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Interactions of metal ions with old drugs
Iztok Turel

Department of Chemistry and Biochemistry, Faculty of Chemistry and Chemical Technology, University of Ljubljana,
Vecna pot 113, SI-1000 Ljubljana, Slovenia

Introduction

One of important fields that bioinorganic chemistry deals with are interactions of metal ions with
biologically important compounds. Without any doubt it was Rosenberg's discovery of cisplatin’s
cytotoxic properties' that was the most important cause for great interest and development in this field
of chemistry.

Nowadays, it is well established that many drugs used in clinical practice require the presence of metal
ions for their activity. On the other hand, metal ions can also react with drugs and decrease their
activity (e.g. due to formation of sparingly soluble compounds). Moreover, it became evident that metal
complexes of clinical drugs (that frequently contain electron donor atoms or groups) might exert
increased or changed biological activity. With other words — a so called synergistic activity can occur.”

The design of a novel drug is a long-lasting and extremely expensive process.’ Therefore the
repurposing of old drugs is very attractive topic nowadays. The quote of Sir James Whyte Black (winner
of the 1988 Nobel Prize in medicine) that ‘The most fruitful basis for the discovery of a new drug is to
start with an old drug’, is thus very stimulating.*

In the last two decades my lab was and still is involved in studies of metal ions interactions with drugs
used in clinical practice (see Figure 1). In this review I will shortly present our efforts in the most
representative systems. Quinolone antibacterial agents act most commonly as O,0- ligands. Bidentate
bonding of oxygen atoms to the metal center is also typical for some ligands from non-steroidal anti-
inflammatory drugs (NSAID) family and also pyrithione analogues (in some of these also O,S-
coordination is possible). We have also studied interactions with molecules that contain nitrogen atoms
which coordinate to the metal. Among these I will present the cases of antiviral drug acyclovir (N or
N,O- binding) which is a representative of nucleobase molecules, antibacterial agent clioquinol and its
derivatives (N,O- binding) and antifungal azoles (N- binding).

Results and discussion

Quinolones (also quinolonecarboxylic acids or 4-quinolones) are a group of synthetic antibacterial
agents containing a 4-oxo-1,4-dihydroquinoline skeleton. More than 10000 analogues are known and
more than thirty are or were used for the treatment of bacterial infections of humans and animals. Long
ago Hoffken et al. ° reported that concurrent administration of magnesium-aluminium containing
antacid and quinolone family member ciprofloxacin (cfH) resulted in a nearly complete loss of activity
of the drug in serum.

They have proposed that quinolones interact with metal cations through chelation between the metal
and the 4-oxo and adjacent carboxyl groups. Several crystal structures with many metals reported later
in the literature clearly confirm this hypothesis.° These functional groups are also required for
antibacterial activity, but it is well-known that magnesium ions which coordinate to this part of
quinolone molecule are crucial for their activity. So on the one hand metal ions are required for their
activity but on the other hand they can completely annul their biological effect. We have been working
on the interactions of metal ions with quinolone molecules for many years and most of our results were
obtained with this family of drugs. A variety of ligands from this group have been involved in these
studies as well as many elements of the periodic table (B, Mg, V, Mn, Co, Ni, Cu, Zn, Ru, Eu and Bi).
Apart from complete physico-chemical characterization, these complexes were evaluated in regard to
the properties of the free ligand and the intrinsic biological properties of the metallic species
(antibacterial tests, cytotoxicity, enzyme inhibition, interaction of complexes with DNA and serum
proteins, etc). The most systematic work was performed on Mg, Cu and Ru complexes. We have been
able to isolate a range of magnesium quinolone complexes and determined their crystal structures.
Different metal:quinolone ratio and coordination mode of ligand was observed in these complexes.
Importantly, these structures were used in studies dealing with details of quinolone mode of action.”
From the point of coordination chemistry, copper complexes of quinolones are very interesting and

2



Impresum

Sadrzaj : : Contents INDEX Knjiga lzvoda : : Book of Abstracts Stampa : : Print Izlaz : : Exit

53. savetovanje Srpskog hemijskog drustva, Kragujevac 10. i 11. jun 2016. PP 3

versatile. We were able to isolate mixed-valence (Cu(II)/Cu(l)), mixed ligand (quinolone and N,N- li-
gand) and ionic type compounds (with protonated quinolones). In these complexes different
coordination numbers and geometries were observed.® In isolated ruthenium(II) complexes the
quinolones are always bidentately coordinated to the metal through the ring carbonyl and one of the
carboxylic oxygen atoms. It was revealed by various spectroscopic methods that these complexes
interact with DNA and it was also shown that they can provoke DNA shrinkage. Although hydrolytic
behaviour of these compounds is different there are no big differences in their interactions with human
serum albumin. Most of compounds are not cytotoxic but moderate inhibitory potency against two
enzymes of the cathepsin family was observed.’

Non-steroidal anti-inflammatory drugs (NSAIDs) are the most frequently used drugs used as analgesic,
anti-inflammatory and antipyretic agents.'’ There are several chemical classes of NSAIDs including
salicylate derivatives, phenylalkanoic acids, oxicams, anthranilic acids, sulfonamides and furanones.!! It
was found that metal ions react with these drugs and metal complexes of NSAIDs have also exhibited
synergistic activity. In the fruitful cooperation with Prof. G. Psomas from Aristotle University of
Thessaloniki, a series of mixed-ligand complexes with various nitrogen donor heterocyclic ligands and
NSAID ligands were prepared with several metals (Cu, Co, Mn, and Zn). For all these metal complexes
interactions with DNA and serum proteins were tested. For some compounds their antioxidant and free
radical scavenging activity as well as their in vitro inhibitory activity against soybean lipoxygenase was
also studied."

Transition metal ionophores are an emerging class of ligands used in the design of anticancer drugs and
bioactive metal-based compounds.” Pyrithione is the conjugate base obtained from 2-mercapto-
pyridine-N-oxide which is a derivative of pyridine-N-oxide. Zinc pyrithione complex is used as a
bacteriostatic and fungistatic agent in dandruff shampoos and baby zinc powder. This compound blocks
the proton pumps'* and thus disrupts the membrane transport. We have studied the biological activity
of two types of ruthenium complexes of zinc ionophores pyrithione and its oxygen-containing analogue
2-hydroxypyridine N-oxide. Apart from physico-chemical characterization, we have also examined the
inhibition of AKR1C enzymes known to be implicated in pathophysiology of variety of cancers,
including breast cancer, and their potential cytotoxic effects on the model cell line of hormone-
dependent breast cancer MCF-7."

OH
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Figure 1. Clinically used drugs. Top — quinolone antibacterial agent ciprofloxacin (left), purine antiviral drug
acyclovir (middle), and 8-hydroxyquinoline clioquinol (right); bottom — antifungal agent zinc pyrithione
(left), NSAID mefenamic acid (middle) and azole antifungal tioconazole (right).

Antimetabolites prevent or inhibit the biosynthesis of normal cellular metabolites. Such compounds
have usually a similar chemical structure to the metabolite that they interfere with'® and are for
example used widely in chemotherapy. In anticancer therapy pyrimidine antimetabolites are frequently
used and example of such drug is 5-fluorouracil (5-FU). Such compounds can interfere with nucleic
acid replication not only in cancer cells but also viruses. Acyclovir (acv) is a well-known antiviral agent
and has a strong activity against several DNA viruses (especially from the herpes simplex family). This
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drug is a synthetic analogue of deoxyguanosine and has a well-established mode of action."”” The main
feature of this mode is that acyclovir triphosphate is incorporated into the viral DNA and with this
incorporation the viral DNA elongation is terminated. Not too many crystal structures of the metal
complexes with the nucleobase or nucleoside analogues that are used as anticancer and antiviral agents
were published. We have prepared copper, zinc and ruthenium complexes of acv and its analogues and
studied their biological properties."®

8-Hydroxyquinoline (8-hqH) and its derivatives are excellent ligands and have been studied for a long
time for various applications. For example, aluminium complexes exert luminescence properties and are
component of organic light-emitting diodes (OLEDs). Their potential medical applications are
extensively studied since these compounds have demonstrated activity as antimicrobial and anticancer
agents and are also tested in the treatment of neurodegenerative diseases. Members of this family are
well-known bidentate chelating agents that readily form metal complexes in the biological systems.
Such complexes may exert various biological effects and can affect for example metal homeostasis, act
as ionophores, inhibit enzymes and influence protein aggregation. Medicinal applications of 8-hydro-
xyquinolines and their metal chelating properties were reviewed recently.”® Interestingly, parent
compound 8-hgH is also known to possess an antimalarial effect and it was reported that the inhibition
of the malaria-causing Plasmodium falciparum and the chelating ability of the ligands were directly
correlated.”’ Clioquinol (CqH) is also a member of a 8-hydroxyquinolone family and shows a wide range
of biological activities. For many years it has been used as an antimicrobial agent, additionally, very
encouraging data have been reported for clioquinol use in the treatment of Alzheimer’s and Parkinson'’s
diseases.”’ We have synthesized and fully characterized the clioquinol-ruthenium complex and
determined its crystal structure. The cytotoxicity studies show that it has antiproliferative activity in
leukaemia cell lines that is mediated through caspase activation and is copper independent. The
mechanism-of-action studies show that ruthenium complex of clioquinol does not intercalate between
DNA base pairs and shows proteasome-independent inhibition of the NF«kB signalling pathway. Our
findings provide an important step towards the elucidation of the precise mode of action of this metal
complex and further studies are in progress.*

Azole-type molecules are known sterol biosynthesis inhibitors. They prevent the growth of certain fungi
and parasites by inhibiting the cytochrome P-450-dependent C-14-o demethylation of lanosterol to
ergosterol and cholesterol, respectively. The latter two compounds are essential components of cell
membranes.”> Many of azole analogues were and some still are in clinical use, mostly as antifungal
agents. We have prepared a set of ruthenium complexes with azole ligands. We wanted to test the
antifungal potential of these novel ruthenium compounds and we were especially interested to see if
blocking the N3 atom of azole drug results in the loss of the antifungal activity. We have selected a
model fungal organism Curvularia lunata which is a known plant and human pathogen. On the other
hand, due to the promising results of the ruthenium compounds against parasites causing tropical
diseases reported in the literature we have also decided to perform the tests against the human parasite
Schistosoma mansoni that causes schistosomiasis. Nine organoruthenium complexes of three azole
antifungal agents (clotrimazole, miconazole and tioconazole) were synthesized and evaluated as
potential antifungal and antiparasitic agents. It was found that ruthenium complexes statistically
significantly reduced fungal growth rate at 0.5 mM concentration. Since in these novel ruthenium
complexes N3 atoms of azole ligands cannot bind to the heme iron within the active site of lanosterol
140-demethylase, a different mechanism of inhibition is probable. The miconazole complexes have
showed moderately good antischistosomal activity and we have observed the gender selectivity for one
compound.*

Conclusion

In bioinorganic chemistry the search for synergism by combining a metal ion to a bioactive ligand (e.g.
drug) is a well-established concept. It is assumed that binding of the metal ion, even when the active
site of the ligand seems thus blocked, can result in changed biological activity. In worst case the original
activity can just be lost but positive effects can also be obtained (different type of activity, increased
absorption, higher solubility, etc.). Our results from old drug-metal systems have clearly shown that
such systems in ideal conditions might also be interesting for a design of novel drugs.
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Interakcije jona metala i jedinjenja sa poznatim farmakolo$kim svojstvima

Vec duzi niz godina veliki znacaj u razvoju bioneorganske hemije ima ispitivanje sinergije interakcije jona
metala sa bioloSki aktivnim ligandima. Pretpostavka je da koordinacija jona metala, iako blokira aktivno
mesto liganda, moZe dovesti do promene njegove bioloSke aktivnosti pri cemu ligand moZe u potpunosti izqubiti
aktivnost. Medutim, u pojedinim slucajevima ova aktivnost moZe biti povecana (razli¢ita aktivnost, veca
absorpcija, veca rastvorljivost). Nasi rezultati, dobijeni ispitivanjem reakcija jona metala i liganada sa vec
poznatim farmakoloSkim svojstvima, pokazuju da takvi sistemi u idealnim uslovima mogu biti od znacaja za
sintezu novih jedinjenja sa vecom bioloSkom aktivno$cu.
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Proces recenziranja radova u ¢asopisima iz hemije i srodnih oblasti koji se izdaju u Srbiji
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Uvod

Kvalitet nau¢nog ¢asopisa u kojem su Stampani radovi je kategorija na osnovu koje se vrednuje uc¢inak
pojedinacnog istrazivaca i nauc¢nih timova, ¢ime se uti¢e na napredovanje u nauc¢nim zvanjima,
dobijanje projekata (pa i zaposlenja), definiSe se prepoznatljivost u oblasti, institucije se rangiraju na
nacionalnom i medunarodnom nivou. Vrednovanje ¢asopisa je zato ¢esto predmet interesovanja nau¢ne
javnosti. Postoji nekoliko metoda vrednovanja Casopisa, pre svega kvantitativnih, a u cilju njihovog
rangiranja [1-3]. Najpoznatije je vrednovanje uticajnosti casopisa putem Impakt faktora - IF (Science
Citation Index Expanded™, dostupan preko Web of Science™)[4]. Vodi se intenzivna debata o pozi-
tivnim i negativnim aspektima evaluacije ¢asopisa preko IF, a posebno pojedina¢nih radova i autora.
Vrednost jednog rada se svakako ne moZe meriti samo posredstvom IF casopisa u kojem je objavljen.
Praksa je pokazala da su neki izuzetno kvalitetni radovi (koji su kasnije bili medu najcitiranijim u
svetskim razmerama) prvo odbijeni u casopisima sa velikim IF, a zatim Stampani u Casopisima sa
manjim IF [5]. Za procenu kvaliteta autora, Jorge E. Hirsch je pre desetak godina ustanovio parametar
koji je po njemu dobio ime Hirsch index, ili skra¢eno h-index [6], a koji meri uticajnost autora preko
broja citata svih njegovih radova. Naravno, i ovaj nac¢in vrednovanja ima svoje mane, jer ¢e autori koji
duze objavljuju radove, logi¢no, imati vec¢i h-index.

Bez obzira kako se vr$i vrednovanje kvaliteta ¢asopisa, preduslov je da radovi objavljeni u njemu budu
kvalitetni (donose nove, znacajne i korisne rezultate) i da budu citirani. Jedan od klju¢nih ¢inilaca u tom
nastojanju je kvalitetna i kompetentna recenzija. Zato je na recenzentima velika odgovornost, kao i na
urednicima i uredivackim odborima koji traze recenzente. Casopisi primenjuju razli¢ite uredivacke
politike i postupke recenziranja u cilju dobijanja kvalitetnih recenzija, od kojih su do danas poznata
cetiri osnovna [7]:

+ jednostruko slepo (single blind - recenzent zna identitet autora),
 dvostruko slepo (double blind, identiteti autora i recenzenta su medusobno nepoznati),
» otvoreno recenziranje (open peer review, svi identiteti su poznati) i
+ recenziranje nakon publikovanja (post publication review, neograniceni komentari).
U izdavas$tvu naucnih publikacija bitno je insistirati na nekim opstim preporukama:

jasno definisan delokrug rada ¢asopisa (da bi recenzenti prepoznali oblasti kojim se bave),
transparentnost i postojanje sajta ¢asopisa sa definisanim pravilima publikovanja u ¢asopisu,
pozivanje svetskih eksperata da budu recenzenti ili deo uredivackog odbora,
davanje dovoljno vremena recenzentima da urade recenzije,
davanje jasnih instrukcija recenzentima o tehnickim i sustinskim zahtevima pri recenziranju,
izbegavanje konflikta interesa,

g. primena On-Line sistema za podno$enje i obradu radova i recenzija i sli¢no.
Dosadasnja iskustva su pokazala da su autori Cesto nezadovoljni brzinom i kvalitetom recenzije.
Smatraju da proces predugo traje, a da su recenzije koje dobiju nekad nekompetentne, pristrasne i
neprofesionalno napisane. Mora se priznati da je to, nekada, ta¢no. Osim subjektivnog utiska, medutim,
autori obi¢no nisu upoznati sa teSko¢ama na koje nailazi uredni$tvo ¢asopisa, da bi proces recenziranja
bio brz i kvalitetan.

e a0 oW

U cilju unapredenja procesa recenziranja nau¢nih radova u oblasti hemije, hemijske tehnologije i
srodnih nau¢nih disciplina koji se publikuju u Srbiji (ali i procesa recenziranja uopseno), napravljeno je
istrazivanje kroz anketu namenjenu urednicima casopisa iz navedenih oblasti. Cilj ankete je bio da se
sagledaju problemi sa kojima se uredniStva casopisa sre¢u u procesu recenziranja radova, od
pronalazenja kompetentnih recenzenata, kvaliteta recenzija, do odgovornosti i azurnosti recenzenata.
Pored toga, kroz anketu smo Zeleli da saznamo stavove i mi$ljenja urednika o najve¢im problemima u
procesu recenziranja i reSenjima koja oni vide za unapredenje tog procesa i podizanje kvaliteta
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recenzija. Istrazivanje je realizovano kao deo aktivnosti autora rada u okviru COST akcije TD1306, pod
imenom: New frontiers of peer review (PEERE) [8].

Eksperimentalni deo

Kriterijum za izbor ¢asopisa koji ¢e biti ukljuc¢en u anketu bio je da objavljuje radove iz oblasti hemije,
hemijske tehnologije i srodnih disciplina, da redovno izlazi i da je kategorisan u skladu sa odlukom o
kategorizaciji casopisa koji izlaze u Srbiji, a koju donosi Ministarstvo nadlezno za nauc¢noistrazivacku
delatnost. Pregledom raspoloZzivih podataka nasli smo 27 takvih ¢asopisa.

Anketa se sastojala iz pitanja podeljenih u dva dela. Prvi deo se odnosio na opste podatke o ¢asopisima i
na njih su odgovarali samo glavni i odgovorni urednici, dok je drugi deo ankete bio namenjen svim
urednicima ¢asopisa (podrucni, sekcijski) i odnosio se na proces recenziranja.

Poziv za popunjavanje ankete poslat je sredinom oktobra 2015. godine na adrese 70 urednika iz 27
Casopisa, a zakljucen je sredinom decembra 2015., nakon $to je u dva navrata poslat podsetnik i
ponovljena molba za popunjavanje. Odgovor je primljen od 50 urednika (71,4 % od broja pozvanih) iz 22
Casopisa (81,5 %).

Rezultati i diskusija

Opsti podaci o casopisima

U Tabeli 1 prikazani su osnovni podaci za ¢asopise, dobijeni od glavnih i odgovornih urednika. Za pet
Casopisa nismo primili odgovore, te su podaci za tabelu prikupljeni indirektno, najtesSce sa internet
sajtova samih Casopisa. Za neke od navedenih podataka nismo sigurni (indirektno smo zakljucivali na
osnovu raspolozivih podataka), a neke podatke nismo uspeli da pronademo. Sve ove nesigurnosti su
oznacene u Tabeli 1 znakom upitnika (?). Od 27 ¢asopisa obuhvacenih anketom, 18 (66,7 %) ima samo
glavnog i odgovornog urednika. Vecina (22 ili 81,5 %) je u rezimu slobodnog pristupa sadrzaju ¢asopisa
(Open Access). Samo 4 casopisa (15,0%) imaju On-Line sistem prijema i obrade radova i isto toliki broj
deo procesa (najcesce prijem radova) sprovodi On-Line, a ostatak putem elektronske poste. Najveci broj
Casopisa (23 ili 85,2 %) se delimi¢no (17 ili 63,0 %) ili potpuno (6 ili 22,2 %) finansira uz pomo¢
nadleZznog Ministarstva, dva Casopisa (7,4 %) se samostalno finansiraju, a jedan (3,7 %) finansiraju
sponzori. Za jedan ¢asopis nije bilo moguce ustanoviti nacin finansiranja. Na osnovu dobijenih odgovora
i dostupnih podatka ustanovljeno je da dve tre¢ine ¢asopisa (18) ima definisano uputstvo za recenzente.

Proces recenziranja radova

Postavljanjem nekoliko konkretnih pitanja, prikupljeni su osnovni podaci o procesu recenziranja u
navedenim c¢asopisima. U nekim casopisima viSe urednika (glavni, sekcijski, podru¢ni) nezavisno
sprovode postupak recenziranja, pa je i obrada dobijenih odgovora sprovedena tretirajuci svaki odgovor
nezavisno. Drugim re¢ima, odgovori nisu stavljani u korelaciju sa ¢asopisom u kojem je ucesnik ankete
urednik. U daljem tekstu bice prikazana kratka analiza odgovora na svako od pitanja.

Na koji nacin najcCesce traZite recenzente? Pored nekoliko ponudenih odgovora, urednik je mogao
navesti i dodatni nacin (,,drugo*). Bilo je moguce izabrati viSe odgovora, te je 50 urednika dalo ukupno
120 odgovora. Na Slici 1 prikazana je raspodela odgovora, po broju i procentnom udelu u ukupnom
broju. Napomenimo da se pod ,drugo* pored opisanih navode i slede¢i odgovori: Recenzente predlaze
Uredivacki odbor na osnovu oblasti istrazivanja/tematike; Pitam priznate stru¢njake iz (navedene dve
skracenice); Pitam kolege iz trazene oblasti da predloze inostrane autore kao recenzente.

Kolikom broju recenzenata se obracate u prvom krugu? Trazite li potvrdu recenzenta da ¢e uraditi
recenziju? Da li podsecate recenzenta koji je prihvatio da recenzira rad, ukoliko kasni sa odgovorom?
Vecina urednika (54,0 %) se u prvom krugu obraca samo jednom ili dvoje recenzenata, njih 28,0 %
pozive $alje na tri adrese, jedan (4,0 %) na Cetiri, a 16,0 % na visSe od Cetiri adrese. Ocigledno je da je
praksa trazenja recenzenata vrlo raznolika. Takode je ocigledno da se odredeni broj urednika, od
pocetka, zadovoljava idejom da ima samo jednu recenziju za rad, $to nije preporucljivo. Ve¢ina urednika
(86,0 %) trazi potvrdu recenzenta da prihvata recenziranje rada i podseca ga (94,0 %) ukoliko recenzija
nije poslata u zahtevanom roku.
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Tabela 1. Osnovni podaci o Casopisima
g Bl BT Fnangianie OP obads,  UPSTOrS puci gl publi Refean pggry Kate Sl tados
radova autora
Acta Period. Technol. Glavni 13 MPNTR u E-mail Eng M24 1 25
Arhiv za farmaciju Glavni 21 Samostalno ® E-mail | Srp-Eng M52 6 25
CI&CEQ Glavni 30 MPNTR + B E-mail/OL [ | Eng [ 0,892 M23 4 60
FU Phys. Chem. Tech. Glavni + 1 15 MPNTR + u On-Line n Eng M52 2 6
Hem Ind. Glavni + 7 17 MPNTR + B E-mail/OL u u Srp-Eng u 0,364 M23 6 75
Hemijski pregled Glavni + 8 MPNTR + u E-mail Srp M53 6 20
Int. J. Electrochem. Sci. Glavni 39 Samostalno ® E-mail u u Eng u 1,500 M23 12 750
J. Med. Biochem. Glavni 36 MPNTR + u E-mail n Eng | 1,045 M23 4 45
J. Min. Met. B Glavni 2 37 MPNTR u On-Line | Eng u 0,832 M22 2 15
J. Serb.Chem. Soc. Glavni + 15 58 MPNTR + u On-Line n Eng u 0,871 M23 12 130
Kragujevac J. Sci. Glavni 15 MPNTR E-mail u Eng u 0,000 M23 1 25
MATCH Glavni 25 MPNTR + E-mail u Eng u 1,466 M21 6 100
Matica srpska J. Nat. Sci. Glavni 18 MPNTR u E-mail Eng M51 2 22
Nucl. Technol. Rad. Prot.  Glavni 8 MPNTR + | E-mail u Eng u 0,560 M23 4 55
Proc. Appl. Ceramics Glavni 20 MPNTR + B E-mail/OL | Eng M24 4 30
Reciklaza i odrzivi razvoj Glavni + 12 Sponzor u E-mail n Srp-Eng M52 1 5
Adv. Techn. Glavni 22 MPNTR u E-mail u Eng M52 2 25
Tehnika Glavni + 10 MPNTR + E-mail n Srp-Eng M52 6 14
Therm. Sci. Glavni 13 MPNTR + u E-mail | [ | Eng u 1,222 M21 6 210
Voda i sanitarna tehnika Glavni 6 MPNTR + E-mail/OL u Srp-Eng M51 6 30
Vojnotehnicki glasnik Glavni 4 32 MPNTR u On-Line u Srp-Eng M51 4 40
Zastita materijala Glavni 27 MPNTR + u E-mail n Srp-Eng M24 4 65
Sci. Sint. Glavni+ 28 (?) 31 MPNTR+? = E-mail ? Eng u 0,575 M23 3 36
Bakar Glavni 19 MPNTR +? = E-mail ? Srp ? M52 2 20
Metallur. Mat. Eng. Glavni 11 17 MPNTR + u E-mail Eng M51 4 28
Sci. Tech. Rev. Glavni + 20 MPNTR +? ®  PoStom ? ? Eng M52 4 30
Svet polimera Glavni ? 12 Pretplata ? E-mail ? ? Srp M52 4 30

T GIavni — Casopis ima samo jednog, glavnog i odgovornog urednika, Glavni + - asopis sem glavnog ureduju i podrucni, sekcijski..... urednici

2 Natin finansiranja ¢asopisa: MPNTR — potpuno od strane Ministarstva za prosvetu, nauku i tehnoloski razvoj; MPNTR + delom od strane Ministarstva

3 Nacin podnos$enja rukopisa i postupak recenziranja: E-mail — iskljuc¢ivo elektronskom postom; E-mail/OL — delom elektronskom postom, delom On-Line; On-Line — isklju¢ivo On-Line

Na anketu nisu odgovorili glavni urednici poslednjih 5 ¢asopisa, te su podaci u Tabeli navedeni na osnovu informacija pronadenih na internet stranicama ¢asopisa. Uz nepouzdane i/ili nepostojece podatke je upisivan upitnik (?).
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Za koliko radova (u % na godisnjem nivou) morate sprovesti drugi krug traZenja recenzenata? Po Vasoj
proceni, koliki je udeo (%) poziva recenzentima na koje nikad ne dobijete odgovor?

Graficki prikaz raspodele odgovora na ova dva pitanja dat je na Slici 2. Dok je broj urednika koji ¢esce

moraju da traze recenzente u drugom krugu (za vise od 40,0 % od ukupnog broja radova) 10 (20,0 %) —
Slika 2A, broj urednika koji za vise od 40,0 % poslatih poziva nikada ne dobiju odgovore je 6 (12,0 %) -

lzlaz : : Exit

Slika 2B.

A 18%
39 (78%)
e 22% 20%
3 e Udeo )
L neadekvatnih
il recenzija:
[ 12%
0 2%
25 (50 %) 12 (24%) - ’
I 6-10 %
[ 1115% 36%
8 (16 %) [>165%
B Ukupno
odgovora
14 (28 %) 22 (44 %)
Drugo 8
[ Pitam kolegu koji je ve¢ recenzirao radove za ovaj asopis esto
I Pitam kolegu koji je bio autor rada u ovom &asopisu recenziram radove. 12
[ Pitam kolegu koga poznajem
[ ]Recenzente trazim koristeéi nauéne baze podataka Koristim baze podataka
(WoS, SCOPUS, Google Schoolar...) (o8, SCOPUS.-) 39
[77] Cesto sam(a) recenziram radove Pitam kolegu 25
[ Drugo koga poznajem
. v .. .. . Pitam kolegu koji je bio autor
Slika 1. Nacin na koji urednici traZe recenzente. s u ovom Easopian 14
racensrae radove sn ssops 22
0 10 20 30 40 50 60 70 80 90 100

A 24%

Udeo odgovora, %

Slika 3. A — Raspodela odgovora na pitanje: Po Vasoj
proceni, koliki je udeo (%) neadekvatnih recenzija (nestrucne
ili sadrZe nekorektne komentare)? i B — Raspodela odgovora
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Slika 2. Raspodela odgovora na pitanja:
A - Za koliko radova (u % na godi$njem nivou) morate
sprovesti drugi krug traZenja recenzenata? i
B - Po Vasoj proceni, koliki je udeo (%) poziva
recenzentima na koje nikad ne dobijete odgovor?
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I podjednaki broj dobrih i lo§ih [ | lo8e
Slika 4. A — Raspodela ocena kvaliteta recenzija;
B — Udeo neadekvatnih recenzija

Po Vasoj proceni, koliki je udeo (%) neadekvatnih recenzija (nestrucne ili sadrZe nekorektne
komentare)? Broj neadekvatnih recenzija, koje podrazumevaju i neeticke komentare, nije veliki. Samo
jedan urednik (2,0 %) je naveo da prima vise od 15,0 %, a njih 11 (22,0 %) 11-15,0 % neadekvatnih
recenzija. Istovremeno, vise od polovine recenzenata (58,0 %) prima do 5,0 %, a neSto viSe od tre¢ine
(36,0 %) do 2,0 % nestrucnih ili nekorektnih recenzija (Slika 3A). Kada se broj ovih recenzija analizira u
odnosu na nacin na koji urednici traze recenzente (Slika 3B), uocljivo najmanji broj neadekvatnih
recenzija dobijaju urednici koji ¢esto sami recenziraju radove. Naime, blizu 70,0 % njih dobija do 5,0 %
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takvih recenzija, a viSe od 50,0 % do 2,0 %. S druge strane, 50,0 % urednika koji se pri traZenju
recenzenata oslanjaju na naucne baze, kao i oni koji za recenzente pozivaju kolege koje su prethodno
bili autori u istom ¢asopisu, dobija vise od 5,0 % neadekvatnih recenzija. Cak 35,0 % urednika koji
pozivaju kolege koje su objavljivale u ¢asopisu dobija vise od 10,0 % neadekvatnih recenzija.

Kako ocenjujete kvalitet recenzija (strucnost, jasnoca, dobronamernost u cilju poboljsanja kvaliteta rada)?

Slika 4A jasno pokazuje da ni jedan urednik ne dobija pretezno loSe recenzije. Samo 7 njih (14,0 %)
smatra da dobija podjednak broj dobrih i lo$ih recenzija, dok 22 ili 44,0 % dobijaju uglavnom dobre, a
211ili 42,0 % pretezno dobre recenzije, ukupno 86,0 %. Ako se isti podaci prikazu u korelaciji sa brojem
neadekvatnih recenzija (Slika 4B), dobija se slede¢i rezultat — urednici koji smatraju da primaju vise
neadekvatnih navode da primaju i viSe loSih recenzija. I obrnuto. Dobijeni podaci upucuju na
pretpostavku da se urednici mogu grupisati prema licnom kriterijumu. Neki su, uglavnom, zadovoljni
kvalitetom recenzija i ne primecuju neadekvatne tonove u izveStajima. Drugi su znatno kriti¢niji i u
pogledu kvaliteta recenzije i etickih principa.

U proseku, u kom roku dobijate recenzije?

Nepostovanje roka za slanje recenzija je cesto veliki problem urednika, a i autora koji iS¢ekuju
evaluaciju svojih radova. Ipak, veéina anketiranih urednika u ovoj studiji (64,0 %) je izjavila da recenzije
uglavnom dobija u roku (56,0 %) ili ¢ak pre roka (8,0 %) (Slika 5). Ako se ovom broju dodaju i urednici
koji najces¢e dobijaju recenzije do 10 dana nakon roka, bez (16,0 %) ili nakon podsecanja recenzenata
(6,0 %), moglo bi se zakljuciti da je najve¢i broj recenzenata odgovoran i svestan vaznosti slanja
izveStaja na vreme. Samo 14,0 % urednika izveStaje recenzenata uglavnom dobija sa vise od 10 dana
zakas$njenja.

Ukupno
10 i vise dana odgovora

nakon roka, uz podsecanje 8
10 i vise dana

nakon roka 6
10 i manje dana

nakon roka, uz podsecanje 6
10 i manje dana

nakon roka 16

u roku 56
manje od 10 dana

pre roka 8
10 i viSe dana

pre roka 0

0 10 20 30 40 50 60

Udeo odgovora, %

Slika 5. Raspodela odgovora na pitanje: U proseku, u kom roku dobijate recenzije?

Na sta biste dodatno skrenuli paznju u postupku recenziranja? Sta biste predloZili u cilju poboljsanja
postupka recenziranja i povecanja kvaliteta recenzija?

Anketirani urednici su, na kraju upitnika, imali moguc¢nost da u slobodnoj formi ukazu na probleme sa
kojim se sre¢u u procesu recenziranja (PRIMEDBE) i da predloze mere poboljsanja (SUGESTIJE).
Pristigle primedbe i sugestije smo sistematizovali po tematskim grupama (Tabela 2).

Cetiri urednika su navela da nailaze na predrasude recenzenata i tom pitanju je potrebno posvetiti
dodatnu paznju. Poznanstvo autora i recenzenta moze biti uzrok neopravdano pozitivne ili negativne
recenzije. Takode, neke studije su pokazale da radovi autora iz zemalja u razvoju ili neuticajnih
institucija ¢eS¢e (neopravdano) dobijaju loSe recenzije, dok se radovi iz prestiznih institucija, iza kojih
stoje poznata imena u naucnoj sredini, ponekad (neopravdano) ,propuste“ u postojecoj formi [9].
Ukoliko su u pitanju ,eticke predrasude”, tj. kada je recenzija smisljeno i zlonamerno negativna, bez
obzira na kvalitet rada, autore tih recenzija bi trebalo staviti na ,crnu listu“, a mozda preduzeti i
sankcije prema njima (na primer, javno ih imenovati ili im onemoguditi publikovanje u ¢asopisu na
odredeni period). Nacelno, kvalitetni radovi i profesionalni odnos uredniStva su preduslovi za dobru
reputaciju casopisa i pozitivan odnos recenzenata.
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Tabela 2. Primedbe i sugestije urednika za proces recenziranja

Primedbe Ucestalost | Sugestije Ucestalost
Prepoznavanje rada recenzenata (zahvalnica,

Lo$ odziv recenzenata 13/32 bodovanje aktivnosti, licenca, Sirenje svesti o vaznosti 11/26
recenziranja)

Detaljno uputstvo za recenzente, On-Line upitnik,
nabavka programa za proveru plagijata

Izbegavanje sugestije autora za recenzente (ili

Predrasude recenzenata 4/32 ogranicenje samo na jednog, uz obaveznu proveru 4/26
zadovoljenja etickih principa)

Stvaranje odbora stalnih recenzenata iz tematike

3/32 Casopisa (doprinosi kvalitetu i brzini recenziranja, 4/26
mozda uz plaéanje)

Los$ kvalitet recenzija 10/32 9/26

Tehnicke prirode
(podaci o samom ¢asopisu)

Nesnalazenje recenzenata sa pravilima Zadovoljstvo postoje¢im stanjem, bez potrebe za

recenziranja i/ili On-Line sistemom 3/32 promenom 4/26
Ur.ednik kratko na duznosti da bi imao 2/31 Vece angaiovanje ur.fednika u proveri kvaliteta radova 3/26
primedbe pre slanja na recenziju
Plagijati radova 1/32 Recenzente traziti medu autorima 2/26
Zadovoljstvo postojeé¢im stanjem 1/32 Dvostruko slepa recenzija 2/26
Ogranicenje vremena izrade recenzije na 30 dana 1/26
(V)grar}iéenje broja recenzija po recenzentu za isti 1/26
Casopis
Autorima dati mogucnost ocene kvaliteta recenzija 1/26

Organizovanje edukativnih seminara o potrebi
recenziranja, vec¢u paznju posvetiti mladim 1/26
stru¢njacima (viSe su motivisani)

Isticanje pojedina¢nog doprinosa autora 1/26

Deo predlozenih sugestija za poboljSanje procesa recenziranja odnosi se na tehnicku stranu procesa,
odnosno postupke koji bi doprineli lakSem i brZzem recenziranju (Tabela 2). Iako ve¢ina urednika navodi
da casopis poseduje uputstvo za recenzente, nisu svi zadovoljni njegovim kvalitetom. Uvodenje On-Line
sistema bi, prema misljenju nekih urednika, pomoglo brzem i kvalitetnijem procesu recenziranja, ali,
prema iskustvima drugih urednika, koji ga ve¢ koriste, postoji problem nesnalazenja izvesnog broja
recenzenta u njemu.

Najvec¢i broj urednika je sugerisao da se nesto ucini u cilju prepoznavanja vaznost recenziranja i
njegovog vrednovanja (Tabela 4). I ovo pitanje dobija na aktuelnosti u svetskim razmerama, a veliki
izdavaci kreiraju svoje baze podataka recenzenata kojima Salju sertifikate [10]. Pre nekoliko meseci je
kreiran program i baza podataka, iza kojih stoji kompanija Publons, a omogucava sakupljanje i
grupisanje svih recenzija koje je istraZiva¢/recenzent uradio tokom svog radnog veka [9]. Kreatori
Publons-a verifikuju materijal koji dobijaju od recenzenata direktno kod izdavaca. Jedan od nacina da se
prikupe podaci o procesu recenziranja je da se anketiraju autori i, eventualno, ocenjuju recenzenti [11].
Svest recenzenta da ga autor procenjuje i da ¢e to misljenje videti urednik, ¢e svakako uticati na njegovu
odgovornost i kvalitet recenzije. U okviru COST akcije TD1306: New frontiers of peer review [8], u toku
je priprema jednog takvog istrazivanja na medunarodnom nivou.

Zakljucak

Najveci problemi sa kojima se urednici srecu u procesu recenziranja su slab odziv recenzenata, recenzije
loSeg kvaliteta, nekad uz predrasude recenzenata i nesnalaZzenje i/ili nerazumevanje procesa
recenziranja. Nacin trazenja i pozivanja recenzenata nema suStinskog uticaja na kvalitet recenzija.
Znacajan broj urednika Cesto sam recenzira radove. Pozivanje recenzenata na predlog autora, barem u
anketiranim ¢asopisima, relativno cesto je uzrok neadekvatnih recenzija.

Uvodenje On-Line procesa i kreiranje dobrih uputstava za recenzente, edukacija potencijalnih
recenzenata, kao i drusStveno, javno i profesionalno prepoznavanje i vrednovanje rada recenzenata,
urednici vide kao najbitnije faktore koji mogu unaprediti kvalitet celog procesa, pa time i kvalitet
publikovanih radova i ¢asopisa.
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Podaci koje smo sakupili ostavljaju prostora za dodatnu analizu i korelaciju dobijenih odgovora sa
brojem publikovanih radova, uticajno$¢u casopisa i drugim parametrima, ali u ovom radu smo izneli
najosnovnije zakljucke, sagledavajuci sve casopise kao celinu.

Zahvalnica: Autori se zahvaljuju svim urednicima ¢asopisa koji su uzeli uceSca u anketi.

Peer-review process in journals dealing with chemistry and related subjects
published in Serbia

A survey was conducted among editors of journals publishing in the field of chemistry, chemical technology
and related topics in Serbia, aiming to collect information on their experiences, problems and difficulties
during peer-review process. Editors from 22 journals out of 27 which regularly published during 2015 replied.
Principle data on journals were collected from responses obtained from editors-in-chief, whereas all editors
(including sub-editors and section editors) participated in a questionnaire concerning peer-review procedure.
Additionally, they were asked to evaluate quality of reports and attitude of reviewers, discuss present situation
and suggest measures to improve peer-review process.

