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Ekolosko i koroziono ponasanje osiromasenog uranijuma

Mirjana D. Stojanovi¢', Caslav M. Laénjevac?, Marija L. Mihajlovi¢', Marija V. Petrovi¢', Tanja D. Sostaric’,

Jelena T. Petrovi¢', Zorica R. Lopic¢i¢*

UInstitut za tehnologiju nuklearnih i drugih mineralnih sirovina, Beograd, Srbija

2Poljoprivredni fakultet, Univerzitet u Beogradu, Zemun, Srbija

Izvod

Poslednjih decenija se sve vise govori o “new pollutant” — osiromasenom uranijumu (OU),
koji se koristi u protivtenkovskim penetratorima zbog svoje velike gustine, prodornosti i
pirofornih svojstava. Procenjuje se da je za vreme NATO agresije na bivsu Jugoslaviju 1999.
god., priblizno 10 t osiromasenog uranijuma uneto u zivotnu sredinu, uglavhom na poljo-
provredno zemljiste. U vreme tih deSavanja je bilo vrlo malo dostupnih informacija o
ponasanju ekoloskih sistema narusenih ostacima penetratorima sa OU. Danas, nakon ce-
trnaest godina, sve vise se susre¢emo sa “nevidljivom pretnjom” upotrebe municije sa OU,
koji ima snazan radioaktivni i hemotoksi¢ni uticaj na ljudsko zdravlje. Ovaj rad pruza pre-
gled korozionog i ekoloskog ponasanja OU, zajedno sa indikatorima uticaja na Zivotnu sre-
dinu, sa ciljem da se istaknu oblasti koje zahtevaju dodatnu paznju u izradi remedijacionih

programa.

Kljucne reci: osiromaseni uranijum, korozija, ponasanje, Zivotna sredina.

Dostupno na Internetu sa adrese asopisa: http://www.ache.org.rs/HI/

URAN U ZIVOTNOJ SREDINI - NORM/TENORM U SRBUI

Radionuklidi u Zivotnoj sredini mogu biti prirodnog,
geolosko-geohemijskog i antropogenog porekla. Antro-
pogena radioaktivnost generisana je putem nuklearnih,
vojnih i nenuklearnih (industrijskih) aktivnosti. Prirodna
doza radioaktivnosti predstavlja priblizno 81% godisnje
doze zracenja, dok preostalih 19% cini radioaktivnost
poreklom iz antropogenih izvora [1]. Procenjuje se da je
nuklearna katastrofa u Cernobilu povecala prirodnu
dozu zracenja za oko 2% [2]. Glavni doprinos prirodnoj
radioaktivnosti je NORM — “Naturally Occurring Radio-
active Material” i odnosi se na prirodne radioaktivne
materijale koji se nalaze u Zivotnoj sredini [3]. TENORM
— “Technologically-Enhanced Naturally-Occurring Radio-
active Materials”, ili tehnoloski povisen NORM, odnosi
se na radioaktivne materijale Cija je koli¢ina u Zivotnoj
sredini povecana ljudskim aktivnostima, odnosno, po-
rasla iznad nivoa njihovog prirodnog stanja u Zivotnoj
sredini [4].

Prirodni izvori urana u Srbiji (NORM) su magmatske,
sedimenentne, karbonatne stene i graniti, prose¢nog
sadrzaja do 3.5 gU/t i predstavljaju ,0snovu prirodnog
nivoa jonizujuceg zracenja”. Prirodno poveéan sadrzaj
urana pronaden je u planinskim regionima, Bukulje,
Janje, Stare Planine, Avale-Kosmaja, Rudnika, Cera, Vra-
nja, Fruske Gore i VrSackog brda, u proseku od 50-200
Bq/kg [5]. Tehnoloski procesi u elektranama, prerada

Prepiska: M.D. Stojanovi¢, Institut za tehnologiju nuklearnih i drugih
mineralnih sirovina , Franse d'Eperea 86, Beograd 11 000, Srbija.
E-posta: m.stojanovic@itnms.ac.rs
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fosfata, proizvodnja i primena fosfatnih dubriva, ostaci
municije sa OU predstavljaju glavni oblik TENORMa [6].
Tako, u blizini termoelektrana ,Kolubara” i ,Nikola
Tesla”, jacina ekvivalentne doze zraCenja varira od
1.,42-4,87 nSv/h, sto je 3 do 4% iznad prirodnog nivoa
zracCenja [7]. Proizvodnja i upotreba fosfatnih dubriva
znacajno doprinosi povecéanju sadrzaja urana u Zivotnoj
sredini i globalnog je karaktera. Oko 73% antropogenog
unosa urana u Zivotnu sredinu, na svetskom nivou,
poreklom je iz fosfatnih mineralnih djubriva. Sadrzaj
urana u fosfatnim rudama moze da dostigne i do 300
g/t, u zavisnosti od porekla. Na osnovu svetske godisnje
potrosnje od oko 135 miliona tona fosfatnih ruda, sa
prosecnim sadrzajem oko 150 gU/t, procenjuje se da se
njihovom preradom moze uneti oko 21.000 t urana u
Zivotnu sredinu. Na osnovu podataka da se u Srbiji
godisnje na njive unese oko 1 milion tona vestackih
dubriva na bazi fosfora, procenjuje se da se sa tim koli-
¢inama unese u zivotnu sredinu vise od 200 t urana [8].
Napustena leZiSta i rudnici urana predstavljaju zna-
Cajne generatore urana, tako jalovina zatvorenog rud-
nika urana u Gabrovnici—Kalna, sadrzi od 15,33 do 17
mgU/kg. Voda koja izvire i danas iz rudnika, sadrzi
0,053 mg U/dm’ vode. Vegetacioni eksperimenti u
realnim i kontrolisanim uslovima sa razli¢itim vrstama
biljaka (usevi i povrce), pokazali su da je sadrzaj urana u
biljkama uzgajanim na jalovini u Kalni znatno vedi od
sadrzaja urana u biljkama uzgajanim na nekontamini-
ranom zemljiStu, a stepen usvajanja urana znatno zavisi
od vrste biljaka, genotipova i biljnih organa [1,9-11].
Prema nekim procenama ,,prirodan nivo jonizujuéeg
zracenja” u nekim sredinama Srbije je povecan 30 puta
u poslednjih 30 godina, prouzrokovan ljudskim aktiv-
nostima [7]. Nazalost, doprinos TENORMu u Srbiji je
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bila i upotreba municije sa osiromasenim uranijumom
za vreme NATO bombardovanja 1999. god., Sto je
predmet daljeg izlaganja.

OSIROMASENI URANIJUM - KARAKTERISTIKE

Upotreba urana kao nuklearnog goriva, koji pri-
rodno sadrzi 0.7% **°U, zahteva njegovo obogadivanje
ovim izotopom do sadrZaja od 3 do 5%. U nuklearnom
gorivnom ciklusu generise se osiromaseni uranijum kao
sporedni proizvod sa sadrZajem izotopa >y od 0,2-
—0,3%. Tako dobijeni osiromaseni 28y nije vise eko-
nomski isplativ i ima status radioaktivnog otpada. Spe-
cificna aktivnost OU je oko 14,83 Bg/mg, i za 30-40% je
manje radioaktivan od prirodnog uranijuma (25,4
Bg/mg), sa istim poluvremenom raspada od 4,468x10°
godina [12].

Procenjuje se da se Sirom sveta priblizno 1,1 milion
tona OU nalazi na raznim deponijama, pri ¢emu se na
ovu koli¢inu svake godine doda jo$ minimum 46 hiljada
tona [13].

Upotreba municije sa DU u prethodnim ratovima

Tokom svih ratova u prethodnih 20 godina (Zalivski
rat 1991, rat u Bosni 1994, bombardovanje Srbije 1999.
i invazija na Irak 2003) ispaljeno je priblizno 1,4 miliona
projektila sa OU. Tabela 1 prikazuje podatke o unosu
OU u Zivotnu sredinu, prikupljenih iz razlicitih izvora na
osnovu kojih se moZe zakljuditi da ne postoje precizni
podaci o ta¢nim koli¢inama upotrebljene municije [14—
-21].

Fizicko ponasanje metka sa osiromasenim
uranijumom nakon ispaljivanja

Osiromaseni uranijum je odobren od strane Minis-
tarstva odbrane SAD za izradu municije i projektila koji
sadrze 0,2% izotopa >>°U i 0,0003% izotopa ~*°U. Pene-
trator (udarna igla) napravljen je od legure koja se sas-
toji od OU (99,25%) i titana (0,75%). Osiromaseni ura-
nijum odlikuje velika gustina 19,05 g/cm’, §to je 70%
vide od olova (11,35 g/cm’), niska tatka topljenja (1.132
°C), piromorfnost i velika probojna mo¢ (kalibrom od 30

mm moze da se probije Celik debljine 6-9 cm) [13].

