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A molecular inclusion complex of atenolol with
2-hydroxypropyl-f#-cyclodextrin; the production
and characterization thereof
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Abstract: The molecular inclusion complex of atenolol with 2-hydroxypropyl-/£-cy-
clodextrin was synthesized using the coprecipitation method. The complex obtained
was characterized by FT-IR, !H-NMR, 13C-NMR spectroscopy, as well as by DSC
and X-ray diffraction analysis. The DSC analysis confirmed the existence of the com-
plex with the endothermic atenolol melting peak at about 155 °C disappearing. The
X-ray diffraction patterns of the complex and 2-hydroxypropyl-£-cyclodextrin were
very similar, thus confirming the complete inclusion of the atenolol molecule within
the cavity of the 2-hydroxypropyl-f-cyclodextrin. The peaks originating from ate-
nolol were completely absent in the diffractogram of the complex. 'H-NMR and
I3C-NMR spectra showed certain changes in the chemical shifts of protons and C
atoms from atenolol and 2-hydroxypropyl-fS-cyclodextrin, indicating that a complex
had been formed and also which protons participated in the hydrogen bonds which
formed the complex. The atenolol solubility in water was improved (254 mg com-
plex cm™, i.e, 37.5 mgatenolol cm™), and in pH 3 HCI solution (251 mg com-
plex cm?, i.e., 37 mg atenolol cm™) when compared to pure atenolol, and even when
compared to the atenolol complex with S-cyclodextrin. The increased solubility en-
sures greater bioavailability of the active component and, due to the low solubility,
significantly corrects for the lack of the basic active substance and, simultaneously,
increases its overall therapeutic effect, combined with reduced side effects.

Keywords: atenolol, 2-hydroxypropyl-f-cyclodextrin, inclusion complex, FT-IR,
DSC, NMR, X-ray.

INTRODUCTION

Cyclodextrins and their derivatives build canal inclusion compounds, so-ca-
lled “molecular inclusion compounds”. In these compounds, a single molecule can
receive a molecule of another compond into the cavity of its large ring (canal ca-
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738 NIKOLIC ef al.

vity diameter 0.5-0.9 nm). In crystalline state, some spirally wound molecules of
cyclodextrin are placed one above the other, thus forming longer canal where mo-
lecules of various organic substances can be located, representing so-called mole-
cular encapsulation.!=9 There are a number of examples of molecular inclusion
complexes of cyclodextrins and their derivatives, especially with respect to vari-
ous types of drugs.

Ammar gave a description of the formation of an ampicillin and fcyclodex-
trin complex, which eliminates one of the drawbacks of ampicillin, i.e., its tendency
to polymerize when alone in an aqueous solution.!0 With most drugs, their bio-
availability, i.e., the absorption of the remedial substance is low due to their poor
solubility and, therefore, their application is limited. This is the case with some
antibiotics, such as polymixin and tetracycline hydrochloride.!1:12 By forming a
complex of naproxen (a steroid anti-inflammatory agent with an analgesic effect)
and S-cyclodextrin, the absorption of the former is increased and, thus, its bioava-
ilability.13 Heptacain, a local anesthetic, has better activity when in a complex with
[-cyclodextrin because of its improved physico—chemical properties, i.e., solubi-
lity, dissolution rate and membrane permeability.!4 The chemical and photochemi-
cal stabilities of retinol, meclozin hydrochloride and nicerdipin are improved after
formation of inclusion complexes with cyclodextrins.!1:15.16 In order to form an
inclusion complex, the diameter of the guest molecule must correspond to the dia-
meter of the host molecule cavity.!! Drugs from the B-blocker group are chara-
cterized by poor solubility in aqueous and gastric fluids and, therefore, the low
solubility rate and the variability of their bioavailability directly affect the effici-
ency of the drug.!7 Consequently, in order to increase the solubility and solubi-
lity rate, atenolol was complexed into an inclusion complex with f-cyclodextrin,
whereby a better, but still not completely satisfactory, solubility of the complex
was achieved.!8 For the same reason, celiprolol, a well known B-blocker, was
complexed with S-cyclodextrin and a correction of the solubility of this drug was
achieved.!” An improved solubility of felodipine was achieved by complexing with
[-cyclodextrin.!9 Prazosin hydrochloride, an o -adrenoceptor antagonist used in
clinical practice for the treatment of hypertension, vascular sclerosis and cardiac
arrest, also has the problem of poor solubility in water, which is very important for
its activity. By complexing this drug with S-cyclodextrin and hydroxypropyl-/-cy-
clodextrin, these complexes obtained solubility superior to those of the non-com-
plexed drug.20

In a patent application, a method for the separation of racemic atenolol by a
solid-liquid separation method is given. Moreover, another patent gives a descri-
ption of the slow release of some drugs from the corresponding forms, including
atenolol, carvedilol and hydrochlorothiazide.21-22 A further patent gives a descry-
ption of the increased bioavailability of atenolol in connection with cholic acid,
but there is no data on inclusion type complexes with f-cyclodextrin derivatives
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with the purpose of increasing the solubility of this drug.23 2-Hydroxypropyl-A-cy-
clodextrin was chosen for complexing atenolol because it has a better solubility
in water at room temperature than S-cyclodextrin.

EXPERIMENTAL
Reagents
Atenolol (RS)-2-{-4-[2-hydroxy-3-(isopropylamino)propoxy |phenyl }acetamide is a racemic mix-
ture of (R)-(+) and (S)-(—) stereoisomers of 99.43 % purity, purchased from Ipca Laboratories Limi-
ted, India, while 2-hydroxypropyl-f-cyclodextrin (average molecular weight 1540 g mol™') was ob-
tained from Sigma—Aldrich, Wisconsin.
Preparation of the inclusion complex by co-precipitation

Atenolol (266 mg) and 2-hydroxypropyl-S-cyclodextrin (1540 mg) were mixed and dissolved
in 150 cm3 of the water. The solution was stirred at room temperature for 24 h, evaporated using
rotary evaporator at 50 °C to a volume of approximately 20 cm?, and then dried in a desiccator abo-
ve concentrated sulfuric acid at 25 °C.

Preparation of a physical mixture

A homogenous physical mixture was prepared by mixing atenolol and 2-hydroxypropyl-f-cy-
clodextrin in a 1:1 molar ratio in a mortar.
X-Ray crystallography

X-Ray diffraction analysis was performed on a Phillips X’Pert powder diffractometer under
the following conditions: the samples were exposed to monochromatic CuK,, radiation and analy-
zed in the 26 range between 5 and 65° with a step of 0.05° and the recording time 7= 5 s. The vol-
tage and the strength of the electric current were 40 kV and 20 mA, respectively.

IH-NMR and 13C-NMR spectroscopy

The 'H-NMR and 13C-NMR spectra of the samples were recorded in a 5 mm diameter glass
cuvette at room temperature on a Bruker AC 250 E NMR spectrometer, operating at frequencies of
250 and 62.5 MHz, respectively, by the pulse method and with multiple pulse repetitions. D,O was
used as the solvent.

Differential scanning calorimetry (DSC)

DSC Curves of the samples were recorded on a DuPont DSC differential scanning calorimeter
in the temperature range 30-280 °C at a scanning rate of 10 °C min"!. The measurements were per-
formed on 5 mg of the sample in closed aluminum containers under a nitrogen atmosphere.

Fourier transformation infrared (FTIR) spectroscopy

The FTIR spectra of the samples were recorded in KBr pellets (0.6 mg sample, 140 mg KBr) in the

wavenumber range 4000-400 cm’!, on a Bomem Hartmann & Braun MB-series FTIR spectrophotometer.
RESULTS AND DISCUSSION
X-Ray crystallography

The diffractograms of atenolol (A), 2-hydroxypropyl-/-cyclodextrin (B), the
molecular inclusion complex of 2-hydroxypropyl-fcyclodextrin and atenolol
(C), and the physical mixture (D) are shown in Fig. 1. A comparative analysis of
these diffractograms shows that the diffractogram of the complex (C) is almost
identical to that of 2-hydroxypropyl-/-cyclodextrin (B), confirming the hypothe-
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sis that the atenolol molecule was included into the cavity of 2-hydroxypropyl-S-cy-
clodextrin, which shielded it completely from the X-rays. On the other hand, the
commercially available, high purity (99.46 %) atenolol sample had a high degree
of crystallinity, as evidenced by the very articulated peaks in its diffractogram.
The diffractogram of 2-hydroxypropyl-f-cyclodextrin indicates the existence of
two wide diffraction peaks in the range of about 26=10.516° to 26= 18.882°,
which are not structured and show the existence of a disorganized crystal struc-
ture at great distances. The diffractogram of the physical mixture (D) confirms by
the presence of the peaks of both components of the mixture that this really was a
mixture of atenolol and 2-hydroxypropyl-£-cyclodextrin; the peaks arising from
atenolol were absent in the diffractogram of the complex. The X-ray diffraction
pattern of the complex confirms that atenolol is complexed as a molecular inclu-
sion into the crystalline grid of the matrix, 2-hydroxypropyl-/-cyclodextrin.
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Fig. 1. X-ray diffractograms of atenolol (A), 2-hydroxypropyl-S-cyclodextrin (B),
the inclusion complex of atenolol and 2-hydroxypropyl-£-cyclodextrin (C) and
a mixture of atenolol and 2-hydroxypropyl-f-cyclodextrin (D).

NMR analysis

The 'H-NMR analysis shows the occurrence of the molecular encapsulation
of atenolol into the hydrophobic cavity of 2-hydroxypropyl-f-cyclodextrin be-
cause the spectra of the basic components are different from those of the mole-
cular inclusion complex. The labeling of the C atoms in atenolol and 2-hydroxy-
propyl-f-cyclodextrin where the protons are situated is shown in Figs. 2 and 3
and the chemical shifts, as well as the changes in proton chemical shifts in the
complex with respect to the pure components, are shown in Table I.
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Fig. 2. Labeling of the C atoms in an atenolol molecule.

OH
I
CHyCH-CH;

Fig. 3. Labeling of the C-atoms in the hydroxypropylglucose unit
T of a 2-hydroxypropyl-f-cyclodextrin molecule.

O

TABLE 1. Chemical shifts (6) and changes of proton chemical shifts (Ad) in the 'H-NMR spectra of ateno-
lol, 2-hydroxypropyl-/cyclodextrin, and the complex of atenolol with 2-hydroxypropyl-£-cyclodextrin

C atom o/ ppm AS/ ppm

Atenolol Complex

2 3.500 s 3.8525 +0.352

3and 4 4.000 m 4.200 m +0.200

Sand 6 2.750 m 2963 m +0.213

7 and 8 1.017d 1.179d +0.162

2"and 6' 6.958 d 7.037 d +0.079

3'and 5' 7.208 d 7.296 d +0.088
2-Hydroxypropyl-f-cyclodextrin Complex

1 5.137d 5.200d +0.063

2t08 3731 m 3852 m +0.121

9 1.108 d 1.179d +0.071

On the basis of these results it can be concluded that the protons from ateno-
lol on the 2, 3, 4, 5, and 6 C atom had the greatest shifts (Ao from 0.352 to 0.200)
in the complex, which means that they participated to a great extent in the inter-
action with 2-hydroxypropyl-/-cyclodextrin. The other protons from atenolol al-
so showed shifts, but they were slightly less in magnitude. The greatest proton
shifts in 2-hydroxypropyl-f-cyclodextrin in the complex relative to the uncom-
plexed compound occurred at the H atoms bonded to carbons C; to Cg, while the
shifts of those bonded to C; and Cg were slight.

This analysis indicates an inclusion type of complexing between atenolol and
2-hydroxypropyl-f-cyclodextrin, in which hydrogen bonds, apart from physical
factors, play an important role in the guest—host interactions.
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The analysis of the 13C-NMR results, also indicating the inclusion of the guest
into the host cavity, show that the greatest chemical shifts after complexing occur-
red at the Cy, Cy4, Cs, C7, and Cg atoms in atenolol, while in 2-hydroxypropyl-£-cy-
clodextrin, the greatest shifts were found at the C;, C4, and Cs atoms. The diffe-
rences in chemical shifts for each C atom in atenolol and in 2-hydroxypropyl-£-cy-
clodextrin with respect to the molecular inclusion complex are shown in Table II.

TABLE II. Chemical shifts and variations of the chemical shifts of the C-atoms in 13C-NMR spec-
tra of atenolol, 2-hydroxypropyl-f-cyclodextrin and the complex of atenolol with 2-hydroxypropyl-
-f-cyclodextrin

o/ ppm o/ ppm
Cratom Atenolol Complex Ad/ppm 2-Hydr0xypropyl-ﬁ- Complex Ao/ ppm
-cyclodextrin

1 180.818 179.912 -0.906 102.933 103.361 +0.428

2 43.585 43.897 +0.312 74.506 74.383 —0.123

3 73312 73.405 +0.093 75.629 75.806 +0.177

4 71342 70.660 —0.682 83.212 83.622 +0.410

5 51.011 51.526 +0.515 74.787 75.058 +0.271

6 50.922  51.030 +0.108 63.113 62.994 -0.119
7and 8 23.844 23420 -0.424 - - -

' 130.521 130.762 +0.241 - - -
2'and 6' 117.883 117.651 -0.232 - - -
3'and 5' 133.285 133.079 -0.206 - - -

4 160.143  160.308 +0.165 - - -

- - - 79.497 80.861 +1.364
- - - 69.219 69.224 +0.005
- - - 20.919 20.941 +0.022

DSC analysis

The DSC curves of atenolol (A), 2-hydroxypropyl-/-cyclodextrin (B), a mix-
ture of atenolol and 2-hydroxypropyl-/-cyclodextrin (C), and the complex of ate-
nolol and 2-hydroxypropyl-/-cyclodextrin (D) are shown in Fig. 4. A compara-
tive analysis of the DSC curves also confirms the inclusion of the guest molecule
into the cavity of the host. The DSC curve of the inclusion complex has no endo-
thermic melting peak of racemic atenolol at about 155 °C, which is, on the other
hand, present in the curve of atenolol and of the mixture of atenolol and 2-hydro-
xypropyl-/-cyclodextrin.

Infrared spectroscopy

By comparing IR spectrum of the inclusion complex of 2-hydroxypropyl-/-cy-
clodextrin and atenolol to those of the pure substances and the physical mixture,
it can be concluded that there are no variations in the spectrum of the physical
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mixture with respect to the spectra of the pure components, but that there are va-
riations in the IR spectrum of the complex (Fig. 5). Namely, pure atenolol has a
strong band at 1638 cm~1, originating from C=0 valence vibrations (amide band 1),
which, in the inclusion complex, has a significantly lower intensity and occurs at
1668 cm~1, which results from this vibration being covered due to the inclusion
of atenolol into the cavity of 2-hydroxypropyl-g-cyclodextrin. For the same rea-
son, the band at 3180 cm=1, originating from the NH valence vibrations, present
in the spectrum of atenolol is absent in spectrum of the complex, as is the amide
band I11, originating from the C-N valence vibration coupled with NH bending
vibrations, which is present in the spectrum of atenolol at 1417 cm~L. Also, the
band at 1516 cm-1, originating from C=C valence vibrations of the aromatic part
of the atenolol system, does not appear in the IR spectrum of the complex. This
analysis is in accordance with the results of the previous methods used to analyze
the complex and it confirms the realization of the inclusion of the atenolol mole-
cule into the hydrophobic cavity of the host molecule, 2-hydroxypropyl--cyclo-
dextrin, i.e., the formation of the molecular inclusion complex.
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Fig. 4. DSC curves of atenolol (A), 2-hydroxypropyl-S-cyclodextrin (B), a mixture of
atenolol and 2-hydroxypropyl-g-cyclodextrin (C), and the inclusion complex of
atenolol with 2-hydroxypropyl-4-cyclodextrin (D).

Dissolution study

The room temperature solubility of pure atenolol in water is 0.3 mg cm=3.24
On complexing it with 2-hydroxypropyl-/g-cyclodextrin, its solubility is increased
to 254 mg complex cm3, i.e., to 37.5 mg atenolol cm=3, in water and 251 mg com-
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plex cm=3, i.e., 37 mg atenolol cm™3 in a pH 3 solution of HCL. In this way, the
bioavailability of the drug to the organism can be increased and the effect of the
therapy can be achieved by administration a lower quantity of the substance.

Transmittance / %

4000 3000 2000 1d00

Wavenumber / cm!
Fig. 5. FT-IR Spectra of atenolol (A), 2-hydroxypropyl-f-cyclodextrin (B), a mixture of
atenolol and 2-hydroxypropyl-f-cyclodextrin (C), and the inclusion complex of
atenolol and 2-hydroxypropyl-f-cyclodextrin (D).
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CONCLUSIONS

From the point of view of pharmacologically active formulations with basic
components of varied physical properties, inclusion complexes are of interest. In
such supramolecular structures the active substance, in this case atenolol, which
will have excellent solubility in this form, can be incorporated in an exact quan-
tity, thus ensuring better bioavailability and functional value in medicine.

Compared to free atenolol of hard consistency and with poor solubility in wa-
ter and, consequently, low bioavailability, the molecular inclusion complexes of
atenolol with cyclodextrin derivatives are also solid, powdery substances con-
taining the active substance in a form giving them manifold solubility, and conse-
quently, better bioavailability and efficiency.

Acknowledgements: This paper was supported by the Ministry of Science of the Republic of Serbia
through the project TR-6708B.

U3BO/J

MOJIEKYJICKU MHKJIY30HU KOMITJIEKC ATEHOJIOJIA CA 2-XUAPOKCUITPOITNII- 4
-HUKJIIOAEKCTPUHOM; ITOCTVYIIAK JJOBUJABBA U KAPAKTEPU3ALIIA

BECHA HUKOJINR', JbYBHIIIA HUKOJWR!, MUXAJJIO CTAHKOBUR!, ATHEIL KATIOPZ,
MUPJAHA IIOIICABUH? u IPATAH LIBETKOBUR!

! Texnonowku paxyaitiei, Byaesap OcaoGobera 124, Jleckosau, *Ipupodrno—maiiemaifiusiu axyaiied,
Heiiapitiman 3a pusuxy, Tpz Jocuitieja O6padosuha 4, Hosu Cad u > Ipupodno—maitiemaimiuuku pakyaiiei,
Heitapiuman 3a xemwjy, Tpz Hocuitieja O6padosuha 3, Hosu Cao

MOoJIeKyJICKY HHKITY3HOHU KOMILIEKC aTeHOJIONA ca 2-XUIPOKCHIIPOIIHII-S-IUKIIOIEKCTPHHOM
CHHTETHUCAH je MEeTOIOM Kompenunuranyje. JlooujeHn KoMILIeKc je okapakrepucal Mmerongama FT-IR,
DSC, '"H-NMR, 3C-NMR n mudpaxumjom X-3paxa. DSC aHanmsa je MOTBpAMIA MOCTOjake KOM-
IUIeKca y KOMe HecTaje eHAOTEPMHH MK Of TOIUbEHa areHonona Ha oko 155 °C. Iudpakrorpamu
KOMILIEKCA ¥ 2-XHAPOKCUIIPOIHII-F-LIUKIOIEKCTPHHA Cy BEOMa CIIMYHU YMMeE je NOTBpheHa MmoTiy-
Ha 3aKJIOHCHOCT MOJIEKYJIa aT€HOJIONA YHYTAp IIYIUbMHE 2-XUAPOKCHIPOINI-S-1UKIONCKCTPUHA.
TTMKOBH KOjH OTHYY OJf aTEHOJONA Ha JUBPAKTOrpaMy KOMILIEKCa Y TIOTITYHOCTH HecTajy. |H-NMR
i 3C-NMR criexTpu cy moKasanm H3BecHe POMEHE y XEMHjCKUM IToMeparmiMa rpotora u C aTo-
Ma M3 aTeHOJIONA U 2-XUIPOKCHUIIPOIIII-/-IIUKIOIEKCTPHHA, MITO Takohe ykasyje Ha cTBapame KOM-
IUIEKCa, Ka0 M Ha TO KOjH MPOTOHHU YUECTBY]y y CTBapamy BOJOHIMYHHUX Be3a KOjuMa je popMUpaH KOM-
riekc. [TocturayTa je moboJpliiaHa pacTBOPJHUBOCT KOMILIEKCHPAHOT aTeHosoNna y Boau (254 mg kom-
rexca e, 1j. 37,5 mg arenonona cn>) u y pactopy HCI, pH 3 (251 mg kommiexca cnn>, 1j. 37 mg ate-
HOJIOJIA CM™>) y OIHOCY HA YHCT aTEHOJIOJ, 1A YaK 1 Yy OJHOCY Ha ATEHOJON KOjH je KOMILIEKCHPaH
S-uuknonexctpuaoM. [loBehana pactBopsemBocT 00e30ehyje u Behy GHOpacHoNoKMBOCT aKTHBHE
KOMITOHEHTE M 3Ha4YajHO KOPHTYje HEJOCTaTaK OCHOBHE aKTHUBHE CYICTAHIIE yciex ciabe pacTBop-
JeuBOCTH MoBehaBajyhul leH YKYIIHU TePAINCYTCKH YUYUHAK Ca CMAFkEHUM CIIOPEIHUM I0jaBama.

(ITpumsbeno 28. aBrycra 2006, peuaupano 21. mapra 2007)
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Abstract: Eight new compounds with halogen atom introduced into the benzimidazo-
le-2-thione dopaminergic pharmacophore of 5-[2-(4-arylpiperazin-1-yl)ethyl]-1,3-dihy-
dro-2H-benzimidazole-2-thiones with the arylpiperazine part of the molecule being
selected according to known structure—affinity requirements, have been synthesized.
All the new compounds were evaluated for the in vitro binding affinity at the dopa-
mine (DA) D; and D, and serotonin 5-HT;, receptors by the competitive radioas-
says, performed on synaptosomal membranes prepared from fresh bovine caudate
nuclei and hippocampi. All the new compounds were strong competitors for the bin-
ding of the radioligands to the D, and 5-HT} 5 receptors, with the most active of them
having 34 and 170 time higher affinity than non-halogenated congeners in the D,
DA receptor radioassays (compounds 9.1b and 9.2b, respectively). Divergently, the-
se compounds were without significant affinities for the D; DA receptors.

Keywords: arylpiperazines, benzimidazole-2-thiones, dopamine receptors, serotonin
receptors.

INTRODUCTION

For many years, the D, dopamine receptor (DAR) was a major target for neu-
robiological research and drug development, since DA antagonists have been pro-
ven to be efficient antipsychotics.! Since a great number of these compounds ex-
pressed undesirable side effects,2-3 the need for new drugs is increasing. It took
nearly four decades to make a breakthrough in this field of effort. These second-ge-
neration derivatives, named as atypical antipsychotics, combined Dy and 5-HT»
antagonism.4 Newer atypical agents (i.e., aripiprazole, bifeprunox, Fig. 1) differ

* Corresponding author. E-mail: deanad@chem.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0709747A
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in that they act as partial agonists at D, and SHT A receptors, although they also
interact with an array of other CNS targets.> Such therapeutic strategy features the
stabilization of dopamine function, instead of the inhibition of D, transmission
caused by previous antipsychotic drugs.5-0

° 1
Ty e OO
N N
ate
N N
Cl Cl HN
//
o .
aripiprazole bifeprunox

Fig. 1. Structures of aripiprazole and bifeprunox, atypical antipsychotics.

The work described herein presents the preparation of halogen derivatives of
arylpiperazine-benzimidazole-2-thiones, ligands with mixed Dy/5-HT 14 activity.
Arylpiperazines are a common structural motif included in various compounds for
diverse pharmacological applications.” Certain groups of arylpiperazines express
ligand property at the specific G-protein coupled receptors (GPCRs).8:2 On the
other hand, benzimidazole and their 2-substituted analogues possess a catechol mo-
iety of biogenic catecholamine and are considered to be bioisosteres. Molecular
modeling studies revealed that they both fit well into the binding pocket of D;
DAR.10.11 The interactions of 5-{2-[4-(2-methoxyphenyl)piperazin-1-yl]ethyl}-1-
-benzimidazole (presented in Fig. 2) are realized at first by the salt bridge bet-
ween protonated N1 of the piperazine ring with Asp86 in the binding pocket, and
a mixture of hydrogen bonds, electronic and bulk interaction, which are all lar-
gely affected by the electrostatic surface potential (electron density distribution;
ESP) in benzimidazole ring.

Ser 122

Ser 141

Trp 182

Fig. 2. Schematic representation of 5-{2-[4-(2-methoxyphenyl)piperazin-1-yl]ethyl}-1H-benz-
imidazole interaction with key amino acids in the binding site of the D, dopamine receptor.
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In addition, ESP is influenced by the nature of substituents on the heterocyc-
lic ring. This fact inspired us to insert halogen substituents into the benzimida-
zole pharmacophore, with the expectation that a mayor ESP perturbation will be
achieved due to their large electron withdrawal effect. In recent publications, it
was shown that high affinity Dy DA/SHT1A receptors ligands can be obtained by
linking arylpiperazine and 2-substituted benzimidazole structural moieties through
flexible linker.10:12.13 The effect of various substituents on the stabilization of the
ligand—D; complex through hydrogen bond formation, edge-to-face interactions
and steric interactions with amino acid residues in the binding pocket of D, DAR
receptors was investigated. 10

In this paper, the preparation of halogenated analogues together with their in
vitro binding potencies at the D and D, DAR and SHT|a receptors are presen-
ted. The effects of ligand halogenation on their dopaminergic/serotonergic activi-
ty are discussed.

RESULTS AND DISCUSSION

Eight new ligands, clasified as benzimidazole-2-thiones (compounds
9.1a-d - 9.2a-d), were synthesized (as shown in Scheme 1). Shortly, compound 1
was reduced with stannous chloride in absolute ethanol!4 and the resulting amine
was acylated without purification with acetanhydride to produce acetamide 2. Com-
pound 2 was converted either into corresponding halo-acetamides 3.1 or 3.2 using
sulfuryl chloride!5 or bromine in acetic acid, respectively. Nitration of halo-acet-
amides 3.1 and 3.2 in acetanhydride with 100 % nitric acid/sulfuric acid afforded
the corresponding compounds 4.1 and 4.2. After hydrolysis of acetamido group in
4 N HCI, the resulting products 5.1 and 5.2 readily alkylated aryl-piperazines in
the presence of potassium carbonate and potassium iodide in dimethylformamide.
The obtained arylpiperazines 7.1a—d — 7.2a—d were reduced with Ra-Ni/hydrazi-
nel® to produce corresponding diamines 8.1a—d — 8.2a—d. Benzimidazole-2-thiones
9.1a-d — 9.2a—d used as target ligands, were prepared by refluxing the diamines
8.1a-d — 8.2a—d with carbon disulfide and KOH in ethanol.!”

The affinities (K; values, Table I) of the compounds towards DA (D; and D)
and 5-HT (5-HTja) receptors were evaluated by in vitro binding assays. While
none of the tested compounds were active displacers of [SH]SCH 23390 at the D;
DAR, they all showed significant affinities at the D, and 5-HTj o receptors. Ge-
nerally, all the newly synthesized compounds are stronger ligands at the D, re-
ceptors than the corresponding parent compounds 9a—d. The most active of them
(compounds 9.1b and 9.2b) have affinities in the low picomolar range and belong
to the category of the most active hitherto described dopaminergic ligands. The
phenyl derivatives (9.1a and 9.2a) as well as the 2-chlorophenyl (9.1c and 9.2c)
and 3-(trifluoromethyl)phenyl derivative 9.1d expressed affinity for binding at
5-HT A receptors similar to the affinities of the parent compounds. The 2-methoxy-
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phenyl derivative 9.1b was the strongest competitor in the [3H]8-OH-DPAT
binding assay too. The fact that the 3-(trifluoromethyl)phenyl ligand 9.1d posse-
sses greater affinity for the 5-HTa than for the D, receptors was exceedingly
manifested as a tendency in the case of the bromo derivative 9.2d, which was the
most selective 5-HT A ligand.

Cl

cl
1. SO,CI,/CHCI, Cl a0, cl
SnCl,/EtOH/Ac,0 HNO,/H,SO
4
= -
2.B
o r,/ACOH X O,N X
2 NHAc NHAc NHAc
1 3.1 X=Cl 4.1 X=Cl
3.2 X=Br 4.2 X=Br
/\ /N
Cl N N-Ar N N-A Ar
/ \ /
4N HCI 6a-d Ra-Ni/N,H,
—— —_—
O,N X DMF, KI, O,N X
NH, K,CO,4 NH,
5.1 X=ClI 7.1a-d X=Cl 8.la-d X Cl
5.2 X=Br 7.2a-d X=Br 8.2a-d X=Br
N N—Ar
KOH, CS,
== - O
EtOH X
N}»N OMe Cl CF;
6a 6b 6C 6d
9.1a-d X=Cl
9.2a-d X=Br

Scheme 1. Pathways for the synthesis of the ligands.

Taken together, these data confirm our previous observation that the affinity
of the ligand for Dy DA receptors depends both on the ESP of the benzimidazole
pharmacophore!! and on the choice of 1-arylpiperazine aryl groups. A positive
ESP in the benzimidazole ring, induced by halogens and hydrogen bond acceptor
groups (e.g. methoxy group) in the ortho position of 1-arylpiperazines, stabilizes
the ligand-D» receptor complex.!%:18 These two factors additively contributed to
the high affinity towards D, DA receptors in the compounds 9.1b and 9.2b. The
influence on the affinity towards 5-HTa receptors by the introduction of halo-
gens into the benzimidazole pharmacophore of these ligands is diminished be-
cause the complete structure of the arylpiperazine part plays a predominant role.
In conclusion, the here-presented fulfillment of the structural requirements for the
DA and 5-HT ligand binding potency led to the expected rise of the affinity and
selectivity for the tested compounds. Therefore, it seems that the binding chara-
cteristic of this kind of ligand can be predicted.
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TABLE 1. Chemical structure and K; values* of the ligands
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H
N N N—Ar
= jg/v \__/
N
H
Cl

No Ar Formula Mp./°C Dy K;/nM D, K;/nM 5HTp K;/ 1M
9.1a Ph C19Hy CINGS 247 >1000 4.9+1.1 12.94£2.2
9.1b 2-MeOPh  C,oHy3CIN4OS 246 >1000 0.054+0.003 0.36+0.04
9.1c 2-ClPh C19HpoCloNyS 257 >1000 11.9+2.4 36.1£1.3
9.1d 3-CF3Ph  CygHp(CIF3N4S 239 >1000 44.843.0 15.2+2.1

H

N N N—Ar

s=( /
N
H
Br

No Ar Formula Mp./°C Dy K;/nM D, K;/nM  5HT4 K;/nM
9.2a Ph Cy9HpBrN4S 259 >1000 6.3£3.1 19.1£3.3
9.2b 2-MeOPh  C,yH»3BrN4OS 236 >1000 0.01+0.005 1.740.2
9.2c 2-ClPh C19HyoBrCINgS 254 >1000 7.1£1.5 76.5+5.7
9.2d 3-CF3Ph  CyoHpoBrFsN4S 248 >1000 72.5%6.2 1.7+0.8

H

N N N—Ar

S:< jij/v )/

N

H
No Ar Formula Mp./°C DiK;/nM Dy K;/nM  5HT;4 K;/nM
9a Ph C19HpoN,S 238 >1000 15.242.0 13.4+2.8
9b 2-MeOPh CyoHp4N40S 250 ND 1.740.4 2.9+1.1
9c  2-CIPh C19HyN4SCl1 236 ND 20.7+£2.2 80.1+8.4
9d 3-CF;Ph CyoHyN4SF3 265 >1000 134.0+£15 10.7£3.2

*Values are the means + S.E.M. of 3—4 indipendent experiments done in triplicate, performed at eight competing
ligand concentrations (10~°-10" M) and [°’H]SCH 23390 (D), [*H]spiperone (D,) and [*H]8-OH-DPAT (5HT, ).

EXPERIMENTAL

General

A Boetius PHMK apparatus (VEB Analytic, Dresden, Germany) was used to determine mel-

ting points, presented here as uncorrected. 'H-NMR (at 200 MHz) and 3C-NMR (at 50 MHz) spe-
ctra were recorded on a Gemini 2000 spectrometer (Varian, Palo Alto, CA, USA) with CDCl; as a
solvent, unless otherwise stated, are reported in ppm using tetramethylsilane as the internal stan-
dard. The IR spectra were run on a Perkin Elmer 457 Grating FT Infrared Spectrophotometer (Per-
kin Elmer, Beaconsfield, UK). The mass spectra were determined by a Finnigan Mat 8230 mass spe-
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ctrometer (Finnigan, Bremen, Germany). For analytical thin-layer chromatography Merck (Darm-
stadt, Germany) F-256 plastic-backed thin-layer silica gel plates were used. Chromatographic puri-
fications were performed on Merck-60 silica gel columns, 230-400 mesh ASTM, under medium pre-
ssure (dry column flash chromatography). All reagents and solvents used in this work were obtai-
ned from Aldrich and were used without further purification. Solutions were routinely dried over
anhydrous Na, SO, prior to evaporation.

Chemistry

4-(2-Chloroethyl)-2-Halo-6-nitrophenylamines (5.1 and 5.2), 1,3-dihydro-5-[2-(4-phenylpipera-
zin-1-yl)ethyl]-2H-benzimidazole-2-thione 9a and 5-[2-(4-arylpiperazin-1-yl)ethyl]-1,3-dihydro-2H-
-benzimidazole-2-thiones (9b—C) were prepared as previously described.!!:1920
General procedure for the synthesis of 4-[2-(4-arylpiperazin-1-yl)ethyl] 2-halo-6-nitro-anilines
7.1a—d - 7.2a—d

To a solution of 10.0 mmol of either arylpiperazine in 50.0 ml DMF, 12.0 mmol of 4-(2-chlo-
roethyl)-2-halo-nitroaniline (5.1 or 5.2), 6.0 g K,CO5 and 0.1 g of KI were added. The mixture was
stirred at 80 °C for 12 h. After cooling, the precipitate was removed and the filtrate was evaporated
in vacuo. The residue was dissolved in CH,Cl, and obtained products purified by MPLC using
CH,Cl, as the eluent.

2-Chloro-6-nitro-4-[2-(4-phenylpiperazin-1-yl)ethyl] aniline (7.1a): Yield: 69 %; m.p. 104 °C;
THNMR: § 2.57 — 2.80 (m, 8H), 3.20 — 3.25 (m, 4H), 6.45 (s, 2H, NH}), 6.87 — 6.97 (m, 3H, ArH),
7.22 —7.32 (m, 2H, ArH), 7.45 (d, 1H, J=2.2 Hz, ArH), 7.97 (d, IH, J=2 Hz, ArH).

2-Bromo-6-nitro-4-[2-(4-phenylpiperazin-1-yl)ethyl] aniline (7.2a): Yield: 72 %; m.p. 110 °C;
TH NMR: 6 2.57 — 2.80 (m, 8H), 3.20 — 3.25 (m, 4H), 6.51 (s, 2H, NH,), 6.83 — 6.96 (m, 3H, ArH),
7.24 —7.32 (m, 2H, ArH), 7.62 (d, 1H, J =2 Hz, ArH), 8.01 (d, 1H, J=2 Hz, ArH).

2-Chloro-4-{2-[4-(2-methoxyphenyl)piperazin-1-yl] ethyl}-6-nitroaniline (7.1b): Yield: 76 %;
m.p. 97 °C; 'H NMR: 6 2.59 — 2.81 (m, 8H), 3.10 — 3.21 (m, 4H), 3.87 (s, 3H, OCH3), 6.45 (s, 2H,
NH,), 6.85 - 7.02 (m, 4H, ArH), 7.45 (d, 1H, J =2 Hz, ArH), 7.97 (d, 1H, J=2 Hz, ArH).

2-Bromo-4-{2-[4-(2-methoxyphenyl)piperazin-1-yl]ethyl}-6-nitroaniline (7.2b): Yield: 67 %;
m.p. 95 °C; 'H NMR: 6 2.58 — 2.79 (m, 8H), 3.12 (s, 4H), 3.87 (s, 3H, OCH3), 6.51 (s, 2H, NH,),
6.85—7.02 (m, 4H, ArH), 7.61 (d, 1H, J =2 Hz, ArH), 8.00 (d, 1H, J=2 Hz, ArH).

2-Chloro-4-{2-[4-(2-chlorophenyl)piperazin-1-yl]ethyl}-6-nitroaniline (71.c): Yield: 79 %,
m.p. 98 °C; 'H NMR: § 2.60 —2.81 (m, 8H), 3.09 — 3.13 (m, 4H), 6.46 (s, 2H, NH,), 6.93 — 7.09
(m, 2H, ArH), 7.19-7.27 (m, 1H, ArH), 7.36 (dd, 1H, J=4Hz, J=2 Hz, ArH), 7.46 (d, 1H,
J=2Hz, ArH), 7.98 (d, 1H, J =2 Hz, ArH).

2-Bromo-4-{2-[4-(2-chlorophenyl)piperazin-1-yl] ethyl}-6-nitroaniline (7.2¢): Yield: 76 %; m.p.
128 °C; 'H NMR: § 2.60 —2.80 (m, 8H), 3.08 —3.13 (m, 4H), 6.52 (s, 2H, NH,), 6.94 — 7.09 (m,
2H, ArH), 7.19-7.23 (m, 1H, ArH), 7.36 (dd, 1H, J=6.2 Hz, J= 1.8 Hz, ArH), 7.62 (d, 1H, J=2 Hz,
ArH), 8.02 (d, H, J=2 Hz, ArH).

2-Chloro-6-nitro-4-(2-{4-[3-(trifluoromethyl)phenyl] piperazin-1-yl}ethyl)aniline (7.1d): Yield:
59 %; oil; 'TH NMR: 6 2.58 — 2.78 (m, 8H), 3.23 — 3.28 (m, 4H), 6.44 (s, 2H, NH,), 7.08 — 7.21 (m,
3H, ArH), 7.42 (¢, 1H, J= 8 Hz, ArH), 7.59 (d, 1H, J =2 Hz, ArH), 7.97 (d, 1H, J= 2 Hz, ArH).

2-Bromo-6-nitro-4-(2-{4-[3-(trifluoromethyl)phenyl]piperazin-1-yl}ethyl)aniline (7.2d): Yield:
64 %; oil; TH NMR: § 2.58 — 2.71 (m, 8H), 3.24 — 3.29 (m, 4H), 6.52 (s, 2H, NH,), 7.05 — 7.39 (m,
4H, ArH), 7.62 (d, 1H, J =2 Hz, ArH), 8.04 (d, 1H, J=2 Hz, ArH).
General procedure for the synthesis of 2-amino-3-[2-(4-arylpiperazin-1-yl)ethyl] 3-halo-phenylamines
8.1a—d - 8.2a-d

Raney-Ni (0.06-0.08 g) was added in small portions to a stirred solution of 2 mmol of nitro
compound (7.1a—d-7.2a—d) in 5 ml EtOH, 10 ml 1,2-dichloroethane and 0.9 ml hydrazine hydrate
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at 30 °C. After the addition of Ra-Ni was completed, the mixture was heated in a water bath (50 °C,
60 min) and filtered through celite. The filtrate was evaporated in vacuo and crude products were
used for further syntheses.
Synthesis of 6-[2-(4-arylpiperazin-1-yl)ethyl]-4-chloro-1,3-dihydro-2H-benzimidazole-2-thiones
(9.1a-d) and 6-[2-(4-arylpiperazin-1-yl)ethyl]-4-bromo-1,3-dihydro-2H-benzimidazole-2-thiones
(9.2a-d)
Carbon disulfide (0.24 ml, 4 mmol) and KOH (0.25 g in 0.6 ml water) were added to 2 mmol
of diamine (8.1a—d — 8.2a—d) in 10 ml EtOH. After refluxing for 3 h, 0.3 ml of acetic acid in 3.3 ml
water were added. The solvent was removed in vacuo and the residue chromatographed on silica gel.
4-Chloro-1,3-dihydro-6-[2-(4-phenylpiperazin-1-yl)ethyl]-2H-benzimidazole-2-thione (9.1a):
Yield: 69 %; m.p. 247 °C; IR (ecm!): 692, 1201, 1345, 1490, 1602, 2825; 'H NMR (d4DMSO): &
2.65 (s, 6H), 2.84 (¢, 2H, J= 8 Hz), 3.15 (s, 4H), 6.78 (¢, 1H, J=7.2 Hz, ArH), 6.92 — 7.00 (m, 3H,
ArH), 7.12 (s, 1H, ArH), 7.17-7.25 (m, 2H, ArH), 12.75 (s, 1H, NH), 12.97 (s, 1H, NH).
I3C NMR (dgDMSO): § 32.31 (CH,), 48.36 (2CH,), 52.83 (2CH,), 59.82 (CH,), 108.48 (CH),
113.22 (C-Cl), 115.53 (2CH), 118.98 (CH), 122.78 (CH), 128.64 (C), 129.14 (2CH), 133.85 (C),
136.75 (C), 151.29 (C-N), 169.48 (C=S). MS: m/e (100) 372.0 (M+). C;9H,;CIN,4S.
4-Bromo-1,3-dihydro-6-[2-(4-phenylpiperazin-1-yl)ethyl]-2H-benzimidazole-2-thione (9.2a): Yi-
eld: 73 %; m.p. 259 °C; IR (cm!): 758, 1198, 1344, 1486, 1601, 2827, 2946, 3427; 'H NMR
(dgDMSO): 6 2.55—-2.59 (m, 6H), 2.81 (¢, 2H, J=7.8 Hz), 3.09 — 3.14 (s, 4H), 6.77 (¢, 1H, J=7.2 Hz,
ArH), 6.91 — 6.95 (m, 2H, ArH), 7.02 (s, 1H, ArH), 7.17 — 7.25 (m, 3H, ArH), 12.79 (s, 2H, NH).
I3C NMR (dgDMSO): § 32.18 (CH,), 48.31 (2CHy), 52.79 (2CH,), 59.78 (CH,), 100.86 (C-Br),
108.89 (CH), 115.54 (2CH), 118.99 (CH), 125.73 (CH), 129.14 (2CH), 130.35 (C), 133.49 (CO),
137.02 (C), 151.26 (C-N), 169.43 (C=S). MS: m/e (100) 415.9 (M—1). C;9H,;BrN,S.
4-Chloro-1,3-dihydro-6-{2-[4-(2-methoxyphenyl)piperazin-1-yl]ethyl}-2H-benzimidazole-2-thione
(9.1b): Yield: 75 %; m.p. 246 °C; IR (cm™): 650, 758, 1240, 1307, 1347, 1496, 2827; 'H NMR
(dsDMSO): 6 2.63 (s, 6H), 2.82 (¢, 2H, J= 7.8 Hz), 2.97 (s, 4H), 3.77 (s, 3H, OCH3), 6.88 — 6.96
(m, 4H, ArH), 7.00 (d, 1H, J= 1 Hz, ArH), 7.10 (d, 1H, J=1 Hz, ArH), 12.74 (s, 1H, NH), 12.94
(s, 1H, NH). 3CNMR (d¢DMSO): § 31.99 (CH,), 49.97 (CHj), 52.95 (2CH,), 55.49 (2CH,),
59.66 (CH,), 108.54 (CH), 112.09 (CH), 113.22 (C-Cl), 118.22 (CH), 121.03 (CH), 122.63 (CH),
125.76 (CH), 128.59 (C), 133.80 (C), 136.53 (C), 141.32 (C-0), 152.17 (C-N), 169.47 (C=S). MS:
mle (100) 402.2 (M™). CpoH,3CIN4OS.
4-Bromo-1,3-dihydro-6-{2-[4-(2-methoxyphenyl)piperazin- 1-yl] ethyl}- 2H-benzimida-zole-2-thione
(9.2b): Yield: 68 %; m.p. 236 °C; IR (cm™): 758, 1196, 1240, 1344, 1495, 1603, 2823, 3434; 'H
NMR (dgDMSO): 6 2.66 (s, 6H), 2.83 (¢, 2H, J = 7.8 Hz), 2.98 (s, 4H), 3.77 (s, 3H, OCH3), 6.88 — 6.93
(m, 4H, ArH), 7.02 (s, 1H, ArH), 7.23 (s, 1H, ArH), 12.76 (s, 1H, NH), 12.85 (s, 1H, NH).
13C NMR (d¢DMSO): 6 31.90 (CH,), 49.97 (CH3), 52.97 (2CH,), 55.50 (2CH,), 59.67 (CH,),
100.87 (C-Br), 108.98 (CH), 112.09 (CH), 118.16 (CH), 121.05 (CH), 122.69 (CH), 125.73 (CH),
130.39 (C), 133.49 (C), 136.78 (C), 141.30 (C-0O), 152.18 (C-N), 169.45 (C=S). MS: m/e (100)
447.4 (M+) C20H23BI'N4OS
4-Chloro-6-{2-[4-(2-chlorophenyl)piperazin-1-yl] ethyl}- 1, 3-dihydro-2H-benzimidazole-2-thione
(9.1c): Yield: 62 %; m.p. 257 °C; IR (ecml): 693, 933, 1348, 1485, 2937; 'H NMR (dsDMSO): &
2.63 (s, 6H), 2.82 (¢, 2H, J=8 Hz), 2.98 (s, 4H), 6.99 — 7.17 (m, 4H, ArH), 7.25—7.42 (m, 2H,
ArH), 12.73 (s, 1H, NH), 12.94 (s, 1H, NH). 13C NMR (d¢DMSO): ¢ 32.16 (CH,), 50.93 (2CH),),
52.90 (2CH,), 59.66 (CH,), 108.54 (CH), 113.24 (C-Cl), 121.05 (CH), 122.80 (CH), 124.07 (C),
127.81 (CH), 128.30 (CH), 128.59 (C), 130.56 (CH), 133.82 (C), 136.64 (C), 149.20 (C-N), 169.48
(C=S). MS: m/e (100) 406.0 (M™). C;oH,oCI,N,S.
4-Bromo-1,3-dihydro-6-{2-[4-(2-chlorophenyl)piperazin-1-yl] ethyl}-2H-benzimidazole-2-thione
(9.2¢): Yield: 72 %; m.p. 254 °C; IR (ecm™): 760, 1191, 1344, 1483, 1603, 2819, 3097; 'H NMR
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(dsDMSO): 0 2.62 (s, 6H), 2.81 (¢, 2H, J = 8 Hz), 2.98 (s, 4H), 6.99 — 7.43 (m, 6H, ArH), 12.77 (s,
2H, NH). 3C NMR (dgDMSO): 6 32.16 (CH,), 51.00 (2CH,), 52.93 (2CH,), 59.80 (CH,), 100.86
(C-Br), 108.96 (CH), 121.05 (CH), 124.05 (C), 125.71 (CH), 127.80 (CH), 128.30 (CH), 130.35
(C), 130.55 (CH), 133.47 (C), 137.04 (C), 149.25 (C-N), 169.48 (C=S). MS: m/e (100) 451.8 (M™).
C19H20BI'C1N4S.