The greatest problems encountered by editors in peer-review proces can be summarized as follows: low rate of
acceptance to review, low quality of reports, sometimes due to reviewer's bias or his/her inability to properly
understand review process. A method used to search for reviewers does not substantially influence quality of
reports. Significant number of editors often perform peer-review by him/herself. Invitation of reviewers
suggested by authors, at least in the surveyed journals, also relatively often results in inadequate reports.
Editors agree that introduction of On-Line process and creation of precise instructions for reviewers, education
of potential reviewers, as well as social, public and professional recognition and appreciation of reviewers’
work, are the most important measures to improve quality of peer-review process and, consequtively, quality of
published articles and journals.
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Analiticka hemija / Analytical Chemistry

Primena plazme indukovane TEA CO; laserskim zracenjem za odredivanje koncentracije
magnezijuma u aluminijumskim legurama

Sanja M. Zivkovi¢, Jelena Muti¢*, Jelena Savovié, Milo§ Momc¢ilovié

Institut za nuklearne nauke “Vinca*“, Laboratorija za fizicku hemiju, PF 522, 11001 Beograd
*Univerzitet u Beogradu, Hemijski fakultet, Studentski trg 12-16, pr. 158, 11000 Beograd

Uvod

Laserski indukovana plazma predstavlja Siroko kori$¢eni emisioni izvor za spektroskopiju. Ova
analiticka tehnika poznata je pod nazivom spektroskopija laserski indukovanog proboja — LIBS (Laser
Induced Breakdown Spectroscopy). LIBS se moze koristiti za analizu bilo koje vrste uzoraka (¢vrstih,
te¢nih, gasovitih), najées¢e bez prethodne pripreme a masa potrebna za analizu je vrlo mala’. Zbog svoje
univerzalnosti i jednostavnosti, LIBS je nasla veliku primenu kao metoda spektrohemijske analize u
razli¢itim oblastima: geologiji, biohemiji, arheologiji, monitoringu Zzivotne sredine, pracenju
industrijskih procesa, svemirskim istrazivanjima i mnogim drugim'”. Brza i pouzdana analiza elemenata
prisutnih u legurama veoma je vazna za kontrolu kvaliteta proizvoda. Legure aluminijuma imaju veliku
primenu u savremenoj industriji a jedan od glavnih legiraju¢ih elemenata je magnezijum koji pojacava
tvrdo¢u aluminijuma i otpornost na koroziju, ali istovremeno smanjuje formabilnost i provodljivost.
Kvantitativna analiza legura aluminijuma LIBS-om ¢esto je bila predmet proucavanja®®. Za ovu svrhu
uobicajeno se koristi LIBS sistem koji se sastoji iz Nd:YAG lasera, spektrometra i detektora sa
vremenskom rezolucijom. Primena TEA CO; laserskog zracenja (A=10,6pum) za analizu metala i metalnih
legura mnogo je reda zbog manje energije fotona u odnosu na Nd:YAG laser, kao i visoke reflektivnosti
metala u infracrvenom delu spektra. Sa druge strane, TEA CO; laser ima i prednosti zbog talasne duZine
zraCenja i vremenskog profila laserskog impulsa. Interakcija nanosekundnog laserskog impulsa sa
metalnom metom dovodi do ablacije, isparavanja i jonizacije materijala, a pri dovoljno velikoj gustini
snage i do stvaranja plazme iznad povrsine mete’. Indukovana plazma apsorbuje preostali deo TEA CO;
laserskog impulsa kroz proces inverznog zako¢nog zracenja, Sto dovodi dodatnog zagrevanja i povecanja
ekscitacije. Apsorpcioni koeficijent plazme proporcionalan je kvadratu talasne duzine laserskog zracenja
zbog cega je ovaj proces mnogo efikasniji za TEA CO; nego za Nd:YAG lasersko zracenje. Laboratorijski
LIBS spektrometar na bazi TEA CO, lasera uspes$no je primenjen za analizu bakra i njegovih legura i
postignute su zadovoljavajuca osetljivost i niske granice detekcije’*. Cilj ovog rada je ispitivanje
mogucnosti primene plazme indukovane TEA CO; laserom za odredivanje Mg u legurama aluminijuma.

Eksperimentalni deo

Na slici 1. prikazan je Sematski dijagram eksperimentalne postavke koris¢ene za LIBS analizu
aluminijumskih meta. Za ovaj eksperiment koriS¢en je transverzalno ekscitovani atmosferski
ugljendioksidni (TEA CO,) laser koji je razvijen u Institutu Vin¢a'®. Ovaj kompaktni, impulsni,
nanosekundni laser radi u visoko multimodnom rezimu i emituje zracenje u infracrvenom delu spektra
na 10,6 pm. Karakteristike laserskog impulsa su sledece: Sirina na polovini maksimuma visine pocetnog
,pika“ iznosi oko 100 ns dok je duZina ,repa“ impulsa oko 2ps. Uzorci su smeSteni unutar staklene
vakuumske komore ¢ija je zapremina oko 500 cm?®i na ¢ijim krajevima se nalaze prozori od NaCli CaF.
Komora je povezana sa vakuum pumpom, a pritisak vazduha tokom eksperimenta iznosio je 0,5 mbar.
Povrs$ina uzorka ozracivana je laserskim snopom fokusiranim uz pomo¢ ZnSe sociva koje je propusno za
infracrveno zracenje i ¢ija zizna daljina je 13,0 cm. Socivo je smeSteno u poseban metalni drzac¢ koji
omogucava njegovo pomeranje do £ 2,0 cm u odnosu na polozaj zize. Upadni ugao laserskog zracenja u
odnosu na povrSinu mete bio je 90° sve vreme ozraivanja. Za konstruisanje kalibracionih krivih
koris¢eni su sertifikovani uzorci (standardi) aluminijumskih legura, a koncentracije magnezijuma
prikazane su u tabeli 1. Standardi legura aluminijuma AL-6016, AL-6063, AL-3105, AL-5005a i AL-6061
i kontrolni uzorak aluminijumske legure sa nepozatom koncentracijom magnezijuma AL-XX su bili u
obliku diska precnika 35 mm i debljine 5 mm. Pre ozrafivanja, svi uzorci su tretirani standardnim
metalografskim postupkom koji podrazumeva bruSenje silicijum karbidnim brusnim papirom
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granulacije 800, zatim ultrazvuc¢no €iS¢enje alkoholom i suSenje u struji toploga vazduha. Za nastajanje
stabilne i reproducibilne plazme neophodna je sveza povrsSina uzorka izmedu dva laserska impulsa $to je
postignuto rotacijom uzorka kori$¢enjem kontinualnog servo motora cija je brzina iznosila 0,5 o/min.
Za spektralnu analizu plazme i merenja spektralnih linijja magnezijuma koriS¢ena je vremenski-
intergraljena prostorno-razloZzena emisiona spektroskopija laserski indukovane plazme (TISR-LIPS).
Ova metoda se zasniva na €injenici da se intenzivna emisija kontinuuma uglavnom emituje iz zone
plazme koja je u neposrednoj blizini povrSine mete, dok sa udaljavanjem od mete intenzitet
kontinualnog zrafenja brzo opada. Zbog toga je moguce dobiti dobar odnos signala i pozadine
snimanjem spektralne emisije iz prostorno razdvojenog dela plazme, bez vremenskog razdvajanja
signala. Prednost ove metode, u odnosu na vremenski razlozenu spektroskopiju laserski indukovane
plazme, je smanjena kompleksnost i cena detekcionog sistema.

Oe

Slika 1. Sematski dijagram LIBS sistema. 1-TEA CO; laser i vremenski profil laserskog impulsa,
2-staklena vakuumska komora sa drzacem uzora, 3-vakuum pumpa 4- monohromator,
5-CCD kamera, 6 i 7 sociva, 8-racunar

Opticka emisija iz laserski indukovane plazme posmatrana je u pravcu paralelnom povS$ini mete, na
rastojanju 3 mm od povrSine mete. Izabrani deo plazme projektovan je pomocu ahromatskog sociva na
ulazni razrez Carl-Zeiss PGS2 monohromatora sa CCD kamerom ALTA F1007 kao detekcionim
sistemom. U primenjenim uslovima, laser je radio na frekvenciji 1,3 Hz dok je vreme ekspozicije kamere
bilo 60 s za sve snimljene spektre. Dobijeni spektri odgovaraju akumulaciji ~ 80 uzastopnih spektara.
Intenzitet laserskog zracenja kojim su ozra¢ivane sve mete iznosio je 30 MW cm™.

Tabela 1. Koncentracije magnezijuma u standardima aluminijumskih legura

Oznaka AL-6016 AL-6063 AL-3105 AL-5005a AL-6061

cmg/ % (m/m) 0,26 + 0,01 0,49+ 0,01 0,70 £ 0,02 0,78+ 0,01 1,10 £ 0,01

Referentna metoda — ICP-OES

Radi provere tac¢nosti dobijene koncentracije Mg u kontrolnom uzorku aluminijumske legure primenom
LIBS tehnike, napravljen je Spon mase 250 mg koji je tretiran sa 10 ml 36,46% HCI (Fisher Chemicals) i
2 ml 65% HNO;s (Macron Fine Chemicals). Dobijeni rastvor razblazen je do 100 ml bidestilovanom
vodom i analiziran na Spectroflame ICP spektrometru koji je prethodno kalibrisan serijom kalibracionih
rastvora dobijenih razblazivanjem standardnog rastvora magnezijuma koncentracije 1000 ppm (J.T.
Baker).

Rezultati i diskusija
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Plazma je generisana ozraCivanjem uzorka TEA CO, laserskim zracenjem u atmosferi vazduha na
pristisku 0,5 mbar. Prostirala se oko 8 mm od povrSine mete i uocavala su se dva razli¢ita i jasno
odvojena dela: a) primarna plazma veli¢ine oko 1 mm izrazito bele boje i b) sekundarna plazma velic¢ine
oko 7 mm svetlo ljubicaste boje. Opticka emisija plazme posmatrana je na 3 mm od povrSine mete i
svaki spektar snimljen je tri puta. Vremenski-integraljeni spektri za Mg prikazani su na slikama 2 i 3.
Spektri se sastoje od dobro razdvojenih, oStrih emisionih linija sa niskim intenzitetom emisije pozadine.
Za konstruisanje kalibracione krive koriS¢eni su intenziteti koji su dobijeni Lorencovim fitovanjem
atomske linijje Mg (285,21 nm). Ova linija je izabrana zato $to je simetri¢na, dovoljno osetljiva u
ispitivanom opsegu koncentracije Mg i pored nje ne postoje linije koje se delimi¢no preklapaju sa njom
kao $to je to slucaj kod jonskih linija Mg koje su intenzivnije.

1500 —
3: -
*:;‘" 1000 — *‘ﬁ'\ | o R | S AL S AT
N ] %L o T X ! AL-6061
9 Ao o AL-5005a
E 500 - N o A : A AL3105

L e A ; A L6063
A : /r/ AL-6016
0 T T T T T I T | v ] AL'XX
280 282 284 286

A, nm
Slika 2. 3D dijagram dobijenih spektara za sve uzorke u spektralnoj oblasti od 279-288 nm

Kalibraciona kriva Mg prikazana je na slici 4. Korelacija izmedu LIBS signala (intenziteta emisionog
pika) i koncentracije analita u standardima aluminijumskih legura bila je linearna u opsegu
koncentracija 0,26 - 1,10 % m/m. Dobijeni rezultati odredivanja nepoznate koncentracije magnezijuma
u kontrolnom uzorku legure aluminijuma predstavljeni su kao srednja vrednost tri merenja * relativna
greska ocitavanja i uporedeni sa rezultatima dobijenim ICP-OES metodom, tabela 2. Primenom F-testa
uporedene su varijanse dobijenih rezultata radi poredenja preciznosti a primenom t-testa uporedene su
eksperimentalno odredene srednje vrednosti radi poredenja tacnosti. U tabeli 2. prikazane su izracunate
i kriti¢cne vrednosti za parametre F i t (nivo poverenja 95%). 1z priloZzenog mozZemo videti je Fi,<Fi, i
tiz<tirir 0dnosno da ne postoje statisticki znacajne razlike u preciznosti i tacnosti izmedu ove dve metode.

1000
Mg Il 279.55 i
° 300 y=10.8997+260.1773x .
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Slika 3. Deo vremenski-integraljenog spektra plazme Slika 4. Kalibraciona kriva Mg za legure
indukovane na meti AL-XX aluminijuma

Standardna devijacija pozadine o, izmerena u okolini izabrane emisione linije, i nagib kalibracione krive
s, iskori¢eni su za racunanje limita detekcije ovog elementa pomo¢u formule LOD =3 ¢ /s .

Tabela 2. Koncentracija Mg u kontrolnom uzorku AL-XX i vrednosti dobijene primenom F i t testa

LIBS ICP'OES Fizr/Fkrjt tjzr/tkrit LOD
cmy/ % (m/m) 0,50 £ 0.04" 0,496 £ 0,009 3,67/19,00 3,02/3,18 0,008 (0.01)

* procenjena greska za nivo poverenja 95 %

Zakljucak

Plazma je generisana ozraCivanjem uzoraka aluminijumskih legura sa TEA CO; laserskim zracenjem
intenziteta 30 MWcm™ u atmosferi vazduha na pritisku 0,5 mbar. Vremenski integrisani emisioni
spektri magnezijuma prisutnog u uzorcima aluminijumskih legura upotrebljeni su za konstruisanje
kalibracione krive zavisnosti LIBS signala od koncentracije analita. Dobijena je linearna korelacija
(r*=0,9957) u opsegu koncentracija od 0,26-1,10 % m/m, a potom je izvrieno odredivanje koncentracije
magnezijuma u uzorku legure aluminijuma. Upotrebom statistickih testova uporedeni su rezultati i
utvrdeno je da nema statisti¢ki znacajne razlike u preciznosti i ta¢nosti izmedu odredenih koncentracija
Mg u uzorku primenom LIBS i ICP-OES metode. Na osnovu dobijenih rezultata moze se zakljuciti da se
laboratorijski LIBS spektrometar baziran na impulsnom TEA CO, laseru mozZe uspe$no primeniti za
kvantitativnu analizu magnezijuma u legurama aluminijuma.

Zahvalnica: Ova istraZivanja su podrZana od strane Ministarstva prosvete, nauke i tehnoloskog razvoja
Republike Srbije (projekat br. 172019).

Application of plasma induced by TEA CO; laser for determining the concentration of
magnesium in the aluminum alloys

The analytical capability of plasma induced by nanosecond infrared TEA CO; laser radiation under reduced air
pressure for determination of Mg in aluminum alloys was investigated. Sharp and well resolved spectral lines
of Mg, with negligibly low background emission, were obtained from a plasma region 3 mm above the target
surface. A calibration curve for Mg was constructed using certified aluminium alloy samples. A linear
relationship between LIBS signal and analyte concentration was obtained (r* = 0.9957) in the range from 0,26
-1,10 % w/w, and used for determination of Mg in a control sample. As a reference method for quantification
of Mg in the control sample inductively coupled plasma - optical emission spectroscopy (ICP-OES) was used.
Good agreement between LIBS and ICP-OES results was obtained. The results confirm that TEA CO; LIBS is
an effective technique for quantitative analysis of Mg in aluminum alloy samples.
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Elektrohemija / Electrochemistry

Nanocrystalline ruthenium oxide coating on titanium, prepared by the sol—gel
procedure from colloidal oxide dispersions synthesized in the microwave reactor

Milica Kosevi¢, Gavrilo Sekularac, Ivana Drvenica*, Aleksandar Dekanski,
Branislav Nikoli¢**, Vladimir Pani¢

Institute of Chemistry, Technology and Metallurgy, Department of Electrochemistry,
University of Belgrade, Belgrade, Serbia
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Abstract

Ruthenium oxide coating on titanium was prepared by the sol—gel procedure from well-defined colloidal oxide
dispersions synthesized by the microwave (MW)-assisted hydrothermal route under defined temperature and
pressure heating conditions. The dispersions were characterized by dynamic light scattering (DLS) measure-
ments and scanning electron microscopy (SEM). The electrochemical properties were analyzed as capacitive
performances gained by cyclic voltammetry and electrochemical impedance spectroscopy, and as the electro-
catalytic activity for oxygen evolution from acid solution. The obtained dispersions were polydisperse and
contained single particles and agglomerates of increasing surface energy and decreasing particle size as the
MW-assisted heating conditions were intensified. Owing to these features of the precursor dispersions, the
obtained coatings had considerably improved capacitive performances and good electrocatalytic activity for
oxygen evolution at high overpotentials.

Introduction

Dimensionally stable anodes (DSA), or activated titanium anodes, are well-known electrocatalytic
material with industrial applications in chlorine (CER) and oxygen evolution reactions (OER). Their
activity originates from conductive noble metal oxides, especially RuO; and IrO,, applied as a coating on
a titanium substrate'* The oxide coating on a DSA is usually prepared in-situ from HCI or alcoholic
solutions of the metal chlorides"’ by pyrolysis®, chemical vapor’, laser® or induction heating’ deposition
techniques. The oxides can also be synthesized ex-situ as hydrothermal colloidal dispersions and then
subjected to the mentioned deposition techniques within sol-gel procedure for coating preparation'®'"

MW-assisted methods were successfully applied for the synthesis of noble metal oxides, including RuO.,
of characteristic textures and with considerably enhanced supercapacitance performances'**’.

Present paper reports an attempt to obtain a RuO; coating on Ti in a traditional DSA form starting from
a colloidal oxide dispersion of well-defined physicochemical properties synthesized under controlled
heating conditions of the MW-assisted hydrothermal route.

Experimental

Synthesis of RuO; dispersions. The precursor for the preparation of RuO, coatings on Ti, the RuO;
colloidal dispersion, was synthesized by simple one-step temperature- or power/pressure-controlled
microwave (MW) irradiation in an autoclave. The pH value of the starting water solution of 1.54 mg cm™
* of RuCl;xnH,0 was adjusted to around 2.5 by the addition of HCl. The solution was continuously
stirred at 600 rpm and irradiated isothermally to 200 and 220 °C in a MW oven. The temperature was
maintained constant for 5 min. The reaction mixture was then left to cool down spontaneously to 60 °C.
The dispersions obtained at mentioned temperatures and corresponding electrodes formed later on are
denoted as MWRyg and MWRyzz. In case of pressure-controlled synthesis, the MW heating power was
allowed to reach the oven limit of 850 W and the heating was interrupted when the pressure in the
autoclave reached 30 bar (this procedure required 64 s to reach the temperature of 232 °C). This sample
was abbreviated as MWR3. After moderate drying of the suspensions (110 °C, air) the concentration of
RuO; solid phase was found to be 0.71 mg cm in all samples. The synthesis resulted in the formation
of black RuO; suspensions, the solid phase of which almost completely precipitated within a few
minutes. This indicates that obtained particles tend to form agglomerates. However, the solid phase can
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easily be re-suspended upon ultrasonication, and repeated sonication steps produce more and more
stable suspensions. Phase separation was not visible for days already after application of only few 5-min
sonication steps.

Material characterization. The solid phase consisting of MW-generated RuO, particles in the
suspension was characterized by dynamic light scattering (DLS). Surface morphology was characterized
by scanning electron microscopy (SEM).

Coating preparation. Obtained RuO; suspensions were used for the formation of a coating on Ti. Sand-
blasted titanium rods, 3 mm in diameter, were thoroughly etched in hot HCI solution (1:1 volume ratio
of water and conc. HCI) for 20 min, rinsed by water and dried at 100 °C. Just before deposition of a
suspension onto Ti rods, it has been ultrasonicated for 15 min. After deposition, the rod was dried at
120 °C for 30 min. These two steps were repeated and finally the coating was formed during the thermal
treatment at 300 °C for 2 h. In order to avoid possible detachment, the coating was deposited as rather
thin layer in amount of 0.11 mg cm™ (the coating amount in usual experimental DSA preparation
procedures is 10 to 20 times larger). Thus prepared RuO,/Ti served as working electrodes in
electrochemical testing.

Electrochemical measurements. The electrochemical experiments were carried out using a three-
electrode cell, with Pt gauze electrode and saturated calomel electrode (SCE; all potentials are expressed
vs. SCE) as counter and reference electrodes, respectively. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were performed with a SP-200 potentiostat/galvanostat
(Bio-Logic SAS, Claix, France) at room temperature. EIS data were recorded with ac potential amplitude
of 10 mV (rms) in a multi-sine mode.

Results and discussion

Particle size distribution (PSD) data for the prepared and freshly sonicated RuO, suspensions, as
obtained by dynamic light scattering (DLS) measurements, are shown in Fig. 1. The PSD by volume (V;)
for the isothermally prepared samples indicated the presence of particles well resolved through the
diameter spectrum immediately upon sonication, with the polydispersity index (PDI), Fig. 1C, below
0.3. MWR,3 was the most polydisperse in character (PDI 0.37), with a continuous distribution of the
diameters of the particles (and/or agglomerates) in the quite wide range of 20 nm—1 pum. Bearing in
mind that the two peaks in the PSD by V, spectrum for MWRyq (Fig. 1A) are positioned close to one
another, the aggregation of the smaller particles into larger ones is hardly the possible cause of the
formation of the ca. 250 nm-sized particles. It appears to be that particles of the two different diameters
were formed separately from the nuclei generated in the different irradiation times. The initial ones
grew to ca. 250 nm-sized particles, whereas the continuously born “younger” nuclei had enough time to
grow into particles with diameters in the range 60—110 nm during the 5 min of MW irradiation. The
increase in the synthesis temperature to 220 °C generated two additional features in the PSD. There was
another well resolved fraction of particles with diameters in the range 30-40 nm due to the more
rigorous initial heating conditions, and a fraction of huge agglomerates of around 5 pm (Fig. 1A). Due
to this more pronounced polydisperse character, the PDI of MWR2 was a little higher with respect to
MWR00, while the slight increase during the DLS runs was preserved. Finally, the most rigorous initial
heating conditions (MWR,3,) returned the similar PSD features, with a fraction of the smallest particles
of 20-30 nm and an increase in the size of the fraction of the largest particles to diameters of ca. 500
nm. The PSD of the latter fraction in MWR,3 was much wider than in the cases of MWRq and
MWR00, and extends up to 1 pm. Since the synthesis time was considerably shorter in comparison to
the isothermal conditions, this is an indication that the smaller particles are of high energy and tend to
relax by joining into large agglomerates. This is fairly well demonstrated if the PSD in DLS run 1 was
compared to that in run 10 (Fig. 1B).

The largest fraction was not detectable for MWRyz in run 10, although it was present in the 1% run.
This means that this fraction is unstable and cannot form a stable dispersion, which is not the case for
largest agglomerates present in the MWR3, sample, due to the higher tendency of its smallest particles
to be relaxed into agglomerates, and consequently high surface energy of agglomerates.

Despite these differences in the PSD among the prepared samples, the general observation was that the
applied synthesis procedure by MW irradiation generates at least two stable particle fractions: one
around 70 nm and the other in a wide range between 0.1 and 2 pm, with the dominant presence of
grains of ca. 300 and 500 nm. In order to resolve the quite complex pathways of nucleation, particle
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growth and aggregation, the generated solid phase was investigated by SEM. To provoke fast physical
aggregation, the MWRyo sample as the most stable one according to the DLS analysis, was diluted with
ethanol (1:100, V/V) and dried onto a glassy carbon substrate. The typical appearance is illustrated in
Fig. 2.

Two distinct formations are seen at the micro-level, Figs. 2A and 2B: huge monolithic regularly
rectangle-shaped clusters with dimensions of several um. These clusters can be interconnected or can
appear as separate blocks as illustrated by the two micrographs on Figs 2A and 2B. The clusters are
decorated by sub-um-sized grains, which consist of spherical particles of the size close to 100 nm (sub-
micrograph, Fig. 2C). Finally, the sub-micrograph reveals the presence of spherical particles few tens of
nm in size (three typical examples are in white circle), which appears to be the building elements of the
huge clusters.

Electrochemical behavior of the prepared RuO, was checked through voltammetric response, O
evolution activity and electrochemical impedance spectroscopy of the RuO; coating on Ti in H,SO,
solution. The cyclic voltammetry (CV) curves (as specific currents per mass of the coating) for the
electrodes prepared from MWRy0, MWR20 and MWR 30 suspensions are shown in Fig. 3. The shape of
CVs is usual for DSA-type electrodes synthesized by traditional thermal decomposition of metal
chlorides or by the sol-gel procedure®*.
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The broad pseudocapacitive redox transition peaks appear better resolved for the samples prepared
under the more rigorous heating conditions (MWRx2 and MWR,30), the CVs of which resemble greatly
those for RuO; or RuO,-TiO; electrodes of high RuO, content'*'>'® On the other hand, the CV of
MWR00 sample is more featureless and of lower currents, which indicates higher amounts of TiO; in
the coating'® and/or its lower real surface area'® in comparison to the MWRz, and MWR,3, samples.
The later cause could be due to the particles in the fraction of smallest particles being larger for
MWRy (Fig. 1; peak positions at ca. 70, 32 and 21 nm for MWR 200, MWR220 and MWR,30, respectively),
which could also affect the TiO, content since the origin of TiO; is the oxidation of the Ti substrate
during the thermal treatment of the coating. It could diffuse through the RuO; layer and form mixed
RuO,-TiO; oxide throughout the coating. It is to be expected that a more porous RuO; layer (consisting
of larger particles) is able to form mixed oxides more easily and with higher TiO, contents. Since the
smallest particles were found in the MWR,3 sample, it showed the largest specific CV currents,
although the values were similar to the CV currents of MWR,;. The difference appeared in the anodic
branch between —0.2 and 0.7 V.

The registered CV currents appeared rather high in comparison to the currents usually registered for
DSA electrodes' . A similar finding could also be found in the literature reporting a fast laser-induced
synthesis procedure for DSA”® or for C/RuO, sandwiched hierarchical structures prepared at low
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temperatures”'. Fig. 3 indicates that a specific capacitance as high as 250 F g”' was reached, which is
quite unusually high value for DSA electrodes of any composition. This suggests that MW irradiation,
by causing rigorous heating conditions, is able to produce characteristic structures and high energy-
governed hierarchy®' of the synthesized materials, which are unreachable by traditional preparation
procedures, such as thermal treatment or ordinary sol—gel processes. The appearance of the synthesized
oxide as illustrated by Fig. 2, along with the data reported in Fig. 3, strongly suggests that the fractions
found by PSD (Fig. 2), beside the particle size as a physical criterion, could also differ in chemical
composition. In order to check this possibility, the prepared electrodes were tested for their activity in
oxygen evolution.

In order to check the state and properties of thermally-formed TiO,, the samples with the most
pronounced difference in electrochemical properties, MWRuoo and MWR,3, were subjected to
impedance (EIS) measurements. The recorded data are shown in Fig. 4A-C (symbols: measured data at
open circuit potential (OCP), 470 and 870 mV - the last two datasets only for MWR; lines: equivalent
electrical circuit (EEC) data). The structures of EECs applied to fit the experimental data are also shown
in Fig. 4D.

The registered EIS response and the EEC structures are typical for DSAs with a well-developed inert
oxide-rich (TiO,) layer'****, Its EIS characteristics are seen as a semicircle-like dependence in a
impedance complex plane plot (Fig. 4B) and finds equivalence in CPE1 and R3 in parallel (Fig. 4D).
Since the responses were registered at the open circuit potential (OCP), they transfer to typical
capacitive response for the DSA as the frequency decreases (well-resolved capacitive loops can be seen
in the capacitive complex plane plots, Fig. 4A), which could be fitted reliably to a transmission line form
of EEC (TLEEC)™.
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The EECs also contained an inductive element to fit the high frequency data (not shown), which did not
depend on the sample type and applied potential. Apparently, the origin of inductive behavior lies in the
measuring system itself, and will not be commented here. However, it was just taken into account for
the fitting in order to ensure the accuracy of the values of the other circuit parameters.

To confirm fully the assignment of the EIS behavior in the high-frequency domain to the presence of a
TiO;-rich layer in the coating/Ti substrate interface, the EIS response was recorded at two additional
potentials out of OCP (470 and 870 mV), Fig. 4C. No differences in responses were registered due to the
pure electrical response of the layer'?, which confirms its TiO,-rich feature. The considerable difference
in EIS data of MWRye and MWR,3 in the frequency domains for both the TiO,-rich layer and the
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capacitive response is seen. The high frequency semicircle was better developed and of considerable
lower diameter for MWR,3 than for MWRy0 — Fig. 4B (the corresponding resistances obtained by
fitting to the EEC are 0.52 and 3.2 Q, respectively). This indicates that the layer was much thinner in
MWR,3, and more definitely separated from the applied coating. On the other hand, a TLEEC of higher
order was required to fit the capacitive EIS response of the MWRqo coating, whereas the TLEEC for
MWR,3, contained a CPE2 in the last branch with pronounced diffusion characteristics (n = 0.5 and
corresponding admittance of the order of 10~ S, seen as “the tail” in low frequency domain of the
capacitance complex plane plot, Fig. 4A). These findings strongly indicate that the MWR3, coating was
more compact. The generation of TiO, was suppressed during the thermal treatment since the solid
phase of the MWR,3, dispersion covers more uniformly the Ti substrate than in case of the MWRgqo
suspension. The more compact characteristics of the MWR,3, coating could originate from the presence
of considerably smaller particles in the lowest fraction, as found in the DLS analysis (Fig. 1), which had
greater ability to pack tightly and more uniformly than the more relaxed larger particles of MWR 0.

Another finding underpinning the consideration about the differences in the morphologies of the
MWRy0 and MWR,3, coatings concerns the distribution of the capacitance and pore resistance
throughout the coating, as obtained from the TL branches of the EEC (Fig. 4D). A considerable amount
of the overall capacitance of the compact MWR,3 coating (8.1 mF) was readily available behind the
internal coating resistance of only 0.5 Q (R3), whereas almost the complete coating capacitance of 11.2
mF was available through an additional pore resistance of only 1.3 Q (R4). The remaining 0.7 mF (C3)
was available behind 43 Q (R5) of pore resistance. On the other hand, only half of the available
capacitance of the MWR coating (10.7 mF, C1+C2+C3) was accessible through 15.6 Q (R3+R4+R5)
of the coating resistance. Overall, 170 Q of the total MWRxq coating resistance had to be overcome to
gain full capacitive performances. It follows that the compact MWR,3, coating could express its full
electrochemical performances with negligible contribution of the parts accessible through the cracks
appearing only locally. The MWRyg coating was more porous and of diverse texture, and hence
contained larger amounts of pore-hidden electrocatalytic material in the regions of loose grain
boundaries.

Conclusions

Highly active RuO; coatings on Ti could be prepared from the colloidal dispersions of the oxide
synthesized under rigorous heating conditions induced by microwave irradiation. Although being of
multifractional particle size distribution, the polydispersity of the dispersions was fairly defined and
preserved. Intensification of the heating conditions through increased reaction temperature and
pressure produced smaller particles and increased their surface energy. The most rapid heating
conditions generated the smallest high-energy oxide particles of ca. 20 nm, which were able to form
compact RuO; coatings of high electrochemical activity due to pronounced tendency of the particles
towards aggregation. The coating capacitive performances and the activity for oxygen evolution seemed
considerably improved with respect to those of the coating prepared by traditional thermal
decomposition of chloride or usual hydrothermal processing routes. The improvement was not
obviously related to the increase in the real surface area of the coating, but more to the generation of
high-energy oxide surface states exclusively related to the microwave-assisted synthesis under rigorous
heating conditions. The improvement in the electrocatalytic activity for oxygen evolution was
considerable in the regions of high overpotentials, where water splitting over two surface O-terminals is
believed to occur.

Acknowledgement: The financial support from the Ministry of Education, Science and Technological
Development (project No. 172060) is acknowledged.

IIpeBnake HAHOKPHCTATHOT PyTEHHYM OKCHJa Ha THTaHY, JOOHjeHe COI—TeJl MOCTYIKOM H3
KOJIOH[THE OKCHIHe JHCIepP3Hje CHHTeTHCAaHe Y MHKPOTAJIACHOM PEKTOPY

Ha wWuitianckoj 0cHo8u popmupana je Upesnaxa HAHOKPUCTAATHOT PYTHEHUYM OKCUGa CO-1es TOCTHYTKOM,
tionasehu og gepunucane KomougHe guciiep3uje OKCUga CUHTHETHUCAHOT XUGPOTUEPMATHOM PEAKUUjOM Y
MUKDOTUATIACHOM PEAKTHOpYy Yy YCI08UMA KOHIAPOIUCAHOT UpUutiucka u tWemiepatliype WOKOM 3aipesard.
Juctipudyyuja eenuuune uecmiuya y cyctieHsuju ogpehena je metiogom guHAMUUKOT pacuilara C8etlIoCTiU
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(Dynamic Light Scattering - DLS), a #ospwuncka mopdonoiuja ckeHupdajyhom enexitipoHcKoM

muxpockoiiujom. Enextiipoxemujcka kapaxiiepusayuja upesnaxe je ykopyuusana ogpehusare KauayuitiusHux
ocoduna HylieM yUKIUUHe 8ONTUAMETAPUfe U CHEKTAPOCKOTUje eneKTlipoXxeMujcKe umileqanyuje u ogpehueare
enexipoKatianuiiuuke axiusHOCY 30 PeaKUuUjy u3geajarad KUCEOHUKA y Kucenom paciieopy. Zlodujene
yecitiuye cy Homuguciiep3He U cagpie Kaxo iojequraune ueciiuye waxo u ainomepaiie. Ca UHTEHIUBUPALEM
yCno8a MUKpoanacHol 3aipesara H0BPUIUHCKA eHepiuja uecliuyd pacitie, a »Uxo8a 8eTUUUHA CE CMAMYJe.
3axseamyjyhu oeaxseum ocodunama upexypcopa (guciiep3uje), godujene Tpesraxe umdjy uodowpULAHE
KalauuiiugHe ocoduHe u goopy eneKTUPOKATUATUTAUUKY AKTHUBHOCTE 30 PEAKUUTY U3]8Ajarad KUCEOHUKA UpU
BUCOKUM UPEHATETHOCTAUMA.
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Uticaj leucina na anodno rastvaranje halkopirita u sumpornoj kiselini

Biljana S. Maluckov, Mile Dimitrijevi¢, Renata Kovacevi¢*, Srba Mladenovi¢

Tehnicki fakultet u Boru, Univerzitet u Beogradu, Vojske Jugoslavije 12, 19210 Bor, Srbija
*Institut za rudarstvo i metalurgiju, Zeleni bulevar 35, 19210 Bor, Srbija

Apstrakt

U radu je ispitivano anodno rastvaranje halkopirita u sumpornoj kiselini u prisustvu leucina. Snimani su
cikli¢ni voltamogrami u rastvorima 10° mol L'" H,SO4i 107 mol L™ Leu pri brzinama od 1 mVs', 5 mVs™, 10
mVs' i 20 mVs”, a nakon toga je izvrSena analiza rastvora. Rezultati su pokazali da pri svim brzinama
prisustvo leucina pospesuje rastvaranje bakra, a smanjuje rastvaranje gvoZda iz halkopirita u odnosu na sum-
pornu kiselinu bez leucina. Najvece kolicine bakra i gvoZda se u oba rastvora oslobadaju pri brzini od 1 mVs™.

Uvod

Halkopirit je sulfidni mineral bakra i gvozda (CuFeS;). Iz njega se pomoc¢u mikroorganizama -
bioluzenjem dobija bakar .

Jedan od najéesce koris¢enih mikroorganizama u procesima bioluzenja je bakterija A. ferooxidans *.
Njena uloga u procesima bioluZenja je da oksiduje Fe (II) u Fe (III) °. A. ferooxidans sinteti$e protein
rusticianin koji u¢estvuje u procesima oksidacije Fe (I1) *'°. U ovom proteinu amino kiselinska sekvenca
koja je odgovorna za vezivanje bakra se sastoji iz cisteina, histidina i metionina °. Umesto metionina se
kod nekih mutacija rusticianina javlja leucin . Elektrohemijska ispitivanja uticaja amino kiselina na
metale i legure su pokazala da leucin u kiseloj sredini pospesuje rastvaranje bakra '*, a inhibira
rastvaranje ¢elika *"°. Takode se pokazalo da leucin slabije inhibira koroziju gvozda od metionina'®".
Leucin je nepolarna hidrofobna amino kiselina koja je u kiseloj sredini u protonovanom obliku '>*.
Strukturna formula leucina je prikazana na slici 1.

O

HAC
3 OH
CHs NH,

Slika 1. Strukturna formula leucina

U radu je ispitivan uticaj dodavanja leucina na anodno rastvaranje halkopirita u sumpornoj kiselini.

Eksperimentalne metode

Halkopiritna elektroda je napravljena od prirodnog minerala iz borskog nalazista. Elektroda je hladno
zaptivana sa materijalom na bazi metil-metakrilata. Radna povrsina halkopiritne elektrode je iznosila
0.68 cm”. Priprema povrsine elektrode izvréena je mehani¢kim poliranjem silikon karbidnim papirom i
glinicom (Al;Os). Nakon toga elektoda je ispirana destilovanom vodom i susena.

Serija rastvora leucina 110 molL™, 1-10” molL™; 1-10™* moIL™; 1-10” molL™; 1:10°® molL™" je dobijena
direktnim dodavanjem u rastvor 1-10” molL™ H,SO..

Merenja su uradena na aparaturi sastavljenoj od potenciostata, polarografskog anlizatora koji je
direktno vezan za kompjuter i AD Kkartice. Elektrodni sistem je sastavljen od tri elektrode: radne
elektrode, referentne zasi¢ene kalomelove elektrode (SCE) i pomoc¢ne elektrode od platine.

Odredivan je potencijal otvorenog kola u trajanju od 15 min, a zatim su od potencijala otvorenog kola
snimani cikli¢ni voltamogrami u anodnom pravcu pri brzinama od 1 mVs™”, 5mVs™, 10 mVs™i 20 mVs™.

Analiza rastvora

U rastvorima je nakon potencijala otvorenog kola i ciklicne voltametrije izvrSena analiza rastvorenih
metala i sumpora na simultanom atomskom emisionom spektrometru sa induktivnho kuplovanom
plazmom (ICP AES), model Spectro ciros vision.
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Rezultati i diskusija

Na slici 2 su prikazani cikli¢ni voltamogrami za razli¢ite brzine skeniranja u rastvoru 102 mol L™ H,SO,
i10?mol L™ Leu, a na slici 3 u rastvoru 10 mol L™ H,SO.bez leucina Rezultati analiza rastvora nakon
cikli¢ne voltametrije pri razli¢itim promenama brzine snimanja su prikazani na slikama 4-6.

| 0.304
0.30 v= 1mVs' 1
1
0.254|------ v= 5mVs’ " 0.25 |-
0.20. v=10mVs’ ex 0.20
- - v=20mVs' A < 1
= 0.10- = 0104
0.05- 0.03-
0.00 0.00
) 0.05 L : : : :
ST T oa o6 o8 10 02 04 06 03 10
E/Vvs. SCE E1Vvs. SCE
Slika 2. Cikli¢ni voltamogrami za razlicite Slika 3. Ciklicni voltamogrami za
brzine snimanja u rastvoru razlicite brzine snimanja
107 mol L' H,SO4 +107 mol L™ Leu u rastvoru 107 mol L' H,S0,

Na slici 4 je prikazana koncentracija bakra u rastvorima nakon snimanja cikli¢nih voltamograma. Sa
slike se vidi da je pri svim brzinama koncencentracija bakra veca u rastvoru koji sadrzi leucin nego u
rastvoru sumporne kiseline bez leucina.

0.012+

—=—10"mol L™ H,S0,

— e 10°mol L” Leu

0.008

Koncentracija Cu (mmol\L)

0.004- e
0-000 T T T T T T T T T 1
v/ (mVs)

Slika 4. Koncentracija Cu u rastvorima sumporne kiseline sa i bez leucina, pri razli¢itim brzinama snimanja.

Na slici 5 je prikazana koncentracija gvozda u rastvorima nakon cikli¢ne voltametrije. Kao $to se vidi sa
slike, koncentracija gvozda je veca u sumpornoj kiselini bez leucina nego u rastvoru koji sadrzi leucin.
Uporedivanjem rezultata sa slika 4 i 5 vidi se da su najvece koncentracije i bakra i gvozda pri brzini od 1
mVs ™ u oba rastvora.
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Slika 5. Koncentracija Fe u rastvorima sumporne kiseline sa i bez bez leucina,
pri razli¢itim brzinama snimanja

Na slici 6 su prikazane koncentracije ukupnog sumpora nakon cikli¢ne voltametrije. Sa slike se vidi da je
koncentracija sumpora vec¢a u rastvoru koji sadrzi leucin nego u sumpornoj kiselini bez leucina. U
rastvoru leucina izraZeniji je pad koncentracije sumpora sa porastom brzine skeniranja, nego u rastvoru

sumporne kiseline bez leucina.