Prilikom ispaljivanja municije prosecno 10-35%
(maksimalno 70%) od mase penetratora se pretvara u
aerosol [14]. Znatno manje aerosola se proizvodi u
slucaju kada penetrator promasi cilj, pri c¢emu se oko
90% deponuje u zemljistu [22]. Prilikom udara u metu,
18-70% tela penetratora se zapali i oksiduje, a frag-
menti se taloZe (deponuju) po povrsini zemljista u vidu
finih Cestica ili sagorevanjem prelazi u okside uranijuma
u vidu aerosola [13]. Zbog svoje termohemijske nesta-
bilnosti, primarno nastaje nestehiometrijski U(VI) oksid
oblika UO,,, (gde je 0<x<0,4), dok pri daljoj oksidaciji
dolazi do obrazovanja smese oksida U(IV) i U(VI). Od
nastalih oksida uranijuma, UO, nije rastvoran u vodi, a
UOs; je rastvoran i gradi uranil jon, U0,*, lako pokretljiv
u Zivotnoj sredini [13].

Kretanje projektila sa osiromasenim uranijumom
votne sredine putem [13]:

— Dubinske kontaminacije zemljista usled pene-
tracije neostecenih (nesagorelih) projektila, U nepo-
srednoj okolini pogodenog mesta kontaminacija je naj-
veca i uglavnom projektili korodiraju u hidratisani U(VI)
oksid, veoma rastvornog u vodi [23].

— Tackaste kontaminacije: kontakt sa ostacima
sagorelih projektila. U sluc¢aju da ostaci sagorelih pro-
jektila ostanu na povrsini zemljiSta moZe do¢i do tac-
kaste kontaminacije, neposredno oko mesta pada. Na
ovim lokacijama tlo je povrsinski kontaminirano sitnim
fragmentima i oksidima OU ili delovima koSuljice pro-
jektila. Na rtu Arza, u Crnoj Gori, konstatovano je 144
ovakvih lokacija [24].

— Povrsinske kontaminacije: nastanak aerosola sa
oksidima uranijuma. Prilikom udara penetratora sa OU
u ¢vrstu metu i nastanka plamena, oksidi uranijuma
grade aerosole, koji se sastoje od Cestica mikroskopske
veli¢ine. Po nekim podacima iz literature, 50-96% ces-
tica u vazduhu su precnika manjeg od 10 um (uglavnom
oko 5 um), a 17-48% ovih Cestica je rastvorno u vodi
[13].

Tabela 1. Koli¢ine OU (t) dispergovane u Zivotnu sredinu tokom prethodnih ratova
Table 1. Amount of DU (t) is dispersed into the environment during previous wars

Zemlja Period konflikta OU dispergovan u Zivotnu sredinu, t Izvor
Irak i Kuvaijt Zalivski rat 1990-1991 300-321 [14,15,16]
Zalivski rat 1990-1991 258 [14]
Bosna—Hercegovina 1994-1995 2,75 [14]
Bosna—Hercegovina 1995 3 [14,15]
Srbija i Crna Gora (konflikt na Kosovu) 1999 10 [14,17,18,19]
Srbija i Crna Gora (konflikt na Kosovu) 1999 11 [14,15]
Konflikt na Kosovu 1999 8,5 [14]

Rat u Iraku 2003 170-1700 [20]

Rat u Iraku 2003 >30 [21]
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KOROZIONO PONASANJE OSIROMASENOG
URANIUJUMA

Migracioni potencijal urana zavisi od fizicko-hemij-
skih osobina zemljiSta i zemljisnih rastvora i oksida-
cionih proizvoda OU. Na mobilnost rastvorenih proiz-
voda urana, dominantno uti¢u pH, Eh, i prisustvo kom-
pleksirajuéih organskih i neorganskih agenasa u local-
nim podzemnim vodama i zemljistu.

Sestovalentni uran U(VI), postoji u rastvoru kao ura-
nil jon (U0,>*) i on je mobilniji od U(IV) jer lakie gradi
rastvorne komplekse sa ligandima prisutnim u zemljis-
nim rastvorima. Pokazalo se da je prisustvo karbonata i
fosfata, takode uti¢e na ove procese. Transport rastvor-
nog oblika urana, moZe biti ubrzan razblaZivanjem,
posto se time smanjuje njegova koncentracija u pod-
zemnim i povrSinskim vodama. Ove reakcije ukljucuju

jonsku izmenu i specifiénu adsorpciju urana organskim
supstancama, mineralnim glinama, Fe(lll) i hidroksida
prisutnih u zemljistu.

Ciklus kretanja urana (identicno ponasanje ima i
OU) u zivotnoj sredini kao i potencijalni rizik na ljudsko
zdravlje, prikazani su na slici 1.

Kako ¢e se u tim slucajevima penetrator ponasati i
do koje dubine ¢e prodirati zavisi od ugla ulaska u tlo i
fizickih osobina zemljiSta. Tako, na glinovitim zemljis-
tima, prodor ide do 2 m [22], a na peskovitim zemljis-
tima od 6-7 m [17].

Studije sprovedene od strane UNEP-a, u postkon-
fliktnim zonama, su otkrile brojne korodirane penetra-
tore u povrsinskim slojevima zemljista [17,25,26]. U
Srbiji i Crnoj Gori su tokom 2002. god., sa povrsine
zemljista, uzorkovani penetratori visokog stepena koro-
zije i procenjuje se da bi po utvrdjenoj stopi korozije

- Nuklearne aktivnosti
- Vojna dejstva
- Konvencionalne aktivnosti

ANTROPOGENI
IZVORI URANA

Transport urana kroz zivotnu sredinu

v

y

Atmosferski Transport - Talozenje na
B Redukcioni e o
transport povrsinskim ; povrsini zemljista i
uslovi . :
> vodama > u sedimentima
U (V) - U(v)
v Oksid. uslovi i
. . kis sredina
Transport:U
] v
> pgdzemmm < U (V) — U(VI)
. vodama
Bioakurmlacija kroz: -

:‘lanac ishrane

:Konzumacija. zagadene; :
2 hrane: - 2

Slika 1. Ciklus kretanja urana [50] (Slika je preuzeta uz ljubaznu saglasnost izdavaca monografije ITNMS, Beograd).
Figure 1. Cycle of uranium movement [50] ( The figure was taken with the kind permission of the publisher monograph ITNMS,

Belgrade).
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penetrator potpuno korodirao za 20 godina [27]. Nakon
18 meseci od agresije, naden je penetrator u Dakovici
na 5 cm dubine, sa gubitkom mase od 2-8%, usled
oksidacije i spiranja atmosferskim padavinama, a ostaci
OU nadjeni su ispod penetratora na dubini od 12,5 cm.
Na osnovu iznetog, procenjeno je da se za 15-30
godina, penetrator moze potpuno rastvoriti (prede u
jedinjenje UO3:nH,0) [28].

Sakupljeni uzorci na na Kosovu su takode pruzili
uvid o veli€ini, sastavu i distribuciji ¢estica OU, nastalih
tokom abrazije, sagorevanja ili korozije penetratora.
Autori su izvestili da su hiljade ¢estica OU bile prisutne
u zemljiStu uzorkovanog sa 0 do 15 cm dubine, ispod
jednog penetratora [29]. Analizom skeniraju¢im elek-
tronskim mikroskopom X-zraka (SEM-XRMA) utvrdjeno
je da je prosecna veli¢ina Cestica manja od 2 um ¢ija
dalja karakterizacija je pokazala da je 50% svih Cestica
sastavljeno od UO,, sa preostalim Cesticama sacinjenim
od U;30g ili mesSavine ovih oksidacionih oblika. Na uzor-
cima zemljiSta sa Kosova, potvrdjeno je da su Cestice
OU veli¢ine ispod 1 um, preteinog sastava visoko
nerastvornog UO,, s tim, da svaka analizirana Cestica
sadrzi mali deo mobile U(VI) faze [30].

Slicna velicina cestica OU, potvrdena je i na uzor-
cima zemljiSta prikupljenih u Kuvajtu od strane IAEA
tokom UNEPovih postkonfliktnih terenskih istrazivanja
[31]. Ispitivanja aerosola i ¢estica OU u unutrasnjem i
spoljasnjem delu borbenih vozila nakon dejstva pene-
tratora, pokazala su heterogenost u morfologiji Cestica
a XRD analiza mesavinu oksida urana — U305/UO; i U,04
sa prisustvom manjih koli¢ina Sepiotita, UO3-2H,0 [32].

Osiromaseni uranijum je termodinamicki nestabilan
i stoga je ocekivana njegova korozija u prirodnim sis-
temima. Korozija i rastvorljivost OU se javlja u dve faze
[33,34]:

1) oksidacija metalnog uranijuma, nulto valentnog
stanja, do U(IV), koji u prirodi gradi mineral, uraninit -
UO,. (jednacine (1) i (2)),

2) oksidacija U (IV) do U (VI) (jednacine (3) i (4)).

Prva faza je povoljnija sa stanovista zastite Zivotne
sredine jer nastaju nerastvorni produkti koji pod odre-
denim zemljiSnim uslovima (pH i redoks potencijal) pre-
laze u fazu 2, koja dovodi do nastajanja rastvorljivih
vrsta, kao S$to su uranil joni (U022+) (jednacina (3)) i
minerala, npr., Sepiotia (UOs-2H,0) (jednacina (4)), a
koji pod odredenim uslovima moZe da otpusti uo,”
jone, koji se lako transportuju zemljiSnim rastvorima i
uklju€uju u lanac ishrane (jednacina (5)):

Uy + 2H,0 — U0, + 2H, (1)
Ui + 0, = UOy (2)
UOy) + 2H" + 0,50, — U0, ) + H,0 (3)
U0y + 0,50,+ 2H,0 — UO3-2H,0,) (4)
UO3-2H,0) + 2H, = UOy(aq > + 3H,0 (5)
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U zavisnosti od redoks potencijala i pH, metal ura-
nijuma moZe u vodi da korodira, da se pasivizira ili da
bude inertan. U domenu korozije dolazi do degradacije
metala, dok u domenu pasivizacije, metal postaje oblo-
Zen oksidima, hidroksidima i hidridima ili solima, dajudi
razlicite stepene zastite od dalje korozije, a u domenu
inertnosti korozija metala nije termodinamicki mogudéa
[35]. Proces korozije OU-Ti legure je nizeg intenziteta u
odnosu na prirodni uran [36—-38].

