfulfilled around the tip of a hexagonal-shaped grain oriented normally to
the electrode surface, i.e., with the tip towards the bulk of the solution (Fig. 2¢c
and d). A schematic presentation of a crystal buried deep in the diffusion layer of
the macroelectrode around the tip of which a spherical diffusion layer is formed
is shown in Fig. 5b. The local limiting diffusion current density is larger at the
tips of such crystals than the corresponding linear diffusion current density, and
for this reason, the tip of acrystal will grow faster than the other parts of a crystal
where the conditions of cylindrical diffusion are fulfilled.2425 As a result of this
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process, elongated crystals, like those shown in Fig. 3c and d, are formed. Then,
the formation of the elongated crystals could be explained in the following way.

At the tip of a hexagonal-shaped grain, the lateral flux cannot be neglected
and the situation can be approximated by assuming a spherical diffusion current
density, j| s, given by Eq. (12):2425

nFDc*
ILs= "

where c* is the concentration of the diffusing species at a distance r from the tip,
assuming that around the tip a spherical diffusion layer having a thickness equal
to the radius of the protrusion tip is formed.26

If deposition to the macroelectrode is under full diffusion control, the distri-
bution of the concentration, c, inside the linear diffusion layer is given by Eq.
(13):27

(12)

h
G5 (13
where 0 < h < 4. In the present case, it will be:
hp +r1
c* = 14
QO (14)
and
jLs=1iL (1+—her (15)

because of Egs. (4), (12) and (14), where hy is height of a protrusion (i.e., crystal
in the present case).

Substitution of j, s from Eg. (15) into Eq. (1) produces for hy/r >> 1 after
rearranging Eq. (16):

jtip,s = jO,tip( fc - fa) (16)

where jiips and jotip are the current density and the exchange current density at
the tip of the protrusion, respectively. Then, the electrodeposition process to the
tip of such protrusion inside the diffusion layer of the macroelectrode is an
activation-controlled process relative to the surrounding electrolyte, but it is
under mixed contral relative to the bulk solution. The maximum growth rate at a
given overpotential corresponds to activation-controlled deposition, occurring on
the tip of a crystal, where spherical diffusion control can be established.

Naturally, the concentration of depositing ions at the tip of crystal, cp, is
given by Eq. (17):
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Ctip = Co % (17)

According to Newman,28 the exchange current density at the tip of a pro-
trusion growing inside the diffusion layer of a macroelectrode, joip, is given by
Eqg. (18):

: . [ Ciip g
Jotip=lo —J (18)
Co
where:
d(log jo)
= 19
"™ d(logco) (9

and jo corresponds to the exchange current density for a surface concentration,
Co, equal to the bulk concentration, or:

Y
Jotip = o (%J (20)

because of Eq. (17). Substitution of jotip from Eq. (20) into Eqg. (16) produces:

4
fips = io[%) (fo- fa) @
and the minimum overpotential at which dendritic growth is possibleis:
m =belog--
Jo

for hp = dand fc >> f,, if the condition for dendritic growth initiation isj|. < jtip,s
Hence, both kinds of dendrites can grow at the same deposition overpotential.

In any case, the orientation of the initially formed grains affects the type of
diffusion, and hence, the final surface morphology. Orientation of the initially
formed grains is not strictly related to the overpotential of the electrodeposition,
but to the nucleation processes. However, irregular crystals grown under the
conditions of cylindrical diffusion are not found in Pb deposits electrodeposited
at overpotentials after the inflection point. The crystals shown in Fig. 3 are not
dendrites following the classical definition of a dendrite,13 but they behave as
dendrites from the electrochemical point of view. This was especially valid for
crystals obtained at an overpotential of 75 mV that have sharp tips oriented to the
bulk solution. From the electrochemical point of view, a dendrite is defined as an
electrode surface protrusion that grows under activation control, while electro-
deposition to the macroelectrode is predominantly under diffusion con-

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



EFFECT OF ORIENTATION OF GRAINS ON THE MORPHOLOGY OF ELECTRODEPOSITED Pb 1003

trol .1524,2527,29,30 Following this definition, the increase of current after the
inflection point can be partially ascribed to the activation controlled electrodepo-
sition at the tips of the irregular crystals, and to the strong increase of surface
area of the electrode caused by the formation and growth of these forms. In this
zone, another two dendritic forms, such as needle-like and fern-like dendrites, are
formed with mechanisms of formation somewhat different to those presented in
this investigation. The specific mechanism of formation of these types of den-
drites will be presented in the future.

It is clear that the irregular crystals shown in Fig. 3 could be considered as
microelectrodes situated on the macroelectrodes inside their diffusion layers, as
described by Bockris et al.2627.31 The majority of current theories concerning
the examination of morphology of metal deposits are based on the Barton and
Bockris,26 Diggle, Despi¢ and Bockris?’ and Despi¢, Diggle and Bockris3l
approaches to the examination of metal electrodeposition processes. The Bel-
grade Electrochemical School also contributed greatly to this field of investi-
gation. This contribution of the Belgrade Electrochemical School to the investi-
gation of the processes of electrochemical deposition, in particular the morpho-
logy of electrodeposited metals, was clearly indicated by Bockris.32

The current theories concerning the electrodeposition of metals are mainly
nonspecific dealing with the electrochemical and mass transfer conditions in
which some morphological forms of deposits are obtained. This paper is one of
the first papers in which specific characteristics of the formation of the deter-
mined morphological forms are considered.

CONCLUSIONS

Electrodeposition of lead from 0.40 M Pb(NOg), in 2.0 M NaNOs3 at over-
potentials belonging to diffusion control was investigated. The technique of scan-
ning electron microscopy (SEM) was used for morphological analysis of the
obtained Pb deposits. The morphology of the obtained Pb crystals strongly
depended on the orientation of hexagonal-shaped grains formed in the initial
stage of electrodeposition. The different shapes formed from the same initial
shapes were explained by the effect of orientation of initially formed Pb grains
on the type of diffusion. A spherical diffusion layer is formed around the tip of
hexagonal-shaped grains oriented with the tip towards the bulk solution. On the
contrary, orientation of hexagonal-shaped grains with the lateral side towards the
bulk solution causes a cylindrical type of diffusion.

Acknowledgement. The work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia under the research project: “Electro-
chemical synthesis and characterization of nanostructured functional materials for application
in new technologies’ (No. 172046).
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U3BOJ
YTUIIAJ OPUJEHTALIMJE [TOYETHO ®OPMHUPAHUX 3PHA HA MOP®OJIOTUIY
EJIEKTPOXEMUICKHU UCTAJIOKEHOT OJIOBA

HEBOJIIA [I. HI’II(OJ'II/I'Bi, KOHCTAHTHH H. HOHOB“, EBHIA P. WBAHOBHE® 1 TOPAH BPAHKOBUR"

TyxTM™M — Lentuap 3a enexttipoxemujy, Ynueep3uiteit y beoipagy, Fbeiowesa 12, Beoipag, 2Texnonowro—me-
wanypuxu paxyniewi, Ynusep3uiewi y beoipagy, Kapueiujesa 4, beoipag, 3Homoﬁpuepeguu paxynivei,
Ynugepsuiuein y beoipagy, Hemawuna 6, beoipag-3emyH u 4I/Iucu7uWyw 30 MYyJNHUGUCYUUTUHAPHA
uctupaxcusara, Ynueepsuinei y beoipagy, Knesa Buwecnasa 1a, Beoipag

[Tpouecu enekTpOXEMHMjCKOT TajoXewa O0JI0Ba y yClI0BUMa IUQY3HOHE KOHTpOJe Cy
UCNUTHBAHU aHAIU30M JIOOMjEHUX KpHCTajla TEXHUKOM CKeHHMpajyhe eleKTPOHCKe MMKPO-
cxonuje. OpHjeHTanyja 3pHa XeKCaroHaJIHOT 00/IMKa (OpMHUPaHUX Y TOYETHOj a3y enexkTpo-
XEMH]jCKOT TaJIOXKEWA je CHAKHO yTHLA/Ia Ha Kpajiby MOPQOJIOTrHjy KpUcTana o1oBa. Popmu-
pame KpucTasa 0JI0Ba Pa3lIu4YUTOr 00/IMKa Off UCTOT OYETHOT 0OIMKA je AUCKYTOBAHO MPEKO
yTHLaja OpHjeHTauuje oYeTHO GOPMHUPAHUX 3pHA HA TUI AUQY3HOHe KOoHTpone. ChepruyHu
ondy3uoHH 10j HopMHUpa Ce 0KO BpXa 3pHa XeKCaroHaIHOT 00JIMKa OPUjeHTHCAaHOT BPXOM Ka
nybuHM pacTBopa, fjoBogehu 1o hopmupama U3AYKEHUX KpUCTala TOKOM Ipoueca pacra. Ha
OpYroj CTpaHH, UWIMHAPUYHYU TUN AUQY3Hje je OATrOBOpaH 3a PacT XeKCarOHaJaHO OOIHMKOBa-
HUX 3pHa OpHjeHTHCaHUX DOYHOM CTpaHOM Ka NyOWHHU pacTtBopa. Kpucramau omnosa ca nodpo
nedVHUCAaHUM CTpaHama IapaleTHUM IOBPLIMHH MaKpoeneKkTpone ce (OopMHpajy OBUM
TUNIOM Tudy3uje.

(ITpumrseno 11. neuemdpa 2013, pepuaupano 20. janyapa, npuxsaheno 21. janyapa 2014)
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Abstract: Micro—mesopores flowerlike y-Al,Os nano-architectures were syn-
thesized by a therma decomposition method using synthesized AIOOH
(boehmite) as a precursor. After calcination at 500 °C for 5 h, the obtained
flower-like y-Al,03 had a structure similar to that of the AIOOH precursor.
X-Ray diffraction (XRD), FTIR, TG, FESEM and TEM techniques were used
to characterize morphology and structure of the synthesized samples. The
specific surface area (BET), pore volume and pore-size distribution of the pro-
ducts were determined by N, adsorption—desorption measurements. The flo-
wer-like y-Al,05 showed a high BET specific surface area of 148 m? g1 with a
total pore volume of 0.59 cm3 gL,

Keywords:; y-Al,Os; micro—mesopores; nano-architecture; flower-like.