4-Chloro-1,3-dihydro-6-(2-{4-[3-(trifluoromethyl)phenyl]piperazin-1-yl}ethyl)-2H-benzimida-
zole-2-thione (9.1d): Yield: 68 %; m.p. 239 °C; IR (cm™): 697, 953, 1123, 1451, 1490, 1611, 2952;
TH NMR (d¢DMSO): ¢ 2.60 (s, 6H), 2.82 (¢, 2H, J= 7.8 Hz), 3.23 (s, 4H), 6.99 — 7.24 (m, 5H,
ArH), 7.42 (¢, 1H, J = 8 Hz, ArH), 12.73 (s, 1H, NH), 12.95 (s, 1H, NH). 3C NMR (dsDMSO): §
32.20 (CHy), 47.69 (2CHy), 52.54 (2CH,), 59.60 (CH,), 108.56 (CH), 110.97 (CH), 113.22 (C-Cl),
114.80 (CH), 118.90 (CH), 122.80 (CH), 128.59 (C), 129.77 (CH), 130.17 (CH), 130.40 (C),
133.82 (C), 136.62 (C), 151.44 (C-N), 169.47 (C=S). MS: m/e (100) 440.0 (M™). CogH,(CIF3N,S.

4-Bromo-1,3-dihydro-6-(2-{4-[3-(trifluoromethyl)phenyl] piperazin- 1-yl}ethyl)-2H-benzimida-
zole-2-thione (9.2d): Yield: 75 %; m.p. 248 °C; IR (cm’!): 697, 952, 1314, 1348, 1451, 1487, 1607,
2947, 3049; '"H NMR (d,DMSO): 6 2.53 —2.58 (m, 6H), 2.81 (¢, 2H, J=7.8 Hz), 3.20 (s, 4H),
7.02 —7.24 (m, SH, ArH), 7.42 (¢, 1H, J= 8 Hz, ArH), 12.79 (s, 2H, NH). 13C NMR (d4DMSO): §
32.22 (CHy), 47.78 (2CHy), 52.59 (2CHy), 59.75 (CHj), 100.88 (C-Br), 108.96 (CH), 110.94 (CH),
114.70 (CH), 118.88 (CH), 125.70 (CH), 128.55 (C), 129.77 (CH), 130.15 (C), 130.40 (C), 133.52
(©), 136.98 (C), 151.48 (C-N), 169.43 (C=S). MS: m/e (100) 484.0 (M—1). CyoH,(BrF;N,S.

Membrane preparation, binding assays and data analysis

Specific binding affinities (K; values, Table I) of the thiones were determined exactly as
described previously,!”2! by measuring the extent of displacement of specific tritiated ligands
([PH]SCH 23390 for D;, CAS Number [87134-87-0], [*H]spiperone for D,, CAS Number [749-02-0],
and [PH]8-OH-DPAT for SHT| 4 receptors, CAS Number [80300-08-9]; products of Amersham Bu-
chles GmbH, Germany) to fresh membrane preparations of bovine caudate nuclei and hippocampi.
The competitive radioassays were performed in sample triplicates, with a range of concentrations
(105-10" M) of the selected compounds. Nonspecific binding was determined with the ImM (+)-bu-
taclamol (D; and D,) and 10 uM serotonine (SHT;4). The retained radioactivity was measured by
introducing the dry filters into 5 ml toluene-based scintillation liquid and counting in a 1219 Rack-
beta Wallac scintillation counter. Competition binding curves were constructed and analyzed by “Graph-
Pad Prysm” (v. 4.0).

Acknowledgments: This work was supported by the Ministry of Science, Technology and De-
velopment of Serbia, grants # 142009 and 143032.
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6-[2-(4-APUJIITUITEPA3WH-1-NI)ETUII]-4-X AJIO-1,3- ANXNUIPO-2 H-BEH3UMUJIA30JI-2-
-TUOHU: CUHTE3A U ®APMAKOJIOHIKO UCITUTHBAE

JIEAHA AHJIPUR!, TOPJJAHA TOBWJIOBURZ, TOPAH POTJINR!, BYKITR LIIOLIKIR*,
MUPKO TOMUR? u CJIABAHA KOCTUR-PAJAUNR?

! Xemujcku paxyaitiedsi, Ynueepsuiieii y Beozpady, Ciliydeniticku ilipz 16, 11000 Beozpad, >Odcex 3a Guoxemuyy,
Hncmuimyin 3a 6uoaowka ucitipaxcusarsa “Cunuua Citiankosuh’”, Byaesap [Heciiotiia Citieghana 142,
11060 Beozpao, * Lenitiap 3a xemujy, UXTM, Hezowesa 12, 11000 Beozpad u
“Proteosys AG, Carl-Zeiss-Str. 51, 55129 Mainz, Germany

CHHTETHCAHO je 0CaM HOBHX jCIMI-CHa KOJ KOjHX je aTOM XaJOTeHa YBEJCH y OCH3UMUIA-
30JI-2-THOHCKY JOIIAaMHUHEPTrHuKy (apmaxodopy 5-[2-(4-apunmunepasun-1-mm)erwn]-1,3-guxunpo-
-2H-6eH3uMHIa3011-2-THOHA Ca apHJIIUIIEPAa3sHHCKUM JIeIOM MOJIEKyJ1a H3a0paHUM CXOJHO IO3Ha-
THM 3aXTE€BUMa O OJHOCY CTPYKType M PEaKTUBHOCTH. 3a CBa HOBOCHHTETHCAHA jeANHECHHA j& Ope-
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hen adunuTeT BesuBama 3a momamuncke (D u Dy) u 5-HT; penenrope y in vitro eKxciepuMeH-
TUMa KOMIeTuuje ca panuonurananMa. Kao m3op momamuuckux u 5-HT; A penentopa cy xopu-
IITEHE CHHANTO30MallHe MeMOpaHe M30J0BaHE U3 roBeher Hykieyca KaygaTyca M XMIOKaMITyca.
CBa HOBOCHHTETHCAHA jEME-CHA IT0KA3a/Na Cy ce Kao jakm KoMIeTHTopH [SH]cnmmepona u
[*H]8-OH-DPAT, ox kojux HajakTusauja (9.1b u 9.2b) nocenyjy 34 u 170 nyra Behin adpuauTET Ka
D, DA penentopuma ox HoJIa3HHAX, HEXAJIOTCHOBAHUX jelumbema. Ca Apyre cTpaHe, OBa jeANbEHa
HE Toceyjy 3HauajaH apuHUTET Ka D JomaMuHCKUM penenTopuma.
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Effect of fermentation conditions on lipase
production by Candida utilis
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Abstract: A wild yeast strain isolated from spoiled soybean oil and identified as
Candida utilis initially presented rather low lipase activity (approximately 4 TU dm™)
in submerged culture in a universal yeast medium containing 2 % malt extract. Stu-
dies were undertaken to improve the lipase production. The best yields of lipase
were obtained with a medium supplemented with caprylic and oleic acids as indu-
cers, but higher concentrations of the former (> 0.5 %) had a negative effect on the
lipase production and cell growth. The type of nitrogen source seemed also to be
very important. The highest lipolytic activity of 284 TU dm™ was achieved after 5
days of fermentation in a medium containing oleic acid and hydrolyzed casein as
carbon and nitrogen sources, respectively, and supplemented with Tween 80%. It
was shown that optimization of the fermentation conditions can lead to a significant
improvement in the lipase production (more than 70-fold higher compared to the
initial value obtained in the non-optimized medium).

Keywords: Candida utilis, lipase production, media optimization, hydrolyzed casein,
oleic acid.

INTRODUCTION

Lipases (triacylglycerol acylhydrolases EC 3.1.1.3) are a class of hydrolases
which catalyze the hydrolysis of triglycerides to glycerol and free fatty acids on
an oil-water interface.!-2 In addition, lipases catalyze the hydrolysis and trans-
esterification of other esters,> the syntheses of esters and exhibit enantioselective
properties.# Their ability to perform very specific chemical transformations (bio-
transformations) has made them increasingly popular in industries where less spe-
cific chemical processes produce unwanted by-products, such as the food, de-
tergent, cosmetic and pharmaceutical industries. In recent years, increasing atten-
tion has been paid to the conversion of processing industry wastes by microbial
lipases or their use as biosensors.5-0

* Corresponding author. E-mail: zknez@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0709757G
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The rapidly increasing market for compounds produced by lipases has resul-
ted in a growing demand to identify lipases with novel and specific properties.
Each application requires unique lipase properties with respect to specificity, sta-
bility, temperature and pH. Often an industrial process can be modified to accom-
modate the limitations of an enzyme but this is costly and a better approach is to
find an enzyme more suited to the existing process. Therefore, the screening of
microorganisms with lipolytic activity could enable the discovery of a lipase with
convenient properties for its potential industrial application.!

Microbial commercial lipases are mainly produced from Pseudomonas,’” Mu-
cor,* Geothricum,® Rhizopus8 and Candida sp.%10:11 In a number of studies, it
has been reported that the production of lipase can be significantly increased by
the careful selection of the nitrogen and carbon sources for microbial growth and
the optimization of the composition of the growth medium.%1%:12 Most impor-
tantly, since lipase is an inducible extracellular enzyme, by application of a pro-
per inducer the lipase production can be considerably increased.!3 Although fer-
mentation conditions have been widely studied and documented, only limited
research was directed towards Candida utilis lipase. On the other hand, the great
nutrition value of this microorganism has been well recognized.!4 It appears that
among the nine different microorganisms isolated in this study from spoiled soy-
bean oil, it was the best lipase producer. Therefore, the use of this microorganism
could lead to the development of a process for achieving high lipolytic activity
and gaining a nutritionally valuable biomass. In this work an attempt was made
to select a suitable fermentation medium and optimize its components to increase
the production of lipase by the yeast Candida utilis.

EXPERIMENTAL
Materials

The substrate solution for the determination of the lipase activity was an emulsion of triolein
(Sigma, St. Louis MO) in Triton X—100%® (Sigma, St. Louis MO). Malt extract, yeast extract, pep-
tone, meat extract and maltose were obtained from Torlak (Institute of Immunology and Virology,
Serbia). Bovine serum albumin and Folin—Ciocalteu's Phenol Reagent, used for the determination
of the protein concentration, were products of Sigma (St. Louis, USA). Oleic acid, Tween 80%, do-
decane and palmitic acid were also obtained from Sigma (St. Louis, USA). KH,PO,4, MgSO,4-7H,0
and NaOH were products of Lachema (Neratovice, Czech Republic). All other employed chemicals
were of analytic grade.

Microorganisms and growth media

The microorganism used in this study was yeast previously isolated from spoiled soybean oil.
The yeast was identified as Candida utilis according to the identification scheme of Lodder.!> As a
part of the culture collection (Microbiological Laboratory of the Faculty of Technology and Metal-
lurgy, Belgrade), the yeast was maintained on agar slanted at 4 °C. The yeast strain, grown in a me-
dium containing 2 % of malt extract for 24 h at 30 °C (approximately 1.2x107 cells cm™), was used
for the inoculum. In the study of the effect of carbon source on lipase production, a medium con-
taining 2 % of malt extract was also used.
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The following basal medium was used for lipase production (per dm?3): yeast extract 30.0 g;
KH,PO,4 10.0 g; MgSO,-7H,0 1.0 g; maltose 5.0 g and Tween 80% 1 cm?3 with the pH adjusted to 6.0.
Optimization of enzyme production was carried out by altering the nitrogen sources at a concentra-
tion of 3.0 % (w/v). All samples were in duplicates and the experiments were repeated at least twice to
ensure reproducibility.

Lipase production

The culture was grown in 100 cm3 Erlenmeyer flasks containing 50 cm?® of fermentation me-
dia inoculated with 1 % (v/v) (0.5 cm?) of cell suspension and incubated at 28 °C on a rotary shaker
(120 rpm) for 120 h.

Determination of lipase activity

Extracellular lipase activity was measured in culture supernatants after centrifugation (3200 rpm
for 20 min). The substrate solution for lipase activity determination was an emulsion of triolein in
Triton X-100®. The assay mixture consisting of 3 cm?® of substrate solution, 2.5 cm3 of distilled
water, 1 cm? of Tris—HCI buffer (pH 7.7) and 1 cm? of culture supernatant was incubated for 60 min.
at 37 °C. The reaction was stopped by the addition of 3 cm> of methanol. The fatty acids released
were determined by titration with 0.5 M NaOH in the presence of phenolphthalein as indicator. For
each test run, a blank control was done separately in which case the reaction was stopped with
methanol (3 cm3) immediately after the addition of the supernatant to the assay mixture. One unit
was defined as the enzyme required for releasing 1 pmol of fatty acid per minute at 37 °C.
Determination of cell growth

Determination of yeast cell growth was performed by spreading a suitably diluted cell sus-
pension on malt agar plates and counting the yeast cell colonies after 48 h of incubation at 30 °C.
Determination of protein concentration

The protein concentration was determined according to Lowry method using bovine serum
albumin as the standard.!® The protein concentration was determined from a standard curve which
was constructed for each measurement.

RESULTS AND DISCUSSION
Preliminary study

The yeast strain isolated from spoiled soybean oil presented the highest lipo-
lytic activity among several different microorganisms after 5 days of incubation
at 28 °C on agar plates containing tributyrine. It was identified as Candida utilis
by its morphology and biochemical properties.!>

In a preliminary study, the effects of other conditions of the fermentation
process, such as temperature, initial pH of the medium and inoculum concentra-
tion, on the yield of lipase were investigated in a medium containing 2 % malt ex-
tract. It seems that the optimal temperature and pH range was 27 — 29 °C and 5.9-6.1,
respectively, whereas the inoculum concentration did not significantly affect the
enzyme yield (data not shown). Therefore, the effect of the composition of the fer-
mentation media and the concentrations of the components was investigated with
the temperature and pH fixed at their optimal values (28 °C and pH 6.0) with an
inoculum concentration of 1 % (v/v).
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Optimization of the composition of the culture medium

Production of the lipase by Candida utilis can be optimized by designing the
growth medium or conditions which have a positive effect on the genetic regula-
tion of the synthesis of the enzyme. There are two major regulatory mechanisms
involved in lipase synthesis: carbohydrate catabolite repression and induction by
lipase substrates and products (fatty acids and lipids). Accordingly, the choice of
fermentation medium is of crucial importance for the elimination or reduction of
catabolite repression and induction of lipase biosynthesis.

Effect of carbon sources and inducers. Studies on the fermentation conditi-
ons for the production of extracellular lipases by many microorganisms, such as
Candida rugosa, Yarrowia lipolytica, showed that the addition of lipid substan-
ces enhanced the level of lipase produced. Fatty acids are generally considered to be
the most effective inducers for lipase biosynthesis.!2:17 In initial experiments, the
fermentation of lipase by Candida utilis in batch cultures with different carbon
sources was studied in order to determine the influence of different inducers on the
production of lipase. Different fatty acids, as well as the other possible inducers,
were added at a concentration of 0.1 % (w/v). The obtained data is shown in Fig. 1.

r
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Fig. 1. Effects of carbon sources as inducers on lipase production and cell growth. Fermentation
conditions: 2 % malt extract medium, 28 °C, 120 h.

It was concluded that the highest lipase activity was obtained in a medium
supplemented with oleic and caprylic acids. The addition of olive oil and dodeca-
ne did not improve the production of lipase. The lipase activity and cell growth
were not in strict correlation. Namely, the short-chain inducers (capric and capry-
lic acid) inhibited cell growth, but improved lipase production.



LIPASE PRODUCTION BY Candida utilis 761

According to the obtained results, a second experiment was conducted to
study the effect of the concentrations of caprylic and oleic acid in the concentra-
tion range 0.1-0.9 %. This series of experiments was also performed in 2 % malt
extract media. As indicated in Fig. 2, increasing the oleic acid concentration up to
0.5 % enhanced the production of lipase, as well as the total amount of proteins
produced and cell growth.
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Fig. 2. Effect of oleic acid concentration on lipase production, cell growth and total proteins.
Fermentation conditions: 2 % malt extract medium, 28 °C, 120 h.

It seems that caprylic acid is a better inducer than oleic acid at a concen-
tration of 0.1 % (Fig. 1). However, higher concentrations of caprylic acid (Fig. 3)
had a negative effect on lipase production and cell growth, which indicated its
possible toxicity and, therefore, caprylic acid was excluded from further experi-
ments. The inhibitory effect of caprylic acid at higher concentrations was previ-
ously registered for other yeasts, such as C. rugosa.!3

Increasing the oleic acid concentration had a favorable effect only up to 0.5 %,
and a further increase did not lead to an enhancement of the yield of lipolytic
activity (Fig. 2). This may be due to the reduced oxygen transfer into the medium
caused by the low solubility of oleic acid at high concentration. Low oxygen sup-
plies can alter the yeast metabolism and, consequently, production of lipase.

It is a well known fact that surfactants can increase permeability of the yeast
membrane, facilitating the export of various compounds, including enzymes, out
of the cell.12 Therefore, the effect of the addition of the surfactant Tween 80® to
the growth medium containing 1 % of oleic acid was investigated. It was eviden-
ced that the yield of lipolytic activity was two times higher in the presence than
in the absence of the surfactant. Additionally, it was shown that in the presence
of Tween 80®, increasing the oleic acid concentration up to 6 % led to a con-
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comitant increase of the lipase activity (Fig. 4). It is plausible that the presence of
the surfactant led to more effective oxygen transport in the medium, as well as
better dispersion of the oleic acid in the growth substrate, which made it readily
accessible to the microbial cells.
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Fig. 3. Effect of caprylic acid concentration on lipase production and total proteins. Fermentation
conditions: 2 % malt extract medium, 28 °C, 120 h.
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Fig. 4. Combined effect of oleic acid concentration and Tween 80® on lipase production and total
proteins. Fermentation conditions: yeast extract 3 % (w/v); KH,PO4 1 % (w/v); MgSO4-7H,0O
0.01 % (w/v); maltose 0.5 % (w/v), 28 °C, Tween 80% 0.1 % (v/v), 120 h.

Effects of nitrogen sources. In previous experiments, yeast extract was used
as a nitrogen source. Literature data shows that the production of lipases can be
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improved by a suitable selection of a nitrogen source depending on the studied
microorganism. For example, yeast extract stimulated lipase production by Cry-
ptococcus sp., while urea was the best nitrogen source for lipase production by Y.
lipolytica.l:10 In terms of medium optimization, different organic nitrogen sour-
ces at a concentration of 3 % (w/v) were investigated instead of yeast extract.
The influence of the source of organic nitrogen is shown in Fig. 5.
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Fig. 5. Effect of nitrogen sources on lipase production. Fermentation conditions: oleic acid 6 %
(w/v); KHyPO4 1 % (w/v); MgSO4-7H,0 0.01 % (w/v); maltose 0.5 % (w/v) and
Tween 80% 0.1 % (v/v), 28 °C, 120 h.

The highest yield of lipolytic activity of 284 IU dm=3 was achieved in a growth
medium with hydrolyzed casein as the nitrogen source. A satisfactory yield of li-
pase activity was achieved in a medium containing buckwheat flour (166 IU dm3),
while other nitrogen sources did not stimulate lipase production. The favorable
effect of hydrolyzed casein on lipase production was previously reported in a stu-
dy focused on mutant Candida sp.”

Fermentation of lipase

According to the obtained results, the fermentation was performed in a me-
dium with hydrolyzed casein as the nitrogen source enriched with Tween 80%®
and oleic acid (6 % w/v). This medium was used to study the kinetics of the pro-
duction of lipase and the relationship between enzyme secretion, protein produc-
tion and cell growth.

The kinetics of lipase production, total produced proteins and cell growth
during 7 days of fermentation are shown in Fig. 6. The exponential phase of cell
growth ceased after 4 days and subsequently the cell concentration decreased ra-
pidly. On the other hand, the increase of lipase activity and total produced pro-
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teins was prolonged. Therefore, the maximum lipase activity appeared during the
late logarithmic phase, after 5 days of fermentation, which corresponded with the
maximum of the total produced proteins. A similar behavior was observed in the
production of lipase with Antrodia cinnamomea!® and C. rugosa.!9-20

T . . . : . — 160

104 —0O—Total proteins
—&— Cell growth
—&— Lipolytic activity

- 140

120

O
— e

@
o 2 e -
§ - §

Gl - o
E’E 100 &
w2 8 4
F=aar - 80 Q
D ° =
BE 3
= <
3z g4 B0 =
w 8 I c
5 2 o
=3 3

O [

AN

Fig. 6. The time course of lipase production, total proteins and cell growth in the optimized me-
dium. Fermentation conditions: oleic acid 6 % (w/v); hydrolyzed casein 3 % (w/v); KH,PO4 1 %
(W/v); MgSO4-7H,0 0.01 % (w/v); maltose 0.5 % (w/v) and Tween 80® 0.1 % (v/v), 28 °C.

After reaching the lipase production peak, the lipase activity decreased more
rapidly than the total produced proteins. It is plausible that the rapid decrease in
the lipolytic activity is a consequence of the detrimental effect of proteolytic en-
zymes released from the yeast cells after cell death.

CONCLUSIONS

In this study, the effects of different factors, such as composition of fermen-
tation medium and addition of inducers, on lipase production by the yeast Can-
dida utilis were investigated. Among the examined inducers, the highest lipolytic
activity was achieved with oleic and caprylic acids. However, caprylic acid was
toxic to yeast cells in concentrations above 0.5 %, while oleic acid exhibited fa-
vorable effect on lipase production in concentrations up to 6%.

Among different nitrogen sources, good results were achieved with pepton
and buckwheat flour, but the highest lipolytic activity was achieved in a medium
containing hydrolyzed casein.

The kinetics of lipase production was studied in the optimized medium and it
was observed that the maximum lipase production was achieved after an expo-
nential phase of cell growth, after five days of fermentation. It can be concluded
that significant extracellular lipase activity can be achieved using Candida utilis
and that the obtained lipase activity can be notably enhanced by optimization of
the composition of the growth medium.
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M3BOJ
YTULIAJ YCIIOBA ®EPMEHTALIMJE HA TTPOAYKIINIY JIMTTIA3E M3 Candida utilis

CAIbA TPBABUNR, CY3AHA JVUMUTPUIEBUR-BPAHKOBUR, JIEJAH BE3EPAJIULIA,
CJIABHIIA HIMJIEP-MAPUHKOBHH 1 30PULIA KHEXXEBUR

Texnoaowro—meitianypuiku gaxyaitieiti, Kaprezujesa 4, 11000 beozpao

V pany je ucnurana MoryhHOCT IIPOU3BO/IiHE JIMIa3e MOMONY JHBJbET coja KBACla H30JI0BAHOT
13 IOKBAPEHOT COjHHOT yJba U uaeHTH(uKkoBaHor kao Candida utilis. OBaj mukpooprauuzam je mo-
Ka3a0 Mally JHUIOJUTHYKY aKTUBHOCT Kaja je ysrajaH y 2 % ciagHoMm OyjoHy Kao YHHUBEP3aIHOM
kBamuesoM Meaujymy (oxo 4 IU dm). Mcnutanu cy yTunaju pasmmuutux (akropa Kao mTo Cy
cacTaB XpaHJbHBE IOAJIOTE U AOAATaK OApel)eHNX MHIYKTOpa M CTUMYJIATOpa MPOIYKIHje JIMIa3a Ha
roBehame JUMONUTHYKE akTUBHOCTH. OJIEMHCKA U KallpUIHA KUCEIIMHA Cy ce MoKa3aje Kao Hajeu-
KaCHHjH MHIYKTOPHU MPOAYyKLHje Junase. Y MajiuM KoHueHTpanujama (10 0,5 %) KanpuiiHa Kucelu-
Ha je MmoKasaia Behu yTHIaj Ha Ipou3BOIY JIUIA3e O] OJIEMHCKE KUCeNHHe, a Ou mpu BehuM KoH-
LIEHTpaljaMa UMasia TOKCH4YaH ytuiaj Ha henujcku pact. [porec je onTUMH30BaH U ca acleKkTa
u3Bopa asora. Hajseha nunonmuriuka aktuerocT ox 284 TU dm™ ocTpapena je Hakon 5 nama dep-
MEHTalHje y ONTHMHU30BAaHO] IOUI03H KOja je caJprKalia OJISMHCKY KUCEIUHY U XUIPOIN3aT Ka3enHa
Kao M3BOpe yribeHnka u asora n Tween 80% kao cTumymarop mponykuwmje emsuma. ITokasaHo je ma
ce MaXJbHBUM M300pOM cacTaBa XpaHJbHBE HOUIONe MOXKE 3Ha4ajHO noBehary mpoaykiwja Jiunasa
(Bumre ox 70 myTa y nopehemy ca moueTHOM BpegHohy 10O0HjeHOM Y HEONITHMHU30BaHO] ITOUIO3H).

(ITpumsbero 5. okrobpa 2006, peuaupano 6. mapta 2007)
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SHORT COMMUNICATION
Disorder of lattice solvent molecules in the structure of
hexaaqua(up-1,2,4,5-benzenetetracarboxylato)-bis(2,2’-
-dipyridylamine)dinickel(Il) hexahydrate DMSO solvate

DEJAN POLETI!*#, LJILIANA KARANOVIC2, ALEKSANDAR KREMENOVIC? and
JELENA ROGAN!#

!Faculty of Technology and Metallurgy, Karnegijeva 4, 11000 Belgrade and
Faculty of Mining and Geology, Pusina 7, 11000 Belgrade, Serbia
(Received 4 December 2006, revised 15 March 2007)

Abstract: The crystal structure of the complex [Ni,(btc)(dipya),(H,0)g]-6H,O-DMSO
(btc = tetra-anion of 1,2,4,5-benzenetetracarboxylic acid, dipya = 2,2’-dipyridylamine)
was refined in the triclinic system, space group P1, using low temperature (170 K)
X-ray diffraction data. The compound consists of binuclear complex entities and lat-
tice solvent molecules making pseudo-layers parallel to the 101 plane and channels
parallel to the b-axis. The observed structural features were compared with the pre-
viously reported results and formula [Ni,(btc)(dipya),(H,0)e]-4H,0 based on room
temperature X-ray diffraction data. A possible arrangement of the disordered lattice
solvent molecules located in the structural channels is described and discussed. It is
concluded that the layout of these molecules is non-centrosymmetric, although the

remaining and main part of the structure is centrosymmetric.

Keywords: nickel(Il) complex, 1,2,4,5-benzenetetracarboxylate ion, 2,2’-dipyridylami-
ne, crystal structure, lattice solvent molecules, disorder.

INTRODUCTION

Due to the presence of eight oxygen atoms as potential donor atoms, the
tetra-anion of 1,2,4,5-benzenetetracarboxylic acid (btc) is interesting as a ligand
suitable for the preparation of inorganic-organic framework structures. In such
complexes, btc exibits a great variety of coordination modes, acting from a simple
bidentate ligand bridging two metal centers to a 12-dentate ligand coordinated up
to 10 transition metal atoms.!=3 As the consequence of the bulkiness of the ligand
and the almost free rotation of its COO groups, cavities of different shape and
dimensions are characteristic for btc complexes. Some cavities are empty, others
are filled by H>O molecules or different ions. However, complexes with well-de-
fined channels are not so common. Two recent illustrative examples are

* Corresponding author. E-mail: dejan@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0709767P
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K(H30)[Fey(btc)F,]-3.5H,0 with small channels filled with K™ and H30™ ions,
as well as HyO molecules,* and (H3NC3HgNH3)[Cu(btc)]-2H,O with two chan-
nels of different dimensions containing either 1,3-propanediammonium ions or
H,O molecules.’

Another example is the title complex having channels that occupy 17 % of
the unit cell volume (190 A3) with an effective cross section of about 2x4 A. This
property classifies the complex as a microporous material and a potential hydro-
gen storage medium. In fact, the structure of the complex based on single crystal
X-ray diffraction data collected at room temperature was published recently with
the formula reported as [Nip(btc)(dipya)(Hy0)6]-4H,0O (dipya=2,2°-dipyridyl-
amine). However, during that refinement a problem was experienced with the
modeling of some disordered solvent molecules present in the channels parallel to
the b-axis (Fig. 1a). For this reason, the contribution of these molecules to the
structural model was removed using the procedure SQUEEZE implemented in
the program PLATON.” At the same time, TG analysis also confirmed the pre-
sence of additional lattice solvent molecules. To resolve this ambiguity, it was
necessary to recollect X-ray diffraction data at a low temperature (170 K), and
the results of this new structure determination are reported here.

RESULTS AND DISCUSSION

Projection of the structure along the b-axis and the shape of the molecules of
the complex are shown in Figs. 1 and 2, respectively. Two pseudo-layers parallel
to the 101 plane, one containing complex units (A) and the other containing sol-
vent molecules only (B), together with channels extending along the b-axis, are
clearly visible in the crystal packing (Fig. 1a). Within the pseudo-layers A, the
complex units are connected by hydrogen bonds and face-to-face n—mn stacking
interactions, whereas only hydrogen bonds exist within the pseudo-layers B and
between pseudo-layers A and B.

In comparison to the room temperature results,® a predictable decrease of the
unit cell volume (=1.4 %) and atomic displacement parameters was observed at
the low temperature. In addition, one O atom from the uncoordinated COO group,
which had a very elongated displacement ellipsoid at room temperature, was
found to be split in two nearby positions [Fig. 2; d(0101-0102) = 0.689(8) A].
However, in addition to the expected HoO molecules, one dimethyl sulphoxide,
DMSO, molecule (DMSO was present in the reaction mixture as a solvent) with
a half occupancy was located in the channels. In this way, as shown by the refi-
nement of the low temperature data, the correct formula of the complex is
[Niy(btc)(dipya)>(H,0)6]-6H,O-DMSO and not [Nip(bte)(dipya)(H,0)6]-4H20,
as reported previously® for the “squeezed”, solvent-free data.

The corrected formula was also confirmed by the results of thermogravime-
try, TG (the TG curve was published in ref. 6 as Fig. 5). The first step of dehy-
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dration occurred in a nearly horizontal step between 53 and 85 °C with the rele-
ase of two HyO molecules (mass loss found 3.6 %, calcd. 3.4 %). Very likely, it con-
cerns two disordered and loosely bound lattice HyO molecules. Dehydration con-
tinued up to 126 °C, when all 12 H,O molecules were lost (found 21.2 %, calcd.
21.5 %). The DMSO molecule was slowly released between 126 and 292 °C (to-
tal mass loss for 12H,O + DMSO: found 29.3 %, calcd. 30.6 %) when an inflect-
tion point on the TG curve was observed. Degradation of the desolvated product con-
tinued with the loss of btc ligand up to 430 °C (total mass loss: found 58.6 %,
calcd. 58.9 %), with possibly decarboxylation (loss of CO;) as the first step. Sub-
sequently, the complex showed a slow mass loss and the residue did not reach
constant mass up to 700 °C.

Fig. 1. (a) Crystal packing showing the pseudo-layers of the complex units and lattice solvent mole-
cules, as well as channels extending along the b-axis; (b) an enlarged view showing the content of
channels as obtained by the crystal structure analysis (top), and a possible arrangement of the
disordered H,O and DMSO molecules (bottom).

S
) C22 ol11 Q% 022
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Fig. 2. A view of the centrosymmetric binuclear complex unit with the atomic numbering scheme
(displacement ellipsoids are drawn at the 50 % probability level). For the sake of clarity, only the
asymmetric part of the lattice solvent molecules is shown and the hydrogen atoms are omitted.
Symmetry code: (i) —x+1, —y+1, —z+2.
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Since the channel solvent molecules (021, O22 and DMSO) are situated
around the symmetry center, they are close to each other (Fig. 1b, top) and can-
not co-exist simultaneously, which is in agreement with their half occupancy.
Although it was easy to find a plausible layout giving quite reasonable hydrogen
bond lengths (dashed lines in Fig. 1b, bottom), this also means that the channel
solvent molecules can be allocated over the whole structure in a number of ways.
Therefore, this minor part of the structure is non-centrosymmetric, although, as
also indicated by the reflection statistics, the remaining and predominant part is
centrosymmetric. However, all further attempts to resolve this disorder by refi-
ning the structure in space group Pl instead of P1 resulted in higher R-indices
and non-positive definite displacement ellipsoids. Very probably, the lack of stra-
ightforward conclusions could be related to the diffuse character of the lattice
solvent molecules and their negligible contribution to the structural model.

EXPERIMENTAL

The complex was prepared as described previously.® Elemental analysis was performed by
standard analytical micromethods. Found (calcd.) %: C, 38.71 (38.27); H, 4.73 (5.02); N 8.18 (8.37).
The experimental density was determined at room temperature by the floatation method. TG analy-
sis (30-700 °C range) was performed on a Perkin—Elmer model TGS-2 thermo balance in a dry N,
atmosphere (flow rate 60 cm3 min'!) at a heating rate of 10 °C min!.

X-ray diffraction data were collected at 170 K on a STOE IPDS 2 single crystal diffracto-
meter (MoK« radiation, 2 =0.71073 A) using a light blue plate-like crystal of approximate dimen-
sions 0.23x0.15%0.06 mm. The data were corrected for Lp and for absorption (integration method,
Tpnin = 0.8240, T\, = 0.9604). The structure was refined (program SHELXL97)? starting from the
known structural model® by the full-matrix least-squares method with anisotropic displacement pa-
rameters for all non-H atoms. The hydrogen atoms were treated in three different ways: (a) those
connected to C atoms were placed at the geometrically calculated positions and refined using a
riding model, (b) those from coordinated and fully occupied H,O molecules (O1-O4, Fig. 2), as
well as the amine H were found in AF maps and refined isotropically and (c) the positions of the H
atoms from disordered lattice H,O molecules (021, 022, O5 and O6, Fig. 2) were determined by
comparison of AF maps and the positions determined by the Nardelli method.” The latter H atoms
are involved in the structural model with all parameters fixed. The refined occupancies of water O5
and 06 atoms [Fig. 2; d(05-06) = 0.68(3) A] were 0.79(2) and 0.21(2), respectively. Occupancies of
DMSO and some other lattice H,O molecules (021 and 022, Fig. 2) were tested in independent re-
finements; in all cases the occupancies were near to 0.5 and the refinement was finished with these
values fixed to 0.5. The final results of crystal structure determination are summarized as follows.

Empirical formula: C3,H;50NgNiyO,S; M, = 1004.26; crystal system: triclinic; space group:
P1; unit cell parameters: @ = 9.290(1), b=10.863(1), c = 11.997(2) A, a = 67.40(1), B=77.04(1),
y =84.79(1)°; unit cell volume: ¥'=1089.2(3) A3; Z =1; calculated density: p, = 1.531 g cm3;
experimental density (room temperature): p,, = 1.49(2) g cm; absorption coefficient: zz=0.998 mm'!;
F(000) = 524; range for data collection: 1.88°<#< 25.35°; index ranges: —11 <A <11, -13 <k <13,
—13 <1< 14; reflections collected: 14262; reflections independent: 3980 (R;,; = 0.0800); number of
refined parameters: 344; number of restraints: 11; S=1.165; R indices [/ > 20c(/)]: Ry =0.0592,
wR, = 0.1065; R indices (all data): Ry = 0.0826, wR, = 0.1135; the largest difference peak and hole:
0.99 and —0.46 ¢ A3,
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CCDC 627247 contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
/data_request/cif.
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NU3BOJ

HEYPEBEHOCT MOJIEKYJIA PACTBAPAYA V CTPYKTYPU XEKCAAKBA (1,-1,2,4,5-
-BEH3EHTETPAKAPBOKCUJIATO)-BUC(2,2’- TUTTNPUANITAMIH) AMHUKAJI(II)-
-XEKCAXUAPATA-DMSO COJIBATA

JIEJAH HOHETI/II, JbUJbAHA KAPAHOBI/I"BZ, AJIEKCAHIAP KPEMEHOBUR? 1 JEJIEHA POTAH!

! Texnoaowko-meianypuxu gaxyaitieits, Kapnezujesa 4, 11000 beozpao u
2Pyoapcko-zeonowku (axyaiieim, Bywna 7, 11000 Beozpad

Kpucranna crpykrypa xommiekca [Niy(btc)(dipya),(H,0)s]-6H,O-DMSO (btc = Terpaanjon
1,2,4,5-6en3enTerpakapOokcuinne KucenuHe, dipya = 2,2’-IUNUpUAXIAMUH) yTaulbeHa je y TpH-
KIMHHYHOM CHCTEMY, TIPOCTOPHA rpyma P1, Ha 0CHOBY T0JaTaKa H0GHjEHHX PEHArEHCKOM Adpa-
kuujom Ha HuUckoj Temneparypu (170 K). Jenumeme ce cactoju o1 OHHYKICapHUX KOMIUIEKCHUX
JEIMHKA ¥ HEKOOPIUHHUPAHUX MOJICKYJia pacTBapada, Koju (GopMHUpajy TCeyI0-ClI0jeBe MmapajeiHe
paBHu 101 u xanane napanense b-ocu. CTpyKTypHE KapaKTepHCTHKE KOMIUIeKca yrnopeheHe cy ca
panuje o6jaBiseHUM pesynratuma u Gopmyiom [Niy(bte)(dipya),(H,0)e]-4H,0, xoju cy Gumm 3a-
CHOBaHM Ha NOJalMa HPHUKYIUBCHUM Ha COOHOj TemImeparypu. Y pajy je OMHCaH M JUCKYTOBaH
moryhu pacniopen HeypeheHHX MosieKyna pacTBapada KOju Ce Hajla3e y paHdje MOMEHYTHM KaHa-
nuMa. 3aKJbY4EHO je Ja pactope]] TUX MOJeKyja Mopa OMTH HEeLEHTPOCHMETPHYaH, HaKo je Ipeo-
cTaiy U HajBehn €0 CTPYKTYpe LEHTPOCUMETPHYAH.

(TTIpumsbeHo 4. neuembpa 2006, peBuanpato 15. mapra 2007)
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Characterization of a surface modified carbon cryogel
and a carbon supported Pt catalyst
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Abstract: A carbon cryogel, synthesized by carbonization of a resorcinol/formalde-
hyde cryogel and oxidized in nitric acid, was used as catalyst support for Pt nano-
particles. The Pt/C catalyst was prepared by a modified polyol synthesis method in
an ethylene glycol (EG) solution. Characterization by nitrogen adsorption showed
that the carbon cryogel support and the Pt/C catalyst were mesoporous materials with
high specific surface areas (Sget > 400 m? g'1) and large mesoporous volumes. X-Ray
diffraction of the catalyst demonstrated the successful reduction of the Pt precursor
to metallic form. TEM Images of the Pt/C catalyst and Pt particle size distribution show-
ed that the mean Pt particle size was about 3.3 nm. Cyclic voltammetry (CV) experi-
ments at various scan rates (from 2 to 200 mV s'1) were performed in 0.5 mol dm3
HCIO, solution. The large capacitance of the oxidized carbon cryogel electrode, which
arises from a combination of the double-layer capacitance and pseudocapacitance,
associated with the participation of surface redox-type reactions was demonstrated. For
the oxidized carbon cryogel, the total specific capacitance determined by 1/C vs. v0-°
extrapolation method was found to be 386 F g1, The hydrogen oxidation reaction at
the investigated Pt/C catalyst proceeded as an electrochemically reversible, two-ele-
ctron direct discharge reaction.

Keywords: carbon cryogel, platinum catalyst, hydrogen oxidation, fuel cell.

INTRODUCTION

Porous carbon, due to its high surface area and pore accessibility, excellent
thermal and chemical stability, as well as good electrical conductivity, is an ex-
tremely attractive and competitive material for application in electrochemistry.

Carbon aerogels and cryogels are a special class of materials,1~# which are usu-
ally formed from the sol-gel polycondensation of resorcinol and formaldehyde,
followed by supercritical or freeze drying, and subsequent pyrolysis. The resul-
ting carbon aerogels and cryogels are electrically conductive, in contrast to all other

* Corresponding author. E-mail: nedeljko@tmf.bg.ac.yu
doi: 10.2298/JSC0709773B
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types of organic and inorganic aerogels, which are generally insulating materials.
The need to control the structure and properties of porous carbon aerogels and
cryogels has led to their increased use as electrode materials in advanced energy
storage devices and other electrochemical devices.>:6

Interest in the application of a carbon aerogels as catalyst supports results from
their unique electronic and morphological structure and their high surface area, the
last characteristic being essential for the optimal activity of a catalyst for electro-
chemical reactions, since they occur on the surface of the particles. An increase in
surface area of Pt/C catalyst is usually achieved by deposition of nano-sized Pt par-
ticles on a highly porous carbon support, using a variety of preparation methods.’-12

It is now generally accepted that the size and distribution of the catalyst par-
ticles are affected by the physical structure of the support (porosity and surface
area) and the nature of the catalyst precursor. Since carbon aerogels and cryogels
have a large specific surface and many unsaturated carbon atoms, these atoms re-
act with heteroatoms from environment (O, H, N). The chemical properties of these
materials arise mostly from incorporation of oxygen, forming oxides, carboxylic,
phenolic, lactonic and etheric groups which are responsible for the acid/base and
the redox properties of a carbon material. Surface modification (oxidation) of these
materials gives a more hydrophilic surface with a relatively large number of oxy-
gen containing surface groups.13 Modification of the surface chemistry results in a
significant change in the loading capacity. However, conflicting results concern-
ing the influence of oxidative pretreatments of the carbon on the catalyst disper-
sion have regularly been reported in the literature. According to some references,
for carbon supported platinum catalysts prepared by the impregnation method, both
the dispersion and resistance to sintering increase with increasing number of oxy-
gen surface groups on the support.14-17 The opposite conclusion was also repor-
ted for similar catalytic systems, namely, that the presence of oxygen surface groups
on the carbon leads to lower metal dispersions and lower resistance to sintering.18-20

In this article, the preparation and electrochemical characterization of a new
type of oxidized carbon cryogel employed as a catalyst support for Pt nanoparti-
cles is reported. The relation between the specific surface area of the carbon sup-
port and the particle size distribution of the Pt catalyst, as well as the effect of
carbon oxygen surface groups on their dispersion and, consequently, on their ca-
talytic activity for the hydrogen oxidation reaction were investigated.

EXPERIMENTAL
Carbon support and catalyst preparation

The carbon cryogel was sythesized by polycondensation of resorcinol and formaldehyde, ac-
cording to a method described in the literature.?! Sodium carbonate was used as the basic catalyst.
The solution was prepared from resorcinol (R), (99 % purity, Merck) and formadehyde (F), 36 %
methanol stabilized (Fluka Chemie), sodium carbonate (C), p.a. quality (Merck) and deionized wa-
ter (W). The molar ratio between R and F was 0.5, the molar ratio between R and C was 100 and fi-
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nally, the mass ratio between R and W was 20. The mixture was decanted into a glass tube, sealed and
placed 2 days at 25 °C, 1 day at 50 °C and 4 days at 85 °C. The RF gel was immersed in a 10-times
volume of t-butanol and rinsed to give the liquid contained in the gel with t-butanol. The sample
was freeze-dried at —30 °C for 24 h. The vacuum during twenty hours of freeze-drying was around
4 mbar. The carbon cryogel was prepared by carbonization of the gel in a conventional furnace, in
nitrogen flow, at 800 °C and the furnace was cooled at room temperature after pyrolysis.

To study the influence of surface oxidation, 250 mg of carbon cryogel was immersed in 50 cm?3
of 5 mol dm=3 HNOj, for 3 h, at room temperature. Subsequently the sample was filtered, washed
with distilled water and dried at 80 °C for 8 h.