Sa druge strane, uran se u prirodi oksiduje zbog pril-
iva kiseonika, odnosno porasta njegove fugasnosti koji
dolazi sa povrsinskim vodama, descedentno niz puko-
tine. Ovi rastvori su ujedno i blago kiseli, jer sadrze CO,,
koji sa vodom gradi ugljenu kiselinu. Afinitet prema
kiseoniku je takav, da ¢e se prvo oksidovati sulfid do
sulfata, U(IV) do U(VI), a tek pri viSem redoks poten-
cijalu, Fe** do Fe**, prema reakcijama (6)—(8):

H,S + 4H,0 = SO,” + 10H" + 8e~, E°=0,303 V (6)
U™+ 2H,0 = U0, +4H" + 2¢7, E°= 0,327V (7)
Fe’ +3H,0 = Fe(OH); +3H +e”, E°=1.06V (8)

Proces taloZenja urana redukcijom od neproce-
njivog je znacaja, jer iskljuCuje uran iz vodenih tokova i
samim tim obustavlja njegov proces Sirenja kroz Zivotnu
sredinu. Redukcija mobilnog jona urana (U6+) do neras-
tvornog oblika urana (U4+) odvija se onda kada opadne
fugasnost kiseonika u rastvoru, tako da se ova reakcija
odvija na teret oksidacije gvoZda ili sumpora. Ukoliko
Fe’" ima vi¢e u odnosu na kiseonik, istrosic¢e se kiseonik
i tada kao oksidaciono sredstvo sluzi uranil jon koji pre-
vodi Fe** do Fe*, ili sulfid do sulfata, i sam se pri tom
taloZi, Sto je prikazano reakcijama (9—(11) [39]:

U0, + 2Fe** + 3H,0 = UO,” + 2 Fe,0; + 6H" (9)
2Fe’* + 0,50, + H,0 = FeO (OH) + H' (10)
4U0,”" + S +4H,0 = 2U0,° + SO, + 8H" (11)

Ispitivanje mehanizma korozije OU u razlicitim uslo-
vima, obuhvataju in situ i laboratorijska istrazivanja,
koja objedinjena daju doprinos razumevanju ove
oblasti. U tabeli 2 dat je pregled svetskih studija u ovoj
olasti, a tabela 3 pruza informacije o strukturi produ-
kata korozije, Sto omogucava definisanje konceptual-
nog modela produkata korozije penetratora od osiro-
masenog uranijuma u razli¢itim realnim uslovima (Slika
2).

Stopa korozije OU se moze izracunati pomocu jed-
nacine (12), koja podrazumeva linearnu koroziju OU.
Nedavna istrazivanja su utvrdila da nesagoreli pene-
trator OU prati latentni, korozioni period izmedju 33 i
242 dana, u zavisnosti od geohemijskih uslova [36,37],
te se preporucuje da se ovaj latentni period oduzme od
ukupnog vremena ¢ime ce se dobiti tacnija stopa koro-
zije na godisnjem nivou [16]:
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Tabela 2. Stopa korozije OU-Ti legure u razli¢itim uslovima Zivotne sredine
Table 2. The rate of corrosion of DU-Ti alloys in different environmental conditions

Br. US'?:;;:thne Gec;f;leoT/iuskl S;c;p;s_l;c;r:dzljle Dodatni uslovi Referenca
1 Vazduh Oksidacioni 0,0012 Laboratorijski vazduh (30 dana) [40]
2 H,0 Oksidacioni 0,072 Destilovana voda [40]
3 Rastvor 3,5% NacCl Oksidacioni - [40]
4 5% NaCl Oksidacioni - [41]
5 Morska voda, Solway Oksidacioni 2,6-3,1 In situ [38,42]
Firth
6 Marina sediment, Solway Oksidacioni 1,4-1,8 In situ [38]
Firth
7 Marina sediment u Radukcioni 0,056+0,006 Salinitet 31,5; pH 7,6-7,9, 0,8% org. [36]
lab,uslovima mat., CEC 1,3 meq/100 g
8 Vlazan pesak (lab. uslovi)  Ultra redukcioni 0,02+0,003 Salinitet 31,5; pH 7,6-7,9; 0,8% org. [36]
mat.; CEC 1,3 meq/100 g
9 Pesak, Eskmeals Cumbia Nedefinisani 0,08-0,17 pH 6,5-7,9 [38]
10 Pesak, Eskmeals Cumbia Oksidacioni 0,10+0,01 pH 7,2-7,5; 0,8% org. mat.; [37]
CEC1,3 meq/100 g
11. Orgasnko zemljiste Nedefinisani 0,8-1,1 pH 5,8-6,0 [38]
bogato glinom
12. Vlazna zemljista Oksidacioni 0,49+0,06 pH 5,0-6,5, 12% org. mat.; CEC 21 [37]
meq/100 g; vlaga 22%

13. Plavno zemljiste Redukcioni 0,010-0,02 pH 5,0-6,5; CEC 21 meq/100 g [37,47]
14. Zemljista dubrena Redukcioni 0,00016-0,0044 27-45 P,05 mg kg_l;pH 5,0-6,0; 12% [37]

fosfotnim dubrivom

org. mat.; CEC 21 meq/100 g

Stopa korozije (g cm™ god™) =
B 365xGubitak mase(g) (12)
Povrsina metala (cm?)xVreme (dani)

Korozija OU u vodi

Proces korozije OU je ubrzana u vodi u odnosu na
vazduh [40]. U laboratorijskim ispitivanjima je potvr-
deno da prisusutvo hloridnih jona ubrzava proces koro-
zije. Stopa korozije raste sa poveéanjem sadrzaja hlo-
rida. Koroziona stopa iznosila je 0,07 g cm™ god ™ u
vodi, 0,40 g cm™ god_1 u 3,5% rastvoru NaCl [40], a
koroziona stopa od 1,47 g cm™ god ' u 5% rastvoru
NaCl [41].

Tabela 3. Produkti korozije OU pod razli¢itim uslovima
Table 3. DU corrosion products under different conditions

Sudbina nesagorelih penetratora od OU-Ti legure je
ispitivana u slanim vodama Solvay Firth in situ i tom
prilikom je utvrdena stopa korozije od 2,9 g cm > god ",
koja je za red veli¢ine veca od laboratorijskih rezultata
koje je sproveo Trzaskoma i sar. [40] u pribliZzno istom
sadrzaju hloridnih jona (3,5% NaCl). Rezultat se pri-
pisuje fizickim procesima, kao Sto je abrazija od nanosa
Cestica pod turbulentnim strujanjima i klimatskim uslo-
vima. Na povrsini penetratora je detektovano vecinsko
prISszstvo uranitita UO, a u okolnim vodama prisustvo
uo,™.

Korozija OU u sedimentima, pesku i zemljistu

Sudbina nesagorelih penetratora od OU-Ti legure
je takode ispitivana in situ u povrsinskim sedimentima

Mineral — produkt korozije OU Formula, produkti korozije OU Uslovi lzvor
Uranit uo, Visoka vlaznost i nizak sadrzaj kiseonika  [37,38,42]
Soepit UO;-2H,0 Niska vlaznost i dominantni oksidacioni  [37,38,42]
Metagoepit (UO,)gO(OH);,-10H,0 uslovi

Uranfit NH,4(UO,) (PO,4)-3H,0 Zemljiste bogato fosfornim jonima [42-44]

Hermikovit
Meta-autunit
Sabugalit

(H30),(U0,),(P0O,4)-6H,0
Ca(U0;) (PO,)-4H,0
HA (UO,)4(PO,),-16H,0
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Slika 2. Konceptualni model glavnih mehanizama korozije penetratora OU u zemljisnim uslovima [16] (Slika je preuzeta iz casopisa
Sci. Total Environ. uz ljubaznu saglasnost ELSEVIER provided by Copyright Clearance Center).

Figure 2. Conceptual model of the major mechanisms of DU pe

netrators corrosion in soil conditions [16] (The figure is taken from

the journal Sci. Total Environ. with the kind permission of ELSEVIER provided by Copyright Clearance Center).

od strane Solvay i Firth [38]. Koroziona stopa od 1,6 g
cm’ god ™" bila je znatno niza od one odredene in situ u
morskoj vodi. Sa druge strane, stopa korozije je bila
veca od stope korozije odredene u laboratorijskim
uslovima u slanoj vodi definisanog sadrzaja NaCl (Ta-
bela 2; br. 3.) Sto ukazuje da su fizicki procesi i klimatski
uslovi imali znacajan uticaj na proces korozije. Potvrda
ove tvrdnje sprovedena je laboratorijskim ispitivanjima
korozione stope sa istim sedimentima, u koloni sa
morskom vodom, koja je iznosila 0.056 g cm™ god " ali
je bila mnogo sporija od one ustanovljene in situ na
pesku pod istim uslovima (Tabela 2; br. 8.) [37].