INTRODUCTION

Nowadays, materials, such as y-Al,O3, having a crystalline framework, large
porosity and high surface area are receiving a great deal of attention. Due to their
thermal, chemical and mechanical stability, hydrated alumina or auminum
hydroxides find potential applications as ceramic oxides,! adsorbents,? catalysts,3
catalyst supports* and are mainly used as refractory materials,® electrical insul-
ators, in electronics’ and for ceramic membranes.® From another point of view,
important usages requiring large tonnages of hydrated alumina or aluminum hyd-
roxides are as fillers in polymer and plastics products and for the production of
aluminum chemicals. Particularly, y-Al,Os; is extensively used in catalysis or as
an adsorbent due to its high porosity and surface area.29 The alumina adsorbents
and the catalytic performance of alumina-supported catalysts are, however,

* Corresponding author. E-mail: abdollahifar@gmail.com
doi: 10.2298/JSC130903007A

1007

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



1008 ABDOLLAHIFAR et al.

highly dependent on the textural and structural properties of the support and ad-
sorbent, both of which depend on the synthesis procedure.

AIOCH is used as a precursor for y-Al,Os, which is formed through the
dehydration of the boehmite form of AIOOH at temperatures in the range 400—
—700 °C, whereby the produced y-Al,O5 has the same morphology as that of the
parent material.10 Therefore, many efforts have been made to control the mor-
phology of AIOOH. Hitherto, different morphologies of hierarchical AIOOH,
such as microspheres consisting of nanosheets,11 nanofibers,12 nanotubes,13
nanorods,14 nanowires,10 hollow nanospheres,15 nano-belts,16 cantaloupe-like
architectures!” and hollow and self-encapsulated microspheres!8 have been
reported. Despite these previous extensive studies, the current knowledge con-
cerning the formation of AIOOH structures of desired morphology for the pro-
duction of y-Al,Os is still inadequate.

The hydrothermal route is one of the favorable and attractive methods for the
synthesis of nanomaterials and nanostructures of very good quality. The products
prepared via a hydrothermal route have good dispersity and crystallinity, and do
not show macroscopic agglomeration. Moreover, the process conditions are
moderate and easily controllable. The objective of the work reported herein, was
to synthesize AIOOH by means of a hydrothermal treatment using aluminum
nitrate and urea as the starting materials. A flower-like y-Al,O3; nano-architecture
was obtained by the therma decomposition method using the synthesized
AIOOH as the precursor.

EXPERIMENTAL

All the chemical materials used in the experiments were used without further puri-
fication. In atypical procedure, 18.75 g of Al(NO3)3-9H,0 (Scharlau, Spain, extra pure) and 6
g of urea, CH4N,O (Scharlau, Spain, synthesis grade) were dissolved in 100 and 30 mL of
distilled water, respectively, at room temperature in beakers and magnetically stirred to obtain
homogeneous solutions A and B, respectively. Then solution B was added to solution A and
stirred at room temperature for 15 min before the mixed solution was transferred into a 200
mL Teflon-lined stainless autoclave and heated at 200 °C for several hours under autogenous
pressure. After reaching room temperature, the precipitate was filtered, washed three times
with distilled water, and finally dried in an oven at 60 °C for 24 h under air to afford a dried
sample of boehmite. The flower-like y-Al,O3 was prepared by dehydroxylation of the
synthesized boehmite at 500 °C under air for 5 h. A schematic flow chart for the preparation
of flower-like y-Al,O3 is presented in Fig. 1.

Thermal analysis of the AIOOH sample was carried out on 10 mg powder sample under
air up to 800 °C at a heating rate of 13 °C min'! using a TG/DTA6300 (SII Nanotechnology,
Japan) thermal analyzer that simultaneously provided thermogravimetric analysis (TG), deri-
vative thermal analysis (DTG) and differential thermal analysis (DTA) curves. Fourier trans-
form infrared spectroscopy (FTIR) was performed on RAYLEIGH, model WQF-510 instru-
ment. X-Ray powder diffraction (XRD) analysis was conducted on a Bruker, model B8
Advance X-ray diffractometer with CuK, radiation. The crystallite size of the particles of the
samples were calculated using the Scherrer formula (d= 0.92/(Bcosf), where d, 4, B, and 6 are
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the crystallite size, CuK, wavelength (2 = 1.54 A), full width at half-maximum intensity
(FWHM) of the peak in radians and the Bragg diffraction angle, respectively). TEM images of
the samples were taken using a PHILIPS model CM30 transmission electron microscope
operated at an accelerating voltage of 250 kV. FESEM images were obtained using a
HITACHI S-4160 field emission scanning electron microscope. The nitrogen adsorption and
desorption isotherms at 77 K were measured using a BEL SORP, MINI 11-310 adsorption
analyzer after the samples had been degassed under vacuum at 200 °C for 3 h. The origina
Barrett, Joyner and Halenda (BJH) method!® was applied for the calculation of the pore size
distributions using the adsorption branch of the isotherms and the specific surface areas and
pore volumes were determined by the BET method.

a) Synthesis of Flower-like boehmite

l urea aqueous solution Al(NO,); aqueous solution

C 2

[ magnetic stirring for 10 min ]

autoclave

200 °C for 24 h ‘

I
}
I
I
X ¥
I
I
I
I
I
I
I
I
I
I
I

the autoclave was cooled down
to room temperature

[\\-‘ashmg and centri.t'ugmg]

[ Drying at 60 “C for 24 hl

[ Flower-likeAlllllilHl

Heating dried samples
at 500 °Ctor 5 h

[ Flower-like v-AlL, O, l

Fig. 1. Schematic flow chart for the preparation of @ AIOOH and b) y-Al,0a.

RESULTS AND DISCUSSIONS

Figure 2 shows the XRD results of AIOOH and y-Al,0s, Fig. 2a and b,
respectively. The main diffraction peaks could be indexed within experimental
error as the orthorhombic phase of boehmite AIOOH (JCPDS card No. 00-021-
-1307) and as cubic y-Al,0; (JCPDS card No. 00-001-1303), respectively. No
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1010 ABDOLLAHIFAR et al.

evidence could be found for the existence of impurities in the synthesized
AIOOH and y-Al,0s. The crystallite sizes calculated from the FWHM of the
(120) diffractions for AIOOH and the (211) peaks for y-Al,O3 using the Scherrer
eguation were found to be 12 and 10 nm, respectively.

Typical FT-IR spectra of the corresponding samples are shown in Fig. 3a
and b. Figure 3a shows that all the absorption bands at 3300, 3096, 2098, 1638,
1518, 1390, 1156, 1066, 750, 640 and 492 cm— are consistent with the reported
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Fig. 2. XRD patterns of a) AIOOH and b) y-Al,Os.
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values for AIOOH,20 which strongly support the formation of the synthesized
sample. In the spectrum of the calcined powder shown in Fig. 3b, the peaks at
606 and 829 cmr1 are assigned to #AlOs and »AlQ,, respectively. Thus, the y-
Al,O3 phase contained both octahedral and tetrahedral coordination. The broad
band at 3459 cm1 and the weak band at 1641 cm1 are due to adsorbed water.21
The temperature at which complete decomposition of organics had occurred
can be determined by TG/DTA analysis. Thermal analysis data consisting of TG,
DTG and DTA curves of the synthesized AIOOH are shown in Fig. 4. The
chosen calcination temperature of 500 °C for the conversion of AIOOH into
y-Al,0O3 was derived from the TG curve. The dehydration of AIOOH appears to
occur in four steps. The first step, occurring in the temperature range 25-95 °C
and accounting for 1.5 % of the estimated weight loss, may have been due to the
loss of physisorbed water. The second step, occurring in the temperature range
95-230 °C with about 1.9 % weight loss, may be due to the loss of chemisorbed
water. The third step with a mass loss of about 15.2 % occurred in the temperature
range 230-500 °C, which could be ascribed to the conversion of AIOOH into
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y-Al,03, while the weight loss (1.5 %) at temperatures above 500 °C is associated
with the removal of the remaining hydroxyls. The weight losses appeared on the
DTA curve as exothermic peaks that refer to severa chemical processes,
occurring because of thermal degradation of the synthesized AIOOH over the
temperature ranges given in Table .

TABLE|. Thermal data (TG, DTG and DTA) for the synthesized AIOOH; (-):exothermic

Temperature DTG max. Massloss DTA

range, °C °C % °C Assignment

2595 54 15 58 (-) L oss of physisorbed water
95-230 215 19 222 (-) Loss of chemisorbed water
230-500 433 15.2 437 (-)  Conversion of aooh into y-Al,O3
Above 500 - 15 - Removal of remaining hydroxyls

The morphology and structure of the as-synthesized products were deter-
mined using FESEM and TEM. The FESEM images showing the flower-like
nanostructures of AIOOH and y-Al,O; are presented in Fig. 5. The low-magni-
fication images (Fig. 5a;) shows that the AIOOH crystallites self-organize into
flower-like assemblies. It can be seen from Fig. 5a and b, that the morphol ogy
of AIOOH was retained after the formation of y-Al,O3 by calcination. According
to Fig. 5, several AIOOH and y-Al,O3; nano-flowers appeared to be separate. To
examine further the surface morphology of the flowerlike architectures, high-
-magnification FESEM images of both samples in the top view of the products,

42 nm

150 1 ey

150 nm

Fig. 5. FESEM images of the flower-like AIOOH (g and &) and y-Al,O3 (b and by).
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which were found to be constructed of several nano-pieces, were recorded, as
shown in Figs. 5a and bs.

The detailed structure of the y-Al,O; recorded as TEM micrographsis shown
in Fig. 6. A low-magnification TEM image of y-Al,Os is shown in Fig. 6a and b;
these might be detached parts from the flower-like nano-architectures or particles
that aggregated in one-side flower structures. The nano-pieces were collected
together by a center to form a hierarchical flower-like nanostructure. The high-
magnification images of the nano-pieces structure of y-Al,Os could be observed
clearly in Fig. 6e and f. In general, the FESEM micrographs are in good agree-
ment with the TEM observations.

Fig. 6. TEM images of the fower-like y-Al,0s.