The modified ethylene glycol method (EG) for the preparation of the Pt catalyst?2 can be des-
cribed as follows: hexachloroplatinic(V) acid (H,PtClg) solution was dissolved in ethylene glycol
(EG) solution containing 5 vol % of water. To adjust the pH of the solution to the value of 12, the
required amount of 1.0 mol dm3 NaOH (in EG) was added immediately to the EG solution. The
so-prepared solution was added dropwise, under mechanical stirring to an ultrasonically dispersed
carbon ethylene glycol solution. The temperature was increased to 130 °C and kept constant for 2 h
in order that the platinum salt could be adequately reduced to platinum metal. The whole prepara-
tion process was conducted under a dynamic argon atmosphere. After filtration and washing, the
filter cake was dried under vacuum at 60 °C for 12 h. The Pt loading of the all catalysts was always
20 wt. %. The Pt/C catalysts were finally heat-treated at 300 °C under a H, atmosphere for 1 h.

Characterization of the oxidized carbon cryogel and oxidized carbon cryogel with Pt nanoparticles

Adsorption and desorption isotherms of N, of the carbon cryogel were measured at —196 °C
using the gravimetric McBain method. From the isotherms, the specific surface area, Sggt, pore
size distribution, mesopore including external surface area, Speso, @and micropore volume, V¢, for
the samples were calculated. The pore size distribution was estimated by applying the BJH (Barret,
Joyner, Halenda) method?3 to the desorption branch of the isotherms and the mesopore surface and
micropore volume were estimated using the high resolution o plot method.2428 The micropore
surface, Sy, was calculated by subtracting Speso from Sget.

Oxidized carbon cryogel and C/Pt catalyst were characterized by recording their powder X-ray
diffraction (XRD) patterns on a Siemens D500 X-ray diffractometer using CuKa radiation with a
Ni filter. The 26 angular regions between 5 and 80° were examined at a scan rate of 0.02° s, with
an angular resolution of 0.02°.

Transmission electron microscopy (TEM) measurements were performed at the National Cen-
ter for Electron Microscopy (NCEM) using FEI (Fillips electronic instruments) CM200 super-twin
and CM300 ultra-twin microscopes operating at 200 and 300 kV and equipped with the Gatan 1kx1k
and 2kx2k CCD cameras, respectively. Specimens for transmission electron microscopy were pre-
pared by suspending the catalyst powder in ethanol using an ultrasonic bath. This suspension was
dropped onto clean holey carbon grids and dried in air. The particle size distributions were determi-
ned from images of, an average, 20 different regions of the catalyst; each region contained 10-20
particles. The particle shape was determined by real space crystallography using high-resolution ima-
ges taken from particles near or on the edge of the carbon substrate, and/or by numerical Fourier fil-
tering of the the digitized image intensity spectrum of particles on top of the carbon.

Cell and electrode preparation

Two milligram of sample was ultrasonically suspended in 1.0 ml of a water—methanol mixture
(v/v = 1/1) and 50 pl of Nafion solution (5 wt. % Aldrich solution) to prepare a sample ink. Then, 12.5 pl
of ink was transferred with an injector to a clean gold disk electrode (6 mm diameter, with an area of
0.28 cmz). After volatilization of the water—-methanol, the electrode was heated at 80 °C for 10 min.

A conventional RDE and three-compartment cell were used. The working electrode compart-
ment was separated from the other two compartments by fritted glass discs. All measurements were
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performed in 0.5 mol dm3 HCIO, solution (Spectrograde, Merck), prepared in highly pure water at
20 °C. The counter electrode was a platinum sheet of 5 cm? geometric area. A platinum plated Pt
reversible hydrogen electrode (RHE) in the same solution as the working electrode was used as the
reference electrode.

Electrode characterization

Electrochemical characterization was performed using an EG&G 273 instrument. Cyclic vol-
tammetry was performed in 0.5 mol dm™ HCIO, saturated with high purity nitrogen which was
continuously bubbled through the working electrode compartment. The CVs were recorded in the
potential range from 0.03 to 1.20 V (RHE) at a rotating speed of 2500 rpm at a scan rate in the ran-
ge from 2 to 200 mV s,

RESULTS AND DISCUSSION
Adsorption isotherms — BET experiments

Nitrogen adsorption isotherms for the oxidized carbon cryogel and Pt/C cata-
lyst, as the amount of Ny adsorbed as function of the relative pressure at =196 °C,
are shown in Fig. 1. According to the IUPAC clasification, the isotherms are of
type-1V with a small hysteresis loop which is assosiated with mesoporous mate-
rials. The specific surface area, calculated by the BET equation, SgeT, is listed in
Table I, together with the corresponding value for the non-oxidized sample, which
was given in a previous paper.21 In comparison with this result, it is obvious that
surface oxidation with nitric acid leads to decrease of the overall specific surface
(from 573 to 440 m2 g-1), until the process of loading of the Pt nanoparticles in-
creased the specific surface area of the oxidized sample. On the contrary, the va-
lue of SgeT and mesoporous surface area of non-oxidized carbon cryogel support
decreased with the addition of nano-sized Pt particles.

Fig. 1. Nitrogen adsorption iso-
therms, as the amount of N,
adsorbed as a function of the re-
lative pressure for oxidized car-
bon cryogel and Pt/C samples.
Solid symbols — adsorption, open
symbols — desorption.

The pore size distribution of the oxidized carbon cryogel and Pt/C samples
are shown in Fig. 2. The distribution has a single peak and the value for the pore
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radius of the maximum of observed curves, rpeak, was between 1-2 nm. Both sam-
ples (support and catalyst) had sharp and similar pore size distributions.

TABLE 1. Porous properties of the carbon cryogel support and Pt/C samples

sample I R I OB
Oxidized carbon cryogel 440 145 295 0.14 386
Oxidized carbon cryogel + 20 wt. % Pt 501 185 316 0.15 -
Non-oxidized carbon cryogel?! 573 258 315 0.15 124
Non-oxidized carbon cryogel + 20 wt.% Pt~ 517 234 283 0.13 -

Fig. 2. Pore size distribu-
tion of the oxidized carbon
cryogel and Pt/C catalyst.

The o5 plots, obtained on the basis of the standard nitrogen adsorption iso-
therms for the support and catalyst are shown in Fig. 3. The straight line in the me-
dium o region gives a mesoporous surface area including the contribution of ex-
ternal surface, Smeso, determined by its slope, until the micropore volume, Vpic,
is determined by the intercept. The calculated porosity parameters (Syeso, Smic and
Vmic) are given in Table I and they show that the mesoporous specific surface de-
creased as a consegence of surface oxidation.2! Pt loading also slightly increased
mesoporous surface.

It is well known1® that oxidation treatments of carbons lead to the formation
of different surface acid groups, mainly carboxylic, anhydride, lactone, phenol and
carbonyl groups. Carboxylic and anhydride groups are considered as strong acid
ones, while the other ones display weaker acid properties. Moreover, it has been
reported that the stronger acid groups lead to CO2 desorption at low temperatures
during temperature-programmed desorption (TPD) experiments, in contrast to the
weaker acid sites which lead to CO-desorption at higher temperatures.1® The oxida-
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tive treatment of the carbon cryogel with HNO3 solution, as was previously menti-
oned, results in a reduction of the specific surface area and porosity of the support.

Fig. 3. g Plots for the nitrogen
adsorption isotherm of the oxi-
dized carbon cryogel and Pt/C
catalyst, based on the standard
isotherm of non-porous carbon.

During the activation process of Pt/C samples under a H, atmosphere at 300 °C
complex processes could take place at the oxidized carbon support. Thus, the de-
composition of strong acid groups into CO» and their transformation into CO by
combination with atomic hydrogen produced by dissociation of H, on the metal-
lic Pt particles.1®> The increase in the porosity and specific surface are of the oxi-
dized carbon cryogel sample after Pt loading and the final activation process could
be explained by the decomposition of the oxygenated surface groups and for-
mation of gaseous products (CO, and CO), which increase the pore volume.

XRD Analysis of Pt catalyst

The XRD patterns of the oxidized carbon cryogel and the Pt/C samples are
shown in Fig. 4. XRD Pattern of the oxidized carbon cryogel, i.e., without chara-
cteristic peaks, proves the amorphous structure of the carbon material. The chara-
cteristic diffraction peaks of face centered cubic (fcc) phase Pt for the Pt/C cata-
lyst demonstrate that a successful reduction of the Pt precursor to metallic Pt had
been achieved. The diffraction peaks at about 39° and 46°, due to the Pt (111) and
(200) plane, respectively, represent the typical character of a crystalline Pt face
that is a fcc phase. There are no other distinct reflection peaks in all patterns in the
investigated 2 range than the two peaks already mentioned above, indicating that
in these in-house supported Pt catalysts, the Pt fcc crystal structure prevailed.

TEM Analysis

The low magnification TEM micrograph (Fig. 5) shows a very uniform size
distribution of the Pt particles, with a mean particle size of about 3.3 nm. The hi-
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stogram of Pt particle size distribution of Pt/C catalyst was obtained based on
measurements of over 300 Pt particles.

Fig. 4. XRD Patterns of the oxidi-
zed carbon cryogel and Pt/C catalyst.

The atomically resolved image in Fig. 6 shows rows of Pt atoms with a spa-
cing corresponding to the (200) and (111) planes of the face centered cubic Pt na-
noparticles, as indicated in the corresponding digital diffractograms, also shown
in Fig. 6. The Pt particles have the common cubo-octahedral shapes. Twinned
particles were observed occasionally with the same (111) twinning plane as in
some other Pt based catalysts.2”

Fig. 5. TEM Micrographs of Pt nanoparticles on the oxidized carbon cryogel (Pt/C catalyst). The
lower magnification shows the spread of the Pt particle size distribution.
The corresponding size histogram is also shown.
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Fig. 6. High resolution image showing one-dimensional lattice fringes of the (111) lattice planes in Pt.
Cyclic voltammetry experiments

Cyclic voltammograms (CV) of the oxidized carbon cryogel (C) and Pt/C
samples, at different scan rates (2-200 mV s-1) are shown in Figs. 7a and 7b, res-
pectively. The cyclic voltammetry experiments showed that, due to the oxidation
process, the basic voltammogram is different from that observed for a non-oxi-
dized carbon cryogel.21 The voltammograms of the oxidized sample show, to so-
me extent, deviation from a rectangular shape and the presence of reversible re-
dox peaks connected with pseudo-Faradic reactions. Chemical treatment of the car-
bon cryogel with nitric acid significantly increased the voltametric charge. Altho-
ugh the oxidation process decreased the specific surface, the overall voltametric
charge increased remarkably due to redox processes of the functional groups on
the surface (pseudocapacitance).

The specific capacitance decreased with increasing the scan rate (Fig. 7). It
was shown?1 that the voltammetric charge and/or capacitance, should be a linear
function of v=0-5 and the reciprocal capacitance should be a linear function of v0-5.
The extrapolation of the 1/C — v9-5 line to v0-> — 0 gives the capacitance at an
infinity slow scan rate, i.e., under the conditions of reversibility. Under the con-
dition of a slow scan rate, it was assumed that the charging process is able to reach
equilibrium at the whole surface (external and internal), meaning that the specific
capacitance measured at this scan rate corresponds to the total capacitance. For the
oxidized carbon cryogel, the so-determined total specific capacitance was found
to be 386 F g1 (the total specific capacitance of the non-oxidized carbon cryogel
was 124 F g-1). Literature data show that the specific capacitances of other car-
bon materials28-33 are significantly lower than the present measured value and for
this reason the present result could be very important for further investigations
and applications of surface modified carbon cryogels in supercapacitors.

Cyclic voltammetry measurements on the Pt/C electrode were performed to
determine the electrochemical surface area of the Pt and to elucidate the adsorp-
tion properties of the catalyst. The electrochemically active surface area of the ca-
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talyst was calculated from the charge associated with the anodic desorption peak
of underpotential deposited (UPD) hydrogen at the Pt nano-sized particles. The
base line was taken by extrapolation of the double-layer region of the voltam-
mogram. The electrochemically active surface area of the catalysts (Seas5) Was cal-
culated from the measured charge assuming 210 pC cm=2 as the charge of full
coverage with adsorbed hydrogen. The electrochemical surface area for this ele-

ctrocatalyst was found to be 2.36 cm2 (47 m2 g-1).
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The total surface area of Pt catalyst, Siot, was calculated from the correspon-
ding values of the mean particle size, d, and the density of Pt metal, p = 4.24 cm2.
The Pt utilization efficiency for the RDE was determined using the following
equation: Pty e = Seasa/ Siot- The Pt utilization efficiency was 56 %. However,
the Pt utilization efficiency on the non-oxidized carbon cryogel support was aro-
und 88 %.21 This means that the presence of carboxyl surface groups on the oxi-
dized carbon cryogel support, under the present conditions, results in a lower uti-
lization efficiency and a lower metal dispersion during the reduction of the anio-
nic precursor, PtCIg—in ethylene glycol at 130 °C. Electrostatic repulsion bet-
ween the anionic entities and the acid groups of the oxidized carbon support can
explain the low dispersion of Pt particles. This interpretation is in line with that
proposed for a series of Pt catalysts supported on graphitized carbon blacks.® The-
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se results also indicate that the control of the final metallic dispersion of a high
surface area carbon-supported Pt catalyst also depends on the presence of oxygen
surface groups on the carbon support.

Kinetics of the hydrogen oxidation at the Pt/C catalyst

The hydrogen oxidation polarization curves for several rotation speeds, ob-
tained at a scan rate of 2 mV s~! in 0.5 mol dm—3 HClOy4 solution, on the Pt/C ele-
ctrode are presented in Fig. 8. The current is increased rapidly with potential on
each curve, reaching a limiting value at a potential of ca. 60 mV (RHE).

1| @/ rpm PYC
1.2411-3555
1| 2-2780
1.0[3-1925 1
{| 4-1360
0.8 5-786 2
< J
E 0.6 4 :
= 4
0.4 5
1 Fig. 8. Current Vs. potential curves
0.2+ of the electrocatalytic oxidation of
1 H, on the Pt/C catalyst (T =293 K,
0.0 ——7——— T 71 71— 11 y=2mVs'!), on RDE electrode, in
0 50 100 150 200 250 300

0.5 mol dm™ HCIO, solution under
E/mV a H, atmosphere.

In order to obtain information about the kinetics of the HOR on the investi-
gated electrode, the RDE polarization data were analyzed in terms of mass trans-
port corrected Tafel diagrams. The kinetic equations used for such an analysis
were derived considering the reversible or irreversible nature of the electrochemi-
cal reaction.

The kinetic equations for a reversible and an irreversible electrochemical
reaction34 can respectively be given as:

£ 230RT, (1] 0
nF ID

£, 230RT, [ 1y o
onF Ip -1

where EJ and E5 are current independent constants and « is the charge transfer
coefficient. Equation (1) is used to obtain mass transport corrected Tafel diagr-
ams if the reaction is assumed to be reversible, while Eq. (2) is employed to obtain
mass transport corrected Tafel diagrams if the reaction is irreversible. If one or ano-
ther condition is satisfied, according to Egs. (1) or (2), the plots E —log [(I{—1)/I1]
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or E—log [I_xI/(I_-1)], respectively, should be linear with the points indepen-
dent of the rotation rate.

It is clear that linear plots practically independent of the rotation speed were
obtained when reversible kinetic were assumed (Fig. 9). The slope of the linear
plot is very close to the theoretical value of 29 mV dec~1. However, there is no
agreement with the prediction of Eqg. (2). In this case, the linear relationship of
E —log [I_xI/(I_-1)] is also established in the potential range where the correc-
tion for the reverse reaction is not necessary, but the linear plots depend on the
rotation speed and the slopes are around 28 mV dec-1, which is only half of the
predicted value of 58 mV dec-1. Therefore, the most reasonable assumption that
electrochemical hydrogen oxidation reaction at the investigated Pt/C catalyst is
reversible seems to be experimentally justified.

0.1 y
00]a, Pt/C
.
-0.14 E“liu 104
A
< -0.21 - z
< T b=27mvdectilys, o2 <
= -0.31 a2dso, { =
= A050 _ g —_
g Ay =28 mVdec {00 —
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= = 3501 <
L0591 o 2779 102 <,
§ 06l & 1205 5 %
T 074 k)
.0.84 --06 )
' : . : , Fig. 9. Plots of E —log [(I.-1)/I,]
0.00 0.01 0.02 0.03 0.04 and E - log [Ix/(I_~1)]. Data ta-

E/V ken from the RDE plots in Fig. 8.

The mechanism of the HOR has been extensively studied in acidic and base
solutions.35:36 The chance of extracting 2 e~ directly from H, in a direct dischar-
ge reaction is usually considered low. However, the kinetic analysis conducted in
this paper shows that the HOR occurs as a reversible two-electron direct dis-
charge reaction at the investigated Pt/C catalyst.

CONCLUSION

The effect of the specific surface area and oxygen surface groups of a carbon
support on the catalytic properties of Pt/C were investigated using an oxidized car-
bon cryogel. The catalyst was prepared by a modified polyol synthesis method
and heat-treatment under a hydrogen atmosphere at 300 °C. The results show that
the specific surface area of the oxidized carbon cryogel support (SgeT) decreases
after oxidation with HNO3. However, the calculated total specific capacitance de-
termined from CV experiments significantly increased from 124 to 386 F g~ due
to oxidative—reductive processes on the surface functional groups (pseudocapacitance).

The presence of oxygen surface groups on the carbon led to low metal dis-
persions and utilization efficiency (56 %). The mean Pt particle size on the oxidi-
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zed carbon cryogel was 3.3 nm. These results also indicate that the control of the
final metallic dispersion of a high surface area, carbon-supported metal catalyst
depends also on the presence of oxygen surface groups on the carbon support.
Analysis of the hydrogen oxidation reaction showed that this reaction occurs at
the investigated Pt/C catalyst as a reversible two-electron direct discharge reaction.
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KAPAKTEPU3ALIAJA ITOBPIIMHCKH MOJUPNKOBAHOI" YI'JBEHUYHOI' KPUOI'EJIA
U IUTATUHA/YTJbEHUK KATAJIN3ATOPA

BUJbAHA M. EABI/I"Fll, BFPAHKA B. KAHY"F)EPOBI/I'ﬁl, JbMJbAHA M. BPA'—IAPZ,
BEJIMMUP PA£lMI/U'[OBl/1T13 n HEJJEJBKO B. KPCTAJUR?

Uncimuinyi 3a nykaepre nayke “Bunua”, . iip. 522, 11000 Beozpad, 2Texnonoutko—meianypuiku (paxyitieit,

Kapnezujesa 4, 11120 Beozpao u 3National Center for Electron Microscopy,
LBLN University of California, Berkeley, USA

VIJbeHUYHU KPUOTEN, CHHTETH30BaH KapOOHM3ALN]jOM PE30PLUHON/(pOpMANTAEXUa KpHorena
U OKCHJIOBAaH Yy a30THO] KHMCEJIMHH yIOTPeOJbEH je Kao HOcau KaTaau3aTopa 3a HAHOYECTHIE Iuia-
tuHe. [TnaThHa/yribeHUK KaTalnu3aTop NPHIPEMIbEH je MOAN(UKOBAHOM IMOIHOJI METOJIOM, y pac-
TBOPY eTHJICH-TINKOJa. Kapakrepu3aiija aJcopIiijoM a30Ta I0Ka3aja je ia Cy yIrJbeHUYHH KPUo-
reNl W IUIaTHHA/YTJbeHNK KATaan3aTop ME30MOPO3HH MAaTepHjald BHCOKE CreU(pUIHE MOBPLINHE
(> 400 m? g'1) i mezomoposne 3anpemure. Metoga pentrencke audpakiuje nokasana je aa je moc-
THTHYTa PeayKLyja IpeKypcopa IIaTuHe 10 MeTanHor obsuka. TEM aHanu3a miaTHHA/yTJbEHHK
KaTaanu3aTopa U pacrofielia BeINYMHe YecTUla IUIATHHE [0Ka3yje [a je CpelbH MPEYHHUK YeCTULA
oko 3,3 nm. McnuTuBama METOJOM LIMKIIMYHE BOJITAMETPH]jE, IPH PA3IMIUTUM Op3uHaMa IPOMEHE
norermujana (2 — 200 mV s'1), nokasana cy na enexrpona o OKCHIOBAHOT YITbEHMYHOT KPHOTeNa
“Ma BeOMa BHCOK KallallUTET KOjH MOTHYE O]l KOMOWHAIWje KamaluTeTa ABOJHOT ClIoja M MCEyI0-
KananuTera. YKyHaH crelu(UyHn KanauTeT OKCHI0BAHOT YIJbeHHUHOT Kprorena n3nocu 386 F gL,
Peakuuja oxcupjaluje BOJAOHHKA Ha HaHOYECTHLIAMA IUIATHHE OJBHja C€ 0 MEXaHHW3My PEBep3H-
OWITHE TUPEKTHE OKCHALIH]C.

(TTpumibero 27. HoBemOpa 2006, peunmpano 22. janyapa 2007)
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Abstract: The morphologies of nickel and copper deposits obtained without applied
magnetic fields, and with both parallel and perpendicular applied magnetic fields were
examined by the scanning electron microscopy (SEM) technique. Changes in the mor-
phologies of the metals caused by the effect of the magnetic fields are explained by
the concept of “effective overpotential”. The morphologies of the nickel and copper
deposits obtained under parallelly oriented magnetic fields were similar to those ob-
tained at some lower cathodic potentials without an applied magnetic field. The mag-
netic field with a perpendicular orientation to the electrode surface increased the dis-
persity of the nickel and copper deposits. Nickel and copper deposits obtained un-
der this orientation of the magnetic field were similar to those obtained at some higher
cathodic potentials without an applied magnetic field.

Keywords: electrodeposition, magnetic field, copper, nickel, SEM.

INTRODUCTION

The effects of a magnetic field on electrochemical processes can be divided
into three categories, i.e., those relating to mass transport, electrode kinetics and
morphology of the metal deposits.!-17 The effect of a magnetic field on electro-
chemical processes is usually observed through the magnetohydrodynamic (MHD)
effect. The origin of this effect lies in the Lorentz force, Fi, = ixB, where i is the
current density and B is the magnetic field.! During electrolysis, this force acts
on the migration of ions and induces a convective flow of the electrolyte close to
the electrode surface. The largest effect of this force and, consequently, the lar-
gest MHD effect are achieved with magnetic fields parallelly oriented to the elec-
trode surface (i.e., when the external magnetic field is oriented perpendicularly to
the direction of the ion flux). On the contrary, when a magnetic field is applied
perpendicular to the electrode surface, the Lorentz force is zero.

In addition to the Lorentz force, magnetically induced forces which have an
effect on electrochemical processes are the magnetic gradient force and the para-
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magnetic force. These are gradient forces and they depend on the magnitude of
the magnetic field and not on its direction.%-17 Other forces of possible signifi-
cance in magnetoelectrolysis are the gravitational force Apg, which drives natural
convection, and the damping force (this force depends on the conductivity of the
electrolyte and its velocity, v).?

The concept of “effective overpotential” was recently proposed in order to
explain the morphologies of electrodeposited copper obtained under conditions
of strong hydrogen co-deposition.!8 According to this concept, at high overpo-
tentials when hydrogen evolution is sufficiently vigorous, the electrodeposition
process actually occurs at an overpotential which is effectively lower (and for
that reason, it is called the “effective overpotential” of the electrodeposition pro-
cess) than that applied. Then, the morphologies of the deposits become, at the
macro level, similar to those obtained at some lower overpotentials when hydro-
gen evolution does not exist. It was estimated!® that the quantities of evolved
hydrogen enabling the validity of the concept of “effective overpotential” cor-
respond to the average current efficiencies of hydrogen evolution above 10.0 % of
about 80.0 mA cm 2. These quantities of evolved hydrogen were sufficient to ca-
use stirring of the solution in the near-electrode layer, decreasing thereby the thick-
ness of the cathode diffusion layer and increasing the limiting diffusion current
density, which lead to a change of the hydrodynamic conditions in the solution.

Bearing in mind that both vigorous hydrogen evolution and an applied mag-
netic field have an effect on the hydrodynamic conditions in a plating solution, it
is logical to assume that the concept of “effective overpotential” can be applied
for the case of electrodeposition under imposed magnetic fields. The first report
on a possible correlation between the effects of a magnetic field and the concept
of “effective overpotential” was recently given!© for the case of iron electrodepo-
sition under a perpendicularly oriented magnetic field. Nevertheless, a detailed
analysis of this correlation was necessary and the aim of this study was its inve-
stigation. The effect of magnetic fields on the electrodeposition of magnetic (ni-
ckel) and non-magnetic (copper) metals, both under imposed parallel and perpen-
dicular fields will be examined.

EXPERIMENTAL
Working conditions

Nickel was electrodeposited from the following solution: NiSO4-6H20, 262.5 g I'!; NiClp-6Hy0,
45 g I''l; H3BO;, 37.5 g I'! and coumarin, 0.060 g 1! at pH 4.5.

Nickel was deposited potentiostatically at room temperature at cathodic potentials of —1000,
—1200 and —1300 mV/SCE, with a counter electrode of electrolytic nickel (99.99 %).

Copper was electrodeposited from 0.2 M CuSO4 in 0.5 M H,SOy, (pH 1.5), at room tempera-
ture at a cathodic potential of -500 mV/SCE, with a counter electrode of electrolytic copper (99.99%).

The electrodeposition was performed onto copper electrodes. The positions of electrodes in
the electrochemical cells were same in the all cases. The quantities of the electrodeposited metals
were 16 mA h cm2.
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Equipment

The deposition of nickel and copper was performed by use of a bipotentiostat, model AFCBP 1,
Pine Instruments Company. The electrochemical cell was plunged into a uniform magnetic field of
500 Oe, which was perpendicular or parallel to the electrode surface using the magnetic system mo-
del M-50, MMR Technologies, Inc. The nickel and copper deposits were examined by a scanning
electron microscope, model Philips SEM-FEG-XL 30.

A schematic illustration of the electrochemical cell, including the field directions, ion velo-
city, v, and the flux of ions, J, is given elsewhere.!2

RESULTS AND DISCUSSION
The nickel deposits obtained at a cathodic potential of —1300 mV/SCE with-

out an applied magnetic field, as well as with both a parallelly and perpendicu-
larly oriented applied magnetic field of 500 Oe, are shown in Fig. 1.

Fig. 1. Nickel deposits obtained at a cathodic potential of —1300 mV/SCE without: a) and b) and
with: ¢), d) and e) a parallelly, and f) a perpendicularly oriented magnetic field of 500 Oe.
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Fig. 1a shows that the nickel deposit obtained without an imposed magnetic
field had a shrub-like structure. This shrub-like nickel structure consisted of bun-
ched nickel grains. In addition, every nickel grain consisted of very small, proba-
bly nano-sized, nickel grains, as shown in Fig. 1b.

The nickel deposit obtained at the same cathodic potential but with the paral-
lel magnetic field is shown in Figs. 1c—1e. This deposit had a porous structure
without bunched nickel grains.

The nickel deposit obtained at the same cathodic potential under the perpen-
dicular magnetic field is shown in Fig. 1f. This nickel deposit had a very develo-
ped dendritic 3D structure. The structure of this deposit consisted of thin nickel
branches or filaments which terminated in flower like aggregates of nickel. The
flower like aggregates of nickel also consisted of thin nickel branches (or fila-
ments) made of small, probably nano-sized nickel grains, like a rosary.

The copper deposits obtained at a cathodic potential of =500 mV/SCE with-
out an applied magnetic field, as well as with both a parallelly and perpendicu-
larly oriented applied magnetic field, are shown in Fig. 2.

It can be seen from Fig. 2 that the copper deposits obtained without (Figs. 2a
and 2b) and with the perpendicular field (Figs. 2e and 2f) had dendritic structu-
res. The copper deposit obtained with the parallel field (Figs. 2¢ and 2d) had a
cauliflower-like structure.

The application of the concept of “effective overpotential” for the case of a
change in the hydrodynamic conditions caused by the effects of a magnetic field
means that the morphologies of the nickel and copper deposits obtained under pa-
rallel fields (the largest MHD effect) should be, at a macro level, similar to those
obtained at some lower overpotentials or potentials without an imposed magnetic
field. This assumption will be considered below.

The nickel deposit obtained at a cathodic potential of —1200 mV/SCE with-
out an applied magnetic field is shown in Fig. 3a. It can be seen that there is a
similarity at a macro level between the morphology of this nickel deposit and the
morphology of the nickel deposit obtained at a potential of —1300 mV/SCE under
the parallel magnetic field (Figs. 1c — le). Both nickel deposits are without den-
dritic and globular parts and with clearly visible nickel grains. The only differ-
rence lies in the compactness of the deposits, which is a consequence of the larger
nucleation rate and more intensive hydrogen evolution at a potential of —1300 mV/SCE
than at a potential of —1200 mV/SCE.

Also, the concept of “effective overpotential” can be illustrated by the com-
parison of the nickel deposit obtained at a cathodic potential of —1200 mV/SCE
under the parallel magnetic field with the nickel deposit obtained at —1000 mV/SCE
without an imposed magnetic field. The morphologies of these nickel deposits
are shown in Figs. 3b and 3c. The morphology of the nickel deposit obtained at a
potential of —1200 mV/SCE under the parallel field is shown in Fig. 3b, while the
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morphology of the nickel deposit obtained at —1000 mV/SCE without applied
magnetic fields is shown in Fig. 3¢. From Figs. 3b and 3c, it can be observed that
there is similarity at the macro level between these nickel deposits. The bounda-
ries between adjacent nickel grains cannot be observed. Nevertheless, the nickel
deposit obtained at —1200 mV/SCE under the parallel field (Fig. 3b) was more
similar to that obtained at —1000 mV/SCE without an applied magnetic field than
to that obtained at —1200 mV/SCE without an imposed magnetic field (Fig. 3a).

5

Fig. 2. Copper deposits obtained at a cathodic potential of —500 mV/SCE without: a) and b) and
with: ¢) and d) a parallelly, and e) and f) a perpendicularly oriented magnetic field of 500 Oe.
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This concept can also be applied for the case of the electrodeposition of copper.
As mentioned earlier, the morphology of the copper deposit obtained at a cathodic
potential of —500 mV/SCE under the parallel field had a cauliflower-like structure
(Figs. 2c and 2d), while the morphology of the copper deposit obtained without an
applied magnetic field had a very dendritic structure (Figs. 2a and 2b). It is known
that dendritic structures are main characteristic of electrodeposition under conditions
of full diffusion control, while cauliflower-like structures are characteristic of a do-
minant diffusion control in a mixed control of the electrodeposition process.20

= Fig. 3. Nickel deposits obtained at a cathodic potential
of —1200 mV/SCE: a) without, b) with a parallelly
" oriented magnetic field of 500 Oe, and c) the nickel

g deposit obtained at a cathodic potential of
c) —1000 mV/SCE without an applied magnetic field.

Thus, it can be seen that the application of a parallel magnetic field of 500 Oe
led to a shifting of the formation of characteristic morphological forms toward lo-
wer cathodic potentials by about 100 —200 mV. Hence, the obtained morpholo-
gies of the nickel and copper deposits can be explained by the concept of “effec-
tive overpotential” in the manner below.

The deposition overpotential, 7, in the region of mixed activation/diffusion
control is given by Eq. (1):20

5= be In-+ be T

23 iy 23 1-(ilip)

where b, is the cathodic Tafel slope and iy and i are the exchange and the limi-

ting current densities, respectively. The activation part of the deposition overpo-
tential required for the charge transfer, 77,, is given by Eq. (2):

(1)
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and the remaining overpotential, 74iff, given by Eq. (3):

Y
A3 1 (/i)

is due to mass transfer limitations (diffusion limitation primarily).

The influence of magnetic field appears to be restricted to the diffusion-limi-
ted regions. During electrolysis under parallel fields, the Lorentz force induces
convective flow of the electrolyte close to electrode surface. A magnetically sti-
mulated convection leads to a decrease in the thickness of the diffusion layer,
thus the diffusion-limited current is increased. This will lead to a decrease in the
degree of diffusion control of the electrodeposition process, because the current
density of the electrodeposition process increases with increasing limiting diffu-
sion current density at a fixed value of overpotential 7, and then, 77, should be
larger in the presence than in the absence of the effect of a magnetic field. If the
applied overpotential remains the same, 7giff must decrease. This is only a quail-
tative analysis, while a quantitative analysis of the change of hydrodynamic con-
ditions has been given elsewhere.!8

As a rule, it was adopted that the limiting diffusion current density depends
on magnetic field, as if, oc B1/3.3 According to Egs. (1) and (3), increasing the li-
miting current density leads to a decrease of the degree of diffusion control of the
deposition process (a decrease of diffusion part in Egs. (1) and (3)), and then, the
electrodeposition process occurs at some overpotential which is effectively low-
er. This overpotential at which a metal electrodeposition occurs when the change
in the hydrodynamic conditions is caused by the effect of an imposed magnetic
field (i.e., by the magnetohydrodynamic effect) represents the “effective overpo-
tential” of the electrodeposition process.

This effect of the parallel field is equivalent to those achieved by vigorous hy-
drogen evolution,!® rotating the electrode? or vigorous stirring of the electrolyte.”

The second special case is that of a magnetic field perpendicular to the plane
surface of the electrode. According to MHD theory, for this orientation of a mag-
netic field to the electrode surface, the Lorentz force is zero, and then, changes in
growth processes are not expected (i.e., the expected MHD effect is zero). In this
set-up the observed effects can result either from the non-homogeneity of the
magnetic field (magnetic field gradient or a ferromagnetic electrode in magnetic
induction, or an electrode composed of a magnetized material), or from an effect
of the magnetic forces on the concentration gradients of electrochemical spe-
cies.!7 Hence, the main forces involved when magnetic fields are applied perpen-
dicular to the electrode surface are the magnetic gradient force (which depends

)
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on the field gradient, VB) and the paramagnetic force (this force is caused by
concentration gradients, V¢, of paramagnetic ions, Cu2™, Fe2*, Co?", Ni2™, etc.).

The difference between the morphologies of nickel and copper deposits ob-
tained with the perpendicular field (Fig. 1f and Figs. 2e and 2f, respectively) and
those obtained without an applied magnetic field (Figs. 1a and 1b, and Figs. 2a
and 2b, respectively) is clearly visible. This difference is larger in the case of the
electrodeposition of nickel than in case of copper electrodeposition. The nickel
deposit obtained under the perpendicular field had a very developed 3D dendritic
structure (Fig. 1f), unlike shrub-like nickel structure (Figs. 1a and 1b) obtained
without an applied magnetic field. On the other hand, although both copper depo-
sits had dendritic structures, there was a difference in the ramification of these
copper dendrites. The copper deposit obtained under the perpendicular field had a
somewhat more ramified structure (Figs. 2e and 2f) than the copper deposit ob-
tained without the imposed magnetic field (Figs. 2a and 2b).

The concept of “effective overpotential” applied to the case of electrodeposi-
tion under perpendicular fields means that the electrodeposition process occurs at
an overpotential which is effectively higher than the overpotential without an ap-
plied magnetic field.

There is the opposite effect to the case of metal electrodeposition under para-
llel fields. The changes in the morphologies under perpendicularly oriented mag-
netic fields were similar to those obtained when limiting diffusion current density
was decreased. In fact, the possibility of decreasing limiting currents with a per-
pendicular field was reported recently.2! Grant et al.2! showed that a uniform
magnetic field perpendicularly oriented to the microelectrode surface in order to
induce rotational flow of the electrolyte causes either an increase or a decrease in
the voltammetric limiting currents (from —37 to +119 %), depending solely on
the size of the electrode. For inlaid disc electrodes with radii less than 100 pm,
the magnetic field driven flow results in a decrease of the transport limited cur-
rent, as a consequence of rotational solution flow adjacent to the surface, preven-
ting gravity-driven natural convection. Some similar local effects on electrodepo-
sition on a small scale profile can probably be expected in the case of electrode-
position of both, nickel and copper, similar to the change of mass transfer con-
ditions described by Bockris et al.22:23

In the absence of the MHD effect, it is clear that the main forces responsible
for the change of morphologies of nickel and copper deposits under perpendicu-
larly oriented magnetic fields are the paramagnetic and magnetic gradient forces.
As already mentioned, the paramagnetic force is caused by concentration gradi-
ents of paramagnetic Cu?™ and Ni2" ions and the effect of this force does not de-
pend on the direction of the magnetic field. The obtained morphologies of nickel
and copper deposits under perpendicular fields are similar to those obtained by
electrodeposition processes from solutions with lower concentrations of the de-
positing ions without an applied magnetic field.
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The cause of larger change in the morphology of the nickel deposit under the
perpendicular field than the change in the morphology of the copper deposit is
probably the magnetic character of metallic nickel. Changes in the morphologies
of ferromagnetic electrodeposits under perpendicularly oriented magnetic fields
are ascribed to some magnetic properties, such as, for example, magnetoresis-
tance!1:12.15.16 or magnetic anisotropy.$

The possible reason for the change in the morphologies of the nickel and
copper deposits under perpendicularly oriented magnetic fields is the vigorous
evolution of hydrogen at —1300 mV/SCE and —500 mV/SCE, respectively. The
fact that the change in the morphology of the nickel deposit under the perpendi-
cular field is only observed by electrodeposition of nickel at —1300 mV/SCE!>
(and not at lower cathodic potentials) clearly indicates to the contribution of the
vigorous hydrogen evolution to the change in the morphologies of nickel and
copper deposits at high potentials. It can be concluded that the growth of these
very developed dendritic deposits is controlled by convective phenomenon caus-
ed by the magnetic field and diffusion effects.

For example, Shannon et al.” also showed that for a weak value of an appli-
ed magnetic field, a change in the morphology of nickel deposits is possible with
both parallel and perpendicular fields. This change was ascribed to the existence
of a metastable hydrodynamic condition in the plating solution. This metastable
condition is subjected to local disturbances via the applied magnetic fields and
gas evolution. The magnetic field, in addition to acting on the paramagnetic Ni
ions, influences the flow dynamics and stability of the evolved gas bubbles.

The larger change in the morphology of the nickel deposit than the change in
the morphology of the copper deposit obtained under perpendicular fields can
also be ascribed to some other processes characterised only for electrodeposition
of nickel. For example, the electrodeposition of nickel was performed from neu-
tral solutions24 and there is a possible effect of local changes of the pH in the
vicinity of the electrode due to the co-deposition of the corresponding hydroxides
with nickel. In the case of electrodeposition of metals from acid solutions (which
is the case of copper from a sulphate solution), there is no effect of local changes
of the pH on the morphology of the electrodeposited metals because hydrogen
evolution causes only a small change of the pH in the vicinity of the electrode.

In any case, the changes in the morphologies of the nickel and copper depo-
sits caused by the effect of the perpendicularly oriented magnetic field clearly in-
dicate that there was some additional energy introduced by the magnetic field of
this orientation. In the case of nickel, this energy was larger than in the case of
copper, which is probably the consequence of the magnetic properties of nickel
(i.e., the fact that nickel is a ferromagnetic metal).

Finally, the subject of this work was only the analysis of the morphologies of
the nickel and copper deposits obtained without and with both parallelly and per-
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pendicularly oriented imposed magnetic fields. The obtained metal morphologies
are explained very well by the concept of “effective overpotential”. The possible
kinetic reasons for the change in the morphologies of the metals under the impo-
sed magnetic fields were not considered.

CONCLUSIONS

Analysis of the morphologies of nickel and copper deposits obtained without
and with both parallel and perpendicular fields showed that the concept of “effe-
ctive overpotential” can be applied for the case when a change of the hydrodyna-
mic conditions is caused by the effect of the magnetic fields (i.e., by the magne-
tohydrodynamic effect).

The nickel and copper deposits obtained under a parallel magnetic field were si-
milar, at the macro level, to those obtained at lower deposition overpotentials without
an applied magnetic field. For example, the nickel deposits obtained at —1200 mV/SCE
and —1300 mV/SCE with the parallel field were similar to those obtained at
—1000 mV/SCE and —1200 mV/SCE without an applied field, respectively.

On the other hand, the analysis of the morphologies of the nickel deposits
obtained under the perpendicularly oriented magnetic field showed that the mor-
phologies of these deposits were similar, at the macro level, to those obtained at
some higher overpotentials, but without an applied magnetic field.

Acknowledgement: This work was supported by the Ministry of Science of the Republic of Serbia
under the research project: “Deposition of ultrafine powders of metals and alloys and nano-struc-
tured surfaces by electrochemical techniques” (No. 142032G).
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VYTULAJ ITIPUMEBLEHUX MATHETHUX ITOJbA HA MOP®OJIOI'UJE TAJIOT'A HUKJIA 1
BAKPA: KOHIEIIT “E®@EKTUBHE ITPEHAITETOCTI”

HEBOJIIA /1. HUKOJINh
HUXTM — Leniuap 3a eaexiupoxemujy, hezowesa 12, 11000 Beozpao

Texuukom ckenupajyhe enexrponcke mukpockormnuje (CEM) cy 6uie ucniurane Mopdosnoruje
Tajora HuKiIa u Oakpa noOujeHe 06e3 MPUMEHEHOT, Kao M Ca MapaleHO U BEPTUKAIHO OPHjEHTH-
caHUM MarHeTHUM nosbuma. [Ipomene mMopgosoruja Tanora HUKIA U GaKpa MO yTUL@jeM IpuMe-
BCHUX MAarHeTHHUX IM0Jba Cy OO0jalllbeHEe KOHIICNTOM “‘edeKTHBHE mpeHaneToctu”. Mopdomoruje
Tajyora HUKJIA U Oakpa IoOHjeHe y MapajelHO OPHjeHTUCAHOM MAarHETHOM IIOJbY Cy OWiIe CIIMYHE
OHMMa JOOWjeHMM Ha HEKMM HWDKUM KaTOJHUM IOTEHIHMjainMa 0e3 NMPUMEHECHHX MarHeTHHUX
nosba. [IprMeHa MarHeTHOT 110Jba Ca BEPTUKATHOM OPHjEHTALN]jOM HpeMa eJICKTPOAHO] MOBPIIHHH
je nosehasa qucrnep3HOCT Tajora HUKJIA U Oakpa. Tano3u HuKIIA U 6akpa J0OUjeHH 1O/l OBOM OpH-
JCHTALMjOM MarHeTHOT 10Jba Cy OWJIM CIMYHH OHMMAa JOOMjeHHMa Ha HEKUM BHIIMM KaTOXHHM
MOTEHLMjaJIMa 0€3 MPHUMEHEHOT MArHETHOT 110Jba.

(ITpumubeno 1. nenem6pa 2006, peuaupano 6. mapra 2007)
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Abstract: Using spectrophotometric methods and pH-metric measurements, it was
found that the uranyl ion and phenylephrine form a 1:2 complex in the pH region
2.50—4.25 with two absorption maxima at 314.2 nm and 340.6 nm. The thermody-
namic stability constant at /=0 and 7= 298 K (room temperature) of the UO,(II)—phe-
nylephrine complex, UO,(CoH;,0,N),, is log /33 =14.0 and AGS=-79.6 kI mol'\. A
linear dependence of the absorbance at 340.6 nm on the concentration of phenyl-
ephrine was obtained in the range from 0.0025 mol dm™ to 0.0245 mol dm™ using a
solution of 0.025 mol dm UO,(NO;), at pH = 3.90 and 7= 0.075 mol dm™. The mea-
surement error was 2.1 %.

Keywords: complex, uranyl ion, phenylephrine, thermodynamic stability constant.

INTRODUCTION
Phenylephrine ((R)-1-(3-hydroxyphenyl)-2-(methylamino)ethanol, CoH130,N)
is a white crystalline powder, and belongs to the group of medicines called sym-
pathomimetics. It acts by stimulating the alpha-receptors in certain areas of the
body. It is used locally, as a decongestant, for non-specific and allergic conjuncti-
vitis, sinusitis and nasopharyngitis.!-2

OH _
CHCH,NHCH,

OH
Phenylephrine

Phenylephrine has been investigated spectrophotometrically using interac-
tions with 1-nitroso-2-naphthol,3 ninhydrin in sulfuric acid* and nitrobenzene de-
rivates.d On the other hand, due to the presence of an amino group and a phenyl
group in the molecule (pK, (~OH)=8.9 and pK, (—-NH%-)= 10.1),! phenyl-

* Corresponding author. E-mail: leposava.pavun@pharmacy.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0709799P
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ephrine forms a complex with Fe3* (Fe3*/phenylephrine = 2:1).67 However, there
are no data in the literature about complexes of phenylephrine and the UO%Jr ion or
other metal ions. The purpose of the present work was to investigate the UO%*—phe—
nylephrine complex and the possibility of the employment of the complex for the
spectrophotometric determination of phenylephrine in aqueous media.

EXPERIMENTAL
Reagents and solutions

Uranyl nitrate (Fluka A.G.), HNO3, NaOH, NaNOj; (Merck) and phenylephrine hydrochloride
(Zdravlje, Serbia), all p.a., were used without further purification.

Uranyl nitrate solution was standardized gravimetrically, by precipitation with oxine (8-hy-
droxyquinoline).®

A solution of phenylephrine hydrochloride was prepared by dissolving a precisely measured
mass of dry phenylephrine hydrochloride in deionized water. The phenylephrine hydrochloride had
previously been dried in a desiccator over silica gel. This solution was stored in a refrigerator.