Ispitivanje kinetickog mehanizma korozije OU, bila
su predmet ispitivanja in situ, u pesku u Eskmeals,
Cumbria [38] i simuliranim eksperimentima [42]. Obe
studije daju uporedive korozione stope izmedu 0.080 i
0.17i0,10g cm™ god_l, redom, sa sli¢nim strukturama
korozionih naslaga [38]. Crni i Zuti proizvodi korozije su
detektovani kao UO,, i Soepit [38] ili metaSoepit [42].
Korozija prati linearni trend od 9% gubitka mase za 500
dana. Rezultati su znacajni sa aspekta procene korzije
penetratora u pustinjama Iraka i Kuvajta, s obzirom na
nedostatak podataka o koroziji osiromasenog urani-
juma u ovim sredinama. U alkalnim zemljistima Soepit i
metasoepit su cementirani silicijumom, Sto limitira nji-
hovu mobilnost.

Korozija OU ispitivana je in situ u glinovitim zem-
ljistima Kirkcudbright, Skotska [37]. Mehanizam koro-
zije je uporediv sa onim u pesku, sa crnim i Zutim koro-
zionim proizvodima sa dominantnim mineralima urana,
UO,, uranitit i UO3x2H,0, Soepit, 102. dana nakon
ispaljivanja i deponovanja u zemljistu. Medutim, izracu-
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nata stopa korozije je za red veli¢ine veca nego u pesku
Eskmeals i iznosi 0,80-1,1 g cm™ god_l

Slican mehanizam korozije je primecen kod penetra-
tora, na bazi OU-Ti legure, prikupljenih sa dva tipa
zemljiSta sa Kosova (pescane i sedimentne ilovace).
Uzorci su tretirani u laboratoriji na 20 °C sa veStackom
kiSom [45]. Utvrdeni su produkti korozije crne i Zute
boje. Utvrdena je zanemarljiva razlika u korozionim sto-
pama izmedu ova dva tipa zemljista (0,19+0,03 g cm?
v™) koje su imale slitne pH vrednosti (5,6-5,8) i isti
sadrzaj organskih materija (2,1%). Studija je takode
pokazala da korozija OU nije linearna i da se sa vre—
menom ubrzava. U prvoj godini je korodiralo ~1,6% od
OU a posle 3. godine, stopa korozije OU je povecana na
2,7% od OU, po godini [45].

Dokazano je da korozija OU veoma zavisi od sadr-
Zaja vlage u zemljiStima. Pod zemljisno vlaznim uslo-
vima, OU korodirala po stopi od 0,49+0,06 g cm™ god_l,
a dominantni input urana u zemljistima je u obrazo-
vanju minerala metasopita, (UO,)s0,(OH).,-10(H,0).
Medutim, pod uslovima vodoplavnih zemljista, stopa
korozije je znacajno niza i kretala se od 0.01-0.02 g cm?
god™, a mehanizam korozije je uporediv sa drugim
vodoplavnim medijuma kao Sto je pesak i drugi sedi-
menti (Tabela 2, br 7. i 8.), sa formiranjem UO, jedinje-
nja na povrsini penetratora, sto je pra¢eno generisanje
mobilnih UO,™ u zemljiSno okruzenje. Dakle, mehani-
zam korozije, pod vlaznim uslovima, obuhvata oksida-
ciju OU do metaSopita i izdvajanja uranil jona pod oksi-
dacionim uslovima u skladu sa jednacinama (1)—(5) [36].

Hendley-Sidhu i sar. postavili su jednacinu za izracu-
navanje ukupnog vremena potrebnog za potpunu koro-
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ziju “Charm 3” penetratora, priblizne mase 4500 g i 150
cm’ povrsine (jednacina (13)) [37]:

Potpuna korozija (godina) =

B 4500 g (13)
- Stopa korozije (g cm™ god})x150 cm?

Na osnovu studije Toque i Bejker [38] procenjuje se
da potpuna korozija nastupa posle 27 godina, prema
Handlei-Sidhu [36] posle 61 godine i 20 godina prema
UNEP [25].

Handley-Sidhu i sar. su sproveli studiju ispitivanja
uticaja PO, poreklom iz poljoprivrednih zemljista,
tretirana sa fosfatnim mineralnim djubrivima, na koro-
ziju penetratora OU. ZemljiSta su imala prosecan sadr-
7aj P,0s od 27 mg kg™ Stope korozije su ~7 puta
manje, nego u uporedivim plavljenim zemljistima
(tabela 2; br. 13. i 14.) na 0.00016-0.0044 g cm > god ")
[16]. Ova stopa korozije je znatno niza od utvrdjenih u
vazduhu ili vodi (tabela 2, br. 1. i 2.). MoZe se zakljuciti
da prisustvo PO,> u zemljiStu Stiti od dalje korozije
osiromaseni uranijum. Formiranje zastitnog autunitnog
i meta-autunitnih slojeva na povrsini OU potvrdeno je i
laserskom indukovanom fluorescentnom spektrosko-
pijom [44].

Uticaj biogeohemijskih uslova na koroziju
osiromasenog uranijuma

Dosad je konstatovano da sadriaj vlage u zemlji-
Stima ili sedimentima, kontroliSe mehanizam korozije
OU. lzuzetno je vazno utvrditi kako parametri zemljista
ili sedimenata, kao Sto su pH, kapacitet katjonske
izmene (CEC) i sadrzaj organske materije uticu na stopu
korozije OU [46].

Veca stopa korozije na sedimenatima, u odnosu na
pesak Solvej Fert ( Tabela 1, 7 i 8), uprkos slicnm pH
vrednostima, pripisuje se ve¢em CEC (4,0 naspram 1,3
meq/100 g) i veCem sadrzaju organskog ugljenika (OC)
(3,2% naspram 0,80%), tako da se i ovi faktori moraju
uzeti u obzir pri proceni stope korozije [36].

Koroziona stopa je bila pet puta veéa u vlaznim
zemljistima (tabela 2, br. 12.) nego u vlaznom pesku na
terenu (tabela 2, br 10.) [37,47], pri ¢emu su svi faktori
korozivnosti veéi u zemljiStu. Zemljiste je bilo vise kiselo
(pH 5,5 naspram 7,4) i imalo je vedi sadrzaj vlage (22%
u poredenju sa 13 %), veéi CEC (21 naspram 1,3
meq/100 g) i veci OC sadrzaja (12% naspram 0,80%) u
odnosu na pesak.

Kriticnu ulogu u kontroli korozije OU igra redoks
potencijal, i odvija se pod oksidacionim uslovima, pri
visku kiseonika i u skladu sa termodinamickim uslovima
i Eh/pH (Slika 3). Istovremena mobilizacija i imobili-
zacija, odnosno korozija OU i njegovo rastvaranje u
oksidacionim uslovima je moguca, odnosno odigrava se
oksidacija uranitita UO,, u mobilne U(VI) jone [48].
Korozija OU prestaje pod redukcionim uslovima (pri-

sustvo sulfata i gvozde(ll)) u razlicitim medijima (pesak,
zemljiSte i zalivski sedimentni) uz formiranje uranitita
(UO,) i potpune pasivizacije metala [36,37].
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Slika 3. Eh—pH dijagram stabilnosti uranijuma. Linije (a) i (b)
odredjuju granice termodinamicke stabilnosti vode na 298 K,
1 atm. pritiska. Iznad linije (a), oksidacioni uslovi, a ispod linije
(b), redukcioni uslovi. Isprekidane linije razgranic¢avaju jonske
vrste i predstavljaju stanje u kome je termodinamicka
aktivnost jonskih vrsta sa obe strane linije ista [49].

Figure 3. Eh—pH stability diagram of uranium. Lines (a) and (b)
sets limits on the thermodynamic stability of water at 298 K, 1
atm pressure. Above the line (a), oxidizing conditions and
below the line (b) reducing conditions. Dashed lines delimit
the ionic species and represent the state in which the
thermodynamic activity of ionic species on both sides of the
same line [49].

Pokazalo se da korodiran OU uti¢e na biogeohem-
ijske procese u zZivotnoj sredini. Korodiran uranijum je
jako redukciono sredstvo i ovo svojstvo, zajedno sa
slobodnim vodonikom otpustenom tokom korozije OU,
smanjuje koncentraciju redukcionih agenasa (NOs, Fe
(1), S0,>) [34,36,37,42,47]. Na primer, u vlaznim zem-
ljistima i zalivskim sedimentima, prisustvo OU povecava
stopu progresije kroz redoks niz (NOs, Fe (lll) i SO42_)
[47]. Procesom korozije smanjuje se koncentracija
kiseonika, Cije odsustvo je glavni preduslov pasivizacije
korozione povrsine.