The N, sorption isotherms of the synthesized AIOOH and y-Al,Os are illus-
trated in Fig. 7. The both samples showed a type IV isotherm with H1 + H3 type
hysteresis loops, which indicated that these samples had some dlit-shaped pores
according to the Brunauer, Deming, Deming and Teller (BDDT) classification.
This type of isotherm is characteristic for mesoporous samples. As could be seen
from the adsorption and desorption curves, it was not a reversible phenomenon
that led to the appearance of a hysteresis between the adsorption and desorption
curves. The uptake of nitrogen by the both samples proceeded as monolayer—
multilayer adsorption followed by capillary condensation, i.e., instantaneous fil-
ling of mesopores with adsorbate, in the relative pressure (p/po) range of 0.90—
—0.99. However, the y-Al,O5; showed a steep increase of the adsorption in the p/po
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1014 ABDOLLAHIFAR et al.

range 0.8-0.95, while the AIOOH displayed a gradual increase in the p/po range
0.7-0.96, indicating that the y-Al,Os had larger mesopores than the AIOOH, as
shown in the Table II. Thus, the formation of y-Al,O3 resulted in a higher surface
area and pore volume, but with a lower mean pore diameter. The inset of Fig. 7
presents the pore size distribution of the samples derived from the desorption
branch of the N, adsorption/desorption isotherms. The pore size distribution
curves for both samples showed one narrow and two wide distributions that were
centered around 1.35, 12 and 26 nm, respectively. It can be seen that the intensity
of peaksfor the AIOOH were higher than those for y-Al,Os.

500

0.03

400

didr
e
=
2

s
=
=

Volume adsorbed, em?® g

Pore diameter, nm

g
=
[=}

100

0.0 0.2 0.4 0.6 08 1.0
P/P,

Fig. 7. Nitrogen adsorption/desorption isotherms and pore-size distribution (inset) of
a) AIOOH and b) y-Al,0s.

TABLE Il. Thetextural properties of the samples

Sample Surface area, m® g1 Porevolume, cm3gl  mean pore diameter, nm
AIOCH 69 0.36 21
y-AlL,03 148 0.59 16
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Further details concerning the structural characteristic of the synthesized
AIOOH and y-Al,O;, i.e., the micropore volume in the presence of mesopores,
are given in the t-plots presented in Fig. 8, from which, the contributions of the
two different types of pores, namely micropores and mesopores, are obvious.

* (b
120 - .
*
*
100 - .
.
A ()
- 80 - ¢ A
o ¢ A
g * .
=~ 60 A
~ A
A
A
40 - At
" /
0 ‘ ‘ .
0 0.5 1 15 Fig. 8. t-Plot curves for a) AIOOH and
f,nm b) y-Al,Os3.

In general, porous materials can contain more than one class of pores, e.g.,
micropores and mesopores. It is possible to differentiate the contribution of
micropores and mesopores to the surface area using the method developed by de
Boer et al.22 The nitrogen adsorption data can be plotted as a t-curve, in which
the adsorbed nitrogen volume is presented as a function of the statistical thick-
ness, t, of an adsorbed layer on a nonporous surface. If the adsorbent contains
mesopores, capillary condensation occurs in each pore when the relative pressure
reaches avalue that is related to the pore radius by the Kelvin Equation, the t-plot
therefore shows an upward deviation commencing at the relative pressure at
which the finest pores are just being filled and the extrapolated plot passes
through the origin. On the other hand, if microporosity exists, the uptake is
enhanced in the low-pressure region and a positive intercept is observed that can
be assigned to the micropore volume.

CONCLUSIONS

In summary, a micro/mesoporous flower-like y-Al,O3 assembly from nano-
pieces with a surface area of 148 m? g1, a mean pore diameter of 16 nm and a
pore volume of 0.59 cm3 g~ was successfully synthesized by the decomposition
of a synthesized AIOOH. The FESEM and TEM micrographs shows that the
y-Al,O3 was flower-like and a high-magnification micrograph of the sample
showed that the products were constructed of several nano-pieces. The flower-
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-like y-Al,O3 is expected to have potential applications in catalysis, adsorption
and other fields, dueto its large surface area.

Acknowledgement. The support of the Islamic Azad University, Kermanshah Branch is
greatly acknowledged.
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MUKpOo—Me30M0pO3HN HaHOCTPYKTypHH y-Al,03 nBeTHOr odnuka fodUjeH je MeTomom
TepMHUUKe pasrpanmwe cuHTeTH3oBaHor AIOOH (6emuT) xao npexypcopa. ITocie kaauuHuCcama
Ha Temneparypu 500 °C tokom 5 h, nobujen je y-Al,03 odnuka nBera ca CTPyKTypOM CIH-
yHoMm AlOOH mnpekypcopy. XRD, FTIR, TG, FESM u TEM TexHuke xopuirheHe cy 3a Kapak-
Tepucame MOpGOJIOTHje U CTPyKType HobHjeHHX y3opaka. Crneuuduryna mospiuHa (BET),
3alIpeMHHa M Dacnojena Iopa OfpedjuBaHe Cy azncopnuujom/mecopnuujom Nj. IIBetact
7-Al,03 uMao je Benvky cnenuduyHy noppukHy- 148 m? g1, ca ykynuom sanpemunom nopa
0,59 cm3 g1,

(ITpumsbeHo 23. centemdpa 2013, pesunupano 20. janyapa, mpuxsaheno 21. janyapa 2014)
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Abstract: The study presents the current status of contamination with metals
(Cu, Cr, Cd, Pb, Ni, Zn and As) and their anthropogenic or natural origin in the
sediments of the Aries River Basin, Romania, affected by mining activities.
The results indicated an enrichment of metals in the sediments. Different con-
tamination levels of the Aries River and its tributaries were identified. Accord-
ing to sediment quality guidelines and contamination indices, the sediments
from the Aries River were found to be highly contaminated with Cd, Cu and
As, considerably with Zn and moderately with Pb and Ni. The right-bank
tributaries were found to be more contaminated than the left-bank effluents,
where only contamination with As of geogenic origin was identified. Principal
Component Analysis enabled the identification of five latent factors (86 % total
variability), reflecting the anthropogenic and natural origins of the metals.
Arsenic, Cd and partially Pb were found to have a common anthropogenic
origin, different from that of Cu. The statistical approach indicated also the
geogenic origin of Pb due to its association with Ca, K, Na and Sr. Chromium
and Ni were attributed to natural sources through their association with Mn, Fe,
Al and Mg.

Keywords. river sediment; sediment quality guideline; contamination index;
multivariate statistics.

INTRODUCTION

Although an important branch of the economy, mining has a negative repu-
tation for polluting surface water and sediments with solid wastes and acidic or
circumneutral mine drainage that may contain significant metal levels.1—3 Consi-
dering their toxicity and high bioaccumulation capacity, metals are among the

* Corresponding author. E-mail: ftibi @chem.ubbcluj.ro
doi: 10.2298/J5C130501086L

1019

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



1020 LEVEl etal.

most common pollutants of soil, water and biota. Sediments are preferred in
regular environment monitoring as they represent a major sink for contaminants,
have higher metal concentrations than water and lower temporal variability.49

Romania has along mining history of precious (Au and Ag) and base metals
(Cd, Cu, Pb and Zn), but the inappropriate management of wastes has generated
long-term pollution and even accidents with transboundary effects.10-15 These
events were the starting point for studies on water and sediment quality in mining
affected catchments.16-18 There are several studies regarding the impact of the
opencast mining of porphyry Cu deposits and underground mining of auriferous
pyrites on the Aries River Basin, but the origin and distribution of the contam-
inants in the area are still under debate.19-25 The aim of this study was to assess
the contamination level in relation to Romanian Sediment Quality Guidelines
(RSQGS),26 Consensus-Based Sediment Quality Guidelines (CBSQGs) of fresh-
water ecosystems?’ and several contamination indices, as well as to identify the
origin of several metas (Cu, Cr, Cd, Pb, Ni, Zn and As) in the sediments of the
Aries catchment, Romania.

MATERIALS AND METHODS

Ste description

The Aries River (164 km in length) springs from the Bihorului Mountains and collectsiits
tributaries on an area of around 3000 km?. The River crosses two towns (Campeni and Baia de
Aries) and severa villages with a total population of 40000 inhabitants. The riverbed is
surrounded by forested hills at an atitude of 1000-1200 m. The Aries Basin is of high eco-
nomic importance because of the large reserves of gold and base metals and also has out-
standing tourism potential through its natural reservations and caves.?%28 The mining acti-
vities in the area encompassed the extraction of auriferous pyrite (Baia de Aries), Cu and Au
ores (Rosia Montana), porphyritic Cu (Rosia Poieni) and Fe and Mg ores (Masca Baisoara).
The ores were processed by flotation, while Au was extracted by the cyanide leaching pro-
cedure in Baia de Aries. Tailings and wastewaters were stored in severa tailing ponds in the
floodplain of the Aries River and its right-bank tributaries. Some of the mining and ore
processing facilities were demolished, while others were conserved or have been abandoned.
Currently, the opencast Cu mine at Rosia Poieni is in operation and the exploitation of gold
and silver ores at Rosia Montana is planned to start. Although remediation measures have
been undertaken, the centuries of mining activities and the poor management of the resulting
wastes have led to deterioration of the ecosystem.?1:23
Sampling

Fifteen spot samples from the sediment top layer (about 0—10 cm) were collected along
the Aries riverbed over a distance of 92 km (Fig. 1). Sediment samples were also collected
from tributaries in order to evaluate their possible contribution to the pollution of the main
stream. Thus, samples were collected from 8 right-bank tributaries (Abrud, Stefanca, Muscani,
Sesel, Harmaneasa, Cioara, Morilor and Rimetea), exposed in different extents to pollution by
mining activities, and from 7 left-bank tributaries (Bistra, Valea Mare, Lupsa, Posaga, Ocaolis,
Ocolisel and lara), situated outside the mining area. The sediment samples were collected

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



METALS IN THE SEDIMENTS OF ARIES RIVER, ROMANIA 1021

using plastic shovels and transported to laboratory in polyethylene bags. The bulk sediment
samples were oven dried at 105+5 °C, homogenized and sieved to pass through a 63-pum sieve.
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Fig. 1. Map of the sampling points and mining facilitiesin the Aries catchment.