Koncentracija S (mmol\L)

124

11

10+

2 -1
—=—10" mol L H2804
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o
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v/(mVs"

20 25

Slika 6. Koncentracija S u rastvorima sumporne kiseline sa i bez leucina, pri razlicitim brzinama snimanja

U tabeli 1 je prikazan molski odnos Cu/Fe nakon ciklicne voltametrije pri razli¢itim brzinama u
10* mol L™ H,S0,i 10? mol L™ Leu. Iz tabele se vidi da je najveéi molski odnos bakra i gvozda u
rastvoru 10 mol L™ Leu pri brzini od 20 mVs™.

Tabela 1. Molski odnos Cu/Fe u rastvorima leucina i sumporne kiseline bez leucina pri razlicitim

brzinama snimanja

Brzina snimanja, mV s

Cu/ Feu 102 mol L™ H,S0,

Cu/ Feu 102 mol L™ Leu

0.99097 1.3877
5 1.46229 2.13093
10 1.84442 2.62472
20 1.97067 4.26852
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Dobijani eksperimentalni rezultati su u skladu sa rezultatima da leucin slabo inhibira rastvaranje
gvozda'®"’, dobro inhibira rastvaranje ¢elika '*, a ubrzava rastvaranje bakra'*.

Singh i dr., 2008 su utvrdili da je rastvor 10" mol L™ leucina pasivni inhibitor ¢elika, a da do inhibicije
dolazi usled fizickih adsorpcionih procesa leucina na povr$ini metala . U skladu sa tim, moguce
objasnjenje za smanjenu rastvorljivost gvozda iz halkopirita u prisustvu 10 mol L™ rastvora leucina u
odnosu na sumpornu kiselinu bez prisustva leucina je, da leucin i gvozde iz halkopirita reaguju i grade
nerastvorni kompleks.

Zakljucak

Rezultati istrazivanja pokazuju da prisustvo leucina uti¢e na povecano rastvaranje bakra. Ovo moze biti
znacajno za hidrometalursko dobijanje bakra iz halkopirita. Takode se moZe pretpostaviti da je mutacija
u rusticianinu koja dovodi do zamene metionina leucinom poZzeljna sa tehnoloSke strane u cilju
povecanog dobijanja prinosa bakra. Medutim, s obzirom da leucin ulazi u sastav proteina onda bi
pretpostavku trebalo proveriti i sa samim mikroorganizmima koji sadrZe mutirani rusticianin.

The effect of leucine on the anodic dissolution of chalcopyrite in sulfuric acid

In this paper, the effect of leucine on the anodic dissolution of chalcopyrite in sulfuric acid is investigated. The
cyclic voltammograms in solution of 107 mol L' H,SO4 and 107 mol L'" Leu at the scan rates of 1 mVs™,
5mVs! 10 mVs™ and 20 mVs', were recorded. After that the analysis of the solutions were done. The results
have shown that the presence of leucine increases the Cu dissolution and decreases the Fe dissolution from
chalcopyrite with respect to corresponding dissolutions in the sulfuric acid without leucin. The most large Cu
and Fe quantities are obtained at the scan rate of 1 mVs™.
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Efekat isoljavanja i uticaj temperature na bifazne vodene sisteme
na bazi dicijanamidnih jonskih te¢nosti

Aleksandra Dimitrijevi¢, NebojSa Zec*, Nikola ZdolSek, Sanja Dozi¢*, Slobodan Gadzuri¢*,
Tatjana Trti¢-Petrovic¢
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Uvod

Pod jonskim te¢nostima (JT) se podrazumevaju jonska jedinjenja koja su tetna na temperaturama ispod
100°C." Jonske te¢nosti se sastoje od velikih, asimetri¢nih organskih katjona (amonijum, fosfonijum,
sulfonijum, imidazolijum, piridinijum, pirolidinijum itd.) i manjih organskih ili neorganskih anjona
(bromid, hlorid, dicijanamid, metansulfonat, tetrafluoroborat itd.). Dimenzije i oblik samih jona, pre
svega katjona, onemogucavaju njihovo ,gusto” pakovanje i obrazovanje jonske kristalne strukture, ¢ime
se objasnjava niska temperatura topljenja i te¢no agregatno stanje ovih sistema na sobnoj
temperaturi.”® Jonske te¢nosti poseduju niz jedinstvenih svojstva kao $to su zanemarljiv napon pare,
hemijska i termalna stabilnost, Sirok elektrohemijski prozor, visoku provodljivost, veliki toplotni
kapacitet, podesivu hemijsku strukturu i fizicke osobine i jaku sposobnost solvatacije.* Jonske te¢nosti
su ekoloski prihvatljivija i pogodna alternativa isparljivim i toksi¢nim organskim rastvara¢ima. Medu
brojnim zanimljivim svojstvima koje poseduju hidrofilne jonske tecnosti je i njihova sposobnost da
grade dvofazne vodene sisteme u kombinaciji sa neorganskim ili organskim solima. Naime, dodatak
neorganske soli u vodeni rastvor jonske tec¢nosti uzrokuje razdvajanje tecnih faza i formiranje
dvofaznog vodenog sistema.’ Bifazni vodeni sistemi mogu biti znacajni pri recikliranju ili
koncentrovanju hidrofilnih jonskih te¢nosti iz vodenih rastvora, zatim u reakciji metateze pri sintezi
novih jonskih tec¢nosti, a od naroCitog su interesa u separacionoj hemiji. Izborom adekvatnih
komponenata (jonske te¢nosti i neorganske/organske soli) i jednostavnom manipulacijom sastava faza
moze se postic¢i visoka selektivnost i Zeljeni koeficijent raspodele za ekstrakciju velikog broja jedinjenja
kao $to su alkaloidi, lekovi, aminokiseline, proteini, hormoni, alkoholi, aromati¢na i fenolna jedinjenja
itd.® Ispitivanje faznih dijagrama dvofaznih vodenih sistema sa jonskim te¢nostima predstavlja prvu
fazu u optimizaciji uslova za ekstrakciju odredenog jedinjenja.

Cilj ovog rada je da se odrede ravnotezni dijagrami dvofaznih vodenih sistema {JT + neorganska so +
+ H,0} za novosintetisane jonske tecnosti 1-etil-3-etilimidazolijum-dicijanamid [1-C;3-C;im][DCA] i
1-butil-3-etilimidazolijum-dicijanamid [1-C43-C:im][DCA] i da se ispitaju uticaji jonske tecnosti,
neorgaske soli i temperature na moguc¢nost formiranja bifaznih vodenih sistema.

Eksperimetalni deo

Ravnotezni dijagrami za bifazne vodene sisteme su odredeni metodom titracije do tacke zamucenja
(eng. cloud point method). Eksperimentalna procedura se sastoji od dva koraka: (1) u vodeni rastvor
jonske tec¢nosti poznate koncentracije se dodaje vodeni rastvor soli do zamuéenja odnosno do pojave
bifaznog sistema; (2) zatim se dodaje voda dok se rastvor ne razbistri. Ovaj postupak se ponavlja dok se
ne dobije dovoljan broj ta¢aka za formiranje krive.” Odredeni su ravnotezni dijagrami dvofaznih vodenih
sistema za dve jonske tecnosti [1-C,3-Coim][DCA] i [1-C43-C,im][DCA] u kombinaciji sa dve neorganske
soli, K5P0, i K;COs3, na tri temperature (295,15K; 308,15K i 328,15K) . Jonske te¢nosti su sintetisane i
okarakterisane u Laboratoriji za analiticku hemiju Departmana za hemiju, biohemiju i zastitu Zivotne
sredine Prirodno-matematickog fakulteta u Novom Sadu.
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Rezultati i diskusija

Na slici 1 su prikazani fazni dijagrami vodenih bifaznih sistema ispitivanih jonskih te¢nosti
([1-C23-C2im][DCA] i [1-C43-C,im][DCA]) u kombinaciji sa KsPOs i K,COs. Binodalne krive su fitovane
primenom empirijske jednacine koju su predlozili Merchuk i saradnici’:

Y = Aexp(-BX°*® —CX?) (1)

gde su Y i X maseni udeli jonske tecnosti i soli, a A, B i C su regresioni parametri koji su odredeni
metodom

najmanjih kvadrata. Vrednosti odredenih parametara su prikazane za sve ispitivane sisteme u Tabeli 1.®

45 4
40
35

30

2 0 2 4 6 8 10 12 14 16 18 20 22
Neorganska so (wt %)
Slika 1. Fazni dijagram sistema {JT + neorganska so +H;0} na T = 295,15 K i atmosferskom pritisku (p = 0.1 MPa):
[(m) 1-C43-C:IM][DCA]/K3P0Qy; (@) [1-C43-CoIM][DCA]/K;CO3; (0)[1-C,3-CoIM][DCA]/K3POy; (0)[1-C;3-
C:IM][DCAJ/K,CO:s.

Tabela 1. Parametri Merchuk-ove jednacine (1)

JT+neorganska so+H,0 T/K Atc Bto Cto R

296.15 | 67.62%0.77 -0.307 £ 0.005 1.388 £ 0.032)10™ 0.9996
1-C;3-C.IM][DCA]/ K5;PO4 | 308.15 | 69.34%0.39 -0.314 £ 0.003 1.291 + 0.020)10™ 0.9999
328.15 | 69.42+0.29 -0.310 £ 0.002 1.278 £ 0.016)10™ 0.9999

s

296.15 | 72.43%+1.27 -0.417 £ 0.010 4.439+0.179)10 0.9990

32815 | 77.52+0.24 -0.434 £ 0.002 3.547 +0.048)10™ 0.9999

1-C;3-C,IM][DCA]/ K,COs | 308.15 | 71.53+0.55 -0.253 £ 0.003 8.697 +0.211)10” 0.9998

328.15 | 74.55+0.24 -0.259 £ 0.003 8.028 +0.236)10” 0.9998

3.049 +0.243)10" | 0.9978
2.908 £ 0.074)10* | 0.9998
2.146 +0.109)10" | 0.9995

296.15 | 78.96 £ 3.06 -0.377 £ 0.019
1-C43-C,IM][DCA]/ K,COs | 308.15 | 81.72+0.68 -0.379 £ 0.005

1-C43-C:IM][DCA]/ K53PO4 | 308.15 | 75.50%+0.34 -0.426 = 0.003 3.881 +0.069)10™ 0.9999
328.15 | 90.07£0.99 -0.418 £ 0.006 )

—_ o~ o~~~ ~ ~| ~ ~ ~| ~ ~ ~

)
)
)
)
)
)
296.15 | 74.37£1.38 -0.275 £ 0.008 8.568 +0.309)10° | 0.9996
)
)
)
)
)

Na slici 1 se jasno uocava da je sposobnost isoljavanja fosfatnog anjona veéa od karbonatnog za datu
jonsku tec¢nost. Efekat isoljavanja (eng. salting-out) jonske te¢nosti od strane neorganske soli je slozen
mehanizam. Uticaj anjona neorganske soli na solvataciju jonske te¢nosti se moze objasniti postojanjem
dva tipa interakcija izmedu njih. (1) Anjoni polarizuju molekule vode koji se jednim krajem vodoni¢nim
vezama drze za molekul jonske te¢nosti, ¢cime se ta veza slabi pa je krajnji efekat laksa dehidratacija
jonske tecnosti. Ovaj efekat je direktno proporcionalan entropiji hidratacije anjona ASyy tako da $to je
njena vrednost veca, so lakSe isoljava jonsku te¢nost i binodalna kriva je bliza koordinatnim osama. U
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konkretnom slucaju ASwa(KsP04)~421 JK'mol™” je vece od ASha(K.C0O3)~245 JK mol™, §to se slaze sa
dobijenim rezultatima. (2) Pove¢anjem koncentracije neorganske soli dolazi do izrazaja uticaj anjona na
hidratacioni omotac¢ oko hidrofobnog dela jonske te¢nosti (bo¢nog alkil lanca) povecavajuc¢i povrSinski
napon Supljine izmedu bo¢ne grupe i polarnog dela (imidazolijumovog prstena). Takode na slici 1 se
moze uociti uticaj duzine boc¢nog alkil lanca na imidazolijumovom prstenu na formiranje dvofaznih
vodenih sistema. Sa povec¢anjem duzine boc¢nog lanca na N-1 poziciji imidazolijumovog prstena raste
hidrofobnost jonske te¢nosti odnosno smanjuje se afinitet prema vodi, a time se lakSe nagraduju dve
faze. Na faznom dijagramu za sistem JT + neorganska so + voda se mogu ocitati minimalni maseni udeli
komponenata smeSe koji su potrebni da bi se nagradile dve faze. Posle odredivanja binodalnih krivih,
poredili smo ravnotezne dijagrame sistema odnosno sposobnost jonskih te¢nosti da nagrade bifazni
sistem koja raste u nizu: [1-C,3-C,IM][DCA]/K;CO; < [1-C;3-C,IM][DCA]/K;P0,4 < [1-C43-C,IM][DCA]/
/K;CO3 < [1-C43-C.IM][DCA]/K;3P04. Sposobnost neorganskih soli da nagrade dvofazne vodene sisteme
kada se dodaju vodenom rastvoru jonske te¢nosti prati Hofmeister-ovu seriju.

45 (b) I

40 -| =

35 L

;\‘3 30 =
I—
Law]

20 L

2
15 =
10 L
1)
5 — T T T T T T T T T T T T T T T T T — T T T T T T T T T T T T T T T T T
0 2 4 6 8 0 12 14 16 18 0 2 4 6 8 10 12 14 16 18 20
K3POy (Wt %) K>CO3 (wt %)

Slika 2. Uticaj temperature na fazne dijagrame sistema {JT + neorganska so +H20} sistem: (1a) [1-C43-C2IM]DCA,
(2a) [1-C23-C2IM]DCA, (1b) [1-C43-CZIM]DCA, (2b) [1-C23-CZIM]DCA, m 295.15 K, ® 308.15 K, A 328.15K.

Na slici 2 prikazan je uticaj temperature na formiranje bifaznih vodenih sistema sa jonskim te¢nostima.
Binodalne krive su odredene na tri temperature: 295,15K; 308,15K i 328,15K. Na slici 2 se vidi da je
povecanjem temperature za odredeni maseni udeo jonske tecnosti potrebno vise soli da bi se nagradio
dvofazni sistem, ¢ime se smanjuje bifazna oblast faznog dijagrama. Ovaj efekta je posledica ¢injenice da
su na viSim temperaturama interakcije izmedu jonske tecnosti i vode izrazenije odnosno jonska te¢nost
biva jace solvatisana molekulima vode ¢ime se povec¢ava njena hidrofilnost i rastvorljivost.

Takode, na slici 2 se jasno vidi da uticaj temperature zavisi i od vrste neorganske soli koja se
upotrebljava. K;PO, (slika 2(a)) je izrazito kosmotropna so, njena sposobnost isoljavanja je velika pa
mala promena u rastvorljivosti jonske tec¢nosti pri povecanju temperature ne dovodi do znacajnijeg
pomeranja binodale. Sa druge strane karbonatni anjon ima manji, iako ne znacajno manji, kosmotropni
karakter od fosfatnog pa je uticaj temperature uocljiviji na faznom dijagramu prikazanom na slici 2(b).
Takode, poredenjem binodala vidi se da je efekat temperature znacajniji za 1-butil-3-etilimidazolijum-
dicijanamid u odnosu na 1-etil-3-etilimidazolijum-dicijanamid za obe primenjene soli. Ovo je verovatno
zbog toga $to [1-C43-C,IM][DCA] ima duzi boc¢ni alkil niz i hidrofobniji karakter koji se usled pove¢anja
temperature smanjuje visSe nego kod [1-C,3-C,IM][DCA]. Potrebna su dodatna istrazivanja i preciznija
merenja da bi se efekat temperature na bifazne vodene sisteme detaljnije objasnio.

Zakljucak

Odredeni su i okarakterisani fazni dijagrami (binodalne krive) za ispitivane bifazne vodene sisteme
{JT + neorganska so +H;0} za dve novosintetisane jonske tecnosti: 1-etil 3-etilimidazolijum-dicijanamid
i 1-butil 3-etilimidazolijum-dicijanamid u kombinaciji sa neorganskim solima: K;PO; i K,COs.
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Eksperimentalni rezultati pokazuju da priroda jonske te¢nosti kao i neorganske soli uti¢u u velikoj meri
na formiranje bifaznih vodenih sistema. Povec¢anje bo¢nog niza na N-1 atomu imidazolijuma dovodi do
lakSeg indukovanja bifaznih sistema tj. potrebna je manja koli¢ina neorganske soli da bi se nagradile dve
faze. Takode je pokazano da K;PO, ima vecu sposobnost za gradenje bifaznih sistema od K,COs, Sto je
posledica vece entropije hidratacije anjona ASkya(KsPO4) ~ 421 JK'mol™, a ASpya(K.CO3) ~ 245 JK 'mol™.
Uticaj temperature na gradenje bifaznih sistema je uocljiviji kod jonske te¢nosti sa duzim alkil nizom
(1-butil 3-etilimidazolijum-dicijanamid) i kod neorganskih soli sa manjom sposobno$¢u isoljavanja
(K,COs3).

Zahvalnica: Ovaj rad je uraden u okviru projekata 111 45006 i ON 172012 koji su finansirani od strane
Ministarstva prosvete, nauke i tehnoloSkog razvoja Republike Srbije.

The salting-out effect and impact of temperature on phase diagrams of aqueous biphasic
systems based on novel synthesized dicyanamide ionic liquids

In this work, novel phase diagrams for aqueous solutions of 1-ethyl-3-ethylimidazolium dicyanamide [1-C,3-
C2im][DCA] and 1-butyl-3-ethylimidazolium dicyanamide [1-C43-C2zim][DCA] -based ionic liquids (ILs)
combined with phosphate and carbonate based salts, KsPO4 and K;COs, are reported and discussed. Merchuk
equation was applied in order to correlate the experimental binodal data. It was found that KsPO, has better
salting-out ability to induce aqueous biphasic system (ABS) than K;COs. The cation influence on the ability to
form ABS is investigated for the IL with the same anion, dicyanamide [DCA] and various alkyl chain lengths
in the imidazolium N-1 position. It was found that ability to form ABS increases with the increase of the alkyl
chain length on the imidazolium cation because of increasing ionic liquid hydrophobicity and poorer affinity
for water. The effect of temperature and the alkyl chain length of ionic liquid on two phase formation were
investigated. The experimental results show that biphasic region expands with reduction in temperature.
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Hemijsko inZenjerstvo / Chemical Engineering

Phosphate removal from wastewater by electrocoagulation process
using aluminium electrode

Borislav N. Malinovi¢, Suzana Gotovac Atlagi¢, Tijana Malinovi¢, Natalija Bjelajac, Aleksandra
Milovanovi¢

Faculty of Technology, University of Banja Luka, 73 Stepe Stepanovica Street,
78000 Banja Luka, Bosnia and Herzegovina

Introduction

Phosphorus is a natural nutrient, unavoidable in surface water which appears almost always as a
phosphate ion'. Phosphate ions could be in the form of the orthophosphates, condensed phosphates
(pyro, meta and other polyphosphates) or organically bound phosphates. The origins of the phosphates
are also diverse. Large quantities of phosphates can still be found in various detergents and cleaning
products especially in less-developed countries which lack appropriate legislative on this problematic.
Phosphates are also used for water treatment in water heaters in industries and heating plants.
Especially extensive is the application of the phosphates in the agriculture as the fertilizer, where, if
extensively used, they are carried toward surface water by rain, snow melting or other precipitations, as
well as by the irrigation water. However, although precious nutrient highly valuable for the agriculture,
phosphate released in extensive quantities into the surface waters, causes euthrofication®.

Removal of the phosphate from the drinking waters and also from the wastewater started to draw the
attention of the scientists and professionals from the 1960s’. Classical techniques for phosphate
removal from this period are classified as: physical, chemical and biological. Physical methods remain
quite expensive, and most of them, particularly electrodialysis or the reverse osmosis are very
inefficient with phosphate removal only up to approximately up to 10%°>. Chemical methods, par
contrary, were more often and more widely used especially coagulation by aluminium sulphate or iron
chloride. However, they also are expensive for maintenance due to problems with sludge managements
and effluent neutralisation. In the third group of methods, the biological ones, efficiency is around
30 % which also demands additional treatments®. The adsorption methods as means of combined
treatment with the biological ones were long considered, and they still are. Nevertheless, they also seem
to be too complicated with necessity for following the number of factors influencing the process, thus
there are continues efforts to find new removal techniques”.

This study consideres the electrocoagulation as the treatment for the phosphate removal from the
synthetic wastewater. There are numerous studies on phosphate removal from wastewater with some of
them dealing with the electrocoagulation itself. Authors like Behbehani et al., Irdemez et al., Attour et
al. and others dealt with the application of the aluminium electrode in electrocoagulation®®. For
example, the efficiency of the aluminium and iron electrodes was compared in the batch reactor, in the
presence of the NaCl as the supporting electrolyte, and the results have shown that phosphate removal
efficiency was 100% for Al and 84,7 % for Fe (at pH=3, jorroy=100 mg/L, j=250 A/dm*)’. In two
separated studies, Irdemez et al. studied the pH (pH=3-9) and the current density (j=0,25-1,0 mA/cm?)
influence on phosphate removal®’. Under optimal pH (pH=3), the efficiency was 86% without any
supporting electrolyte with the duration of 20 min for the process’. With the current density increase
the removal efficiency also increases. To obtain 80% efficiency at 25mg/L (Wsp=0,305 kWh/m?)
3 minutes was enough, for 50 mg/L (Wsp=0,380kWh/m’) 5 minutes, while at 100 mg/L (0,610 kWh/m®)
process demanded 12 min’. It is well known that the pollutant removal from the wastewater increases
with increase of the solution conductivity'®. According to the research done by Irdemez et al. , the
highest efficiency in phosphate removal (E,=99,9%) is obtained with addition of the NaCl in concen-
trations of 4,5 mM (jorp-ros=50 mg/L, j=1 mA/cm?) during 25 min of the treatment®. Results of the
research by Attor et al. , indicate that with addition of the NaCl as the supporting electrolyte in
concentrations of 25,5 mM, a complete phosphate removal is achieved (pH= 3, jp-pos = 100 mg/L,
j =10 mA/cm?)’.
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Results and discussion

In present experimental research, a batch electrochemical reactor of 250 cm® capacity made from
polypropylene with constant mixing was used, combined with two electrodes of the same area surface
P=37.3 cm’, separated at d=20 mm distance. The electrode materials are of known composition and
they satisfy the recommended standards: aluminium (Al 99.5/EN AW-1050 A; max. 0.25 % Si, max.
0.40 % Fe, max. 0.05% Cu, max. 0.05% Mn, max. 0.05 % Mg, max. 0,05% Ti, max. 0.07 % Zn, min.
99.50 % Al), stainless steel (EN 1.4301/AISI 304; max. 0.07 % C, 18.1 % Cr, 8.2 % Ni). As for the
chemicals, a commercially available potassium dihydrogen phosphate (99.3 % KH,PQO., Kemika,
Croatia) and sodium chloride (99.5 % NaCl, Lachner, Czech Republic), were used. All the experiments
were performed at the starting sample temperature of 20°C and pH=3 in accordance to the literature
recommendations®®. The electrodes were mechanically cleaned before each treatment, washed with
detergent and the acetone for the grease and oil removal, while the surface stains removal was done by
NaOH solution.

Synthetic wastewater was analysed before and after the treatment for the following parameters:
phosphate contents (P-PO,), total dissolved solids (TDS), pH-value, resistance (p), conductivity (x).
TDS, p, xk and pH value were determined by multimeter (Consort C861), phosphate concentration by
spectrophotometry (Amx=410 nm) at Perkin Elmer, Lambda 25 in accordance with the standard
method'. To improve the efficiency of the electrocoagulation process, out of three available current
regime, a pulsed current regime (PCR) was chosen. RS is defined by cathode current density, ji, time of
the cathode precipitation, t, density of the anode current, j,, and the time of the anode dissolution, t..
Reverse current period (step), T, represents a sum of the cathode precipitation, t and the time of the
anode dissolution, t,'".

Results for the phosphate removal by electrocoagulation are expressed by the mass concentration
(mg/L) and the removal efficiency, E,, in percent calculated by the formula (1). There the y; and y¢ are
the initial and the final concentration of the phosphate in mg/L. Energy consumption for removal per
unit of the contaminant is one of the most important technological parameters showing the efficiency
of the electrochemical reactor, since it influences the total price of the treatment. It is expressed
through the formula (2), where U is the tension, I - electric current, t - time, m - mass of the phosphates
removed.

Vi~V fe [E.dt
Ey =-— 100 / % 1); =—-0 T 2).
U ” / 0 (1) [/[/Sp = m / [kWh/kgpolutant] 2)

1

Influence of the electrolysis duration, concentration of the supporting electrolyte, current density,
initial phosphate concentration, energy consumption, cathode material and the pulsed current regime
were studied. Figure 1 and 2 show the influence of the electrolysis duration (2,5, 5, 10, 30, 40 min) on
wastewater phosphate concentration decrease (»=50 mg/L), or, it can also be said, on the removal
efficiency without supporting electrolyte. A current density used was j=1 mA/cm” which, in accordance
to the literature, was cited as the optimal current denisty”. It can be clearly seen that with electrolysis
duration prolongation, the phosphate concentration in wastewater decreases, or it can be said that
removal efficiency is increasing, reaching the values of E,=98.9 %, in 40 min of treatment.

60 - 100 -
90 -
80 |
70 -
60 -
50 |
40 |
30 |
10 20
10

0 T T T T T T r— 0

50 -

40 -

30

y(meg/L)
E,{%)

20 -

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

t{min) t{min)

Figure 1. Phosphate concentration decrease in relation to Figure 2. Phosphate removal efficiency in relation to the
the electrolysis duration (j=1 mA/cm?, t=40 min.) electrolysis duration (j=1 mA/cm’, t=40 min.)
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Influence of the NaCl as the supporting electrolyte on phosphate removal efficiency is shown at
Figure 3. Efficiency is highest at ynaci=0,5 g/L concentration, being E,=55,5%. Since there are no greater
differences in removal efficiencies at concentrations of yn.«c=0,25 g/L (Ex=52.1 %) and ynac=0.5 g/L, the
rest of the research was performed under ynaci=0.25 g/L. Increase of the electrolysis duration (=20 min)
achieves the removal efficiency of 93.6 % (Figure 4).

Figure 5. shows dependence of the phosphate removal efficiency on the current density (0,25; 0,5; 1;
2mA/cm?®) with =50 mg/L, yn.c=0.25 g/L and t=10 min. Highest efficiency is reached under the
current density of j=2 mA/cm?® and it has shown the value of E,=92.1%, while for the lower current
densities, the removal efficiency did not differ significantly. Due to the small difference in efficiency
achieved, but significantly higher energy consumption under higher current densities (for
j=0.25 mA/cm?, energy consumption was Wy,=4.73 kWh/m’, and for j=2 mA/cm’ energy consumption
was Wy=106,94 kWh/m?®). Therefore in farther experiments the current density was set to
j=0.25mA/cm’.
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Figure 4. Relationship between the phosphate removal
efficiency and the electrolysis duration
(j=1 mA/cm’, t=20 min, yna=0.25 g/L)

Figure 3. Relationship between phosphate removal
efficiency and the NaCl concentration
(=1 mA/cmZ, t=10 min.)
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Figure 6. Relation between the energy consumption and the
current density

Figure 5. Efficiency of phosphate removal at varying
current densities (=50 mg/L, waci=0.25 g/L)

Under the optimal experimental conditions (j=0.25 mA/cm?, t=10 min, yn.a=0.25 g/L) the efficiency is
increasing with the decrease of the initial phosphate concentration (25, 50 i 100 mg/L) in the
wastewater, which is in accordance with previous findings’. Efficiency is highest at the phosphate
concentration of 25 mg/L and goes up to E.,=62.6%, while it is the lowest under phosphate
concentration of Y100 mg/L with value of E.=29.8% (Figure 7). Removal efficiency and the lowering of
the phosphate initial concentration show a linear relationship with R?=0.997.
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Figure 7. Relationship between efficiency and the Figure 8. Dependence of the pH value on the electrolysis
phosphate initial concentration in wastewater duration (t=40 min)

Figure 8 shows that during the electrolysis, the pH value is increasing. This trend is also linear with
R?=0.995. Influences of the stainless steel (SS) as the cathode material, and the PCR as the factors were
also studied. Figure 9 shows the influence of the stainless steel as the cathode on phosphate removal
efficiency, where it can be seen that the difference in removal efficiency is negligent and therefore, the
aluminium cathodes can be successfully replaced by the SS cathodes efficient and easier for
maintenance. Behbahani et al. suggest electrode replacement every 10 minutes in order to prevent their
passivation’.

Figure 10 shows the negligent increase in efficiency of the phosphate removal after removal of the PCR.
This behaviour is the sign that there is no threatening passivation or staining of the electrodes during
electrolysis, and that PCR has no positive influence on the process itself.

100 1 100 -
80 80

g 60 R %7

=] =

@ 40 A @40 -
20 20 1

0 0
Al-Al Al-SS without PCR with PCR
Figure 9. Phosphate removal efficiency with and without Figure 10. Phosphate removal efficiency with and without the
stainless steel electrode application PCR
Conclusion

The study has shown that the electrocoagulation is an efficient method for phosphate removal from
wastewater. Efficiency of 98.9 % in phosphate removal was achieved in 40 minutes under pH=3,
j=1mA/cm’ and =50 mg/L P-PO,. With NaCl as a supporting electrolyte (y=0,25 g/L), efficiency was
93.6 % in only 20 minutes of treatments. By applying lower current densities, somewhat lower
efficiency was achieved, however, process was significantly more economical as far as the energy
consumption is concerned (j=0.25 mA/cm?, E,=50.1%, W=0.095 kWh/kgp_poa).

Acknowledgements: This work was supported in part by the Ministry of Science and Technology of the
Republic of Srpska under Project 19/6-020/961-171/14.

Uklanjanje fosfata iz otpadne vode procesom elektrokoagulacije primjenom
aluminijumske elektrode

U radu je vrSeno ispitivanje efikasnosti aluminijumske (Al) elektrode pri elektrokoagulaciji otpadnih voda koje
sadrze fosfate (P—POy). IstraZivanja su sprovedena na sintetski pripremljenoj otpadnoj vodi u laboratorijskom
elektrohemijskom Sarznom reaktoru. Tokom istraZivanja pracen je uticaj vremena trajanja elektrolize, qustine
struje, razlicite koncentracije pomocnog elektrolita i fosfata, primjene nerdajuceqg Celika kao katode i uticaj
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rezima reversne struje. Rezultati su prikazani preko efikasnosti uklanjanja fosfata. Za 40 minuta tretmana
postignuta je efikasnost uklanjanja od 98,9 %, pri pH=3, j=1 mA/cm? i y,=50 mg/L P—PO., a dodatkom NaCl
kao pomocnog elektrolita (y=0,25 g/L), postiZe se efikasnost uklanjanja 93,6% za 20 minuta tretmana.
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Experimental measurement of volumetric, transport, ultrasonic and refractive index
properties of binary mixtures (ethyl oleate + n-hexadecane) at different temperatures
and atmospheric pressure

Mohamed A. Aissa, Gorica R. Ivani$, Ivona R. Radovi¢, Mirjana Lj. Kijev¢anin

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11120 Belgrade, Serbia

Abstract

Some of the most important properties in diesel engine design and operation are density and viscosity of a fuel
under different conditions. Thanks to increasing awareness of global warming and environmental pollution,
the interest in renewable energy sources and, particularly, non-toxic fuel supplements grows progressively.
One of the best solutions for transport sector is the use of biodiesel and its mixtures with petro diesel which
requires knowledge of the fundamental thermodynamic properties of their blends. Pure ethyl oleate, that is one
of the main components of most of biodiesel fuels, and n-hexadecane, which serves as a reference for diesel
fuels, were examined here, as well as their mixtures. Density, viscosity, sound velocity and refractive index
data for the binary system (ethyl oleate + n-hexadecane) were measured in the whole concentration range and
within a wide range of temperature (with temperature step 5 K) at atmospheric pressure. The measurements
were performed on DMA 5000 densimeter, Stabinger SVM 3000 viscometer, DSA 5000 M density and sound
velocity meter and RXA 156 refractometer, all produced by Anton Paar. Based on the corresponding
experimental data, the isentropic bulk modulus was computed and presented.

Introduction

Transport sector has the largest share of oil consumption and is the major contributor of green house
gases and of the global warming, via direct and indirect emissions of carbon dioxide (CO.), nitrogen
oxides (NOx), carbon monoxide (CO) and volatile organic compounds (VOCs) which affect the
oxidation-reduction capacity of the atmosphere.'* These issues have challenged researchers to seek for
alternative fuels in order to mitigate the exhaust emissions globally, without significant modifications
in diesel engines design. The idea of using vegetable oils instead of fossil diesel fuels has resurfaced as a
way to reduce green house gases. However, direct use of pure vegetable oils face some technical
problems, due to the values of their thermodynamic properties (i.e. density and viscosity), which make
them inefficient for the most combustion engines.

Such investigations can be found in literature,' where focus has recently been on transesterification of
vegetable oils into alkyl esters in order to achieve acceptable biodiesel properties and purity. One of the
methods used to reduce higher values of density, viscosity and sound velocity of biodiesel is to blend
them with diesel. However, property changes, associated with the differences in chemical structure
between diesel and biodiesel fuel, might change engine performance and emission characteristics of
diesel engine.>® The properties of the mixture are directly influenced by the temperature and pressure
of engine operating condition as well as by the composition of biodiesel. The isentropic bulk modulus is,
together with speed of sound, density and viscosity, one of the properties vastly affecting engine
parameters like performance, efficiency and emissions.”® The presented study aims to report a new
experimental data on volumetric (density), acoustic (sound velocity), transport (viscosity) and refractive
index properties of pure components ethyl oleate and n-hexadecane, and their mixtures at wide
temperature range and at atmospheric pressure. Based on the corresponding experimental data,
isentropic bulk modulus is calculated.

Experimental

Materials. The chemicals used in this work were purchased from Sigma Aldrich with a mass purity
>99% and were used without further purification. Prior to use, all liquid were kept in dark bottles
under dry nitrogen. The purity of components was ascertained by comparison of the experimental
density, viscosity, sound velocity and refractive index values at four temperatures (303.15, 308.15,
313.15, and 318.15) K, with those reported in the literature. The measured density, viscosity and sound
velocity values of pure ethyl oleate are in a good agreement with literature with a percentage maximum
deviations 0.18 % for density,” 7.3 % for viscosity’ and 0.17 % for sound velocity,'® while percentage
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maximum deviations between the measured and literature values for n-hexadecane were 0.012 %,"!
1.85 %" and 0.029 %, respectively.

Apparatus and Procedure. Binary mixture was prepared using an electronic balance (Mettler toledo,
model AG204) to an accuracy of * 1-10* g, over the entire composition range. Before analysis, the
mixtures were thoroughly homogenized and degassed. The density, p, and dynamic viscosity, #,
measurements were made using the Anton Paar DMA 5000 densimeter and Anton Paar Stabinger SVM
3000/G2 viscometer, respectively. A determination of sound velocity, u, was carried out with the Anton
Paar DSA 5000 M, while refractive index, np, was measured using an automatic Anton Paar RXA 156
refractometer. The combined expanded uncertainties of the density, viscosity, refractive index and
speed of sound measurements with a coverage factor of k = 2 (confidence level of 95 %) were estimated
tobe 0.08kg m?,0.003 mPas, 5-10° and 0.1 m s™, respectively.

The isentropic bulk modulus ( £ ), can be calculated at each temperature level using equation (1):

B=pu’ 1)

where u is sound velocity and pstands for the density of a sample.

Results and discussion

The experimentally determined values for density in the temperature range 293.15-363.15 K, viscosity
in the temperature range 293.15-373.15 K, sound velocity and refractive index at temperatures
293.15-343.15 K for pure ethyl oleate and n-hexadecane and their mixtures are presented in Fig. 1.
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Figure 1. Experimental data of (a) density, (b) viscosity, (c) sound velocity and (d) refractive index for the binary system
(ethyl oleate (1) + n-hexadecane) at atmospheric pressure and (M) 293.15 K, (@) 303.15K, (+) 313.15K, ( V) 323.15
K, (#*)333.15K, () 343.15K, (%) 353.15K, ( 9 363.15 K and (#) 373.15 K
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As it can be seen, the values of density, viscosity, sound velocity and refractive index of the pure ethyl
oleate are greater than of n-hexadecane. Also, all properties decrease with increase in temperature.
Density is an important parameter in diesel engine performance since fuel injection equipment operates
on a volume metering system. This will lead to a slightly greater mass of used biodiesel because of its
higher density values. Viscosity, also a vital parameter, is a measure of resistance of fluid to flow, which
is closely related to the operation of fuel injection system. The sound velocity is also an essential
parameter. A higher speed of sound and the bulk modulus of biodiesel result in a quicker fuel pressure
rise from the fuel pump towards the injectors leading to earlier injection timing which in turn produce
higher NOx emission. One of the methods to reduce higher values of density, viscosity and sound
velocity of biodiesel is to blend it with diesel. The experimentally determined values for density,
viscosity, sound velocity and refractive index for the system ethyl oleate + n-hexadecane over the entire
composition range at different temperature are presented in Fig. 1. There is no experimental data in
literature for the studied mixture. The increase of ethyl oleate concentration in the mixture promotes
an increase of physical parameters.

It can be noticed that a continuous increase of sound velocity and density of mixture with decreasing of
mole fraction of n-hexadecane was obtained, because these parameters are comparatively higher in
ethyl oleate than in n-hexadecane. Viscosity of mixture also increases as the concentration of n-
hexadecane decrease from 1 to 0, because ethyl oleate is more viscous than n-hexadecane at the same
temperature. A refractive index of n-hexadecane is lower than ethyl oleate, consequently, an increase in
ethyl oleate concentration increases the mixture's refractive index. The temperature dependence of
physical parameters of binary mixture exhibits the usual behavior at all studied compositions. They
decrease as the temperature increases. At each concentration, the viscosity decreases as the
temperature increases making a mixture less viscous. A refractive index for both ethyl oleate and n-
hexadecane decreases when the temperature increases. This happens due to higher temperature and
smaller density, directly affecting the refractive index for the same temperature interval. It was noticed
that for both, ethyl oleate and n-hexadecane, refractive index varies linearly and proportionally in the
range of studied temperature, indicating that refractive index variation with temperature is practically
the same.
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Figure 2. Isentropic bulk modulus for the binary system (ethyl oleate (1) + n-hexadecane) at atmospheric
pressure and at (M) 293.15K, (@) 303.15K, (<) 313.15K, (W) 323.15 K, ( #*) 333.15 K, ( ©) 343.15 K,
(%) 353.15K, (9 363.15 K and (») 373.15K

On the basis of the literature, the isentropic bulk modulus is related to the free space between
molecules. Fig. 2 shows that ethyl oleate has higher bulk modulus and hence lower compressibility
because it is an oxygenated fuel, which creates a permanent dipole moment in the molecule resulting in
stronger bonding and increased molecular affinity compared to n-hexadecane. In other words, this will
result in reducing of free space between molecules due to strong intermolecular forces. It is clearly seen
from Fig. 2 that the concentration dependence of the bulk modulus of binary mixture exhibits the usual
behavior at all studied temperatures. It increases as the concentration of ethyl oleate increases and the
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slopes of the lines appear to be approximately the same. At each concentration, it decreases as the
temperature increases.