All solutions were prepared by dilution of 0.0100 mol dm™ solutions of UO,(NOj), and
0.0500 mol dm™ solutions of phenylephrine hydrochloride.

The pH of all solutions was adjusted using HNO3 or NaOH solutions, and the ionic strength of the
final solutions was kept constant by addition of the required volume of a 1 mol dm solution of NaNOs.
Apparatus

The spectrophotometric measurements were performed on a Beckman DU-650 spectrophoto-
meter, using 1 cm quartz cells. The pH values were measured using a pH-meter (pHM-28 Radiome-
ter) and a combined electrode (accuracy +0.01 pH units). Buffers solutions (Radiometer), pH 4.01
and pH 7.00 at 25 °C, were used for calibrating the pH-meter.

RESULTS AND DISCUSSION
Absorption spectra

Phenylepherine and the uranyl(Il) ion formed a complex in the pH interval
2.50 —4.25. Above pH 4.25, the solution of the complex turns orange and a sedi-
ment, i.e., the hydroxide products of the uranyl(Il) ions, is formed. Phenylephrine
is stable at pH < 7.

The absorption spectra (Fig. 1) were recorded using the solutions of 0.002 mol dm3
UO»(NO3); and 0.040 mol dm3 phenylephrine and their mixture, where the con-
centrations of components were the same as in the single solutions, at a constant
pH 4.00 and ionic strength (0.03 mol dm=3). Water was used as the blank.

Also, the calculated spectrum of the complex, A4 =f(1), (Fig. 1, curve 4),
was obtained using the following equation for the calculation of the complex
absorbance, AA4:

Ad = Ay — Ay — Ap (1
where Ay, Ap and A4y are the absorbance of the solutions of UO»(NO3),, phenyl-
ephrine and their mixture, respectively, at the corresponding wavelengths (A).

The absorption spectrum of the complex has two maxima, the more intensive
one being at 314.2 nm and the other one at 340.6 nm. All measurements were per-
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formed at 340.6 nm since the absorbance of the UO»(NO3), solution increases
abruptly at lower wavelengths.

2.0

1.5

1.0+

0.5+

0.0 T T T T T T T T T T
300 320 340 360 380 400
A/nm
Fig. 1. Absorption spectra. 1: mixture 0.002 mol dm3 UO,(NOs), and 0.040 mol dm-3 phenylephrine;
2:0.002 mol dm3 UO,(NO3),; 3: 0.020 mol dm=3 phenylephrine; blank was water;
4: Calculated absorption spectra of the complex (AA).

The absorption spectrum of the UO§+—phenerphrine complex was recorded
in pH range from 2.50 to 4.25 (Fig. 2, curves 1-3), using the previously descri-
bed procedure. The positions of absorption maxima are independent of pH, indi-
cating the formation of only one type of complex in this pH interval.

pH
0.8 1:2.50
2:4.00
3:4.25
0.6 4 2
3
0.4
< 1
0.2 1
0.0
T T T T T T T T T T T
300 320 340 360 380 400

a/nm

Fig. 2. Absorption spectra of the complex at different pH values;

0.002 mol dm3 UO,(NO3), and 0.040 mol dm-3 phenylephrine.
The dependence of the absorbance of the complex and the components on pH
was investigated at three different values of ionic strength, i.e., at 0.025, 0.050
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and 0.075 mol dm=3. The absorbances of solutions of 0.002 mol dm=3 UO,(NO3),,
0.040 mol dm=3 phenylephrine and the mixture (containing the components at con-
centrations the same as in the individual solutions) were measured at 340.6 nm.

For each ionic strength, three curves A =f (pH) were obtained for solutions
UO»(NO3)», phenylephrine and their mixture. By subtracting the relevant absor-
bances of the solution UO»(NO3); and phenylephrine from their mixture, fourth
curve AA = f (pH) was obtained (Fig. 3). This curve represents the change of the
complex absorbance on pH. The pH region 4.00—4.20 was used for this investi-
gation of the complex.

0.5
0.4 1
0.3 1
0.2 1

0.1

0.0 T T T T T T
3.2 3.6 4.0 4.4
pH

Fig. 3. Dependence of the absorbance on pH: Curve 1: mixture 0.002 mol dm™ UO,(NO3), and
0.040 mol dm™ phenylephrine; Curve 2: 0.002 mol dm> UO,(NO3),; Curve 3: 0.040 mol dm™
phenylephrine; the blank was water; Curve 4: AA=f (pH); 4= 340.6 nm, | = 0.025 mol dm"3.

Composition of the complex

The stoichiometric ratio of uranyl ion and phenylephrine in complex was de-
termined by the method of molar ratios.® The absorbances of solutions containing
a constant concentration of UO2(NO3), (0.005 mol dm=3) and different concentrait-
ons of phenylephrine (0.0025-0.0200 mol dm—3) were measured at 340.6 nm at a
constant value of pH 4.00 and of ionic strength (0.05 mol dm3). The blank was the
value of a 0.005 mol dm—3 solution of UO,(NO3),. A straight line, A =f (C(phen)/
/e( UO%*)), with an intercept at ¢(phen)/c( UO%*) = 2 was obtained, which showed
that the stoichiometric ratio of uranyl ion : phenylephrine in the complex was 1:2 (Fig. 4).

The composition of the complex was also determined by the method of vari-
ation of equimolar solutions.!? The absorbances of the series of solutions formed
by mixing equimolar solutions UO,(NO3), and phenylephrine (0.025 mol dm3)
at a constant value of pH 3.75 and of ionic strength (0.05 mol dm—3) were mea-
sured at 340.6 nm, i.e., the Job’s method!? was employed. The blank was a solu-
tion of UO2(NO3), with the same concentration and pH as in the employed mix-
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ture. On the curve of the dependence of the absorbencies of these solutions on the
molar fractions of the UOZ* ion, there was a maximum at the molar fraction of
UO3*=0.33 (Fig. 5), which confirms that the composition of the complex was
UO3*/phenylephrine = 1:2.

1.04
0.8
0.6
0.4

0.2 1

0.0 T T T T T T T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0
c(phen)/c(UO3)

Fig. 4. Method of molar ratios. Dependence of absorbance on molar ratio c¢(phen)/c( UO%*);
pH 4.00, 0.005 mol dm3 UO,(NOj3),; 0.0025-0.020 mol dm-3 phenylephrine; Blank:
0.005 mol dm3 UO,(NOs),; 4 = 340.6 nm; pH 4.02+0.01; | = 0.03 mol dm3,

0.4+

VAN
/N

<C 0.2
\ Fig. 5. Method of variations of equimolar solu-
. tions (Job’s method). Change of absorbance
011 ~, with mol fraction of x(UO3*). c®(U03%%) =

= cO(phen) = 0.025 mol dm™3; blank is solu-

tion of UO,(NOs), with the same concentra-

0.0 T T T 1t i i = .

0o 02 o o 08 tions and pH as in mixtures. A =340.6 nm;
x(UO%)  pH 3.75+0.01; | = 0.05 mol dm3,

Infrared spectra of phenylephrine and of the complex

To find the position where the uranyl ion is linked to phenylephrine, the IR spe-
ctra of phenylephrine and of the isolated complex were recorded, using the KBr
pellet method, in wave number region from 4000 to 800 cm~1 (Fig. 6). The com-
plex was prepared by mixing solutions of UO2(NQO3)2 and phenylephrine in the
molar ratio 1:2 and heating on a water bath (80 °C) with stirring for 0.5 h. After
standing overnight at room temperature, the orange sediment was dried in desic-
cator over silica gel.
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Fig. 6. IR Spectra of a) phenylephrine and b) complex (KBr pellets).

Bands ascribed to bending vibrations of phenolic OH groups in the wave num-
ber region 1280 — 930 cm™! were not present in the spectrum of the complex.
This fact indicates that complex formation of UO3* with phenylephrine occurs
through the phenolic OH group.

Stability constant of the complex

It was found by measuring the pH of a 0.005 mol dm=3 UO»(NO3); solution
and of a 0.010 mol dm3 phenylephrine solution, as well as their mixture con-
taining the same concentrations as in single solutions that c(H")mixture > c(H")yrany1 +
+ ¢(H )phen. This means that phenylephrine participated in the formation of the
complex according to the reaction:

U052t + 2 CgH|30,N == UO,(CgH[,0,N), + 2H* 2)
whereby an H' ion is released from the phenyl group.!!

The stability constant of the complex UO,(CoH1,0,N), was determined at
pH 3.90, combining the Bjerrum method (Egs. (2) and (3)),!2 w1th Egs. (4)—(6).13-15
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The highest complex concentration which matches the values 4y,x and pH = 4.20
is on the maximum of the curve A4 =/ (pH) (Fig. 2). It was not possible to cal-
culate concentration of the complex, c¢(Complex), from A, using the Bjerrum
method. Since the overall concentration of phenylephrine, co(HCgH1,0,N), i.e.,
co(HLY), in the mixture was 20 times higher than the concentration of UO%Jr
ions, it can be considered that most of the UO%Jr ions were bound in the com-
plex, i.e., the overall concentration of uranyl ions, cq( UO%JF) equaled the concen-
tration of the complex (c(Complex) ~ co( UO3*)). Therefore, the molar absorpti-
vity, a, was calculated from the equation:

P— . (3)
co(UOZH)

The concentrations of the complex, UO3*, and CoHi30,N (cp) were
calculated at pH 3.90 from the following equations:

c¢(Complex) = A4 4)
a
co(UO3*) = ¢(UO3H) + ¢(Complex) ®)
co(HLY) = ¢(HL") + ¢, + 2¢(Complex) (6)
_c(H")ep
4T o(HLY) @)

where kd1 is the first dissociation constant of the phenolic hydroxylic groups of
phenylephrine in aqueous solution.!

According to Eq. (2), the stability constant of the complex, /5, is:
c(Complex

pr =) (8)

c(UO3 )cL_

The stability constant /5 was calculated for three different ionic strengths (Table I).

TABLE I. The concentration stability constants, /5, of the UO%*—phenylephn'ne complex UO,(CgH;,0,N),
at different values of ionic strength 7, pH 3.90, 7= 298 K

I/ mol dm™3 Box10713 log 5
0.025 1.89 13.28
0.050 1.67 13.22
0.075 1.55 13.19

The thermodynamic stability constant of the complex, ﬁg , was determined
by extrapolation of the curve log/ = £ (10-5) (Fig. 7) and its value was 1.0x1014,
The thermodynamic parameter, the chemical potential, AG?, for the formation of
the complex at room temperature (25 °C) was calculated using the equation:

AGS =-RT Inf3) =-79.6 kJ mol~! )
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logh, K

133

131

: . Fig. 7. Dependence of the stability constant, £, of the UO,(I)—
01 02 Vi —phenylephrine complex on ionic strength 7, 7=298 K.

Possibility for quantitative determination of phenylephrine

The relatively high value of the stability constant of the uranyl(Il)—phenyl-
ephrine complex enables the quantitative determination of phenylephrine from the
absorbance of the complex at 340.6 nm. A curve of the dependence of the absor-
bance of the complex on the concentration of phenylephrine was constructed us-
ing solutions containing a constant concentration of UO2(NO3); (0.025 mol dm3)
and different concentrations of phenylephrine at pH 3.90 and a constant ionic stre-
ngth of 0.075 mol dm=3. Water was used as the blank. A linear dependence of the
absorbance of the complex on the concentration of phenylephrine was obtained in
the interval 0.0025—0.0245 mol dm—3. The regression equation y = 7.88 x — 0.0095
was calculated with a high correlation coefficient of = 0.9997. The accuracy of the
method was determined for three different phenylephrine concentrations (Table II).

TABLE II. The spectrophotometric determination of phenylephrine

Cphen / MOl dm™3

SDx10* CV/I%
Taken Found
0.0050 0.0048 3.30 2.1
0.0125 0.0125 2.33 1.9
0.0225 0.0226 2.74 1.9

Due to the fact that the UO3™ ion forms complexes with other compounds (such
as rutin, 16 3-hydroxyflavone!! and hesperidin!) and these complexes have high
absorbances in the spectral domain of the investigated UO3*phenylephrine com-
plex, it is necessary to exclude these compounds from the investigated solutions.

CONCLUSION

The thermodynamic stability constant at 25 °C of the UO,(II)—phenylephrine
complex log ,Bg =14.0 and AG5=-79.6 kJ mol! indicate the formation of a stable
complex. Since the absorbance of the complex at 340.6 nm is linear function of



SPECTROPHOTOMETRY OF URANYL-PHENYLEPHRINE SYSTEM 807

the phenylephrine concentration without a large excess of UO3* ions, spectropho-
tometric measurements can be used for the quantitative determination of phenyl-
ephrine in aqueous solutions without interfering compounds. Also, the high stabi-
lity constant of the complex indicates that the complex could be used for other pur-
poses, such as the extraction or desorption of uranyl ions.

N3BOJ
CIIEKTPO®OTOMETPUJCKO UCIITNTUBAKBE YPAHNII-OEHUJIE®PUH CUCTEMA

JIELIOCABA TTABYH', IVIIAH MAJIELIEB' u JIPATAH BECEJIMHOBUR?

! Mucmuimyim 3a usuuxy xemujy, Papmayeyiticku Gaxyaitieis, Yuusepauiieins y Beozpady, Bojeode Ciieiie 450,
Beozpad u > ®akyaitieiti 3a pusuuxy xemujy, Yuusepauitiei y Beozpady, Ciliydeniicku fipz 12, Beozpad

[prmeHoM criekTpodoToMETpHjCKIX MeToAa 1 pH-MeTpujckux Mepema yTephero je ma UO,(1)-jor
u ¢peruneppun rpage 1:2 komruieke y odnactu pH 2,50 — 4,25 ca gBa ancopniyona MakcuMyMa Ha
314,2 nm u 340,6 nm. TepmoanHamudka koHcTaHta crabuianoct Komiuiekca UO,(I)—benuned-
puH, UO,(C9H1,0,N),, Ha /=0 u Ha cobHOj Temneparypu (25 °C) usnocH log ﬂg =14,0,a AGS=
=-79,6 k] mol!. Jluneapua 3aBucHOCT ancop6anImje ol KOHIEHTpaNyje GeHuTehPHHA y BOTCHOM
pacteopy UO,(NO3), xommentparmje 0,025 mol dm™ ma 340,6 nm mobujeHa je y wmHTepBamy
0,0025-0,0245 mol dm™ ua pH 3,90 u I = 0,075 mol dm™. I'peuika Mepema usnocu 2.1 %.

(ITpumsbeno 2. okrodpa 2006, peuaupano 9. mapta 2007)
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Abstract: A derivative spectrophotometric method for the determination of the her-
bicides picloram (4-amino-3,5,6-trichloropicolinic acid) and triclopyr (3,5,6-trichlo-
ro-2-pyridyloxyacetic acid) in mixtures was developed in this work. Derivative spe-
ctrophotometric determination of the selected herbicides was preceded by investiga-
tions concerning the influence of pH, in the pH interval from 1 to 9. At pH 3.2, pi-
cloram and triclopyr solutions are stable under daylight for nine months. This pH was
used for all subsequent determinations. It was also found that the use of the first de-
rivative of the spectra at 232 nm was optimal for the determination of picloram, while
use of the second derivative of the spectra at 211 nm was best suited for the deter-
mination of triclopyr. The calibration curves are linear in the concentration range
0.8 — 13 pg cm™ with correlation coefficients —0.9998 for picloram and 0.9996 for
triclopyr. The limit of detection of the developed method is 0.08 ug cm™ for piclo-
ram and 0.03 pg cm™ for triclopyr. Derivative spectrophotometry was shown to be
an appropriate method for the determination of picloram and triclopyr in mixtures
and in pesticide formulations, unlike the deconvolution method.

Keywords: picloram, triclopyr, mixture, derivative spectrometry, zero-crossing me-
thod, deconvolution.

INTRODUCTION

Picloram (4-amino-3,5,6-trichloropicolinic acid, M; 241.46, Fig. 1a) and triclopyr
(3,5,6-trichloro-2-pyridyloxyacetic acid, M, 256.47, Fig. 1b) are selective syste-
mic herbicides, in the chemical class of pyridine compounds, used worldwide to
control most annual and perennial broad-leaved weeds in lawns, turf, pastures,
rights-of-ways and various crops, such as wheat, barley and oats.! They are used
in the form of salts or esters as active components in different pesticide formula-
tions individually and in mixtures. These formulations, besides the active compo-
nents, generally, also contain one or more inert ingredients, such as liquid hydro-
carbons, ethylene glycol, diethylene glycol monoethyl ether, polyglycol, ethanol etc.2

* Corresponding author. E-mail: abramovic@ih.ns.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0709809A
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Fig. 1. Structures of (a) picloram and (b) triclopyr.

AOAC for determination of picloram and/or triclopyr provides the only offi-
cial method for the determination of picloram and 2,4-D (2,4-dichlorophenoxy-
acetic acid) in mixtures in pesticide formulations, by applying a liquid chromato-
graphic method.3

Spectrophotometric analysis, on the other hand, offers a fast and reliable me-
thod for solving different analytical problems. However, in conventional quanti-
tative spectrophotometric methods based on the measurement of the absorbance
of the analyte at a given wavelength, it is very common, especially in analysis of
complex mixtures, for the analyte to be accompanied by other compounds exhi-
biting interfering signals. In such cases, the derivative method offers a useful
means for improving the resolution of the determination of mixtures, because it
enhances the detectability of minor spectral features.#~7 Namely, derivative spec-
trophotometry is based on use of derivative spectra which are generated from the
zero-order spectra. Separation of overlapped signals and elimination of back-
ground caused by presence of other compounds in a sample can be achieved by
derivatization, enabling the determination of one or more analytes without prior
separation or purification.*~7 Derivative spectrophotometry is an analytical tech-
nique which has proven to be of great use for obtaining qualitative and quantitative
information from spectra composed of unresolved bands by using the first or hi-
gher derivatives of the absorbance with respect to wavelength. It emphasizes subtle
spectral features by enabling the resolution of multi-component elements and re-
ducing the effect of spectral background interferences. This technique offers an al-
ternative approach to the enhancement of sensitivity and specificity in the analysis
of mixtures. The derivative transformation allows discernment against broad band
interferences which arise from turbidity or non-specific matrix absorption.

As already stated, picloram and triclopyr are commercially available in pesti-
cide formulations, either individually or in mixtures, as well as with inert ingre-
dients. For this reason, the objective of this work was to develop a derivative spe-
ctrophotometric method for their determination in mixtures. The developed me-
thod was validated by determination of these herbicides in synthetic mixtures, as
well as in formulations. In addition, the aim of this work was to compare the re-
sults obtained by derivative spectrophotometry to those obtained by using the
deconvolution mode of the software provided with the spectrophotometer.
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EXPERIMENTAL
Chemicals and solutions

Picloram (97.4 %) and triclopyr (99.8 %) were both purchased as analytical standards from
Riedel-de Haén. Boric acid, p.a., was purchased from Kemika, Zagreb, phosphoric acid, 85 %, p.a.,
from Lachema, Neratovice, while sodium hydroxide, p.a., was purchased from ZorkaPharm, Sabac.
All solutions were made using doubly distilled water.

Stock solutions of the investigated herbicides (~250 pg cm™) were prepared for the investig-
ations. Standard solutions for the construction of the calibration curve (0.8—13 pg cm™) were pre-
pared by measuring the required volumes of stock solutions into 10 cm3 volumetric flasks. Then,
2 cm? of Britton—Robinson (BR) buffer pH 3.2 were added and the solutions were made to mark
with doubly distilled water. For investigations of the influence of pH on the absorbance of picloram
and triclopyr, solutions containing 13 pg cm™ of each herbicide and 2 cm3 of BR buffer of the ap-
propriate pH value, in the interval from 1.0 to 9.0, were prepared. In the case of investigation of
stability of solutions of picloram and triclopyr, two series of solutions containing ~25 pig cm™ of
herbicides at pH 3.2 were prepared. One series was left to stand in the light, near a window, while
the other was a control series which was for that reason left in the dark, also at room temperature.
Spectra were recorded periodically during 9 months.

The three investigated synthetic binary mixtures were obtained by measuring appropriate vo-
lumes of stock solutions into 10 cm3 volumetric flasks to make mixtures in which picloram and tri-
clopyr were in the following concentrations: 4 pg cm™ picloram and 12 pg cm triclopyr (mixture 1),
6 ug cm™ picloram and 6 pg cm triclopyr (mixture 2) and 12 pg cm™ picloram and 4 pg cm™ tri-
clopyr (mixture 3). These solutions also contained 2 cm? of pH 3.2 BR buffer.

Furthermore, the developed method was used for the determination of triclopyr in Garlon 3A,
a formulation of this herbicide which, besides triclopyr in form of the triethylamine salt, contained
ethanol, triethylamine and ethylenediaminetetraacetic acid as inert ingredients. The content of the acid
equivalent of triclopyr was 31.8 %. For this purpose, a stock solution of Garlon 3A, in which the
triclopyr concentration was ~250 ug cm™, was prepared. This solution was further diluted to prepa-
re solutions with triclopyr concentrations of ~ 12 pg cm=. These determinations were also carried
out at pH 3.2 by addition of BR buffer.

Unfortunately, a formulation containing a mixture of picloram and triclopyr is not available
for purchase on the Serbian market. For this reason, such a mixture was prepared by adding a solu-
tion of picloram to an appropriate aliquot of Garlon 3A in an amount to obtain a mixture which
contained triclopyr and picloram in the ratio 3:1; the ratio in which these two herbicides are found
in commercially available Grazon®DS. In the said formulation, triclopyr is present as the butoxy-
ethylester and picloram as the hexyloxypropylamine salt.

Analytical procedure

Spectra of all solutions were recorded in the wavelength region from 200 to 325 nm on an An-
thelie version 2 spectrophotometer (Secomam, France), in 1 cm quartz cells with a fixed slit width
(1 nm) at scan rate 1200 nm min"!. Triclopyr was determined either from zero-order spectra at 232 nm
or from the second derivative of the spectra at 211 nm, while picloram was determined from the
first derivative of the spectra at 232 nm. The derivatives of the spectra were smoothed by the adja-
cent averaging method, using 5 data points for smoothing.

In addition to recording the spectra of the investigated compounds, advantage was taken of the
deconvolution mode of the software provided with the spectrophotometer. In this case, calibration was
performed with standard solutions of picloram and triclopyr, each having concentration of 13 pg cm™.
Calibration was followed by recording the spectra of the sample. Subsequently, the concentration of
each herbicide in the mixtures automatically appears on the display of the spectrophotometer.
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RESULTS AND DISCUSSION
Optimization of working conditions

The derivative spectrophotometric determination of the selected herbicides
was preceded by investigations concerning the influence of pH, in the pH interval
from 1 to 9. These investigations were carried out individually for each herbicide
(Fig. 2). The dependence of the absorption spectra with the medium acidity indi-
cates that picloram and triclopyr are involved in acid—base reactions. It was ob-
served that there were no significant changes in the shape of the spectra in the pH
interval from 3.2 to 9.0. All further determinations were carried out at pH 3.2.
Bearing in mind that, according to literature data, the pK, value for picloram is in
the interval 2.2-3.6,8-10 and for triclopyr 2.68-3.89,!! it can be concluded that
dissociation of the carboxyl group occurred at the employed pH value.

(a) (b)

0.0 T T =
200 240 280 320

Alnm Al nm

Fig. 2. The influence of pH on the appearance of 12.60 ug cm™ picloram (a) and
12.50 ug cm™ triclopyr (b) zero-order derivative spectra.

To additionally optimize the working conditions, investigations were underta-
ken to determine whether the investigated compounds degrade in the presence of
light during the time necessary to perform the analysis. Firstly, since there are lite-
rature data! indicating photodegradation of these herbicides, the spectrum of each
compound was recorded five times in a row, in the wavelength region from 200 to
325 nm, to determine if any degradation occurred during the recording of the spec-
trum. This was found not to be the case, i.e., there were no relevant changes in the
peak shape, position or intensity for both herbicides, indicating that no degradation
occurred during the recording of the spectrum. Secondly, two series of solutions
were prepared with the aim to determine if any degradation of the investigated her-
bicides occurs under normal laboratory conditions, i.e., at room temperature in day-
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light. One series was left to stand in the light, near a window, while the other was
the control series which was, for that reason, left in the dark, also at room tempe-
rature. No significant changes occurred in either series of solutions within nine mo-
nths and it can, therefore, be concluded that the analyses can be carried out under
normal laboratory conditions, without the use of special working conditions.

Determination

After the preliminary investigations, the absorption spectra of triclopyr and
picloram (Fig. 3) were recorded individually and in a mixture in the region bet-
ween 200 and 325 nm. As a result of the similarity of the structures of the inve-
stigated compounds, their absorption spectra partially overlap and the analysis of
their mixtures by direct measurement of the absorbance signals was not possible.
For this reason, the use of first to fourth order derivative spectra for the determi-
nation of each herbicide, as well as their mixtures was tested. One of the frequ-
ently used methods in derivative spectrometry is the “zero-crossing” method,*~7:12-17
which calls for the determination of one component at the wavelength at which
the derivative spectrum of the other passes through zero. This method was used
in the present study. Thus, it was found that the use of the first derivative of the
spectra at 232 nm (Fig. 4a, curve 1) was optimal for the determination of piclo-
ram, while the use of the second derivative of the spectra at 211 nm (Fig. 4b, cur-
ve 2) was best suited for the determination of triclopyr, since at these wavelen-
gths practically no interferences were present. The use of higher order derivatives
of the spectra (third and fourth derivative) did not give satisfactory results due to
the high signal to noise ratio and, for this reason, these derivatives of the spectra
were not employed further.

Fig. 3. Absorption spectra of (1) mixture of 12.60 pg cm™
T ey picloram and 12.50 ug cm™ triclopyr; (2) 12.60 ug cm™

0.0 —
200 240 280

2/ nm 0 picloram; (3) 12.50 pg cm triclopyr. pH 3.2.

Calibration curves were constructed from the first and second derivatives of
the picloram and triclopyr spectra, respectively, at the chosen wavelengths. The
regression coefficients and linearity ranges of the calibration curves, obtained by
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the linear fit of the acquired data using the least squares method, are presented in
Table I. The same table presents the limits of detection (LOD) and quantification
(LOQ), which were calculated for both herbicides from the first and second deri-
vatives of the spectra of 20 blank measurements and the slopes of the corres-
ponding calibration curves. Namely, the LOD was determined as the analyte con-
centration giving a signal equivalent to three times the standard deviation of the
blank signal, while for the LOQ this concentration was taken to be equal to ten
times the standard deviation of the blank signal.

(a) (b)

0.015
0.04 4 0.010

0.005

0.000

o
% NI
I
© 00054 ;
-0.010 |
-0.015;
012 - . : -0.020 . . :
200 240 280 320 200 240 280 320
Alnm Alnm

Fig. 4. Derivative spectra of (1) 12.60 pg cm™ picloram and (2) 12.50 pg cm triclopyr:
(a) first and (b) second. pH 3.2.

After establishing the optimal working conditions for the determination of the
selected herbicides, the developed method was applied to the analysis of three syn-
thetic binary mixtures of picloram and triclopyr. Bearing in mind that triclopyr ap-
pears in the commercially available formulations in form of the triethanolamine salt
or butoxyethyl ester, and picloram as the hexyloxypropyl amine salt and that they
rapidly dissociate/hydrolyse in water to the triclopyr acid/anion,!8 i.e., picloram ac-
id/anion (in dependence on the pH of solution), and triethanolamine, butoxyetha-
nol, i.e., hexyloxypropyl amine, the use of triclopyr and picloram as the analytical
standards for the preparation of the synthetic binary mixtures was justified. The
composition of these mixtures was chosen to simulate the composition of commer-
cially available formulations. Namely, in commercially available formulations, the
ratios of triclopyr and picloram varies from 2:1 to 3:1. Furthermore, the ratios of
triclopyr and picloram were chosen with the aim of establishing the influence of
the composition of the mixture on the analysis results. The first and second deriva-
tives of the spectra for all three mixtures are presented in Fig. 5 and the results of
these determinations together with the accuracy and precision data are presented in
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Table II. On comparing the results obtained for the investigated mixtures according
to the 7—test, it can be seen that there was no significant difference between the ta-
ken and found concentration of the analyzed compounds at the 0.05 level, except in
the case of picloram in mixture 3, where there was no significant difference at the
0.01 level. It can, thus, be concluded that the applied method can satisfactorily be
employed for the determination of the above said herbicides.

TABLE . Statistical analysis of calibration graphs in the determination of picloram and triclopyr

by derivative spectrophotometry method

Parameter Picloram Triclopyr
Derivative first Zero second
Wavelength, nm 232 232 211
Concentration range, pg cm™ 0.8-13 1.6-13 0.8-13
LOD, pgcm? 0.08 0.04 0.03
LOQ, pgcm? 0.28 0.13 0.11
Regression equation®

Slope (b) —-6.76x1073 5.10x1072 1.27x1073
Standard deviation of slope (Sp) 6.72x107 1.76x10%3 1.95x10°5
Intercept (a) —8.40%x10™* 1.52x102 3.69x10
Standard deviation of intercept (S,) 5.01x10™ 1.38x102 1.53x104
Standard error of estimations (S,) 5.84x10 1.61x102 1.79x10*
Correlation coefficient (7) —0.9998 0.9991 0.9996

3Y = a+bc, where ¢ is concentration in pg cm™ and Y is 4 (zero derivative), d4/dA (first derivative) and d*4/d2?
(second derivative). The linearity for picloram and triclopyr determined by a six-point calibration.

(a)

0.06

dA/dA

AP

0.06 —— mixture 1
............... miXtUre 2
0.08 ---- mixture 3
T T T
200 240 280 320
Al nm

-0.005 |
-0.010

-0.015

0.015

0.010 4

0.005

(b)

0.000

— mixture 1
------- mixture 2
---- mixture 3

200

T
240

A1 nm

T T
280 320

Fig. 5. Derivative spectra for mixtures of picloram and triclopyr: first derivative (a) and second deri-
vative (b). pH 3.2. Mixture 1-4 ug cm picloram and 12 pg cm3triclopyr; mixture 2-6 pg cm™
picloram and 6 pg cm™ triclopyr; mixture 3-12 pg cm™ picloram and 4 pg cm™ triclopyr.
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TABLE II. Results of the determination of picloram and triclopyr content in synthetic mixtures (n = 6)

Found concentration Recovery RSD a
Mixture g cm % % t-Test
Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr
1 422 12.28 99.8 100.4 2.51 1.68 0.16 0.52
2 6.38 6.40 100.2 100.4 1.65 0.78 0.33 1.17
3 11.98 430 99.3 100.4 0.59 0.69 3.07 1.35

0.05:5 = 2.57; t 01,5 = 4.03.

The same synthetic mixtures were then analyzed by applying the deconvo-
lution mode of the spectrophotometer (Table III). It can be concluded from the
results of the #—test, that when the picloram content was determined, in all cases,
there was a significant difference at the 0.01 level, while the accuracy was better
in the case of the determination of triclopyr, i.e., for the mixture 1 and 3, there
was no significant difference at the 0.05 level and for mixture 2, there was no
significant difference at the 0.01 level. Therefore, the deconvolution mode of
analysis is not entirely applicable to the analysis of the investigated mixtures, i.e.,
better results are obtained using the developed method.

TABLE III. Results of the determination of picloram and triclopyr content in synthetic mixtures
(deconvolution mode of the spectrophotometer) (r = 6)

Found concentration Recovery RSD a
; 3 0 o +—Test
Mixture Hg cm % %
Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr
1 4.42 12.18 104.6 99.5 1.62 1.20 6.68 1.04
2 6.25 6.56 98.1 102.9 1.16 227 4.14 3.06
3 11.78 4.35 97.6 101.5 0.89 2.36 6.66 1.51

0.05,5 = 2.57; 1y 01,5 = 4.03.

The developed method was applied for the determination of triclopyr in Gar-
lon 3A. In this case, the suitability of the zero-order spectra, second derivative
spectra and the deconvolution mode were investigated. Namely, since Garlon 3A
contains only triclopyr, the possibility of using zero-order spectra for determina-
tion of its content was investigated. Statistical analysis of the calibration graph
for the determination of triclopyr by the zero-order spectrophotometric method is
given in Table I. Since the employed spectrophotometer can also operate in the
deconvolution mode, the results obtained by this method were compared to those
obtained from the zero-order and second derivative spectra. The results of these
determinations are presented in Table IV. From the relative standard deviation
(RSD) values, as well as from the results of the #-test, it can be concluded that
zero-order and second derivative spectra can be satisfactorily used for determi-
nation of triclopyr in Garlon 3A. However, the deconvolution mode is not at all
appropriate for the determination of triclopyr in the pesticide formulation.
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TABLE IV. Results of the determination of triclopyr content in Garlon 3A (n = 6)

Mode of determination Found® Rec;) very RSD t~Testb
g % %

Zero-order 31.62 99.42 1.16 1.22

Derivative 31.80 99.99 0.48 0.04

Deconvolution 37.85 119.04 0.62 63.4

*Nominal value for pesticide formulation is 31.8 g per 100 g. bt0‘05;5 =2.57; 1y 01,5 = 4.03.

Furthermore, the developed method was used for the determination of piclo-
ram and triclopyr in a mixture made by the addition of picloram to the solution of
Garlon 3A. The results of these determinations are presented in Table V. As can be
seen, the recoveries obtained from derivative spectra were somewhat higher than
100 % for both determined herbicides. Nevertheless, there was no significant dif-
ference between the taken and found concentration at the 0.05 level for picloram,
and no significant difference at the 0.01 level for triclopyr. However, in case of
the deconvolution method, the results are significantly higher in both cases. It can
be concluded that this method is not at all appropriate for the determination of
picloram and triclopyr in this type of mixture.

TABLE V. Results of the determination of picloram and triclopyr content in a mixture of Garlon 3A
and picloram (n = 6)

Found concentration Recovery RSD
Mode of 3 o o

determination — HE cm. - - - - - -
Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr Picloram Triclopyr

Derivative 4.14 12.54 101.0 101.3 2.17 0.80 0.33 3.92
Deconvolution ~ 5.48 15.91 133.6 128.5 1.85 0.95 333 50.8
at0.0S;S =2.57; 45,015 =4.03.

tTest?

CONCLUSIONS

A derivative spectrophotometric method using the zero-crossing method was
developed for the determination of the herbicides picloram and triclopyr in mix-
tures at pH 3.2. For the determination of picloram, the first derivative was used
by measuring the signal at 232 nm, while the second derivative was used for the
determination of triclopyr by measuring the signal at 211 nm. The developed me-
thod was successfully used to determine picloram and triclopyr in synthetic mix-
tures, as well as in a triclopyr formulation Garlon 3A and Garlon 3A spiked with
picloram, which indicates the possibility of application of the method not only for
these mixtures and pesticide formulations, but for many others as well.
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N3BOJ

JEPUBATHBHO CIIEKTPO©OTOMETPUICKO OAPEBMBAKE XEPBULIMIA
IMMKJIOPAMA U TPUKIJIOIIMPA Y CMEIIN

BUJbAHA ®. ABPAMOBUR!, BECHA B. AHJEPJIYX !, FERENC F. GAAL'2 u JAHUEJIA B. LIOJUR!

TMpupoono—maitiemaitiuuxu gaxyaiieis, eaapiaman 3a xemujy, Tpz JI. O6padosuha 3, 21000 Hosu Cad u
2Bojeobancka axademuja nayka u ymeitinocitiu, Jynascka 37, 21000 Hosu Cad

[Muknopam (4-amuHO-3,5,6-TPUXIOPIUPUIIH-2-KapOOKCHIIHA KUCEIHA) 1 TpuKionup (3,5,6-Tpu-
XJIOp-2-NUPUAMIOKCHCHPHETHA KHCEIIMHA) CY CENIEeKTHBHU CUCTEMHYHM XepOUIMAN, KOJH Ce Y 3alll-
THTH OWJba NIPUMEIbYjY 33 YHUIITABAE jeJHOTOMIIGUX M BUIICTOANIIBUX IHPOKOJIMCHUX KOPO-
Ba. Kako ce Ha TpxuIITY y nectTunuaHuM (opMysanujama Mory HahM MojelMHauyHo ¥ Y CMELIH, Y
OBOM paJiy je pa3BHjeHa JepUBaTHBHA CIIEKTPO(GOTOMETPH]CKa METOIA 38 IbUXOBO CEJIEKTHBHO OJIpe-
huame y cmemm. YV by ontuMusanuje oxpehuBama onabpannx xepOHIIa, HajIIpe je NCIHTaH
ytunaj pH Ha wW3riex BUXOBHX CHEKTapa, y uMHTepBany ox 1 no 9 pH jemunmma. ITpu pH 3,2
pacTBOpU MUKJIOpaMa M TPHUKIONHMpA Cy CTaOWIIHM Ha JHEBHOj cBeTiocTd 9 mecenu. CBa Jajba
onpehuBama cy Bpurena npu pH 3,2. Haleno je na je 3a ogpehuBame mukiopama ONTHMAIHO KO-
PHUCTHTH TPBY U3BOJ CIIEKTPa, MEPeHeM CHrHana Ha 232 nm, JOK je 3a oapehuBame TpUKIONUpa
ONTHMaJIHA IIPUMEHA JIPYTor W3BOJA CIEKTpa, MepemeM curHaina Ha 211 nm. Jlmneapan omcer Me-
pema je ox 0,8 no 13 pgem™ 3a 06a xepbuiuaa ca xoeuiujenToM kopenanuje ox —0,9998 3a
muknopam 1 0,9996 3a Tpuknomup. I'panuna aerexumje paspaljennux mocrymaka je 0,08 pgcm™ 3a
nuknopam u 0,03 pg cm 3a Tpukionup. JepuBaTHBHA CIeKTPOYOTOMETPHjCKA METO/IA Ce MOKa3a-
J1a HOTOHOM 32 ojpehuBame NUKIopaMa U TPUKJIONHPA Y CMEIIH Uy GopMyianujama necTHLHA,
3a Pa3IUKy O]l JEKOHBOIYLIHOHE METOJIE.

(ITpumubeno 14. jyma 2006, pesuaupano 13. mapra 2007)
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Abstract: Titration methods based on an inhibition effect were used to investigate
the interferences from Ti and Zr in the determination of Ca by atomic absorption
and flame emission spectrometry using an air—acetylene flame. Changes either in
the absorption or emission signal of Ca were continuously registered on a computer
display and characteristic titration curves were obtained. The mole ratios between Ti
or Zr and Ca at characteristic points on titration curves were used to explain the quan-
titative changes occurring in the solution being titrated and aspirated into the flame.
In order to investigate procedures for eliminating these interferences, a method of
atomic absorption inhibition release titration was used. For this purpose, a solution
of La, as a releasing agent with a very low Ca concentration, used as an indicator,
was continuously titrated with the solution of Ti as inhibitor. A comparative study of
the activity of Ba, Sr and La as releasing agents was investigated during titration of
Ca with Zr solution. Based on the calculated mole ratios between Zr and Ba, Sr or
La, the effectiveness of these agents in eliminating the interferences was determi-
ned. Possible reactions occurring during evaporation of the aerosol in the air-ace-
tylene flame are represented by chemical equations.

Keywords: interference, calcium determination, titanium and zirconium, flame ato-
mic absorption and emission spectrometry, titration method, releasing action.

INTRODUCTION

Interferences causing lower results during calcium determination by atomic
absorption (emission) flame spectrometry in the presence of Ti or Zr have been
reported in the literature.! Titanium and zirconium, being the inhibiting agents
during the flame spectrometric determination of Ca, are assumed to form thermo-
stable products with this alkaline earth metal.2 This so-called inhibition effect is
especially evident in low-temperature flames.3

In this study, titration based on the inhibition effect* was used to investigate

# Serbian Chemical Society active member.
* Corresponding author. E-mail: jmilinovic@verat.net
doi: 10.2298/JSC0709821S

821



822 STOJANOVIC, MILINOVIC and NIKOLIC-MANDIC

the interferences from Ti or Zr during the determination of calcium in an air—ace-
tylene flame. Definite volumes of standard solutions of titanium or zirconium (ti-
trand solution) were continuously titrated against a standard solution of CaCl;
and vice versa. Simultaneously, as the titrand solution was aspirated into an air—ace-
tylene flame, changes in absorption or emission of the Ca signal (422.7 nm) were
monitored on a computer display. Titration curves with distinct characteristic po-
ints were obtained. The mole ratios between the inhibitors (Ti or Zr) and calcium
at these inflection points were used to explain the processes occurring during eva-
poration of the aerosol in the flame.

It is important to note that the term “titration” is used here to designate an
operation, i.e., a procedure employed for the study of processes occurring in a
flame, rather than to its conventional sense in volumetric analysis.

Interferences from Ti or Zr during the determination of calcium are com-
monly eliminated by addition of La.> Also, Sr or Ba can be used to eliminate che-
mical interferences during calcium determination.6’

The continuous titration method, termed atomic absorption inhibition release
titration® was employed in a study of the elimination of interferences from Ti and
Zr during the determination of Ca. For this purpose, a solution of La with a very
low concentration of Ca, as an indicator, was continuously titrated with Ti. Chan-
ges in the atomic absorption signal of the indicator (Ca) were automatically re-
corded and titration curves with distinct inflection points compared to the blank
curves were obtained. The determined mole ratios between Ti and La were used
to explain the releasing action of La. The activity of Ba, Sr and La in the eli-
mination of interferences was investigated during titration with a Zr solution, in
the presence of Ca as indicator. Based on calculated mole ratios between Zr and
corresponding releasing agents, their effectiveness in the elimination of inter-
ferences was determined. Possible reactions occurring during evaporation of an
aerosol in an air—acetylene flame are presented by chemical equations.

The aim of this study was to summarize the quantitative results obtained in a
study of reactions occurring between Ti and Ca or Zr and Ca, and thus advance
our understanding of the changes in equilibrium occurring during the evaporation
of an aerosol in an air—acetylene flame. Also, the releasing action of La in the eli-
mination of interferences by Ti during the determination of Ca was studied. An
investigation of the effectiveness of Ba, Sr and La in eliminating interferences
from Zr has a scientific rationale, as well as an economic one, because the market
prices of Ba, Sr or La salts vary significantly.

EXPERIMENTAL
Instrumentation and chemicals

A SpectrAA 220 Varian atomic absorption (emission) flame spectrometer was used for all the
titration measurements. The spectrometer was attached to computer which enabled the automatic
monitoring of changes either in the absorption or emission of the Ca signal. During the titration, the
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titrand solution was stirred with a magnetic stirrer and a beaker with the titrant solution was con-
nected to a peristaltic pump (LKB Bromma). The titrant solution was added at constant flow rate
(about 3 ml min'!) from a microburette through a tap connected by a capillary to the peristaltic
pump. The rate of titrant addition was approximately equal to the rate of titrand aspiration into the
flame, in order to minimize changes in volume during the titration.

Continual titration measurements were performed in an air—acetylene flame, with a 0.7 cm burner
height, following the procedure described previously.>-!9 Changes in emission of Ca (at 422.7 nm)
occurring during titration were followed using a 0.2 nm slit width. Changes in the calcium atomic
absorption (at 422.7 nm) were followed employing a hollow cathode lamp (Varian) for Ca, opera-
ting at 10.0 mA.

Highly purified, deionized water used for the preparation of all dilute standard solutions, was
obtained using an Elga PURELAB Option-R 7/15 water purification unit. Standard Ca, Ba and Sr
solutions were prepared by dissolving previously dried appropriate carbonates (p.a. Merck and p.a.
Carlo Erba, Milano) in the minimal volume of 2M HCI or HNOj3. The La(III) solution was prepared
from lanthanum chloride heptahydrate (LaCl;-7H,0, p.a. 98 % BDH laboratory reagents, England).

Standard solutions of Ti and Zr were prepared by dissolvingTiCl, (Baker, USA), i.e., Zr(NO3),
(p.a. Merck). The concentrations of Ti and Zr in these solutions were determined gravimetrically
via the corresponding dioxides, using the cupferron method.!!

RESULTS AND DISCUSSION
The study of the interferences from titanium

In order to study the interferences from titanium, a TiCly solution, in the
10-50 pg Ti ml~! concentration range, was titrated with a CaCl, solution in which
the calcium concentration was 500 ug ml~1. The titration curves in this case had a
characteristic shape with a significant inflection domain labelled by point a (Fig. 1).

Ca emission

1.0+

0.5

- T T T
20.0 40.0 60.0 Time (s)

Fig. 1. Titration of 50 ml water (1), 10 pg Ti ml"! (2) and 50 pug Ti ml! (3)
with CaCl, standard solution (500 pg Ca ml'!).

At the beginning of titration, the Ca emission at 422.7 nm changed only sli-
ghtly, i.e., Ti exerted a considerable depressive effect on the calcium emission.
This occurs because Ti reacts with Ca and thermostable products are simultane-
ously formed during the evaporation of the aerosol. Further addition of the titrant
(500 ug Ca ml™!) leads to a rapid increase in the emission signal, which enables the
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graphical determination of the titration end-point a. In order to calculate mole ratios
Ti/Ca at point a, it is nessecary to subtract the volume of CaCl, added during the
titration of 50 ml deionized water, the so-called blank volume (Fig. 1, curve 1).