Sample preparation and instrumentation

The mineral composition of the river sediments was characterized by recording X-ray
powder diffraction patterns employing a high-resolution Bruker D8 Advance diffractometer
(Bruker-AXS, Karlsruhe, Germany) using the CuK ,, line. The metal contents in the sediments
were determined by inductively coupled plasma optical emission spectrometry (ICP-OES)
using OPTIMA 5300DV multichannel spectrometer (Perkin—Elmer, Norwalk, CT, USA),
after aqua regia digestion according to 1SO 11466:1995.2° Thus, 1 g of sediment sample was
subjected to digestion with 21 mL of 37 % HCl and 7 mL of 65 % HNO3. The mixture was
allowed to react overnight at room temperature, and then boiled under reflux for 2 h. After
cooling, the mixture was filtered and diluted to 100 mL with ultrapure water.

Accuracy of metals determination

The accuracy of metals determination by |CP-OES was tested by analyzing two certified
reference materials (CRMs), namely BCR 701 Freshwater sediment and NCS DC 78301
River sediment purchased from LGC Promochem (Wessel, Germany). In accordance with
Table I, the accuracy and precision for the determination of metals in the CRMs by ICP-OES
were in the range of 92—105 % and 2.0-5.5 %, respectively.

Sediment quality guidelines and contamination indices

In order to screen sediments contamination, the metal contents were compared with the
threshold values in RSQGs?® complying with EU legidlation. For the assessment of ecotoxic-

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



1022 LEVEl etal.

ological risk and to predict the potential effects of metals on sediment dwelling organisms, the
metal concentrations were compared with the CBSQGs for freshwater ecosystems.2’ For
assessment of the extent of contamination in the catchment, several indices were calcul ated
for the metals: the enrichment factor (EF, Eg. (1)) according to Sinex and Helz,3° the geoac-
cumulation index (Igeo, Eq. (2)) introduced by Muller,3! and the contamination factor (CF,
(Eg. (3)) and contamination degree (CD) according to Hakanson.32 The background level used
to calculate the indices was the elemental composition of the continental crust according to
Taylor and McLeenan:3 Pb 20, Cu 25, Zn 71, As 1.5, Cd 0.098, Ni 20, Cr 35 and Fe 35000
mg kg'L. Considering that Fe in sediments results mainly from natural weathering processes, it
was used for the geochemical normalization of the metals:34

_ ([M e]/[Fe])gample
([M e]/ [Fe])background

where [Me]/[Fe] refers to the metal-to-Fe ratio in the sediment sample or background.

)

TABLE I. Comparison of the found content of metals (mg kg1, n = 3 parallel samples) with
the indicated/certified values in the certified reference materials

BCR 701 Freshwater NCS DC 78301 River

Average recovery Pooled SD

Element sediment sediment % %
Certified? Found? Certified® Found?
As b 56+6 5615 59+5 105 4.0
Cd 11.7+1.0 10.3+15 245+0.2 2.35t0.3 92 55
Cr 272+20 280+12 90+4 88+5 100 2.0
Cu 275+13 276+15 533 52+3 99 23
Mn b 675+45 975+17 920440 94 23
Ni 103+4 100+8 32¢ 30+3 95 3.6
Pb 143t6 140+6 7916 8318 102 3.0
Zn 454+19 458+14 25]1¢ 245+25 99 3.0

AMeantU, where U expanded uncertainty for 95 % confidence level; Pnot certified; Sindicative value

Vaues of EF < 1 indicate no enrichment, while values >1 indicate different degrees of
enrichment.

Geoaccumulation index resulted from comparing the current concentration of the
elements in the sediments with their background values:

Ch
Igeo—logz(lSBh] @)
where ¢, is the concentration of metal examined in sediments and B, is the geochemical
background concentration of metal (n). Based on the Igeo values, seven pollution classes were
defined, ranging from unpolluted to extremely polluted.

Contamination factor of a metal was computed by dividing its concentration in sediment
by its background concentration. According to CF values, sediments contamination was
classified as low, moderate, considerable or very high:

CF = C_nJ 3
B <>
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Summation of CF values for seven metals (As, Cd, Cr, Cu, Ni, Pb and Zn) gave the
contamination degree (CD) describing, according to Hakanson,32 the quality of the sediments.
Based on the CD values, the sediments were classified into four classes corresponding to: low
(CD < 8), moderate (8 < CD < 16), considerable (16 < CD < 32) and very high contamination
(CD > 32).

Satistical analyses

The normality of al data was assessed by the Shapiro-Wilk test, while the Mann—
—Whitney U test was used to assess significant differences between the metal contents in the
main stream and its tributaries.

Multivariate exploratory techniques, such as principal component analysis (PCA),
hierarchical cluster analysis (HCA) and linear discriminant analysis (LDA) are widely applied
to evaluate water and sediment quality through data reduction and classification.3>37 These
techniques can be used to obtain relationships between parameters and sampling sites, or to
identify the important factors and sources influencing sediment quality.38 PCA was used to
outline the anthropogenic or natura origin of contaminants and to assess their specific input
from tributaries to the main stream. A previous study revealed that tailings deposited in the
Aries River Basin pose high contamination risk for the sediments, especially by As, Cd, Cu
and Pp.3°

HCA and LDA were used to group the sediments (sites) in relation to their degree of
metal contamination. The statistical approach is useful in case of complex systems such as
sediment as it offers the possibility to establish correlations or differences between multiple
parameters or sites considered in a study.*%41 Given the complexity of red field circum-
stances, the study took into consideration seven metals likely to be of anthropogenic origin
and metals normally present in sediments from natural sources (Na, K, Ca, Mg, Ba, S, Al, Fe
and Mn). For the multivariate statistical analysis, all parameters were z-scale standardized
(mean = O; variance = 1) in order to avoid misclassifications arising from the different orders
of magnitude of the studied parameters.*2 In order to define the geogenic and anthropogenic
origin of the contaminants, PCA was applied on the standardized data, as this method is con-
sidered very efficient for this purpose. According to the Kaiser criterion, only the PCs with
eigenvalue higher than 1.0 were retained and subjected to varimax rotation. Factor |oadings
used to determine the relative importance of a variable as compared to other variablesin a PC
were classified as “strong”, “moderate” and “weak” corresponding to absolute loading value
of >0.75, 0.50-0.75, and 0.30-0.50, respectively.*® Positive values on each component are
related to important inputs, whereas negative values correspond to low input. Hierarchical
Cluster Analysis (HCA) and LDA allow the grouping of sampling sites based on their simil-
arities. HCA was redlized by means of the Ward linkage method using squared Euclidian
distance as a measure of similarity. LDA in the standard mode was applied to construct the
discriminant function for an adequate classification of sediments/sites sharing similar
pollution levels#! The statistical analysis was performed using Microsoft Office Excel 2007
with XLSTAT plug-in (Addinsoft).

RESULTS AND DISCUSSION
Mineralogical composition of the sediments

The X-ray diffraction analysis emphasized the presence of silicates (quartz,
SiO, and albite, NaAlSizOg) as the major class of minerals (20-50 %) in all
sediments. However, differences in the mineralogical composition of sediments
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were observed. Muscovite (KAIx(SizAl)O19(OH,F)2) was found as the magjor
constituent (20-50 %) in all tributaries and as a minor constituent (5-20 %) in the
Aries River sediments. Orthoclase (AIKSi3O0g) and illite (KAlx(SizAl)O10(0OH)5)
were identified as minor minerals (5-20 %) in the sediments of the tributaries,
while in those from the Aries River, they were present only in traces (<5 %). In
contrast, feldspar (AloCaOgSi») and clinochlore ((Mg,FeAl)g(Si,Al)4010(0OH)s)
were identified as minor minerals (5-20 %) in the Aries River sediments and in
traces (<5 %) in the tributaries. Traces of cuprite (Cu0) and calcopirite (CuFeS,)
were found in the sediments of the Muscani and Sesel Tributaries, respectively.
Effenbergerite (BaCu(Si4O10)) was identified as a minor mineral (5-20 %) in the
Muscani, Sesei and Cioara Tributaries. Anglesite (PbSO4) was identified in
traces (<5 %) in the sediments from sampling points S6-S10, situated in the area
with maximum pollution. Minerals from the carbonate group, such as dolomite
(CaMg(COs3)2) were identified as a minor component (520 %) in the sediments
of the Aries River upstream from the pollution sources (S1-S3), while calcite
(CaCO3) was identified in some of sediments of the right side tributaries.

Metal contents and sediment quality

The metal concentrations in the sediments from the Aries River and its tribu-
taries are presented in Tables |1 and I11. Although strictly speaking, Asis a metal-
loid, the term metal will be used in this paper to include all the elements under
discussion. Examination of data revealed high variability of the Cu, Zn, Cd and
Fe content in the sediments collected from the main stream. Differences among
metal concentrations in sediments from the left-side tributaries were small, while
sediments from the right-bank exhibited a much larger variability for As, Cd, Cu,
Pb and Zn. The Shapiro-Wilk test showed that the metal contents in the sedi-
ments did not follow anormal distribution (p < 0.05). Thus, to evaluate the simil-
arity or difference in the contents of each metal between the main stream and its
right/left side tributaries, the non-parametric Mann—-Whitney U-test was applied.
According to this test, the main stream was differentiated (p < 0.05) from the | eft
side tributaries, situated outside the mining area, with respect to the Pb, Cu, Zn,
As and Cd contents, and from the right side tributaries that drain the mining area
with respect to the Pb, Zn, Cd, Ni and Cr contents.

The guideline values for metals used for the characterization of sediment
quality are presented in Table IV. According to Romanian legidlation, sediments
are considered unpolluted if the metal content is lower than the corresponding thres-
hold value. According to the CBSQGs, sediments are predicted to be non-toxic if
the metal concentration is lower than the corresponding threshold effect
concentration (TEC), while those with a metal content exceeding the probable
effect concentration values (PEC) are predicted to be toxic. Sediments with a
metal concentration between the TEC and PEC values are predicted to be neither
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TABLE V. Guideline values for metals for characterization of sediment quality

Element RSQGs? CBSQG¢
Threshold value, mg kg2 TECE, mg kgt PECY, mg kgt

Pb 85 358 128
Cu 40 316 149
Zn 150 121 459
As 29 9.79 33.0
Cd 0.8 0.99 4.98
Ni 35 22.7 48.6
Cr 100 434 111

3Romanian Sediment Quality GuidelinesZ5: Pconsensus-based Sediment Quality Guidelines?’; Cthreshold effect
concentration; dprobable effect concentration

toxic nor non-toxic. The status of metal contents in the sediments according to
the RSQGs and CBSQGs associated to relative frequency of occurrence (%) are
exhibited in Fig. 2. Sediments in the main stream were found to be polluted with
Cu, Cd and Zn. Sediments from the left-side tributaries exhibited values below
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Fig. 2. Status of metal contents in the sediments of the Aries River and itstributariesin
relation to the RSQGs and CBSQGs values and the relative frequency of occurrence.
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the RSQGs for Pb, Cu, Zn, As, Ni, Cd, and Cr, while the TEC value for As was
exceeded in 3 tributaries. Sediments from the right-bank tributaries revealed dif-
ferences in terms of pollution and toxicity in relation to a particular contaminant.
Differences in sediments ranking according to the two guidelines are because the
RSQGs set the threshold values for the polluted or unpolluted status assessment,
while the CBSQGs provide a basis for toxicity or non-toxicity prediction. How-
ever, good agreement between the rankings of sediments by the two guidelines
was observed for Cu, Zn, Pb and Cr, while differences appeared in the case of
As, Cd and Ni.