Uticaj bakterija i gljiva na koroziju OU

Negativan uticaj bakterija i gljivica na metale i
legure je poznat. One doprinose ubrzanom procesu
korozije ali i povecanju mobilnosti i bioraspoloZivosti
metalnih jona U u procesu korozije OU, a njihovo
dejstvo uslovljeno je njihovom kontrolom disanja u raz-
li¢itim uslovima [51].
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Do danas se samo jedna studija bavila istrazivanjem
uticaja bakterija na transformaciju metala OU [52]. U
pomenutoj studiji, izolovani su aerobni i anaerobni
mikroorganizmi iz zemljista, bogata glinama, kao nji-
hovim prirodnim staniStima i u roku od 40 dana, pod
razlicitim eksperimentalnim uslovima, pracen je njihov
uticaj na korozionu stopu OU, ali i sa ciljem da se utvrde
faktori dominacije razlicitih bakterijskih funkcionalnih
grupa. Abioticki uslovi prouzrokovali su sliénu stopu
korozije kao i u biotickim sistemima, Sto potvrduje
dominaciju hemijskih parametara nad mikrobioloskim
procesima. Pod aerobnim uslovima, proizvodi korozije
su uglavnom bili u ¢vrstoj fazi (~85%), sa identifiko-
vanim oblikom urana u vidu uraninita, Soepita i herni-
kovita (iz meta-autunit grupe). Korozija je manje obim-
na pod anaerobnim uslovima u poredenju sa aerobnim
uslovima, uz gubitak mase posle 40 dana, oko 3%.
Neefikasnost bakterija u doprinosu korozije OU je
donekle iznenadujuéa i u suprotnosti sa njihovim zna-
¢ajnim dejstvom na koroziju Celika ili gljiviénih uticaja
na OU [53].

U opseznim i jedinstvenim studijama medjusobnog
dejstva gljiva i OU potvrdjeno je da prirodni mikroorga-
nizmi i mycorrhizal gljive pokazuju visoku otpornost na
prisustvo OU [54,55]. U ovim studijama, hife su dobile
Zutu boju $to ukazuje na migraciju uranil jona u miceli-
jumski sistem. Anaerobni uslovi doprineli su formiranju
gljivicnog biofilma, koji zadrzava vlagu na povrsini OU.
Tokom 3 meseca inkubacije, u sistemu gljive — OU,
utvrden je gubitak tezine od 5,5-8%, Sto se nije zna-
¢ajno razlikovalo od realnih uslova. Uzajamni meha-
nizmi delovanja, ukazuju da izloZzenost gliva dejstvu OU
doprinose izlu€ivanju karboksilnih kiselina, narocito
oksalne kiseline koja je poznata kao jak metalni helator.
Ovaj rezultat je u skladu sa izuzetnom sposobnoscu
izloZzenih gljiva dejstvu OU da akumuliraju mobilne ura-
nil jone svojom biomasom (300-400 mg g~* suve mase),
sa velikom biomineralizacijom u svim delovima glji-
viénih kolonija. Elektronskom mikroskopijom i XRD ana-
lizom izvrSena je karakterizacija biomase gljiva i doka-
zano je prisustvo stabilnih minerala uranil fosfata iz
grupe meta autunita Sto potvrduje da gljive transfor-
miSu metalni uranijum u termodinamicki stabilne mi-
nerale [54,55].

TRANSPORT, MOBILNOST | BIORASPOLOZIVOST
RASPADA PRODUKATA OU

Transport OU aerosolom

Poznato je da se od 10-70% municije sa OU konver-
tuje u Cestice aerosola prilikom kontakta sa tvrdom
metom [14]. Disperzija Cestica OU zavisi od njihove
veli¢ine i gustine i meteoroloskih uslova [25]. Istrazi-
vanja u postkonfliktnim zonama na Kosovu potvrdila su
da je najintezivnija kontaminacija OU bila u blizini
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mesta dejstva, da opada sa udaljenoséu i da je bila
merljiva od 10-50 m od mete [17]. U postkonfliktnoj
zoni u Bosni i Hercegovini potvrdena je merljiva konta-
minacija ¢esticama OU na udaljenosti do 200 metara od
tacke dejstva [26].

Istrazivanja disperzije Cestica oksida uranijuma, nas-
talih tokom sagorevanja otpadnog metala OU, u fabrici
za proizvidnju OU u Colonie (NI, USA), procenjeno je, da
je najmanje 3,4 t OU deponovano u okruzenju fabrike
na povrsini 1 km” a da su Eestice OU detektovane na
udaljenosti od 600 m od fabrike u pravcu dominantnog
vetra. U prikupljenim Cesticama zemljiSta i prasine iden-
tifikovani su medoviti oksidi UO,™ i U;0g, 20-64 um u
precniku [56,57].

U proseku se aerosoli rasprostiru do oko 5 km od
mesta pogotka, mada je utvrden njihov domet do 80
km od mesta pogotka U svakom slucaju, njihov dalji put
je potpuno neizvestan, zavisi od ruZze vetrova, vrste
padavina i topografije terena [12].

Transport OU preko zemljista i sedimenata

Poznavanje globalnog ciklusa urana nema za cilj
samo odredivanje nivoa kontaminacije i konstatovanje
posledica, vec¢ sticanje saznanja uz pomoc kojih moze-
mo sa sigurnosScu predvideti sve procese koji uti¢u na
njegov transport i fikscaciju i tako razviti modele zastite
Zivotne sredine.

Mobilnost urana (pretezno U(VI) jona) u litosferi i
hidrosferi odvija se u uslovima sloSenih hemijskih i
fizicko—hemijskih prirodnih procesa. Rastvorljivost ura-
na u zemljistu prvenstveno zavisi od pH sredine, redoks
potencijala, a zatim od grade i mineralnog sastava Cvr-
ste faze, koncentracije neorganskih jedinjenja, koli¢ine i
tipa organskih jedinjenja u zemljistima i zemljiSnim ras-
tvorima, temperature zemljiSta, pritiska, sadrzaja vlage
i mikrobioloske aktivnosti. Transport urana u sistemu
zemlja — voda odvija se uglavnom u rastvornom ili sus-
pendovanom obliku, difuzijom ili masenim prenosom.
Procesi koji uklanjaju uran iz zemljiSnih rastvora su
precipitacija, koprecipitacija, adsorpcija i ugradivanje u
bioloske sisteme [58].

Utvrdeno je da zemljiSte, narocito ako je kiselo,
moze uticati na povecanje mobilnosti jona uranijuma,
kao i na ravnotezu sorpcionih procesa. Autori su takode
proucavali kapacitet adsorpcije razlicitih tipova zem-
ljista i utvrdili da zemljiSta, sa visokim sadrZajem karbo-
nata imaju najmanji adsorpcioni kapacitet, verovatno
Sto grade veoma rastvoran uranil-karbonat, npr.
UO,CO;, [UO,(COs),] ili [UO,(CO;3),]. Pod aerobnim
uslovima, gvozde moze igrati klju¢nu ulogu u kontro-
lisanju kretanja uranijuma kroz zemljiSte. Uranijum
moze kompleksirati gvoide, koje se nalazi u mnogo-
brojnim solima u zemljiStu. Takode, uranijum gradi
komlekse sa huminskim kiselinama prisutnim u zem-
ljistu. Kompleksiranje sa organskim jedinjenjima utice
na smanjivanje brzine migracije uranijuma kroz zem-
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ljiste ¢ak za nekoliko reda veli¢ine, tako da uranijum
postaje znacajno nepokretan [59].

Kvantifikacija sorpcije uranijuma na zemljiSnim mat-
riksima, moZe se odrediti primenom sekvencijalne eks-
trakcije, koriséenjem razli¢itih ekstrakcionih sredstava
rastuée ekstrakcione modi, koja selektivno rastvaraju
specificno asocirane frakcije urana iz istog geolosSkog
uzorka. Tako se mogu odrediti vodo-rastvorljivi i izme-
njivo-adsorbovani oblici urana, vezani za karbonatne,
okside Fe i Mn, organsku fazu i strukturno vezan (iner-
tan) [60]. Analiza zemljista, kontaminiranih osiroma-
Senim uranijumom, sa Kircudbright poligona, slabo
snabdevena organskim materijama, pokazala je da je
OU koloidno vezan sa gvozdjem i aluminijumom [61]. U
sli¢cnim studijama na zemljistima, niskog sadrzaja organ-
skih materija, u juznoj Srbiji, OU bio odreden u frak-
cijama sa karbonatima i gvozde/mangan oksidima [62].

Ispitivanjem migracije urana sa korodiranog pene-
tratora u peskovito-glinovitim zemljiStima Mojave
Desert, region Yuma, u zavisnosti od dubine zemljista,
utvrdeno je da na povrsini zemljiSta dominira Zuto
narandzasti Sepiolit, na dubini od 2—4 cm, svetlo Zuti
metasopite a na dubini ispod 4 cm U je bio strukturno
vezan za silikate [63]. Studija potvrduje pokretljivost
urana poreklom iz korozionih proizvoda penetratora
kao i da se njegov oblik javljanja menja sa dubinom
zemljiSta. Tako je u zoni sukoba na Kosovu, nakon 1.5
godine od dejstva alijanse, kontaminacija uranom
potvrdena na dubini od 20 cm [17], a u Bosni i Herce-
govini, 6,5 godina nakon dejstva, na 40 cm dubine [26].

Eksperiment sa kolonama je koris¢en je za ispiti-
vanje mobilnosti produkarta korozije OU penetratora u
trajanju od 98 dana. Utvrdjeno je prisustvo metasopita
u interakciji sa mobilnim uo,” u gornjih 1,7 cm kolone.
Modeliranje je pokazalo da se vecina rastvorenog U
vezuje za frakciju peska sporom hemijsko kinetickom
desorpcijom i da ée to ponasanje dominirati u realnim
uslovima [42].