Conclusion

Density, viscosity, sound velocity and refractive index of binary mixtures comprising ethyl oleate and n-
hexadecane have been measured in the whole composition range at different temperatures and
atmospheric pressure. The isentropic bulk modulus, which may relate to the engine performance,
efficiency and emissions, was computed and presented. The results show that the increase of ethyl
oleate concentration in the blends leads to an increase of the thermodynamic properties values at all
studied temperatures. Density, viscosity, sound velocity, refractive index and isentropic bulk modulus
values of the mixtures are between the values of the pure ethyl oleate and n-hexadecane, as expected.
Viscosity dependence on ethyl oleate fraction in the blends is exponential, while for the rest of the
studies properties it seems linear.

The authors gratefully acknowledge the financial support received from the Research Fund of Ministry of
Education and Science (project No 172063), Serbia and the Faculty of Technology and Metallurgy, University
of Belgrade.

ExcnepumeHTanHO ogpel)HBame BOTyMeTPHjCKHUX, TPAHCIIOPTHHX, YITPa3ByYHHX CBOjCTaBa
H HHIeKca pedpaknuje OHHapHHX cMela (eTHII 0JIeaTt + n-XeKcajekaH) Ha pa3THYHTHM
TeMIepaTrypama H aTMOCHepCKOM MPUTHCKY

Heka og Hajoutinujux ceojciiasd 3a gu3djH u pag gusesl Moiiopd Cy TyClUHA U 8UCKO3HOCHL T0puea tipu
PA3TUUUTAUM YCo8UMA. 3axeamyjyhu paciiy ceecitiu o L100anTHOM 3aipesaryu 3aiahewy Hueoline cpeguHe,
apoipecuso paciiie uHitiepecogare 3a 00H08bUBE UBOPE eHepIUje U, TIOCEOHO, HETHOKCUUHE gogallike Topusuma.
JegHo og Hajéomux peuiera y 00naciiu wipanciopita jecitie yioiwipedba Ouogu3ena u weiosux cmeuid ca ueitipo
gu3enom, Wito 3axiiesa Ho3HA8AHE 0CHOBHUX TUEPMOJUHAMUUKUX CB0jCTHABA HUX08UX CMEULA.

Yucit etius oneaiti, K0ju je jegna 0g 0CHOBHUX KOMUOHeHATHA 8ehuHe Ououg3en 10pusd, u n-xexkcagekand, Koju
ce KOpUCiu Kao pediep 3d gusen iopusd, Cy UCAUTUUBAHU Y 080M pagy, KAo U wuxose cmeuwle. 'ycliuna,
BUCKO3HOCII, Op3uHna UpocTupawd 368yxa U uHgexc peppaxyuje 3a OuHapHe cucilieme (etlius onediti +
+ n-xexcagexau) cy MepeHe y uuilideom Ocely KOHUEHIUpAUUjd U wupoxom oticely themiiepdainypa (ca
kKopakom og 5 K) Ha ammocpepckom uUputiucky. Mepewa cy epwena ua iyciunomepy DMA 5000,
guckometipy Stabinger SVM 3000, ypehajy 3a mepewe Iycitiune u Op3uxe UpOCTHUPArA 38YKA Y Y30pKYy
DSA 5000 M u peppaxwwomeitipy RXA 156, ipoussohaua Anton Paar. Ha ocnogy ogiosapajyhux exciiepu-
MEHTUATHUX TI0GATUaK A USPAUYHATE je U UPegciiasiber U USEHTUPOTUCKU MOGYT CIUUWTBUBOCTIU.
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Influence of resolution in digital characterization of sand particles size and shape
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Abstract

This paper investigated the influence of resolution and two image analysis softwares for image analysis
(SigmaScan Pro and Imagel]) on parameters and shape factors commonly used in the characterization of
particles. In our previous paper' characterization of polydisperse sand particles was investigated at two
scanning resolutions, and arisen a need to examine in more detail the impact of different scanning resolutions
on shape factors. The analyzed particles were the polydisperse fractions of quartz filtration sand with sieve
diameters in the intervals of 0.85-1.030 mm, 1.406-1.600 mm and 2.00-2.83 mm. The scanned image of
particles was used for analysis. In addition, the images of circles as reference were generated. The scanning
resolutions used in this study were 75 to 4800 dpi, and grayscale thresholds were optimized for discrimination
of particle background. The results indicate that the resolution (pixel size) and algorithms used in image
analysis softwares have influences on obtained shape factors, and most significant effect was observed in the
calculated particle perimeters.

Keywords: image analysis; resolution; shape analysis; pixel size; sand particles

Introduction

The particle shape is an important factor that determines the behavior of particulate systems in various
fields of science and engineering”®. The correct characterization is particularly important when
polydisperse mixture of non-spherical particles are used, as in sand filters, which are used in
installations for production of drinking water. Quartz filtration sand is a natural material composed of
particles of different shapes and sizes. To adequately predict the behavior of fluidized beds of non-
spherical particles with wide size distribution and most often non-uniform shape it is very important to
determine the representative particle diameter and shape factor as well as their distributions’. The lack
of models and correlations for prediction the mechanical and hydrodynamic behavior of irregularly
shaped particles can be attributed to the variety and complexity of particle shapes®, the difficulty of
defining shape parameters suitable for modeling, and the lack of classifying techniques to characterize
particle shape’. Many of the physical and chemical properties of bulk solids and multiparticulate
systems depend on particle shape and surface geometry. Shape factors are mathematical functions that
require previous determination of particle size, such as length, diameter, perimeter, area or volume.
They are categorized in 1D, 2D and 3D shape factors*®®'*"?_ The available literature shows that there is
no agreement on the usage of shape parameters and is not clear which parameter is the best®'*".
Particle shape determination using computer assisted methods is of great help'* and the benefits are
obvious: a large number of measurements can be taken in a short time, and they provide an economic,
consistent and objective analytical method. Image analysis consisting of: image formation, image
scanning, digitized particle boundary detection, digitized particle analysis by count, shape, size or other
selected parameter, data processing and analyzing and data presentation. One of the most important
parameters that should be taken into account is the resolution of the analyzed image because it affects
parameters such as the perimeter"’.

The aim of this paper was to determine the minimum resolution of particle digital image which would
lead to the desired accuracy in size and shape characterization. 2D particle characterization was chosen
due to the manageable and convenient methodology that can be used for image capturing and in order
to avoid expensive equipment. Two image analysis softwares, ImageJ and SigmaScan Pro were used for
image analysis.

Experimental

In this work three polydisperse fractions of quartz filtration sand were analyzed with sieve diameters dm
=0.85-1.030 mm, 1.406-1.600 mm and 2.00-2.83 mm. The basic particles characteristics are shown in
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Table 1. Basic particles characteristics
ds,n+1 / ds,n / dm /

Particles m mm mm dr pp kg/m®
I 2.000 2.830 2.415 1.415 2638
I 1.406 1.600 1.503 1.138 2638
111 0.850 1.030 0.940 1.212 2638

Fig. 1. Example of scanned image
of irreqular sand particles

Table 1, where dg is ratio between two successive sieve sizes, dsn and dsn»+1, and dm is the mean sieving
dlameter [(ds,n + ds,n+ 1)/2]

The images were captured by 2D scanner HP Scanjet 300 and were stored at a different resolutions in
TIFF format for processing. Before scanning, the particles were carefully distributed on a contrasting
background at the distance of 3-5 mm between them to avoid overlap and touching each other (Fig.1).
The particle is assumed to lay over its most stable axis, e.g. longest and intermediate axis lie more or
less parallel to the scanner glass while the shortest axis is perpendicular or random. The number of
scanned particles fluctuated over 150 particles per scan, in order to reach a compromise between
operating time and reliability of experimental results. The projected diameter, perimeter, circularity,
etc., were determined using SigmaScan Pro and ImageJ softwares'®'’. It is necessary to enhance the
contrast between particles and background and to convert the images to binary. On the basis of given
color intensity the programs outline each particle and calibrate the distance between three reference
points in the image, as the basis for software calculations of particle area, perimeter, etc. The scanning
resolutions used in this paper were 75 to 4800 dpi, and grayscale thresholds were optimized for
discrimination of particle background. Increasing the resolution, the scanning time also grew, for
example, the scanning at 4800 dpi for one vertical line of sand particles (Fig.1) took about 50 min. The
obtained scanned images were processed in SigmaScan Pro and Image) and image processing is
relatively similar in both softwares. In addition, the images of circles of 1-3 mm were drawn in Corel
Draw Suite 12 with an 8-bit grey scale as reference particles for the evaluation of the influence of
different resolutions and image analysis softwares on size and shape factors.

Table 2. Shape descriptors defined in Image J and Sigma Scan Pro

ImageJ SigmaScan Pro

Surface area of the projection of the object - sum of Surface area of the projection of the object - sum of

Proj rea, A . . . . . . . .
ojected area, pixels areas in calibrated units (e.g., mmz, |Jn2, etc.) pixels areas in calibrated units (e.g., mmz, pnz, etc.)

?ro;ected Not calculated i A
diameter, da .
Perimeter, P Based on differential method Calculated on ’Fhe basis of hgrlzqntal, vertical and
diagonal contributions
A A
Circularity, ¢ Ar— dr—
P p?

The parameters used for particle characterization in this work are presented in Table 2. The area (A)
and perimeter (P) estimations differ in ImageJ and SigmaScan Pro, since the number of pixels per
particle is different. Also, the shape descriptors in two softwares are different. The missing shape
descriptors were manually calculated by appropriate equations in order to compare results from two
softwares. In this way, two image analysis programs complement each other.
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Results and discussion

In this paper, large amount of data was processed since 3 different sand fractions were scanned in 7
different resolutions and the obtained images were processed in 2 softwares using 3 different values of
threshold. Influence of threshold intensity and image resolution on different size and shape factors was
analyzed. Digitalization process of the particle image itself can lead to errors®. Increasing the number
of pixels that represent the particle, increases the quality of shape representation. In this paper, the
limit to which this increase in number of pixels leads to the improved results of particle size and shape

analysis was investigated.
a) b) ©) LY

Fig. 2. Influence of threshold on particle boundaries, a) scanned particle, threshold ranges of:
b) 40-230, ¢) 60-230, and d) 80-230

Threshold intensity. Threshold is the only parameter that must be manually set in the image processing
softwares. Fig.2 shows how different threshold ranges influence the sand particle boundaries. By visual
observation, it was concluded that the best results are achieved with threshold interval of 40-230 in the
case of sand particles analysis, since the particle is better covered with black pixels. This indicates that
the lower threshold limits of 60 and 80 gave poor results in distinguishing the particles from the
background. It should be noted that the actual threshold value for each case of digital particles
characterization must be based on visual observation of the scanned image and the experience of the
investigator, and that there can be no general recommendation for the threshold intensity which should
be used.

Influence of resolution on size and shape factors. Accuracy of digital representation of an object is,
among other factors, determined by the image resolution. The pixel density will have a significant
impact upon what the thresholded image looks like'®. As a continuation of our previous investigation', it
was needed to examine the impact of different scanning resolutions on shape factors in more detail. In
this work, the scanning resolutions of 75, 150, 300, 600, 1200, 2400 and 4800 dpi were used and the
corresponding pixel sizes were 338.7, 169.3, 84.7, 42.3, 21.2, 10.6 and 5.3 pm, respectively. The particle
sizes were in the range of 0.85-1.030 mm, 1.406-1.600 mm and 2.00-2.83 mm.

Influence of resolution on particle projected area is shown in Fig.3-a for finest sand fraction. Values of
projected area are considerably higher at low resolutions (< 600 dpi) compared to the values obtained at
higher resolutions (> 600 dpi). This indicated that at low resolutions the pixel is too large to accurately
represent the particle. At 75 dpi the pixel size is 338.7 um compared to the particle of 0.85-1.03 mm, so
each particle is represented by ~9 pixels, which is clearly not enough to accurately represent its shape.
As the resolution increases, the number of pixels increases, leading to the more accurate result of the
projected area. This indicates that at higher resolutions the overlap between the real particle cross-
sectional area and the projected area is much better due to the small pixels size. According to the
obtained results (Fig.3-a), the minimal resolution for accurate values of projected area can be 600 dpi
for the particles of this range of size. These results confirm observations from our pervious paper’ that
da at 600 and 1200 dpi did not differ significantly.
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Fig. 3. Influence of resolution on a) particle projected area (A) and b) particle perimeter (P)

The particle perimeter is the most sensitive parameter to the scanning resolution change. The increase
in resolution causes a large, continuous increase in particle perimeter (Fig.3-b). For the largest sand
faction (2.00-2.83 mm) the increase in resolution from 75 to 4800 dpi leads to the increase of the
particle perimeter up to 60% compared to the initial value. Since the circularity is calculated from the
particle projected area, A, and the particle perimeter, P, (Table 2), it also shows significant dependence
on resolution. The particle is represented by square pixels and the real border between the particles and
the background is approximately a zigzag line. As the resolution increases, the number of pixels at the
particle border increases also, making this effect more pronounced. Contrary, this effect is less
pronounced for smaller resolutions, in which the image of the particle contains a smaller number of
pixels at the border. Our results have shown that the variations in particle perimeter are less
pronounced when ImageJ software was used in comparison to SigmaScan Pro, since different algorithm
is used by the two softwares. As resolution is increased, the smaller and smaller surface unevenesses are
recognized by scanning device, and particle perimeter increases. Scanning resolution of 600 dpi is
recommended in this work as the optimal one based on projected area results in pixel size of 42.3 pum. It
is our opinion that pixel size of 42.3 um allows accurate determination of particle shape, not taking into
account the surface roughness, which is adequate in most packed and fluidized bed applications. These
results are in accordance with the literature data'. Different softwares calculate the image area and
perimeter in different ways, yielding somewhat different results'. Podczeck et al.”* suggested that an
effective pixel size of at least 30 um is required for accurate characterization of a particle of 1 mm
diameter. Minimum pixel size will depend on both the resolution and the digitalization procedure used
by the image analysis software.

Projected diameter has almost the same dependence on the change of resolution as the projected area.
Projected diameter is changed to a maximum of 4%, with the change of resolution, indicating that the
resolution does not significantly affect projected diameter, which is in accordance with our previous
work".

Circularity represent degree at which the shape of a particle is similar to the shape of the circle, with
highly elongated particles being described as having low circularity. This is one of the parameters that
show the greatest sensitivity to the resolution change. Circularity decreases with increase in number of
pixels, i.e. with increase of resolution (Fig. 4). This result is expected according to the equation for
circularity (Table 2), since the perimeter increases significantly with the resolution. Particularly low
values of circularity are obtained in the SigmaScan Pro for high resolutions — as low as 0.36. The
circularity for natural sand particles form the literature is in the range of 0.7 to 0.95*'%. Values of
circularity are below expected results at resolutions higher than 1200 dpi (Fig. 4). Obtained values of
circularity also indicate that the resolution of 600 dpi gives the results of the circularity in the range of
0.73-0.80 which is expected for natural sand particles.
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Analysis of scanned images of circles as referent particles was performed to evaluate results for non-
spherical sand particles from image analysis softwares and to assess their accuracy in particle
characterization (“circle test”). This test was used to investigate the differences in the shape parameters
obtained in two softwares as compared to the theoretical values for the circles. Circles, from 1.00 to
3.00 mm in diameter, drawn in CorelDraw Suite 12 was scanned at same resolutions as sand particles
and the results were analyzed in ImageJ and SigmaScan Pro. Scanning resolutions had no significant
influence on circle projected diameter, major and minor axis. Difference between theoretical and
calculated values were between 0.82-4.64 % in ImageJ and 0.47-3.86 % in SigmaScan for projected
diameter, 0.48-2.19 % in ImageJ and 2.18-7.30 % in SigmaScan for major axis and 1.97-5.32 % in
ImageJ and 0.61-2.05 % in SigmaScan for minor axis. The resolution showed a significant effect on the
circle perimeter and circularity. The circle perimeter increased with the increase in resolution, while the
circularity decreased. Maximum discrepancy between theoretical and software calculated values of
circularity was 12.3% for ImageJ and 14.7% for SigmaScan Pro at 1200 dpi. At the resolution of 300
dpi, the discrepancies were 7.9 % and 9.3% for ImageJ and SigmaScan Pro, respectively. Generally,
better results were obtained for smaller circles, as was also reported by Kroner et al."” and Brown'®.

Size and shape parameters have the same trends with increasing resolution in both image analysis
softwares. The most important difference is in particle perimeter, i.e. perimeter from SigmaScan Pro
was always larger than respective value from ImageJ at all threshold intensities and resolutions (Fig. 5).
Deviations of the shape parameters from the average values (for the same threshold and resolution) in
ImageJ were lower. Image processing in SigmaScan Pro at higher resolutions requires much more time
than in ImageJ.

Conclusions

2D image analysis represents an easy method for particle characterization, allowing characterization of
a large number of particles in a relatively short time. Scanning resolution needs to be taken in
consideration each time when image analysis is performed, because the effects of the resolution on the
particle shape and size parameters could be considerable. Particle perimeter and circularity show the
most significant dependence on resolution because the particle is represented by square pixels and the
real border between particles and background is a zigzag line. This is more pronounced at higher
resolutions, where the pixels are smaller. Different softwares use different algorithms by which the
length of this zigzag line is approximated to calculate the particle border. The ,circle test also
confirmed that the resolution had the largest effect on particle perimeter. The increase in resolution
leads to the increase in error in predicting the perimeter and the circularity of the circles as compared
to the theoretical values. Use of resolutions of 300-600 dpi for the determination of particle shape and
size can be recommended for particles of ~1 mm and larger, because of reasonable results, less storage
space and less time for image analysis. Generally, the use of resolution of 600 dpi is sufficient for
reliable determination of shape parameters for particles of this size. Calculated values of all of size and
shape parameters for particle characterization had the same trends with increasing resolution in both
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image analysis softwares. The most important difference was in calculated values of particle perimeter,
i.e. value in SigmaScan Pro was always larger than the respective value from ImageJ.
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YTHUQaj pe30iyliHje Ha JUTHTAIHY KapaKTepH3allHjy BeJIHUHHE U 00JIHKA YeCTHIIa ecKa

Y oeom pagy je uciuttuean yimiuudj pe3onyuuje u gea copimisepa 3a ananusy ciuxe, "SigmaScan Pro" u
"Imagel", Ha senuuuny u paxwiope 00nuUKA KOju ce 00UUHO KOPUCTIE y KApaKiepu3auuju ueciuuya. Y nauem
UpetwmixogHom pagy Kapaxiiepusayuja uecliuyd uosyguciiep3ne cmeule ieckd je 8puleHd Ha gee pe3onyuuje u
fojasusia ce towipedd ga ce uctiuiia geliapHuje YUUaj CKeHupawad upu pastuuuiium pe3osyyujama Ha
paxiope oonuxa. AHanusupane uectwiuye cy pasnuuuiie Gpaxyuje K6apyuHol QuIpauuoHol teckd UpeuHuxa
#ipocejasara y uniuepsanuma og 0.85-1.030 mm, 1.406-1.600 mm u 2.00 2.83 mm. Ilopeg tioia, ananusupane
cy cnuxe Kpyiosa pagu opehewa. Pesonyyuja cxkenuparna xopuwhena y o6om pagy je duna og 75 go 4800 dpi
u togewasarwem "grayscale thresholds", wij. unilien3uitiellia cueux wWIOH08A, HA OUWUMATHY 8PEGHOCTH
ogpehena je Ipanuua uecwiuue y 0gHocy HA To3aguHy. Pesyniiaiiu ykasyjy ga pe3onyuuja (8eruuuna
aukcena) u anioputimu Koju ce Kopucitie y copitisepuma 3a aHanu3y CIuke umdjy yiiuudja Ha godujene
¢axitiope odnuxa, a Haj3HaAuATHUjU YTUUA] je 3atiaxcer Upu ogpehusary oduma uecmiuyd.
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Friction factor for water flow through packed beds of spherical particles

Mihal Duri§, Zorana Arsenijevi¢, Nevenka Boskovi¢-Vragolovi¢*, Radmila Gari¢-Grulovi¢,
Tatjana Kaluderovi¢ Radoicic¢*

IChTM -Department for Catalysis and Chemical Engineering, University of Belgrade,
Njegoseva 12, Belgrade, Serbia

*Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, Belgrade, Serbia

Abstract

The aim of this work was the experimental evaluation of different friction factor correlations for water flow
through packed beds of spherical. The experiments were performed by measuring the pressure drop across the
bed. Packed beds made of monosized glass spherical particles of seven different diameters were used. The range
of bed voidages was 0.359 — 0.486, while the range of bed particle Reynolds numbers was from 0.3 to 286. The
obtained results were compared using a number of available literature correlations. In order to improve the
correlation results for spherical particles, a new simple equation was proposed in the form of Ergun’s
equation, with modified coefficients. The new correlation had mean absolute deviation between experimental
and calculated values of pressure drop of 9.04 %.

Introduction

Packed beds of particles permit a widespread means of contact between fluid and solid phases and are
used in many different industrial processes. Some examples of their application include filtration
processes, ion-exchange, catalytic reactions, heat transfer, gas scrubbing, grain drying and the others.
The shape and size of particles that make up the bed are chosen for the characteristics of the specific
process. The particle size and shape always aim at high process effectiveness, so a wide range of
particles are used. In some applications, like in down-flow granular filters, polydisperse natural
materials are used as particulate phase. When natural materials are used, the shape of the particles is
irregular and their size falls into some granulometric interval. Differently shaped particles pack with
different degrees of bed voidage, which results in different pressure drop across the bed. The pressure
drop through the packed bed is one of the most important parameters to be known for the adequate
design of the process as well as for the estimation of the capital and operating costs and sizing the
pumps or fans required to force the fluid through the bed.

The pressure gradient through packed beds has been studied extensively and a large number of
correlations were proposed [1-12]. The most widely used equation for pressure drop calculation was
proposed by Ergun [1]

— 2 —
_A_P=150.@ﬁzu +1.75-(1—38)&U2 (1)
H d &
p p

The friction factor introduced by Ergun is:

AP d g
== (2)
H) p,U® 1-¢
According to Egs. (1) and (2), Ergun’s equation for friction factor is:
. d pU
fo _150 475, Re, =22 (3)
Re, uld-¢)

The other literature correlations for friction factor in packed beds of spherical are listed below:
Macdonald et al. [2]

180

o :
Rep

f +1.80 (4)

Gibilaro et al. [3]
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Note that some authors used different forms for friction factor and Reynolds number with respect to
Ergun's definitions of fp.

The present study was conducted in order to investigate the optimal choice of friction factor correlation
for calculating the pressure drop for water flow through packed beds of spherical particles. The
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experimental evaluation of literature correlations was conducted by measuring the pressure drop across
packed beds of different packing and for different water flow rates.

Experimental apparatus

The experiments were performed in water-particle system schematically shown in Fig. 1. The packed
bed column (f) was used for pressure drop measurements. It was equipped with a distributor and the
calming section (e) in order to ensure the uniform flow of water through the bed. The upwards water
flow was induced using a pump (b) and the flow rate was measured using an electromagnetic flow meter
(d). The packed bed bulk temperature was measured using the temperature indicator (TI). The pressure
drop in packed beds of different particles was measured using piezometers (h). The experiments were
performed with glass spherical particles The fluid used was deaerated water at a nearly constant
temperature of 20 °C. In each run, water temperature was recorded and water density and viscosity
were calculated.

Seven kinds of mono-sized spherical glass particles were used. The experiments with glass spherical
particles were conducted in two cylindrical columns: first column of the diameter of 40 mm was used
for 0.840 — 3.020 mm particles and the second column of the diameter of 62 mm for 4.140 — 6.180 mm
particles. The ratio of the column diameter to the particle diameter (geometric aspect ratio) in the
experiments was between 10.0 and 47.6.

h 1000
100 +
i Aklekll
W ’
10 +
—— Ouwr correlation, Eq.(16)
1 t t :
0.1 1 10 100 1000
Re,’
Fig. 1 Schematic diagram of the experimental system Fig. 2. f, vs. Rep for spherical particles

Results and discussion

The results of the friction factor f, vs. Re’,obtained by the experimental measurements of pressure drop
are shown in Figs. 2 for spherical. The comparison between the experimental results and the selected
literature correlations is given in Table 2 and in Figs. 3.

The mean absolute deviation between the measured values of the pressure gradient and the values
obtained from the literature correlations were calculated according to the following equation:
N J—
Gziz (AP/H).—(AP/H)
N4 (AP/H)

measured

(15)

measured

where N is the number of data points, (#/H)wc and (&/H)measurea are the calculated and the measured
pressure gradients.
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Fig. 3. Comparison of experimental data of f, vs. Re’, with chosen correlations for spherical particles

As can be seen from Table 2, the best fit of our experimental data for pressure drop in beds of spherical
particles was obtained using Cheng [9] correlation, with mean absolute deviation of 10.89 %. The
correlations of Macdonald et al. [2] and Montillet et al. [4] also gave very good results in fitting our
experimental data with mean errors of 12.18 and 13.13 %, respectively. A number of other correlations
tested gave results with mean absolute deviation in the range of 16-20 %. It should be noted that Hicks
[6] correlation gave the mean error of 50.19 % for spherical particles. The reason for such a large error
is that the range of Rep numbers in this paper was below 183, while the specified range of applicability
of Hicks correlation is Rep>500.

Table 2. Comparison of experimental data for friction factor with
different correlations from the literature.

Reference o/ %
Ergun [1] 19.82
Macdonald et al.[2] 12.18
Gibilaro et al. [3] 18.19
Montillet et al. [4] 13.13
Kuerten, ref. in [5] 29.36
Hicks [6] 50.19
Tallmadge [7] 16.04
Lee and Ogawa [8] 18.61
Cheng [9] 10.89
Eisfeld and Schnitzlein [10] 18.78
Reichelt [11] 20.02
Zhavoronkov et al. [12] 19.04
This paper (Eq.(25)) 9.04

The correlations with mean absolute deviation between experimental and correlated pressure drop less
than 20 % for beds of spherical particles are shown in Fig. 3. The correlations shown in Fig. 3 were
calculated for Dc/dp = 25 and bed porosity of ¢ = 0.40 (the mean values in our experiments) in order to
be able to show the correlations with direct dependence on ¢ as lines.

Compared to the data of our previous paper [13], in which air-spherical particles system was
investigated, the results are in the similar range for Macdonald et al. [2] (~12%) and Cheng [9] (~11 and
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12 %) correlations, which gave very good results at ambient temperature both for air-particles and
water-particles systems. On the other hand, the correlations of Ergun [1], Tallmadge [7], Reichelt [11],
Gibilaro et al. [3], Einsfeld and Schnitzlein [10] and Zhavoronkov et al. [12] performed better in air-
particles system, while the correlation of Montillet et al. [4] performed better in water-particles systems.

In order to improve the correlation results for spherical particles, a new simple equation is proposed in
the form of Ergun s equation, with modified coefficient:

_209
P Re,

f +1.75 (16)

The mean absolute deviation between the values calculated from Eq. (16) and the experimental data is
9.04%. The new correlation is shown in comparison to the experimental data in Fig. 2.

Conclusions

The present study was conducted in order to investigate the optimal choice of friction factor correlation
for water flow through packed bed of particles. The best fit of experimental data for spherical particles
was obtained using Cheng [9] correlation (mean absolute deviation of 10.89%). Ergun’s equation was
modified in order to improve the fit for spherical particles and a new correlation was proposed. The
mean absolute deviation between the experimental data and the proposed correlation is 9.04%.

Most of the correlations that gave good results in correlating experimental data both for spherical and
for non-spherical particles were in the form of Ergun’s equation with modified coefficients, thus
showing that the form of Ergun s equation with two added terms describing viscous and inertial effects
is adequate for representing the friction factor in packed beds. However, the coefficients in the
equation are very system-specific.

Koeficijent trenja pri strujanju vode kroz pakovani sloj sferi¢nih cestica

Cilj ovog rada je eksperimentalna procena razlicitih korelacionih modela za odredivanje koeficijenta trenja f,
pri strujanju vode kroz pakovani sloj sfericnih Cestica. Eksperimenti su izvedeni merenjem pada pritiska u
pakovanom sloju. U eksperimentima su kori$ceni 7 razliCitih pakovanih sloja sacinjenih od staklenih sfericnih
Cestica razlicitih precnika. Opseg poroznosti sloja se kretao 0.359 — 0.486, dok je Rejnoldsov broj Cestica bio u
opsegu od 0.3 do 286. Dobijeni rezultati uporedeni su sa dostupnim literaturnim korelacijama. U cilju
poboljSanja rezultata korelacija predloZena je nova jednacina u formi Ergunove korelacije sa modifikovanim
koeficijentima. Srednja apsolutna greska odstupanja izmedu eksperimentalnih vrednosti pada pritiska u sloju
i vrednosti dobijenih kori$cenjem nove predloZene jednacine je 9.04 %.
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Pressure drop in packed beds of spherical particles at ambient
and elevated air temperatures

Tatjana Kaluderovi¢ Radoici¢, Radojica PeSi¢, Nevenka Boskovi¢-Vragolovic,
Zorana Arsenijevi¢*, Mihal buris*

Faculty of Technology and Metallurgy, University of Belgrade, Belgrade, Serbia,
*IChTM - Department for Catalysis and Chemical Engineering, University of Belgrade, Belgrade, Serbia

Introduction

The packed beds of particles are widely used in process industry. The range of applications includes
filtration, catalytic reactions, heat transfer, gas scrubbing, grain drying and many others. One of the
most important parameters to be assessed is the pressure drop of the fluid flowing through the packed
bed. Due to the complex nature of the fluid flow through the bed, many of the equations used are
empirical in nature. The flow of the fluid through the pores of the system was modeled by analogy with
the tube fluid flow, taking that the channels through which the fluid flows are approximately of the
diameter of the particles constituting the bed. Empirical constants were than added in order to adjust
the obtained equations to the experimental results. Despite the great amount of studies dealing with the
pressure drop across packed beds of particles'"”, there are no investigations of the packed bed pressure
drop at elevated temperatures.

The most widely used equation for pressure drop calculation was proposed by Ergun':

2
-%P:lso- L-e)” # +1.75-@'(’;—fu2 1)

3 42 3
& dp £ b

The friction factor based on Ergun s equation is defined as:
APY d &
p:[__j. P& ()

The applicability of Ergun equation was reviewed and the equation was modified by many authors:
Macdonald et al.*, Gibilaro et al.’, Montillet et al.®’, Tallmage'?, Lee and Ogawa'?, Allen et al."*, Nemec
and Levec®.

COMPRESSED AIR

Fig. 1. Experimental system
(a-valve, b-rotameter, c-electric heater, d-column, e-distributor, f-manometer, g-thermal insulation)

The aim of this work was the experimental investigation of the influence of the temperature of the gas
on the packed bed pressure drop and the applicability of the literature correlations at elevated
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temperatures. To achieve this, experimental investigation of the particle friction factor, f, for gas flow
through packed beds of spherical glass particles at ambient and elevated temperatures was conducted.
The experiments were performed by measuring the pressure drop across the packed bed, previously
heated to desired temperature by the hot air flowing through it. The temperature range of the
experiments was from 20°C to 350°C. The experimental results were compared to the available
literature correlations.

Experimental

The experiments were conducted in plexiglas cylindrical column of the diameter of 119 mm and height
of 300 mm. The thermally insulated column is schematically shown in Fig.1. The column was equipped
with a distributor and the calming section in order to insure the uniform flow of air through the packed
bed. The upwards air flow was induced using a compressor. The compressed air first flew through the
rotameter and than through the electric air heater. The hot air was allowed to flow through the packed
bed until the stable value of the bed bulk temperature was reached. The packed bed bulk temperature
was regulated using temperature control system. The pressure drop through the packed bed was
measured using water manometer. The height between the pressure taps was 200 mm. The
measurements were performed for different particle diameters, air velocities and bed temperatures.
Seven kinds of mono-sized spherical glass particles were used. A total of 24 runs were conducted and a
total of 1274 data points were collected. Bed particle Reynolds number varied between 2.2 and 502.6.
All of the air superficial velocities used in the experiments were below the minimum fluidization
velocity for the respective particles. The velocities applied were in the range of 0.03-0.94 U,. The ratio
of the column diameter to the particle diameter (geometric aspect ratio) in the experiments was
between 12.6 and 108.1 which is in the range of the negligible wall effects. The particle characteristics
and range of the experimental conditions are summarized in Table 2. The effects of glass dilatation were
neglected in the calculations, as the volume change of glass is less than 1% for the temperature raise of
300°C.

Results and discussion

All of the results obtained in our experimental investigation are shown in Fig. 5 together with the
correlations tested. The correlations that do not show direct dependence on &, as well as the correlations
in which the variations with & are very small, are shown as lines, while the correlations with direct
dependence on ¢ are shown as points, calculated for the same conditions as the experimental data. The
results are shown for seven types of spherical particles of different diameters. For three particle
diameters, the experiments were conducted both at ambient temperature of 20°C and at elevated
temperatures between 100 and 350°C.

The comparison between the experimental results and the selected literature correlations was
conducted using the mean absolute deviation. The mean absolute deviation of the measured values of
pressure gradient and the values obtained from the literature correlations were calculated according to
the following equation:

o= ii“AP/ H)calc_(AP/ H)measured| (3)
N 1 | (AP/H)measured

where N is the number of data points, (®/H)calc and (&/H)measured are the calculated and the
measured pressure gradients. The mean absolute deviations were calculated for all of the experimental
data and also, separately, for the data measured at ambient temperature (T,=20 °C) and for the data
measured at elevated temperatures (T, =100-350°C).
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The overall best fit of all of our experimental data was obtained using the Ergun' correlation, with the
mean absolute deviation of 10.90 %. The mean absolute deviation for the room temperature data was
smaller (9.77 %) than for the data at elevated temperatures (12.38 %). Although Ergun's equation

60 60 -
A 2 B
50 + 50 + oy %
e Exp, all data e _ ¢ Exp, all data
> Tallmadge [12] . ] °  Lee and Ogawa [13]
Gibilaro et al.[5] o Rose and Rizk [9]
e - Cheng [16] 40 : = Rose [8]
Macdonald et al.[4] v Montillet et al.[12]
— Reichelt [18] ¢ Raichura [20]_
e 30 T Eisfeld and Schnitzlein [17] | _o 30 + = Kuerten, ref. in [10]
—— Zhavoronkov et al.[19]
20 1 20 +
10 10 4
0 4 4 0 : :
1 10 100 1000 1 10 100 1000
Rep Rep

Fig. 5. Experimental and correlated data of f, vs. Re,’, all data points

performed best among the correlations tested, the correlations of Reichelt'® and Eisfeld and Schnitzlein®
gave better results for elevated temperature data only (10.83 and 11.59%, respectively). When all of the
experimental data were tested, the correlations of Reichelt'® and Eisfeld and Schnitzlein'’ had almost
the same mean absolute deviation of 11.17 and 11.19%, respectively which is almost the same as the
mean absolute error of Ergun s equation for all of the data points.

The correlations of Zhavoronkov et al.'’, Tallmadge'* and Gibilaro® gave similar results in correlating
our experimental data (with mean absolute deviations between 12.92 and 13.67 % for all of the
experimental data tested). As the values of the Re, numbers in our experimental system were in the
range of 2.2-506, this similarity is in accordance with the observation of Gibilaro et al.’ that their
correlation represents data in low Rep regime equally well as Ergun's equation. Also, as Tallmage'’
modified only the turbulent term of the Ergun equation the results obtained using his equation in our
range of Rep numbers are similar to the results obtained using Ergun's equation. It should be noted
that the correlation of Tallmage'” actually gave better results than Ergun's equation for the room
temperature data, while it performed much worse for the data at elevated temperature (the mean
absolute deviations were 9.49 and 18.31 % for the room temperature data and for the elevated
temperature data, respectively). The other correlations used gave much larger mean absolute
deviations, in the interval of 14.47 to 56.95 % (Table 3).

For the majority of the correlations, the values of the mean absolute deviations calculated from the
ambient temperature data are lower than the values calculated from the data obtained at elevated
temperatures. The exceptions from this are the correlations of Reichelt'® and Rose and Risk’, which
performed better at elevated temperatures. The values of the mean absolute deviations for elevated
temperature data points in the cases of Tallmadge'?, Macdonald et al.*, Cheng'® and Rose® equations are
two or more two times larger than the ones calculated for 20°C data points.

Conclusions

The present study was conducted in order to investigate the particle friction factor for air flow through
packed bed of spherical glass particles at ambient and elevated temperatures. The experiments were
performed by measuring the pressure drop across the packed bed, heated to the desired temperature by
the hot air. Also, the applicability of the available literature correlations was investigated.

The overall best fit of all of our experimental data was obtained using Ergun’ correlation, with mean
absolute deviations of 10.90 %. Ergun’s equation gave better results in correlating the data at 20 °C
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with mean absolute deviations of 9.77 % than the data at elevated temperatures, which was correlated
with mean absolute deviation of 12.38 %. The Tallmadge'’ correlation gave the best results in
correlating the room temperature data, with the mean absolute error of 9.49 %, which is just below the
value of 9.77 % for Erguns equation. At elevated temperatures, Reichelt'® and Eisfeld and Schnitzlein'’
correlations gave better results than Ergun's equation. All of the correlations used, except Reichelt'®
and Rose and Risk’ equation, gave better results when applied to ambient temperature data than to the
data at elevated temperatures.

Based on the results obtained, Ergun's' equation could be proposed if one equation should be used for
friction factor calculation both at ambient and at elevated temperatures. For elevated temperatures
only, Reichelt'® correlation gives better results. The mentioned conclusions are valid in the lower range
of Re, numbers, i.e. for Rep,<500.

Acknowledgment Financial support of the Serbian Ministry of Education and Science (Project ON172022) is
gratefully acknowledged.

Pad pritiska u pakovanom sloju sferi¢nih ¢estica na sobnoj i povisenim temperaturama

Cilj ovog rada je bio eksperimentalno ispitivanje koeficijenta trenja fluid-Cestice prilikom strujanja vazduha
kroz pakovani sloj Cestica, na sobnoj i poviSenim temperaturama. IzvrSeno je eksperimentalno merenje pada
pritiska u pakovanim slojevima razlicitih temperatura zagrejanih koriScenjem vrelog vazduha. Kao materijal
za pakovanje koriScene su sfericne staklene kuglice 7 razlicitih precnika. Temperaturni interval u kom su
vreni eksperimenti bio je od 20°C do 350°C, dok su poroznosti sloja iznosile od 0,3574 do 0,4303. Dobijeni
rezultati korelisani su koriScenjem veceg broja literaturnih korelacija. Najbolje slaganje sa eksperimentalnim
podacima pokazala je Ergunova jednacina', sa srednjim procentnim odstupanjem od 10,90%. Ergunova
jednacina je dala bolje rezultate prilikom korelisanja podataka na sobnoj temperaturi (srednja procentna
greska 9,77%), dok je korelisanje podataka na poviSenim temperaturama izvrSeno sa greSkom od 12,38%.
Vecina testiranih literaturnih korelacija je dala bolje rezultate pri korelisanju podataka dobijenih na sobnoj
temperaturi u odnosu na podatke dobijene na poviSenim temperaturama. Na osnovu dobijenih rezultata,
predlaze se koriScenje Ergunove jednacine za izracunavanje koeficijenta trenja fluid-cestice kako na sobnoyj,
tako i na poviSenim temperaturama.
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Densities, viscosities and refractive indices of binary system
N,N-dimethylaniline + 1-butyl-3-methylimidazolium triflate at 288.15 to 333.15 K
and at atmospheric pressure

Danijela Soldatovi¢, Nikola Grozdanic¢*, Jelena Vuksanovic¢*, Ivona Radovi¢*, Mirjana Kijev€anin*

Public Company Nuclear Facilities of Serbia, 12-14 Mike Petrovica Alasa, Vinca, 11351 Belgrade, Serbia
*Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11120 Belgrade, Serbia

Abstract

In this study densities, viscosities and refractive indices of binary system N,N-dimethylaniline + 1-butyl-3-me-
thylimidazolium triflate ([bmim][OTf]), were measured at atmospheric pressure and in temperature range
T =288.15 to 333.15 K. Excess molar volumes, deviations in refractive indices, viscosity deviations and excess
molar Gibbs free energies of activation of viscous flow were calculated and the results were fitted to a Redlich-
Kister polynomial equation. Considering the calculated thermodynamic properties, molecular interactions in
the investigated binary system were analyzed and discussed.