The classification of the sediments from the Aries River and its tributaries of
different pollution levels according to contamination indices are presented in
Figs. 3-6. Figure 3 shows the enrichment of the metals in the sediments of the
Aries River and the increase in pollution from upstream to downstream, which
supports the role of the river in collecting contaminants from its tributaries.
Values of the EF < 1.5 indicate a lithological source of the element, while values
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Fig. 3. Metad enrichment factor (EF) in the
mJL sediments: &) Aries River, b) left-bank tri-
1%itil .

butaries, c) right-bank tributaries. No enrich-
ment (EF < 1), minor (1 < EF < 3), moderate
(3 < EF <5), moderately severe (5 < EF < 10),
severe (10 < EF < 25), very severe (25 < EF <
< 50) and extremely severe (EF > 50) enrich-
ment.30
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of the EF > 10 suggests an anthropogenic origin.#4 Values of the EF > 10 were
found for As, Cd and Cu in sediments from the Aries River, for As, Cd, Cu and
Pb in the right bank tributaries and As in the left bank tributaries, suggesting
anthropogenic origins of these elements.
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Figure 5 shows that the enrichment of metals in the sediments followed the
order: Cr < Ni < Pb <Zn < Cu < Cd < As, which corresponded to different levels of
contamination: very high for Cu, Cd, As (10 < CF < 11), considerable with Zn
(CF =3.8), moderate with Pb and Ni (CF =1.4) and no contamination with Cr.
Results indicated also the existence of local peaks, of which the most repre-
sentative was S10 site with a CF values of 21 (Cu), 16 (Cd), 12 (As) and 8.4 (Zn)
and an overall CD of 61. The sediments of the right-bank tributaries were found
to exhibit moderate to very high degrees of contamination. The data showed dif-
ferent index pattern of right-bank tributaries with respect to As, Cu, Cd and Pb
(Harmaneasa, Muscani, Sesei, Cioara and Stefanca). The Abrud River different-
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iated itself from the other tributaries by the high Zn content in the sediment.
After the confluence of the right-bank tributaries with the Aries River, an inc-
rease of the metal loading in the sediment was observed (sites $4-S7), corres-
ponding to a considerable contamination with Cu and Zn and very high cont-
amination with Cd and As. Sediments from the left-bank tributaries showed
moderate degrees of contamination and lower metal loadings. Their classification
as moderately to heavily polluted according to Igeo and very high contaminated
according to CF was mainly due to As. Interestingly, the contamination of sedi-
ments with As was found to increase from west to east (Posaga, CF = 4.5; Igeo =
= 1.6; EF = 15; Ocolis, CF = 6.0; Igeo = 2.0, EF = 21, Ocolisel, CF = 8.2, Igeo =
= 2.5, EF = 30; lara, CF = 10; Igeo = 2.8 and EF = 40) and the same was true for
the main stream. In the absence of anthropogenic sources on the valey of the
left-bank tributaries, the presence of As was attributed to the mineralogy of the
local bedrock.

| A ©Pb OCu ®Zn OAs|mCd ONi mCr
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4 ) 0 il I ¥ i 1
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2 & g a8 g & é £ and c) right-bank tributaries. Low (CF < 1),
e = £ ® moderate (1 < CF < 3), considerable (3< CF < 6)
= and very high (CF > 6) contamination.?
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The varimax rotated loadings of the five PCs with eigenvalues higher than 1
of the metal contents in sediments are presented in Table V. Five latent factors
cumulated 86 % of the total variance and described different sources for the
metals in the sediments. The first latent factor explaining 32 % represents sedi-
ment pollution with As and Cd (strong influence) and Pb and Cu (moderate inf-
luence) of anthropogenic origin, as suggested by the lack of correlation with
naturally occurring metals, such as akaline and akaline earth elements. This
factor was ascribed to the right-bank tributaries with very highly contaminated

TABLE V. Varimax rotated factor loadings of significant PCs; * — strong influence on the
|atent factor; ** — moderate influence on the latent factor

Metal PC1 PC2 PC3 PC4 PC5
Pb 0.630** 0.612** -0.123 —0.156 0.246
Cu 0.571** —0.412 0.351 -0.081 0.502**
Zn 0.301 -0.197 0.821* -0.135 -0.155
As 0.809* 0.075 0.037 0.414 —0.004
Cd 0.825* 0.025 0.382 0.267 0.068
Ni 0.292 —0.035 0.117 0.834* 0.069
Cr 0.163 —0.044 0.025 0.924* 0.009
Mn 0.405 0.433 0.686** 0.154 0.018
Fe —0.068 0.110 0.872* 0.067 0.061
Al 0.111 0.027 0.851* 0.335 0.197
Ca 0.038 0.945* 0.027 -0.077 0.152
K 0.032 0.570** 0.384 0.079 0.282
Mg -0.071 —0.140 0.381 0.699** —0.053
Na —0.140 0.463 0.241 -0.371 0.651**
Sr -0.039 0.557%* 0.017 —0.067 0.755*
Ba 0.232 0.056 —0.045 0.216 0.889*
Variability, % 32 22 14 10 8
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sediments, namely Harmaneasa (Pb, As and Cd), Muscani (As, Cd and Cu), Sesei
(As and Cu) and Cioara and Stefanca (As). The second PC with 22 % of total
variance was correlated with the natural input of Pb (moderate influence), as
shown by the positive loadings with alkaline and alkaline earth elements of geo-
genic origin. The third factor exhibiting 14 % of the total variance was indicative
for the natural origin of Zn (strong influence) in the sediments, confirmed by the
concomitant positive loadings with Mn, Fe and Al. The most probable source of
Zn was the Abrud River, as shown above. The fourth factor accounting for 10 %
of the total variance had positive loadings with Ni and Cr of geogenic origin,
since most sediments exhibited minor enrichment/low contamination with these
metals. The natural source of Ni and Cr is consistent with the moderate influence
of Mg on PC4, as its minerals act as host-rocks for Ni and Cr.4%46 |n the Aries
Basin, Mg minerals are associated with those belonging to the silicate and carbo-
nate group, which explains the presence of Al in this factor, albeit with a weak
influence on this factor.4> The last PC explaining 8 % of the total variance is
associated with anthropogenic contamination of sediments by Cu, especialy
through the Muscani and Sesei Tributaries as their sediments were found to be
very high contaminated with Cu. The results are in good agreement with the
mineralogical analysis. The presence of Bain this factor is related to wastes from
the processing of Cu ores.4” The results of the HCA are displayed in Fig. 7. The
cluster C1 groups the elements of geogenic origin (Pb, Ca, K, Na and Sr) and
supports the idea that the natural input of Pb from bedrock in sediments is more
significant than the anthropogenic source identified by PCA. The association of
Zn with Mn, Fe and Al in the cluster C2 confirmed the natural origin of Zn. The
cluster C3 isdivided in two sub-clusters, one of which confirms the natural origin
of Cr and Ni following the correlation with Mg, and the other proving the anthro-
pogenic origin of As, Cd and Cu. A similar origin of Ni and Cr was also found in
the case of mine tailings deposited in the Aries River basin.3® This shows the
greater influence of the anthropogenic origin of As from the right-bank tribut-
aries compared with the natural source of the left-side tributaries on the sedi-
ments in the main stream. The natural origin of Cr, Ni, Zn and the anthropogenic
origin of As, Cd and Cu identified by the PCA and CA isin accordance with that
suggested by their enrichment factors.

The clustering of the sampling sites according to their contents of metals is
presented in Fig. 8. The sampling sites were clustered in two groups according to
the contamination degree: moderate to considerable (C1) and considerable to
very high contamination (C2). This grouping is in agreement with the contam-
inant distribution in the studied sites and was confirmed by LDA with a 90 (C1)
and 85 % (C2) prediction, respectively.
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Fig. 7. Dendrogram showing the clustering of the metals in the sediments from the
Aries River catchment.
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Fig. 8. Dendrogram showing the clustering of the sediments sampling sites from the Aries
River catchment considering their metals contents.

CONCLUSIONS

A comprehensive insight of the current status of sediment contamination
with metals and the potential origin of contaminantsin the Aries River catchment
has been provided. Guidelines and contamination indices were used to evaluate
the contamination of the sediment, while multivariate statistical approaches
alowed for the clarification of the anthropogenic or natural origin of seven metals.
The obtained results indicated metal enrichments in sediment in the order
Cr<Ni<Ph<Zn<Cu<Cd<As. The enrichment factors of the metals and the degree
of contamination of the sediments in the Aries River increased from upstream to
downstream with local peaks, demonstrating that the River remained a collector
for pollutants coming mostly from the mine-affected right-side effluents. Sedi-
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ments of the Aries River were found to be very highly contaminated with Cd, Cu
and As, considerably with Zn, moderately with Pb and Ni, and low with Cr. The
right-bank tributaries were found to be very highly contaminated with Pb, As and
Cd (Harmaneasa), As, Cd and Cu (Muscani), Cu and As (Sesel), As (Cioara and
Stefanca) and Zn (Abrud). In contrast, the sediments from most of the left-side
effluents were classified as very high contaminated only because of As. The PCA,
HCA and LDA brought increased knowledge and contributed to a better under-
standing of the sediment pollution phenomena in the Aries River basin. The
anthropogenic origin of As, Cd, Cu and some Pb in the main stream and the
right-side tributaries was established. However, the anthropogenic source of Cu
was found to be different from that of As, Cd and Pb. The geogenic input of Pb
was confirmed by its association with Ca, K, Na and Sr in a common PC and
cluster. The anthropogenic loading of Asin the sediments from the right-side tri-
butaries was much higher as compared to the geogenic one from the | eft-bank tri-
butaries. Zinc occurred especially from natural source due to its retention on mine-
rals containing Mn, Fe and Al and came mainly from the Abrud River. Nickel
and Cr were found to be of natural origin according to their association with Mg.
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n3BO[J

[TPOEHA 3ATABEHA U ITOPEKJIA METAJIA Y PEHHUM CEJUMEHTHMA
MMOTOBREHUX PYJAPCTBOM: CTYOUJA CITYHAJA 3AXBATA HA PEJU ARIES Y
PYMYHUIHU

ERIKA LEVEI1, MICHAELA PONTAZ, MARIN SENILAi, MIRELA MICLEAN" 1 TIBERIU FRENTIU?