Schimmack i sar. sproveli su trogodisnja ispitivanja
procesa korozije i luZzenja Sest uzoraka ispaljene muni-
cije sa OU, mase od 145-264 g u laboratorijskim
uslovima u koloni meSanjem sa 3.3.kg razliCitih tipova
zemljista [45]. Kolone su se kvasile jednom nedeljno
sintetickom kiSom, a sadrzaj urana odredjivan u pro-
cednim vodama. Sinteticka kiSa sadrzala je 0,09 mM
NH;NOs ,0,08 mM (NH,),SO,4 i 0,05 mM CaSQ,, pH 6.
Dobijeni rezultati ukazuju da je u proseku oko 14,5 g ili
7,9% od inicijalne mase izluzeno sa dramati¢nim pove-
¢anjem u trecoj godini u odnosu na prvu Sto predstavlja
potencijalnu opasnost za kontaminaciju podezmnih
voda, ali i vremensku promenljivost i nezakonitost. Pro-
secno se izluzivalo oko 1mg U nedeljno Sto predstavlja
potencijalnu opasnost za kontaminirane lokalitete
imajudi u vidu da je 15 pg L* preporuka WHO za doz-
voljen sadrzaj urana u vodi za pice. Utvrdjeno je da

zemljiSta sa visokim sadrZzajem peska, imaju manji
sorpcioni kapacitet za uran $to je sluc¢aj na veéini kon-
taminiranih lokaliteta. Uranske vrste u ocednim vo-
dama, zemljistu i produktima korozije na povrsini OU
odredivane su lasersko indukovanom fluorescentnom
spektroskopijom (TRLFS). Dominantne vrste uranskih
jedinjenja u ocednim vodama su bili hidroksidni kom-
leksi (UO2)5(OH)s" u nekarbonatnim zemljistima i kar-
bonatni komleksi u  karbonatnim  zemljistima
U0,(CO5);"". Najdominantniji faktor u formiranju ura-
nskih komleksa i vrsta u zemljiSnim rastvorima je pH,
koji se za vreme trajanja ogleda kretao izmedju 6i 8
[64]. Na kraju ogleda ispitani su uzorci zemljista koji
okruzuje OU, sa razli¢itih dubina i OU. Utvrdena je
razlika izmedju pocetne i zavrSne mase. Produkti ko-
rozije, crne i zute boje, uklonjeni su mehanicki a pot-
puno ¢is€enje metaka od produkata korozije obavljeno
je rastvaranjem u 65% azotnoj kiselini, pri cemu su se
povrsinski produkti korozije brzo rastvorili za razliku od
metalnog uranijuma. TRLFS metodom u zemljiStu su
detektovani minerali AIH(UO,)(PO,)s 16H,0 (sabugalit) i
autunit Ca(U0,),(P0O,), 10(H,0). Oko 75% uranijuma je
detektovano u zemljistu u samoj blizini projektila, 12%
je pronadjeno u ostatku zemljista, 13% je migriralo niz
zemljiSni profil. Na zemljistima tipa luvisol sa Sljunko-
vitim frakcijama, konstatovano je 2-3% urana iznad
metalnog fragmenta kao posledica zemljiSno-vodnog
potencijala sto je prouzrokovalo kretanja vode na gore.
U produktima korozije na osiromesenom uranijumu
konstatovane su i druge uransko-fosfatne vrste, kao Sto
je UO,HPO,.

Saradnici Instituta za tehnologiju nuklearnih i drugih
mineralnih sirovina verifikovali su tehni¢ko-tehnolosko
reSenje, URANOFIX, namenjeno remedijaciji zemljista
kontaminiranog osiromasenim uranijumom na bazi
domacih fosfata lezista Lisina ,Bosilegrad” bazirajuci se
na Cinjenici da se uran u prirodi pojavljuje u mineralima
na bazi fosfora. Fosfatno indukovana stabilizacija, pri-
menom apatita, zasnovana je na mehanizmu precipi-
tacije nove faze, tj. apatit se rastvara i formira se nova
faza uranijum fosfata. Niska rastvorljivost autunuta
Ky = 107 je osnov njihove stabilnosti u dugom geo-
loSkom periodu (milioni godina) pod veoma razli¢itim
uslovima, pH 2 do 12 [58].

Biodostupnost: adsorpcija od strane biljaka i prostim
organizmima

Biljke i drvece

Postoji veliki broj istrazivanja na temu usvajanja
urana antropogenog porekla, od strane gajenih biljaka.
Sklonost pojedinih biljnih vrsta da usvajaju uran preko
fizioloskog praga (hiperakumulatori) iskoris¢en je za
fitoremedijaciju kontaminiranih medijuma uranom
[1,6,9,10,11,58,65]. Relativho je malo studija o usva-
janju OU od strane biljaka. Istrazivanja Schimmack i sar.
i Oliver i sar., ilustruju toksi¢énost OU na biljke, trave i
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paprat, uzorkovanih sa streljackog poligona Kirkcud-
bright i Eskmeals u Velikoj Britaniji. Zabelezena maksi-
malna kontaminacija je 3,38 mgU kg suve mase
biljaka [45,66].

Efekat usvajanja produkata korodiranog pene-
tratora OU od strane tri vrste trava, (Schizachirium
Scoparium, Buchloe Daktiloide i Aristida Purpurea) je
bio ispitivan u laboratorijskim uslovima [67]. A. pur-
purea i B. dactiloides pokazivale su otpornost do kon-
centracije OU u zemlji$tima od 25000 mg kg, kada se
fitotoksi¢no dejsto urana manifestovalo kroz smanjenje
biomase. Rast S. Scoparium je bio stimulisan na zem-
ljistu sa koncentracijama urana od 50 i 500 mg kg™ §to
je potvrdjeno i sa biljkama kukuruza pri koncentarciji
od 25 mg kg™ u vegetacionim ogledima [65].

OU je takode otkriven u crnim hrastovima, koji su
rasli na mocvarnim lokalitetima kontaminiranim osiro-
masenim uranijumom. Koncentracije U u stablu biljke
su merene preko 10 godina i ustanovljeno je da je
koncentracija ekvivalentna koncentracijama podzemnih
voda. Autori sugerisu, da se hrast koristi kao bioindi-
kator kontaminacije razlic¢itih medijuma sa OU [68].

Zbog bliskog jonskog radijusa (r = 1.05 A) sa radiju-
som Ca** (r = 1.06 A) uran zamenjuje kalcijum. 1z tog
razloga sa stanoviSta dislokacije urana iz zemljiSta u
biljku, kalcijum se smatra metabolickim analogom ura-
na [69].

Lisajevi, mahovine i gljive

Analiza lisaja kore drveta, obezbeduje korisnu pro-
cenu kvaliteta vazduha, jer oni akumuliraju supstance iz
atmosferskih Cestica. PoviSen sadrzaj OU u liSajevima
je konstatovan na lokacijama u Crnoj Gori i Bosni i
Hercegovini, Sto se pripisuje vazduSnom zagadenju
[17,25,26].

U regionu zapadnog Balkana, sa visokim aktiv-
nostima >*®U, od 1130-5390 Bk kg™, potvrden je visok
nivo aktivnosti u mahovini, liSajevima i gljivama [70].
Lisaji, mahovine i gljive su jeftini i lako dostupni bio-
indikatori nivoa kontaminacije medijuma sa OU [71].

Gliste

Oko 80% ukupne faune u zemljistu Cine gliste, koje
efikasno akumuliraju teske metale i radionuklide i
igraju znacajnu ulogu u lancu ishrane. U prirodno viso-
kom sadrzaju uranijuma u Norveskoj, konstatovan je
visok transfer faktor uranijuma (0,09-0,25) iz zemljista
u razlicite vrste glista [72]. Oliver i sar., su u prikup-
ljenim glistama sa kontaminiranih poligona sa OU, Kirk-
cudbright i Eskmeals u Velikoj Britaniji, konstatovali
visok stepen akumulacije, organski vezanog urana u
odnosu na prirodni nivo [66]. Rezultati su u suprotnosti
sa onima dobijenim sa Kosova, gde nisu utvrdene raz-
like Sto se pripisuje heterogenosti zemljista i kradim
vremenom izlaganja glista uranu [73].
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ZAKLJUCAK

Cilj rada je davanje doprinosa razumevanju procesa
i faktora koji kontroliSu koroziju osiromasenog ura-
nijuma i transport produkata korozije penetratora kroz
Zivotnu sredinu.

Formiranje aerosola OU tokom interakcije pene-
tratora OU sa ¢vrstom metom, predstavlja dominantan
put kontaminacije Zivotne sredine vazdus$nim trans-
portom i glavna opasnost na ljudsko zdravlje. Put kon-
taminacije ovih Cestica pre svega zavisi od atmosferskih
prilika.

Korozija penetratora OU je sloZen proces, specifican
za svaki lokalitet i odvija se u interakciji hemijskih,
fizicko—hemijskih i biogeohemijskih procesa.

Dominatni faktori koji uti€u na koroziju su pH sre-
dine, redoks potencijal, geomorfoloska grada zemljista,
koncentracija i vrste neorganskih i organskih jedinjenja
u zemljistima, temperatura zemljista, pritisk, sadrzaj
vlage, mikrobioloske i fungicidne aktivnosti, mikro zem-
liisne faune, salinitet (ukoliko je penetrator dospeo u
morske vode). Isti faktori uti¢u i na rastvaranje pro-
dukata korozije. Zakljucak je, da svaki kontaminirani
lokalitet predstavlja specifican slucaj i zahteva obiman
monitoring i multidisciplinaran pristup saniranja.