Introduction

Tonic liquids® are ionic compounds (salts) that have normal melting points below 100°C. Their negligible
vapor pressures in a wide temperature range” and diverse solvent power are two main characteristics
that qualify them as promising alternatives to classical (toxic) solvents. Therefore, ionic liquids (ILs)
found their application as separation/extraction solvents for diverse solutes: for amino acids separation
and purification3, carbohydrate separation4, for extraction of proteinss, phenolsG, or for removal of free
fatty acids’.

Ionic liquids have specific structure represented by polar (ionic) and non-polar (aliphatic) domains,
which is very important for the diverse solvent power. They also allow a variety of interactions in their
mixtures, such as dispersion forces between aliphatic chains present in the mixtures of imidazolium
ionic liquids with alcohols, strong ion-dipole interactions, hydrogen bonds, and specific interactions
with aromatic compounds.

Following the aforementioned attractiveness and importance of ionic liquids and their mixtures, we
have carried out the study that includes the detailed analysis of thermophysical properties for one ionic
liquid in a binary mixture with aromatic compound. In this work, densities, refractive indices and
viscosities have been measured for binary system containing N,N-dimethylaniline + 1-butyl-3-methyl-
imidazolium triflate ([bmim][OTf]). All the measurements were carried out at temperatures between
288.15 and 333.15 K with a step of 5 K and at atmospheric pressure. From these experimental data,
excess molar volumes, deviations in refractive index, deviations in viscosity and excess molar Gibbs free
energies of activation of viscous flow were calculated and correlated by Redlich-Kister equation.

Experimental section

Chemicals. N,N-dimethylaniline was supplied by Merck with high mass purity of 99 %, while ionic
liquid [bmim][OTf] was purchased from IOLITEC with the >99 % mass purity.

Measurements.The experimental measurements of density p, refractive index np and viscosity 7 were
performed on Anton Paar devices; DMA 5000 digital vibrating U-tube densimeter, automatic Anton
Paar RXA 156 refractometer and Stabinger SVM viscometer. Detailed description of all apparatus can
be found in our previous work®.

All the mixtures were prepared gravimetrically using a Mettler AG 204 balance with a precision
1-107 kg. The uncertainty of the mole fraction calculation was less than + 1-10™. Density measurements
and excess molar volume calculations were performed with the experimental uncertainty of
+4.10%kg-m” and * 4-10° m’kmol™”, respectively. The uncertainty of the refractive index data
measurements is £0.00005 units. The relative uncertainty in dynamic viscosity measurements was
estimated to be £0.4 %. The uncertainties for refractive index and viscosity deviations are £ 0.00009
units and * 1 %, respectively.
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Results and discussion

The experimental values of densities @ refractive indices np and viscosities nfor the system N,N-
dimethylaniline + [bmim][OTf] were measured in a temperature range T = (288.15 to 333.15) K and at
atmospheric pressure.

The excess molar volumes V* were calculated using the experimental densities pof binary mixtures and
the pure components @ from the equation:

g2

where N is the number of components, x; is the mole fraction of component i in a mixture and M; is the
molecular weight of a component i.

The refractive index deviations 4np were obtained using the equation:

N
An, =N, _innDi
= )
where np and np; refer to the refractive index of a mixture and a pure component i, respectively.

The viscosity deviations 45 were calculated from the viscosity of a pure component 7; and a mixture 7,
according to the equation:

A =1- %0, (3)

i=1

Excess molar Gibbs free energies of activation of viscous flow, AG™*, were calculated combining the
obtained volumetric and viscosity data, following the equation:

AG ZRT Mﬂj_xl |[ﬂﬂ
NV, NV, (4)

In equation (4) n and V represent viscosity and molar volume of a solution, respectively; the subscripts
1 and 2 indicate pure components of a binary mixture.

Four properties calculated by equations (1)-(4) were correlated with Redlich-Kister (RK) polynomial
equation”:

K
i (5)
In equation (5) Y represents V¥, Anp, Ay or AG™; A, are the fitting parameters, and k+1 is the number of

parameters, which was optimized using the F-test. The corresponding root-mean-square deviation,
(rmsd) o, is defined as follows:

-

i=1

(6)
In equation (6) m is the number of experimental data points. RK polynomial fitting showed good
agreement with experimantal data.

All calculated properties: V¥, Ay, AG* and Any, for the investigated binary system N,N-dimethylaniline +
+ [bmim][OTf] along with the values calculated from RK polynomial are presented in Figures 1 (a) and
(b), 2 and 3, respectively.
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Figure 1. Experimental (symbols) and correlated (lines represent RK equation) data of (a) excess molar volume (V*) and
(b) viscosity deviation (An), as a function of mole fraction x for the binary system N,N-dimethylaniline (1) +
[bmim][OTf](2) at following temperatures: (0) 288.15 K, (¢) 293.15 K, (o) 298.15 K, (e) 303.15 K, (A) 308.15 K,
(A)313.15K, (n) 318.15K, (m) 323.15 K, (V) 328 K.15, (V) 333.15 K and at atmospheric pressure.
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Figure 2.Correlated (RK equation)data of excess molar Gibbs free energy of activation of the viscous flow AG ", as a
function of mole fraction x;, for the binary system N,N-dimethylaniline (1) + [bmim][OIf](2) at following temperatures:
(—) 288.15K,(---)298.15K,( )308.15K,( )318.15K,( ) 333.15K and at atmospheric pressure.
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Figure 3. Experimental (symbols) and correlated (line represents RK equation)data of refractive index deviation (Anp) as
a function of mole fraction x, for the binary system N,N-dimethylaniline (1) + [bmim][OTf](2) at 303.15 K and at
atmospheric pressure.
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The system N,N-dimethylaniline + [bmim][OTf] has an S-shaped V*-curve which changes sign from
positive to negative values as a mole fraction of N,N-dimethylaniline increases.The maximum and
minimum of the curve are at x,=0.1 and x:=0.6, respectively (Figure 1(a)). Experimental viscosity
deviations are plotted vs. x; along with the values calculated from the RK polynomial (Figure 1(b)).
System exhibits negative Ay values and absolute Az values decrease with increasing temperature from
288.15 K to 333.15 K. Figure 2 gives the RK curves representing the calculated values for the excess
molar Gibbs free energies of activation of viscous flow AG* for the same binary system. Due to visibility
reasons, the curves are given for five selected isotherms. As the figure shows the AG " values are positive
over the entire concentration range. Refractive index deviations plotted vs. x; at 303.15 K are presented
in Figure 3. The results are presented only at 303.15 K because of the negligible temperature influence
on the refractive index deviation and overlapping of the curves.

N,N-dimethylaniline is a polar compound enabling dipole-dipole or ion-dipole interactions and
hydrogen bonding. On the other hand, studied ionic liquid also shows proton accepting ability through
its anion. Imidazolium based ionic liquids form specific cation and anion interactions with the aromatic
arene ring which results in the formation of cage-like structures — liquid clathrates in solutions'®.All
aforementioned interactions lead to more efficient packing in the mixture compared to the pure liquids,
and as a result negative V" and 4np values appear in system N,N-dimethylaniline + [bmim][OTf] (Figu-
res 1 (a) and 3, respectively).

However, the positive V* values in IL rich phase (Figure 1 (a)) are the result of ion-pairing in ionic
liquid - which prevailed over the attractive interactions between unlike molecules.

Negative Aalues (Figure 1 (b)) are the result of the aforementioned ion aggregations in ionic liquids but
do not reflect the overall existing interactions. Thus, if N,N-dimethylaniline is included in interstices of
the ion aggregates there will be a fewer surfaces available for friction that may result in the reduction of
viscosity''. This can explain high values of viscosity deviations for the systems with
N,N-dimethylaniline.

Excess molar Gibbs free energy of activation of viscous flow AG" (Figure 2) is generally linked to the
excess molar Gibbs free energy of mixing, but it's sign has the opposite physical significance to the
nature of intermolecular interactions: positive values indicate the presence of strong, attractive
interactions between unlike molecules while negative values show their absence and the domination of
interactions between like molecules.

Conclusion

In this paper density, viscosity and refractive index data of binary mixture N,N-dimethylaniline +
+ [bmim][OTf] are measured at atmospheric pressure and at temperatures ranging from 288.15 K to
333.15 K with a step of 5 K. Excess molar volumes, deviations of viscosity and refractive indices, as well
as excess molar Gibbs free energies of activation of viscous flow were calculated from the experimental
data and correlated by Redlich-Kister equation. These properties are discussed on the basis of the
molecular interactions between like and unlike molecules existing in the studied mixtures. Generally
highly negative excess molar volumes, deviations in refractive indices and viscosities, as well as positive
excess molar Gibbs free energies indicate the domination of strong, attractive interactions between
unlike molecules — Coulomb forces, hydrogen bonding and ion-dipole interactions.

The authors gratefully acknowledge the financial support received from the Research Fund of Ministry of

Education, Science and Technological Development(project No 172063), Serbia and the Faculty of Technology
and Metallurgy, University of Belgrade.

61



Impresum

Sadrzaj : : Contents INDEX Knjiga lzvoda : : Book of Abstracts Stampa : : Print Izlaz : : Exit

53. savetovanje Srpskog hemijskog drustva, Kragujevac 10. i 11. jun 2016. HI P06

Gustina, viskoznost i indeks refrakcije binarnog sistema
N,N-dimetilanilin+ 1-butil-3-metilimidazolium triflatna temperaturama
od 288.15 do 333.15 K i na atmosferskom pritisku

U ovom radu merene su gustine, viskoznosti i indeksi refrakcije binarnog sistema N,N-dimetilanilin + 1-bu-
tyl-3-methylimidazolium triflate ([bmim][OTf]) na atmosferskom pritisku i u temperaturnom opsequ
T = 288.15 go 333.15 K. Na osnovu eksperimentalnih podataka vrSeno je izracunavanje dopunske molarne
zapremine, promene indeksa prelamanja, promene viskoznosti, promene dopunske molarne Gibsove energije.
Rezultati su fitovani Redlich-Kister-ovim polinomom. Na osnovu izracunatih termodinamickih veliina
anlizirane su i diskutovane molekulske interakcije u pomenutom binarnom sistemu.
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Molecular interactions in the binary system diethyl succinate + 1-hexanol according to
mixing deviation properties and FT-IR analysis

Divna M. Majstorovi¢, Emila M. Zivkovi¢, Jovan D. Jovanovi¢, Slobodan P. Serbanovi¢,
Mirjana Lj. Kijev¢anin

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11120 Belgrade, Serbia

Abstract

Density, viscosity and refractive index data for the binary system diethyl succinate + 1-hexanol have been
measured in temperature range 288.15-323.15 K with temperature step 5K, and at atmospheric pressure. The
measurements were performed on Anton Paar DMA 5000 digital vibrating tube densimeter, Anton Paar SVM
3000 digital viscometer and Anton Paar RXA 156 refractometer. Based on the corresponding experimental
data, excess molar volumes (V©), viscosity deviations (An) and refractive index deviations (Anp) were
determined and fitted by the Redlich-Kister polynomial equation. Molar excess Gibbs free energies of activation
of viscous flow (AG ") were additionally calculated from measured density and viscosity data. Excess and
deviation functions, with FT-IR study, were further used in the analysis of molecular interactions present in
the mixture.

Introduction

The thermophysical study of esters and alcohols is of increasing interest due to their wide usage in
flavoring, cosmetic and pharmaceutical industry. The investigated substances are also important
solvents in paint and plastic industries'. Both substances, ester diethyl succinate and alcohol 1-hexanol,
are formed naturally in small amounts during many fermentation processes and have been successfully
extracted from wine samples®.

Intermolecular interactions for thousands of mixtures used in the process industry are often not known
so excess thermodynamic functions and mixing deviations (excess molar volumes, viscosity deviations,
refractive index deviations) of binary or multicomponent liquid mixtures are essential for their
understanding.

Fourier-transform infrared (FT-IR) spectroscopy studies of all the pure compounds and mixtures were
also performed to obtain insight into major inter- and intramolecular interactions in the studied
mixtures. It is a spectral technique that measures the association properties, hydrogen bonding
capability and interactions of different molecules, analyzing band shifts, band width and the change of
band shape.

Experimental Section

Chemicals. Diethyl succinate was supplied by Acros Organics with high mass purity of 99%, while 1-
hexanol was purched from Merck with the >99% mass purity.

Measurements. The experimental measurements were performed on Anton Paar devices; DMA 5000
digital vibrating tube densimeter, SVM 3000 digital viscometer and RXA 156 refractometer. More about
the measuring procedure can be found in our previous papers™*.

The experimental uncertainty in the density, viscosity and refractive index measurements were about
+8x10% kgm™, £0.7% and +9x107°, respectively, and the average uncertainty in excess molar volume,
viscosity and refractive index deviation have been estimated at +5%10% m®mol™, better than +0.2 % and
+6x107°, respectively.

The mixtures were prepared by measuring the masses of pure substances on a Mettler AG 204 balance
with a precision 1x10” kg. The uncertainty of the mole fraction calculation was less than +1x10™*.
Spectra of pure components and binary mixtures were acquired directly using Attenuated Total-internal
Reflection (ATR) accessory (with Zn-Se crystal) and FT-IR Spotlight 400 System (Perkin Elmer, Italy).
The spectra were collected at 298.15 K, in the range 4000-650 cm™ with 4 cm™ resolution, and each
spectrum was averaged across 16 scans in order to minimize noise in spectra.
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Results and discussion

Density (p), viscosity (7) and refractive index (np) for the system diethyl succinate + 1-hexanol were
measured at eight temperatures (T=288.15 - 323.15) K and at atmospheric pressure.

Excess molar volumes V* were calculated from the density data by the equation:

VE:X1M1+X2M2 _{XlMl_’_XZMZj (1)
P P1 P2

where x; and x; are mole fractions of pure components in the mixture; M; and M; their molecular
masses, p, pr and p; measured densities of the mixture and the pure components 1 and 2, respectively.

The deviation functions were determined from the equation:
AY =Y — (XY, +X,Y,) )

in which AY refers to viscosity deviation Az or deviation in refractive index Anp; Y denotes mixture
property, viscosity 5 or refractive index np, while Y; and Y; are viscosities 7: and 7, or refractive indices
np; and np;, of the pure components.

The excess molar Gibbs energy of activation of the viscous flow AG” is also a property used for better
analysis of molecular interactions in the mixtures, and a more adequate one than viscosity deviations
An. This property were calculated using the equation’:

AG™® = RT[In(V 1 nV,) —x In(V, [ nV,)] ©)

in which V, V; and V; represent molar volume of the solution and molar volumes of pure components
1and 2, respectively.

The results of V*, An, 4np and 4G" for the investigated binary mixture were correlated with the
Redlich-Kister (RK) equation®:

YE(AY) = X% io A, (2% -1)P (4)
p=

where Y*(AY) denotes V* / 10° m*mol™”, Az / mPas, Anp or AG* / J mol™; A,, are the adjustable para-
meters of the related property, and (k + 1) is the number of adjustable parameters, determined using
the F-test.

The root-mean-square deviation (rmsd) of the correlation for the V*, Az, Ap and & is defined by the
equation:

. AN
o= (Z(Yeip,i _chl,i ) /mj (5)

where m is the number of experimental data points.

Data of excess molar volumes, viscosity deviations, refractive index deviations and excess molar Gibbs
energy of activation of the viscous flow for the investigated binary system diethyl succinate + 1-hexanol
along with the RK correlation results are presented in Figure 1(a), (b), (c) and (d), respectively.

64



Impresum

Sadrzaj : : Contents

53. savetovanje Srpskog hemijskog drustva, Kragujevac 10. i 11. jun 2016.

INDEX

Knjiga lzvoda : : Book of Abstracts

0.60 4

0.45 1

10° V&, m*mol™
o
@
s

0.154

0.00

L L
O r>e o e

0.0000

-0.0005

-0.0010

ang

-0.0015

-0.0020

0.0

0.2

0.4

X

0.6

(c)

0.8

1.0

288.15K
293.15K
298.15K
303.15K
308.15K
313.15K
318.15K
323.15K

-0 >e O e

— RK equation

288.15K
293.15K
298.15K
303.15K
308.15K
313.15K
318.15K
323.15K

— RK equation

Figure 1. Experimental data of (a) excess molar volume ( vE ), (b) viscosity deviations (An), (c) refractive index
deviations (Anp) and (d) excess molar Gibbs enerqy of activation of the viscous flow AG ", for the binary system
diethylsuccinate (1) + 1-hexanol (2) at 288.15 K-323.15 K and atmosferic pressure. Symbols refer to experimental
data points. Solid lines present the results calculated by eq (4).
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The excess molar volumes for investigated binary system are positive at all temperatures and for all
mixture compositions as displayed on Figure 1(a). Curves are almost perfectly symmetrical, little shifted
towards maximum of 0.45 molar fraction of diethyl succinate. For analyzed mixture V* values are
higher with temperature rise.

Viscosity deviations shown at Figure 1(b) are negative over the whole temperature and composition
range with the maximum of deviations around 0.3 molar fraction of diethyl succinate. Absolute values
of viscosity deviations A7 are reduced with temperature rise.

In solution of diethyl succinate with 1-hexanol negative refractive index deviations are obtained at all
temperatures through the whole composition range (Figure 1(c)). Absolute values of this deviation are
very small, under 0.0020, and increase with temperature rise.

FT-IR spectra for the system diethyl succinat + 1-hexanol (Figure 2) is recorded at x;=0.5,

corresponding to the minimum of V* - x; curve for this system.
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Figure 2. Infrared spectra of pure diethyl succinate, pure 1-hexanol, and the mixture diethyl succinate + 1-
hexanol for molar fraction of diethyl succinate x,=0.5.

The characteristic band for the OH stretching vibration of pure 1-hexanol is shifted from 3325 cm™ for
the pure substance to a higher wavenumber (3450 cm ™) in the mixture.

Bands in the area 2800 cm™ - 3000 cm™ that result from the v (C-H) stretching vibrations of alkyl
groups from these solutions have not changed significantly the frequency value, shape and absorption
maximum in the mixture.

The band at 1730 cm™, characteristic for the v (C=0) stretching vibration of pure diethyl succinate, is
slightly shifted towards higher frequencies in the mixture, but has smaller intensity of absorption
maximum.

Inspection of the spectra reveals that bending frequencies of ¢ (OH) for pure 1-hexanol, deformation
frequencies of J; (CH3) and J; (CH>), and stretching frequencies of vs [C-C(=0)-0] and v, (C-0) groups
in diethyl succinate, remain unchanged in the solution.

The C-O asymmetrical stretching vibration band for pure 1-hexanol at 1057 cm™, in the mixture of
diethyl succinat and 1-hexanol is weak, and absorption maximum has smaller value.

The obtained results of excess and deviation properties and FT-IR analysis allow insight into the
molecular interactions existing in the mixture.

Positive values of excess molar volume values are usually a result of rupture or stretching of hydrogen
bonds between self-associated molecules, or weakening of dipole—dipole interactions among molecules
in the pure components’.

Also, the negative AG " values obtained within this work (Figure 1(d)) qualitatively concurs with the
positive molar excess volumes. To a negative contribution to AG"® and Ay lead physical interaction,
consisting mainly of dispersion forces or weak dipole—dipole interaction’.

Alcohol molecules are polar and self-associated through hydrogen bonding of their OH groups®. But
from the shifting of OH stretching band can be concluded that intermolecular hydrogen bonds are
formed between the alcohol and diethyl succinate (0--H-0)°, and it is a weak one because shifting from
lower to higher frequencies indicates weakening of molecule interaction. This agrees with the fact that
the disruption of alcohol multimers through breaking of hydrogen bonds makes a positive contribution
to V*.

Also, volume increase is a result of weakening of interactions between molecules of diethyl succinate.
All the results suggest that attractive dispersion interactions in the pure ester and alcohol are stronger
than in their mixture.

The authors gratefully acknowledge the financial support received from the Research Fund of Ministry of
Education, Science and Technological Development (project No 172063), Serbia and the Faculty of Technology
and Metallurgy, University of Belgrade.
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Molekulske interakcije prisutne u binarnom sistemu dietil sukcinat + 1-heksanol prema
izvedenim veli¢cinama mes$anja i FT-IR analizi

Eksperimentalno su odredene gustine, viskoznosti i indeksi refrakcije binarnog sistema dietil sukcinat + 1-
heksanol u temperaturnom intervalu 288.15-323.15 K sa korakom 5 K, i na atmosferskom pritisku.
Eksperimentalna merenja su izvrSena na digitalnom gustinomeru Anton Paar 5000, digitalnom viskozimetru
Anton Paar SVM 3000 i refraktometru Anton Paar RXA 156. Na osnovu odgovarajucih eksperimentalnih
podataka, izracunate su dopunske molarne zapremine (V*), promene viskoznosti (An) i promene indeksa
refrakcije (Anp), i korelisane Redlich-Kister polinomom. Dodatno je izracunata molarna dopunska Gibsova
energija aktivacije viskoznog toka (AGF) iz izmerenih podataka za gustinu i viskoznost. Pomocu izvedenih
velicina, kao i FT-IR merenja, uradena je analiza molekulskih interakcija prisutnih u smesi.
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Abstract

Wastewater from meat processing industries is a complex mixture of different compounds with a high load
of organic matter. The meat processing industry wastewater represents a serious threat to the river
ecosystem, which has to be continuously monitored. The main problem with this type of wastewater in
Serbia is lack of treatment and direct discharge into sewer and natural recipient. Very often, none of
analysed samples meet the legal set of physicochemical and microbiological criteria. Since meat industry
produces large amounts of wastewater, it would be of great significance if the treated wastewater could be
reused for various agricultural activities. The newly recognised pollutant emerging substances (EmS) occur
at very low concentration levels (ppb, ppt and lower) and are not included in the routine monitoring
programs at EU level. The aim of this study was to perform a screening analysis of 8 wastewater samples
taken from the discharges near meat processing industries and abattoir facilities, obtained in 3 different
sampling campaigns, during the period from 2012 to 2014. During screening analysis, 1133 compounds
were detected, and 314 identified with high certainty. The results of screening analysis for 3 samples will be
presented in this paper. The three selected samples represent the wastewater before and after treatment.

Keywords: EmS, semi-quantitative screening analysis, concentration calculation and range, meat
processing industry, wastewater

Introduction

Using a methodology that considers the entire chain of process activities, it is estimated that meat
industry is responsible for 18 % of greenhouse gas emissions [1]. Slaughterhouse effluent discharge
can cause deoxygenation of rivers and the contamination of groundwater [2]. Analysis of wastewater
samples from meat processing industry in Novi Sad area was conducted by GCMS in SCAN mode,
with the aim to identify emerging, priority, and hazardous priority organic pollutants. Organic com-
pounds were extracted from wastewater samples via liquid-liquid extraction. Compounds identified
during the analytical study, can be found on the NORMAN list of emerging substances as: industrial
chemicals, personal care products PCPs, fragrances, wood preservatives and antifoaming agents and
others [3]. A significant number of detected compounds have one or more hazardous characteristics
— bioaccumultion, pseudoperistensy, nonmonotonic dose response with low and sublow
concentration levels, irritability, toxicity, flammability, corrosively, ignitability, and/or reactivity [4].

Hundred and five substances were identified and their concentration levels were calculated using the
known mass of the internal standard (method of internal standard). Samples MI3 and MI8 were
taken from the same meat processing industry before and after wastewater treatment plant, and
sample MI7 is a sample from a different meat processing industry after wastewater treatment
process. The results of the screening analysis of 3 samples are presented in this paper.

During the secondary treatment, biodegradable organic matter is eliminated biologically, resulting in
reduction of oxygen demand. The tertiary treatment involves chemical coagulation, flocculation,
sedimentation, and filtration. In addition to disinfection, sterilization, advanced oxidation processes,
and activated-carbon adsorption are frequently applied. [5-7]

Any of disposal ways for untreated wastewater, if it is not one suggested by legislation, can have
diverse and negative effects on the environment and human health [8]. In meat processing, water is
used primarily for carcass washing after hide removal from cattle, calves, and sheep, or hair removal
from hogs and again after evisceration, for cleaning, and sanitizing of equipment and facilities, and
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for cooling of mechanical equipment such as compressors and pumps. A large quantity of water is
used for scalding of hogs for hair removal before evisceration[9].

One of the research goals was screening and identification of organic compounds and pollutants
content in meat industry wastewater, with emphasis on hazardous and priority pollutants within the
Water Frame Directive [10] and compounds that are on the NORMAN list of emerging substances[3].
Only peaks with higher reproducibility were taken into consideration .

Methods and materials

Semi-quantitative screening analysis was performed on Agilent 7890 gas chromatograph coupled to
Agilent 5975 mass spectrometric detector. The system was equipped with a PTV injector system.
Capillary GC analysis was performed on a 30 m x 250 mm 1.D., 0.25 mm df DB-FFAP column. Helium
was used as carrier gas. The SCAN mode of mass detector was used for all samples. Water samples of
1 L were placed into a 2 L glass separatory funnel and extracted with three 30 mL portions of
dichloromethane for 30 minutes using automatic shaker. Benzophenon was used as an internal
standard. Extracts were mixed and evaporated in Kuderna Danish apparatus to final volume
maximum 2 mL [11].

LL-E coupled with Kuderna Danish was used, as it has been concluded from previous research that it
is the optimal and the most suitable sample preparation techniques, giving the highest yield of
targeted compounds [12]. The liquid liquid extraction (LLE) into dichloromethane favours the
transport of hydrophobic organic compounds from water to an extraction solvent [13].

The identification of compounds was performed via NIST08 and Wiley7n MS libraries.
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Figure 1. Yeald of selected target compounds in water samples prepared via different techniques

Concentration levels of identified substances have been calculated via equation 1, using the know
values — mass of internal standard, peak area of internal standard and registered compound.

A

compound ' minternalstandard

compound

(1)
internal standard
where:

Ceompound 18 concentration level of registered compound; Acompound 1 pick area of registered compound,;
Minternal standard 1S @ Mass of internal standard; Ajyemal standard 1S @ pick area of internal standard
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During the analysis and analytical study of the three selected samples, 98 compounds were
identified, and a significant number can be found on the NORMAN list of emerging substances as:
industrial chemicals, PCPs, fragrances, wood preservatives and antifoaming agents (Table 1).

Allopregnane was used as a steroid marker hormone, since it was present in almost all 8 analysed
samples in 3 different sampling campaigns, during the period from 2012 to 2014 (1-8). A significant
number of detected compounds have one or several hazardous characteristics (NORMAN, 2015).
Compounds detected in all 3 samples and their calculated concentrations are shown in Table 1 and

Figure 1, respectively.

Table 1. Compounds detected in all 3 samples and concentration levels [g/L]

sample
Compound MI3 MI7 MI8

Benzene, methyl- 0.007792573 0.000171579 0.00161107
2-Hexanone 1.82226-10° 6.32139-107 5.56604:107
p-Xylene 1.26631-10° 1.04996-10° 1.69862:10°
2-Pentanol, 4-methyl-; 0.001321589 1.64611-10° 0.000126961
2-Buten-1-ol, 2-methyl- 1.79063-10° 8.21696:10° 8.25648:10°
1-Hexanol, 2-ethyl- 0.000180006 4.74543-10% 3.8724-10°

Benzeneethanol 5.30404-10° 1.12818-10° 2.4941-10°

Nonadecane 0.000182006 6.577-10™ 4.77624-10°
Cyclododecane 3.29064-10° 0.000102912 5.40227-107°
Phenol 6.20749-10° 1.61002-10° 7.14741-10°
Eicosane 0.000303707 4.57892-10% 7.14709-10°°
Phenol, 1,4-methyl- 0.006696872 0.000304829 0.004600977
Heneicosane 0.000421992 1.17387-10™ 1.76605-10"
Phenol, 2,5-bis(1,1-dimethylethyl)- 8.06648-10° 0.000327554 0.000163201
Diethyl Phthalate 4.74913-10° 0.000676158 0.000268152
1H-Indole 0.001766277 0.000359304 0.001550599
Dodecanoic acid 0.000301484 2.34479-10° 522563107
1H-Indole, 3-methyl- 0.003840416 7.37487-10° 0.001263892
Tetradecanoic acid 0.000775163 1.52155-10° 0.000369388

Wzample 3 Msample 7 sample 8

Concentration feve! fmafl]
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Figure 2. Detected compounds in all 3 samples
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The substances detected and identified according to libraries, in all three samples during the
screening analysis of wastewater could be suggested for target analyses.

The substances identified in each sample were taken into consideration only if the identification
quality match (QM) was higher than 80% and if it has been identified in other analysed samples
during this study, not shown in this paper.

Conclusion

The detected and identified chemicals during the research can be found on the NORMAN list of
emerging substances, include industrial chemicals (p-xylene), PCPs (isocineole, 1,8-cineole, carvo-
ne), fragrances (dl-limonen), wood preservatives (p-cresole) and antifoaming agents (surfynol 104A).

Presence of steroid hormones was detected and confirmed using the presence of allopregnane as a
marker in almost all wastewater samples, which could confirm the existence of endocrine disruption
substances and other xenobiotics in analyzed wastewater from the meat processing industry.

A significant number of detected compounds have one or more hazardous characteristics, such as
bioaccumulation, pseudoperistensy, nonmonotonic dose response with low and sublow concentration
levels, irritability, toxicity, flammability, corrosively, ignitability, and/or reactivity. Registered sub-
stances are high-risk substances which should not be present in natural water bodies — phenolic com-
pounds, -2-Octenal, (E)-, (E,E)-2,4-Decadienal, 2-Methoxyphenol, Dioctyladipate, 2,6-Dimetilphenyl
isocyanate, 2,6-dimethoksy-4-(2-propenyl)-, Etilallylftalat, 2-methoxy-4-(prop-1-en-1-yl)phenol,
N-docosanol).

Acknowledgement: The research is supported by the Ministry of Education, Science and Technological
Development (11146009 and Bilateral Project 680-00-140/2012-09/13) and NETREL Tempus Project.

Otpadna voda mesne industrije — skrining analiza

Otpadna voda mesne industrije je kompleksna meSavin jedinjenjaa sa visokim sadrZajem organske
materije. Otpadna voda mesne industrije predstavlja ozbiljnu pretnju za ekosistem, koji mora da se
kontinuirano prati. Glavni problem ove vrste otpadnih voda u Srbiji je nedostatak njihovog tretmana i
direktno ispuStanje u kanalizaciju ili prirodni recipijent. Vrlo Cesto, analizirani uzoci ne ispunjavaju
zakonski minimum fizicko-hemijski i mikrobioloSkih granicnih vrednosti. PoSto mesna industrija proizvodi
velike koli¢ine otpadnih voda, bilo bi od velikog znacaja ako se moZe ponovo koristiti u razliCite svrhe u
poljoprivrednim aktivnostima. Emergentne supstance (EMS), koje se ucestalo koriste u razliCitim
antropogenim sferama (od industrije i privrede do proizvoda koji se koriste u domovima) se u prirodi
nalaze u vrlo niskim koncentracijama (ppb, ppt i niZe) i nisu ukljuCene u rutinskim programima za
monitoring ni nivou EU. Cilj istrazivanja je da se izvrsi skrining analiza 8 uzoraka otpadne vode mesa
industrije i klanica, koji su dobijeni u 3 razliCite kampanje uzorkovanja, u periodu od 2012. do 2014.
Tokom semi-kvantitativne skrining analize otkriveno je 1133 jedinjenja, a 314 jedinjenja je identifikovano
sa visokom sigurno$cu. Rezultati skrining analize za 3 uzoraka ce biti prikazani u ovom radu. Tri
odabrana uzorka predstavljaju uzorke pre i posle tretiranja otpadne vode.
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Study of pertechnetate adsorption from aqueous solution by surfactant-modified
clinoptilolite

Dorde Petrovi¢, Sonja Milicevic*, Ljiljana Matovi¢, Andelka Duki¢, Vladan MiloSevic¢*,
Divna Doki¢, Ksenija Kumri¢

Vinca Institute of Nuclear Sciences, University of Belgrade, P.O. Box 522, 11001 Belgrade, Serbia,

*Institute for Technology of Nuclear and Other Mineral Raw Materials, Franchet d'Esperey 86, 11000
Belgrade, Serbia

Introduction

The presence of the radionuclide **Tc in the environment comes from anthropogenic nuclear
activities such as nuclear power plants, nuclear weapons testing facilities, reprocessing of spent
nuclear fuel, nuclear accidents and medical application of **"Tc. The predominant chemical form of
the long-lived radionuclide **Tc (ti» = 2.1 x 10°y) is the highly soluble and environmentally mobile
pertechnetate anion (TcOj), that easily penetrates the ecosystems.' The control of environment
pollution by **Tc is therefore considered as a primary task. Many investigations are orientated
toward the immobilization of **Tc, as well as its adsorption from contaminated groundwaters by
using various adsorbent materials.

In recent years, many synthetic and natural materials have been evaluated for use in long-term
immobilization of *Tc and its removal from contaminated groundwaters. Zeolites are hydrated
aluminosilicates that possess a negatively charged surface, compensated by the presence of
exchangeable cations, and therefore mainly cation exchange properties. Due to the high cation
exchange capacity (CEC), these minerals are widely used for the removal of heavy metal ions from
aqueous solutions.” However, numerous investigations have shown that chemical treatment and
modification of the zeolite surface can provide them with an affinity for non-polar organic species, as
well as inorganic anions.

Zeolite and its adsorption is limited to the external exchangeable cations. Therefore, more important
than the CEC value is the external cation exchange capacity (ECEC), which has a theoretical value of
10% CEC. Surface modification of a zeolite by cationic surfactant involves both cation exchange and
hydrophobic bonding: (i) at low loading levels, surfactant molecules are retained onto the surface of
a zeolite by ion exchange with the formation of a monolayer and (ii) when the surfactant
concentration in the solution exceeded ECEC, the hydrophobic tails of the surfactant molecules
associate to form a bilayer on zeolite external surface with positive charges oriented toward the
solution. Such modified zeolites provide sites where anions will be retained and cations repelled,
while neutral species can partition into the hydrophobic core.? By controlling the initial and final
surfactant concentration a desired surfactant configuration on the zeolite surface can be achieved.

In this study, surface of the raw zeolite was modified by using cationic surfactant stearyl-
dimethylbenzyl-ammonium chloride (SDBAC) in order to investigate the sorption of pertechnetate
anions from aqueous solutions by batch adsorption technique. The aim of the study was to evaluate
the effects of the surfactant loading, contact time and solution pH on the removal efficiency of
pertechnetate by surfactant modified natural zeolite.

Experimental

Raw zeolite (clinoptilolite) from the Zlatokop deposit (Vranjska banja) in Serbia was used as the
starting material for the surface modification by cationic surfactant SDBAC (Hoechst, Germany).
After crushing and grinding, the sample was sieved to the fractions below 0.043 mm. CEC and ECEC,
the most important parameters for the surface modification of the zeolite, were determined by the
method of Ming and Dixon and by a modification of that method.** The amount of released cations
was measured by atomic absorption spectrophotometry (AAS) using the Analytic Jena Spekol 1300.

Organo-zeolite was prepared using the procedure previously reported in the literature® : the quantity
(10 g) of thermally pretreated zeolite was added to 0.2 dm® of surfactant solution having the
concentration of the SDBAC up to and above the ECEC (10 - 350 meq kg™, i.e 0.5 — 17.5 meq dm™).
The organo-samples were marked so that numbers next to the letter indicate the amount of the
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added organic matter in meq kg '.The non-adsorbed surfactant in the supernatants was analyzed by
the two-phase titration technique using dimidium bromide and disulfine blue as indicators.” The
amount of surfactant sorbed was determined as the difference between the initial and the
equilibrium surfactant concentration.

Batch adsorption experiments were performed in closed glass vials containing 25 cm® of working
¥™Tc0, solution and 0.04 g of adsorbent (either unmodified or SDBAC-modified clinoptilolite).
#MTc was eluted from a *?Mo/*™Tc generator (Vin¢a Institute of Nuclear Sciences, Belgrade, Serbia).
The initial pH of the working solutions was adjusted to a definite value using HCl and NaOH
solutions. Reaction mixture was shaken at a room temperature on a laboratory shaker in the course
of desired time (1-240 min) at a stirring speed of 200 rpm. Thereafter, the liquid phases were separa-
ted from the solid phases by filtration through a 0.45 um microporous membrane filter. The aliquot
activity was determined with an automated 1282 Compugamma counter (LKB Wallac, Turku, Fin-
land). The aliquot activity of all samples was measured at the same time, in order to avoid time cor-
rection in further calculations. All experiments were carried out in duplicate and the obtained data
were used for analysis. The data were reported in terms of removal efficiency (E, %) of TcO,4, Eq. (1):

e (A-A) 100 (1)
A

where A; and Ay are the initial and the final activities of **" TcO, in the liquid phase (counts per min),
respectively.

Results and discussion

The CEC and ECEC values of the investigated clinoptilolite were found to be 1460 meq/kg and
130 meq/kg, respectively. The result of SDBAC loading onto clinoptilolite is presented in Fig. 1. In
Fig. 1a, by matching the ECEC data with the results obtained by following the SDBAC concentration,
adsorption can be observed. At the low loading level, up to the surfactant concentration equal to the
ECEC, clinoptilolite adsorbed 100% of SDBAC. In Fig. 2b, the adsorption was linearly followed by the
sum of exchanged cations, indicating that the surfactant was retained by ion exchange and formed a
monolayer. When the initial concentration of surfactant exceeded the ECEC, the sum of
exchangeable cations remained unchanged. The highest achieved adsorbed SDBAC amount was
193 meq kg™'. This additional adsorption occurred because the hydrophobic tails of the surfactant
molecules associated to form a bilayer.®*
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Fig. 1 (a) Adsorption equilibrium data modeled by the Langmuir isotherm, (b) Cations exchanged in the
modification process (Ce — equilibrium concentration of SDBAC,
Caas — adsorbed amount of SDBAC, Co — added amount of SDBAC).

Sorption of pertechnetate onto clinoptilolite, modified with different loading levels of SDBAC, was
investigated. An attempt was made to find out a way in which the manner of clinoptilolite covering
(modification conditions, i.e. the loading amount of SDBAC) influences its sorption ability to remove
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pertechnetate from the aqueous solutions. In the first modified sample, when the surfactant
concentration is close to the ECEC for clinoptilolite, the interaction between zeolite and surfactant
molecules leads to the formation of monolayer due to the uptake of surfactant monomers by ion
exchange on the zeolite surface. When the initial concentration of surfactant exceeded the ECEC,
130 meq kg, additional adsorption of surfactant occurred because the hydrophobic tails of the
surfactant molecules associated to form a bilayer.

Influence of adsorption contact time on TcO4 removal efficiency by either raw clinoptilolite (Z0) or
SDBAC-modified clinoptilolite (Z100 and Z250) is summarized in Fig. 2. It is obvious that the
equilibrium was established after 60 min for Z0 and Z100, while for the Z250 the equilibrium was
reached faster, after only 15 min. Such a fast sorption of pertechnetate ions on the sample Z250
implies ion exchange mechanism of sorption on the surface of the bilayer. Further increase of the
contact duration did not influence the sorption process.
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Fig. 2 Effect of contact time on the removal efficiency of TcO, by the raw clinoptilolite (Z0) and organo-clinoptilolite

(Z100 and Z250). Conditions: pH 5.5; stirring speed, 200 rpm; concentration of adsorbent, 1.6 g dm™. Vertical error
bars represent standard errors.

The results presented in Fig. 2 have also shown that the clinoptilolite Z0 is not efficient adsorbent for
the removal of TcO4 (E < 20%). The low affinity of Z0 for TcO4 results from negative charge of its
crystal lattice, which provides sites for exchanging cations but not for anions. In contrast to the Z0,
TcO4 sorption on the surfactant-modified clinoptilolite was significantly higher compared to that of
the Z0. Removal efficiency of TcO, from aqueous solutions by SDBAC-clinoptilolite Z100 and Z250
depends on the number of sorption sites available, which in turn depends on SDBAC surface
coverage and ECEC. TcO4 sorption increases with increased SDBAC loading and at the surfactant
loading above the ECEC of raw clinoptilolite (sample Z250) removal efficiency of TcO4 reached more
than 98%. It can be attributed to the formation of bilayer coverage on the clinoptilolite external
surface. The sample SDBAC-clinoptilolite Z250 was chosen for further experiments.