1INCDO-INOE 2000, Research Institute for Analytical Instrumentation, 67 Donath, 400293, Cluj-Napoca,
Romania u “Faculty of Chemistry and Chemical Engineering, Babes-Bolyai University, 11 Arany Janos,
400028, Cluj-Napoca, Romania

OBa cTyznuja npeacTasba TPEHYTHH craTyc 3arahewma meranuma (Cu, Cr, Cd, Pb, Ni, Zn u
As) 1 BUXOBOT aHTPOTIOTEHOT MOPeKIa y cequMeHTHMa Ha3eHa peke Aries y PymyHujH, Koju je
nmorojeH pPy~apCKUM aKTUBHOCTHMA. Pe3ynraTu ykasyjy Ha oboraheme cemumeHaTa MeTa-
numa. UeHTH(UKOBaHY Cy pPa3lINuUTH HUBOM 3arahema y peuu Aries 1 BEHUM IIpUTOKama.
[IpeMa ymyTcTBMMa 3a KBaJIWTET CEJUMEHATa M MHIEKca 3arahema, HaheHO je ma cy ceou-
MeHTH U3 peke Aries BUcoko 3arahenu ca Cd, Cu, As, 3Ha4ajHO ca Zn u ymepeHo ca Pb u Ni.
Haheno je ma cy mecHe mpuToke Bulle 3araleHe Hero jeBe, y kojuma je HaheH camo As reo-
nourkor nopekia. CtatuctuukoMm PCA MeToznoMm je upeHTH(UKOBAHO IeT JIaTeHTHUX daKTopa
(ca ykynmHoM BapujabunHomhy on 86 %), TO ofpakaBa aHTPOIOre€HO U NMPUPOJHO NOPEKII0
metasna. Haheno je ma As, Cd u fenumuyHo Pb nMajy 3ajeJHHUKO aHTONOTeHO IOPEeKIIOo, pas-
nuyuto of Cu. CTaTUCTUYKH IIPUCTYI je Takohe ykas3ao Ha reosouko nopekio Pb, 3bor csoje
nose3aHocTd ca Ca, K, Na u Sr. Xpom 1 Ni cy npunucaHyd IpUPOAHOM H3BOPY, HAa OCHOBY
BUXO0BE MI0BE3aHOCTH ca Mn, Fe, Al u Mg.

(ITpumsbeHo 1. Maja, peBUAMpAHO 5. aBrycra, mpuxsaheno 24. asrycra 2013)
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Abstract: The present investigation was devoted to the simultaneous sorption
recovery of copper(ll) and zinc(ll) ions on some commercial anion exchangers
with different physico-chemical properties. The initial concentrations of zinc
and copper were 1-3 mmol L1 and the recovery was performed in 0.01 and 2
M hydrochloric acid solutions. It was shown that the investigated anion
exchangers possess good sorption and kinetic properties. After the recovery of
copper and zinc from the strongly acidic solutions, their selective elution was
realized by means of 2 M hydrochloric acid solution (zinc recovery) and 2 M
ammonia solution (copper recovery). In the weakly acidic solutions, copper
and zinc were separated during sorption, as zinc sorption did not proceed in
this case. The subsequent copper(Il) elution was performed using 2 M ammo-
nia solution. The anion exchangers Purolite S985, Purolite A500 and AM-2B
could be recommended for zinc and copper recovery from acidic industria
solutions and wastewater.

Keywords. anion exchange; copper; zinc; anion exchangers, hydrochloric aci-
dic solutions.

INTRODUCTION

The rapid growth in the demand for non-ferrous metals in metallurgy and the
chemical industry was followed by an increase in their production volumes. The
most widespread non-ferrous metals are copper and zinc, which are extensively
used in electrical engineering and the chemical industry. Zinc is used for gal-
vanization of steel products, whereas copper is applied as a catalyst, and brasses,
the alloys of copper and zinc with 5-45 % zinc content, are widely used for the
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doi: 10.2298/J5C130911033K
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production of automotive parts, chemical and heat technology equipment, bear-
ings and jewelry.1-3

Simultaneously, the growth in output of non-ferrous metals (including
copper and zinc) entailed the growth in the amounts of solid and liquid wastes
arising from the processing of ores and secondary raw materials. These wastes
include mine and dump water of mining plants, and waste water from the facil-
ities in which non-ferrous metals are manufactured facilities.24.°> Waste emission
leads to environmental damage through toxic solutions, and to the loss of valu-
able components, such as copper and zinc.145

This situation led to the urgent need for the utilization and decontamination
of wastewaters containing heavy metal ions. A simpleillustration of this could be
as follows. It is known® that acid washing sewages after etching usually contain
about 60-120 mg L1 of copper(ll) and 50-200 mg L-1 of zinc. However,
according to EU regulations, the maximum permissible concentrations (MPC) of
these components are 0.5 mg L~ for copper and up to 5 mg L1 for zinc. The
standards of the Russian Federation generally imply that the MPC values are 0.1
mg L1 for both copper and zinc, but in case of drinking water (or water for
fishery purposes), the MPC values are more stringent, i.e., 0.001 mg L1 for
copper and 0.01 mg L1 for zinc.” Besides being an illustration of the high
quality purification requirements, this also indicates the toxicity of these com-
ponents, given the strict regulations imposed on water supply. It is known that
copper and zinc induce respiratory tract infections, gastrointestinal issues and
functional disorders of the nervous system.8 Although zinc is less hazardous than
copper, the content of both componentsin water is strictly controlled.

The basic technologies for wastewater purification from heavy metals inc-
lude chemical (reagent) methods (when soluble compounds are converted into
sparingly soluble ones, and the precipitates are separated), microbiological
methods, and physical (sorption) methods.8-1® The sorption technologies are
being increasingly used for sewage treatment, mostly because they imply eco-
friendly processes. For these purposes, various kinds of sorbents are used: inor-
ganic (zeolites),® activated carbon,1® sorption materials based on natural com-
pounds,16-18 as well as organic ion exchangers.19-27 Many researchers modify
the sorbents, to improve their sorption properties.®1517,2021 The jon exchange
recovery of heavy metals from wastewater is realized on cation exchangers or on
chelate sorbents,48.9.11,19-21 pecause of the presence of the cation form of the
recovered ions in solution. However, it is known28-31 that copper(I1) and zinc(I1)
form anionic complexes in acidic media, so that they could be adsorbed on anion
exchangers. Previously, the sorption recovery of zinc from chloride and chloride—
sulfate (i.e., mixed) solutions was studied32 on some anion exchangers. The pre-
sent work was focused on the simultaneous recovery of copper(ll) and zinc(l1)
from chloride solutions on some anion exchangers.
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SORPTION RECOVERY OF COPPER AND ZINC 1039

EXPERIMENTAL

Solutions of copper(ll) and zinc(ll) with concentrations of 1-3 mmol L1 were used.
Accurately weighed salt samples CuCl,-2H,0 and ZnCl, were dissolved in hydrochloric acid
solutions with concentrations 2 and 0.01 mol L-1. The acidity of the solutions and initial
concentrations of Cu?* and Zn2* were chosen to make the experiment conditions similar to
those of real industrial conditions, i.e., similar to wastewaters from the galvanic industry, or to
technical solutions obtained after treatment of secondary copper—zinc raw materials.346 All
the reagents were of analytical purification grade.

Macroporous anion exchangers with different functional groups were taken for the inves-
tigations. Their physico—chemical characteristics are presented in Table |. The selection of the
anion exchangers was based on their good sorption properties towards zinc, which were
revealed in a previous study.32

TABLE |. Physico—chemical characteristics of the investigated anion exchangers

Exchange

Trade  Exchanger Copolymer Functional capa(Ei tyin Sggggg Moisture Manufacturer
name type group  theCl-form, 3 %
mmol g1 cm

Purolite  Weak PAc-DVB PA 23 13 18.8  Purolite (UK)
S985 base
Purolite  Strong St—DVB QAB 2.8 16 20.3  Purolite (UK)
A500 base
AM-2B Interme- St—DVB SAG, TAG, 3.0 2.1 328 Cherkassy

diate base QAB (Ukraine)

Before use, the anion exchangers were prepared according to standard methods and
loaded by 1 M HCl, to convert the resins into the Cl- form.

The concentrations of non-ferrous metal ions were determined by spectrophotometrical
methods: copper(l1) — with rubeanic acid (ethanedithioamide)?8 and zinc(l1) — with PAN (1-
-(2-pyridylazo)2-naphthol)2° using a Specol 1300 spectrophotometer (Carl Zeiss, Germany).
Before the determination of the zinc ions, the copper ions were masked with sodium thio-
sulfate.

The sorption of copper(l1) and zinc(I1) was studied under batch experiment conditions:
resin mass, 0.2 g; volume of contacting solution, 20.0 mL; stirring in athermostat at 20+1 °C.
The equilibrium time was 24 h.

The efficiency of ion exchange recovery of copper(ll) and zinc(ll) was estimated by
means of the recovery degree R/ % and the distribution coefficient D, which were calculated
asfollows:

CO_Ceq

R=100—— D
Co
D WEC %)
Ceq

where ¢y and ceq are the initial and equilibrium molar concentrations of zinc (copper), res-
pectively, and WEC is working exchange capacity of resin for zinc (copper) in mmol g1. The
latter was cal culated using the equation:
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1040 KONONOVA et al.