Calculation of mole ratios between Ti and Ca at the characteristic point a
(Table I) showed them to be variable. Namely, mole ratios Ti/Ca increase with
increasing concentration of Ti in titrand solution, which indicates the occurrence
of an equilibrium change during the formation of thermostable mixed oxides, i.e.,
Ca0-5TiO;, and Ca0O-6TiO5:

Ti/Ca=52 = CaCl, + 5TiCly + 11H,0 — Ca0-5TiO; + 22HCI
Ti/Ca=6.1 = CaCly+ 6TiCly + 13H,0 — CaO-6TiO, + 26HCI

TABLE 1. Mole ratios Ti/Ca obtained by titration of TiCl, solution with CaCl, solution (500 pg Ca ml!)

Ti concentration / pg ml! Mole ratios Ti/Ca at the inflection point a of the titration curves
10 35
20 43
30 5.22
40 6.1
50 6.2

8The relative standard deviation (RSD) value for five replicates is 7.0 %.

The formation of these mixed oxides with variable contents of CaO and TiO,,
which are introduced into flame as aerosol particles, indicates strongly the possi-
ble reactions occurring in the air—acetylene flame (disregarding possible influen-
ces of the combustion of the flame gases). Hence, the interference observed dur-
ing Ti titration with CaCl, solution, can be ascribed to the much slower evapora-
tion of the obtained calcium titanates, with respect to CaCl,.!2

When a reverse titration was performed, i.e., when a solution of CaCl, was
titrated with a titanium solution, the flame emission of Ca at the beginning of ti-
tration increased rapidly, depending on the calcium concentration in the titrand
solution (Fig. 2). After a brief period, the Ca emission sharply decreased, which
enables the determination of the so-called threshold of sensitivity of the indicator
present — emission at 422.7 nm (point a).

On further addition of TiCly, the emission decreased gradually (depending
on the Ti concentration in the titrant solution), because of the formation of new
stoichiometric compounds between Ca and Ti, which enables the determination
of the titration end-point b. The mole ratios Ti/Ca at points a and b were calcu-
lated and are presented in Table II.

In contrast, in the case of the titration of Ti with calcium solution, the mole
ratios between Ti and Ca decreased with increasing calcium concentration (as ti-
trand), which indicates that the formed thermostable mixed oxides have a higher
CaO content.13:14 It was observed that the Ti/Ca values (at point b) increased
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with increasing concentration of Ti as titrant when the Ca concentration was con-
stant, which proves that the composition of the mixed oxides depends on both the
titrand and titrant concentration. The calculated mole ratios at the first point (a)
designate the threshold of the Ca flame emission signal and it was registered that
Ti inhibited Ca even when its concentration in the solution was ten times lower
than Ca concentration (Table II, Ti/Ca = 0.1).

Ca emission

10 4
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Fig. 2. Titration of 10 ug Ca ml! (1) and 20 pg Ca mlI'! (2) with TiCl, standard solution
(500 pg Ti ml'!) and aspiration of 10 pg Ca m1! (3) and 20 pg Ca ml! (4) as blank curves.

TABLE II. Mole ratios Ti/Ca obtained by titration of a CaCl, solution with a TiCly solution

Mole ratios Ti/Ca at the inflection points of the titration curves

Titrant concentration / pg Ti ml'!

Ca concentration / pg ml™!

200 400 500

a b a b a b
5 0.1 1.0 0.2 1.2 0.2 1.5
10 0.14 0.78 0.2¢ 0.9P 0.1E 1.0F
15 0.1 0.6 0.1 0.7 0.1 0.9
20 0.1 0.5 0.1 0.7 0.1 0.7

RSD values for five replicates are: A0.4, B2.1, C0.8, D4.6, Ey 2 and F4.5 %,

It should be mentioned that similar results were obtained during the monitor-
ing of the Ca absorption signal at 422.7 nm. Also, mole ratios Ti/Ca remained
almost the same when the titrations of Ti with Ca, and vice versa, were perfor-
med by monitoring the emission signal at 622.0 nm (CaO band).

The study of interferences from zirconium

The processes occurring during Zr titration with a calcium chloride solution
are described by the titration curves shown in Fig. 3. In contrast to the titration of
TiCly, the titration curves in this case show a sharp increase in the calcium absor-
ption signal, rather than a gradual one. The existence of two distinct inflection
points, a and b, on the titration curves clearly indicates that inhibition was pre-
sent, but it is less intensive in comparison to Ti as the inhibitor.
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Ca absorption

0.2
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0.0

[ I !
40.0 80.0 120.0 Time (s)

Fig. 3. Titration of 50 ml water (1) and 8 pg Zr mI"! (2) with CaCl, standard solution (100 pug Ca mll).
The mean values of the mole ratios Zr/Ca calculated at point a (Table III)
indicate the possible formation of a mixed sesquioxide between Ca and Zr during

the evaporation of the aerosol (irrespective of whether the absorption, i.e., emis-
sion, at 422.7 nm or emission at 622.0 nm was measured):

Zr/Ca=1.4 = 2CaCl, + 3Zr(NO3)4 + 2H,O — 2Ca0-3ZrO; + 4HCI + 12NO, + 30,

TABLE III. Mole ratios Zr/Ca obtained by titration of a Zr(NOj3)4 solution with a CaCl, or Ca(NOs),
solution (100 ug Ca ml™!)

Mole ratios Zr/Ca at the inflection points of the titration curves

. 1 Titrant
Zr concentration / ug ml
CaCl, Ca(NO3),
a b a b
8 1.6 1.0 1.74 1.0
10 1.48 1.0€ 1.3D 0.9E
12 1.4 0.9 1.6 0.9
15 1.34 0.9 1.4 1.0
18 1.4 0.74 1.4 0.9
Mean values 1.4F 1.06 1.4H 0.9

AThese values are not taken into account.

RSD values for five replicates and the mean values are: 10.48,4.2€, 8.7°, 5.3E 8.7F 5.09, 10.9" and 4.9! %.
Undoubtedly, at the second inflection point, b, the mean stoichiometric ratios

(Table III) show that calcium metazirconate — CaO-ZrO, was formed (melting

point 2550 °C).15 The possible reaction occurring between Ca and Zr in the eva-

porating aerosol can be presented as follows:

Zt/Ca=1.0 = CaCly + Zr(NO3)s + HyO — CaO-ZrO; + 2HCI + 4NO; + O

In the case of Ca titration with Zr(NO3)4 solution, the titration curves have
three pronounced inflection points (Fig. 4). The first one (point a) enables the de-
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termination of the earlier-mentioned threshold of the indicator sensitivity, i.e., Ca
emission (422.7 nm) in the presence of the inhibitor Zr, and it is very similar to
the one obtained by titration with titanium.

Ca emission

04 — -

0.2 —

0.0

T T T
30.0 60.0 90.0 Time (s)

Fig. 4. Titration of 4 ug Ca ml'! (1) and 5 pg Ca ml'! (2) with Zr(NO;), standard solution
(400 pg Zr mI'!) and aspiration of 5 pg Ca ml! (3) as blank curve.

The mean mole ratios within the respective points b and ¢ are obviously very si-
milar, regardless of the changing titrand (Ca) or titrant (Zr) concentrations (Table IV).

TABLE IV. Mole ratios Zr/Ca obtained by titration of a CaCl, solution with a Zr(NOj3)4 solution

Mole ratios Ti/Ca at the inflection points of the titration curves

Concentration / ug Zr ml!

Ca concentration / pug ml™

300 400
a b c a b c
0.1 0.7 1.5 0.2 0.7 1.5
0.24 0.68 1.4€ 0.2P 0.65:F 1.46
0.2 0.7 1.5 0.2 0.7 1.6
10 0.2 0.7 1.5 0.2 0.6 1.6
12 0.2 0.6 1.5 0.2 0.6 1.4
15 0.2 0.6 1.4 0.2 0.7 1.3H
Mean values 0.2! 0.6 1.5K 0.2- 0.6M:N 1.50

RSD values for five replicates and mean values are: 1.74, 2.6, 6.9C, 1.6P, 1.9E, 626,371, 5,07, 47K, 0L, 5,0M and 8.9 %.
HThjs value was not taken into account.
The 95 % confidence limits for the titration end-point and mean values are: (0.65 + 0.02)F and (0.6 + O.l)N.

On the basis of the mean mole ratios of Zr/Ca, obtained at inflection points b
and c, it can be concluded that mixed sesquioxides: 2Ca0-3ZrO; and 3Ca0-2Zr0O,
are formed in air—acetylene flame through the following possible reactions (disre-
garding possible influences of the combustion of the flame gases):

Zr/Ca=0.6=> 3CaCly + 2Zr(NO3)4 + 3H,0 — 3Ca0-2Zr0, + 6HCI + 8NO, + 20,
Zr/Ca=1.5= 2CaCl + 3Zr(NO3)4 + 2H,0 — 2Ca0-3Z10, + 4HCl + 12NO, + 30,

As was mentioned earlier concerning the formation of Ca titanates, the de-
pression of the absorption (or emission) signal of Ca in the presence of Zr can be
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explained in the same manner. Namely, in this case, the interference effect of Zr
must be attributable to the slower volatilization of the formed thermostable cal-
cium zirconates. !>

A study of releasing action of some common reagents in eliminating
interferences from Ti and Zr

In order to investigate the releasing action of La in eliminating interferences
from Ti, a lanthanum chloride solution (in the presence of 4 pg Ca ml~! as indica-
tor) was titrated with a TiCly solution containing 400 pg Ti ml~!, whereby the Ca
absorption at 422.7 nm was followed. The obtained titration curves are characte-
rized by an inflection point a (Fig. 5). The absorption of Ca evidently increased at
first and then, during the reaction of La with Ti, it remained nearly constant (until
the inflection point a was attained). Thereafter, with further addition of titanium, the
absorption of Ca commences to decrease, due to the reaction of Ca as indicator.

Ca absorption

0.2

0.1

0.071

| T T
20.0 40.0 60.0 Time (s)

Fig. 5. Titration of 20 ug La ml'! in presence of 4 ug Ca ml'! (1) and 4 ug Ca ml'! as a blank (2)
with TiCly standard solution (400 pg Ti mI'!).

The mole ratios Ti/La can be determined at point a by subtracting the blank
volume, which refers to the titration of 4 pg Ca mI~! without La, with the same
concentration of Ti, as inhibitor (Fig. 5, curve 2). The mole ratios between Ti and
La at point a remained nearly constant, which suggests that a thermostable com-
pound is formed between lanthanum and titanium — LayO3-TiO; (Table V).

The effectiveness of Ba, Sr and La as releasing agents was investigated du-
ring titration with Zr solution as inhibitor. For this purpose, standard solutions of
Ba, Sr or La with 2 pg Caml™! (as indicator) were titrated with 500 pg Zr ml~1.
The changes in the Ca absorption were continuously registered and at the chara-
cteristic inflection points, mole ratios of Zr and the releasing agent were determi-
ned (Table VI).

It is evident from the mean mole ratios shown in Table VI that Zr reacts with
barium approximately in a 1:3, with strontium in a 1:1, and with lanthanum in a
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1:2 ratio. Based on these quantitative data, the releasing agents may be sequenced
as: Sr > La > Ba regarding their effectiveness in eliminating the interference of
Zr during the determination of Ca. This is because 97.3 g Sr, 277.8 g La and as
much as 457.8 g Ba, are required to eliminate the interference from about 91.2 g
Zr in the form of Zr(NO3)4.

TABLE V. Mole ratios Ti/La obtained by titration of lanthanum chloride in the presence of 4 pg Ca ml™!
(as indicator) with a TiCl, solution (400 pg Ti mI'!)

La concentration / pg ml! Mole ratios Ti/La
5 0.5
10 0.6
15 0.5
20 0.52
25 0.6

4RSD value for five replicates is 3.4 %.

TABLE VI. Mole ratios Zr/Ba, Zr/Sr and Zr/La obtained by the titration of the corresponding
releasing agents in presence of 2 ug Ca ml™! (as indicator) with a Zr(NO3)4 solution (500 pg Zr ml'!)

Ba, Sr, La Concentration / ug ml"!  Mole ratios Zt/Ba  Mole ratios Zr/Sr ~ Mole ratios Zr/La

10 0.3 1.02 0.6
20 0.3 0.9 0.5
25 0.4 0.9 0.5
30 0.3b 0.8 0.5¢
Mean values 0.34 0.9¢ 0.5f

RSD values for five replicates and mean values are: 3.22, 0.8° and 1.4<, 4.39, 7.1¢ and 4.3 %.

According to the calculated mean mole ratio values presented in Table VI,
the reactions between the releasing elements (Ba, Sr or La) and Zr most probably
occurring during evaporation of the aerosol in an air—acetylene flame, disregard-
ding the effects of combustion of the flame gases, can be expressed as follows:

Zr/Ba=0.3 = 3BaCl, + Zr(NO3)4 + 3H,O — 3Ba0O-ZrO, + 6HCI + 4NO; + Oy

Zr/Sr=0.9 = SrCly + Zr(NO3)4 + H O — SrO-ZrO; + 2HCI + 4NO; + Oy

Zr/La=0.5 = 2LaCl3 + Zr(NO3)4 + 3H,O — Lay03-ZrO; + 6HCI + 4NO;, + Oy
CONCLUSIONS

Titration methods based on an inhibition effect were used for the study of the
interferences from Ti and Zr during Ca determination by flame spectrometry in
air—acetylene flame. Titration curves of a characteristic shape with distinct infle-
ction points were obtained. The mole ratios Ti/Ca or Zr/Ca at these points were
used to explain the processes occurring during evaporation of the aerosol in the
flame. It may be concluded that variable thermostable mixed oxides xCaO-yTiO,
are formed during the determination of Ca in the presence of Ti. The values of
the X and y coefficients vary, depending on the concentration of the element
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being titrated (titrand) or the concentration of the element in the titrant solution.
Unlike Ti, during Ca determination in the presence of Zr, it seems that thermo-
stable mixed oxides with a constant composition are formed, such as 3Ca0-2ZrO,,
2Ca0-3ZrO, and CaO-ZrO,. The formation of these oxides probably occurs due
to a much higher melting point of zirconates.

Elimination of the interference of Ti during the determination of Ca with La as
the releasing agent was examined using the continuous atomic absorption inhibi-
tion release titration method. Releasing action of La occurs through reactions ba-
sed on a change of the equilibrium in the evaporating aerosol, which results in the
formation of thermostable mixed oxide LayO3-TiO,. The different releasing acti-
ons of Ba, Sr and La were investigated during calcium titration with Zr(NO3)4. It
can be concluded that Zr reacts with Ba at an approximately 1:3, with Sr at 1:1 and
with La at 1:2 mole ratio. These quantitative data suggest the following sequence
series: Sr > La > Ba, considering the releasing action in the elimination of the inter-
ference of Zr. This parameter is important both in scientific and economic terms.

Acknowledgement: The authors are grateful to the Ministry of Science of the Republic of Serbia for
financial support.

N3BOJ

CMETHE Ol THTAHA Y TUPKOHUJYMA IIPU OAPEBHUBABY KAJILIMIYMA
INTAMEHOM CIIEKTPOMETPUIOM

JVUMHWTPUIE b. CTOJAHOBWH!, JEJIEHA C. MUJIMHOBIR! 1 CHEXXAHA . HHKOHHTI*MAH,HI/ITIZ

11/1chfmmym 3a ilecitiuyuoe u AUy Husoiline cpedure, banaiticka 316, 11080 beozpao—3emyr u
2Xemujcxu akyaitieii, Ynusepauitiein y beozpady, Cinyoeniticku wwipz 16, 11000 beozpao

VY oBOM pamy Cy 3a IpoydYaBamke CMETH:H O] TUTaHA ¥ IUPKOHHjyMa, TIpH oJpehuBamy Kam-
jyMa aTOMCKOM arCOpIIMOHOM M €eMHCHOHOM INTAMEHOM CHEKTPOMETPH)jOM, pazpaljeHe MeToze TH-
Tpanuje, Koje ce 6asupajy Ha eekTy HHXHOUNHMje. Y ToM Iuiby onpel)eHe 3ampeMuHe pacTBopa HH-
xuburopa, Ti win Zr, KOHTHHYaJIHO Cy TUTPOBAaHE PAacTBOPOM KallKjyMa U OOpHYTO, y3 CHMYJITa-
HO pacIplINBabe TUTPaHAA y Ba3dyX—aLeTHICHCKH iameH. McroBpemeHo, npahene cy npomene y
arcopIILMjH, OJHOCHO EMUCHjU KaJlKjyMa Ha qucIuie]y padyHapa. Ha oBaj HaumH cy mobujeHe TH-
TpaIMOHe KPUBE Ca M3PAXKEHUM IPEBOJHUM TaukaMa, y KOjiMa Cy M3padyHaTH MOJICKH OJHOCH W3-
mely nHXHOHUTOpa (THTaHa, ONHOCHO IIUPKOHHUjyMa) U Kaiujyma. JloOMjeH: MOJICKH OHOCH Cy HC-
kopuinfieHH 3a 00jalibehe KBAHTHTATHBHAX MPOMEHA JI0 KOjHX JI0JIa3H y TOKY HCIapaBarba Karu
pacTtBopa y miaMeHy. YIIOpeaHa MpoydaBamka MOCTyIaka 3a eIMMUHACalke cMeTHhH o Ti u Zr cy Bp-
[IeHa METOJOM aTOMCKe arcopnuuoHe “ocnobalhajyhe” nHxubOUTOpCKe TUTpauuje. Y TOM LHUIBY,
pactBopu “ocnobahajyhux” pearenaca (6apujyma, CTpOHIHMjyMa HJIM JIAHTaHA) Cy TUTPOBAHU pac-
TBOPOM ILIMPKOHHjyMa Y3 perucTpoBame npomeHa y arncopnuuju Ca, kao vHANKaTopa. Y TBpheHo je
na La yxmama cMmetsse of Ti u Zr npu onpehuBamy kanmujyma, pearyjyhu ca Ti u Zr y MoiackoM
oxuocy 1:2, mpu uemy Ca ocraje “crnobonman”. Ha nctu Haunh, nokasaHo je na Ba u Sr pearyjy ca
Zr y pa3nYuTHM OZHOCHMA, Y TOKY clieKTpoMeTpujckor oapehuBama Ca. Ha 6a3u n3padyHaTux Mod-
CKHMX OZIHOCa M3Mel)y mupkoHHjyMa U GapHjyma, OZHOCHO CTPOHIMjyMa WITH JIaHTaHa, yTBpheHo je
na ce oxrosapajyhu “ocnobalhajyhu” pearencu, npema epHKacHOCTH y Cy30Hjalby CMETEbH, MOTY
cBpcraTH y HU3: Sr > La > Ba, mTo je 3HauajHO KaKko ca Hay4HOT, TaKO U ca eKOHOMCKOT' CTAaHOBHIIITA.

(ITpumibeno 8. nenemopa 2006, peBuaupano 12. pebpyapa 2007)
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Abstract: In this study the transfer coefficient of evaporation heat of the refrigerant
1,1,1,2-tetrafluoroethane (R-134a) in a vertical plate heat exchanger was experimen-
tally investigated. The results are presented as the dependancy of the mean heat trans-
fer coefficient for the whole heat exchanger on the mean vapor quality. The in-
fluences of mass flux, heat flux and flow configuration on the heat transfer coeffi-
cient were also taken into account and a comparison with previously published ex-
perimental data and literature correlations was made.

Keywords: plate heat exchanger, evaporation, 1,1,1,2-tetrafluoroethane, heat trans-
fer coefficient.

INTRODUCTION

In the last decades, one of the applications of the plate heat exchangers has
been as evaporators or condensers in many refrigeration, air conditioning and
heat pump systems when the fluid acting as a heat source or heat sink was a li-
quid. This is due to their high thermal performance and compactness. For these
purposes various chlorofluorocarbon (CFC) and hydrochlorofluorocarbon (HCFC)
refrigerants were used as working fluids. However, due to the serious depletion
of the ozone layer in the atmosphere and global warming problems, the use of
CFC refrigerants was forbidden and the same destiny is soon awaiting the most
extensively used HCFC refrigerant R-22.

As replacements, various new refrigerants, such as R-134a, R-143a, R-125,
R-410a, R-410b, R-507 have been developed during the past years, which necessi-
tates knowledge of their thermodynamic, thermophysical and heat transfer properties.

Moreover, better comprehension of the heat transfer characteristics during eva-
poration and condensation of the new refrigerants is also essential for the design
of evaporators and condensers.

* Corresponding author. E-mail: emila@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0709833D
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The available literature data on two-phase heat transfer, especially for the new
refrigerants in plate heat exchangers, are relatively scarce. In the past few years
some experimental data have been published the evaporation and condensation of
R-134a and R-410a in a vertical plate heat exchanger.!~¢ Evaporation of ammo-
nia’ and R-228 has also been the subject of experimental investigation. Previous-
ly, heat transfer during the boiling process had been investigated on different pla-
te geometries, with several refrigerants (R-12, R-22, R-113 and R-717) being used
as working fluids.?

Several studies have been published on the heat transfer during evaporation
and condensation of the refrigerant R-22 in micro-fin tubes of various outer dia-
meter.10-12 Also, heat transfer during evaporation and condensation inside hori-
zontal smooth tubes has been examined for a series of refrigerants, including R-12
and R-134a,!3 and R-22, R-410a and R-407c.14.15

A short literature review of previous investigations on boiling or evaporation
of different refrigerants in plate heat exchangers is given in Table .

TABLE 1. Previous investigations of evaporation or boiling in a plate heat exchangers

Ref. Substance Plate type 11\(/??:1?;’1? H}e;;tﬂ;)ieor
1 R-134a Herringbone type PHE 55,70 11 and 15 kW m™2
3 R134-a Herringbone type PHE 50-200 0-35
4 R-410a Herringbone type PHE 50-100 10 and 20 kW m2
6 R-410a Herringbone type PHE 50-125 5-35 kW m2
16 NH; Herringbone type PHE 9-25 10-30 kW m2
R-22, R-12, Herringbone type PHE - 1-20 kW m2
9 R-113,R-717 0.3-23 kW m™?
1.5-17 kW m™
R-22, R-134a, Semi-welded PHE, 50-200 12-20 kW
23 R-134a/R-32, Nickel-brazed PHE
R-134a/R-125/R-134a
7 NH; Herringbone type PHE 0.5-9.5 12-185 kW
3 R-22 Herringbone type PHE with 25.5-36.3 14.7-21.9 kW m2

enhanced surfaces

The experimental system used in the present investigation includes two ver-
tical plate heat exchangers — an evaporator and a condenser. The experiments were
conducted under various test conditions — temperature, pressure and volume flow
rate, employing the refrigerant R-134a. The collected data enabled the calculation
of both the mean and local values of the heat transfer coefficients, as well as the
pressure drops in the plate heat exchangers. In the study presented here, focus
was directed on an experimental investigation of heat transfer and pressure drop
of the refrigerant R-134a in the evaporator.
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EXPERIMENTAL

The experimental system (Fig. 1) was used to investigate the evaporation and condensation of
the refrigerant R-134a in a vertical plate heat exchanger (PHE). It includes two main loops — a refri-
gerant loop and a water—glycol loop, as well as a data acquisition unit.

During the experiments, the temperatures, pressures and flow rates were measured in both loops.

Refrigerant loop

The refrigerant loop contains an evaporator (1), a separation vessel (2), an expansion valve (3),
an inner heat exchanger (4), a compressor (5), two oil separators (6), a condenser (7), a refrigerant col-
lector with level indicator (8), two sight glasses and two volume flowmeters, one at the evaporator
inlet and the other just before the expansion valve.

A vertical plate and frame heat exchanger is used as the evaporator (1). A liquid refrigerant
enters the evaporator at a temperature just a few degrees below the saturation point. In order to ob-
tain various test conditions of R-134a, especially the vapor quality at the exit, pressure, flow rate and
imposed heat flux, various water—glycol flow rates were used and the compressor power was chan-
ged. It is also possible to investigate the influence of flow direction on heat transfer and pressure
drop by changing the direction of the water—glycol flow from concurrent to countercurrent with a
four-way valve (9). The flow direction of the refrigerant is always bottom up.

After partial evaporation in the plate heat exchanger, the two-phase refrigerant flow enters the
separator (2). The liquid part is collected at the bottom of the vessel, together with the liquid fraction
behind the expansion valve and directed back to the evaporator. The volume flow rate in this inner cy-
cle is measured at the evaporator inlet by a calibrated Krohne Ultrasonic Flowmeter (type UFM 3030)
with an accuracy of £1 %. Vapor from the top of the vessel is superheated in the double-pipe inner
heat exchanger (4) by heat transfer from the “hot” liquid refrigerant flowing on the other side.

After the heat exchanger, the superheated R-134a vapor passes through a compressor (5) and
oil separators (6) before entering the condenser (7). In this set-up, a Bock F16/2051 compressor is
used, which offers the choice of working with two, four or with all six cylinders, thus achieving dif-
ferent pressures and flow rates of the refrigerant. A detailed investigation was performed!® in order
to check the efficiency of the used oil separators. Typically the oil content behind the separators was
less than 0.2 mass %.

Another vertical plate heat exchanger functions as a countercurrent flow condenser (7). The su-
perheated refrigerant vapor, which enters the condenser at the top, is completely condensed by the
time it reaches the bottom and exits as a sub-cooled liquid. The water—glycol mixture passes thr-
ough the condenser in the opposite direction, from bottom to top.

From the condenser, the liquid R-134a first flowed to the collector vessel (8), where the liquid
level was constant during stationary operation, visually monitored on a sight glass and measured by
the level indicator, and then to the inner heat exchanger (4) and the expansion valve (3). After reduc-
tion of the pressure, so that partial evaporation occurs in the expansion valve, the two-phase refri-
gerant flow enters the separation vessel (2), where the cycle is completed.

Before the expansion valve, the volume flow rate of R-134a was measured again by a turbine
flow meter, thus enabling the overall energy balance for the refrigerant loop to be checked and the
vapor qualities after expansion and evaporation calculated. Additionally, energy balances were cal-
culated for the evaporator and the condenser, as separate units, using both the refrigerant and the
water—glycol side. The results showed good agreement between the energy input and output (less
than 2 % difference) for all cases reported here.

For temperature measurement, Pt100 thermometers are situated in the middle of the flow, at
the evaporator inlet and outlet, the condenser inlet and outlet, the compressor inlet and outlet and in
front of the expansion valve. The pressure in the system is measured by two types of pressure trans-
ducers — with measuring ranges 0—10 bar and 0—16 bar and a measuring accuracy of £0.5 %.
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Water—glycol loop

The water—glycol loop consists of two sub-cycles, one connected with the evaporator and the
other with the condenser. A mixture with 30.6 mass % of glycol is transported from the heat carrier
collector (10) to the plate heat exchangers by flow regulated pumps. After passing through the eva-
porator in either concurrent or countercurrent flow, the cooled water—glycol mixture returns to the
tank. In the condenser, sub-cycled hot water—glycol flow is partially cooled with external cooling
water in a brazed plate heat exchanger (11) (type Gea Ecobraze AB) and then returned to the tank. This
external cooling compensates the energy input from the compressor so as to keep the overall setup
in a stationary state.

For temperature measurement of the heating/cooling fluid, at the inlets and outlets of both heat
exchangers, Pt100 thermometers are used, while the pressure is measured by pressure transducers ha-
ving a measurement range of 0—4 bar and an accuracy of £0.5 %. The flow rate in the evaporator
sub-cycle is measured by a turbine flowmeter with an accuracy of +1.5 % and in the condenser sub-cy-
cle by a Trimec Multipulse Positive Displacement MP025 flowmeter, with an accuracy of £0.5 %. The
resistance thermometers, the pressure transducers and the flow meters were repeatedly calibrated.

Data acquisition

The data acquisition system includes a recorder (Kethley 2750 Multimeter), a power supply
and a personal computer. The temperature and voltage data are recorded and the collected data sig-
nals are then transmitted through a GPIB interface to a computer for further analysis. The experi-
ment is monitored and controlled, and a preliminary balance check is performed by a routine writ-
ten in LabVIEW® program.

It usually takes approximately 20 minutes for the system to reach stationary state. During this
initial period and during the experiments, the acquisition unit scanns all data channels every 10 or
20 s. For further calculations of the heat transfer coefficients and pressure drop, the mean, time ave-
raged value of the data for each channel is used.

Plate heat exchangers

The plate heat exchangers used in this study are formed by 4 double-plate cassettes (type
NT150S) produced by GEA Ecoflex in a frame. The plate characteristics are given in Table II and a
schematic representation in Fig. 2.

TABLE 1I. Plate dimension

Length L, / mm 872
Width B, / mm 486
Amplitude @ / mm 1.6
Wave length 4/ mm 12
Plate thickness &, / mm 0.6
Thermal conductivity 4, / W m! K- 15
Corrugation angle / ° 63.26

Refrigerant flow passes inside the cassettes while the water—glycol mixture flows through the
channels formed between the cassettes. As sealing against leakage into the environment, EPDM
(Ethylene Propylene Diene Monomer) strips are used, while the inlet and outlet ports are sealed
with Neopren (Polychloroprene) strips. Thermocouples (type K, 0.5 mm diameter) are welded along
the plate surface, in a vertical line on the two middle cassettes, for local temperature measurement.
On one of the plates, the thermocouples are used for measuring the wall temperature and on the other
for measuring the fluid temperature, thus enabling direct calculation of local heat transfer coeffi-
cients on the water—glycol side. The three thermocouples placed near the central horizontal line of
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the plates (position 3 in Fig. 2) measure the temperature in the middle of the plate, but also near the
edges, which gives a better insight into the flow distribution.

A-A
Zii AA 9\/
Q Q

Fig. 2. Geometry of the plates.

Only two thermocouples were installed on each of the two outer cassettes: for measuring the
inlet and outlet temperatures, thus enabling a check as to whether the flow distribution between the
cassettes is even or not.

Beside measurements by the thermocouples, the temperature of both fluids is measured at the
inlet and outlet by Pt100 resistance thermometers, in order to calculate mean heat transfer coeffi-
cients. Pressure transducers are also connected to the inlet and outlet of the plate heat exchangers.

Data reduction

Estimation of the mean heat transfer coefficients for the evaporator requires knowledge of the sin-
gle phase water—glycol heat transfer coefficients. In the course of the analysis, literature correlations,
correlation established on the basis of local measurements and a correlation suggested by the plate
producer, were used for the calculation of this coefficient and the calculated values were compared.

The overall heat transfer coefficient can be expressed by the equation:

Oh

U=—=h 1)
ATy

As the con- or countercurrent flow in the plates was perfect, there was no need for a correc-
tion factor in Eq. (1).

The logarithmic mean temperature difference was calculated from the inlet and outlet tempe-
ratures of both fluids, measured by Pt100 thermometers:
ATy — AT,

AT,

In——
AT,

Alima = @

For the countercurrent flow, the temperature differences are:
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AT] :Th,i —T

3
AT =T, T
and for the concurrent flow, these differences can be defined as:
AT =Th;—T;; @
AT, = Th,o - Tr,o

where the index h is used for the heating fluid, water/ethylene-glycol mixture and the index r for
the refrigerant.
The heat transferred can be calculated from the equation:

O =mycppn (Thi—Tho) (5)
The available heat transfer area can be expressed as follows:
A=2L,B,®N 6)

where N is the number of cassettes. For a further explanations see the Nomenclature and Fig. 2.

Finally, the mean heat transfer coefficient for the refrigerant can be determined from the fol-
lowing equation in which the fouling resistances are omitted, since the experiments involved new
plates with clean surfaces:

- P 7
a U ay 4 @
The vapor quality at the outlet can be calculated either from the heat transferred in the evaporator:
— 1 Qh sat
X, —A—hv£m—r—0p,r(7} -1 (®)

or from the previously-mentioned overall balance for the refrigerant loop. Agreement between the
values calculated by these two approaches was satisfactory, with differences of less than 1 % for all
runs. It should be mentioned here that, for the the graphical representation of obtained results given
in the Results and Discussion section, instead of the exit value of the vapor quality, the mean vapor
quality in the evaporator was used.

Uncertainty analysis was conducted using a formula proposed by Kline and McKlintock.!?
These evaluation results are summarized in TABLE III.

TABLE III. Estimated uncertainties

Parameter Uncertainty

Geometry of the plates

Length, width 0.3 % (max)

Area +4.5%
Measuring instruments

Temperature, PT100 +0.1°C

Temperature, TC +0.4 °C

Pressure transducers 1 %

Water flowrate — turbine +1.5%

Water flowrate — multipulse positive +0.5 %

displacement flowmeter

R-134 Flowrate — ultrasonic flowmeter 1%

R-134 Flowrate — turbine +2 %




840 DJORDJEVIC, KABELAC and SERBANOVIC

TABLE III. Continued

Parameter Uncertainty

Evaporation heat transfer

Heat flux +(4-7.5 %)

Vapor quality +(5-8.5 %)

Evaporation heat transfer coefficient (1015 %)

Friction factor +(15-17 %)
RESULTS AND DISCUSSION

In the present study of R-134a evaporation in a vertical plate heat exchanger,
a series of experiments were conducted under different test conditions.!® The eva-
poration temperature was varied from —8.85 to 11.08 °C (saturation pressure from
0.21 to 0.43 MPa), the values of the refrigerant mass flux were between 40 and
90 kgm2s! and the imposed heat flux was gradually increased from 9 to
15 kW m~2. The experiments involved both concurrent and countercurrent flow
of the fluids through the evaporator. The working conditions of pressure, mass
flux, heat flux and flow configuration during the series of experiments discussed in
this paper are summarized in Table IV. The thermophysical properties of R-134a
necessary for the calculation of the heat transfer coefficient were taken from the
REFPROP database.!® The calculated values of the mean heat transfer coefficient
are presented in graphical form in terms of their variation with the mean vapor qua-
lity xp, in the plate heat exchanger. The mean vapor quality is defined and calcula-
ted as the arithmetic mean value between the inlet and the outlet vapor qualities.

TABLE IV. Working conditions during the experiments

Name Flow direction p/MPa Flux
q/kW m2 m/kgmZs!
TEST 1 Concurrent 0.34-0.43 9-11.3 50-60
TEST la Countercurrent 0.34-0.43 9-11.3 50-60
TEST 2 Concurrent 0.34-0.43 9-11.3 60-70
TEST 3 Concurrent 0.34-0.43 9-11.3 70-80
TEST 4 Concurrent 0.34-0.43 9-11.3 80-90
TEST 4a Countercurrent 0.34-0.43 9-11.3 80-90
TEST 5 Countercurrent 0.26-0.30 11.6-13.5 40-50
TEST 6 Countercurrent 0.26-0.30 11.6-13.5 50-60
TEST 7 Countercurrent 0.26-0.30 11.6-13.5 60-70
TEST 8 Countercurrent 0.26-0.30 13.7-14.9 50-60
TEST 9 Countercurrent 0.26-0.30 13.7-14.9 60-70
Yan Countercurrent 0.675 11 55 and 70

Previous measurements! involving the evaporation of the refrigerant R-134a
were conducted in a plate heat exchanger of a smaller size, different geometry,
with less single plates and at room temperature (25-31 °C). The results presented
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in this study were obtained on a plate heat exchanger with larger number of pla-
tes, in order to approach closer the real exploitation conditions, and at lower tem-
peratures. However, a comparison of current data with the earlier values (working
conditions under which these values were obtained are also given in Table IV)
shows a satisfactory agreement.

In order to calculate the two-phase evaporation heat transfer coefficient, it
was necessary to first determine the single-phase values from the local tempera-
ture measurements. The results of these measurements are shown in Fig. 3 as a fun-
ction of Reynolds number. In the final step, the heat transfer coefficients on the
single phase, water—glycol mixture, side were correlated using the equation:

Nup, =0.39515 Ref 0244 ppl/3 9)

while for the calculation of the Nu and Re numbers, the following definitions
were used:

D

Nuy, =Zh=h (10)
n

Rey, _ Putn Dy (11)
i

The agreement between the values calculated from the above equations and
experimental results is good, having a relative percentage deviation of approxi-
mately 2 %, as can be seen in Fig. 3.

5.0 1 |
u po
4.5- -g 8
] O

@53-)

< »
o o
1 |

a/ kW m?ZK"
w
o
1

)
[3,]
s

d G
exp

2.0 - O «

AN B DL R R R B B LR B
100 200 300 400 500 600 700 800 Fig. 3. Single phase water—ethylene—glycol
Re, heat transfer coefficient.

The influences of the mass flux of the refrigerant and the imposed heat flux
on the heat transfer during evaporation are now closely analyzed. Selected data
are shown in Fig. 4, which shows the dependence of heat transfer coefficient on
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vapor quality for four different mass fluxes. It can be noticed that the heat trans-
fer coefficient increases with the vapor quality, at least for the presented range of
values. This tendency could be explained by the fact that with higher vapor qua-
lity, the thickness of liquid film decreases, and since this film represents an addi-
tional resistance to heat transfer, the influence on the heat transfer coefficient be-
comes favorable.

m TEST1,m, =50-60 kgm™s” ™
34| A TEST2,m, =60-70kgm™s” Am
- a4
v TEST3, my = 70-80 kg mrzsr' » u
® TEST4,m  =80-90 kgm’s [ |
n
3.2 4 oY =
s Y A
& 3.0 ° =
E oW,
2 an
X 23 . .
= Am
S ov
A
2.6 v R-134a
A concurrent flow
A _ 2
2.4 q,,,=9-11.3 W/m
T T 1 T 1

1 .
005 010 015 020 025 030 035 Fig 4.Influence of mass flux on the heat trans-
X fer coefficient, concurrent flow.

The results shown in Fig. 4 for the four investigated mass fluxes during con-
current flow, indicate that the heat transfer coefficient rises with increasing mass
flux. This is the consequence of the fact that a higher mass flux also means a hi-
gher velocity of the two-phase flow and better heat transfer. A similar tendency can
also be noticed in the case of countercurrent flow (Fig. 5), which suggests that the
convective boiling regime is dominant.

381 m TESTS5,m, =40-50 kg/m’s -
1 ® TEST7,m, =60-70 kg/m’s
36 A TEST6,m, =50-60kgim’s | Am
1 A
3.4 .
] Ala
- 3.2 1 . ¥
x ¢
o .
£ 3.0+ o
= 1 [ ]
X 284 )
3 1 0%
26| @®
1 R-134a
2.4 countercurrent flow
1 q,,,=11.6-13.5 kW/m*
2.2
. ; — :

T T T 1 .
015 0.20 025 0.30 0.35 040 045 050 Fig. 5. Influence of mass flux on the heat trans-
X, fer coefficient, countercurrent flow.
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The effects of heat flux on the heat transfer coefficient are shown in Fig. 6.
Two heat fluxes are compared under the same conditions of mass flux, system pre-
ssure and flow direction. The increase in heat flux induces a rise in heat transfer
coefficient, although the effect seems to be less significant than that of mass flux.
Such a behavior would indicate a dominance of the nucleate boiling regime.

The final conclusion could be that since the presented values of heat transfer
coefficient are the mean values for the whole heat exchanger, both mechanisms
occur along the plate and each of them is dominant in one section of the plate.

When the influence of flow direction on heat transfer is considered, under the
same conditions of mass flux, heat flux and system pressure, the experiments show-
ed that the heat transfer coefficients for concurrent flow are higher than in the
case of countercurrent flow. This tendency, shown in Fig. 7, could be explained
by the fact that in concurrent flow, temperature difference in the first part of the
plate is higher than in the case of countercurrent flow. As a result, nucleate boil-
ing, which is characterized by high heat transfer coefficients, occurs faster and
better heat transfer is to be expected.

° 3.6
® TEST7,q,, =11.6-13.5kWm* R-134a A
34| ® TESTS, g, =13.7-148kWm® o 1 @, = 9-11.3 kW m™ n
34| p= 0.34-0.43 MPa " A
o 1 .l N

3.2 o0 u o 324 L .- A PY
o og ¥ ,fx . ™ : L]
e ® ; 3.0 ’. m A
= 307 o ¥ s < o Ae
x ~ PN [ ]
3 on 3 2.8 * L) ¥

2.8 ] ¢ LA

a = R-134 a 2.6 m TEST1,concurr,, m,, =50-60 kgm’s”
countercurrent flow ® TEST 1a, countercurr.,, m, =50-60 kg m’s”
- u m_ =60-70 kg m”s” ] & TEST4,concurr., m, =80-90 kg ms”
2.6 o 2.4 A TEST 4a, countercurr., m, =80-90 kg m”s"
T T T T 1 T v T T T g T u T u T
0.15 0.20 0.25 0.30 0.35 0.40 015 020 025 030 035  0.40
Xm X
m
Fig. 6. Influence of heat flux on the Fig. 7. Influence of flow direction on the
heat transfer coefficient. heat transfer coefficient.

The results of a series of measurements under various experimental conditi-
ons are compared with the literature values! and presented in Fig. 8. These previ-
ously measured data correspond to experiments conducted with the same refrige-
rant, but under different test conditions and on a plate heat exchanger of different
geometry (120 mm x 45 mm, with three single plates, forming two flow channels,
one for each fluid).

Another comparison of the experimental data presented in this study with va-
lues calculated from literature correlations is given in Fig. 9.

The results marked with VDI and Martin were calculated from Eq. (7), with
the value of the single-phase heat transfer coefficient calculated by different cor-
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relations available in the literature.20-21 The results labeled as Danilova and Stei-
ner were directly calculated from the equation for the heat transfer coefficient du-
ring evaporation suggested by these authors.%22

4.5 - 45+
q,,=9-11.3 kW
m] 1| m,.,=50-60 kg m” %" *
4.0 o v¥
.0 4.0
EAA X/ A4 A
S AGD
<« 354 ¥ s SO u
X o * | | u
&
'E £ ] m N
2 T °
= 3.0 ~ L] o
= = 3.0 .
3 3 | ' o %
m] (X J
2.5 - [ ] L] m  present data
2.5 .. ) e VDP
! ¢ Martin®
® TEST1,m, =50-60 kg/(ms), q,, =9-11.3 KW/m" 1 @ “ v Danilov:;”
2.0 o Yan',m =55kg/(m’s),q,, =11 kW/m® A Steiner
T T T T 2.0 T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 022 024 026 028 030 032 034
X ;
Fig. 8. Comparison with previous Fig. 9. Comparison of the current experimental
experimental data.3 data with correlations from the literature.
CONCLUSIONS

The results presented in this study show that all the analyzed factors, i.e.,
mass flux, heat flux and flow configuration, influence, to some extent, the heat
transfer coefficient during the process of evaporation. Since both mass flux and
heat flux cause an increase in the heat transfer coefficient, it could be concluded
that the boiling regime changes from nucleate boiling to convective boiling along
the plate. The mean value of heat transfer coefficient given in this study would
thus include the influence of both evaporation mechanisms. In order to determine
in which section of the plate the dominate boiling regime changes from nucleate
to convective; measurements of the local temperatures along the plate were un-
dertaken. The collected data will enable the calculation of quasi-local heat tran-
sfer coefficients and give a better insight into the boiling process, which will be
the subject of a future study.

Acknowledgement: The experimental measurements presented in this study were conducted in the
Laboratory of the Institute of Thermodynamics at the Helmut Schmidt University of the Federal
Armed Forces in Hamburg, Germany.

NOTATIONS

A — Heat transfer area, m?

a — Amplitude of plate corrugation, m
B — Width, m

¢p — Specific heat, J kgl K'!

Dy, — Hydraulic diameter, m
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L — Length, m

m — Mass flow rate, kg s°!
Mux — Mass flux, kg m2s!

N — Number of cassettes

Nu — Nusselt number

psat — Saturation pressure, Pa
Pr — Prandtl number

Q — Total heat transfer rate, W
g — Heat flux in one segment from the water mixture side, W m2
Re — Reynolds number

T — Temperature, °C

Ts3t — Saturation temperature, °C

U — Overall heat transfer coefficient, W m2 K-!

u — Velocity, m s°!

Xm — Mean vapor quality

U, — Mean flow velocity, m s~

Greek letters

o — Heat transfer coefficient, W m2 K-!

6, — Thickness of the plate, m

Ah,, — Enthalpy of vaporization, J kg"!