The effect of the solution pH on the removal efficiency of TcOs; by SDBAC-clinoptilolite Z250 is
presented in Fig. 3. The obtained results have shown that in the pH range of 5.0-8.0 the removal
efficiency of pertechnetate does not change significantly. At lower pH (< 4), as well as at higher pH
(> 8), the efficiency drops sharply. The reason for lower removal of TcO, at pH < 4 and pH > 8 can lie
in the fact that, under the applied conditions, partial desorption of SDBAC from the bilayer occurred
(up to 10% depending on the SDBAC loading), as previously shown by Lemi¢ et al.® Consequently,
decrease of SDBAC concentration had an influence on the number of available sites for
pertechentate sorption, thus affecting the removal efficiency of TcO4. Also, the reason for lower
removal of pertechnetate at pH > 8.0 can be explained by the presence of hydroxide ions in the
solution and its competition with pertechnetate ions for the adsorption sites on the Z250. Similar
results were reported for the removal of NOs; ions and As(V) from aqueous solutions using
surfactant-modified zeolites as adsorbents.”'® Based on the obtained results, pH at 5.0-8.0 was found
as optimal for maximum removal of pertechnetate from aqueous solutions by the SDBAC-modified
clinoptilolite.

75



Impresum  Sadrzaj : : Contents INDEX Knjiga lzvoda : : Book of Abstracts Stampa : : Print Izlaz : : Exit

53. savetovanje Srpskog hemijskog drustva, Kragujevac 10. i 11. jun 2016. HZS P04
1 1 1 1 1
1004 I L REE TR n--u_ i
A
804 e ’ ~ - -
W
2 60 -
)
40 -
20 -
0 T T T T T T T
0 2 4 6 8 10

Initial solution pH

Fig. 3 Effect of pH on the removal efficiency of TcO, by the organo-clinoptilolite Z250. Conditions: contact time, 60
min, stirring speed, 200 rpm; concentration of adsorbent, 1.6 g dm?. Vertical error bars represent standard errors.

Conclusion

Organic modification with the use of SDBAC leads to change of the surface properties of
clinoptilolite and giving it the ability to adsorb anions. Removal of TcOs from aqueous solutions
depends on SDBAC loading level of clinoptilolite such that TcO4 sorption increases with increased
SDBAC loading. The maximum pertechnetate removal (> 98%) was achieved by using SDBAC-
clinoptilolite with bilayer surfactant coverage in the pH range of 5.0-8.0. The adsorption process was
very fast and the equilibrium was reached within 15 min. Such a fast process implied ion exchange
mechanism of TcO, adsorption on the surface of the bilayer. The obtained results suggest that
SDBAC-modified clinoptilolite with organo-bilayer is effective sorbent for the removal of
pertechnetate and has a potential to remove TcO, from contaminated groundwaters.

Acknowledgement: We acknowledge the support to this work provided by the Ministry of Education,
Science and Technological Development of Serbia through the projects 111 45006, 111 45012, 111 45015 and
TR 033007.

Proucavanje adsorpcije pertehnetata iz vodenog rastvora primenom povrsinski
modifikovanog klinoptilolita

Prirodni zeolit klinoptilolit, modifikovan dugolancanim organskim stearildimetil benzil amonijum- hlorid
(SDBAC) jonom, koriScen je kao adsorbens za uklanjanje pertehnetata (TcO,) iz vodenih sistema.
Ispitivanja su uradena u SarZnom sistemu, pracenjem uticaja razliCitih parametara (koliCina organskog
katjona, vreme kontakta, pH vrednost polaznog rastvora) na efikasnost uklanjanja TcO4 iz vode. Rezultati
su pokazali da je prirodni klinoptilolit neefikasan za uklanjanje TcOs (E < 20%). Klinoptilolit,
modifikovan SDBAC katjonom, pokazao je mnogo vecu efikasnost za uklanjanje TcO4 u odnosu na
prirodni, nemodifikovani klinoptilolit. Potvrdeno je da pokrivenost povrSine zeolita organskim katjonom
ima vaznu ulogu u poboljSanju efikasnosti uklanjanja TcOs, zahvaljujuci formiranju dvosloja SDBAC
katjona. Klinoptilolit, na Cijoj povrSini je formiran organski dvosloj, uspesno je primenjen za uklanjanje
TcO4 iz vode u opsequ pH vrednosti 5.0-8.0 (E > 98%). RavnoteZa je uspostavljena nakon kontakta faza u
trajanju od 15 minuta. Dobijeni rezultati pokazuju da klinoptilolit, modifikovan dvoslojem SDBAC
katjona, ima potencijal da preciS¢ava otpadne vode od ekoloSkog zagadivaca pertehnetata.
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Hemija i tehnologija hrane / Chemistry and Technology of Food

Odredivanje sastava masnih kiselina tokom fermentacije mleka kombuhom i
konvencionalnim starter kulturama

Snezana Kravi¢, Spasenija Milanovi¢, Dajana Hrnjez, Zvonimir Suturovi¢, Ana Durovi¢,
Tanja Brezo, Zorica S. Stojanovic¢

Univerzitet u Nvom Sadu, Tehnoloski fakultet, Bulevar cara Lazara 1, 21000 Novi Sad
zorica.stojanovic@uns.ac.rs

Uvod

Fermentisani mlec¢ni proizvodi zauzimaju znacajno mesto u svakodnevnoj ishrani usled visoke
nutritivne vrednosti i pogodnih zdravstvenih efekata na humani organizam. Dobijaju se iz mleka,
fermentacijom pomocu odabranih mikroorganizama (starter kultura). Pored tradicionalnih startera
(Streptococcus thermophilus 1 Lactobacillus delbrueckii spp. bulgaricus) danas se sve viSe upotrebljavaju
probiotske bakterije najcesce iz roda Lactobacillus i Bifidobacterium." Savremena istrazivanja ispituju
mogucénost primene kombuhe — nekonvencionalnog startera za fermentaciju mleka u proizvodnji
funkcionalne hrane."”* Primenjeni fermentativni procesi menjaju sastav mleka. Mle¢no-kiselinska
fermentacija utice na stvaranje mlecne kiseline iz laktoze, masnih kiselina iz mletne masti i
aminokiselina iz proteina.”® Mle¢na mast predstavlja veoma vaznu komponentu fermentisanih mle¢nih
proizvoda. Mleko sadrzi 3,5-5% mlec¢ne masti, koja se sastoji od preko 400 razli¢itih masnih kiselina,
uglavnom u obliku triacilglicerola, $to daje mlecnoj masti Sirok spektar funkcionalnih i nutritivnih
karakteristika. Nutritivna vrednost, izgled, tekstura, senzorne karakteristike i stabilnost mleka i
mlec¢nih proizvoda je u najve¢oj meri u korelaciji sa sadrzajem i sastavom mle¢ne masti.”

Mlec¢na mast obi¢no sadrzi visok procenat zasi¢enih i mononezasi¢enih masnih kiselina, a mali procenat
polinezasi¢enih masnih kiselina.® Klini¢ka istrazivanja su pokazala da razli¢ite masne kiseline imaju
razli¢it uticaj na ljudski organizam. Dok masne kiseline sa kratkim i srednjim lancem ne uti¢u na
lipoproteine plazme, konzumiranje zasicenih masnih kiselina, posebno onih sa 12-16 ugljenikovih
atoma, povecava ukupan nivo holesterola kao i LDL holesterola, a samim tim se povecava i rizik od
kardiovaskularnih oboljenja.” Stoga se u cilju prevencije koronarnih oboljenja preporuc¢uje smanjenje
unosa zasi¢enih masnih kiselina dugog lanca. Mononezasi¢ene masne kiseline i odredene polinezasi¢ene
masne kiseline imaju vaznu ulogu u prevenciji i lecenju kardiovaskularnih bolesti, hipertenzije,
dijabetesa, artritisa i drugih inflamatornih i autoimunih bolesti i tumora.'’ Takode je primeéeno da
polinezasicene masne kiseline dugog lanca kao $to su o-linolenska kiselina i konjugovana linolna
kiselina, ne samo $to podsti¢u adheziju nekih laktobacila za mukozne povrSine u crevima, nego i
ublazavaju simptome kod crevnih upala.'"'? Istrazivanja su pokazala da su neki sojevi bakterija, kao
rezultat rasta i metabolizma, sposobni da tokom fermentacije mleka promene profil masnih kiselina
mleka i produkuju funkcionalne masne kiseline.” "

U skladu sa navedenim, cilj ovog rada je bio odredivanje sastava masnih kiselina tokom fermentacije
mleka primenom nekonvencionalne starter kulture, kombuhe kultivisane na crnom ¢aju, i
konvencionalnih starter kultura, jogurtne i probiotske.

Materijal i metode rada
Proizvodnja fermentisanih mlecnih napitaka

Fermentisani mle¢ni napici su proizvodeni od pasterizovanog (72°C) i homogenizovanog mleka sa 2,8 %
mle¢ne masti (AD ,Mlekara“ Subotica, Subotica, Srbija) u Laboratoriji za mleko i mle¢ne proizvode na
Tehnoloskom fakultetu u Novom Sadu. Fermentacija mleka je izvedena primenom konvencionalnih
starter kultura, jogurtne odnosno probiotske i nekonvencionalne starter kulture, inokulum kombuhe.
Za proizvodnju tradicionalnog jogurta kori$¢ena je starter kultura YF-L812 (termofilna starter kultura
Yo-Flex®, Streptococcus thermophilus i Lactobacillus delbrueckii ssp. bulgaricus), a za proizvodnju
probiotskog jogurta kultura ABT-7-Probio-Tek® (LA-5® L. acidophilus, BB-12® Bifidobacterium, S.
thermophilus, Chr.Hansen, Horsholm, Danska). Inokulum kombuhe dobijen je kultivacijom kombuhe na
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crnom caju (1,5 g/L) zasladenom sa saharozom koncentracije 70 g/L. U c¢aj ohladen na sobnu
temperaturu dodato je 10 % (v/v) inokuluma iz prethodne fermentacije. Inkubacija je vrSena na sobnoj
temperaturi 2511°C, 7 dana. Za inokulaciju mleka koris¢eno je 10 % (v/v) ovako pripremljenog
inokuluma kombuhe (pH=3,21). Jogurtna i probiotska kultura je dodata prema proizvodackoj
specifikaciji u koli¢ini 0,005 g/100 g. Proces fermentacije je izveden na 42 °C do postizanja pH vrednosti
4,6. Potom su uzorci ohladeni na 4 °C, homogenizovani meSanjem i pakovani u odgovaraju¢u ambalazu.
Tokom procesa fermentacije uzimani su uzorci za analizu pri slede¢im pH vrednostima: 6,4 (samo kod
kombuha fermentisanog mle¢nog napitka); 6,0; 5,5; 5,01 4,6.

Priprema uzoraka za analizu

Priprema uzoraka u cilju odredivanja sastava masnih kiselina gasnom hromatografijom u kombinaciji sa
masenom spektrometrijom obuhvatala je ekstrakciju lipida i derivatizaciju masnih kiselina u metil estre.
Ekstrakcija lipida je uz manje modifikacije izvedena u skladu sa dokumentovanom metodom.'® Mast je
iz uzorka (20 cm®) ekstrahovana dodatkom 40 cm® sme$e rastvara¢a metanol:hloroform (1:1, v/v).
Smesa je snazno muckana jedan minut i nakon toga centrifugirana 10 minuta na 3000 o/min. Donja
faza koja sadrzi lipidnu frakciju je odvojena i uparena do suva strujom azota. Pripema metil estara je
izvedena uz neznatne modifikacije prema dokumentovanoj metodi.'” Prethodno ekstrahovana mast iz
uzoraka je rastvorena u 2,4 cm’ heksana. Dodato je 0,6 cm’ rastvora kalijum-hidroksida u metanolu
koncentracije 2 mol dm”. Epruveta je zavorena i intenzivno muckana 20 sekundi, nakon cega je
ostavljena jedan minut u vodenom kupatilu na 70°C. Nakon 20 sekundi muckanja dodato je 1,2 cm?
hlorovodoni¢ne kiseline (1 mol dm™). Nakon zavrietka fazne separacije, gornja faza koja sadrzi metil
estre masnih kiselina je dekantovana i koris¢ena za dalju analizu.

Gasno hromatografska — maseno spektrometrijska analiza

Za analizu metil estra masnih kiselina koriS¢en je gasni hromatograf 7890B sa maseno spektro-
metrijskim detektorom 5977A i autosemplerom 7693 (Agilent Technologies). Razdvajanje metil estara
masnih kiselina izvedeno je primenom kapilarne kolone DB-23 (60 m x 0,25 mm; 0,25 um). Kao gas
nosac koriséen je helijum sa konstantnim protokom od 1,2052 cm’/min. Analize su izvedene primenom
slede¢eg temperaturnog programa: pocetna temperatura kolone od 50°C odrzavana je 1 minut, nakon
Cega je sledio porast temperature brzinom od 25 °C/min do temperature od 175 °C, te potom brzinom
od 4 °C/min do konac¢ne temperature od 235°C, koja je odrzavana 5 minuta. Temperatura injektora iz-
nosila je 250 °C, zapremina uzorka 1,0 pL, a odnos razdeljivanja 50:1. Maseni spektri su snimani SCAN
tehnikom u intervalu m/z 50-400 a.m.u. Kvalitativno odredivanje izvedeno je na osnovu masenih
spektara i retencionih vremena, a kvantitativno u skladu sa AOAC (963.22) metodom'® pri ¢emu je za
definisanje korekcionih faktora koriS¢en standardni rastvor smeSe 37 metil estara masnih kiselina
(37 component FAME Mix, 47885-U, Supelco).

Rezultati i diskusija

Sastav masnih kiselina u mleku i uzorcima jogurta, probiotskog jogurta i mle¢nog napitka sa kombuhom
tokom procesa fermentacije, uzimanim pri razli¢itim vrednostima pH dat je u tabeli 1. Dominantne
masne kiseline u svim fermentisanim mle¢nim proizvodima bile su: palmitinska, oleinska, stearinska i
miristinska (Tabela 1). Pokazalo se da je tokom fermenacije palmitinska kiselina dominantna zasi¢ena
masna kiselina sa prosecnim sadrzajem od 31,73 % u jogurtu, 32,70 % u probiotskom jogurtu, i 33,28 %
u kombuha fermentisanom mle¢nom napitku. Palmitinska kiselina je najzastupljenija zasi¢ena masna
kiselina u mleku i najces¢i je uzrotnik povecanja nivoa holesterola u krvi dok oleinska kiselina ima
pozitivan uticaj na ljudsko zdravlje. Oleinska kiselina je bila najzastupljenija nezasicena masna kiselina
u svim fermentisanim mle¢nim proizvodima sa prose¢nim sadrZajima od 27,30% (jogurt), 26,89%
(probiotski jogurt) i 25,80 % (kombuha fermentisani mle¢ni napitak). Dobijeni rezultati su u skladu sa
istrazivanjema koje su sproveli Serafeimidou i sar."” primenom jogurtne starter kulture na razli¢itim
vrstama mleka.
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Tabela 1. Sastav masnih kiselina u mleku i uzorcima jogurta, probiotskog jogurta
i mle¢nog napitka sa kombuhom tokom fermentacije
Eltl?trfli; Jogurtna Ptobiotska Kombuha Mileko
pH 6.0 | 5.5 ‘ 5.0 | 46 | 6.0 | 5.5 ‘ 5.0 ‘ 46 | 6.4 ‘ 6.0 | 5.5 ‘ 5.0 ‘ 4.6
lfi/lse(ljir;aa Maseni udeo, %
4:0 0.83 | 093 | 122|088 | 1.14 | 0.78 | 1.05 | 1.07 | 1.25 | 0.70 | 1.03 | 0.94 | 1.22 | 1.18
6:0 091|097 | 111 | 087 | 1.04 | 090 | 1.01 | 1.00 | 1.17 | 0.82 | 1.07 | 0.97 | 1.11 | 1.04
8:0 0.71 | 0.73 | 0.81 | 0.65 | 0.78 | 0.72 | 0.76 | 0.76 | 0.84 | 0.67 | 0.78 | 0.71 | 0.78 | 0.74
10:0 203 | 207 | 219 | 196 | 218 | 212 | 217 | 2.18 | 2.30 | 2.06 | 2.21 | 213 | 2.22 | 212
12:0 271 | 271 | 283 | 262|289 | 286 | 283 | 281|299 | 284 | 290 | 2.80 | 2.89 | 2.79
14:0 10.58 | 10.57 | 10.59 | 10.44 | 10.81 | 10.96 | 10.57 | 10.79 | 11.11| 11.06 | 10.81 | 11.00|10.88| 10.80
14:1 0.78 | 0.79 | 0.83 | 0.69 | 0.78 | 0.76 | 0.77 | 0.73 | 0.80 | 0.76 | 0.80 | 0.70 | 0.74 | 0.75
15:0iso | 0.18 | 0.18 | 0.18 | 0.15 | 0.18 | 0.17 | 0.18 | 0.16 | 0.18 | 0.18 | 0.19 | 0.17 | 0.18 | 0.17
15:0 aiso | 0.39 | 0.40 | 0.40 | 0.34 | 0.39 | 0.39 | 0.38 | 0.36 | 0.40 | 0.40 | 0.41 | 0.37 | 0.39 | 0.36
15:0 1.13 | 113 | 116 | 1.07 | 1.13 | 1.13 | 1.10 | 1.08 | 1.14 | 1.17 | 1.16 | 1.05 | 1.14 | 1.12
16:0iso | 0.20 | 0.22 | 0.22 | 0.18 | 0.19 | 0.20 | 0.21 | 0.19 | 0.20 | 0.22 | 0.22 | 0.19 | 0.21 | 0.19
16:0 32.15131.93|30.81|32.05|32.52|33.00 | 32.35|32.94 | 32.34 | 33.85| 33.28 | 33.89|33.01| 32.63
16:1 1.52 | 1.52 | 165 | 1.39 | 1.54 | 1.52 | 1.52 | 1.48 | 1.53 | 1.49 | 1.53 | 1.45 | 1.45| 1.46
17:0iso | 0.26 | 0.20 | 0.26 | 0.26 | 0.21 | 0.34 | 0.26 | 0.28 | 0.26 | 0.23 | 0.28 | 0.26 | 0.22 | 0.23
17:0 aiso | 0.38 | 0.37 | 0.40 | 0.32 | 0.38 | 0.38 | 0.37 | 0.35 | 0.37 | 0.39 | 0.38 | 0.34 | 0.37 | 0.35
17:0 0.64 | 0.63 | 0.67 | 0.55 | 0.65 | 0.60 | 0.61 | 0.58 | 0.61 | 0.62 | 0.64 | 0.60 | 0.60 | 0.59
171 0.22 | 0.21 | 0.23 | 0.16 0.20 | 0.17 | 0.20 0.16
18:0 11.21|11.11|11.21| 11.43 | 11.01 | 11.17 | 10.82 | 10.67 | 10.94 | 11.60 | 11.03 {11.24|11.15| 11.11
18:1t 254 | 255 | 2.63 | 240 | 217 | 215 | 2.20 | 2.05 | 2.16 | 2.24 | 2.26 | 2.07 | 2.13 | 2.44
18:1c 27.24|27.22126.77 | 27.95 | 26.65 | 26.86 | 27.29 | 26.75 | 25.75 | 25.84 | 25.59 | 25.66 |26.13| 26.65
18:2c 3.00 | 3.05 | 3.17 | 299 | 3.03 | 3.00 | 3.00 | 3.03 | 292 | 2.87 | 2.94 | 2.81 | 2.86 | 2.94
18:3n3 | 0.37 | 0.35 | 0.39 | 0.35 | 0.34 0.36 | 0.41 | 0.35 0.33 1 0.32]0.32| 0.36
20:0 0.16 | 0.15 | 0.16 0.19 | 0.17 0.16 | 0.17

Udeo zasi¢enih (saturated fatty acids - SFA), mononezasi¢enih (monounsaturated fatty acids - MUFA) i
polinezasi¢enih masnih kiselina (polyunsaturated fatty acids - PUFA) tokom fermentacije mleka
tradicionalnom jogurtnom kulturom kretao se u intervalima od 63,94-64,31 %; 32,24-32,72 % i 3,34-
3,56%, redom. Pri kori$¢enju probiotske kulture sadrzaj SFA, MUFA i PUFA je iznosio 64,66-65,72 %;
31,14-31,98 % i 3,00-3,44 %, respektivno. KoriS¢enjem kombuhe kultivisane na crnom ¢aju za pro-
izvodnju fermentisanih mle¢nih napitaka procenat SFA, MUFA i PUFA kretao se u intervalima od
66,29-66,83%; 30,05-30,45 % i 2,87-3,28 %, redom (Slika 1). Ove vrednosti se nalaze u intervalima
vrednosti koje su dobijene za mle¢ne napike proizvedene fermentacijom kravljeg mleka pomocu kom-
buhe kultivisane na ¢aju koprive i mente.”*° Naime, sadrzaj zasi¢enih masnih kiselina u tim uzorcima se
kretao u opsegu 62,86-70,42 %, mononezasicenih 27,85-32,62 % i polinezasi¢enih 1,56-4,25 %.

Na slici 1 se moZe uociti da se najpovoljniji masno-kiselinski sastav sa najnizim sadrzajem zasi¢enih i
najvisim sadrzajem mononezasicenih i polinezasi¢enih masnih kiselina postiZze primenom tradicionalne
jogurtne kulture. Takode, tokom procesa fermentacije, pad vrednosti pH je u slucaju jogurta pracen
povoljnim blagim padom vrednosti SFA, i porastom MUFA, do maksimalnih vrednosti pri vrednosti pH
od 4,6. Maksimalni sadrzaj PUFA se postize na pH 5,0. Kod probiotskog jogurta se pak najnizi sadrzaj
SFA i najvi$i sadrzaj MUFA postize pri vrednosti pH 5,0, dok je udeo PUFA najveci pri 4,6. U slucaju
primene nekonvencionalne starter kulture, kombuhe, najpovoljniji sadrzaj SFA se postize na samom
pocetku fermentacije (pH 6,4), maksimalni sadrzaj MUFA na kraju fermentacije (pH 4,6), a najvisi
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sadrzaj PUFA pri pH 6,0. Udeo SFA u fermentisanim mle¢nim proizvodima proizvedenim primenom
konvencionalnih starter kultura (jogurtnom i probiotskom) je manji, a MUFA i PUFA je jednak ili veé¢i u
poredenju sa uzorkom mleka iz kog su proizvedeni. Sa druge strane, u slucaju primene kombuhe,
sadrzaj SFA je porastao, dok su se sadrzaji MUFA i PUFA smanjili u poredenju sa uzorkom mleka. Do
slicnih rezultata su dogli Vitas i sar.” prilikom ispitivanja sastav masnih kiselina u fermentisanim
mle¢nim napicima dobijenim primenom kombuhe prethodno kultivisane na rtanjskom ¢aju, $to ukazuje
da vrsta ¢aja za inokulaciju ne uti¢e znacajno na sastav masnih kiselina u kombuha fermentisanim
mle¢nim napicima.

OSFA OMUFA @PUFA
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Slika 1. SadrZaj zasicenih (SFA), mononezasicenih (MUFA) i polinezasi¢enih masnih kiselina (PUFA) u
kontrolnom uzorku mleka (M) i uzorcima mlecnih napitaka tokom fermentacije jogurtnom (J), probiotskom
(P) i kombuha (K) starter kulturom

Zakljucci

Tokom fermentacije mleka primenom nekonvencionalne starter kulture, kombuhe, i konvencionalnih
starter kultura, jogurtne i probiotske nije doslo do znacajnijih promena u pogledu sadrzaja masnih
kiselina. Tokom fermentacije u svim fermentisanim mle¢nim napicima dominantna zasi¢ena masna
kiselina je bila palmitinska kiselina, dok je oleinska kiselina bila najzastupljenija nezasi¢ena masna
kiselina. Najpovoljniji sastav masnih kiselina, sa najnizim sadrZajem zasi¢enih i najviSim sadrzajem
mononezasicenih i polinezasicenih masnih kiselina, dobijen je u napitcima fermentisanim primenom
tradicionalne jogurtne kulture.

Zahvalnica: IstraZivanja predstavljena u ovom radu finansirana su od strane Ministarstva prosvete i nauke
Republike Srbije (projekat br. 111 46009).

Determination of fatty acids during the fermentation of milk by kombucha and
conventional starter cultures

Fermented milk products are very important component of the daily diet primarily because of their high
nutritional value and beneficial health effects. The health aspect of fermented milk beverages depends on the
fatty acid composition of milk fat, as one of the most important components of those products. In order to
investigate the influence of starter cultures on the fatty acid composition of fermented milk products, in this
work the fatty acid composition during the fermentation of milk using non-conventional starter culture,
kombucha, and conventional starter cultures or probiotic yoghurt was monitored. For fermentation a milk

81



Impresum

Sadrzaj : : Contents INDEX Knjiga lzvoda : : Book of Abstracts Stampa : : Print Izlaz : : Exit

53. savetovanje Srpskog hemijskog drustva, Kragujevac 10. i 11. jun 2016. HTH P03

with 2.8% fat was used, at a temperature of 42 °C. Fatty acid analysis was performed using capillary gas
chromatography in combination with a quadrupole mass spectrometry after previous extraction and
derivatization steps. The dominant fatty acid in fermented dairy products were: palmitic, oleic, stearic and
myristic acids in content of 32.62; 26.59; 11.12 and 10.78 %, respectively. The most favourable fatty acid
composition, with the lowest content of saturated and the highest content of monounsaturated and
polyunsaturated fatty acids, was derived from the fermented beverage using the traditional yoghurt cultures.

Literatura

1. AY. Tamime, R.K. Robinson, Yoghurt. Science and Technology, Woodhead Publishing Limited, Cambridge,
England, 2004, p. 619

2. G. Belloso-Morales, H. Hernandez-Sanchez, H. Revista Lationoamericana de Microbiologia 45 (2003) 5

3. R. Malbasa, S. Milanovi¢, E. Lonc¢ar, M. Duri¢, M. Cari¢, M. Ili¢i¢, Lj. Kolarov, Food Chem. 112 (2009) 178

4. R. Malbasa, J.Vitas, E. Loncar, S. Kravi¢, Acta Period. Technol. 42 (2011) 81

5. J. Vitas, R. Malbasa, E. Loncar, S. Kravi¢, S. Milanovi¢, Prehrambena ind. — Mleko i mlecni proizvodi, 22 (2011)
25

6. S. Milanovi¢ (1997): Jugoslovenski mlekarski simpozijum-Kvalitet mleka i fermentisanih proizvoda, Zlatibor,

Srbija, p. 49

7. C. Cifelli, J. German, J. O’'Donnell (2011). Nutrition and Health | Nutritional and Health-Promoting Properties
of Dairy Products: Contribution of Dairy Foods to Nutrient Intake. Encyclopedia of Dairy Sciences (Second
Edition). J. W. Fuquay. Academic Press, San Diego, USA, 2011, p. 1003

8. A.L. Lock, K.J. Shingfield, Optimising milk composition. In: Dairying—Using Science to Meet Consumers’ Needs, E.
Kebreab, J. Mills, D.E. Beever (eds.), Nottingham University Press, Loughborough, UK, 2004, p 107

9. K.He, Y. Xu, L. Van Horn, L. J. Am. Diet. Assoc. 107 (2007) 287

10. E.B. Feldman, Am. J. Clin. Nutr. 70 (1999) 953

11. P. Kankaanpda, S. Salminen, E. Isolauri, Y. Lee, FEMS Microbiol. Lett. 194 (2001) 149

12. U. Das, M. Fams, Nutrition 18 (2002) 786

13. H. Yadav, J. Shalini, P. Sinha, Int. Dairy J. 17 (2007) 1006

14. F. Ekinci, O. Okur, B. Ertekin, Z. Guzel-Seydim, Eur. J. Lipid Sci. Technol. 110 (2008) 216

15. K. Kanuri¢, Promene komponenata i strukture mleka tokom fermentacije dodatkom nekonvencionalnog
startera, Doktorska disertacija, Tehnoloski fakultet Novi Sad, 2014.

16. M. Havemose, M. Weisbjerg, W. Bredie, J. Neilsen, Int. Dairy J. 14 (2004) 563

17. S. Kravi¢, Odredivanje trans masnih kiselina u prehrambenim proizvodima gasnom hromatografijom-
masenom spektrometrijom, Doktorska disertacija, Univerzitet u Novom Sadu, Tehnolo$ki fakultet, Novi Sad,
2010

18. AOAC, Official Method 963.22, Methyl Esters of Fatty Acids in Oils and Fats, Published by AOAC,
Washington, 2000

19. A. Serafeimidou, S. Zlatanos, G. Kritikos, A. Tourianis, J. Food Compos. Anal. 31(2013) 24

20. T. Brezo, S. Kravi¢, Z. Suturovi¢, A. KariSik-Durovié¢, J. Vitas, R. Malbasa, S. Milanovi¢, (2011). Influence of
kombucha inoculum on the fatty acidcomposition of fermented milk products. Prehrambena ind. — Mleko i
mlecni proizvodi 22 (2011) 21

82



Impresum  SadrZaj : : Contents INDEX Knjiga Izvoda : : Book of Abstracts Stampa : : Print Izlaz : : Exit

53. savetovanje Srpskog hemijskog drustva, Kragujevac 10. i 11. jun 2016. HTH P08

Sadrzaj sekundarnih metabolita i njihov uticaj na antioksidativnu aktivnost u razli¢itim
sortama jagoda

Zoran Kukri¢, Iva Martic¢*, Ladislav VasiliSin, Goran Vuci¢

Univerzitet u Banjoj Luci, TehnoloSki fakultet Banja Luka, Bosna i Hercegovina
*Univerzitet u Banjoj Luci, Prirodnomatematicki fakultet Banja Luka, Bosna i Hercegovina

Uvod

Jagoda (Fragaria ananassa ) koja spada u familiju Rosaceae, je viSegodis$nja zeljasta, grmolika biljna
vrsta koja radi svog jedinstvenog okusa i mirisa zauzima vodeé¢e mjesto medu ljetnim voénim vrstama.’
U posljednjih nekoliko godina proizvodnja jagoda biljezZi vrlo znac¢ajan porast u svijetu, a biljezi odredeni
napredak i u Bosni i Hercegovini. Ova biljna vrsta ima Sirok spektar klimatskog prilagodavanja koji
obuhvata mediteransku, umjerenu i suptropsku klimu.” Jagode su karakteristi¢ne po specificnom ukusu
i aromi, veoma su bogate bioaktivnim jedinjenjima koje doprinose zdravlju a takode su veoma
interesantne za farmaceutsku, prehrambenu i kozmeticku industriju. Takode, veliki broj studija govori o
uspostavljanju mehanizma za povecanje sinteze polifenolnih jedinjenja u jagodama prilikom njihovog
gajenja. Njihov sadrzaj varira medu vrstama i sortama, ali na tu raznolikost mogu da uticu i drugi
faktori kao $to su uslovi rasta, faktori Zivotne sredine i tehnike gajenja.? Nekoliko studija je pokazalo da
jagode generalno posjeduju visok nivo antioksidativne aktivnosti, koji je povezan sa sadrzajem ukupnih
fenola i antocijana u plodu.*” Primjera radi, u literaturi je poznato®’ da sok jagoda pokazuje visok
stepen antioksidativnog kapaciteta prema slobodnim radikalima, uklju¢uju¢i superoksid radikal,
vodonik-peroksid, hidroksil radikal i singlet kiseonik, a takoder je potvrdeno da postotak inhibicije
svake aktivne vrsta kiseonika varira izmedu razlic¢itih sorti jagoda, $to je sve bilo povezano sa sadrzajem
bioaktivnih jedinjenja u jagodama.’ Cilj ovog rada je bio ocjena i poredenje nekih biokemijskih i
bioaktivnih sadrzaja u divljim i kultiviranim plodovima jagode kao i procjena njihovog uticaja na
antioksidativnu aktivnost jagoda.

Prikupljanje uzoraka

U radu su koriS¢ene cetiri sorte gajenih jagoda (Fragaria ananassa) (Albion, Senga Sengana, Elsanta i
Cleary) i jedna divlja jagoda (Fragaria vesca L.) — u daljem tekstu oznacena kao “Sumska”. Sorta Albion i
Sumska jagoda prikupljene su u okolini Travnika (srednja Bosna i Hercegovina) a ostale sorte iz okoline
Velike Kladuse (zapadna Bosna i Hercegovina). Voc¢e je ubrano pri punoj zrelosti na pocetku sezone
branja jagoda — krajem maja mjeseca 2015 godine. Masa od 500 g je uzeta slu¢ajnim izborom za svaku
sortu, i voce je analizirano odmah nakon uzimanja uzoraka.

Priprema uzoraka

Uzorak se usitni, odvaze 5:0.001¢g i kvantitativno prenese u erlenmajericu sa 20 mL 80 %-tnog v:v
etanola. Nakon toga tikvica sa uzorkom je stavljena u ultrazvu¢nu kadu (50Hz) (dva puta po pet
minuta), a zatim je spojena na povratno hladilo i ekstrakcija je trajala 10 minuta od trenutka kljucanja.
Nakon hladenja na sobnu temperaturu filtrira se u tikvicu (50 mL) a preostali talog je zajedno sa filter
papirom vracen nazad u erlenmajericu uz dodatak 20 mL 80 %-tnog rastvora etanola i ekstrahovan jo$
10 minuta, ponovo filtriran u tikvicu u kojoj se nalazi prvi filtrat i dopunjeno 80 %-tnim rastvorom
etanola do oznake. Na ovaj nacin je dobijen mati¢ni rastvor koncentracije 0,1 g/mL koji se koristio za
sva ostala odredivanja. Za odredivanje ukupnih i monomernih antocijana uzorci (20 g) su ekstrahovani
sa 20 mL rastvora za ekstrakciju (85 mL 95 %-tnog rastvora etanola i 15 mL 1.5 M rastvora HCL) na
temperaturi 0°C u trajanju od 24 sata. Nakon toga, smjesa je filtrirana preko filter papira, a dobijeni
filtrat je kori$¢en za dalju analizu.

Odredivanje sadrzaja sekundarnih metabolita i antioksidativne aktivnosti

Ukupni fenoli su odredeni modifikovanom metodom Folin-Ciocalteu.® Za izradu bazdarene krive
koristena je galna kiselina (y=0,003x -0,0226; R?=0,9975 gdje je y- apsorpcija a x — koncentracija galne
kiseline pg/mL). Rezultati su izrazeni kao fenoli ekvivalentni galnoj kiselini, tj. pmol GAE/gpw.
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Odredivanje ukupnih flavonoida vréeno je metodom po Ordon-u.? Ukupni sadrzaj flavonoida ra¢unati su
kao flavonoidi ekvivalenti kvercetinu (pmolQ. /grw) koriste¢i jedna¢inu bazdarnog pravca (y=0,0368x -
- 0,135; R*=0,9996), gdje je y- apsorpcija a x — koncentracija kvercetina pg/mL). Rezultati su izrazeni
kao pmol kvercetina (Qc)/g sw. Odredivanje ukupnih flavonola je vrSeno metodom po Kumaran-u i
Karunakaran-u.'® Za izradu bazdarenih kriva je kori¢en takode kvercetin hidrat i dobijena je jednacina
pravca (y=0,0214x+0,004; R’=0,9993), gdje je y-apsorpcija a x— koncentracija kvercetina pg/mL).
Rezultati su izrazeni kao pmol kvercetina (Qc)/g rw.

Sadrzaj ukupnih i monomernih antocijana u uzorcima je odreden spektrofotometrijski, modifikovanom
"singl" pH i pH diferencijalnom metodom.® Rezultati su izrazeni kao mg cijanidin-3-glukozida/100gsw.
Izracunat je i indeks degradacije po obrascu ID = Cuykupni antocijani/ Cmonomerni antocijani Ef€kat uzorka na DPPH
radikal odreden je metodom Liyana-Pathiranan i Shahidi'' a za ABTS test koris¢ena je modifikovana
metoda Re i saradnika.'? Za izradu bazdarenih pravaca je koris¢en Trolox. Za DPPH test jednacina za
bazdarni pravac Trolox-a je iznosila

y = 7,0993x — 0,434 R*= 0,9722 a za ABTS test y=15,94x + 10,527 R*=0,9984.

Rezultati su predstavljeni TEAC vrijedno$¢u (Trolox ekvivalent antioksidativne aktivnosti), tj. kao umol
Trolox-a/grw. Eksperimenti su radeni u 3 paralelna ponavljanja, a rezultati su izrazeni kao srednja
vrijednost * standardna devijacija. KoriS¢ena je analiza varijanse (ANOVA) a najmanja znacajna razlika
(LSD) pri p<0.05 je izratunata koriStenjem programa Origin Pro 8.0. Koeficijent korelacije je odreden
prema Pearson-u.

Rezultati i diskusija

U tabeli 1 predstavljeni su rezultati mjerenja sadrZaja sekundarnih metabolita i antioksidativna
aktivnost sorti jagoda Albion, Sumska, Elsanta, Senga Sengana i Cleary.

Sadrzaj fenola u uzorcima se kretao od 2,52 do 7,3 pmol GEA/grw (442 — 1242 ng GEA/grw), S tim $to je
u sortama Elsanta, Senga Sengana i Cleary koli¢ina ukupnih fenola priblizna i statisticki znacajno niza
nego u sortama Albion i Sumska .

Tabela 1. SadrZaj sekundarnih metabolita i antioksidativna aktivnost razlicitih sorti jagode

Sorta jagoda
Odredivani parametri =

Albion Sumska Elsanta Senga Sengana | Cleary
Fenoli, pmolGEA/grw 7,30" +0 ,52 6.68"+0,51 2,99 +0,38 | 2,59°+0,24 2,52° +0,25
Flavonoidi, pmolQc/grw 0,75 +0 ,06 1,11°+0,06 | 0,58+ 0,03 0,75+ 0,01 0,62°+ 0,01
Flavonoli, pmolQc/grw 1,14+ 0,16 1,24 40,02 0,66" £0,10 0,67° 0,03 0,61°+0,14
Antocijani ukupni, mg/100g rw 14,62°+1,03 15,25°+1,13 14,74°4£0,91 23,88"+2,52 8,47°+0,67
Antocijani monomerni, mg/100gr 10,31°+0,78 10,39°+0,62 11,74%+0,98 19,14°+1,43 6,25°40,72
ID 1,42°+0,01 1,47°+0,06 1,25°+0,03 1,24"+0,06 1,35*°+0,05
DPPH, pmolTrolox/grw 44,96 +6,24 40,56°+2,72 15,46°+1,06 | 9,3°+1,02 9,68"+1,69
ABTS, pmolTrolox/gew 38,74°+8,37 46,46°+0,42 27,76°+0,16 19,49"+1,48 23,26°+3,14

* srednje vrijednosti + standardna devijacija tri nezavisna mjerenja; razlicita slova u superskriptu oznacavaju statisticki znacajnu razliku uz nivo pouzdanosti od 95%,
Fw -svjeza masa (fresh weight)

Ovi rezultati su bili u skladu sa literaturnim podacima za odredivanje ukupnih fenola za razli¢ite sorte
jagoda koji su se kretali od 96 mg/100 gFW do 133 mg/100 gFW.13 S druge strane, nasi rezultati su bili
nesto nizi od rezultata nekih drugih istrazivaca14,15 koji govore o sadrzaju ukupnih fenola razli¢itih
sorti koje rastu u razli¢itim zemljama i ¢ije se vrijednosti krecu od 96 do 223 mg GAE / 100 gFW.