(CO B Ceq)v
m

where Vin L isthe volume of the contacting solution and min g isthe resin mass.
Moreover, the separation coefficient S of copper(I1) and zinc(ll) was calculated as fol-
lows:

WEC = @)

(4)

where D¢, and Dz, are the distribution coefficients of copper and zinc, respectively.

The sorption isotherms were plotted by varying the molar ratio of resins to the amount of
copper (zinc) in contacting solution.3334 The apparent constants of ion exchange equilibrium
were calculated based on the sorption isotherms obtained according to the law of mass action
for the investigated equilibria.3334

The kinetic behavior of copper(ll) and zinc(ll) sorption by the investigated resins was
studied by the “limited bath” method.33-3% The resin quantities (0.1 g) were stirred with 10.0
mL of zinc and copper solution at 20+1 °C over a period from 1 min to 24 h. The saturation
times were 1, 2, 3, 5, 15, 20, 30 and 45 min and 1, 2, 3, 6 and 24 h. The suspensions were
intensively stirred (more than 800 rev min1). After a certain time, the resins and solutions
were quickly separated by filtration through a porous glass filter. Then the concentrations of
copper and zinc were determined in the solutions by the spectrophotometrical methods. Using
the obtained results, the saturation degree F was calculated using the equation:

FQ
Q.

where Q; and Q,, in mmol are the amounts of copper (zinc) sorbed at time t and at equi-
librium, respectively.

Then the kinetic curves were plotted as dependences F = f(t), and the half-exchange
times, ty, in s, were determined from these curves at F = 0.5. Subsequently, the diffusion
coefficients of copper and zinc ionsin aresin grain, Dg in cm? s, were calculated from the
following formula:

©)

_ r2

Dg = (6)
s 47'521:]]2
wherer in cmisthe radius of theresin grain.
Moreover, the process rate, vin mmol g'1-s1, was cal culated from the equation:
v=3 ™

t

where a in mmol is the quantity of copper (zinc) sorbed per 1 g of theresin at timet; ins.
The obtained results were statistically processed by standard methods.3637 The average
experimental error was less than 6 %.

RESULTS AND DISCUSSION

As mentioned above, the ion exchange recovery of copper(ll) and zinc(ll) is
usually realized on cation exchangers or chelate sorbents. However, the ionic
state of these elements depends on the acidity of the medium.28-31 Thus, cop-
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SORPTION RECOVERY OF COPPER AND ZINC 1041

per(I1) is present in solution in the form of complexes [CuCl4]2~ when the HCI
concentration is 1-4 mol L1, but in stronger acidic solutions (5-10 M HCI) its
polymeric species [CupClg]2— are formed.28:31 With dilution and decrease in the
acidity, the complexes [Cu(H20)e]2* appear in the system. In weaker acidic
media in the presence of chloride ions (0.5-1 mol L1), the following trans-
formation occurs:38

2CuCl, 22 CuCl3 + CuCl™* (8)

The ionic state of zinc also depends on the acidity of the medium.2931 For
instance, complexes [ZnCl4]2~ are present in strong acidic solutions (1-6 M
HCl). On decreasing the acidity to 0.01-0.001 M HCI, the formation of the
species [ZnCl]* and [ZnCl2]0 occurs. These species co-exist with the complex
[ZNCl4(H20)7] 2.

Therefore, the presence of anionic complexes of copper(l1) and zinc(I1) in
acidic solutions gives an opportunity to use anion exchangers for their recovery.
In this work, the simultaneous sorption of Cu(ll) and Zn(l1) on anion exchangers
with different basicity (Table 1) was studied, which is a matter of scientific and
practical importance.

The results of the sorption recovery of copper and zinc on the investigated
anion exchangers from strong and weak acidic solutions for various initial con-
centrations are presented in Table Il. It can be seen from these data that zinc was
not adsorbed from weak acidic media when copper was present (regardless of ini-
tial concentrations of both ions). However, in a previous study,32 the recovery of
53-71 % zinc on the same anion exchangers from individual weak acidic solu-

TABLE Il. Simultaneous recovery of copper(l1) and zinc(I1) from chloride solutions of diffe-
rent acidity on the investigated anion exchangers

Initial concentrations of copper(I1) and zinc(I1)
co(Cu) = c(Zn) = co(Cu) = cg(Zn) = Co(Cu) =3 mmol L
Trade  Co(HCI) 3 mmol L1 1 mmol L1 Co(Zn) =1 mmol L1
Zn(11) Cu(ll) Zn(11) Cu(ll) Zn(11) Cu(ll)
R/% D R/% D R/% D R/% D R/% D R/% D
Purolite 2 86 345 91 408 74 228 90 399 59 168 95 485

name mol L1

$S085 5 20 +5 +25 +4 +14 +6 +20 *3 10 5 +29
Purolite 74 232 81 327 - - 8 3718 - - 95 491
AS500 4 +12 +5 +20 5 +23 5  +30
AM-2B 63 198 90 405 45 115 8 365 63 189 85 361
+3 #10 5 24 + 7 5 +22 3 11 5 +22

Purolite  0.01 - - 97 48 - - 95 4719 - - 95 489
S985 3 *29 5 +29 5 29
Purolite - - 94 4719 - - 93 465 - - 94 476
AS500 5 124 5 +27 5 29
AM-2B - - 95 481 - - 95 484 - - 95 483
5 28 5 +29 5  £29
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tions was observed. Thisindicates to the joint action of simultaneously sorbed ions,
leading to the increase in the selectivity of the resins to copper(l1). The probable
reason is an acid effect, affecting the anion exchanger phase and facilitating the
sorption of the component with more stable anionic complexes.39 Given that zinc
in weak acidic media is present not only in the form of anionic complexes, but
aso in the form of cationic and neutral species, the affinity of anionic complexes
of copper(ll) to the anion exchanger is greater, so that the sorption centers are
occupied by copper and copper is recovered amost completely. From the
practical point of view, this facilitates the complete separation of copper and zinc
in dependence on the stage of their sorption on investigated anion exchangers.

In strong acidic solutions, a similar result was obtained for the strong basic
anion exchanger Purolite A500 during zinc and copper sorption at 1 mmol L1
initial concentration of zinc, whereas when its concentration was 3 mmol L1, its
sorption recovery was observed (Table I1). Probably the decrease in the initial
zinc concentration in the presence of copper(l1) reduces the affinity of the anion
exchanger for zinc and improves its affinity for copper. Overal, the sorption
recovery of copper(Il) and zinc(ll) in strong acidic media was affected by the
functional groups of the investigated anion exchangers. The greatest affinity for
copper(l1) ions was revealed for the complex-forming polyamine anion exchan-
ger Purolite S985 (Table I1). In addition, the degree recovery of copper(ll) aso
depended on the initial concentrations of the components, and with decreasing
zinc concentration, it grew to aimost complete recovery. In turn, the recovery of
zinc depended positively on itsinitial concentration.

Therefore, the obtained data for simultaneous recovery of copper(ll) and
zinc(I1) demonstrated the good sorption properties of investigated anion exchan-
gers, and also indicated the possibilities for separation of copper and zinc during
their sorption from weak acidic solutions (or from strong acidic solutions onto
the strong basic anion exchanger Purolite A500).

The separation coefficients presented in Table Il also indicate that cop-
per(11) and zinc(I1) ions could be separated during their sorption from 2 M HCI
solutions. It can be seen from the data that all the values exceeded 1 and that the
anion exchanger Purolite S985 provides the most favorable conditions for sepa-
ration at initial zinc concentration 1 mmol L= (Table I11).

TABLE Il1. Separation coefficients of copper(I1) and zinc(I1) during their recovery from strong
acidic solutions on the investigated anion exchangers (co(HCl) =2 mol L1

Initial concentrations of copper(I1) and zinc(I1)

Trade name Co(Cu) = co(Zn) = co(Cu) =co(Zn) = co(Cu) =3 mmol LY
3mmol L1 1 mmol L1 Co(Zn) =1 mmol L1

Purolite S985 1.17+0.07 3.47+0.21 3.07+0.18

Purolite A500 1.41+0.08 - -

AM-2B 2.06+0.12 1.59+0.11 1.86+0.11
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SORPTION RECOVERY OF COPPER AND ZINC 1043

Therefore, taking into account the ionic state of zinc and copper and the
results on their sorption recovery, it could be concluded that the sorption of
copper and zinc from strong acidic solutions on the investigated anion exchan-
gers proceeded as follows:

2RCl +[CuCl4]2- = R,[CuCl4] + 2CI- 9)
2RCl +[ZnCl4]2~ = R[ZnCl4] + 2CI- (10)

where R indicates the resin phase and the bar indicates the sorbate. In weak aci-
dic medium, the sorption recovery of copper(ll) proceeded according to Eg. (9).

The sorption isotherms for the simultaneous recovery of copper(ll) and
zinc(Il) from strong acidic solutions are presented in Fig. 1 for an initial con-
centration of 3 mmol L-1 for both ions in the contacting solution. It should be
noted that the curves obtained for the other concentrations of copper and zinc
were similar to those presented in Fig. 1.

0.0 0.2 04 10 12

0.6 08
[Me] / mmol L1

WEC / mmol g'!
=)
73
L 3

0.0 03 0.6 09 12 15 18 21
[Me] / mmol L
Fig. 1. Isotherms of copper sorption in the presence of zinc (a) and of zinc sorption in the
presence of copper (b) from strong acidic chloride solutions on the investigated anion
exchangers. cy(Cu) = c(Zn) = 3 mmol L-1; ¢p(HCl) = 2 mol L™L; 1 — Purolite S985;
2 —Purolite A500; 3— AM-2B; [M¢] isthe equilibrium concentration of copper (zinc) in the
contacting solutions; WEC is working exchange capacity for copper (zinc) at equilibrium.
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It is known33:34 that the shape of the sorption isotherms is evidence of the
sorption selectivity. As could be seen in Fig. 1, the sorption isotherms were
S-shaped curves, which were steep upward sloping and almost parallel to the
ordinate axis. This is evidence of the high selectivity of the copper and zinc
recovery.

Using the isotherms, the apparent constants of the ion exchange equilibria
(9) and (10) were calculated and the obtained data are presented in Table IV.
These constants correlate with the selectivity of the investigated anion exchan-
gers, since they define free energy and, consequently, determine the ion exchange
affinity.33.34 |t can be seen from Table IV that the apparent constants show the
high affinity of the anion exchangers for zinc ions, and higher affinity for cop-
per(ll) ions.