AT} miq — Logarithmic mean temperature difference, °C
@ — Area enhancement factor due to corrugation

A — Wave length of plate corrugation, m

A — Thermal conductivity of hot fluid mixture, W/mK
A, —Thermal conductivity of plate material, W m™ K!
1 — Viscosity, Pa s

p— Density, kg m™

v — Angle of plate corrugation, deg

1

Subscripts
ch — Channel
i— Inlet
h — Hot water—glycol mixture
0 — Outlet
p — Plate

r — Refrigerant

N3BOJ

CPEABI KOEOUITUIJEHT ITPEJIA3A TOITJIOTE I1IPU UCITAPABABY
1,1,1,2-TETPA®JIIYOPETAHA (P-134a) YV INIOYACTOM PASMEBHBAUY TOITJIOTE

EMWJIA BOPBEBUR!, STEPHAN KABELAC? u CJIOBOJIAH ILIEPBAHOBUR!

lTexHMomKo—MelBaﬂypm;cu ¢akyaiuein, Ynusepauiteii y beozpady, Kapnezujesa 4, 11120 Beozpao u 2Helmut
Schmidt University of Federal Armed Forces,Holstenhofweg 85, D-22043 Hamburg, Germany

VY oBOM pajy je eKCIIepUMEHTAIHO HCTPaKMBaH KOSQUIMjEHT Ipelia3a TOIUIOTE MPH IBO(a3-
HOM TOKy pacxyagHor ¢uyuma 1,1,1,2-terpadayopoerana (R-134a) y BepTHKaIHOM IIOYaCTOM
pa3MemHBady TOIIoTe. Pe3ynraTti cy mpeicTaB/beHH Kao 3aBUCHOCT Cpe/liber Koe(HIMjeHTa mpe-
J1a3a TOILIOTE 3a LIeO arapar OJf Cpelber cTeneHa cyBohe Xy, YTuuaju MaceHor ¢uiykca, TOIIoTHOT
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¢diykca u koHUTypanuje Toka (Iynna Ha KOeQHIUjeHT Mpea3a TOIIoTe ¢y Takohe y3etn y 00-
3Hp a HAaNpaBJbEHO je U Topeheme ca MpeaxoIHO 00jaBJbEHIM EKCIIEPUMEHTAHUM IoJaliMa U KO-
penanyjama U3 IMTeparype.

(ITpumsbeno 8. dhebpyapa 2007)
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Ozone absorption in a mechanically stirred reactor
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Abstract: Ozone absorption in water was investigated in a mechanically stirred reac-
tor, using both the semi-batch and continuous mode of operation. A model for the
precise determination of the volumetric mass transfer coefficient in open tanks with-
out the necessity of the measurement the ozone concentration in the outlet gas was
developed. It was found that slow ozone reactions in the liquid phase, including the
decomposition of ozone, can be regarded as one pseudo-first order reaction. Under the
examined operating conditions, the liquid phase was completely mixed, while mix-
ing in a gas phase can be described as plug flow. The volumetric mass transfer coef-
ficient was found to vary with the square of the impeller speed.

Keywords: ozone, absorption, stirred reactor, volumetric mass transfer coefficient.

INTRODUCTION

When ozone from a gas mixture is absorbed in water of different quality, the
appearance of free ozone in the water means that there are no fast reactions of 0zo-
ne with substances originally present in the water. Very simple Equations describe
the ozone transfer from a gas mixture to water in stirred tanks in which liquid pha-
se is completely mixed. For the continuous mode of operation, the Equation is:

Gin Cop —Gout Cogyr = KeaVier —cp) )
and for the semi-batch mode:
dc ¥
—L=Kpa(e —c)-n )
dr

where 1 is the overall rate of the slow ozone reactions in the liquid phase. In the
case of distilled water r|_ represents the ozone self-decomposition rate. The value
of r_ may be easily determined by using Eq. (3), which also holds for the conti-
nuous mode of operation:

GIN Ca, ~Gout Coyyyp = LCL +1LV 3)

* Author to whom correspondence should be addressed. E-mail: srdjap@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0709847T
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In Egs. (1) and (3), G and L represent the gas and liquid volumetric flow
rates, respectively, and Cg and c|_ the ozone concentration in the gas and liquid
phase, respectively. However, the experimental determination of the volumetric
mass transfer coefficient from Egs. (1) or (2) requires the ozone concentration in
the liquid phase, which is in equilibrium with ozone partial pressure in the gas
phase, to be known. This concentration, ¢| , is the product of the solubility ratio
S, and average ozone concentration in the gas bubbles present in the gas—liquid
dispersion in the reactor, Cg , according to the Henry law:

¢l =sCg “4)

A variety of data for the equilibrium concentration of ozone in water as a

function of temperature is reported in the literature.l=11 The influence of pH and

ionic strength of the liquid phase on the equilibrium ozone concentration was
also considered.!1,12

Literature values of the solubility of ozone in water, converted to a solubility
ratio at 20 °C and pH 7, are summarized in Table I.

TABLE L. Literature values of the solubility ratio

Reference S
1 0.340
2 0.334
3 0.355
4 0.290
5 0.309
6 0.245
7 0.243
8 0.241
9 0.251
10 0.240
11.1 0.257
11.2 0.270
11.3 0.240
114 0.200
11.5 0.210
11.6 0.220

The values of solubility ratios from Table I can be summarized into two
groups. In the first group, values of around 0.3 and above are predicted,!~> while
in the second group, the values are in the range from 0.2 to 0.27.6711

The value of the solubility ratio suggested by Bin,!0 which approximately re-
presents the mean value of the distribution ratios predicted in the literature,6-11
and has been adopted by IOA, was used in this work.
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On the other hand, the average ozone concentration in gas bubbles present in
a gas—liquid dispersion in reactor, Cg , depends on the mixing status in the gas
phase. It is evident that the value of the equilibrium ozone concentration calcula-
ted on the basis of the ozone concentration in the effluent gas will be lower than
that calculated from the ozone concentration in the influent gas. Consequently, these
different approaches may result in different obtained values of the volumetric mass
transfer coefficients and, furthermore, in different behaviors of the volumetric mass
transfer coefficient when some of the operating conditions are changed (impeller
speed, power input or superficial gas velocity). In this way, different authors sug-
gested different correlations for predicting the volumetric mass transfer coeffi-
cient as a function of power consumption or impeller speed in stirred tank reactors.

Ouederni et al.6 suggested the value of volumetric mass transfer coefficient
to vary with impeller speed to the power 0.67, while Anselmi et al.!3 suggested
the exponent 2. Mallevialle et al.14 and Bouaifi et al.!> suggested that the volu-
metric mass transfer coefficient vary with the specific power input to the power
of 0.5, while Qiu et al.16 suggested exponent 0.4 and Yocum!7 0.46.

Our assumption was that there is not one reason for the behavior of the ozo-
ne and oxygen volumetric mass transfer coefficients to differ when the impeller
speed is changed.

Pejanovi¢!8 found that the oxygen volumetric mass transfer coefficient va-
ried with the square of the impeller speed in the same stirred tank reactor as used
in this study.

This fact was the basis for the determination of the mixing level in the gas
phase in this reactor.

The main objective of this work was to establish a model for precise deter-
mination of the ozone volumetric mass transfer coefficient in opened mechanic-
cally stirred tanks, without the necessity of measuring the ozone concentration in
the effluent gas.

EXPERIMENTAL

The experimental set up is schematically shown in Fig. 1. A closed reactor was used for the
continuous mode of operation, while semi-batch experiments were performed in an open tank.

The impeller speeds and gas flow rates were chosen in the ranges which provide that mecha-
nical sucking be avoided.

An ozone generator Ozone Lab 100/DS, Yanco Industries Ltd. Burton, Canada, was used.
Ozone was absorbed in water in a standard mechanically stirred reactor, equipped with Rushton ty-
pe 6-bladed impeller. The diameter of the tank was 200 mm and the height 400 mm, while the li-
quid height in the reactor was around 200 mm, and was measured in each experimental run. In this
way, the volume of liquid in the reactor was around 6 dm?, but varied from one experiment to ano-
ther. The impeller speed ranged from 300 to 600 min™!, while the gas flow rate was 0.567 dm3 min™! for
continuous and 0.25 dm? min'! for the semi-batch mode of operation. The ozone concentrations in
both the liquid and gas phase were measured by standard iodometric titration.
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Fig. 1. Experimental set up: oxygen bomb (1), gas flow-
K] meter (2), ozone generator (3) and stirred tank (4).

RESULTS AND DISCUSSION
Continuous mode

The experiments were performed in the same reactor and with the same
“clean” water quality as used in the study of Stankovic.!® We are of the opinion
that Stankovic arbitrarily assumed that the ozone decomposition reaction is zero
order with respect to ozone and that there were no fast and slow chemical reac-
tions of ozone with substances present in the “clean” water. This approach resul-
ted in too low values of the volumetric mass transfer coefficients obtained.

The experimentally measured values of ¢g , Cg . and CL, and the two va-
lues of K| a, (K a)our, calculated on the basis of the average ozone concentra-
tion in the gas bubbles being equal to the ozone concentration in the outlet gas
flow, and ( K|a)m, calculated assuming that Cg =( CG,y +5 CGoyr )/6, are summari-
zed in Table II. Only this combination of G,y and CG,,, assures that (K a)n
depends on the square of impeller speed.

TABLE II. Ozone volumetric mass transfer coefficient as a function of impeller speed (gas flow
rate: 0.567 dm3 min'!, liquid flow rate: 1.5 dm?® min!, temperature: 18 °C, solubility ratio: 0.256).
The dependence of ( K a),, on impeller speed is shown in Fig. 2.

n Con Coour CL v (Ka)our  (Kia)y

min’! mg dm™ mg dm3 mg dm dm? min! min’!
300 5.480 4.034 0.168 6.23 0.152 0.142
6.554 4.846 0.226 6.18 0.154 0.144

7.627 5.648 0.295 6.32 0.154 0.144

400 5.480 3.593 0.271 5.87 0.281 0.250
6.554 4314 0.360 5.93 0.288 0.255

7.627 5.085 0.440 5.81 0.288 0.256

500 4.944 2.888 0.314 5.86 0.468 0.388
5.480 3.232 0.362 5.76 0.475 0.394

6.017 3.606 0.411 5.54 0.482 0.401

600 4.944 2.625 0.380 5.92 0.761 0.568
5.480 2.948 0.436 5.92 0.761 0.568

6.017 3.277 0.492 5.92 0.756 0.566
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The ozone volumetric mass transfer coefficient is neither affected by the ozo-
ne concentration in the inlet and outlet gas flow, nor the free ozone concentration
in the water. This means that the ozone self-decomposition and slow chemical
reactions in the liquid phase do not influence the value of the physical ozone volu-

metric mass transfer coefficient.
1

(K @) min?

0.1

100 1000 Fig. 2. Dependence of the volumetric mass
n, mint transfer coefficient on impeller speed.

However, increasing the impeller speed causes a rapid increase of the volu-
metric mass transfer coefficient. Pejanovi¢!8 determined the oxygen volumetric
mass transfer coefficient in the same reactor as used in this work, at 14 °C, and
with a gas flow rate of 40 dm3 h™!. These values, converted to the conditions
from Table II, are summarized in Table III.

TABLE III. Oxygen volumetric mass transfer coefficient as a function of impeller speed

n/ min! 300 400 500 600
(K)o, / min™! 0.175 0.312 0.487 0.706

Pejanovi¢!8 showed that the oxygen volumetric mass transfer coefficient de-
pends on the square of the impeller speed, which also holds for the ozone volu-
metric mass transfer coefficient ( K| @), from Table II. The ratio of these two coef-
ficients is approximately 0.814. This ratio may also be estimated from the ex-
pression given in the literature:!2

n
(KLa)o, _{ Do, 5)
(KLa)o, | Do,

where Do, and Dg, are the molecular diffusivities of ozone and oxygen in
water, respectively, and the exponent n depends on the model of molecular
diffusion, being 1 for the two-film model and 0.5 for the surface renewal and
penetration model. However, different values of the ozone end oxygen molecular
diffusivities are given in the literature. Gottschalk!? suggests that the ratio bet-
ween the ozone and oxygen molecular diffusivities in water is 0.622, while Bin20
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recommends the value of 0.83. Nevertheless, the value obtained in this work
seems to be reasonable.

Therefore, a plug flow for mixing in the gas phase is proposed, which was also
reported by Wu et al.” The ozone volumetric mass transfer coefficient may now be
determined in an open continuous flow stirred reactor, without measuring of ozone
concentration in the outlet gas, from Eq. (1) and with ¢| = s( G, T3 oy )/6.

Semi-batch mode

Determination of the ozone volumetric mass transfer coefficient from Eq. (2)
requires the overall rate of ozone decomposition and slow chemical reactions in
the liquid phase to be known. This rate was determined using Eq. (3) and is ex-
pressed by the following equation:

fL = —ff—L —ky+kcL ©)
T

where ko and Kk are the pseudo rate constants, being 0.05 mg dm3 min~! and
0.1 dm3 min~!, respectively, for Belgrade drinking water at 20 °C.

In a recent paper, Bin?! recommended the method of treatment of experi-
mental data assuming that the equilibrium ozone concentration in water is appro-
ximately constant during absorption. Since this is not quite true, a different app-
roach is proposed.

It was found that the change in free ozone concentration in drinking water with
time, during an absorption run, may be fitted well by the following expression:

¢ =a(l-eb7) (7)

Eqation (7) indicates that the free ozone concentration in water is an incre-
asing function of the absorption time. Consequently, the driving force for absorp-
tion from Eq. (2) decreases with time, causing an increase in the ozone concen-
tration in the outlet gas flow and the ozone equilibrium concentration with ab-
sorption time. The form of Eq. (7) suggests that the change of the ozone equi-
librium concentration in water with time may be well represented by a linear in-
crease of this concentration with increasing free ozone concentration in water:

ol =cp, +Ac (8)

In this way, Eq. (2) becomes:

dc *
d_zl'_: Kia(c{, +Ac, —c)—ko—kicp )
and the solution of this equation is:
K ac] -k
cL LeM, 0 [1 _e—(KLa(l—A)+k1)r] (10)

B KLa(l— A)+ kl
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By comparing Egs. (7) and (10), one may find that:

K ac| —k
a= L, 70 (11)
KLa(l — A)+ kl
and:

b=Kpa(l-A)+k (12)

The time derivative of Eq. (7) is:
do _ abe 07 (13)

dr

This means that this time derivative of the free ozone concentration in water
may be found at any given time, if the values of the constants @ and b are deter-
mined from the best fit of the change of free ozone concentration in water with
time. The exact values of ¢ and constant A are not necessary to be known.

Calculation of K| a from Eq. (2) requires that the ozone concentration in the
outlet gas flow is also known. It is assumed that this concentration may be calcu-
lated from the integral balance, as a mean value over a predefined period of time.
Since Goyr differs from Gy by less than 1 %, the integral balance Equation for
any 2 minutes duration of absorption is:

CLn+t1tCLna1
Geg,y 2=V (CLn1 —CLn-1) — Eko +k 2}/2

“Gourn = G2 (14)

where n is the minutes of absorption time and V is the liquid volume in the
reactor. Eq. (14) is valid in time intervals in which the ozone concentration in the
liquid phase is close to a linear function of the absorption time, i.e., at the begin-
ning of absorption.

Considering ozone absorption in Belgrade drinking water at 20 °C, the inlet
gas flow rate being 0.25 dm3 min~! and the ozone concentration in the inlet gas
33 mg dm3, the data of the change of the free ozone concentration in water with
time given in Table IV are obtained.

TABLE IV. The dependence of free ozone concentration in water (Gpy = 0.25 dm? min'!, n =400 min'!)

7/ min 0 2 4 10 15
c ./ mg dm?3 0 1.30 2.03 3.30 3.62

Fitting of experimental data from Table IV in Origin 5.0 software gives the
values of parameters a and b in Eq. (7), as follows: a=3.827 mg dm~3 and
b=0.1962 min~!. In that way:

(dC—Lj —0.6171— 28
dr ); dm3 min
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CL = 0.682 mg dm=3 and CL,= 1.242 mg dm3, while from Eq. (14), with V = 6 dm3
and n = 1 min:

_ mg
CGOUT,I = 154056@
The ozone volumetric mass transfer coefficient may now be calculated from

the following Equation:
(dCL) + ko + kICL
dT 1 1
K|_a =
s(ScGOUT,1 +Cg, )/ 0-CL,

The obtained values of the ozone volumetric mass transfer coefficient agree
well with the correlation recommended by Linek et al.22 and with the values ob-
tained by Wu and Masten,? but differ from the values given by Bin and Rous-
tan.23 Since the value obtained in the continuous mode, for a gas flow rate of
0.567 dm3 min~! at the same impeller speed, corrected to the temperature of 20 °C
is 0.266 min~!, the correlation given by Pejanovié¢!8 for oxygen transfer in water
in stirred vessels seems to hold for ozone transfer as well:

K|_a=cons‘[(n3d2)2/3u(13/3 (15)

where d is the diameter of turbine impeller and Ug is the superficial gas velocity.

=0.1977 min~!

CONCLUSIONS

Investigations of ozone transfer to water in a semi-batch and continuous flow
stirred reactor were performed in order to determine the ozone volumetric mass
transfer coefficient. The flooding regime and mechanical sucking in the reactor were
avoided by the correct choice of impeller speed and gas flow rate. The investiga-
tions showed that the value of the ozone volumetric mass transfer coefficient is
not affected by the liquid flow rate, since the corresponding values were obtained
in both types of operation. However, the ozone volumetric mass transfer coeffici-
ent was found to vary with the square of the impeller speed and with the third
root of the gas flow rate. The same behavior was previously reported for oxygen
transfer to water.

N3BONO
ABCOPITLIJA O30HA Y PEAKTOPY CA MEXAHUYKWM MEILIABLEM
JBUJbAHA TAKUR!, BIIAJIA BEJLKOBUR!, MUOJIPAT JIA3UR!, I CPBAH IIEJAHOBUR?

lYHusepsuu_Aem y Huwy, Texnoaowxu gpaxyaitieini y Jleckosuy, Jleckosay, u ZYHueepsuthelﬁ y Beozpaoy,
Texnoaowko—meitiasypuiku gaxyaitieit, beozpao

HcnutuBana je abcopmiyja 030Ha Y BOAM Y HIAPKHOM M MPOTOYHOM PEAKTOPY ca MEXaHH-
YKUM MelIameM. Pa3BujeH je mozaen 3a mpenusHo oapehuBame KoepHuIrjeHTa IpeHoca Mace 030Ha
y OTBOPEHUM CyHOBUMa, Oe3 moTpede 3a MepemeM KOHLICHTPAIMje 030Ha y M3/Ia3HoM racy. IToka-
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3aHO je J]a ce CIOope XEMHjCKE peaKirje 030Ha ca MOIyTaHTHMa IPUCYTHUM Y BOIH, YKIbYUyjyhu u
CIIOHTaHY JEKOMIO3HUIIMjy 030Ha, MOTY TPETHPATH Kao jeHA YKYITHA XEMHjCKa peaKija Icey0-Tp-
Bor peza. [Ipu onepaTuBHUM ycioBHMa KopuiheHUM y OBOM pajly, Mellame y TeuHoj dasu je uie-
aJIHO, JIOK C€ 3a MelIllambe y IacHoj (a3u MoXke IPUMEHUTH MOJEN KIUIHOT CTpyjama. KoHcTaToBaHO
je Ia 3ampeMHMHCKH KOe(HILHjEeHT NPEeHOca Mace 030Ha pacTe HMPONOPLHOHAIHO KBajapary Opoja
o0praja MeIanmIe.

PN B WD -
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14.
15.
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17.
18.

19.
20.
21.
22.
23.

(TTIpumsbeno 19. jyna 2006, peBuaupano 27. nenem6pa 2006)
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Abstract: In order to obtain appropriate forms of Agl (- and y-), a procedure was
developed to synthesize Agl at room temperature (23 °C), whereby samples of va-
rying crystallographic purity and of varying crystallographic contents of the differ-
rent forms were obtained. This paper presents the results of investigations of the
influence of the manner of preparation of B-Agl and y-Agl samples and the sample
heating rate on the phase transformations and their temperatures. During the heating
of non-ground, ground and pressed synthesized Agl samples, the phase transfor-
mations and the corresponding temperatures for one -Agl and four y-Agl samples
with different B-Agl contents (representing a crystallographic impurity) were iden-
tified. The following phase transformations were observed for the non-ground Agl
samples: B-Agl — a-Agl at 149.6 °C (for the B-Agl sample) and y-Agl — a-Agl at
148.7 °C or 148.2 °C for the y-Agl samples with a minimum content of B-Agl (less
than 7 %), as a crystallographic impurity. The phase transition y-Agl — a-Agl was
irreversible because B-Agl was obtained whenever the samples were heated up to
260 °C. Manual sample grinding, as well as pressing at p; = 650 MPa and p, = 900 MPa
resulted in the B-Agl — y-Agl phase transition in all the investigated cases.

Keywords: silver iodide, heat treatment, mechanical treatment, phase transfor-
mation, DSC, X-ray diffractometry

INTRODUCTION

Silver iodide exists in three different crystalline phases.!~# According to li-
terature data,% at ambient conditions, Agl usually exists as a two-phase mixture
of the cubic zinc blende-structured y-phase (F—43m, a = 6.495 A, Z=4)5 and the
hexagonal wurtzite-structured B-phase (P63mc, a =4.592 A, c=7.510 A, Z=2).67
At room temperature, the predominant phase is y-Agl phase with the zinc-blende
face-centered-cubic structure F—43m, although some B-Agl is also usually pre-
sent with the wurtzite hexagonal structure P63mc.8 B-Agl becomes the more
stable phase above 384 K although the coexistence of the phases may still occur.”

* Corresponding author. E-mail: mvukic@infosky.net
# Serbian Chemical Society member.
doi: 10.2298/JSC0709857V
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Both phases transform to body-centered-cubic a-Agl at 420 K,4:8:9 which is
stable above this temperature and is the superionic phase.!0-12

The literature reveals disagreement among authors about phase transforma-
tions of some forms Agl during heating. Parsonage and Staveley!3 consider that
there is only one phase transition at a temperature of 147 °C in the course of
heating or cooling, i.e., f-Agl into a-Agl and, vice versa, a-Agl into f-Agl, res-
pectively. The authors were of the opinion that a considerable segment of the
phase transition is isothermal and that y-Agl and B-Agl have lattices of very
similar thickness and energy and transform into a-Agl at the same temperature
(146 — 148 °C). Alpha silver iodide is stable only above 147 °C and transforms
very quickly to the beta phase during cooling down to room temperature.l4:15
According to published data,3 y-Agl is thermodynamically stable at room
temperature and pressure and up to 413 K and 588 MPa; f-Agl is formed above
413 K and pressures of 883 MPa.

It used to be considered that at approximately 410 K (137 °C), p-Agl form
transforms into y-Agl, but this phenomenon was questioned in the literature.16
Perrott and Fletcher!7 claimed that this phase transformation was absent in
samples deviating from stoichiometry by only 1 mol %. Transition temperatures
given in the literature!® are somewhat different and depend on the applied
methods and preparation of the samples, which may affect the quality of the
nature of the phase transition. Values for phase transformation given in the
literature! are: B-Agl — a-Agl: t = 147°C and AH=26.21J g L.

Hanaya et al.20 observed a thermal anomaly in the DSC curves at around
150 °C during heating due to the phase transition from p/y-Agl to a-Agl, as in the
case of bulk crystalline Agl (= 147 °C). However, the transition temperature
from a-Agl to B/y-Agl during cooling decreased remarkably with decreasing pore
size from 50 to 10 nm.

Previous investigations defined the conditions for obtaining stable samples
of y-Agl with an as low percent as possible of the accompanying -Agl and of
B-Agl containing a low percent of y-Agl.21-23

The goal of this study was to contribute to the solution of certain dilemmas of the
type, number and temperature of the phase transformations occurring during heating
and spontaneous cooling, and the effects of grinding/pressing the Agl samples.

EXPERIMENTAL
Synthesis of Agl samples

The synthesis process of both crystallographic forms of Agl, and the employed apparatus
were described in detail in earlier papers*2-23 and only the data of significance for this paper are
presented here.

While adding the AgNOj; solution into the KI solution* the reaction of the chemical
synthesis occurs in an excess of I" ions,21"23 hence B-Agl (with a hexagonal structure) is the do-
minant crystal shape obtained in the sample. While adding the solution in the reverse order, the
reaction occurs in an excess of Ag* ions and y-Agl (with a cubic, face-centered structure) is obtain-
ned as the dominant crystal shape, with different amounts of B-Agl (from 3.3 to 16.0 %). The
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percent of B-Agl in the y-Agl depends on the addition rate and the ratio of the concentrations of the
solutions, as well as on the method of drying the sample 2223

All the procedures were performed almost in darkness, at room temperature under conditions
(solution volume and concentration, and dropping rate) defined in previous papers.22-23 The
amounts of other crystal forms in the synthesized crystalline forms of Agl are given in Table L.

TABLE I. The amount of other crystal form in synthesized crystalline forms of Agl?%23

Crystalline form No. of the sample Amount of other crystal form, I ()" / %
B-Agl 1 2.4 y-Agl
y-Agl 9.9 B-Agl

10.2 B-Agl

16.0 B-Agl

15.6 B-Agl

6.6 B-Agl

3.2 B-Agl

4.2 B-Agl

O 0 9 N L AW

X-Ray diffraction analysis showed that rather pure crystallographic forms of silver iodide
(the B-Agl had a crystallographic purity of 97.6 % and the y-Agl samples between 84 % and
96.8 %), being simultaneously thermodynamically stable (over a certain time period),2223 were
obtained by the developed synthesis procedures.

Methods

The aim of this study was to test the behavior of the synthesized samples of B-Agl and y-Agl
(before and after grinding) on heating from 0 °C to 260 °C and spontaneous cooling back to room
temperature, in order to enable adequate conclusions on the thermal stability of such forms to be
drawn. Also, the influence of grinding on the changes within the structures of these forms, namely
on changes in the behavior at their phase transformations, was studied.

The influence of heating, grinding and pressing of the samples on the stated phenomenon was
studied by the following methods: a) crystal powder diffraction (X-ray) and b) differential scan-
ning calorimetry (DSC).

Agl crystal forms were identified by the X-ray diffraction method, 227 and the obtained results
were compared with data published in JCPDS cards.?® These investigations consisted of heating non-
ground and ground synthesized to a desired temperature and analyzing the obtained diffractograms.

The most adequate method for structural analysis of crystals of polycrystalline samples is the
crystal powder diffraction method. The distance between the level d, the parameter of the grid a in
a cubic lattice (from the general technical term of Hull and Davey),2° that is, the parameters « and ¢
of a hexagonal lattice (for each pair of 26 reflections), are given by well-known expressions. The
mean values a and ¢ were obtained from the previously calculated single values.

The investigations using the DSC method were performed by heating the synthesized samples
(before and after grinding) within the 0-250 °C temperature interval, at heating rates of 1, 2 and
3 °C min"!. Some of the samples were also monitored after the “heating—spontaneous cooling” process.

Apparatus

For testing the influence of heating and grinding of the Agl samples on the change of their
structure and on the phase transformations, the following instruments were employed:

a) Philips APD 1700 Diffractometer with a PW 1820 vertical goniometer and a graphite mono-
chromator, equipped with a computer system which provides direct value procurement for 26, d and 7/1;

b) DSC (differential scanning calorimeter) V2. 2A Du Pont 9900.
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X—Ray sample characterization was performed both with and without previous mechanical
treatment of the samples using the following recording parameters:

— Generator settings: 35 kV and 50 mA;

— Cu-alpha 1, 2 wavelength: 1.54060 A and 1.54439 A;

— Step size, sample time: 0.020 step, 0.50 s, 25.00 s per step;

— Monochromator used: Yes;

— Divergence slit: Constant (1 step);

— Analysis program number: 40;

— Peak angle range: (4.010 — 59.990) step;

— Range in D spacing: (1.54083 —22.0169) A;

— Cryst. peak width range: (0.00 — 2.00) step;

— Minimum peak significance: 0.75.

The DSC instrument was employed for monitoring the heat flow during the heating of the
non-ground and ground silver iodide samples, i.e., for identifying the influence of grinding on their
structural changes and phase transitions.

RESULTS AND DISCUSSION

The influence of heating rate on the phase transformations

The DSC curves shown in Fig. 1 were obtained by heating non-ground sample 1
(curve a) and ground sample 1 (curve b) at a heating rate of 2 °C min™! (see part c).

0.2
- a) B-Agl — a-Agl
1= 149.6°C
- 0.0 1 ! curve a
o (g
; [ curve b
S 0.2 b)
° = 130.7°C
(T 4
® t
044"
T L y-Agl— f-Agl b)
1 1L f-Agl > a-Agl " tn— 149.6°C
'06 T T T T T 1 T T T
0 50 100 150 200 250
t/°C

Fig. 1. DSC Curves of B-Agl (sample 1) recorded at a heating rate of 2 °C min'!: a) non-ground
synthesized powder (hexagonal structure) and b) after grinding (cubic, face-centered structure).
Figure 1 (curve a) shows the presence of only one phase transformation at a
temperature of 149.6 °C (B-Agl — a-Agl) for sample 1 (with the maximum
amount of 97.6 % B-Agl and 2.4 % y-Agl, as a crystallographic impurity). This
phase transformation temperature of 149.6 °C deviates from the values given in
the literature.!3 This was the motivation to study the dependence of the phase
transformation temperature on the sample heating rate (for sample 1, f-Agl). The
results obtained for the thermal stability testing of B-Agl at different heating rates
(1,2 and 3 °C min™!) are given in Table II.
From the results given in Table II, it is obvious that reducing the sample
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heating rate (from 3 to 1 °C min~!) lowered the values of the phase transition
temperature (from 151.8 °C to 148.6 °C). This leads to the conclusion that this
may be the reason for the different values of the phase transition temperature
given in the literature.

TABLE II. Dependence of phase transformation (B-Agl — a-Agl) temperatures on rate of heating
of non-pulverized sample 12223

S le heati te. v/ °C min-! Phase transformation temperature
ample heating rate, v min

t/°C
1.0 148.6
2.0 149.6
3.0 151.8

The influence of thermal treatment on the phase transformations

Determination of phase transitions temperatures was performed by different-
tial scanning calorimeter (DSC) on non-ground samples 1 (B-Agl), and 3, 5, 7
and 9 (y-Agl), at a heating rate of 2 °C min~!. The curves obtained for samples 1,
3 and 9 are shown in Figs. 1,2 and 3 (curves a), while the corresponding data for
the phase transition temperatures and other characteristics of the tested samples
are given in Table III.

0.2
-1 a) a)
curve a tn=147.8°C  t=157°C
< 00 ~
> s )
; ] curve |
S -021 b) b)
Q ;= 130.6°C i — 153.0°C
iy ]
3 \
T -0.4 1 b) ’
ty = 147.6°C
Il
-06 T T T T T T
100 120 140 160
t/°C

Fig. 2. DSC Curves of y-Agl (sample 3); a) non-ground synthesized powder and b) after grinding.

The obtained results indicate that sample 1, with the maximum content B-Agl
(97.6 %), exhibited only one phase transition at 149.6 °C over the whole range of
investigated temperatures (from room temperature to 180 °C). For the samples 7
and 9, with the maximum content of y-Agl and the minimum content of f-Agl
(6.6 % and 4.2 %, respectively), a transition was observed at 148.7 °C, respecti-
vely 148.2 °C (over the same temperature range). However, with samples 3 and
5, which contained a larger percent of B-Agl (9.9 % and 16.0 %, respectively)
compared with samples 7 and 9 (Tables I and III), two peaks appeared on the DSC
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curves, as can be seen in Fig. 2 (curve a) for sample 3. The more expressed maxi-
mum were at 147.8 °C (sample 3, curve a in Fig. 2) and 148.5 °C (sample 5,
curve a in Fig. 5), and the lower maximum were at 157.0 °C (sample 3, curve a in
Fig. 2) and 154.1 °C (sample 5, curve a in Fig. 5).

0.4
1 curve a
b
< 021 R —onet
(e)] curve d_
=
E 0.01
L a) ty=1482°C
b a),b), c)id): b) ty=148.0°C
£o2]  vai-wa e
I
-0.4 ——————————————
0 50 100 150 200 250

t/°C
Fig. 3. DSC Curves of y-Agl (sample 9); a) non-ground synthesized powder, b) after grinding,
c) pressed at a pressure p; = 650 MPa and d) pressed at a pressure p, = 900 MPa.
TABLE III. Phase transformations and their temperatures* for adequate crystallographic forms**
of Agl obtained from DSC method, without and after mechanical and heat treatment of samples
(heating rate, v =2 °C min1)22

Phase transformations during mechanical and heat treatment

Crystallographic 1) B-Agl — a-Agl
S*}anle form before Comenf)/of P-Ael | Aol B-Agl 2)y-Agl — o-Agl M-Agl® — a-Agl
o heating 0 3) B-Agl — M-Agl®
1/ °C t/ °C tm / °C

1 B-Agl? 97.6 - 1) 149.6 -
y-AgI® 22.09 130.7 1) 149.6 -

3 y-Agl? 9.9 125.0 3) 147.8 157.0
y-AglP 36.59 130.6 3) 147.6 153.0

5 y-Agl? 16.0 1223 3) 148.5 154.1
y-AgI® - - 2) 148.6 -

7 y-Agl? 6.6 - 2) 148.7 -
y-AgI® - - 2) 148.5 -

9 y-Agl?® 42 - 2) 148.2 -
v-Agl® - - 2) 148.0 -
y-Agl® - - 2) 148.7 -
y-Agld - - 2) 148.6 -

@Non-pulverized; bpulverized; Cpressed at a pressure p; = 650 MPa; dpressed at a pressure p, = 900 MPa;
°M = a+B+y (a mix of all three forms)

* The temperatures of phase transformations correspond to the peak positions on obtained DSC diagrams.
** The crystalline form of samples at certain temperatures was defined by diffractographic method.
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A series of X-ray diffraction patterns were therefore recorded at different
temperatures, i.e., at 23, 123, 140, 152 and 160 °C or 170 °C, as well as at 23 °C
after cooling.

The presence of the different forms of Agl at these temperatures are given in
Table IV for samples 1, 3, 5 and 9 and in Fig. 4 for sample 5 only.

TABLE IV. Phase compositions of synthesised Agl samples at different temperatures recorded on

diffractograf??
Composition iti
Sample  Composition before P Comp0s1t.10n
. t/°C after cooling
No. heating o
23 123 140 152 160 170 t023°C
1 B-Agl with 2.4 % y-Agl  B*+y pB*+y p*+y o o* o* Br+y
3 v-Agl with 9.9 % B-Agl  y*B  y*B y*B - o* - B*+y
5  y-Aglwith 16.0 % B-Agl y*+f yi+pt B*+y+a  o* - o* BE+y
9 v-Agl with 4.2 % B-Agl  y*+B  yl+pT B*+yta M** - o* B*+y

* Prevailing structure; 4 reduced content; T increased content; ** M = B + y + o (a mix of all three forms)

The diffraction patterns of sample 5 at five different temperatures are presen-
ted in Fig. 4. Pattern a was obtained at 23 °C and corresponds to the initial y-Agl
form with the maximum content of the accompanying -Agl form (16.0 %), while
pattern b obtained at 123 °C shows the presence of two forms of Agl (the domi-
nant y-Agl with an increased content of B-Agl). The patterns ¢ and d, recorded at
140 °C and 152 °C, respectively, exhibit reflections showing the presence of all
three forms of silver iodide (o, B and y) in the samples at these temperatures, im-
plying that a mixture of all three forms of the salt was obtained. At the tempera-
ture of 170 °C (pattern e), only a-Agl was present.

With sample 3 (y-Agl with 9.9 % B-Agl), only was present at 152 °C and
with sample 9 (y-Agl with 4.2 % B-Agl), a-Agl was present at 160 °C. In the
other cases, the other two forms (B-Agl and y-Agl) were present, but their rela-
tive amounts at 123 °C was changed compared to those in the initial sample (ob-
tained by means of synthesis). Such a situation was registered with samples contain-
ing greater amounts of the accompanying -Agl form in mainly y-Agl.

The obtained results show that the initial content of 3 or y form of Agl in a
mixture has an influence on the phase content and the phase transitions of Agl at
the investigated temperatures.

It was concluded that the basic criteria for the explanation of such a pheno-
menon is the percent B-Agl, as a crystallographic impurity, in y-Agl.22:29 The
conducted studies showed that samples of y-Agl containing a higher percent of
B-Agl (samples 3 and 5, with 9.9 — 16 % of B-Agl) underwent the phase transfor-
mation y-Agl — B-Agl, whereas such a transformation did not occur to a signifi-
cant extent in samples 7 and 9 (with a -Agl content within the range 4.2 — 6.6 %).
It is assumed that a higher content of f-Agl (> 7 %) in y-Agl represents a “germ”
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that, along with the heating process, causes an easier transformation of the y form
into the B form, resulting in such a transformation to occur in the temperature
range from 122.3 °C to 125.0 °C (Table III). In our opinion, the content of B-Agl
is relatively low (<7 %) in the y-Agl samples 7 and 9 and is not sufficient to act
as a “germ” for the phase transition y-Agl — B-Agl on heating. For this reason,
only the direct phase transformation y-Agl — a-Agl occurred at the temperatures
148.2 °C and 148.7 °C, respectively (Table III).

K

)

M\&WL_]L)
LAy

ﬁ\ i

—

Fig. 4. X-Ray diffraction patterns of sample 5
(y-Agl) obtained at different temperatures:

d) a) 23 °C —y-Agl,
- b) 123 °C — (y+B)-Agl,
L‘ﬁ e) ¢) 140 °C — (y+p+a)-Agl,

- e S d) 152 °C — (y+p+a)-Agl and
60 55 50 45 40 35 30 25 202@/° e)170°C —a-Agl

It can be seen from the data in Table III, that the transition temperature at
149.6 °C (sample 1) corresponds to the phase transition B-Agl — a-Agl, and that
the temperatures 148.7 °C and 148.2 °C (the mean temperature 148.5 °C) for the
samples 7 and 9, respectively, correspond to phase transition y-Agl — a-Agl. The
literature datal!® for the transitions B-Agl — a-Agl and y-Agl — a-Agl gives a
value of 147 °C, which is near the values for experimentally obtained phase transi-
tions of 147.8 °C for sample 3 (Table III). The more expressed maximum at
147.8 °C and 148.5 °C for samples 3 and 5, respectively, correspond to the phase
transitions y-Agl — (y+p+a)-Agl, and the lower maximum at 157.0 °C and 154.1 °C,
respectively, could probably correspond to the transitions (y+p+a)-Agl — a-Agl
because it was determined by X-ray diffraction analysis (Table IV) that all three
forms of Agl were present at 152 °C. This also means that in the transition
v-Agl — B-Agl. This also confirms the previous assumption that the y-Agl form
is the metastable state of this salt. Simultaneously, the very small differences in
the temperatures of phase transitions explain the facts that transition y-Agl in B-Agl
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is not clearly defined in the literature.!3:17 For these reasons, the less expressed
peaks on the diagrams for samples 3 (Fig. 2, curve a) and 5 may not be the result
of a new phase transition but also the result of other processes during the larger
representation of 3, y and o form Agl.

The influence of sample treatment on phase transition temperature is in ac-
cordance with literature data,20 i.e., on the crystallite size. In all cases, as was
already stated in previous papers,22-23 after spontaneous cooling of the heated
samples to 23 °C, B form Agl was obtained, which indicates that the transition
v-Agl — B-Agl is irreversible, namely that y-Agl is a metastable state of this
compound. This is an additional reason for the greater stability of B-Agl. Thus,
the previous statements!3 that only one phase transition exists in case of B-Agl
(B-Agl — a-Agl) were confirmed.

It was also proved that in neither case does the phase transition B-Agl — y-Agl
appear, which has also been discuss by other authors. 16

The influence of the manual pulverization on phase transformation

The influence of grinding of B-Agl and y-Agl on the appearance of the
different phase transitions was also studied in this work.

The effects of grinding on the phase transitions was followed by the DSC
method (heating from 0 to 250 °C at a heating rate of 2 °C min~1), for sample 1
(B-Agl) and samples 3, 5, 7 and 9 (y-Agl).

DSC Curve with one phase transition (B-Agl — a-Agl) was obtained heating
non-ground sample 1, which was proved by X-ray diffraction analysis to have a
hexagonal structure (3-Agl) after synthesis (Fig. 1, curve a).

The structure of the sample was changed to y-Agl by manual grinding of the
sample 1 (B-Agl) in an agate mortar and by repeated recording of the DSC curves
over the temperature interval from 0 to 250 °C, whereby a change of the phase
transformations occurred. In this case, the DSC curve exhibited two phase transi-
tions, i.e., y-Agl — B-Agl and B-Agl — a-Agl, at the temperatures of 130.7 °C
and 149.6 °C, respectively, which is illustrated in Fig. 1 by curve b. Thus, the X-ray
diffraction results of the influence of grinding B-Agl on the structural change
were also confirmed by DSC.

The samples 3, 5, 7 and 9 (y-Agl, containing the amounts of B-Agl given in
Table I) were treated in the same way as the sample 1 (B-Agl).

No change of the structure of the dominant y-form into the f-form was ob-
served with samples 7 and 9 (containing 6.6 % and 4.2 % of -Agl, respectively),
but a reduction of the amount of B-Agl (due to already discussed influence of
grinding on the structural change of B-Agl) was registered. Hence, after mecha-
nical treatment of these samples, DSC curves with only one peak, corresponding
to the phase transition y-Agl — a-Agl, were obtained. This is illustrated in Fig. 3
by curves a and b using sample 9 as an example. Using the results of previous
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studies,22:29 and the demonstrated influence of the amount of B-Agl, as a
crystallographic impurity in the dominating y-Agl form, it can be concluded that
grinding does not influence the phase transitions if the content of B-Agl is less
than 7 %.

The DSC curves for samples 3 and 5 (containing 9.9 % and 16.0 % of B-Agl,
respectively) with two or three phase transitions were obtained for the ground and
non-ground samples22:29(Figs. 2 and 5).

0.3

b) y-Agl — a-Agl  b)tz=148.6°C  curve b

| curve a

0.2 AT y-Agl — p-Agl
1= 122.3°C

a) III:
(Bry+a)-Agl — o-Agl

tr=154.1°C

Heat Flow / W g1
o o
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I
o
-

a)II: B-Agl — (B+y+a)-Agl
tr= 148.5°C M

-0.2 T T
100 120

I 1 4I-0
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Fig. 5. DSC Curves of y-Agl (sample 5); a) non-ground synthesized powder
(curve a) and b) after grinding (curve b).

T
160

In a previous study,?? the influence of larger amounts of B-Agl, shown to be
an impurity in the dominating y-Agl, on the appearance of the two or three
transitions during the thermal treatment of non-ground samples was investigated.
X-Ray diffraction analysis (Fig. 4, Tables III and IV) showed that the three peaks
on the DSC curve (Fig. 5, curve a) for non-ground sample 5 correspond to the
phase transitions y-Agl — B-Agl (at #=122.3 °C), B-Agl — (B+y+a)-Agl (at
= 148.5 °C) and (B+y+a)-Agl — a-Agl (at #1 = 154.1 °C). Grinding of this
sample in an agate mortar caused the already discussed change of B-Agl into y-Agl,
which lead to the reduction of the content of this form in the dominating form y-Agl
and the elimination of the so-called “germ”, which resulted in the appearance of
only the one-phase transition y-Agl — B-Agl (at t;) and (B+y+a)-Agl — a-Agl (at
timn)- For this reason, after grinding and heating of sample 5 (from 0 to 250 °C),
the peaks I and III were absent on the DSC curve (Fig. 2, curve b), which means
that the grinding of y-Agl containing more than 7 % [-Agl has an influence on
the phase transitions. The final result of grinding in this case is the complete ab-
sence of the phase transition y-Agl — B-Agl, so that the immediate phase transi-
tion y-Agl — a-Agl developed.

An interesting phenomenon was registered with sample 3 (y-Agl containing
9.9 % of B-Agl). On the DSC curve of the non-ground sample (Fig. 2 curve a),
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two peaks at 147.8 and 157.0 °C corresponding to the phase transitions
B-Agl — (B+y+a)-Agl and (B+y+a)-Agl — a-Agl, respectively, are clearly mani-
fested. After the sample had been ground, a peak corresponding to the phase tran-
sition y-Agl — B-Agl appeared at 130.6 °C, whereas the peak at 153.0 °C almost
completely disappeared (curve b, Fig. 2). Considering the previously established
influence of mechanical grinding on the structural change of -Agl into y-Agl, a
decrease of the amount of B-Agl in the dominantly y-Agl sample would also have
occurred in this case after grinding. However, quantitative X-ray diffraction ana-
lysis showed that the content of B-Agl in the dominant y-Agl had increased from
9.9 to 16.5 % after grinding. This result was evidenced for sample 3 only.

After having analyzed all the results, the conclusion was reached that the
peak at 153 °C corresponds to a sample structure which is a combination of all
three crystallographic forms (y+p+a)-Agl. Only after heating above 160 °C is the
a-Agl form obtained (BCC).

The influence of the pressure on the structure and phase transitions

The influence of pressing on the structure and the phase transitions was
studied with the sample 9 (y-Agl, with 4.2 % of B-Agl). The experiment
consisted of pressing the sample at two different pressures (p; =650 MPa and
p2 =900 MPa). X-Ray diffraction analysis showed that in this case a transforma-
tion of B-Agl into y-Agl occurs, resulting in a reduction of amount of B-Agl in
the dominating y-Agl, but that there is no influence on the phase transition
y-Agl — a-Agl (which was present with the as synthesized sample, without the
influence of the mechanical treatment or the increased pressure). Considering
that this sample contained a small amount of B-Agl (smaller than 7 %), only one
peak for the phase transition y-Agl — a-Agl (Fig. 3, curves ¢ and d) were ob-
served on the DSC curves, practically at the same temperature as for the non-gro-
und ground samples (Fig. 3, curve a and b, respectively).

It is assumed that B-Agl was transformed under pressure into cubic y-Agl
and, hence, the peak for the phase transformation y-Agl — B-Agl was completely
absent direct transformation of y-Agl into a-Agl occurred.