Sadrzaj flavonoida u uzorcima se kretao od 0,58 do 1,11 pumolQc/gFW.(176 — 335 pgQc/gFW). Sorte
Albion i Senga Sengana su imale statisticki nizi sadrzaj flavonoida od Sumske jagode a ve¢i sadrzaj od
sorti Elsanta i Cleary. Ove vrijednosti su bile u skladu sa literaturnim podacima.'**®

Odreden je sadrzaj flavonola i kretao se od 0,61 do 1,24 pmolQc/grw. (176 — 335 pgQc/grw ) s tim $to je
koli¢ina flavonola, kao i kod fenola, u sortama Elsanta, Senga Sengana i Cleary priblizna i statisticki
znacajno niza nego u sortama Albion i Sumska. Sadrzaj flavonola je bio ne$to malo nizi od vrijednosti
koje navodi Lal' za razli¢ite sorte. Sadrzaj ukupnih antocijana se kretao u rasponu od 8,47 do
23,88 mg/100g r., dok je sadrzaj monomernih antocijana u rasponu od 6,25 do 19,14 mg/100gs.. Najveci
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sadrzaj ukupnih antocijana i monomernih antocijana je imala sorta Senga Sengana a najmanji sorta
Cleary. Sadrzaj ukupnih i monomernih antocijana je bio unutar literaturnih vrijednosti.'*"** Na
odredene razlike u sadrzaju ukupnih fenola, flavonoida, flavonola i antocijana zavisno od sorte, nac¢ina
uzgoja, nivoa zrelosti kod berbe klimatskih uslova i geografskih lokacija ukazao je Milivojevi¢.?

U tabeli 1 prikazana je i antioksidativna aktivnost razli¢itih vrsta jagoda prema stabilnim DPPH i ABTS
radikalima. Vrijednosti antioksidativne aktivnosti prema DPPH radikalu kretala se od 9,3 do 44,96
pmolTrolox/grw s tim $to je najvec¢u antioksidativnu aktivnost pokazala sorta Albion a najniZu vrijednost
sorta Senga Sengana, pri cemu sorte Elsanta, Senga Sengana i Cleary imaju antioksidativna aktivnost
priblizno jednaku i statisti¢cki zna¢ajno nizu nego sorte Albion i Sumska. Vrijednosti za antioksidativnu
aktivnost su bile nesto vece ili jednake literaturnim i to: 3,53-4,42'%; 6,11*; 9,7°% 7,94-11,38%;
10,1-12,83" and 8,29-11,15** mmolTrolox/kgsw. Prema ABTS radikalu vrijednosti za antioksidativnu
aktivnost su bile u rasponu od 19,49 do 46,46 pmolTrolox/grw pri ¢emu je najvecu aktivnost pokazala
Sumska jagoda a najnizu Senga Sengana. Takode rezultati pokazuju da sorte Elsanta, Senga Sengana i
Cleary imaju antioksidativna aktivnost prema ABTS stabilnom radikalu priblizno jednaku i statisticki
znacajno nizu nego sorte Albion i Sumska.

Kao i kod DPPH radikala i vrijednosti za antioksidativnu aktivnosti prema stabilnom ABTS radikalu su
bile nesto vece ili jednake literaturnim: 9,70%% 12,0821*' and 26,92-30,06** mmolTroloxa/kgrw. Ove
vrijednosti za antioksidativno djelovanje prema DPPH i ABTS radikalu su, kao $to je navedeno, ve¢inom
u skladu ili su nesto vece od literaturnih vrijednosti. Medutim, ¢ak i kada postoje dobri eksperimentalni
dokazi, rezultate treba tumaciti s oprezom u odnosu na doprinos ljudskom zdravlju, jer polifenoli mogu
imati ogranicenu bioraspoloZzivost i znatno se medusobno razlikuju.

Takode, najviSe zastupljeni polifenoli nisu nuzno oni koji imaju najbolji bioraspolozivi profil, jer ili
imaju nize stvarno djelovanje ili se slabo apsorbuju iz crijeva ili se brzo otklanjaju iz organizma. Koefi-
cijenti korelacije koji ukazuju na medusobne odnose sekundarnih metabolita u razli¢itim vrstama jago-
da i antioksidativnih testova (sadrzaj ukupnih fenola, ukupnih flavonoida, ukupnih flavonola, ukupnih i
monomernih antocijana, DPPH i ABTS vrijednosti) prikazani su u tabeli 2. Sto se ti¢e aktivnosti na
DPPH radikal, moze se vidjeti da postoji vrlo visoka korelacija sa sadrzajem sekundarnih metabolita u
jagodama.

Tabela 2. Koeficijenti korelacije sadrZaja sekundarnih metabolita i antioksidativnih testova u razliCitim vrstama jagoda

Fenoli  Flavonoidi  Flavonoli Aﬁﬁgﬁ‘l‘“ Rt D DPPH ABTS
Fenoli 1 0,659 0,975 -0,076 -0,23 0,849 0,998 0,933
Flavonoidi 1 0,808 0,209 0,06 0,711 0,654 0,759
Flavonoli 1 -0,003 -0,166 0,869 0,936 0,943
Antocijani ukupni 1 0,986 -0,42 -0,101 -0,204
Antocijani monomerni 1 -0,564 -0,25 -0,353
ID 1 0,844 0,881
DPPH 1 0,932

ABTS 1

Vrlo visoku vrijednost korelacionog koeficijenta, i neznatno razli¢itu, pokazali su ukupni fenoli i
flavanoli, r=0,998 i r=0,936, redom, dok su flavonoidi imali znatno nize vrijednosti r=0,654. Vrijednosti
za ukupne i monomerne antocijane bile su malene i negativne, -0,101 i -0,25 redom. Medutim, nadena
je visoka korelacija sa indeksom degradacije antocijana, odnosno sa vrijedno$¢u ID i iznosila je
r=0,844 p. Takode, postoji vrlo visoka korelacija ovih jedinjenja na aktivnost prema stabilnom ABTS
radikalu. Ponovo najvecu korelaciju pokazuju flavonoli i ukupni fenoli r=0,943 i r=0,933, redom, pa
flavonoidi r=0,759, dok ukupni i monomerni antocijani imaju male i negativne koeficijente korelacije i
to r=-0,101 i r =-0,25 redom. Takode i ovdje je nadena vrlo visoka korelacija izmedu antioksidativne
aktivnosti prema ABTS radikalu i indeksa degradacije antocijana i iznosila je r=0,881. Visoka pozitivna
korelacija izmedu ukupnih fenola i ukupnog antioksidativnog djelovanja (DPPH, ABTS) je u skladu sa
literaturnim podacima.'’*
Ovi rezultati upucuju na zakljucak da je antioksidativna aktivnost viSe povezana s ukupnim sadrzajem
fenola i flavonola nego s ukupnim sadrzajem flavonoida i antocijana. Ovi rezultati su u skladu s drugim
istrazivanjima.” Takode, kada govorimo o antocijanima i njihovom uticaju na antioksidativnu aktivnost
85
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rezultati ukazuju da moramo uzeti u obzir odnos ukupnih i monomernih antocijana odnosno indeks
degradacije, a ne ukupne sadrzaje ovih spojeva.

Nadalje visoka korelacija izmedu DPPH i ABTS i ukupnog sadrzaja fenola moZze se pripisati ¢injenici da
oba ispitivanja oslanjaju na isti reakcijski mehanizam. Oc¢ito je da doprinos za ove antioksidativne
aktivnosti ne mozemo pripisati samo jednom bioloski aktivnom jedinjenju, ve¢ je ova aktivnost
najvjerovatnije, rezultat zajednickog djelovanja prisutnih bioloski aktivnih jedinjenja.

Zakljucak

Nasi rezultati pokazuju da postoji znacajna razlika u sadrzaju sekundarnih metabolita odnosno bioloski
aktivnih spojeva kao i u antioksidativnoj aktivnosti u razli¢itim sortama jagoda. Takode pronadene su
visoke pozitivne korelacije izmedu antioksidativne aktivnosti i sadrzaja ukpnih fenola, flavonola i
flavonoida. Prakti¢na korist visokih pozitivnih korelacija moze, eventualno, biti od pomo¢i u uzgoju za
daljnje poboljsanje kultivara koji su deficitarni sa bioaktivnim spojevima.

The content of secondary metabolites and their impact on the antioxidant activity in
different varieties of strawberries

Contents of secondary metabolites in four different varieties of cultivated strawberries (Fragaria ananassa):
Albion, Senga Sengana, Elsanta and Cleary, and in a wild strawberry (Fragaria vesca L.) were determined. At
the same time the antioxidant activities according to the stable free radical DPPH and ABTS were determined.
The results showed a statistically significant difference in the content of secondary metabolites and the
antioxidant activity among different varieties of strawberries and that this activity was mostly influenced by
the content of total phenols and total flavonols.
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Comparative analysis of hydrolytic, enzymatic and degradation in compost
of PCL/PEO diblock copolymers
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Sanja Stevanovic¢**, Jasna Djonlagi¢
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*Institute of Molecular Genetics and Genetic Engineering, University of Belgrade,
Vojvode Stepe 444a, Belgrade, Serbia

**Institute of Chemistry, Technology and Metallurgy, University of Belgrade, Njegoseva 12, Belgrade, Serbia

Introduction

In the last decades, biodegradable polymers have attracted significant attantion due to their potential
application in medicine, pharmacy as well as an environmentally friendly materials." Biodegradable
polymers can easily be degraded by microorganisms widely distributed in the nature which is the main
driving force behind a recycling of biodegradable wastes.? Poly(e-caprolactone) (PCL) is a biocompatible
and biodegradable aliphatic polyester. The potential applications of PCL are considerably restrained by
its high crystallinity and hydrophobicity. However, biodegradability of PCL can be tuned by
copolymerization with hydrophilic poly(ethylene oxide) (PEO). Hydrolytic degradation of PCL is a bulk
erosion process which proccedes quite slowly. Faster degradation of PCL can be achieved in the
presence of lipase-type enzymes. The degradation of polymers in nature is attributed to a presence of
wide range of microorganisms which secrete appropriate enzymes. In a present study, the hydrolytic
and enzymatic degradation characteristics of PCL and PCL/PEO copolymers were investigated to get a
better insight into the impact of structure on biodegradability. The enzymatic degradation experiments
were performed using Pseudomonas aeruginosa PAO1 cell-free extracts containing lipases and other
enzymes. Degradation ability of PCL/PEO block copolymers in model compost system, using
augmentation with P. aeruginosa PAO1 cells, was also tested.

Results and discussion

PCL and diblock copolymers were synthesized by bulk ring-opening polymerization of e-caprolactone in
the prsence of tin(II) octoate as a catalyst.’> Diblock (PCL/PEOQ) copolymers’ structure with specified
block lengths is shown in Scheme 1. The m-PEO block length incorporated as a lateral segment was
fixed (M. 1020 g/mol) while the lengths of PCL blocks were varied (in the range of 10000 to
40000 g/mol).

0]
ik 0\/\/\)]},0{/\/ %¥eHy

Diblock copolymers: x = 23, PCL/PEO-1 y = 184, PCL/PEO-2 y = 269, PCL/PEO-3 y = 381
Scheme 1. Structure of diblock copolymers with the specified degree of polymerization for each block.

Hydrolytic degradation

The hydrolytic degradation of aliphatic polyesters is a very complex procces, which involves diffusion
phenomena and chemical changes. Degradation process of PCL and diblock copolymers over 8 weeks
was followed by weight loss changes and molecular weight changes, as well as by FTIR analysis
(carbonyl index, CI and crystallinity index changes) (Table 1). Homopolymer PCL, is relatively stable
against abiotic hydrolysis and even after 8 weeks of degradation, 0.5 wt% was lost. The diblock
copolymers showed significant changes in weight after 7 weeks and as was expected, the most
hydrophilic diblock copolymer sample (PCL/PEO-1) showed the highest weight loss (11 wt %). Smaller
content of PEO segment in diblock copolymers (PCL/PEO-2 and PCL/PEO-3) caused lower degradation
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ability (5 - 7 wt%) after 7 weeks, pointing out to the influence of short, hydrophylic PEO segment on
hydrolysis paterns.

Changes in carbonyl index (CI) and crystallinity index after 7 and 8 weeks of degradation are presented
in Table 1. The values of carbonyl index of diblock copolymers with higher weight loss increased while
PCL and PCL/PEO-3 carbonyl indexes remained almost unchanged. Carbonyl index values for all
samples ranged from 3.4 to 4.4, confirming hydrophobicity and small hydrolytic degradation extent of
block copolymers. Cristallinity index of diblock copolymers increased after degradation providing
additional proof of the influence of small PEO segment on degradation behaviour and their ability to
crystallize during degradation period. Crystallinity index of non-degraded samples was quite similar for
all samples ranged from 58 to 60 %.

Table 1. Weight loss, carbonyl index (CI) and crystallinity index after 7 and 8 weeks
of hydrolytical degradation.

Water Weight loss, % Weight loss, % ab Crystallinity

Sample uptake 72h, % 7 weeks 8 weeks CI(7/8 weeks) indexb’c, %
PCL 2.3 0.12£0.2 0.5+0.7 4.1 (3.9) 58/55 (58)
PCL/PEO-1 11 10.9£0.4 6.3+3.0 3.4(4.0) 62/64 (60)
PCL/PEO-2 2.9 5.1+2.0 4.4+2.3 3.6 (4.1) 62/63 (57)
PCL/PEO-3 3.2 7.0x1.0 2.4+0.1 3.9(3.9) 61/62 (58)

* from the ratio of absorbance peaks at 1720 and 1398 cm’’
®in parenthesis the values of control sample are given
“from the ratio of absorbance peaks at 1294 and 1167 cm™

Enzymatic degradation measurements

Enzymatic degradation experiments for diblock copolymers and PCL were carried out in PBS (pH 7.4, at
37 °C) over two weeks containing cell-free extract of P. aeruginosa PAO1 (1.8 to 2 mg of total
protein/ml). Both PCL and diblock copolymers indicated significant weight loss caused by an enzyme
action (Table 2). The small weight loss (~ 4 wt%) of PCL after two weeks is attributed to a poor
biodegradation ability. According to the results, the percentage of weight loss was affected by the
content of hydrophilic PEO block and length of PCL segments in copolymers. In addition, diblock
copolymer with the highest content of PEO segment (PCL/PEO-1) showed remarkable weight loss
(~12 wt%) due to a higher hydrophilicilty but also the lowest molecular weight in the series. Weight loss
of PCL/PEO-2 and PCL/PEO-3 (~6 wt%) confirmed the influence of molecular weight on degradation
extent: with the increase of molecular weight of PCL block, the enyzmatic degradation decreased.

Table 2. Analysis of enzymatically degraded block copolymers; weight loss, carbonyl index,
CI, crystallinity index and AFM analysis (RMS, diameter).

Cristallinity RMS, nm RMS, nm

1 0, a,c .
Sample Weight loss, % CI index"®, %) Class side® air side’ Diameter, pm
PCL 4.3 4.0 (3.9) 58 (58) 130 (100) 82 (70) 80
PCL/PEO-1 11.8 2.2 (4.0) 70 (60) 158 (120) 175 (166) 100
PCL/PEO-2 5.8 3.9(4.1) 58 (57) 200 (113) 189 (160) 100-120
PCL/PEO-3 6.4 3.3(3.9) 61 (58) 130 (85) 102 (60) > 200

% from the ratio of absorbance peaks at 1720 and 1398 cm ™
® from the ratio absorbance peaks at 1294 and 1167 cm™
“in parenthesis the values of control sample are given

FTIR analysis of degraded samples

FTIR analysis was used for estimation of changes in cristallinity index and carbonyl index (CI) after
enzymatic degradation of PCL and diblock copolymers. Representative FTIR spectra of non-degraded
and degraded block copolymers are presented at Figure 1. Enzymatically degraded samples showed
completely different intensity of characteristic bands used for the calculations of CI and cristallinity
index (Table 2).
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Figurel. FTIR spectrum of PCL and diblock copolymer films after two weeks of enyzmatic degradation.

Diblock copolymer with the highest weight loss, PCL/PEO-1 (11.8 wt%), indicated the most significant
changes in carbonyl index (CI decreased from 4.0 to 2.2) while remarkable change in the cristallinity
index (from 60 to 70 %) was also detected. This is in a line with some results showing that the
degradation process starts preferentialy from the amorphous parts of polymers while crystalline part is
mostly remained. Although homopolymer PCL barely showed any changes in CI and cristallinity index,
FTIR analysis confirmed that beside physical mass changes of copolymer samples, structural changes
also happened.

GPC analysis of degraded samples

In order to detect changes in molecular weights, the number-average molecular weights (M,) and
polydispersity index, PI (M./M,) were determined for samples before and after degradation (Figure 2).
GPC analysis of PCL showed decrease in M, of 13.1 % and M, about 10.4 % while PI index values was
almost unchanged (from 1.92 to 1.98). However, diblock copolymer sample PCL/PEO-2 showed a
considerable decrease in molecular weight (M, by 30.6% and M,, by 19.9%) and an significant increase in
the polydispersity index from 1.70 to 1.96. The slightly higher decreases in M, is connected with the
increase of the fraction of lower molecular weight chains. The hydrolysis of polyesters could occur either
as a random reaction or by end-initiated unzipping reaction. The presence of hydrophilic PEO segments
increases the hydrophilicity of the polymer matrix, thus accelerating polyester hydrolysis in enzyme
medium. Remarkable differences in PI values were detected for PCL/PEO-1 and PCL/PEO-2 samples
which showed broader molecular weight distribution after degradation. However, sample PCL/PEO-3
indicated almost the same value of PI and the smallest change in molecular weights (~ 10 %).

7x10° 25
[ M, before degradation * Pl before
610" [ My, after degradation ® Pl after
x10"
[ ] ° ° [ 2.0
X x *
5x10° 3
= * e
g 4 r 1-55
@4)(10 b @
- 2
= 2
3x10° =
- 1.0E
2x10°
0.5
1x10°
0 0.0
PCL PCL/PEO-1 PCL/PEO-2 PCL/PEO-3

Figure 2. Changes in M, and PI of PCL and PCL/PEQ samples after enzymatic degradation.
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AFM analysis of degraded films

Given that enzymatic degradation is performed via surface erosion mechanism, AFM is usefull method
for visualization of enzymatically degraded polymer samples. Surface erosion after enzymatic
degradation was quantified by AFM analysis thought the assessment of changes in surface roughness
(Table 2). Different surface morphology of PCL and diblock copolymers after degradation was detected
(Figure 3).

hefore

PCL PCL/PEO-1 PCL/PEO-2 PCL/PEO-3
(40 um x 40 ym x 4 pm) (40 um x 40 um x 3 pm) (40 um x 40 um x 3 pm) (40 um x 40 pm x 3 pum)

after

F;CL PCL/PEO-1 PC‘L/PEO-2 PCL/PEO-3
(20 pm x 20 pm x 2 pm) (20pm x 20 pm x 2 pm) (40 pm x 40 ym x 5.5 pm) (40 pm x 40 pm X 3 pm)

Figure 3. AFM micrographs of PCL, diblock copolymers before and after degradation.

Before degradation, perfect spherulites lamellar structure was clearly visible. The surface roughness of
PCL and block copolymers was determined by the diameter of the spherulites; the larger spherulites,
the smoother surface was observed. Sample PCL/PEO-3 (spherulite's diameter ~200 pum) possessed
small RMS value before degradation (85 nm) compared to other diblock copolymers. According to the
surface erosion mechanism of enzymatic degradation, changes in morphology and RMS values were in a
line with a degradation extent of copolymer films. The lamellar structure of PCL and block copolymer
films was destroyed and the intensity of morphological change was in agreement with degradation
extent. Due to a higher degradation extent of diblock copolymers, surface erosion of those samples was
more intensive, and higher RMS values after degradation were observed. For the PCL/PEO-1, which lost
about 12 wt% of the weight, difference in RMS value before and after degradation was only about
30 nm in comparison to sample PCL/PEO-3 (weight loss 6.4 wt%) with RMS detected change of almost
60 nm. This could be explained by the spherulites’ diameter of PCL/PEO-3 polymer which possessed
smaller starting RMS value due to very large spherulites (200 um). Because of the relatively small
surface roughness of this diblock copolymer, compared to other samples, the enzymes presented in a
cell-free extract could easily attack polymer surface.

Degradation in model compost system

Biodegradation of diblock copolymers and PCL was tested in model compost system containing a
commercial mixture used for cultivation of white button mushroom and supplemented with culture of
P. aeruginosa PAO1, at 37 °C. During four weeks of composting, diblock copolymer samples exhibit
significantly higher surface degradation followed by roughing and polymer disintegration (Figure 4).
Homopolymer PCL showed the smallest level of degradation indicating the best resistance to
microorganisms. The highest disintegration was observed for PCL/PEO-1 sample due to higher content
of hydrophilic PEO segment, but also to the smallest molecular weight. Higher molecular weight
induced lower degradation, therefore copolymer PCL/PEO-3 were marely destroyed after four weeks in
compost. For the samples highly degraded, some areas were more affected than others, resulting in an
inhomogeneous mechanism of degradation. This might be explained by a possibly better contact of the
compost in more degraded areas as well as by an inhomogeneous growth of the microorganisms on the
polymer film surface.

90



Impresum  Sadrzaj : : Contents INDEX Knjiga lzvoda : : Book of Abstracts Stampa : : Print Izlaz : : Exit

53. savetovanje Srpskog hemijskog drustva, Kragujevac 10. i 11. jun 2016. HTM 01

PCL/PEO-1 PCL/PEO-2 PCL/PEO-3

Figure 4. PCL and diblock copolymer samples photographed after 1 week and 4 weeks in compost.

Conclusions

Diblock PCL/PEO copolymers exhibited higher hydrolytic degradation in comparison to homopolymer
PCL. Besides weight loss, FTIR analysis confirmed structural changes of samples manifested through
carbonyl and crystallinity index changes. Enzymatic degradation of polymer samples in the presence P.
aeruginosa PAO1 cell free extract indicated higher degradation compared to hydrolytic degradation.
AFM analysis revealed the strong changes in surface morphology, and assessment of RMS values after
enzymatic degradation confirmed surface erosion process. FTIR analysis of enzymatically degraded
polymer films also indicated significant changes in carbonyl and crystallinity indexes while GPC
analysis revealed higher decrease in molecular weight of diblock copolymers. Degradation tests in
compost showed significant level of destruction of block copolymer films in comparison to PCL sample.
Therefore, both PEO segment content and polymer molecular weight have significant impact on the
biodegradation process. Finally, introduction of short PEO segment into PCL chains greatly affected
bulk and surface errosion which is beneficial for biodegradation behaviour.

Poredenje hidroliticke, enzimske i degradacije u kompostu PCL/PEQO diblok kopolimera

U ovom radu je prikazana hidroliticka i enzimska degradacija poli(e-kaprolaktona) (PCL) i serije diblok
kopolimera (PCL/PEO) sa malim sadrZajem hidrofilnog PEO segmenta. Ispitivan je uticaj uvodenja lateralnog
PEO segmenta u PCL lanac na degradativna svojstva kopolimera. Hidroliticka degradacija je izvodena u
fosfatnom puferu tokom 8 nedelja. FTIR analizom je utvrdena bolja degradativna sposobnost diblok
kopolimera usled vece hidrofilnosti u poredenju sa PCL-om. Enzimska degradacija, testirana u "cell-free"
ekstraktu Pseudomonas aeruginosa PAO1, tokom dve nedelje, je pracena na osnovu promena mase, hrapavosti
povrsine polimernih filmova kao i FTIR analizom. Rezultati su potvrdili da svi uzorci podlezu enzimskoj
degradaciji, koja se odigrava po mehanizmu povrSinske erozije i uz smanjenje molarne mase. Diblok
kopolimeri su pokazali znacajno veci gubitak mase i smanjenje molarne mase u odnosu na PCL. AFM analiza
je potvrdila intenzivnu povrSinsku eroziju i povecanje RMS vrednosti. Testirana je i biodegradacija polimernih
filmova u kompostu na 37 °C gde je utvrdena izraZena degradacija ispitivanih blok kopolimera.

Rad je finansiran od strane Ministarstva prosvete i nauke Republike Srbije: Projekat 172062 i 173048
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Dinuklearni Pt(II) kompleksi kao efikasni kataliticki reagensi
za selektivnu hidrolizu peptida

Snezana Rajkovi¢

Institut za hemiju, Prirodno-matematicki fakultet, Univerzitet u Kragujevcu, R. Domanovica 12, 34000
Kragujevac, Srbija, snezana@kg.ac.rs

Uvod

Poslednjih trideset godina intenzivno se izucavaju reakcije paladijum(II) i platina(II) kompleksa sa
peptidima, koji u bo¢nom nizu sadrze aminokiseline L-metionin i L-histidin, jer ovi kompleksi
predstavljaju veoma efikasne katalizatore hidrolize peptidne veze. Poznato je da nakon koordinovanja
akva-derivata paladijum(II) i platina(II) kompleksa za heteroatom u bo¢nom nizu aminokiselina L-
metionin i L-histidin, dolazi do hidrolize peptidne veze koja sadrzi karboksilnu grupu koordinovane
aminokiseline."” U ovom radu prikazan je pregled rezultata postignutih u oblasti ispitivanja reakcija
hidrolize peptidne veze u peptidima koji sadrze aminokiseline L-metionin i L-histidin u prisustvu
dinuklearnih kompleksa platine(I1).

Eksperimentalni deo

Kompleksi opste formule [{Pt(L)CI},(u«-X)]Cl, (L je etilendiamin, en; (+)-1,2-propilendiamin, 1,2-pn; izo-
butilendiamin, ibn; trans-(+)-1,2-diaminocikloheksan, dach; 1,3-propilendiamin, 1,3-pd; 2,2-dimetil-1,3-pro-
pilendiamin, 2,2-diMe-1,3-pd; (+)-1,3-pentandiamin, 1,3-pnd i X je mostni diazinski ligand pirazin, pz ili
piridazin, pydz) su dobijeni iz odgovaraju¢ih mononuklearnih [Pt(L)CIl,] kompleksa po modifikovanom
postupku koji je ranije opisan u literaturi.*® Strukture ovih kompleksa su pretpostavljene na osnovu rezultata
NMR (*H i ©°C) spektroskopije i elementarne mikroanalize, a u pojedinim slu¢ajevima potvrdene su primenom
rendgenske strukturne analize. Dinuklearni hlorido-platina(Il) kompleksi prevedeni su u odgovarajuce akva-
komplekse, [{Pt(L)(H,0)},(u-X)]**. Reakcije [{Pt(L)(H,0)}.(1-X)]** kompleksa sa N-acetilovanim peptidima
koji u svojoj strukturi sadrze aminokiseline L-metionin i L-histidin (Ac-L-Met-Gly, Ac-L-His-Gly i Ac-L-Met-
Gly-L-His-GlyNH,) pra¢ene su pomoé¢u ‘H NMR spektroskopije. Reakcije platina(ll) kompleksa sa peptidima
izvodene su u 1:1 i 2:1 molskim odnosima, na temperaturi od 37 °C, a pH vrednost reakcione smese bila je u
opsegu 2,0-2,5.

Rezultati i diskusija

Ispitivanje reakcija hidrolize peptidne veze u Ac-L-Met-Gly i Ac-L-His-Gly dipeptidima pomocu razliitih
[{Pt(L)(H:0)}:(u-pz)]** kompleksa

Primenom '"H NMR spektroskopije ispitan je uticaj bidentatno koordinovanog diaminskog liganada L u
[{Pt(L)HZO}z(y—pz)]4+ kompleksima (L je en, 1,2-pn, ibn, dach, 1,3-pd, 2,2-diMe-1,3-pd, 1,3-pnd) na
brzinu hidrolize Met-Gly i His-Gly peptidnih veza u N-acetilovanom L-metionil-glicinu (Ac-L-Met-Gly) i
N-acetilovanom L-histidil-glicinu (Ac-L-His-Gly) (Slika 1). Helatni diaminski ligandi L u
[{Pt(L)H,0}(u-pz)]*" kompleksima predstavljaju stabilni deo molekula i ostaju koordinovani za Pt(II)
jon u toku reakcija sa dipeptidima.*®

Ac-L-Met-Gly

U reakcijama [{Pt(L)H.O}(u-pz)]*" kompleksa sa ekvimolarnom koli¢inom Ac-L-Met-Gly dipeptida
dolazi do monodentatne koordinacije dipeptida za Pt(II) komplekse preko atoma sumpora iz
metioninskog ostataka, pri ¢emu se formira platina(II)-dipeptid kompleks koji je hidroliticki aktivan,
[{Pt(L)(Ac-L-Met-Gly-S)}(u-pz){Pt(L)(H.0)}]**, 1 (Slika 2). U svim ispitivanim reakcijama interme-
dijerni kompleks 1, katalizuje hidrolizu peptidne veze koja sadrzi karboksilnu grupu metionina.
Reakcije hidrolize peptidne veze pracene su 24 sata, a vremenska zavisnost reakcija hidrolize Met-Gly
peptidne veze u prisustvu platine(IT) kompleksa, prikazana je na Slici 3a i 3b. Na osnovu podataka koji
su prikazani na Slici 3a i 3b mozZe se zakljuciti da koli¢ina hidrolizovanog Ac-L-Met-Gly dipeptida zavisi
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od veli¢ine bidentatno koordinovanog diaminskog prstena u [{Pt(L)H.O0},(u-pz)]*" kompleksu. Nadeno
je da promenom petoclanog bidentatno koordinovanog diaminskog liganda u Pt(II) kompleksu brzina
hidrolize opada slede¢im redom: en > 1,2-pn > ibn > dach (Slika 3a).” Medutim, u reakciji Ac-L-Met-Gly
sa dinuklearnim [{Pt(L)(H,0)},(x-pz)]** kompleksima, koji sadrze $estoclani helatni diaminski prsten (L
je 1,3-pd, 2,2-diMe-1,3-pd, 1,3-pnd), koli¢ina hidrolizovanog Ac-L-Met-Gly dipeptida ne zavisi od
velicine helatnog diaminskog prstena. Sterne modifikacije u Sestoclanom diaminskom prstenu u
[{Pt(L)(H;0)}2(z-pz)]*" kompleksima nemaju znacajan uticaj na brzinu hidrolize peptidne veze koja
sadrzi karboksilnu grupu metionina u Ac-L-Met-Gly dipeptidu.

L j [ \[{ ﬂ (\/"““"\/j

/ \//—\\/\ 1,2-pn |bn dach /\ /\
PH(L)(H20)} (1 <: J: ><:
HPHOHORRepal” NH, NH, [{Pt(en)(HZO)}z(u pydz)}
1,3-pd 1,3-pnd 2,2-diMe-1,3-pd
H o H o
N OH N OH
T H/\O( Y H/\O( Y g& /Y /Y
(o]
N3 \ N 3 \
L
NH
Ac-L-Met-Gly Ac-L-His-Gly Ac-L-Met-Gly-L-His-GlyNH,

Slika 1. Strukturne formule dinuklearnih platina(I11) kompleksa i peptide

N 3 N :' QH2 \=-1N OH2
Tt N N Fi[ | | J L | | J
u D ;
[{Pt(L)(Ac-L-Met- Gly S)}hu pZ)(Pt(L)(HzO))]M [{Pt(L)(Ac-L-His-Gly-| N3)}(/1 pZ)(Pl(L)(HZO)}] [{Pt(en)(Ac-L-His-Gly-| N1)}(;1-pz){Pt(en)(H20))]4+

Slika 2. Strukturne formule intermedijernih platina(1l) peptid kompleksa

Ac-L-His-Gly

Kada se dinuklearni [{Pt(en)(H,0)}(u-pz)]** kompleksi i Ac-L-His-Gly pomesaju u 1:1 molskom odnosu
primenom 'H NMR spektroskopije u rastvoru su identifikovani [{Pt(en)(Ac-L-His-Gly-N3)}(u-
pz){Pt(en)(H:0)1*" 2 i [{Pt(en)(Ac-L-His-Gly-N1)}u-pz){Pt(en)(H,0)}]** 3 kompleksi (Slika 2).°
Medutim, u reakciji [{Pt(L)(H.0)}(u-pz)]** (L je 1,3-pd, 2,2-diMe-1,3-pd, 1,3-pnd) kompleksa, koji
sadrze Sestoclani diaminski helatni prsten, sa Ac-L-His-Gly u rastvoru je identifikovan samo jedan
intermedijerni [{Pt(L)(Ac-L-His-Gly-N3)}(x-pz){Pt(L)(H.0)}]*" kompleks 2. Kompleksi 2 i 3 su
okarakterisani na osnovu razlika u hemijskih pomeranjima za C2H i C5H protone imidazololovog
prstena iz histidina, Tabela 1. Na osnovu podataka 'H NMR spektroskopije nadeno je da je
intermedijerni kompleks 2, u kome je dipeptid koordinovan preko N3 atoma azota imidazolovog prstena
za Pt(II) jon, hidroliti¢ki aktivan.® Kompleks 2 katalizuje hidrolizu His-Gly peptidne veze u Ac-L-His-
Gly dipeptidu. Vremenska zavisnost reakcije hidrolize His-Gly peptidne veze je prikazana na Slici 3c.
Poredena je brzina hidrolize His-Gly peptidne veze u dipeptidu u prisustvu [{Pt(L)(H,0)}:(z-pz)]**
kompleksa, koji sadrze Sesto¢lani helatni diaminski prsten, u odnosu na [{Pt(en)(H:0)}.(upz)]**
kompleks sa petoclanim diaminskim prstenom. Na osnovu podataka koji su prikazani na Slici 3c moze se
zakljuciti da se koli¢ina hidrolizovanog Ac-L-His-Gly dipeptida smanjuje sa pove¢anjem sternog efekta
dinuklearnog kompleksa platine(II) (en > 1,3-pd > 1,3-pnd > 2,2-diMe-1,3-pd). Razlika u katalitickoj
aktivnosti ispitivanih dinuklearnih [{Pt(L)(HZO)}Z(,u—pz)]4+ (L je 1,3-pd, 1,3-pnd 2,2-diMe-1,3-pd) i
[{Pt(en)(H20)}( ,u—pz)]‘” kompleksa zavisi isklju¢ivo od brzine koordinovanja Ac-L-His-Gly dipeptide za
odgovaraju¢i Pt(II) kompleks. Ove reakcije su posmatrane kao reakcije drugog reda i na osnovu
podataka koji su prikazani u Tabeli 2 moze se zakljuciti da vrednosti konstante brzine (k;) opadaju sa

93

Exit



Impresum

Sadrzaj : : Contents INDEX Knjiga lzvoda : : Book of Abstracts Stampa : : Print Izlaz : : Exit

53. savetovanje Srpskog hemijskog drustva, Kragujevac 10. i 11. jun 2016. NH S

povecanjem sternog efekta diaminskog liganda u dinuklearnim kompleksima platine(II). Prema tome,
modifikacijom dinuklearnog [{Pt(L)(H,0)}.(x+pz)]*" kompleksa, odnosno uvodenjem sterno velikog
diaminskog liganda L, moZe se uticati na brzinu formiranja hidroliticki aktivnog kompleksa 2 (Slika 2),
a samim tim i inhibirati hidroliticko raskidanje peptidne veze koja sadrzi karboksilnu grupu histidina.
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Slika 3. Vremenska zavisnost reakcije hidrolize Met-Gly (a i b) i His-Gly (c) peptidne veze u dipeptidima u
reakciji sa {[Pt(L)(H20)]2(u-pz)}** kompleksima®’

Ispitivanje reakcija hidrolize peptidne veze u peptidima koji sadrZe aminokiseline L-metionin i L-histidin u
prisustvu [{Pt(en)(H:0)}(u-pz)]*" i [{Pt(en)(H:0)}(u-pydz)]** kompleksa

Dinuklearni [{Pt(en)Cl},(u-X)]Cl, kompleksi (X je pz ili pydz), ¢ija je struktura potvrdena na osnovu rezul-
tata rendgenske strukturne analize, prevedeni su u odgovarajuce akva analoge, [{Pt(en)(H.0)}»(u-pz)]*" i
[{Pt(en)(H,0)}(u-pydz)]**.*® Primenom 'H NMR spektroskopije izu¢avane su reakcije ovih komleksa sa
Ac-L-His-Gly i Ac-L-Met-Gly-L-His-GlyNH, peptidima (Slika 1).