TABLE V. Apparent constants of the ion exchange equilibrium during copper(I1) and zinc(l1)
recovery from strong acidic chloride solutions on the investigated anion exchangers (co(HCI) =
=2mol L)

Initial concentrations of copper(I1) and zinc(I1)

co(Cu) = co(Zn) = co(Cu) = co(Zn) = Co(Cu) =3 mmol L
Trade name 3mmol L1 1 mmol L1 co(Zn) =1 mmol L1

cu(ll) Zn(Il) cu(ll Zn(Il cu(ll) Zn(Il
Purolite S985 55.1+3.3 38.2+2.3 57.9+3.5 315+19 62.3+3.1 29.5+1.8
Purolite A5S00 43.1+2.2 30.5+1.8 46.2+2.3 - 61.5+3.7 -
AM-2B 58.4+3.5 27.3+1.6 36.0+1.8 18.7+1.1 51.2+3.1 30.7+1.8

Furthermore, the kinetics of the recovery of copper(ll) and zinc(ll) from
weak and strong acidic chloride solutions on anion exchangers were studied. It
should be noted that the rate of experiment is very important for a number of
practical tasks, such as sorption optimization and selection of the best available
sorbent for a particular case.33-35

The dependence of ion exchange rate on time during the simultaneous rec-
overy of copper(ll) and zinc(I1) on the anion exchanger Purolite S985 is shown in
Fig. 2. It could be seen that the process rate increased sharply in first seconds of
contact between the resin and solution and then decreased gradually with the
saturation of the sorbent, reaching equilibrium over 24 h. Moreover, the sorption
rate of copper(Il) was higher than that of zinc(ll) (Fig. 2). It should be noted that
in approximately 1.5 h, the saturation of anion exchanger Purolite S985 from
strong acidic chloride solution reaches =75 % for copper and =60 % for zinc of
the equilibrium exchange capacity of the resin for these ions. For the anion
exchangers Purolite A500 and AM-2B, these values were dlightly lower and
amounted to 68—70 % for copper and 48-52 % for zinc. Therefore, it could be
concluded that the saturation rates of the resins were high and the investigated
sorbents possessed good kinetic properties.
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Fig. 2. Kinetic curves of anion exchanger Purolite S985 saturation during simultaneous
recovery of copper (1) and zinc (2) from strong acidic solutions.
Co(Cu) = cg(Zn) = 3 mmol LL; cy(HCl) =2 mol L1

The calculated main kinetic parameters — half-exchange time and diffusion
coefficients — are presented in Table V. The order of diffusion coefficients com-
plies with the data obtained previously40-42 for the kinetics on the selected ion
exchangers. The values of half-exchange times indicate the good kinetic pro-
perties of the investigated anion exchangers.43

TABLE V. Kinetic parameters during simultaneous recovery of copper(ll) and zinc(ll) from
strong acidic chloride solutions on anion exchangers investigated cy(Cu) = ¢o(Zn) = 3 mmol LL;
co(HCl) =2 mol L)

lon

Trade name Cu(ll) Zn(I1) Cu(ll) Zn(I1)
tyo/s Dgx108/ cm? st tyo/s Dgx108/ cm? st

Purolite S985 820+49 6.91+0.35 1207+£72 1.79+0.11

AM-2B 945+57 4.82+0.24 1568+94 1.68+0.11

Furthermore, the desorption of copper and zinc after their simultaneous
recovery from chloride solutions on anion exchangers were studied. The system
with 3 mmol L-1 initial concentrations of copper and zinc in strong acidic
solution was chosen for the investigation. A solution of hydrochloric acid
solution (2 mol L—1) was selected as the eluent, as solutions of mineral acids are,
as a rule, applied for desorption of non-ferrous metals.21-27.38 The results are
summarized in Table VI.

It can be seen from these data that zinc was eluted practically completely,
whereas copper desorption proceeds to the level of experimenta error. Obvi-
ously, the high desorption of zinc could be explained by the lower selectivity of
the investigated anion exchangers for zinc, as discussed above when considering
the sorption of copper and zinc.
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TABLE V1. Desorption degree, %, using 2 M HCI. of copper and zinc after their simultaneous
recovery on the investigated anion exchangers. The sorption was realized at cy(Cu) = co(Zn) =
3 mmol L-1 from astrong acidic solution

lon

Trade name cu(l Zn(l)
Purolite S985 6 964
Purolite A500 6 96+4
AM-2B 6 9545

The subsequent recovery of copper(l1) was performed in the systems where
copper remained in the resin after zinc removal, as well as in weak acidic
solutions where zinc was not sorbed. A solution of ammonia (2 mol L-1) was
chosen as the eluent, because copper and ammonia form stable complexes. 2844
Theresults are presented in Table VII.

TABLE VII. Desorption degree, %, of copper(ll) from the investigated anion exchangers
using 2 mol L1 ammonia solution. The sorption was performed at cy(Cu) = cy(Zn) = 3 mmol
L1 from wesk and strong acidic solutions; system A — desorption after elution of Zn(l1)
(strong acidic solutions); system B — desorption after Cu(ll) sorption from weak acidic solu-
tions (sorption of zinc was not observed)

Trade name System

A B
Purolite S985 95+5 95+5
Purolite A500 ~100 ~100
AM-2B 9415 95+5

It can be seen from these data that complete elution of copper(ll) in the form
of complexes with ammonia occurred. After that, the anion exchanger was
converted to the hydroxyl form. The resin in hydroxyl form could be either
repeatedly used, or converted into the chloride form.

Therefore, the simultaneous sorption of copper and zinc from strong acidic
chloride solutions requires the selective elution for their complete separation. In
the cases of copper and zinc recovery from weak acidic chloride solutions, their
separation occurs in the sorption stage, and subsequently, it is necessary to elute
copper only.

Thus, the investigated anion exchangers could be recommended for the
purification of acidic sewages from copper and zinc ions.

CONCLUSIONS

Sorption recovery of copper(ll) and zinc(ll) from weak and strong acidic
chloride solutions was investigated at different ratios of initial concentrations of
components on anion exchangers with various physico—chemical properties. It
was reveded that the investigated resins possess high sorption ability for
copper(ll) ions, regardiess of the basicity of the resins. It was determined that
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zinc ions were not adsorbed on the investigated anion exchangers during the
simultaneous recovery of copper(ll) and zinc(l1) from weak acidic solutions. This
indicated an opportunity for the separation of copper and zinc.

The apparent constants of the ion exchange equilibrium with the particip-
ation of copper(ll) and zinc(ll) ions were calculated for the investigated anion
exchangers. The values of these constants showed the high selectivity of the
sorption process, especially towards copper(ll). It was shown that investigated
anion exchangers possessed good kinetic properties, since the process rate was
high for both Cu(Il) and Zn(11), but was higher during copper(l1) recovery.

Desorption of copper(ll) and zinc(l1) was performed after their simultaneous
recovery on the investigated anion exchangers. It was shown that zinc ions were
completely eluted using 2 M hydrochloric acid, whereas copper remained in the
sorbent phase. Then copper(l1) could be removed by using a2 mol L-1 ammonia
solution.

Based on the obtained experimental data, the investigated anion exchangers
(Purolite S985, Purolite A500 and AM-2B) could be recommended for puri-
fication of acidic sewages from copper and zinc ions. The novelty of the sug-
gested method is the complete recovery of copper and zinc ions, in their simul-
taneous presence, from strong and weak acidic chloride solutions, as well as the
complete separation of these ions by subsequent elution.

H3BOI

COPITIIMOHO U3IBAJAIGE BAKPA(IT) U TUHKA(II) U3 XJTIOPUIHUX BOJEHUX
PACTBOPA

OLGA N. KONONOVA', MARINA A. KUZNETSOVA', ALEXEY M. MEL'NIKOV', NATALIYA S. KARPLYAKOVA'
1 YURY S. KONONOV?

Unstitute of Non-Ferrous Metals and Material Science, Siberian Federal University, 660041 Krasnoyarsk,
Svobodny Pr. 79, Russian Federation and 2Institute of Chemistry and Chemical Technology, Siberian Depart-
ment of the Russian Academy of Science, 660036 Krasnoyarsk, Akademgorodok 50/24,Russian Federation

OBo ncnuTHBaMKE je 00yXBaTHIIO HCTOBPEMEHO cOpNUHoHO joHa daxpa(Il) u nunka(1l) Ha
HEKUM aHjOHCKHM H3MEeHhHBAYHUMa Ca PA3IUUUTHM QU3NIKOXEMHUjCKUM CBOjcTBUMA. [TloueTHe
KOHIIeHTpalllje MHKa U Bakpa cy dute 1-3 mmol L1, a usgsajame je ussemeno y 0,01 M u 2
M pacTBOopuMa XJI0POBOAIOHWYHE KHcenuHe. [TokasaHO je na WCIUTHUBAHM aHjOHCKH HU3Me-
HBUBAYM UMajy nodpa COpIIMOHA U KUHEeTHYKa CBOjCcTBA. HakoH M3aBajama M3 jako KHUCETUX
pactBopa, fakap ¥ UUHK Cy CEJIEKTHBHO eyHpaHUu MoMohy 2 M pacTBOPOM XIIOPOBOZOHUYHE
KHCEeIUHe (U3[Bajamke HUHKA) U 2 M pacTBOpOM aMOHMjaKa (M3fiBajame dakpa). Y cmado kuce-
JIUM PacTBOPHMA, Dakap M LWHK Cy pa3IBOjeHH TOKOM COpIHIHje, MOIUTO HUje NOTa3WuiIo 1o
copmuyje UUHKA y 0BOM ciy4ajy. Emyupame daxpa(ll) je 3atum usBoheno 2 M pactBopom
aMoHHMjaka. AHjOHCKH u3MemwuBauu Purolite S985, Purolite A500 u AM-2B ce mory mpero-
PYYHTH 3a U3IBajame [IMHKA U DaKpa U3 KUCeIUX HHIYCTPHjCKUX PACTBOPA U OTIIAAHUX BOJA.

(ITpummeHo 11. centemdpa 2013, peBunupano 31. mapta, mpuxsaheno 1.anpuna 2014)
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