U uverenju da na temu zastite stanovniStva od
jonizujuéeg zracenja nikada nije previse receno, izloZzen
materijal predstavlja i svojevrsnu deklaraciju tehnolos-
kog pokajanja, priznanje da je razvojni put ugroZen
ozbiljnim neplaniranim efektima i ujedno apel da se
odnos prema Zivotnoj sredini i stanovniStvu vrati iz
zloupotrebe u oblast razumne upotrebe. Nas zadatak je
da se pogubno dejstvo osiromasenog uranijuma mini-
mizira i da se spreci njegovo prodiranje u lanac ishrane,
u protivnom ” invisible threat” ée delovati beskonacno
dugo sa svim svojim pogubnim posledicama na buduée
generacije.
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(Review paper)

Environmental pollution with radionuclides, particularly uranium and its decay
products is a serious global problem. The current scientific studies estimated that
the contamination originating from TENORM, caused by nuclear and non-nuclear
technologies, has significantly increased natural level of radioactivity in the last
thirty years. During the last decades all the more were talking about the “new
pollutant” — depleted uranium (DU), which has been used in anti-tank penetrators
because of its high density, penetration and pyrophoric properties. It is estimated
that during the Gulf War, the war in Bosnia and Yugoslavia and during the inv-
asion of Iraqg, 1.4 million missiles with depleted uranium was fired. During the
NATO aggression against the ex Yugoslavia in 1999, 112 locations in Kosovo and
Metohija, 12 locations in southern Serbia and two locations in Montenegro were
bombed. On this occasion, approximately 10 tons of depleted uranium were
entered into the environment, mainly on land,where the degree of contamination
ranged from 200 to 235000 Bqg/kg, which is up to 1000 times higher than the
natural level. Fourteen years ago there was very little information about the
behavior of ecological systems damaged by DU penetrators fired. Today, unfort-
unately, we are increasingly faced with the “invisible threat" of depleted uranium,
which has a strong radioactive and hemotoxic impact on human health. Present
paper provides a detailed overview of the current understanding of corrosion and
corrosion behavior of DU and environmental factors that control corrosion,
together with indicators of environmental impact in order to highlight areas that

need further attention in developing remediation programs.

Keywords: Depleted uranium e Corrosion
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Abstract

Meat is a very rich and universal source of nutrients. The primary importance of meat is
based especially on protein content. Optimum slaughter weight has influence on the basic
chemical composition of meat. Fattening pigs were classified by their weight into three
groups before the slaughter day. The highest content of proteins and water was found in
the part of ham and shoulder in the group of animals at 100-110 and 111-120 kg of live
weight, respectively, while the lowest content was found in the part of neck in animals at
121-130 kg of live weight. The highest content of intramuscular fat and mineral substances
was in animals at 121-130 kg (neck and loin), while the lowest content was in animals at
100-110 kg live weight (ham). The pH values were within the optimum limits (5.33-5.77).
Differences between the groups for the values of proteins content, mineral substance and
pH values were statistically highly significant (p < 0.05; p < 0.01), while for the contents of
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water and intramuscular fat there were no differences (p > 0.05) between the groups.

Keywords: fattening, pigs, slaughter weight, chemical composition, meat.
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Meat quality is attracting increasingly more attent-
ion in pig breeding. Quality of the carcass and meat are
influenced by genetic and many paragenetic factors
[1,2], including the final body weight of fattening pigs.
In Serbia, pigs are slaughtered at approximately 105—
—110 kg of body weight, and thus there is industry pres-
sure to increase slaughter weight in order to enable
Serbian pork to be more competitive on both domestic
and international market. Production of pig meat is
based on crossbreds, i.e., hybrid pigs. In crossbreeding
in Serbia, the main pig breeds for the dame line are
Yorkshire and Swedish Landrace, and lately also Ger-
man Landrace. Duroc and German Landrace are usually
used as a sire line. Over the years, genetic selection has
greatly improved the growth rate of pigs. However,
little is known about the combined or interactive effect
of growth rate and final body weight on pig carcass and
meat quality characteristics. The consumers’ interest in
pork and pig products is maintained and based upon
many factors. Composition of pork and there by its nut-
rition value, sensory perception, especially its fine
taste, softness, crispness and juiciness, together with a
variety of culinary preparations may serve as the
examples.
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Consumers consider that a quality meat is the meat
which has an optimum composition regarding its nutri-
tive value. Meat is a very rich and universal source of
nutrients. Primary importance of meat is based espe-
cially on protein content [3]. Gonzalez et al. [4] and
Tibau et al. [5] studied chemical composition of pork in
relation to slaughter value, gender and genotype. Che-
mical composition of pork was analysed in final hybrids
of slaughtered animals in weight intervals between 25
and 140 kg of body weight. As presented by Fortin [6],
slaughter weight influences its chemical composition
more than physical indicators. These conclusions are
confirmed by investigation of Beckova [7], who moni-
tored the percentage of intramuscular fat in 78 final
hybrids with a view to various slaughter weights.
Mikule [8] studied the optimum slaughter weight influ-
encing the basic chemical composition of meat, also
confirming the conclusions presented above.

Increasing slaughter weight has the advantage of
reducing the overhead costs for producers, slaught-
erers and processors by increasing carcass yields, imp-
roving meat to bone ratio and reducing chilling and
processing losses [9]. Furthermore, at heavier weights,
pork quality was rated higher in terms of juiciness, fla-
vour and tenderness [10], which, according to Hugo et
al. [11], would be attributable to differences in intra-
muscular fat composition. However, it has also been
shown that each 10 kg increase from 100 kg of live
weight leads to a slightly lower average daily gain, sig-
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nificant deterioration in feed efficiency, reduced lean
deposition and poorer meat quality [12].

The use of modern, high-lean growth potential
genotypes may represent a valid approach, as in theory
they could be taken to heavier weights without com-
promising growth performances and carcass and meat
quality traits. By determining meat quality of pigs with
different body weight at slaughter, we could be able to
determine the optimal fattening time which directly
affects the cost of production, but also to review the
selection criteria which are applied in pure breeds, as
well as the effects of the selection. The aim of this
paper was to evaluate the effects of heavier slaughter
weight on carcass and meat quality of pigs reared on a
farm in Serbia.

MATERIAL AND METHODS

Animal trials

For the purposes of this investigation a total of 40
pigs of different crossbreds were used, obtained by
mating F; generation sows from boars of Landrace and
Yorkshire. Before the slaughter, the fatlings were clas-
sified into three weight groups: 100-110 kg (14 fat-
lings), 111-120 kg (13 fatlings) and 121-130 kg (13
fatlings). The composition and quality of used feed mix-
tures in fattening was the same for all animals. Pigs
were not fed 12 h prior to slaughtering.

Sample collection

After the primary slaughtering process, right and
left halves were cut into main parts and into parts of
less value (head, glands, legs, tail and kidneys). Carcass
dissection was performed on the model of EU 1992.
Samples for chemical analysis were taken from four
places of the carcass (neck, loin, shoulder and ham).

Chemical analyses

Chemical analyses based on determination of the
content of proteins, water, intramuscular fat and mine-
ral substances were conducted according to methods
recommended by International Organization for Stan-
dardization [13,14]. The pH meter was calibrated

before and during the readings using standard phos-
phate buffers and adjusted to the expected tempera-
ture of measured muscles [15]. All the analyses were
performed in duplicate.

Statistical analyses

All the data are presented as average values and
standard deviation. Independent t-test and analysis of
variance (Duncan’s multiple range tests) were used to
test the hypothesis about differences between two or
more average values. The software package Statistica
12 was used for the analysis.

RESULTS AND DISCUSSION

The Table 1 presents parameters of the quality
value of carcass of fatlings according to the slaughter
weight. The average weight of pigs from 100 to 110 kg
at slaughter was 106.85 kg, for pigs from 111 to 120 kg
it was 113.83 kg and for pigs from 121 to 130 kg it was
127.40 kg. As observed by other researchers [3], there
were increases in worm carcass and the percentage of
meat in carcass weight when the body weight of pigs at
slaughter increased. The optimal final body weight of
fattening depends on the customer requirements, needs
of manufacturing industry, cost of production, as well
as the genetic potential of pigs for meat production [16].

The data in the Table 2 present the proportion of
major parts in the pork carcass of fatlings according to
the slaughter weight. The largest and most important
part in the carcass is ham, with a share of about 31% of
complete pig carcass. After ham, the front third (neck,
blade and shank) makes up the largest share of the
carcass, about 26%, followed by ribs with bacon about
16% and loin about 15% in all groups of fatlings. Similar
shares in the carcass were reported [12,17,18]. In the
present study, the slaughter weight did not influence
carcass composition of pigs of different body weight. In
research of Correa et al. [19] even though the weight of
the shoulder increased with slaughter weight, only the
yield of ham was affected by body weight. Latorre et al.
[12] also reported a higher shoulder weight with inc-
reased slaughter weight, although there was no obser-
ved effect on yield.