N3BOJ

KPUCTAJIOTPA®CKHU OBJIMIHU CPEBPO JOJUJA II.
OJIPEBUBAIE ©®A3HUX TIPEJIA3A

MAPUIJA P. BVKI/I"hl, JIPATAH C. BECEJ’[I/H—IOBI/IT'A2 u BECHAT. MAPKOBI/I'Fl3

! Hemuigiyin “Kupuao Casub” 0.0., Bojeode Ciieiie 51, 11000 Beozpad, > Pakyailieili 3a husuuxy xemujy,
Cimiydeniticku imipz 12, 11000 Beozpad u UTHMC, ®pane [leiiepea 86, 11000 Beozpad

VY mmpy nobujama oxaromapajyhux obGmuka cpebpo jomunma (B-Agl u y-Agl) passujene cy
MeTOEe HHXOBE CHHTe3¢ Ha coOHOj Temmeparypu ox 23 °C, mpu deMy cy OOOHjEHH y30pIH
paznuuute kpuctanorpadceke yncrohe u cactaBa. Y 0BOM pay Cy NPHUKa3aHW PE3yJITaTH UCIIUTH-
Bama yTHIAja HAYMHA MpUIpeMe U Op3uHe 3arpeBama y3opaka B-Agl u y-Agl na ¢asue npenasze u
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BHXO0BE Temreparype. [Ipu 3arpeBarby HECTIPAIeHHX, CIPAIICHUX W IIPECOBAHUX HCIUTHBAHUX CHH-
TETH30BaHUX y30paka Agl mneHTndukoBanu cy (a3HU Mpena3d H BHXOBE TeMIlepaType 3a jedaH
y3opak B-Agl u uerupu y3opka y-Agl ca pasmuuutum cagpxajem B-Agl y cebu (kao kpucra-
norpadcke Heuncrohe). EBnnentupanu cy cieaehn ¢asnu mpenasu 3a HecnpaiueHe y3opke Agl:
B-Agl — a-Agl Ha 149,6 °C u y-Agl — a-Agl na 148,7 °C omnocHo 148,2°C 3a y3opke y-Agl ca
MHHHMaJIHHM cazapxajeM B-Agl (mo 7 %), kao kpucranorpadceke Heuncrohe. IIpenas y-Agl — a-Agl
je upeBep3ubmIIaH, jep ce npu xinahemy y3zopaka, 3arpejanux a0 260 °C, nobuja ysek -Agl. Pyuno
CIpaliBamke y30paka, Kao W mpecoBame Ha p; = 650 MPa u p, =900 MPa, noBomu no ¢asHor
npenasza f-Agl — y-Agl y cBUM HCIUTHBAHUM CITy4ajeBUMA.

(Ilpumuseno 20. jyna 2006, peBuaupano 21. geuembpa 2006)
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Abstract: A prototype of a solid fuel thermo-accumulating furnace has been deve-
loped. In order to achieve a higher combustion efficiency, a Pt/Al,O5 catalyst in the
form of 3 = 0.3 mm spheres was applied, which enabled further combustion of flue
gases within the furnace. Experimental investigation of the influence of the catalyst
on the conversion of CO has been done for different operation regimes and positi-
ons of the catalyst. Paper presents selected results regarding CO emission during
wood and coal combustion. Investigations suggest a considerable effect of the cata-
lyst and a strong influence of the catalyst position to CO emission reduction. The
microstructure of the catalyst beads, characterized by selective chemisorption of CO,
has shown the decrease of the number of Pt sites as a consequence of blockage by
coke deposits formed during the combustion of solid fuel.

Keywords: Pt/Al,Oj5 catalyst, emission reduction, solid fuel, thermo-accumulating furnace.

INTRODUCTION

The usual problems found in solid fuel household heating systems are low
combustion efficiency, small heat transfer intensity and high emission. The pro-
blems in residential heating are treated nowadays from various aspects,!~4 with
emission of pollutants being one of the most important.2—4

A prototype of an innovative thermo-accumulating solid fuel furnace, aimed
for residential heating purposes, has been developed and tested. The furnace pro-
vides efficiency over 75 %, considerable energy savings, emission of pollution
that meets European standards and possibility of firing both low- and high-rank
solid fuels. The basis for the development of the furnace was a registered patent.>
The furnace is presented and described in details in Ref. 6.

* Corresponding author. E-mail: nradic@nanosys.ihtm.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0709869B
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In order to achieve higher combustion efficiency, a Pt/Al,O3 catalyst, in the
form of 3 £ 0.3 mm spheres, was applied in the furnace prototype, providing fur-
ther combustion of flue gases within the furnace. An experimental investigation
of the influence of the catalyst on the conversion of CO into CO; was performed
for different operation regimes and positions of the catalyst. All furnace tests
were performed in accordance with the European Standard for solid fuel-fired
furnaces (EN 12815). The microstructure of the catalyst beads, characterized by
selective chemisorption of CO, was studied and compared to the structure of the
beads after use in the furnace.

EXPERIMENTAL
Catalyst preparation

The employed support was commercial (y +0)-Al,O5 in the form of spheres with a diameter
of 3 £0.3 mm, from Rhone Poulenc. The platinum catalyst was prepared by impregnation of a dry
support with an aqueous solution of chloroplatinic acid. Before the Pt deposition, the support was
dried for 4 h at 120 °C. An adequate amount of an aqueous solution of hexachloroplatinic acid was
added to the support (about 5 cm?® g”! support) by the incipient wetness method. The concentration
of chloroplatinic acid in the impregnating solution was 1x10-2 mol 1-1. After the adsorption of chlo-
roplatinic acid during 3 min, the catalyst was filtered, rinsed with distilled water, air-dried at
110 °C for 2 h and finally reduced in a flow of Hy/N, mixture. The reduction was performed under
a stepwise increase of temperature up to 500 °C. At this temperature the catalyst was reduced du-
ring 5 h. A catalyst with the following characteristics was synthesized: Pt amount 0.12 wt. %; spe-
cific area — Sgpp— 110 m? g1; pore volume — 0.68 cm? g'! and supported Pt layer thickness — 100 um.”

Catalytic activity test

The Pt/Al,O5 catalyst was tested for combustion of a gas mixture designed to simulate the ap-
proximate concentrations of pollutants in the furnace. The activity tests were performed in the appa-
ratus presented earlier.® The activity of the catalyst was investigated in the temperature range 100400 °C,
with a space velocity of 17 500 h™!, defined as the ratio between the gas flow rate and the volume of
catalyst. The synthetic gas mixture composition was: CO, 1.17 vol. %; C3Hg, 800 ppm; Hy, 1.36 vol. %;
NO,, 1120 ppm.; CO,, 6 vol. %; H,O, 5 vol. %; O,, 4.6 vol. % and N, the rest. The composition
of feed stream corresponds to a redox potential of 0.4 V, which was calculated according to the
equation presented in Ref. 8.

Catalytic activity in the furnace

The furnace operating at different regimes, firing wood and coal, with and without catalyst,
was experimentally tested. The furnace and the experimental set-up are shown in Fig. 1.

The flue gases flow through the three drafts (1a—1c), while combustion of solid fuel (wood bio-
mass, coal) occurs on a horizontal grate (2). The air enters the furnace through the opening under the
grate. In order to examine the influence of the position of the catalyst on its ability to reduce CO emis-
sion, the catalyst (3) was placed in two vertical positions (denoted as upper and lower), within the cen-
tral draft (1b), with flue gases flowing downward and around the catalyst. The flue gases leave the fur-
nace through the stack (4), used for flue gas sampling and temperature and flow rate measurements.
The airflow rate is controlled by changing the flue gas fan speed. This fan is connected to a variable
(0—-220 V) ac supply (5). During the experiments, when the furnace had attained a steady state (after
the initial firing), the ac voltage was kept constant at 110 V. This enabled the whole amount of fuel
(about 1.5 kg) in the combustion chamber (1a) to burn out before the next fuel feeding an hour later.
The furnace as a whole was placed on a high-precision balance (£10 g), in order to monitor the weight
loss between consecutive fuel feedings, i.e., the combustion dynamics.
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Fig. 1. The solid fuel furnace with the experimental set-up; la — combustion chamber; 1b — central
draft; 1c — third draft; 2 — grate; 3 — catalyst; 4 — stack; 5 — variable (0 — 220 V) ac power supply.

Gas samples were taken from the stack and continuously analyzed. The gas sampling probe,
made according to EN 12815 Standard, was water-cooled on the outside of the stack, in order to dry
the flue gas samples. The gas analyzers were controlled by a PC, memorizing the measured concen-
trations data every three seconds. The flue gas temperatures were measured with type K, class I ther-
mocouples at a number of points, such as at the top of the middle draft (¢;), at the catalyst entrance
and exit sections (¢, and #3) and at the furnace exit (#4). The thermocouple signals were measured
with a digital voltmeter on an HP3852a data acquisition system, and memorized every 5 seconds.

CO uptake measurements

The CO uptake of the catalysts before and after the catalytic activity tests in the furnace was
obtained at a temperature of 24 + 0.2 °C. The measurements were performed on a pulse gas chro-
matographic apparatus. Before the chemisorption measurements, the catalyst samples (about 0.5 g)
were treated at 500 °C in a helium flow for 1 h. After cooling in a helium flow to room tempera-
ture, the CO was pulsed (pulse volume 0.1 cm?) into the helium stream (30 cm3 min™!) through the
adsorption cell. The catalyst adsorbed the CO pulses until saturation and the fraction of CO not ad-
sorbed was detected by a thermal conductivity detector (TCD).

RESULTS AND DISCUSSION

In order to compare different operation regimes of the furnace, with different
air excess, the measured values of the CO concentration in the dry flue gases
COpeas Were converted to concentration values at referent oxygen content in the
flue gases COyef, all given in vol. %, according to Eq. (1):

COpp = 2097 Ozmer
re 209 _ Ozmeas meas

(1)
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The referent oxygen content in the flue gases, according to the EN 12815
Standard, is Oprer= 13 vol. %. The measured oxygen content in the flue gases is
O2meas- The flow rate of CO (released carbon-monoxide in time, given in mg s~1)
is calculated as:

mco = Vfgcoref (2)

where Vfg , m3 s71, is the volume flow rate of the flue gases and CO,;, mg m3, is
the referent CO concentration, previously converted from vol. % to mg/m3. Since
the flue gas sampling was performed (with the results memorized) every three
seconds, the mass of CO released in 3 s is:

mco(3s) = 3rico 3)
and the cumulative CO emission (given in g) from the beginning of the test until
the moment of observationz, E-o(7) is calculated by the expression in Eq. (4):

1 T
Eco(r)= To00 2. mco(3s) 4)
0

Experiments with synthetic gas mixture

From Fig. 2, it is evident that the Pt/Al,O3 catalyst showed satisfactory
performances for the removal CO and propylene.

100 1

(=3 =<
oS (=1
1 1

Conversion | %
LS
(=Y
1

20

T v T T T T T T T T T T T
100 150 200 250 300 G Ll Fig. 2. The performance chara-
t/°C cteristics of the Pt/Al,O5.

Their conversions exceeded 90 % at temperatures above 225 °C. Although
oxidizing conditions were applied (with a redox potential R=04V), a
conversion of NO,. was registered. The NOy conversion curve passed through a
maximum at 210 °C and then decreased to a value of 20 %. This is the result of
competitive reactions of CO and propylene with NO, and oxygen. Probably,
above 210 °C oxidation reactions of CO and propylene prevailed and NO,
removal was hindered due to a shortage of the reducing agents.
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The furnace was examined in three operation regimes, with fuel consump-
tion of about 1.5 kg h~! in each. For the basic one (without the catalyst), wood
was supplied to the furnace every 30 minutes (0.750 kg) in the beginning, but it
was found that this amount of fuel was optimal for 40 minutes of operation and
fuel feeding was adjusted accordingly. In the other two regimes, the catalyst was
mounted in the upper and the lower position, respectively. The changes of tempe-
rature of the flue gases at the catalyst entrance section and CO concentration in
the outlet flue gases at 13 vol. % O, with time are shown in Figs. 3 and 4, for both
operation regimes with the catalyst.

600 ~
550 +
500+
450

t/°C

400+
350+
300+

250

Temperature . CO
1.4
F1.2
1.0 R
0.8 g
0.6 =
e
L0.4 &
0.2
0.0
50 100 150 200 250
7/ min
—— Temperature - CO
» -1.0
i~
!/ \‘
\, 0.8

s somuemes stes o s0m

T
=
[}

p
'
¥(CO) / vol. %

100 150 200 250
T/ min

Fig. 3. Time dependence of the
flue gases temperature at the en-
trance section of the catalyst in
the upper position and the CO
concentration in the outlet flue
gases, for wood combustion.

Fig. 4. Time dependence of the
flue gases temperature at the en-
trance section of the catalyst in
the lower position and the CO
concentration in the outlet flue
gases, for wood combustion.

The experimental results for the effect of the catalyst on the CO concen-
tration in the flue gases at 13 vol. % O; (averaged over the fuel feeding intervals)
and on the cumulative CO emission are given in Figs. 5 and 6.
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Compared to the basic regime, both those with the catalyst were obviously
advantageous. After a quick and very intense increase immediately after fuel fe-
eding, the CO concentration decreased very soon to a value of 0.8 vol. % (Figs. 3
and 4), permitted by the EN 12815 Standard. The average CO concentration
(Fig. 5) in the case of the catalyst in the upper position was around 0.4 vol. %,
i.e., much lower than the permitted value. Further enhancement was obtained by
mounting the catalyst in the lower position, when the presence of the catalyst
completely removed CO for a significant period of time between two fuel feed-
ings (Fig. 4) and the average CO concentration was about or lower than 0.2 vol. %
(Fig. 5). The positive effects of the catalyst on the reduction of CO emission were
even more obvious when the cumulative CO emission during the experiments
were considered (Fig. 6). The cumulative emission after 200 minutes of operation
for the catalyst in the lower position was 5 times lower compared to the basic re-
gime and for the catalyst in the upper position it was reduced to one half.
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The catalyst proved to be more efficient when placed in the lower position than
in the upper one (in the zone with higher temperatures). The performance chara-
cteristics of the catalyst (Fig. 2) showed that the temperature interval of maximum
catalyst efficiency for CO conversion was at temperatures above 200-225 °C, while
Figs. 3 and 4 show that for both regimes with the catalyst, the temperatures at the
catalyst entrance section was, most of the time, also higher than these. Thus, the
better efficiency of the catalyst in the lower position can not be assigned to tem-
perature but most probably to the flow conditions. In this regime, the flue gases
enter the catalyst zone and flow over catalyst beads uniformly, so the catalyst is
utilized more efficiently. The catalyst in the upper position disturbs the flow and
the temperature field in the central draft considerably and it is likely that an in-
tense recirculation zone exists above the catalyst zone (Fig. 1).

Experiments with coal

The experiments were carried out for two operation regimes, the basic one
(without the catalyst) and the regime with the catalyst in the upper position. The
amount of air supplied in both regimes was sufficient for the combustion of
1.5 kg h™! of coal. In the basic regime, 1.5 kg of coal was supplied once an hour.
It was noted during the experiment that with time the grate became covered with
a huge amount of unburnt fuel and ash. In order to avoid this in the regime with
catalyst, the furnace was supplied with 0.750 kg of coal every 30 minutes.

The CO concentration was low, almost zero, for most of the time between
fuel feedings (Fig. 7). The flue gas temperature at the catalyst entrance section
did not change considerably, in the range of 320 — 365 °C, and probably did not
affect the catalytic conversion of CO much. The results for cumulative CO emis-
sion (Fig. 8) showed that the presence of the catalyst, even in the upper position
(less suitable for reducing CO), significantly contributed to a lowering of the CO
concentration levels in the flue gases. After 120 minutes of operation, the CO
emission was 20 % lower with the catalyst than without.

—— Temperature . CO
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Microstructure of the Catalyst Beads

CO uptake measurements (Table ) clearly show that the number of exposed
Pt sites which can participate in the surface reactions significantly decreased, by
about 50 %, regardless of the type of employed solid fuel.

TABLE I. CO uptake for the Pt/Al,O5 catalyst samples

Pt/Al,O5 catalyst samples Fresh After wood combustion  After coal combustion
€O uptake 151 0.84 0.80
pmol g

There are several possible mechanisms for the reduction of the exposed Pt
sites, such as sintering of the Pt due to the high temperature treatment, physical
blockage of the Pt sites by deposits formed during the combustion of the solid
fuels or catalyst coking caused by surface reactions. Bearing in mind the applied
temperature range (150-500 °C), it is unlikely that sintering of the Pt occurred.
Previous investigations showed that sintering of Pt commences above 600 °C.%
Therefore, the drop of CO uptake is ascribed to the blockage of the Pt sites. Fur-
thermore, a visual survey of the discharged catalyst showed black deposits only
on the half of the sphere facing the flue gases stream. The other half of the sphere
retained the appearance of the fresh catalyst. These facts could lead to the con-
clusion that the deposits originated from the flue gases stream. The deposits were
not formed during reaction on the catalyst surface; otherwise the whole sphere
would be covered with the black deposits. Also, it should be noted that the black-
colored deposits were more pronounced when coal combustion was applied. Al-
though a decrease in the available Pt sites was registered, there is no evidence of
a decrease of the catalyst performances in the furnace. However, for long-term
application of the catalyst, removal of the deposits by a suitable method (wa-
shing, controlled incineration) should be considered.
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CONCLUSION

A series of experiments were performed on a prototype of a thermo-accumu-
lating solid fuel furnace, to investigate the possibility of increasing the combus-
tion efficiency (with respect to the transformation of CO) by means of a Pt/Al,O3
catalyst, employed in the form of 3 = 0.3 mm spheres. Tests were performed in
accordance with the corresponding European Standard for solid fuel-fired furna-
ces. Selected results regarding the activity of the catalyst during wood and coal
combustion in the furnace, as well as of a catalytic activity test with a synthetic
gas mixture are presented. The measured and average values of the concentration
of CO, as well as the cumulative emission of CO, showed that the presence of the
catalyst considerably reduces CO emission, for both employed fuels — wood and
coal. Investigations also suggest a strong influence of catalyst position to reduce-
tion of CO emission, as well as the importance of the flow conditions within the
furnace. The microstructure of the catalyst beads, characterized by selective chemi-
sorption of CO, evidenced a decrease in the number of Pt sites as a consequence
of blockage by coke deposits formed during the combustion of the solid fuels.

Acknowledgement: This work has been supported by the Ministry of Science and Environmental
Protection (Republic of Serbia), within Ministry projects.

N3BOJ

OCOBUHE U EOUKACHOCT Pt/Al,O3 KATAJIM3ATOPA Y TEPMO-AKOMYVYJIALIMOHOJ
INEKhU HA YBPCTO I'OPMBO

CPBAH BEJIOLIEBUR!, PACTKO MJIAJIEHOBUR!, IPATOJBYE JAKWUR', MIJTMJAHA TIATIPHKA
AJIEKCAHJIAP EPUR', IEJAH BYPOBUH', MUPKO KOMATHHAZ, BOIIIKO TP’ n HEHAJT PAJTUR?
! Mucimiuiiyi 3a nykaeapue nayke “Bunua”, Jlabopaiiopuja 3a iliepmouscerepun? u enepzujy, ii. ip. 522, 11001
Beozpad, “Mawwuncku paxyaiuein, Kpamuye Mapuje 16, 11000 Beozpao u 3I/IchT¢uIZtym 3a xemujy,
wexHoA02ujy u meitaaypzujy, ezowesa 12, 11000 beozpao

VY mpoTtotuiry TepMo-akyMyJanrone nehn Ha YBpCcTO rOpuBoO, MpuMemeH je Pt/Al,O xaramm-
3arop, y o0imky cdepa Bemmuute 3 + 0.3 mm, ca nmibem aa moBeha ehUKacHOCT caropeBama U
HAKHAIHO Caropy racoBe yHyTap nehu. YTuuaj karamuzatopa Ha KoHBep3ujy CO je excrepuMeH-
TaJHO MCIUTAH NPH Pa3IM4YUTUM ONEPALMOHMM PEKXMMHMa NehM M Mo3uuMjama KaTajau3aTopa.
Ipukaszanu cy pesyararu npometre emucuje CO y TOKy caropeBara ApBeTa U yriba. McTpaxkuBama
Cy IoKasana 3HauyajaH edekaT Kartaiusaropa Ha cMameme emucuje CO, Kao M 3Ha4aj MoJoXKaja
KaTaau3aTopa. MUKpPOCTPYKTypa KaTalu3aTopa, UCIUTaHa celeKTUBHOM xemucoprnuujom CO, je
IoKasajla Ia y TOKy caropeBama UBPCTUX ropuBa y mehn monasw 1O IENOHOBama YIJbeHHKAa Ha
KaTaJM3aTopy LITO JOBOIH 10 OJOKMpama U cMambema Opoja Pt akTuBHUX 1eHTapa.

(ITpumsseno 14. jyna 2006, pesunupanol4. pedpyapa 2007)
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Headspace solid phase microextraction in the analysis of
pesticide residues — kinetics and quantification prior to
the attainment of partition equilibrium
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Abstract: A new theoretical approach to the headspace/solid phase microextraction
(HS/SPME) process is proposed and tested by the analysis of pesticide residues of
water samples. The new approach focuses on mass transfer at the sample/gas phase
and gas phase/SPME polymer interfaces. The presented model provides a directly pro-
portional relationship between the amount of analytes sorbed by the SPME fiber
and their initial concentrations in the sample. Also, the expression indicates that quan-
tification is possible before partition equilibrium is attained. Experimental data for
pesticides belonging to various classes of organic compounds were successfully in-
terpreted by the developed model. Additionally, a linear dependence of the amount of
pesticide sorbed on the initial analyte concentration in aqueous solution was obtain-
ed for a sampling time shorter than that required to reach sorption equilibrium.

Keywords: HS/SPME, theoretical model, pesticide residues.

INTRODUCTION

Solid phase microextraction (SPME) is a solvent-free and equilibrium sam-
ple preparation technique in which a fused silica fiber coated with a thin polymer
film is introduced into a sample or the headspace above the sample. After parti-
tioning between the polymer layer and the sample matrix, organic analytes are
selectively extracted by the active film. Developed by Pawliszyn and cowork-
ers,!-2 it has wide applications in the analysis of different types of organic residue
samples of various origin. Using the headspace mode of SPME, complex matrix
effects are reduced and the fiber lifetime is prolonged.

Hitherto, several theoretical models have been proposed to explain the SPME
process. Pawliszyn and coworkers proposed models based on diffusion processes
in both the direct and headspace modes.3-# The analytical solution was obtained
only for perfectly agitated samples with an infinite volume where only the diffu-

* Corresponding author. E-mail: radda@ptt.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0709879D
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sion inside the SPME fiber was considered.3 In the case of static aqueous phase
and HS/SPME, only numerical solutions were obtained.3:# There was no analyti-
cal expression relating the amount of the analyte sorbed by the fiber to its initial
concentration in the sample. Hence, Ai proposed an SPME model for a two-pha-
se system consisting of a sample solution and an SPME fiber.> Solving the prob-
lem of a more complex three-phase HS/SPME system with two interfaces (sam-
ple solution/gas phase and gas phase/fiber) is more complex. Two models have
therefore been proposed. The first one is based on steady state kinetics assuming
that the mass transfer rates at the two interfaces are the same.® Since analyte tran-
sfer rates across the interfaces may not be the same in real systems, Ai proposed
an improved model for non-steady state mass transfer.” Providing a better des-
cription of the experimental data, the latest theoretical approach assumed that the
analyte concentration in the headspace varies with the extraction time. The time
variation of the analyte concentration in the headspace results in different rates of
analyte evaporation from the solution and its extraction by the SPME fiber.

In trying to clarify the complex HS/SPME process and prove the practical
benefit of general agreement between theory and experiment, the kinetic aspect of
the process was included and a theoretical approach based on the HS/SPME kine-
tics is presented in this work. Experimental results obtained for pesticide residues
extraction from water samples using the HS/SPME method were interpreted in terms
of the developed model.

THEORETICAL TREATMENT

An HS/SPME process involving analyte mass transfer in three phases across
two interfaces can be presented by the Equation:

ky ks
Se=Hs=F 1

where S, H and F are the analyte concentrations in the sample solution, headspa-
ce (gas phase) and SPME polymer film (fiber), respectively; k1, k>, k3 and k4 are
the rate constants of the processes occurring during the HS/SPME, namely
analyte evaporation, condensation, sorption and desorption, respectively.

The rates of analyte migration in this system are:

ds
——=8"=kS-kH 2
" 1S —ky 2
%:H':kIS—(k2+k3)H+k4F 3)
Et = F'=kyH —kyF 4

where ¢ is extraction time.
If So represents the initial concentration of analyte in the sample, and Vg, I},
and Vr are the volumes of the sample, headspace and fiber, respectively, then:
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SoVs=SVs+ HVy + FVs 5)
Differentiating Eq. (4) and substituting H' and F"' from Egs. (3) and (4), the
resulting equation becomes:
F"'=k3[kiS — (ko + k3)H + kaF] — ka[ksH — k4F] (6)
S and H can be expressed in terms of F and F"' using Eqs. (5) and (4) and,
therefore, Eq. (6) can be expressed as:
F'+p1 F'+ q1F = k1k3So (7)
with the coefficients p; and ¢ having the form:

p1=k1V—h+k2+k3+k4 (3
VS
q1 = kikg o 4 kiks Ve 4 koky )
VS S

Eq. (7) is a second-order non-homogeneous linear differential equation. Its
general solution, with integration constants C and (3, is:

kik3SoVs
k1k3Vf + k1k4Vh + k2k4Vs

azpl—\/p%—4q1 (0

2

P+ PE—4q
p= PN (12)

Applying the initial condition, F];= o= 0, and replacing C; and C; with new
constants, o and S, (o =—Cj, f =—C,), one obtains:

kik3SoVs

(10)

F = Cle_‘” + C2e_bt +

with

and

g+ = (13)
k1k3Vf + k1k4Vh + k2k4Vs
When the extraction time goes to infinity, Egs. (10) and (13) become:
o kik3SoVs oy (14)

" kg + kikaV +okaVy
According to Eq. (13), Eq. (10) can be rewritten as:
F=a(l-e )+ p(1—-ebt) (15)
In the treatment presented above, the mass transfers at both interfaces were

taken as the rate determining steps. In reality, the mass transfer at one of the in-
terfaces may play the major role and becomes the rate determining step.
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DIFFUSION IN THE SPME FIBER AS THE RATE DETERMINING STEP

When diffusion of an analyte from the fiber surface to its inner layers is a
much slower process than its evaporation from the sample, this diffusion can be
taken as the rate determining step. It can be assumed that analyte partition equili-
brium always exists between the sample and its headspace and that the analyte
concentration in the headspace remains constant. According to Eq. (2), the parti-
tion constant of an analyte between the sample solution and its headspace (K1)
can be expressed as:

_5* ko (16)
H* Kk

Using Egs. (5) and (16), H can be expressed as a function of F. On substitu-

ting the resulting expression for H in Eq. (4), the following relationship is obtained:

K

k3SoV
F'tpyF =—3-0— (17)
Vh + VS c2
ky
with
ksV,
Vs k4 + 3 fk (18)
Vi +V "2
ky
The solution of this non-homogeneous linear differential equation is:
F=eDd|C+ k3SoVs eDat (19)

k
P2 (Vp +Vs k72)
1

where C is an integration constant.
Applying the initial condition, F'|;= ¢ = 0, the following expression is obtained:

k3SoVs

F= (1-eP2t) (20)

pr(Vh +Vs=2)
ky

When extraction time goes to infinity, Eq. (20) becomes:
ksSoVs — _ kyk3SoVs

- (21)
P (Vh + Vs ]]zz) k1k3Vf + k1k4Vh + k2k4VS
1

F™ =

Finally, Eq. (20) can be rewritten as:
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_ kik3SoVs
k1k3Vf + k1k4Vh + k2k4VS
Eq. (22) can be applied to the HS/SPME of volatile or semi-volatile analytes
when the sample is heated above ambient temperature.

(1-eP2) (22)

EVAPORATION FROM THE SAMPLE AS THE RATE DETERMINING STEP

Most analytes have low volatility when the HS/SPME is performed at room
temperature. If evaporation of the analyte is much slower than its diffusion in the
fiber, partition equilibrium is rapidly attained at the gas/fiber interface, with the
evaporation process being the rate determining step. According to Eq. (4), the
following solution follows:

k
F*==3H> (23)
ky
Using Egs. (5) and (23) and expressing S and F in terms of H, Eq. (3) becomes:
H'+ p3H = k1S9 (24)

with the coefficient p3 expressed as:
_kh | kikshe
Vs k4Vs

If the initial and boundary conditions are H|,—¢=0 and H|;=on=H",
respectively, the following solution of Eq. (24) is obtained:

kik4SoVs
" iksVy + hkgVy + kg
Finally, according to Eq. (23), the analyte concentration in the fiber is given as:
o kik3SoVs
kik3Vy + kikgVy, + kokaV
EXPERIMENTAL

P3 k2 (25)

(1—e~P3t) (26)

(1—e~P3t) 27)

Materials

The fiber used (Supelco) was a fused silica fiber coated with a 100 pum poly(dimethyl silox-
ane) (PDMS) film. Before use, the fiber was conditioned in a gas chromatograph injection port as
recommended by the manufacturer. A magnetic stirrer (Roth RCT Basic, Germany) and 8x3 mm stir-
ring bars were used to mix the samples during extraction. The extraction was performed in 4 cm?3
vials (Supelco).

Standards

Pesticide standards, HCB (1), tefluthrin (II), heptachlor (III), aldrin (IV), chlorpyrifos (V), fen-
thion (VI) and bifenthrin (VII), (Dr Ehrenstorfer, Germany) were of 96-99.5 % purity.

Stock standard solutions of 1 mg cm™ of each pesticide were prepared in acetone (J. T. Baker,
USA). Working standard mixed solutions were prepared by diluting the stock solution with aceto-
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ne. Water standard solutions were used for all SPME measurements. Highly purified deionized wa-
ter (Purelab Option-R7, Elga, UK) was used for diluting the acetone standard solutions.

Apparatus

A gas chromatograph/mass spectrometer (GC/MS) was used as the detection device (CP—3800/Saturn
2200, Varian, Australia). A 30 m x 0.25 mm x 0.25 um, VF-5ms column (Varian) was used. The in-
jection port (1079 Universal capillary injector) temperature was set at 270 °C. After operating in
the splitless mode for 9 min. (desorption time), the injector was set to the split mode (1:60). The GC
was programmed as follows: initial temperature 120 °C, then increased to 170 °C at 10 °C min’! and
held for 20 min, increased to 280 °C at 15 °C min"! and held for 2 min, increased to 290 °C at
10 °C min"! and held for 10 min. Helium was used as the carrier gas at a flow rate of 1.1 ml min’!.

The ion trap mass spectrometer was operated in the electron impact/selected ion monitoring
(EI/SIM) mode. The ion trap and transferline temperatures were set to 220 °C and 250 °C, respecti-
vely. One specific pesticide ion was selected for detection and quantification, while a second one
was used for confirmation. The ions inspected were as follows: 284 (214) for HCB, 177 (141) for
tefluthrin, 274 (272) for heptachlor, 66 (293) for aldrin, 314 (286) for chlorpyrifos, 278 (109) for fen-
thion and 181 (165) for bifenthrin.

Procedure (sample preparation and analysis)

In order to determine the optimum extraction temperature, a one-hour extraction procedure was
performed in the temperature range from 23 to 90 °C with the standard aqueous solution at a con-
centration level of 15 ng cm™ of each pesticide. A linearity test was performed in the concentration
range from 0.05 to 40 ng cm™. To confirm the proposed theoretical models, an aqueous standard
solution of 10 ng cm™ was used.

The aqueous standard solutions were prepared with an acetone content not higher than 1 % v/v,
so as not to affect the extraction procedure.:3-10 In all experiments, 4 cm3 vials were filled with
2 em? of the standard aqueous samples. Each sample was analyzed in triplicate.

RESULTS AND DISCUSSION

On comparing Eq. (15) developed in this work with the Ai equation obtained
for non-steady-state mass transfer, it is evident that both equations have the same
form with two exponential terms, clearly confirming the correctness of the appr-
oach applied. When the diffusion of the analyte in the fiber was considered as the
rate determining step, Eq. (22) was obtained, referring to the HS/SPME at eleva-
ted temperatures. In the case of analyte evaporation from the sample as the rate
determining step, Eq. (27) was the final solution describing the extraction process
at ambient temperatures.

In order to determine the optimum extraction temperature for each of the stu-
died pesticides, extraction—temperature profiles were obtained in a temperature
range from 23 to 90 °C and presented in Fig. 1. Increasing the extraction tem-
perature obviously enhanced the amount of analyte sorbed by the fiber, which
may be explained by increasing values of k1 and k3. In correlation with rapidly
increasing values of &y and k4, the amount extracted decreased at temperatures
exceeding 80 °C for most of the investigated pesticides. For most of the studied
pesticides, the maximum amount extracted in a single multi-residue analysis was
achieved within the 60—-80 °C temperature range and 60 °C was identified as the
general optimum extraction temperature.
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Fig. 1. HS/SPME-temperature profiles of the investigated pesticides (HCB (1), tefluthrin (II),
heptachlor (I1), aldrin (IV), chlorpyrifos (V), fenthion (VI) and bifenthrin (VII));
concentration: 15 ng cm™, extraction time: one hour.

The amounts of tefluthrin and aldrin extracted at 60 °C in relation to the ex-
traction time are shown in Fig. 2. The obtained extraction time profiles had a sha-
pe well known in the literature and their dependences revealed a similar pattern
for all the studied pesticides. Partition equilibrium was attained in periods up to
90 min. for all the studied pesticides, with the exception of bifenthrin.
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Fig. 2. HS/SPME-time profiles for a) tefluthrin and b) aldrin; extraction volume: 2 ml of aqueous
standard solution, concentration: 10 ng cm™, mixing, temperature: 60 °C. The solid and dotted lines
represent the fits of Egs. (15) and (22), respectively.

Using a standard fitting procedure (OriginPro 6.1), the experimental data gi-
ven in Fig. 2 were fitted to both Egs. (15) and (22). Evidently, the experimental
time profiles can be successfully interpreted using both theoretical equations. From
the fitting procedures, and according to Egs. (11) and (12), the parameters p1, g1
and p, were calculated and are listed in Table I. These parameters are dependent
on the rate constants of the processes involved in the HS/SPME, and an increase
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in temperature may be assumed to influence their increase. Evaporation of the ana-
lyte at the optimum extraction temperature becomes a very fast process and the
model presented by Eq. (15) can be approximated with the simplified model gi-
ven by Eq. (22).

TABLE L. List of parameters p and ¢ derived from the experimental data fitted to Egs. (15) and (22)

Eq. (15) Eq. (22)
Pesticide (p1 % Apy) / min”! (91 % Agy) / min” (P2 % Apy) / min™!
HCB 0.453 £0.027 0.029 £ 0.006 0.103 £ 0.022
Tefluthrin 0.962 £ 0.043 0.023 £0.002 0.030 = 0.002
Heptachlor 0.596 = 0.089 0.024 £ 0.003 0.032 = 0.003
Aldrin 0.026 = 0.003 0.026 £ 0.003 0.026 =0.001
Chlorpyrifos 0.024 £ 0.002 0.024 £ 0.002 0.019 £0.001
Fenthion 0.013 £0.001 0.013 £0.001 0.0056 = 0.0002

It is obvious from Eq. (15) that the amount of extracted analyte can be ex-
pressed as a function of extraction time in the form of two exponential terms. Ac-
cording to Eq. (14), a and g should be proportional to Sy. Therefore, if ¢ is held
constant, F oc g in Eq. (15).

This relation is the key for quantitative analysis because it indicates that SPME
quantification is possible before sorption equilibrium is attained. Also, having the
same final form with a different parameter p included, the simplified models
(Egs. (22) and (27)) provide for quantification before absorption equilibrium is
attained. Since partition equilibrium was attained within 90 min., practical appli-
cation of the conclusion drawn was confirmed by relating the sorbed amounts to
the initial analyte concentration in the sample over the 60-minute extraction time.
Linear dependences, with regression coefficients ranging from 0.9895 to 0.9996,
were obtained for pesticide concentrations in the ranges: 0.05-15ngcm=3 (1),
0.05-25 ng cm3 (II), 0.05-40 ng cm3 (III), 0.05-40 ng cm =3 (IV), 0.05-40 ng cm 3
(V), 0.05-25 ng cm3 (VI) and 0.05-15 ng cm=3 (VII). Relative standard devia-
tion values for triplicate measurements were not higher than 19 %.

CONCLUSIONS

A kinetics-based theoretical treatment of the HS/SPME process was propo-
sed. The same form of analytical expression as known from the literature was ob-
tained. Simplified models, including analyte evaporation from the sample or ana-
lyte diffusion inside the fiber as the rate determining steps, were also presented.
The HS/SPME experiments were performed with standard aqueous solutions of
pesticides and the model developed successfully described the experimental data.
Theoretical equations provide a linear relationship between the amount of analyte
sorbed by the fiber and its initial concentration in the sample, enabling analyte quan-
tification before sorption equilibrium is attained. The theoretical conclusion was con-
firmed experimentally by the linear dependences obtained for all the studied pesticides.
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U3BOJ

MUKPOEKCTPAKIIMJA Y UBPCTOJ ©®A3U («kHEADSPACE» TUII) V AHAJIU3U
OCTATAKA IIECTULIMIA — KUHETUKA 1 KBAHTUOUKAIINIA ITPE
YCIIOCTABJbABA ITAPTUITMOHE PABHOTEXKE

PAIA ‘BYPOBUR', MIPJAHA MAPKOBUR! n JIPATAH MAPKOBHWR?

TMncimuimyin 3a iieciiuyude u 3auiuily xusoiine cpedune, Banaiticka 316, 11080 Beozpad u*daxyaitieit 3a
upumerserny exoaozujy @YTYPA, Ynusep3auiteii Cunzuoynym, byaesap Kpama Aaexcanopa 79, 11000 beozpao

HoBu nprctyn TeopujckoM pa3Marpary npoleca MUKpoekcTpakimje y uBperoj dazu (HS/SPME)
je IpeUIoKEeH U MPUMEHEH Yy aHAIN3HM OcTaTaka IeCTUIHAA y BOASHHM pacTBopuMa. Mogen ce
6asupa Ha TpaHChepy Mace Kpo3 rpaHuIie ¢asa, y3opak/racHa ¢asa u racHa ¢aza/SPME nomnmep.
[Ipennoxenn mMozen Aaje TUPEKTHY MPOMOPLUHOHATHOCT M3Mel)y KoiaumyrHe aHanuTa ancopboBaHe
Ha SPME BnakHy ¥ meroBe moveTHe KOHIEHTpaLuje y y30pKy. JoOujenu u3pa3 ykasyje 1a je KBaH-
tudukanuja Moryha u npe goctusama MapTHIHOHE paBHOTEKe. Moen je TecTHpaH Ha eKCTpak-
LMjH TIECTUIIHMAA KOJHU MIPUNAajy PAa3IMUUTUM KilacaMa OpraHCKUX jeqUeHa U JTOOHjEeHO je OUeKH-
BaHO ciarame. Takole, JIMHeapHe 3aBUCHOCTH cOpOOBaHE KOJIMYMHE IECTUIHAA O] IbHXOBE I10Ue-
THE KOHIIEHTpAIWje y PacTBOpy cy HoOujeHe 3a BpeMe eKcTpakiyje kpahe ox oHOr HOTpeGHOT 3a
JIOCTH3aHbe ATICOPIILIHOHE PABHOTEXKE.

(ITpumsbeno 9. pebpyapa 2006, pesumupano 12. mapra 2007)
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Abstract: The results of sulphur dioxide (SO,), nitrogen dioxide (NO,) and black
smoke (BS) levels in the Belgrade metropolitan area, the only pollutants measured at
almost all 20 monitoring stations set up in the area, were critically analysed, the most
reliable ones select and the pollution characteristics were defined in these terms. Bel-
grade was found to have pollution typical for a city in economical transition — still
high SO, and BS levels, with seasonal variation, while moderate NO, levels. This is
discussed in terms of sources, as well as spatial and temporal distribution.

Keywords: urban air pollution, air quality, monitoring, Belgrade.

INTRODUCTION

Urban air pollution and its impact on urban air quality is a world—wide pro-
blem. It manifests itself differently in different regions depending on the econo-
mical, political, and technological developments, on the climate and topography
and on the nature of the available energy sources. Although the air quality in Eu-
ropean cities has generally improved in recent decades, air pollution is still consi-
dered a top priority environmental problem with both urban and large scale im-
pacts. Air pollution in a developing urban area initially increases, passes through a
maximum and then decreases when pollution abatement becomes effective.! Ci-
ties in the industrialized western world are in some respects at the last stage of this
development. In transition economies, many cities are in the stabilization stage.
In developing countries, the pollution levels are still rising.

In order to provide a database for determining the air quality in major metro-
politan areas, to observe pollution trends in urban and non-urban areas and to as-
sess the compliance or progress made towards meeting air quality standards, it is
necessary to have a reliable air pollution monitoring network. The current urban
Belgrade air monitoring features 20 monitoring stations belonging to two networks.

*Corresponding author. E-mail: zuic@vin.bg.ac.yu
# Serbian Chemical Society member.
doi: 102298/JSC0709889Z
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The objective of the present study was to analyse and characterise the air
quality in the Belgrade metropolitan area in terms of the three most commonly
monitored parameters, SO,, NO,, and BS, based on measurements from the offi-
cial monitoring networks.

AIR POLLUTION MONITORING IN BELGRADE

Geography and climate

Belgrade (population about 1.6 million) is situated at the crossing of the com-
munication paths between eastern and western Europe, on the Balkan Peninsula.
It has grown around the banks of two rivers (Fig. 1), the Sava and the Danube, at
their confluence, and has an average elevation of 116.75 m, with the characte-
ristics of a hilly city. The Belgrade metropolitan area combines two different na-
tural settings: the Pannonian Plain to the north and the hilly Sumadija to the south.

1. Blok Grge Andrijevica (BGA) 8. Kosutnjak* (KS) 15. Olge Jovanovi¢ (OJ)

2. Bul. Despota Stefana 54a (BDS 54a) 9. Kraljice Jelene (KI) 16. Omladinskih Brigada (OB)
3. Bul. Despota Stefana 142 (BDS 142)  10. Ljutice Bogdana (LIB) 17. Pozetka (PZ)

4. Carli C‘aplina* (CO) 11. M. Vidakovi¢a (MV) 18. Svetog Save (SS)

5. Dr. Subotica (DRS) 12. Milosa Pocerca (MP) 19. Trg INA (TJ)

6. Goce Deléeva (GD) 13. Obilicev Venac (OV) 20. Ustanicka (US)

7. Karadordev Park* (KP) 14. Ohridska (OH)

Fig. 1. Belgrade metropolitan area with the locations of the air-monitoring stations of IPH (unmarked)
and HSRS (marked with *). Gray ellipses represent the major elevations of the terrain.

The climate is moderate continental, with four seasons; the average annual air
temperature is 11.9 °C, January is the coldest month (average 0.4 °C) and July the
hottest (average 21.7 °C); an annual average of 139 days with precipitation (an-
nual average 667.9 mm).

As in many big cities, the Belgrade climate is characterised by the “heat is-
land” phenomenon, where the central part of the city shows higher average tem-
peratures (up to 3 °C) than its surroundings. During the winter months, lakes of
cool air form in the lower parts of the city during nights, causing the phenome-
non known as temperature inversion.2
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Belgrade monitoring network

The monitoring of air pollution levels in Belgrade was established by the Na-
tional Health Service in 1953 and was conducted by the Institute of Public Health
(IPH). At this moment, there are 20 monitoring stations, combined between IPH
(17 stations) and the Hydrometeorology Service of the Republic of Serbia (HSRS-3
stations), measuring various air pollutants. They are presented in Fig. 1. Of these
stations, 14 are semi-automatic and 6 are automatic, with on-line monitoring since
2003 (BDS 54a, OH, OB, KP, CC, and KS in Fig. 1).

The monitoring stations are set up in five distinctive areas: central area with
heavily saturated day traffic, mixed residential and industrial areas, primarily re-
sidential areas, prevailingly industrial areas, landscape area with no traffic (urban
background). The stations monitor various pollutants, but almost all of them mo-
nitor SO5, NO», and BS.

EXPERIMENTAL

The semi-automatic stations collect samples as 24-hour averages and the pollutant concen-
trations are determined in the laboratory (SO2 by the tetrachloromercurate (TCM) method I1SO
4221, NO2 by the triethanolamine (TEA) method 1SO 6768 and BS by reflectometry of the col-
lecting filter). The automatic monitors collect SO2 and NO2 samples continuously, analyse by
ultraviolet (UV) fluorescence I1SO 1996 and chemiluminescence ISO 1985, respectively, and gene-
rate values as 3 min or 30 min averages.

RESULTS AND DISCUSSION
Outline of the data

The observations are based on the daily averages of the concentrations of
SO2, NOy, and BS in the period 2003-2005, inclusive. They were analysed in
terms of temporal and spatial variations, which reveal characteristics and sources
of the pollution.