Ac-L-His-Gly

Kao $to je prethodno navedeno, u reakciji [{Pt(en)(H.0)},(u-pz)]** kompleksa sa Ac-L-His-Gly
dipeptidom dolazi do formiranja dva intermedijerna Pt(II)-peptid kompleksa (kompleksi 2 i 3; Slika 2 i
Tabela 1). Medutim, u reakciji [{Pt(en)(H;0)}(u-pydz)]*" sa ovim dipeptidom ne dolazi do
koordinovanja dipeptida za Pt(II) jon, ni za vreme od 48 sati. Kao posledica odsustva koordinacije atoma
azota imidazolovog prstena dipeptida za Pt(II) jon, His-Gly peptidna veza ne hidrolizuje. Razlika u
reaktivnosti [{Pt(en)(H:0)}(u-pz)1** i [{Pt(en)(H,0)}(u-pydz)]*", kompleksa sa Ac-L-His-Gly mozZe se
pripisati prisustvu razli¢itih mostnih liganda u ovim kompleksima.®

Tabela 1. "H NMR hemijska pomeranja (S, ppm) za Pt(II)-peptid komplekse koji nastaju u reakcijama sa
Ac-L-His-Gly i Ac-L-Met-Gly-L-His-GlyNH;

Imidazol Ref
peptid/Pt(I1)—peptid kompleks (6/ ppm) :
C2H C5H
Ac-L-His-Gly 8.61 7.33 6
[{Pt(en)(Ac-L-His-Gly-N3)}u-pz){Pt(en)(H:0)}]** 2 809 7.0 6
[{Pt(en)(Ac-L-His-Gly-N1)}(u-pz){Pt(en)(H.0)}]*" 3 7.96 6.95 6
[{Pt(1,3-pd)(Ac-L-His-Gly-N3)}(u-pz){Pt(1,3-pd)(H.0)}** 2 8,08 7,06
[Pd(en)(H:0)(Ac-L-His-Gly-N3)]** 8.03 7.11 7
[Pd(en)(Hz0)(Ac-L-His-Gly-N1)]** 7.87 6.89 7
Ac-L-Met-Gly-L-His-GlyNH: 8.63 7.31 6
[{Pt(en)(Ac-L-Met-Gly-L-His-GlyNHz-N3)}(u-pz){Pt(en)(H:0)}]*" 2 8.07 7.09 6
[{Pt(en)(Ac-L-Met-Gly-L-His-GlyNHz-N1)}(u-pz){Pt(en)(H:0)}]** 3 7.92 6.92 6
[{Pt(dien)}(y—Ac—L—Met—Gly—L—HiS—GlyNHz—S,NS’){Pt(en)(HzO)}]“ 8.14 7.10 8
[{Pt(dien)}(u-Ac-L-Met-Gly-L-His-GlyNHz-S,N1 ){Pt(en)(H.0)}]*" 7.88 6.89 8
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Tabela 2. Konstante brzine za reakcije formiranja hidroliticki aktivnog kompleksa 2

Kompleks k2 / (10°k/M's™)
[{Pt(en)(H,0)}2(u-pz)]** 2.08 £0.06
[{Pt(1,3-pd)(H,0)}:(z-pz)]** 1.58 +0.05
[{Pt(1,3-pnd)(H,0)}»(z-pz)]1** 1.09 +0.09
[{Pt(2,2-diMe-1,3-pd)(H,0)},(1-pz)]** 0.87 +0.01

Ac-L-Met-Gly-L-His-GlyNH,

U reakcijama [{Pt(en)(H,0)}(u-pz)]*" i [{Pt(en)(H;0)}(u-pydz)]** kompleksa sa ekvimolarnom
kolicinom Ac-L-Met-Gly-L-His-GlyNH; dolazi do spontanog koordinovanja atoma sumpora metio-
ninskog ostatka tetrapeptida za Pt(II) jon.® Rezultati '"H NMR spektroskopije su pokazali da u ovim
reakcijama ne dolazi do koordinovanja atoma azota iz imidazolovog prstena histidina. Monodentatna
koordinacija Ac-L-Met-Gly-L-His-GlyNH; za [{Pt(en)(H;0)}(u-pz)]*" i [{Pt(en)(H.0)},(u-pydz)]** kom-
plekse dovodi do formiranja hidroliticki aktivnih, [{Pt(en)(Ac-L-Met--Gly-L-His-GlyNH,-S)}
(;4—pz){Pt(en)(HzO)}]4+ 1 [{Pt(en)(Ac—L—Me’c—Gly—L—His—GlyNHz—S)}(y—pydz){Pt(en)(HZO)}]4+ kompleksa.
Ovi intermedijerni platina(II)-peptid kompleksi su strukturno analogni kompleksu 1 (Slika 2) i oni
katalizuju hidrolizu Met-Gly peptidne veze u ispitivanom tetrapeptidu. Na osnovu podataka '"H NMR
spektroskopije nadeno je da nakon 48 sati hidrolizuje 80% Met-Gly peptidne veze u prisustvu
[{Pt(en)(H,0)}2(u-pz)]*" i samo 50% u prisustvu [{Pt(en)(H;0)}(u-pydz)]*" kompleksa. Reakcije
Ac-L-Met-Gly-L-His-GlyNH; sa ovim dinuklearnim Pt(II) kompleksima izu¢avane su u visku kompleksa.
U reakciji [{Pt(en)(H;0)}(u-pz)]** sa ovim tetrapeptidom, pored [{Pt(en)(Ac-L-Met-Gly-L-His-GlyNH,-
S)Hu-pz){Pt(en)(H,0)}]*" kompleksa, nastaju jos dva Pt(II)-tetrapeptid kompleksa. Ova dva kompleksa
predstavljaju izomere u kojima je tetrapeptid preko atoma azota (NI odnosno N3) histidina
koordinovan za Pt(II) jon i strukturni su analozi sa kompleksima 2 i 3 koji su prikazani na Slici 2.
Nadeno je da, pored hidrolize Met-Gly peptidne veze, hidrolizuje i His-GlyNH; peptidna veza u ¢iju
strukturu ulazi karboksilna grupa histidina. Hidroliza His-GlyNH, peptidne veze je posledica
koordivovanja tetrapeptida preko N3 atoma azota za drugi Pt(II) jon dinuklearnog kompleksa. Nadeno
je da nakon 48 sati hidrolizuje oko 80% Met-Gly i 28% His-GlyNH; peptidne veze. Medutim, u reakciji
tetrapeptida sa [{Pt(en)(H,0)},(u-pydz)]** kompleksom, u 1:2 molskom odnosu, hidrolizuje samo Met-
Gly peptidna veza. U ovoj reakciji ne dolazi do hidrolize His-GlyNH; peptidne veze, jer se atom azota
imidazolovog prstena (N1 odnosno N3) ne koordinuje se za Pt(II) jon. Dinuklearni Pt(1I) kompleks, koji
kao mostni ligand sadrzi pz, je bolji katalizator hidrolize peptidne veze u odnosu na kompleks u kome je
pydz mostni ligand. Ovo se objasnjava ¢injenicom da su dva Pt(II) jona u [{Pt(en)(H,0)}(u-pydz)]**
kompleksu na manjem rastojanju (3,2535(4) A) od rastojanja dva Pt(II) jona u [{Pt(en)(H:0)}(u-pz)]**
kompleksu (6,7890(3) A). Na osnovu ovoga mozemo zakljuciti da regioselektivna hidroliza peptidne
veze, koja sadrzi karboksilnu grupu aminokiseline metionina, u polipeptidima koji sadrZe obe
aminokiseline metionin i histidin moze se posti¢i upotrebom dinuklearnog Pt(II) kompleksa koji kao
mostni ligand sadrzi piridazin.®

Zakljucak

U ovom radu dat je pregled do sada postignutih rezultata u oblasti ispitivanja reakcija hidrolize Met-Gly
i His-Gly peptidnih veza u Ac-L-Met-Gly i Ac-L-His-Gly dipeptidima, kao i u Ac-L-Met-Gly-L-His-
GlyNH; tetrapeptidu, u prisustvu razli¢itih dinuklearnih kompleksa platine(II). Nadeno je da brzina
hidrolize Met-Gly peptidne veze zavisi od sternog efekta bidentatno koordinovanog diaminskog liganda
u [{Pt(L)(H20)}(u-X)1* kompleksu (L je en, 1,2-pn, ibn, dach). Sterne modifikacije u Sesto¢lanom
diaminskom prstenu (L je 1,3-pd, 1,3-pnd i 2,2-diMe-1,3-pd) nemaju znacajan uticaj na brzinu hidrolize
Met-Gly peptidne veze u peptidima. Promenom mostnog diazinskog liganda u [{Pt(L)(H,0)}(u-X)]1**
kompleksu (X je py ili pydz) moze se posti¢i regioselektivna hidroliza samo Met-Gly peptidne veze u
peptidima koji sadrze L-metionim i L-histidin.

Zahvalnica: Ovaj rad je finansijski podrZan od strane Ministarstva prosvete, nauke i tehnoloSkog razvoja
Republike Srbije (Projekat: 172036).
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Dinuclear Pt(II) complexes as effective catalytic reagents for the selective hydrolysis of
peptides

Recent years have witnessed an increasing interest in the study of the interactions of Pt(II) complexes with
methionine- and histidine-containing peptides and proteins as effective catalyst for the hydrolytic cleavage of
the above mentioned peptides. In general, it was shown that platinum(II) aqua complexes spontaneously bind
to the heteroatom in the side chain of L-methionine or L-histidine and promote cleavage of the amide bond
involving the carboxylic group of the anchoring amino acid. The present work provides overview of the results
achieved in the studies of the hydrolytic reactions of the amide bond in L-methionine- and L-histidine
containing peptides in the present of dinuclear {[Pt(L)(H:0)](u-X)}*" complexes (L is ethylenediamine, en;
(+)-1,2-propylenediamine, 1,2-pn; isobutylenediamine, ibn; trans-(x)-1,2-diaminocyclohexane, dach;
1,3-propylenediamine,1,3-pd; 2,2-dimethyl-1,3-propylenediamine, 2,2-diMe-1,3-pd; (+)-1,3-pentanediamine,
1,3-pnd and X is bridging diazine ligand pyrazine, pz or pyridazine, pydz)." It was found that the amount of
hydrolyzed peptide bound strongly depends from the steric bulk of bidentate coordinated diamine ligand L and
pyrazine- or pyridazine-bridged ligand X in {[Pt(L)(H,0)]2(u-X)}** complex.
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Adsorpcija bakarnih jona na modifikovanom i nemodifikovanom zeolitu 5A

Zora M. Levi, Jelena V. Penavin-Skundri¢, Rada R. Petrovi¢, Darko R. Bodroza

Tehnoloski fakultet Banja Luka, Stepe Stepanovica 73

Uvod

Cilj rada je bio u pronalazenju najpogodnijeg oblika adsorbensa (zeolita 5A) za adsorpciju CuSO45H,0.
Upravo zbog toga, osim na izvornom uzorku zeolit 5A, adsorpcija je radena u njegovoj baznoj i kiseloj
modifikaciji. Na osnovu adsorpcionog kapaciteta ovih adsorbenasa, ispitana je promjena kiselosti
njihove povrsine. Osnovni uzorak je bio zeolit 5A, formule: (1)

Ca4,5Na3[(A|Oz)lz(SiOZ)lz]'3OHzo.

Radi se o sintetickom uzorku, sa veoma pravilnom i definisanom kristalnom strukturom. Kako je
procesom kiselinske i bazne aktivacije moguce znacajno izmjeniti sorpcione karakteristike zeolita i
uciniti ih boljim za odredene adsorbate, ovaj rad je pokusaj da se u tome uspije. Kiselinska aktivacija je
radena sa vodenim rastvorom sulfatne kiseline, a bazna sa vodenim rastvorom natrijum karbonata.
Baznom aktivacijom smo uspjeli poboljSati osobine zeolita 5A. Procesom kiselinske aktivacije ocekivali
smo, takode, promjenu osobina zeolita. Naime, ocekivanja su bila da ¢e procesom kiselinske aktivacije
biti uklonjen dio tetraedarski koordiniranog Al iz strukture zbog reakcije:

A|203 + 3H2804—> A12(804)3 + 3H20

Na ovaj nacin bi se dobila veca aktivna povr$ina, a samim tim i ve¢e adsorpcione sposobnosti. (2)

Rezultati i diskusija

U radu je pracena adsorpcija bakar (II) sulfata pentahidrata (CuSO4'5 H,0) na izvornom uzorku zeolita
5A (proizvoda¢ Organisch-Chemisch Institut der Univerzitaet Goettingen), te na njegovoj kiselinsko i
bazno aktivnoj formi. Kiselinska aktivacija je vrSena sa 20%- tnim rastvorom H,SO. Bazna aktivacija je
vrSena sa rastvorom Na;COs; ¢1=0.094 mol/L i c;=0.047 mol/L. Ove aktivacije zeolita 5A obavljene su u
laboratorijskoj aparaturi. (3) Temperatura aktivacije je bila sobna, a vrijeme mijeSanja 6 casova. Odnos
zeolita i rastvora je bio 1:5. rastvori su ostavljeni da odstoje preko noci, nakon ¢ega su filtrirani i isprani.
Nakon filtracije uzorci su suseni na 105° C. Rastvor CuSO4-5H;0 je bio masene koncentracije: 2 g/L-
-10 g/L, a pripremljen je iz osnovnog rastvora (10g CuSO4+5H,0 rastvorenog u destilovanoj vodi i
razblazenog vodom do 1 L). Uzorci za adsorpciju su pripremljeni tako $to je u 6 Erlenmayer tikvica
odvagano po 1 g uzorka ( izvornog i aktiviranih) i u svaki od njih dodano po 5 mL CuSO+5 HO,
koncentracije y= 2g/L-10g/L. Adsorpcija je radena na 278 i 298 K u trajanju od 3 ¢asa. Koncentracije
uzoraka prije i poslije adsorpcije su pracene spektrofotometrijski na spektrofotometru- PERKIN
ELMER UV-VIS Spectrometer Lanbda 25; 830 nm.

Eksperimentalni podaci su prikazani u tabelama ( 1-7) i na slici (1).

Tabela 1. Adsorpcija CuSO,-5H,0 na zeolitu 5A, T= 298 K, t= 3h

Co/mol L Ci/mol L x10%/ mol M /¢ | (x/m-10%) /mol | log (x/m) | log (Ci/mol L")
0.0102 0.0033 0.345 1.0176 0.339 -0.4698 -2.4815
0.0176 0.0044 0.66 1.0027 0.6582 -0.1816 -2.3565
0.021 0.0046 0.82 1.1456 0.7158 -0.1452 -2.3372
0.024 0.0078 0.81 1.0629 0.7621 -0.118 -2.1079
0.0322 0.0155 0.835 1.0491 0.7959 -0.0991 -1.8097
0.0383 0.0172 1.055 1.0354 1.0189 0.0081 -1.7645

Tabela 2. Adsorpcija CuSO4-5H,0 na izvornom zeolitu 5A, T= 278 K, t= 3h
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Co/mol L™ Ci/molL™ | x10%/ mol Myeo / € (x/m10%) /mol | log (x/m) | log (C;/mol L)
0.0102 0.003 0.36 1.0291 0.3498 -0.4562 -2.5229
0.0176 0.0038 0.69 1.0655 0.6476 -0.1887 -2.4202

0.021 0.0041 0.845 1.0081 0.8382 -0.0767 -2.3872
0.024 0.0047 0.965 1.0116 0.9539 -0.0205 -2.3279
0.0322 0.006 1.31 1.006 1.3022 0.1147 -2.2218
0.0383 0.0069 1.57 1.1777 1.3331 0.1249 -2.1612

Tabela 3. Adsorpcija CuSO,.5H,0 na jace bazno aktiviranom 5A, T= 298 K, t=

3h

Co/mol L™ Ci/molL" | x10°/ mol Myeol / € (x/m-10%) /mol | log (x/m) | log (C;/mol L)
0.0102 0.0034 0.34 1.0555 0.3221 -0.492 -2.4685
0.0176 0.0059 0.585 1.0237 0.5715 -0.243 -2.2291
0.021 0.0085 0.61 1.0248 0.5952 -0.2253 -2.0706
0.024 0.0114 0.63 1.0151 0.6206 -0.2072 -1.9431
0.0322 0.0145 0.885 1.0127 0.8739 -0.0585 -1.8386
0.0383 0.018 1.015 1.0128 1.0022 0.001 -1.7447

Tabela 4. Adsorpcija CuSO, 5H,0 na jace bazno aktiviranom 5A, T= 278 K, t= 3h

Co/mol L™ Ci/molL" | x10°/ mol Myeo / € (x/m-10°) /mol | log (x/m) | log (Cy/molL.)
0.0102 0.0044 0.29 1.0857 0.2671 -0.5733 -2.3565
0.0176 0.0102 0.37 1.0137 0.365 -0.4377 -1.9914
0.021 0.0127 0.415 1.0226 0.4058 -0.3917 -1.8962
0.024 0.013 0.55 1.0149 0.5419 -0.2661 -1.8861
0.0322 0.0183 0.695 1.063 0.6538 -0.1846 -1.7375
0.0383 0.0234 0.745 1.0725 0.6946 -0.1583 -1.6308

Tabela 5. Adsorpcija CuSO4.5H,0 na slabije bazno aktiviranom 5A, T= 298 K, t= 3h

Co/mol L Ci/molL" | x10°/ mol Myeot / @ (x/m-10%) /mol | log (x/m) | log (C/mol L)
0.0102 0.0036 0.33 1.033 0.3195 -0.4955 -2.4437
0.0176 0.0059 0.585 1.0252 0.5706 -0.2437 -2.2291
0.021 0.0071 0.695 1.004 0.6922 -0.1598 -2.1487
0.024 0.0082 0.79 1.029 0.7677 -0.1148 -2.0862
0.0322 0.0126 0.98 1.0817 0.906 -0.0429 -1.8996
0.0383 0.0174 1.045 1.0275 1.017 0.0073 -1.7595

Tabela 6. Adsorpcija CuSO,4 5H;0 na slabije bazno aktiviranom 5A, T= 278K, t= 3h

Co /mol L™ Ci/mol L™ x~103/ mol Myeol / G (x/m~103) / mol log (x/m) log (Cy / mol L.4)
0.0102 0.0041 0.305 1.024 0.2979 -0.5259 -2.3872
0.0176 0.0075 0.505 1.0862 0.4649 -0.3326 -2.1249
0.021 0.0096 0.57 1.0745 0.5305 -0.2753 -2.0177
0.024 0.0121 0.595 1.0646 0.5589 -0.2527 -1.9172
0.0322 0.0184 0.69 1.0133 0.6809 -0.1669 -1.7352
0.0383 0.0243 0.7 1.0211 0.6855 -0.164 -1.6144
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1
A —@— Adsorpcija CuSO4 -5H20 na izvornom

zeolitu 5A, T= 298K, t=3h

~
N

—@— Adsorpcija CuSO4 -5H20 na izvornom

o
# zeolitu 5A, T=278 K, t=3h

[uny

|

g - Adsorpcija CuSO4 -5H20 na slabije
° 06 T bazno aktiviranom zeolitu 5A, T= 298K,
e 7 t=3h
N
c 04 —@— Adsorpcija CuSO4 -5H20 na slabije
= ’ bazno aktiviranom zeolitu 5A, T= 278K,
02 t=3h
' Adsorpcija CuSO4 -5 H20 na jace bazno
0 aktiviranom zeolitu 5A, T=298K, t= 3h
0 0,005 0,01 0,015 0,02 0,025 0,03

Adsorpcija CuSO4 -5H20 na jace bazno
aktiviranom zeolitu 5A, T=278K, t= 3h

ci(mol/L)

Slika 1. Adsorpcija CuSO4-5H,0 na izvornom 5A i njegovim bazno aktiviranim formama,
T=278K i 298K, t=3h

Tabela 7. Konstante n i k, AdsH Freundlichove adsorpcione izoterme, visine platoa, broj ads. molekula,
povrsina ads. molekula CuSO4.5H,0 i pokrivenost povrSine zeolita 5A i njegovih bazno aktiviranih formi,
T=278K i 298K, t= 3h

0/ %

ZEOLIT | Tads. n le10° | Aadstl/J hplata |y qg20 | Sadsmol/ /%

mol x/m-10” / mol m S/Sp
Neaktivirani 1=0.9 1=5.4198 $1=0.5848 | ©1=0.0012,
SA 278 | 0.640369 | 3.7222 | -1480.0794 =13 11278286 | Sv_0.8447 | ©2=0.0017
Neak;g”ram 298 | 0.803729 | 0.7158 | 1991.2972 1=0.76 1=4.5767 | $1=0.4938 | ©1=0.0010
Jace baz. ~ ~ 1-2.2884 | $:=0.2469 | ©:1=0.0005,
okt oA 278 | 1646091 | 0.0067 | -3804.5958 | 1=0.3811=0.67 | [ ““ - | Z 02 | g 00009
Jace baz. 1=0.60 1=3.6132 $1=0.3899 | ©1=0.0008,
akt. 5A 298 | 1707359 | 0.0093 | -4230.1041 11=0.9 11=5.4198 | $2-0.5848 | ©:=0.0012
Slabije baz. 1=0.54 1=3.2519 $1=0.3509 | ©1=0.0007,
akt. 5A 278 2.137666 | 0.0043 | -4940.7695 11=0.68 11=4.0950 S,=0.44185 | ©2=0.0009
Slzi‘geslfz' 298 | 1.41223 | 0.0203 | 3498.9012 1=0.85 1=5.1187 $1=0.5523 | ©:=0.0011

Na kraju smo izmjerili pH vrijednost neaktiviranog 5A, jace bazno aktiviranog 5A i slabije bazno
aktiviranog 5A rastvorenog u destilovanoj vodi i u osnovnom rastvoru. Rezultate mjerenja smo prikazali
u tabeli 8.

Tabela 8. pH vrijednosti neaktiviranog 5A, jace bazno aktiviranog 5A i slabije bazno aktiviranog 5A
rastvorenoih u destilovanoj vodi i u osnovnom rastvoru

Neaktivirani 5A Slabije bazno aktivirani 5A Jace bazno sktivirani 5A
Destilovana pH=9.60 pH 10.27 pH 10.56
voda (t=20.7°C) (t=21°C) (t=21°C)
. pH=4.75 pH 4.94 pH 5.00
Osnovnirastvor | (;_19.5°() (=19.4°C) (=19.5°)

Aktivni centri na zeolitnoj povrS$ini su Bronstedove i Lewisove kiseline i baze. Karakter, broj i lokacija
kiselih aktivnih centara zavise od strukture zeolita, tipa prisutnog katjona, odnosa Si/Al, kao i uslova
aktiviranja.

Kako je kod zeolita 5A odnos Si/Al= 1,0, aktivacijom smo pokusali uticati na njegovu kiselost.

Rezultati bazne aktivacije pkazuju da je oslobodena toplota adsorpcije najveca kod slabije baznog
uzorka i ona je na 5°C AadsH= -4940,7695 Jmol™, dok je prema o¢ekivanju na 25°C ne$to manja i iznosi
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AadsH= -3498,9012 Jmol . Ovaj rezultat je bio u skladu sa na$im o¢ekivanjima, jer je navedeni rastvor
CuS045H;0 slabo kiseo zbog hidrolize. Medutim ostali rezultati kao $to su broj adsorbovanih molekula
CuS04-5H,0 na povrsini zeolita, zaposjednutost povrsine (kojom se kvantitativno izrazava adsorpcija) su
najbolji na ¢istom, nemodifikovanom zeolitu 5A. Konstanta k, koja je pokazatelj interakcije adsorbat-
adsorbens, takode ima najviSu vrijednost za nemodifikovani uzorak. Zakljucak je da se baznom
aktivacijom izvornog uzorka sa Na,CO; smanjivala koli¢ina Si zbog reakcije:

SiO, + Na,CO3; — Na,SiO; + CO,

¢ime se donekle smanjivala i kiselost uzorka, ali ne dovoljno da bi aktivirani 5A dao bolje rezultate od
neaktiviranog. Poznato je da suspenzija zeolita sa visokim sadrZajem aluminijuma u skeletu reaguje
alkalno i pokazuje pH 9 do 12 zbog parcijalne hidrolize. (4) U eksperimentalnom dijelu je izmjerena pH
vrijednost neaktiviranog 5A i bazno aktiviranog zeolita 5A u vodenom rastvoru. Dobijeni rezultati su
prikazani u tabeli 8 i kao sto se vidi iz izmjerenih vrijednosti: neaktivirani 5A; pH= 9,60, slabije bazno
aktivirani 5A; pH= 10,27, jace bazno aktivirani 5A; pH= 10,56 su ocigledno imali uticaja na proces
adsorpcije, koji je prethodno opisan. Promjena pH vrijednosti je neminovno dovodila do promjene
ravnoteze prema L' Sateljeovom principu.Kao $to je ve¢ pomenuto zeoliti su kristalne strukture, a
kristalna reSetka je sastavljena od tetraedara SiO4 i AlO, koji ¢ine skelet kristala, izmedu kojih se nalaze
kanali i Supljine u kojima su vezani joni alkalnih i zemnoalkalnih metala. Joni metala se mogu lako
izmjeniti sa drugim jonima u sredini u kojoj se nalaze. Silicijumski dio melekule je elektri¢ki neutralan.
Medutim aluminijski dio nosi negativan naboj, pa snazno vezuje jone sa pozitivnim nabojem u koje
spada i jon vodonika. (5) Smatrali smo da je zbog toga moguce povecati njegovu unutras$nju povrsinu, tj.
povecati prostor za adsorpciju Cu**-jona. Takode smo smatrali da ¢e procesom kiselinske aktivacije biti
djelimic¢no uklonjen dio tetraedarski koordiniranog Al iz strukture zbog reakcije:

A|203 + 3H20 — Alz(SO4)3 + 3H20

¢ime bi se takode, dobila veca aktivna povrsina za adsorpciju Cu®’-jona. Medutim, adsorpcija na
kiselinski aktiviranim uzorcima nije uradena. Najvjerovatnije je doslo do potpune -ekstrakcije
aluminijuma uz raspad reSetke i stvaranja Zelatinoznog SiO,. Najvjerovatniji razlog je previsoka
koncentracija H;SO, sa kojom je radena kiselinska aktivacija.

Zakljucci

1. Ispitivana je adsorpcija bakar (II) sulfata pentahidrata na zeolitu 5A, te njegovim modifikacijama.
Adsorpcija je radena na dvije temperature (278K i 298K) u trajanju od 3 ¢asa.

2. Radena je bazna i kiselinska aktivacija uzorka 5A. Kiselinska aktivacija uzorka je rezultirala
stvaranjem Zelatinoznog SiO;, najvjerovatnije zbog previsoke koncentracije H,SO,. Na tim uzorcima
nije pracena adsorpcija. Bazna aktivacija je radena sa rastvorom Na,COs, razli¢itih koncentracija
(¢1=0,094 molL™" i c;=0,047molL™).

3. Pracenjem adsorpcije, zaklju¢eno je da je adsorpcija fizicka i viSeslojna. Ispitana je prema
Freundlichovoj adsorpcionoj izotermi.

4. Pracenjem adsorpcionih parametara, bazno aktiviranog 5A, zakljucak je da uzorak bazno aktiviran
(c(Na,C03)=0,047 molL™") daje najbolje rezultate u pogledu toplote adsorpcije (AdsH=
4940,7695Jmol™). Ostali adsorpcioni parametri, bazno aktiviranih uzoraka i izvornog 5A, kao $to su
broj adsorbovanih molekula CuSO4-5H,0 na povrSini zeolita, zaposjednutost povrSine, vrijednost
konstante k, idu u prilog nemodifikovanom zeolitu 5A. Zakljucak je da se baznom aktivacijom
zeolita sa Na,CO; smanjivala i njegova kiselost, zbog reakcije:

S|02 + N3.2C03—> Nazsi03 + CO.,.

Ocigledno smanjenje kiselosti nije bilo dovoljno da aktivirani 5A da bolje rezultate od neaktiviranog
zeolita 5A.
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Adsorption of copper ions on modified and unmodified 5A zeolite

Ions of many metals, as well as of nonmetals, are often present in polluted natural waters. Copper ions are also
some of those toxic metals, which may be found in water environment in three basic forms: suspended, colloidal
and solution one. Since adsorption represents one of the procedures for purification of waste waters, this study
is an attempt to find a more economical and, at the same time, better adsorbent for purification of water
polluted with copper ions. The adsorbent used is synthetic 5A zeolite and its acid and base activated forms. The
original sample 5A has been acid treated with 20% H;SO, solution. Base activation is a more frequent manner
of improving quality of zeolite, and in this study the original sample has been treated with 20% Na.COs;
solution. Examination of adsorption behavior of the original, acid and base activated 5A zeolite sample, in
contact with Cu (I1) sulfate pentahydrate, has been conducted in laboratory conditions. Adsorption of CuSQOy -
5H;0 on original and modified 5A samples has been observed spectrophotometrically. By observing adsorption,
it has been concluded that adsorption is physical and multilayer. It has been examined according to Freundlich
adsorption isotherm.
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Bioloski aktivno vlakno sa ceftriaksonom

Pero S. Sailovi¢ , Branka B. Rodi¢ Grabovac, Ljiljana N. Topali¢-Trivunovié

Univerzitet u Banjoj Luci, Tehnoloski fakultet, Banja Luka, Republika Srpska, BiH

Uvod

Savremena nauka svakodnevno nudi nova rjeSenja za jednostavniju, sigurniju i kontrolisanu primjenu
ljekovitih preparata”. Posebnu oblast bioloski aktivnih materijala predstavljaju materijali dobijeni
vezivanjem ljekovitih preparata na polimerni matriks**. Kao polimerni nosa¢ sve ¢e$ée se Kkoristi
celuloza kao netoksican i ekoloski prihvatljiv materijal. Vezivanjem razli¢itih ljekovitih preparata na
celulozu mogu se dobiti biologki aktivna vlakna sa lokalnom primjenom®®, koja omogucavaju otpustanje
optimalne koncentracije lijeka kontrolisanom brzinom, u duzem vremenskom periodu’?®.

Kao polimerni matriks za vezivanje lijeka u ovom radu koristena je oksidovana celuloza (OC) dobijena
modifikovanjem pamucnog zavoja procesom selektivne oksidacije. Za inkorporiranje na OC koristen je
antibiotik ceftriakson (slika 1) koji djeluje baktericidno na veliki broj bakterija®.

N
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Slika 1. Strukturna formula ceftriaksona

Cilj ovog rada bio je dobijanje bioloski aktivnog celuloznog materijala vezivanjem ceftriaksona na
oksidovani celulozni zavoj. U radu je ispitan uticaj strukture antibiotika i funkcionalnih grupa
oksidovane celuloze na koli¢inu vezanog i otpusStenog lijeka i tip formiranih hemijskih veza. Takode,
ispitano je antimikrobno djelovanje dobijenog bioloski aktivnhog materijala in vitro .

Materijal i metode

Za dobijanje oksidovane celuloze koriSten je kaliko zavoj (Saniteks Velika Kladu$a, 100% pamuk).
Proces oksidacije vrsen je smjesom HNO3/H3;PO, 2:11 1,43 % NaNO; na sobnoj temperaturi (25 = 1 °C)
tokom 12, 24 i 48 "°. Sadrzaj karboksilnih grupa oksidovanog celuloznog zavoja odreden je kalcijum-
acetatnom metodom"".

Za inkorporiranje na OC koriSten je antibiotik ceftriakson u obliku ceftriakson-dinatrijuma,
triseskvihidrata (Galenika, M=661,59 gmol”). Vezivanje antibiotika vreno je u statickim uslovima
potapanjem 1 g oksidovanog zavoja u 200 ml vodenog rastvora lijeka koncentracije ¢=3,4 - 10 mol/L na
sobnoj temperaturi (22 + 1 °C) tokom 24 h. Spektrofotometrijsko mjerenje koli¢ine lijeka u rastvoru
vrseno je nakon 5, 15, 301 60 min. i 24 h.

Desorpcija vezanog ceftriaksona sa oksidovane celuloze vrsena je u fizioloSkom rastvoru (0,95% NaCl) u
stati¢kim uslovima, na sobnoj temperaturi (22 + 1 °C), modul kupatila 1:100 u trajanju od 24 sata.
Koli¢ine vezanog i otpuStenog antibiotika sa oksidovanog celuloznog vlakna odredene su
spektrofotometrijski na UV-VIS spektrofotometru Perkin Elmer model Lambda 25, kod A.x 258 nm.
FTIR spektri OC i uzoraka OC sa vezanim ceftriaksonom, pripremljeni u obliku KBr pastila, snimljeni su
na spektrofotometru FTIR-8300 Shimadzu-Niroshi, u podrué¢ju 4500-500 cm™.

Uzorci oksidovanog celuloznog zavoja (sa 1,464 mmol/g COOH) sa vezanim ceftriaksonom pripremljeni
su za ispitivanje animikrobnog djelovanja tako da su isjeceni na kvadrati¢e veli¢ine 1x1 cm i tretirani
UV lampom (30 minuta na 254 nm). Testiranje antimikrobnog djelovanja modifikovanog celuloznog
zavoja s vezanim antibiotikom vrseno je in vitro odredivanjem inhibitorne aktivnosti metodom difuzije
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na agarnoj plo¢i'’. Antimikrobna aktivnost je ispitana u odnosu na kulture Staphylococcus aureus,
Bacillus subtilis i Escherichia coli. Svi uzorci su testirani u 20 ponavljanja i rezultati su dati kao srednja
vrijednost.

Rezultati i diskusija

Modifikovano celulozno vlakno dobijeno je selektivnom oksidacijom celuloznog zavoja tokom 12, 24 i
48 sati. Dobijeno je oksidovana celuloza sa 0,555 mmol/g, 1,464 mmol/g i 2,276 mmol/g karboksilnih
grupa, respektivno.

Na ovaj nacin uvedene su karboksilne grupe koje u kombinaciji sa hidroksilnim grupama celuloze
predstavljaju dobru osnovu za vezivanje antibiotika ceftriaksona. Rezultati sorpcije antibiotika na OC su
prikazani u tabeli 1.

Tabela 1. Kolic¢ina vezanog ceftriaksona na OC (mmol/qg), modul kupatila 1:200, temperatura 22+1°C

mmol COOH Trajanje sorpcije, min
pog0C 5 15 30 60 1440
0,555 0,0200 0,0428 0,0177 0,0297 0,0540
1,464 0,0400 0,0438 0,0277 0,0364 0,0768
2,276 0,0480 0,0442 0,0263 0,0436 0,1032

Iz tabele 1 se vidi znacajno vezivanje lijeka u prvih 15 minuta procesa sorpcije, nakon kojeg se biljezi
opadanje koli¢ine sorbovanog lijeka. Prilikom potapanja OC u vodeni rastvor antibiotika u prvih 15
minuta dolazi do kvasenja vlakana i kao rezultat upijanja biljezi se poCetno smanjenje koncentracije
lijeka u rastvoru. Ovako labavo vezane molekule ceftriaksona se djelimi¢no otpustaju, $to se nakon 30
minuta registruju kao smanjenje koli¢ine vezanog antibiotika na OC. Nakon tog vremena se
uspostavljaju vodoni¢ne i jonske veze izmedu molekula lijeka i OC i koli¢ina vezanog antibiotika
postepeno povecava tokom 24 h.

Ceftriakson u svojoj strukturi sadrzi tiazolni prsten sa amino grupom, i triazinski prsten ciji enolni
tautomer ima OH grupu. Ceftriakson takode sadrzi karboksilnu grupu u obliku Na-soli kao i ve¢i broj
akceptora i donora elektrona. Kao rezultat prisustva pomenutih funkcionalnih grupa i struktura,
ceftriakson moze da gradi viSestruke medumolekulske i hemijske veze sa oksidovanom celulozom.

Lijek ima sposobnost gradenja velikog broja vodoni¢nih veza izmedu atoma azota u tiazolskom i
triazinskom prstenu i OH grupa oksidovane celuloze. Nespareni elektroni na atomima azota u
heterocikli¢nim prstenovima ceftriaksona su lokalizovani i smjesteni u sp” hibridnim orbitalama zbog
¢ega mogu stvarati vodonicne veze sa vodonikovim atomima OH grupa oksidovane celuloze.

Karboksilna grupa antibiotika moZze da stupi u interakciju sa karboksilnim grupama oksidovane celuloze
stvaranjem vodonic¢nih veza, pri ¢emu nastaju dimer.

Takode, moguce je stvaranje jonske veze izmedu primarnih amino grupa antibiotika i karboksilnih
grupa oksidovane celuloze, koje su najjace od pomenutih veza. Mjerenje pH vrijednosti tokom procesa
sorpcije (tabela 2) pokazalo je da tokom vezivanja ceftriaksona na OC dolazi do opadanja pH vrijednosti
rastvora antibiotika.

Tabela 2. Promjena pH tokom sorpcije ceftriaksona na OC temperatura 22+1°C

mmol COOH Trajanje sorpcije, min
pogOC 5 15 30 60 1440
0,555 4,11 3,95 3,82 3,72 3,43
1,464 4,08 3,90 3,73 3,64 3,36
2,276 4,03 3,80 3,67 3,57 3,23

pH vrijednost rastvora ima viSestruko djelovanje na koli¢inu vezanog ceftriaksona na OC i tip vezivanja.
Snizavanjem pH vrijednosti ispod 4, sa jedne strane, smanjuje se stepen disocijacije karboksilnih grupa
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OC (pKa ~ 4)". S druge strane, izmjerene pH vrijednosti pogoduju disocijaciji karboksilne grupe
antibiotika (pKa = 3)" (jonizovane 60-80%). Takode, pH vrijednosti tokom sorpcije omogucéavaju
jonizaciju amino grupe na tiazolnom prstenu ceftriaksona (pKa = 3,2)"? u katjonsku formu pogodnu za
uspostavljanje jonske veze.

Pored toga, pH vrijednost uti¢e i na jonizaciju enolnih OH grupa (pK.=4,1)"? na triazinskom prstenu.
Jonizovane enolne OH grupe mogu da grade vodoni¢ne veze sa OH i COOH grupama OC.

Uzimajudi u obzir sve pomenute uticaje, moZze se zakljuciti da se antibiotik na OC vezao najviSe jonskim
vezama, zbog dobre jonizacije NH, grupa lijeka. Istovremeno, pH vrijednosti tokom sorpcije pogodovale
su jonizaciji karboksilnih grupa antibiotika i OC, $to znaci da se dio lijeka vezao i vodoni¢nim vezama.

Na slici 2 prikazani su FTIR spektri oksidovane celuloze (a) i OC sa vezanim ceftriaksonom (b). Na FTIR
spektru OC sa vezanim antibiotikom uocljivo je poveéanje apsorpcijskog signala kod 3450 cm™. U
podrucju od 3000 do 3550 cm™ $iroki apsorpcioni signal nastaje preklapanjem vise traka, kao $§to su
trake za vibracije istezanja O-H grupe alkohola i O-H karboksilne grupe kiselina. Povecanje intenziteta
ovog signala upucuje na stvaranje vodoni¢nih veza i dimera. Apsorpcioni signal kod 1400 cm™ u
kombinaciji sa $irokom apsorpcionom trakom kod 3450 cm™, ukazuje na formiranje dimera izmedu
karboksilnih grupa lijeka i OC. Uo¢ljivo je da nema smanjenje apsorpcionog signala kod 1740 cm™ koja
odgovara vibracijama istezanja >C=0 grupe. Povecan je intenzitet signala kod 1630 cm™ i 1420 cm™ koje
odgovaraju vibracijama istezanja karboksilatnog anjona ¢ime se potvrduje postojanje jonske interakcije
karboksilne grupe OC i amino-grupe ceftriaksona.
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Slika 2. FTIR spektri OC (a) i OC sa vezanim ceftriaksonom (b)

Rezultati desorpcije (tabela 3) pokazuju da se antibiotik u fizioloSkom rastvoru oslobada postepeno.
Nakon 24 h maksimalno se otpusta 6,99 % od ukupne koli¢ine vezanog ceftriaksona. Ovo se moze
tumaciti znac¢ajnim uceS¢em jonskih veza ceftriaksona sa OC kojima su pogodovale disocijacija amino
grupa antibiotika i karboksilnih grupa OC. Takode, veliki broj vodoni¢nih veza,iako su slabije od

vese

Tabela 3. Kolic¢ina otpustenog ceftriaksona sa OC (mmol/g), modul kupatila 1:100, temperatura 22+1°C

mmol COOH Trajanje desorpcije, h
pog OC 1 2 3 4 24
0,555 0,0024 0,0026 0,0029 0,0033 0,0038
1,464 0,0024 0,0026 0,0031 0,0035 0,0042
2,276 0,0037 0,0040 0,0045 0,0051 0,0060
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Antibakterijsko djelovanje testirano je na uzorku OC sa 1,464 mmol/g COOH koji je vezao
0,07680 mmol antibiotika po gramu vlakna. Rezultati mjerenja inhibitorne aktivnosti uzoraka
oksidovane celuloze sa vezanim ceftazidimom na rast Staphylococcus aureus, Bacillus subtilis i Escherichie
coli su prikazani u tabeli 4.

Tabela 4. Zona inhibicije za OC sa vezanim ceftriaksonom nakon 24 i 48 casova

. . Zona inhibiranog rasta bakterija, mm
Rod bakterija CFU /mL

24h 48 h

E. coli 10® 12,48 12,65
S. aureus 10° 12,60 12,70
B. subtilis 10® 4,93 4,99

‘CFU - Colony-forming unit

Obzirom da testirani antibiotik spada u trec¢u generaciju cefalosporina, dobijeni rezultati su u
saglasnosti sa pove¢anom aktivnos$¢u ceftriaksona prema gramnegativnim bakterijama.

Zakljucak

Sorpcijom ceftriaksona na OC moguce je dobiti bioloski aktivan materijal sa antimikrobnim djelo-
vanjem. Maksimalna koli¢ina ceftriaksona na OC nakon 24 sata sorpcije u vodenim rastvorima
antibiotika iznosila je 0,1032 mmol/g OC. Uoceno je povecanje kolicine vezanog lijeka na OC sa
porastom sadrZaja karboksilnih grupa OC i sa vremenom sorpcije. Na osnovu FTIR spektara uzoraka
ustanovljeno je da se ceftriakson vezao na OC jonskim i vodoni¢nim vezama. Obzirom da je vezivanje
antibiotika vr$eno u vodenim rastvorima koji nisu puferovani, pri zabiljezenim pH vrijednostima
dobijene su zadovoljavajuce koli¢ine sorbovanog i desorbovanog lijeka koje odgovaraju potencijalnoj
namjeni zavoja.

Najbolje antimikrobno djelovanje u OC zavoj sa vezanim ceftriaksonom ispoljio je prema Staphylococcus
aureus.

Biologically active fiber containing ceftriaxone

Properties of biologically active fiber depend on the type of carrier and the structure of the drug. In this paper
oxidized cellulose (OC) with different carboxylic group content is obtained by selective oxidation and used for
chemical bonding of antibiotic ceftriaxone.

The bonding was performed in antibiotic water solution concentration of c=3,4-10° mol/L at room
temperature (22 + 1 °C), while desorption was performed in physiological solution. The amounts of bonded
and released antibiotic were determined spectrophotometrically in UV range. Maximum amount of bound
drug (0,1032 mmol/q) was obtained during the sorption on the oxidized bandage with 2,276 mmol/g COOH
and the maximum amount of released drug was 0,0060 mmol/g. Antimicrobial activity of the samples with
bonded ceftriaxone was tested in vitro against Staphylococcus aureus, Bacillus subtilis i Escherichia coli by
agar diffusion test. The bigest zone of inhibition was obtained for Staphylococcus aureus.

The paper studies the influence of ceftriaxone chemical structure, pH of solution in which sorption is
performed and content of carboxyl group OC, on the amount of bonded drug. It was established that the drug
bonding was achieved by ionic bonds and the hydrogen bonds of the drug functional groups with oxidised
cellulose bandage.
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