Prior to detailed analyses, the whole body of available data of the 1999 — 2005
period was scrutinised for consistency and reliability. This revealed that most of
the SO, data from the semi-automatic stations were not sufficiently reliable in the
low concentration range, when the values fell below the detection limit of the em-
ployed TCM method. Also, in many cases, the semi-automatic stations gave gene-
rally lower values than the more reliable automatic stations. This is consistent with
comparisons at Schauinsland, Germany.3 The stability of unprotected TCM sam-
ples is affected by temperature and light. This suggests that the data quality could
be inconsistent across the sites. National comparisons in Germany showed that the
TCM method gave slightly lower results than the impregnated filter method, even
during winter. A national comparison in Turkey, February—November (1997), in-
dicated that the low SO> results obtained by TCM may be caused by interference
from ozone or some other oxidant.4 In addition, some semi-automatic SO, data do
not even follow the real seasonal annual variation, or are a possible victim of the
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arrangement of street canyon building.3-¢ For these reasons, all further considera-
tions involving SO, are based primarily on SO, data from the automatic stations.
Excluded are the stations: BGA, BDS 142, KJ, LIB, OJ, SS, and US.

The data for NO, and BS show more overall consistency and no significant
differences exist between the automatic and semi-automatic data.

Seasonal and spatial variations

The SO, data show very regular variability, with high concentrations in win-
ter (October—March), the cold season, and a gradual decrease to minimum values
in summer. Black smoke shows similar, albeit less expressed, seasonal changes.
NO, does not show significant seasonal variations.

Since spatial variation of pollutants is expected over the whole area,’-8 the
spatial distribution of the pollutants across a Belgrade street map was plotted using
Golden Software Surfer (Version 6), a contouring and surface mapping software.
The input data were the geographic coordinates of the stations and the average
concentrations of the chosen pollutants at those locations during summer (June—-Au-
gust) and winter (October—March) in the period 2003-2005. Only the stations with
reliable data in that period were included into the consideration, as discussed.
This Surfer software creates contour maps which identify different ranges of data
by automatically assigning a different colour to each data range. The most rele-
vant features in the plots are the indications of maxima or minima defined by the
iso-concentration curves.

Average SO, concentrations for summer and winter periods during 2003—2005
for the chosen stations are given in Table I. The summer data from stations OB,
DRS, TJ, GD, and MV were not reliable enough to be taken into account, due to
the reasons already discussed.

TABLE 1. Average summer and winter SO, concentrations during 2003 — 2005 at the chosen moni-
toring stations

Station BDS 54a CC KP KS OH OB DRS TJ] GD MV
Summer 17 30 35 25 49 * * * * *
Winter 73 83 149 45 141 33 101 28 19 50

The plots of SO, (Fig. 2) indicate that the maximum in winter months is
concentrated around the area with several poorly filtered large heating systems
near the centre of the city. In summer, the maximum is shifted more to the Indus-
trial area near the Danube riverbank.

The data show that the SO, values exceed the limit value only during the
winter season, almost exclusively in the central city zones.

The average NO, summer and winter concentrations for 2003-2005 were
calculated from 14 monitoring stations (Table II).

The plots of NO; (Fig. 3) feature open iso-concentration curves in some parts,
which may be an artefact due to lack of data in those parts, but the winter superpo-
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sition (Fig. 3a) indicates the contribution of the district heating plants located more
prevalently in the western parts of the city. This contribution is absent in summer
(Fig. 3b), and the summer plot basically indicates the traffic density distribution.
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Fig. 2. Spatial distribution of SO, in (a) winter and (b) summer. Based on the measurements from
the OB, KS, BDS 54a, CC, OH and KP stations (for the summer period) plus the DRS, TJ, GD and
MV (for winter) stations, the iso-concentration lines are indicated in ug m™.

TABLE II. Average summer and winter NO, concentrations during 2003 — 2005 at the chosen mo-
nitoring stations
Station BGA BDS54a BDS 142 CC KP KS MV MP OV OH OB PZ SS TJ
Summer 11 34 29 24 22 21 30 42 31 38 16 24 22 35
Winter 13 48 33 21 34 18 26 35 31 74 35 26 24 34

4 T T T T T T T T
-100.00 -80.00 -60.00 -40.00 -20.00 000 2000 4000 60.00 80.00 Ki

Fig. 3. Spatial distribution of NO, in (a) winter and (b) summer. Based on the measurements of the
BGA, BDS142, MV, MP, OV, PZ, SS, TJ, OB, KS, BDS54a, CC, OH and KP stations,
the iso-concentration lines are indicated in pg m=.

The NO; limits are rarely exceeded (1 % to 9 %, in Fig. 4). More do so du-
ring the heating season for stations near the district heating plants (OH, BDS 54a,
KP, OV, OB), or in the non-heating season, the stations where traffic is the pre-
dominant source of NO; (MP, MV).

Both the winter and the summer plots of BS (Fig. 5a and 5b, respectively)
show a clear “island” of “clean” air around the monitoring station KS, which is
expected, as it is situated at an elevated urban background point. Generally, high
BS concentrations seem to be confined to the lower parts of the city, where parti-
culate matter naturally accumulates. That indicates natural and traffic sources of
this pollution. High summer BS concentrations to the north from the main city
area also indicate a strong natural source of this parameter — natural dust, which
is quite present in the north, towards the Pannonian Plain. In winter, there is an
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“island” of high BS pollution around the city centre, where most of the individual
and poorly filtered heating sources are situated (Fig. 5a). In this period, district
heating plants in the western parts of the area apparently add to the seasonal
contribution as well.?
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Fig. 4. Exceedence of daily the NO, limit values (85 pg m™) in
2005 during the heating and non-heating season.

The most extensive set of data was available for BS, which was measured at
17 locations in Belgrade (Table III).

This is in agreement with data on BS exceedences which show that in the
heating season they occur in the central, northern, and western parts roughly
twice as much as they do in the non-heating season. Heating is obviously still a
major BS source in winter.

T T T T T T T T T T T T T T T T T T 1
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Fig. 5. Spatial distribution of BS in (a) winter and (b) summer. Based on the measurements of the

BDS 142, DRS, GD, KJ, LIB, MV, MP, OV, OJ, PZ, SS, TJ, US, KS, BDS 54a, CC and KP

stations, the iso-concentration lines are indicated in ug m=.

The situation is somewhat different at station BDS 54a, where the BS exce-
edence percentage is not significantly different in the two seasons and is even
higher during the non-heating season. This is an indication that at this particular
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spot, the dominant source of BS is traffic, which adds to the complexity of the
BS sources. In order to shed more light onto the nature of the BS measurements,
some available PM g (particles below diameter 10 pm) data were examined.

TABLE III. Average summer and winter BS concentrations during 2003 — 2005 at the chosen mo-
nitoring stations
Station BDS 54a BDS 142 CC DRS GD KP KS KJLIBMVMP OV OJ PZ SS TJ US

Summer 53 28 22 27 2530 6 23 * 23 45 20 25 27 * 38 23
Winter 39 38 76 42 44 67 20 32 33 38 30 37 34 39 42 63 37

Unlike BS values, those of PMy show a great difference between the sea-
sons, such that heating adds a significant contribution to the overall concentration
of PM|¢ particles. Some studies have shown that mineral based particles (diameter
around 50 um) originate from either combustion processes (e.g. lead compounds
from gasoline engines) or from brake and clutch lining wear.!0 These larger parti-
cles than 10 um can appear in the material measured as BS, but not in the filtered
PM;jy material. PMq particles mostly originate from various stationary combu-
stion processes, transport, wind erosion, and resuspended road dust.!! The results
in Fig. 6 show that at this location the dominant source of PM1( in winter is sta-
tionary combustion (heating). This means that PMg is here a better indicator of
combustion processes than BS itself, which actually reflects traffic activity better.
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Fig. 6. Exceedence of the daily limit values for BS and PM; in 2005 during the heating and
non-heating season at the BDS 54a station.

Comparisons with other European cities

In comparison to some other European cities, the Belgrade situation is appa-
rently the worst in terms of SO, and BS levels, and moderate in terms of NO, le-
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vels (Fig. 7).12 Since SO, and BS are pollution parameters associated with out-
dated technologies, the situation reflects the lagging behind of technical develop-
ments of heating, industrial, and traffic practices in Belgrade. On the other hand,
moderate NO; levels indicate that traffic is apparently still not as dense as in the
more developed cities.
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Fig. 7. Average annual BS, SO, and NO, concentrations in some European cities in 2004.

During the 1990s, the industrial “hot spots” shifted from western Europe to
the central and eastern Europe (CEE), where heavy industry, use of low-quality
fuels and outdated production technologies resulted in high emission levels. As a
consequence, the emissions of NOy and SO, per unit gross domestic product (GDP)
in the CEE were more than 4 times higher, and emissions of particles and volatile
organic compounds (VOC) considerably higher.!3 A transition period characteri-
zed the second part of the 90s in the CEE countries, when a series of management
procedures were introduced, such as closing inefficient industries and power plants,
fuel switching from brown coal to natural gas, and the introduction of flue gas
desulphurization. The result was significant air-quality improvements.!4

The ratio of the concentrations NO/SO, is apparently an indicator of the
structure of pollution.!5 Nitrogen oxides are mainly produced by mobile sources,
the role of which increases with the development of the economy. Simultaneously,
the employment of sulphur-rich fuels typically decreases with modernisation of
the technologies. Consequently, the value of this index significantly increases in
urban areas with economic development. Cities in western Europe have a domi-
nant traffic contribution to air pollution, and the resulting index has high values
(Amsterdam, London, Helsinki, Milan, in Fig. 8). Cities of eastern and south-east-
ern Europe, which in the 1990s underwent rapid economic developments, show
intermediate values of this index (Vilnius, Tallinn, Budapest, Prague, Warszawa,
Ljubljana, Nicosia), whereas most of the Balkan cities (Skopje, Sofia, Sarajevo,
Belgrade) show values below 5, typical of transition economy cities.
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In most respects, air pollution in Belgrade has the characteristics of most
East European cities in the past decade, of countries in transition in which eco-
nomic conditions have a strong effect on the atmospheric environment (the qua-
lity of the car fleet and the types of environmental protection related to installa-
tions at stationary sources, as well as the type of home heating).16
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Fig. 8. Average annual concentration ratio of NO,/SO, in some European cities in 2004.
CONCLUSIONS

Analysis of the data from twenty monitoring stations in the Belgrade metro-
politan area showed that the TCM method used for SO, detection in the semi-auto-
matic stations is quite unreliable, especially in the low concentration range. It fo-
llows that only the automatic stations can be trusted in this respect. This leaves
only three reliable stations in the Institute of Public Health network, clearly indi-
cating the need for modernisation of the equipment. Fortunately, the Hydrome-
teorology Service contributes to the available data with its additional three auto-
matic stations.

The most significant characteristics of air-pollution in Belgrade are: high SO,
and elevated BS pollution in the cold season, mainly caused by domestic heating;
NO; pollution which follows the temporal and spatial variations of traffic emis-
sions, with some seasonal contributions from heating; and indications of signi-
ficant traffic and natural contributions to BS generally. It should be interesting to
follow these indications by more detailed research which would answer impor-
tant questions about the origin, and more importantly, characteristics and health
impact capacity of the particulate matter in Belgrade generally, with possible
mapping of the natural/anthropogenic influences across the whole area. Monitor-
ing of the classical “Black Smoke” parameter obviously cannot answer these ques-
tions alone and has to be appended by monitoring parameters such as PMjy,
PM, 5, and PM|, together with chemical analyses.
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Since mapping requires inclusion of as many measuring points as possible,
in the present study it was confined only to the pollutants monitored by all the
available stations of the existing networks. Also, the obtained average concen-
tration ratio of NO,/SO; below the value of 5 clearly classifies Belgrade as a
transition economy city.

Substitution individual heating with coal and heavy oil by gas district heat-
ing would help enable considerable decreases in the SO, and BS levels. Better
traffic organisation should contribute to a lowering or containment of NO, levels,
which are not so critical in comparison with other European cities.
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N3BOJ

KAPAKTEPUCTUKE AEPO3ATI'ABEBA TPAJJOBA 3EMAJBA Y EKOHOMCKOJ
TPAH3ULIUIN: ITPUMEP BEOI'PATA

AJIEKCAHJIPA M. XXYIUR!, BOJAH B. PAJIAK! u JIPATAH A. MAPKOBU'R?

! HHuciauityit 3a HykaeapHe Hayke Bunua, Jlabopaiiiopuja 3a puduuky xemujy, . up. 522, 11001 Beozpao u
2 Dakyaitieit 3a iipumerbeny exoaozujy, Yuusepauiteii Cunzuoynym, byaesap Kpawva Aaexcarnopa 70,11000 Beozpao

VY pany cy KpUTHYKH aHAIM3MpaHa Mepema HuBoa SO,, NO, u yahu Ha TepuTOpHju Tpamga
Beorpana. Konuenrpanuje oBux 3arahjusada ce mepe Ha Behunu ox 20 MEpHHX CTaHHIIA MOHUTOPHHT
MpEeKe MMOCTaBJbeHe Ha LIMPOj TEPUTOPHUjH Ipaia, o KOjuX cy ojabpaHe caMo OHE Hajoy3laHuje U
Ha OCHOBY THX Mepem-a Je(MHUCaHe Cy OCHOBHE KapaKTepHCTHKe aeposarahema y beorpany. Haheno
je nma Beorpan kapaxrepuiie aeposaraljere¢ THIIMYHO 3a IPAJiOBE 3eMajba ca CKOHOMHjOM y TpaH-
3unuju — BUcoku HuBoM SO, 1 4ahur Koju 1okasyjy 3HAaTHE CE30HCKE BapHjalje ¥ YMEPEHO BHCOKH
HuBou NO,. Pazmatpanu cy W3BOpH, MPOCTOPHA M BPEMEHCKA PAcIIo/iella OBUX aepOIOJyTaHaTa.

(ITpumsbeno 2. oktobpa 2006, peuaupano 28. hebpyapa 2007)
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Thermodynamics and phase diagram calculation of
some sections in the Ag—Bi-Sn system

DRAGANA ZIVKOVIC!*# TWAO KATAYAMAZ, DRAGAN MANASIJEVIC!#,
HIROMI YAMASHITAZ and NADA STRBAC!*

!University of Belgrade, Technical Faculty, Bor, Serbia and ?Osaka University,
Graduate School of Engineering, Osaka, Japan

(Received 9 February 2007)

Abstract: The thermodynamic properties and characteristic phase diagrams of some
sections in the Ag—Bi—Sn system were calculated. The thermodynamic functions,
such as Gibbs excess energy, activity and enthalpy of formation, were calculated
using the RKM model and compared with experimental data reported in the litera-
ture. Iso-activity diagrams for all three components at 900 K have been constructed.
The calculated phase diagrams of the vertical sections Sn—AgBi, Ag-BiSn and Bi-AgSn,
obtained using the ThermoCalc program, were compared and confirmed with the
results of DTA measurements from the present work.

Keywords: thermodynamics, phase diagrams, ternary alloys, Ag-Bi—Sn system,
lead-free solders.

INTRODUCTION

Although originally commenced as an environmental issue, lead-free solder-
ing is rapidly evolving into an important issue for the worldwide electronic indu-
stry.1:2 A contribution to this topic at the European level has been given in the fra-
me of the COST 531 Action “Lead-free solder materials”,3 during which, based on
a recent version 4.4 SGTE,# a new thermodynamic database for lead-free solder al-
loys was developed.’ It also contains data for carefully tested binary phase diagrams,
suitable for the prediction of phase equilibria in multicomponent solder systems.

Among the lead-free solder alternatives for surface mount assembly, systems
based on Ag—Sn were considered as the most promising. Especially the Ag—Bi—Sn
system was determined to be a very applicable one, since its solderability was po-
sitively assessed among a range of lead-free alloys.2

Considering the thermodynamic description of the Ag—Bi—Sn system, there
are few papers dealing with experimental investigations of thermodynamics pro-
perties of the ternary Ag-Bi—Sn system. Hassam et al.® determined mixing enthal-

* Corresponding author. E-mail: dzivkovic@tf.bor.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0709901Z
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pies of liquid alloys by direct reaction calorimetry. Recently, Katayama et al.’
measured activities of tin using the fused salt EMF method.

A thermodynamic optimization of the Ag—Bi—Sn ternary system, was perfor-
med by Zabdyr et al.,> while a phase equilibria investigation of this system was
presented by Ohtani et al.,8 who established that the investigated system includes
three ternary invariant reactions — two ternary transitory peritectics at 263.6 °C
and 262.5 °C, and one ternary eutectic at 139.2 °C.

In this work, the results of a calculation of the thermodynamic properties and
phase diagram in the chosen sections of the Ag—Bi—Sn system are compared with
experimental DTA data, from this work and the literature, as a contribution to
more complete comprehension of the thermodynamics and phase equilibria of this
ternary system.

Theoretical fundamentals
The Gibbs energies of liquid and substitutional solid phases in ternary system

are described by the sub-regular solution model with the Redlich—Kister—Muggianu
model? as follows:

3 3
Gl =3 x0G? + RTY x? nxf + GE(T, x,) (1)
i=l1 i=l1

GE (T,xy) = xfjxgﬁﬁz + xgjxgjlg’3 + x?xij& + xlqﬁxgjquiz’3 2)

where sz ,Lg 3 ,Lﬁ are binary temperature-dependent interaction parameters,
and L, ; presents the ternary interaction parameter, expressed in the form:

9 _ 0 1 2
Liys=xLiyst XpL s+ X305 )

and optimized on the basis of the available thermodynamic and phase diagram data.

EXPERIMENTAL

Alloys of the Ag—Bi—Sn system were prepared from the pure metals (99.999 %) by melting toge-
ther weighed amounts of tin, silver and bismuth in evacuated and sealed quartz tubes. After melting, the
samples were annealed at 300 °C for 200 h and slowly cooled inside the furnace to room temperature.

The DTA measurements were performed using a Derivatograph (MOM Budapest) apparatus
equipped with a Pt/Pt 10 % Rh thermocouples under the following conditions: air atmosphere, heat-
ing rate 5 K min’! using sintered Al,O5 as the reference specimen.

RESULTS AND DISCUSSION
Starting data

The basic data for the calculation of the thermodynamic properties and the
phase diagrams were the optimized thermodynamic parameters for the Ag—Bi—Sn
system compiled elsewhere,’ including all binary subsystems, i.e., Ag—Sn, 10 Ag-Bill.12
and Bi-Sn.13.14

The pure solid elements at 298.15 K and 1 bar in their stable form were cho-
sen as the reference state for the systems (SER) and, therefore, Version 4.4 of the
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SGTE Unary Database (Scientific Group Thermodata Europe) of the phase stabi-
lities for the stable and metastable states of pure elements? was employed.

The following phases from the constitutive binary subsystems, considered in
the COST 531 Database> and presented in Table I, were used in the calculations in
this work: liquid phase, the Sn-rich bct phase (denoted as BCT AS), the Ag-rich
fcc phase (denoted as FCC_Al), the Bi-rich thombohedral phase (denoted as
RHOMBOHEDRAL A7), the orthorombic order structure Ag3Sn (denoted as
AGSB ORTHO) and the hep phase (denoted as HCP_A3).

TABLE I. Optimized thermodynamic parameters for the Sn—Ag-Bi ternary system from the literature?

LIQUID
EXCESS MODEL IS REDLICH-KISTER. MUGGIANU
CONSTITUENTS: AG,BLSN
L(LIQUID,AG,BI;0) =+3340.81+39.16749%T-5.969876*T*LN(T)
L(LIQUID,AG,BL; 1) = -5485.45-1.07133*T
L(LIQUID,AG,BI;2) = -3055.34+1.77449*T
L(LIQUID,AG,SN;0) = -399.49-31.42004*T+3.081837*T*LN(T)
L(LIQUID,AG,SN;1) = -18150.65+5.87501*T
L(LIQUID,AG,SN;2) = -12009.03+5.18355*T
L(LIQUID,BLSN;0) =+500+1.5*T
L(LIQUID,BLSN;1) =-100-0.135*T
L(LIQUID,AG,BLSN;0) = +4093.27+63.407508*T
L(LIQUID,AG,BLSN; 1) = +11188.52-8.978544*T
L(LIQUID,AG,BLSN;2) =+17072.3-21.742545*T
AGSB_ORTHO
2 SUBLATTICES, SITES .75: .25
CONSTITUENTS: AG : AG,BLSN
G(AGSB_ORTHO,AG:AG;0)-H298(FCC_A1,AG;0) =+GHSERAG+4750-0.5*T ( 298.14<T< 3000.00)

G(AGSB_ORTHO,AG:BI;0)-0.75 H298(FCC_A1,AG;0)-0.25 H298(RHOMBOHEDRAL _A7,BI;0)
—+0.75*GHSERAG+0.25*GHSERBI+5 (298.14<T< 3000.00)

G(AGSB_ORTHO,AG:SN;0)-0.75 H298(FCC_A1,AG;0)-0.25 H298(BCT_A5,SN;0) =
-11085.3+110.01471*T-23.18*T*LN(T)-0.00359*T>+4389.5*T (D
L(AGSB_ORTHO,AG:AG,BI;0) = 0.0
L(AGSB_ORTHO,AG:AG,SN;0) = 0.0
L(AGSB_ORTHO,AG:BLSN;0) = -1000
FCC_Al
2 SUBLATTICES, SITES 1: 1
CONSTITUENTS: AG,BLSN : VA
L(FCC_A1,AG,BL:VA;0) =+25077.78-12.05475*T
L(FCC_A1,AG,SN:VA;0) = +745.45+11.498027*T
L(FCC_A1,AG,SN:VA;1) =-36541.5
L(FCC_A1,BLSN:VA;0) = 2000
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TABLE 1. Continued

HCP A3
2 SUBLATTICES, SITES I: .5
CONSTITUENTS: AG,BLSN : VA
L(HCP_A3,AG,BL:VA;0) =+25077.78-12.05475*T
L(HCP_A3,AG,BLSN:VA;0) = 50000
L(HCP_A3,AG,SN:VA;0) = +1046.1+10.23693*T
L(HCP_A3,AG,SN:VA;1) = -40505.5
L(HCP A3,BLSN:VA;0) = 2000
BCT AS
1 SUBLATTICE
CONSTITUENTS: AG,BLSN
L(BCT AS,AG,BIL0) = +25077.78-12.05475*T
L(BCT_A5,AG,SN;0) = 18358.8
L(BCT_AS5,BLSN;0) = +3500-1.038*T
L(BCT A5,BLSN;1)=-3710
RHOMBOHEDRAL A7
EXCESS MODEL IS REDLICH-KISTER. MUGGIANU
CONSTITUENTS: BLSN
L(RHOMBOHEDRAL A7,BLSN;0) = +19720-22.6*T
L(RHOMBOHEDRAL A7,BLSN;1) = -5760+11.834*T

Calculation of the thermodynamic properties of liquid Ag—Bi—Sn alloys

Katayama et al.” recently measured the activity of tin using the fused salt EMF
method at 900 K along the isoconcentration sections of Sn (xag/xgj = 1/3, 1/1 and
3/1). Based on these results, the concentration dependences of the excess Gibbs
energy of mixing were obtained using the Darken Equation.!5 These experiment-
ally based results were used for comparison with the data from the present work,
which were calculated using the optimized thermodynamic parameters for the con-
stitutive binary systems. The excess Gibbs energies of mixing at 900 K for the ter-
nary Ag-Bi—Sn system were calculated on the basis of the Redlich—Kister—Mug-
gianu Model® from the binary data only and using ternary parameters from the li-
terature.> Comparison between the Gibbs energy calculated from the binary pre-
diction using ternary parameters and the experimental results® is shown in Fig. 1.

It may be seen that experimental data could be thermodynamically very well
described using ternary interaction parameters in the calculation procedure. Bina-
ry prediction alone did not give satisfactory results. The same trend of good agre-
ement between the results calculated in this work and experimental data’ is
shown in Fig. 2, in which the activities in three investigated isoconcentration se-
ctions from the tin corner with xag/xgj = 1/3, 1/1 and 3/1 at 900 K are presented.

Fair agreement between the experimental and the calculated values is obser-
ved for all the studied compositions. The calculated isoactivity curves at 900 K for
every component are shown in Fig. 3.
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Furthermore, mixing enthalpies for some alloys in the Ag-Bi—Sn system were
calculated and compared with mixing enthalpies of liquid alloys experimentally
determined using direct reaction calorimetry.6 The results of the comparison bet-
ween the enthalpies of formation calculated using ternary parameters and experi-
mental values determined at 878 K (for two sections with molar ratio of Xag/xgj =
= 1/3 and xgi/xsn = 1/3), showing fair mutual agreement, are shown in Fig. 4.
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mental values determined at 878 K (for two sections with molar ratio of xAg/xBi =
= 1/3 and xBi/xSn = 1/3), showing fair mutual agreement, are shown in Fig. 4.
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Fig. 4. Enthalpy of formation of Ag-Bi—Sn liquid alloys at the section of: a) x4/xp; = 1/3; b) xgj/xg, = 1/3.
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Investigation of the phase equilibria of the Ag—Bi-Sn ternary system

The phase diagrams for three vertical sections in this ternary system, Sn—AgBi,
Ag-BiSn and Bi—AgSn, were calculated using optimized thermodynamic para-
meters® from Table I. DTA measurements were used to check and confirm the
calculated phase boundaries. The experimental results of thermal analysis, inclu-
ding the characteristic temperatures of the endothermic peaks, which occur du-
ring heating of the investigated samples in the three chosen sections, are presen-
ted in Table II.

TABLE II. The temperatures of liquidus and other phase transformations obtained by DTA for the
samples in Ag-Bi-Sn system

Sample composition Temperature of the DTA peak / K
at. % Liquidus Other phase transformations

Ag:Bi=1:1

Sn10Ag45Bi45 505 262

Sn20Ag40Bi40 495 136, 243, 411

Sn40Ag30Bi30 443 137, 167

Sn60Ag20Bi20 401 138, 172

Sn80Ag10Bi10 312 137,194
Bi:Sn=1:1

Sn45Ag10Bi45 381 139

Sn35Ag30Bi35 444 140, 180

Sn25Ag50Bi25 482 139, 183

Sn20Ag60Bi20 537 260, 373

Sn15Ag70Bil5 558 262

Sn5Ag90Bi5 814 -

Ag:Sn=1:1

Sn45Ag45Bi10 481 138,164

Sn35Ag35Bi30 485 138, 167

Sn25Ag25Bi50 476 139, 205

Sn15Ag15Bi70 428 139, 260

Sn5Ag5Bi90 271 141

The phase diagrams for three sections in the investigated system, Sn—AgBi,
Ag-BiSn and Bi-AgSn, calculated using ThemoCalc softwarel® and including
the obtained DTA results, are presented in Fig. 5.

As can be seen in Fig. 5, there is a good agreement between the calculated pha-
se diagrams of the investigated sections and the experimental results obtained by DTA.
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Xgi Ag-BiSn (b) and Bi—AgSn (c).

CONCLUSIONS

The results of the calculation of thermodynamic properties and phase dia-
gram in the Ag—Bi—Sn system are presented in this paper. The Gibbs excess ener-
gy was calculated using the Redlich—Kister-Muggianu model from binary data
only and by applying a ternary correction term, using starting data given in the
literature.> It was shown that the ternary term significantly improves the agree-
ment between the calculated and experimental-based results. The calculated re-
sults were compared with available experimental data reported in the literature.
The phase diagrams for the vertical sections Sn—AgBi, Ag-BiSn and Bi—-AgSn
were calculated using ThermoCalc software. The calculated phase diagrams were
compared with experimental DTA data from the present study. Good mutual
agreement was noticed.
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frame of the European action COST 531 on lead-free solder materials.
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Abstract: This work presents an investigation of column leaching of a chalcopyrite
ore using sulphuric acid where dissolved oxygen and iron(IIl) ions play the role of
oxidants. The investigations were carried out in PVC columns, diameter 110 mm
and height 1000 mm, by percolation of the leaching solution through the ore layer.
The influence of ore grain size on the degree of leaching and acid consumption was
examined. The formation of gypsum on limestone results in the comminution of the
initial raw material during leaching. The grain size of chalcopyrite was found to
have no important influence on the leaching rate of copper. A higher consumption
of sulphuric acid was found for the fractions (-3+1) mm, (—5+0) mm and (—5+3)
mm than for the fractions (—10+5) mm, (-20+10) mm and (-20+0) mm.

Keywords: chalcopyrite ore, column leaching, grain size.

INTRODUCTION

Classic methods of copper recovery from chalcopyrite ores are associated
with the formation of large quantities of out-of-balance raw materials. Further
treatment of such raw materials and copper recovery from them is possible by
leaching these minerals and subsequent copper extraction from the leaching solu-
tions. Leaching of such out-of-balance raw materials is carried out on heaps,
dumps and in situ. Both oxide and sulphide copper ores are leached, whereby
acid leaching!-2 and bioleaching3—© are the most often employed methods. How-
ever, if CuFeS, is the most common copper mineral in the dumps and heaps, the
leaching rate is lower than for other minerals because this mineral is not very re-
active. Due to this, stronger oxidants have to be used for the decomposition of
chalcopyrite. On the laboratory scale, for this purpose, strong oxidants have to be
employed, such as: chlorine,’ nitric acid,® ozone,? and chromium(VI)!0.11 but,
decomposition of chalcopyrite may also occur in the presence of some weak oxi-
dants, i.e., iron(II)!2-15 and oxygen, !¢ which are more favourable for direct use.

* Corresponding author. E-mail: mantonijevic@tf.bor.ac.yu
doi: 10.2298/JSC0709911A
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Previous investigations have shown that the oxidation process of chalcopyrite is
very complex, where dissolution is assumed to occur via the following Equations:!7
— oxidation to elementary sulphur

CuFeS; — Cu?* + Fe3++ 280 + 5¢- (1)
— oxidation to sulphate
CuFeS; + 8HyO — Cu?* + Fe3*+ 2803+ 16H" + 17¢~ ()

For potential values > 700 mV, massive dissolution of the chalcopyrite occu-
rred according to Eq. (1) or (2).18 Oxygen and Fe3* ion can oxidize the mineral
because the redox pairs Oy/H,O (Ox(g) +4H* +4e~ — 2H,0) and Fe3*/Fe2*
(Fe3™ + e — Fe2™) have a standard redox potential of 1.23V and 0.77 V,
respectively.

Both, elementary sulphur and sulphates may be obtained as the final pro-
ducts of chalcopyrite oxidation. Sulphur formation retards the dissolution of this
mineral due to passivation.!9-22 Many factors influence the dissolution rate: the
nature of the passive layer,!4 galvanic interactions on the surface of the mine-
ral,23:24 activation of the mineral,25 particle size,26-27 etc. Using electrochemical
methods, important data were obtained and employed to explain the behaviour of
chalcopyrite in solution (the nature and existence of a passive layer, the influence
of reactants on the dissolution rate, etc.), indicating the complexity of the chalco-
pyrite oxidation process.28-31

In this work, the oxidation of chalcopyrite ore from the Bor River ore body
was analysed using sulphuric acid solutions as the leaching solution and dis-
solved oxygen as the oxidant, as well as the iron(Ill) formed during the leaching.
The influence of grain size on the dissolution rate of chalcopyrite was investi-
gated using sulphuric acid solutions (pH 1.0) at a solid/liquid ratio of 1:1. The
experiments were performed in columns by percolation of the leaching solution
through the ore. In addition to the content of copper, those of iron, silicon, alu-
minium, magnesium and calcium were determined in the leaching solutions. The
untreated sample and the solid residues obtained after the leaching process were
analysed by X-ray diffraction analysis.

EXPERIMENTAL
Material

Samples for laboratory investigation were taken from the Bor River ore body, East Serbia.
The sample was crushed to (—20+0) mm and samples for study were prepared by additional
crushing and sieving. The following fractions were used in this study: (=3+1) mm, (-5+3) mm,
(=5+0) mm, (-10+5) mm, (—20+10) mm and (-20+0) mm. The results of the chemical analyses of
the ore samples of various size ranges are presented in Table 1.

The grain size distributions of an untreated and treated sample within the size range of (—20+0) mm
are presented in Fig. 1.

It was estimated using mineralogical and X-ray analysis of the samples that the most common
copper mineral was chalcopyrite and pyrite, whereby the ratio of chalcopyrite/pyrite 1:3. Based on
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qualitative mineralogical analyses, the amounts of magnetite, hematite, rutile, leucoxene and limo-
nite, as well as of trace amounts of chalcocite, covellite and bornite were estimated. The back-
ground minerals in the analysed sample were based on quartz—carbonate—silicate.

TABLE I. Chemical analysis of the ore samples

Content / %

Constituents Size range / mm
-3+1 —5+0 —5+3 -10+5 —20+10 -20+0
Cuyg 0.51 0.58 0.53 0.57 0.48 0.64
Cugy 0.007 0.01 0.013 0.009 0.019 0.027
Fe 4.00 3.92 4.60 3.67 3.84 3.93
S 5.18 5.57 5.09 5.76 4.80 3.74
CaO 4.31 6.3 4.59 5.25 5.52 5.94
MgO 1.56 1.69 1.70 1.67 1.48 1.76
SiO, 57.64 53.10 55.90 54.4 53.48 54.06
Al O3 12.48 12.97 13.19 12.71 12.05 12.89
_ 100}
=
g 80t
o
g
= 60 |
8
2 /'
'§ 40 - /o/
:12: ° /' A
3 4
g 20 -® /4;
=3 0
© o——o——O—O*"""’.’& /&A/B 8
0 e . Fig. 1. Grain size distribution for the size
0.1 1 10 range (—20+0) mm, a) untreated sample, b)
Grain size / mm treated sample.

Column leaching experiments

Dissolution of all the samples was carried out in PVC columns of, diameter 110 mm and
height 1000 mm, using sulphuric acid solutions as the leaching solution. Eight kilograms of ore of a
definite size range, (—3+1) mm, (-5+3) mm, (-5+0) mm, (—10+5) mm, (—20+10) mm or (-20+0) mm,
was loaded into a column. A bed of silicon dioxide of about 1 cm thickness was layered over the
ore in order to assure uniform distribution of the solution. Sulphuric acid solution of pH 1.0, at ratio
of solid/liquid of 1:1, was used as the leaching solution. The pH values were adjusted by addition
of sodium hydroxide, and the output solutions were re-circulated upon adjustment of the pH. The
sulphuric acid consumption was calculated based on the sodium hydroxide consumption. At defi-
nite time intervals, 5 ml of leaching solution was taken and transferred into a 100 ml volumetric
flask. The solutions were made up to a volume of 100 ml with distilled water and the amounts of
copper and iron were measured using atomic absorption spectrophotometry (AAS). Aluminium and
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silicon were measured by inductively coupled plasma—atomic emission spectroscopy (ICP—AES).
Upon 90 days of leaching of following fractions: -20+10 mm, -20+0 mm and -5+3 mm, the con-
tents of Ca and Mg were determined in the output leaching solutions by atomic absorption spectro-
photometry (AAS).

The liquid flow rate through column was 3.3 cm® min'!. The all leaching experiments lasted
three months under atmospheric conditions.

RESULTS AND DISCUSSION
Influence of grain size on the dissolution rate of chalcopyrite was analysed
for six size fractions, i.e., (-3+1) mm, (-5+3) mm, (-5+0) mm, (-10+5) mm,

(—20+10) mm and (-20+0) mm). The results of the leaching experiments are
presented in Figs. 2 — 7.

-3+1) mm 0.7 | -5+0) mm
030H m cy (-3+1) Cu o)
® Fe
& Al
¥ Si o
'g 0.20 E
= 2
5 g
= [
g o
o 0.10 &)

0 20 40 60 80 0 20 40 60 80
Time / days Time / days
Fig. 2. Dependence of the concentrations of cop- Fig. 3. Dependence of the concentrations of cop-
per, iron, aluminium and silicon in the leaching  per, iron, aluminium and silicon in the leaching
solution on time after copper ore treatment with  solution on time after copper ore treatment with
sulphuric acid (pH 1.0, S:L = 1:1) for sulphuric acid (pH 1.0, S:L = 1:1) for
the size range: (-3+1) mm. the size range: (—5+0) mm.

From the dissolution curves (Figs. 2 — 7), it can be seen that concentration of
the selected elements increased with time. The copper(Il) concentration in these
solutions after leaching for three months was in the range of 0.011 — 0.024 g dm3;
iron, aluminium and silicon in the range 0.22 — 0.68 gdm3, 0.14 —0.45 gdm3
and 0.039 —0.13 g dm3, respectively. The calcium(II) concentration was in the
range of 0.030 — 0.062 g dm3, and of magnesium 0.134 — 0.460 g dm3.

Low calcium concentration can be explained by the formation of sparingly
soluble calcium sulphate.!5 The experimental results show that the grain size of
the ore, for these size ranges, had a minor influence on the dissolution rate. Also,
the oxidation rate of chalcopyrite under these conditions was low, as shown by
the low copper(Il) ions concentration in the output solutions (Fig. 8).
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nesium on time after copper ore treatment solution on time after copper ore treatment with
with sulphuric acid (pH 1.0, S:L = 1:1) sulphuric acid (pH 1.0, S:L = 1:1) for
for the size range: (-5+3) mm. the size range: (-10+5) mm.
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Fig. 6. Dependence of the concentrations of cop- Fig. 7. Dependence of the concentrations of cop-
per, iron, aluminium, silicon, calcium and mag-  per, iron, aluminium, silicon, calcium and mag-

nesium on time after copper ore treatment nesium on time after copper ore treatment
with sulphuric acid (pH 1.0, S:L = 1:1) with sulphuric acid (pH 1.0, S:L = 1:1)
for the size range: (-20+0) mm. for the size range: (-20+10) mm.

Insignificant influence of grain size on the dissolution rate of chalcopyrite
may be explained as follows: in the initial period of leaching, oxidation of chal-
copyrite occurs on the surface of the ore grains. Due to the reaction between sul-
phuric acid and the matrix minerals, calcium ions are released, which react with
the sulphate anions forming calcium sulphate (gypsum) as a precipitate. The
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formation of this compound during leaching was confirmed by X-ray diffraction
analysis of the solid residue (Fig. 9). Precipitate formation may occur when the
formation front moves to the interior of the ore grains. Due to the large volume of
the precipitate, small cracks form in the grain exposing new chalcopyrite surfa-
ces. This phenomenon results in a comminution of the initial raw material during
leaching, which may be seen from the curve of the grain size distribution of the
solid residue (Fig. 1, curve b). Ritsema and Groenenberg32 in 1993 proposed that
the following reaction occurs on limestone in acidic medium in the presence of
iron(IIl) (during pyrite oxidation):

Fe3* + 2803~ + H* + 2CaC03 + 5HyO — Fe(OH)3 + 2CaS04-2H,0 +2CO; (3)

0.10 -
SL=11
0.08 L pH 1.0
£ oost
(o))
>
O o004t
o
Q L
:‘; 0.02 _LL_"—T——J—
u
0.00 -
. | . ., Fig 8. Dependence of copper concentration on the
0 4 8 12 16  average diameter of ore grains after leaching (pH 1.0,
Average diameter / mm S:L = 1:1, leaching time: 90 days).

They found that carbonate particles become coated with gypsum and amorphous
ferric oxyhydroxides are formed in reaction (3). Simon et al.33 showed tabular
crystals composed of S and Ca (gypsum), based on SEM-EDS analysis of the co-
atings. These facts are in accordance with the present results.

Mineralogical analysis showed that carbonate minerals existed in the initial
raw material. These minerals react with sulphuric acid forming a porous layer,
which enables contact of leaching solution with minerals in the grain interior.
Auck and Wadswort! found that, during acid leaching of copper ore, the copper
leaching rate increases with decreasing ore grain size, but the leaching rate was
not proportional to the reciprocal value of diameter. Lu et al.22 found that for chal-
copyrite leaching particles of a various diameters in solutions of 0.8 M H>SO4 con-
taining 1 M NaCl, identical copper concentrations were obtained in the solution after
9 h of leaching. A lack of dependence of the concentrations of leached ions on the
size of the ore was also registered for other raw materials. For example, during
the oxidation of As-bearing gold ore, it was found out that the grain size had no
influence on the arsenic and iron concentrations in the leaching solutions.33 The
differences in behaviour are probably due to the variable composition of the ores.
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Fig. 9. X-Ray diffraction pattern of the residue after 90 days of leaching: gypsum (G), quartz (Q), an-
hydrite (A) and muscovite (M). Conditions: H,SO,4 (pH 1.0), S:L = 1:1; for size range (-3+1) mm.

The ore grain size had a small influence on the consumption of acid. As seen
in Table 11, the acid consumption was in the range of 56 — 73 g kg~ ore, for vari-
ous grain sizes. Ahonen and Tuovinen4 performed experiments of bacterial lea-
ching of a complex sulphide ore containing chalcopyrite and obtained an average
acid consumption of 43 g kg~1 ore.

TABLE II. Influence of grain size on the consumption of sulphuric acid (pH 1.0) after 90 days of
leaching

Fraction / mm -3+1 -5+0 —5+3 -10+5 —20+10 —20+0
Consumption / g kg™ ore 73 65 67 56 57 61

Siliceous and alumosiliceous minerals may be altered into other mineral
forms during leaching.35 Some siliceous minerals may be partly dissolved during
long-term acid leaching experiments. Siliceous (MeySiO4) leaching rates are
much slower than those for carbonates, but their contribution to acid consump-
tion may be important such as shown by the following reaction:

Me,SiO4 + 4H* —> 2Me2* + SiO, + 2H,0 (4)

The experimentally determined acid consumption (Fig. 10 and Table II)
show an increased acid consumption with time. This suggests that reactions bet-
ween basic components and sulphuric acid are continuously contributing to the
formation of leaching channels. This result leads to approximately equal leaching
rates regardless of the ore grain size. Consumption of sulphuric acid is higher for
the fractions (-3+1) mm, (-5+0) mm and (-5+3) mm than for the coarser frac-
tions (-10+5) mm, (-20+10) mm and (—20+0) mm, Fig. 10.
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1

Consumption H,SO, /g kg™ ore

—m—(-3+1) mm
—o—(-5+0) mm
—O0—(-5+3) mm
—v—(-10+5) mm
—»—(-20+10) mm
—O—(-20+0) mm

0 20 20 60 80 1(')0 Fig. 10. Dependence of acid consumption on leach-
Time /d ing time for various size ranges (pH 1.0, S:L = 1:1).

CONCLUSIONS

Based on experimental data, the following could be concluded:

1. Grain size of chalcopyrite ore has a minor influence on the leaching rate
of this mineral in sulphuric acid solution.

2. The copper(Il) concentration in the leaching solutions after leaching for
three months is in the range of 0.011 — 0.024 g dm=3. The concentrations of iron,
aluminium and silicon are in the range of 0.22 —0.68 gdm=3, 0.14 - 0.45 gdm™3
and 0.039 — 0.13 g dm3, respectively.

3. The formation of gypsum on limestone results in the comminution of the
initial raw material during leaching.

4. A higher consumption of sulphuric acid was found for the fractions of (-3+1),
(-5+0) and (—5+3) mm than for the fractions (—10+5), (-20+10) and (—20+0) mm,
due to the presence of finer ore particles.

Acknowledgements: The authors are grateful to the Ministry of Science of Serbia for financial
support (Project No: 142012).

N3BOJ

VYTULAJ BEJIMUYUHE 3PHA HA PACTBAPAILE XAJIKOIIMPUTHE PYJIE
Y KUCEJIOJ CPEJHN

M. M. AHTOHUJEBUWR, I'. 1. BOTJIAHOBWR, C. M. LIEPBYJIA u C. M. MUJINR
Yrueepauitieii y Beozpady, Texnuuku gaxyaitieini y Bopy, . iip. 50, 19210 Bop

VY pany cy mpukasaHU pe3yNTaTH JIyKeka XaJIKOIMHPUTHE PYyAe CyMIOPHOM KHCEIHHOM I/
Cy yJIOTY OKCHIaHaca UMaJli PacTBOPEHHU KuceoHUK U joHu reoxha(lll). MciimtuBama cy BpiieHa y
kosnonama o [IBI] marepujana npeunuka 110 mm u Bucude 1000 mm, nepkosanujoM pacTBopa
Kpo3 cJ0j pyae. McnutuBad je yTuiaj BEeIMYHHE 3pHA PyAe Ha CTENEH H3ITyKerkha U MOTPOLIKY KH-
cenuHe. Y TOKY Jy)XeHha XAJIKONUPUTHE pyJe JellaBa Ce€ YCUTHABAIE MO0JIa3HE CUPOBHHE yCie[q
rpahema MuHepana rumca. Bennunna 3pHa pyze XaJKOIHPHTa, y HCIHTHBAHOM OIICeTy KpymHohe,
HeMa BEeJIMKH YTHIA] Ha Op3uHY JTy)Kema TOI MUHEpaia y pacTBOpY cyMIopHe kuceinHe. Haljeno
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je na je Beha moTpouma CyMOopHe KucennHe 3a kinace kpymnHohe (—3+1), (-5+0) u (-5+3) mm nero
ITo je Kox kiaca kpynuohe (—10+5), (-20+10) u (-20+0) mm.
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