Table 1. Parameters of the quality value of carcass of fatling according to the slaughter weight; X + Sd- X —mean value;

Sq4— standard deviation

Slaughter weight, kg

Parameter

100-110 111-120 121-130
Slaughter weigh, kg 106.85+1.24 113.83+1.85 127.40+1.24
Weight of hot carcass sides, kg 86.14+1.75 90.16+1.35 103.20+1.11
Weight of cold carcass sides, kg 82.15+1.52 85.38+1.33 98.75+1.36
Losscooling, % 3.28+0.50 4,13+1.18 3.4610.96
Randman, % 80.57+0.90 77.91+0.79 80.96+0.41
Content of meat in the carcass, % 46.24+1.15 48.15+1.08 55.34+1.74
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Table 2. Proportion of major parts in the pork carcass of fatling according to the slaughter weight; X —mean value; S, — standard

deviation
Slaughter weight, kg
Parameter 100-110 111-120 121-130
P % X+S, % X+Sy %

Head, kg 3.87+0.05 4.50 4.01+1.56 4.70 4.76+0.16 4.82
Anterior legs, kg 0.81+0.01 0.90 0.87+0.03 1.02 1.00+0.08 1.02
Posterior legs, kg 1.05+0.02 1.19 1.11+0.08 1.30 1.21+0.13 1.22
Jowl, kg 2.53+0.11 3.14 2.53+0.24 2.96 3.06+0.02 3.10
Loin, kg 12.18+0.45 15.25 13.68+0.77 16.02 14.52+0.62 14.71
Fillet, kg 0.71+0.04 0.72 0.9040.06 1.05 0.93+0.05 0.94
Third of front (neck, blade, shank), kg 21.90+0.45 26.75 22.48+1.03 26.33 25.70+0.67 26.04
Ham, kg 26.09+0.37 31.31 25.63+0.53 30.01 30.52+0.65 30.92
Ribs with bacon, kg 12.98+0.42 16.23 14.15+0.37 16.57 16.97+0.73 17.19

Results of the basic chemical analyses are presented
in the Tables 3-7. The average values of proteins are
presented in the Table 3. The highest average values of
crude proteins were assessed in animals at 100-110 kg
of live weight (loin, 22.54%), while the lowest average
values were found in animals at 121-130 kg of live
weight (neck, 17.43%). According to Okrouhlad et al.
[20], the content of proteins in clean lean ranged
between 18 and 22%. The highest average values of
crude proteins were assessed in animals at 111-120 kg
of live body weight (loin, 23.63%), while the lowest
average values were found in animals with live body
weight of 121 kg and more (neck, 18.82%). In this
regard, Correa et al. [19] obtained results for crude
proteins content in the range from 23.30 to 23.80%,
when the highest values were in the group of animals
with the average live weight of 115 kg. Also, Sev&ikova
et al. [21] mentions 23.11 and 22.71 % of crude pro-
teins content. In recent years, high consumer demand
for low-fat pork has increased the production of lean
genotype pigs. The genetic potential for maximum pro-

The Table 4 characterizes contents of water in rel-
ation to live weight in major meaty parts of pork. The
highest average water value was found in ham
(74.04%) and loin (71.87%), in particular, 74.21% in
ham and 72.34% in loin in animals at 100-110 kg of live
body weight. Contrary to this, the lowest average value
was recorded in the neck, in particular, 65.52% in the
group with live weight of 121-130 kg. Similar results
were obtained by Sev¢ikova et al. [21] in the hybrid
combination of Landrace and Yorkshire with an average
live weight of 114 kg and interval between 73.58 and
74.27%. In research conducted by Okrouhld et al. [20]
with hybrid pigs in the Czech Republic, the highest ave-
rage water value was found in the shoulder (76.27%) in
the group up to 100 kg live weight, while the lowest
average value was achieved for the neck (67.15%) in
the group with live weight of 120 kg and more.

Table 4. Content of water (%) in relation to live weight in
major meaty parts of pork; X+Sy, X —mean value;
Sq4— standard deviation

tein accretion and the slope of the linear response Live weight Meaty parts
phase of protein accretion generally varies in modern kg Neck Loin Shoulder Ham
commercial pigs [22]. 100-110  66.76:2.42 72.34+1.34 67.66+3.32 74.21+1.00

Table 3. Content of proteins (%) in relation to live weight in
major meaty parts of pork; X+Sy, X —mean value;

Sq4— standard deviation; p < 0.01 — the same small letters;
p < 0.05 — the same capital letters

Live weight Meaty parts

kg Neck Loin Shoulder Ham

100-110 17.78+ 2254+ 17.96"°+  21.01+
1.05 0.79 0.80 1.10

111-120 18.31+ 22.33+ 18.92% 20.60+
0.68 0.59 0.84 0.44

121-130 17.43% 22.43+ 18.55%+ 20.96+
1.04 0.81 0.54 1.41

111-120
121-130

67.22+1.17 71.58+1.85 69.34+1.28 74.43+1.08
65.52+2.35 71.57+1.22 70.51+2.70 73.36+1.26

The recorded percentage of intramuscular fat was
different for each group and for each part of meat
(Table 5). The highest intramuscular fat presence was
in the group with live weight 100-110 and 121-130 kg
(neck, 13.16 and 14.11%) and the lowest intramuscular
fat content was in the group with live weight 100-110
and 111-120 kg (ham, 2.41 and 2.47%). The group with
live weight of 100-110 kg showed average values of
intramuscular fat content in the interval between 13.16
(neck) and 2.41% (ham). Animals at 111-120 kg of live
weight had the average intramuscular fat values in the
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interval between 11.49 (neck) and 2.47% (ham). In the
group of 121-130 kg of live weight, the average values
fluctuated between 14.11 (neck) and 2.72% (ham).

Table 5. Content of intramuscular fat (%) in relation to live
weight in major meaty parts of pork; X+Sy, X —mean
value; S, — standard deviation

Live weight Meaty parts

kg Neck Loin Shoulder Ham
100-110 13.16+£3.28 2.78+1.07 12.05%£3.75 2.41+0.77
111-120 11.49+1.59 3.60+1.58 9.28+1.98 2.47+1.14
121-130 14.11+£3.18 3.02+1.43 7.99+2.90 2.72+2.35

One of the main factors affecting sensory meat
quality is intramuscular fat content, which has been
positively correlated with meat tenderness, juiciness,
and taste. A high level of intramuscular fat, termed
marbling fat in muscle, has been associated with imp-
roved eating quality of the meat [24]. Intramuscular fat
content values (2.52—-3.34%) met the requirements for
good sensory characteristics of meat defined by Fer-
nandez et al. [23]. Matousek et al. [25] found out
2.39% share of intramuscular fat in hybrid population
of pigs. As stated by Mikule et al. [26], the average
content of intramuscular fat in the monitored pigs
breed in the Czech Republic was between 1.02-1.94%.
The optimum range of intramuscular fat content for
meat acceptability was suggested to be 2 to 3%. How-
ever, in recent decades pigs have been selected for
high lean content by opting for decreased back fat
thickness and high growth capacity. Because back fat
thickness and intramuscular fat content are genetically
correlated (approximately 0.37), intramuscular fat con-
tent of pig meat has decreased below the suggested
level for meat acceptability.

The challenge is to raise the intramuscular fat con-
tent of muscle to a level that will satisfy the nutrition
needs of consumers but at the same time to produce
pork with minimal visible fat, which is a deterrent to
health-conscious consumers. The most effective proce-
dure for manipulating the fat content and fatty acid
composition of pigs is through strategic nutrition [22].

The content of mineral substances as listed in the
Table 6 showed different interval values. The highest
values (2.98%, loin) were shown in the group with the
live weight of 100—110 kg, and the lowest (2.31%, neck)
in the group with live weight of 121-130 kg.

The average pH values are presented in the Table 7.
The highest average pH values were assessed in the
group with 100-110 kg of live weight (neck, 5.77) while
the lowest average values were found in the group with
live weight 121-130 kg (ham, 5.33). The incidence of
pale, soft, and exudative meat is one of the main qual-
ity problems in pork. The appearance of this type of
meat can be monitored by measuring pH, instrumental

124

colour and exudates loss, as pale, soft, and exudative
meat is characterized by its intense paleness, low pH,
low consistency and intense exudation. Occurrence of
dark, firm and dry meat can be defined according to
the ultimate pH values. Forrest [27] reported that ulti-
mate pH value of 6.2 and higher was an indicator of
dark, firm and dry meat. Based on the ultimate pH
values, all three groups in our investigation exhibited
normal values with significant differences between
groups in major parts of meaty pork (neck and shoul-
der, p <0.05; ham, p < 0.01).

Table 6. Content of mineral substances (%) in relation to live
weight in major meaty parts of pork; X+5Sy, X —mean
value; S, — standard deviation; p < 0.01 — the same small
letters; p < 0.05 — the same capital letters

Live weight Meaty parts

kg Neck Loin Shoulder Ham

100-110 23174 2.34% 2.33% 2.37°
0.17 0.18 0.17 0.18

111-120 2.48"+ 2.49°+ 2.47°+ 2.50°+
0.10 0.11 0.10 0.13

121-130 294+ 298t 2.95%+ 2.97°+
0.02 0.01 0.05 0.01

Table 7. Values of pH in relation to live weight in major meaty
parts of pork; XSy, X —mean value; S;— standard
deviation; p < 0.01 — the same small letters; p < 0.05 — the
same capital letters

Live weight Meaty parts

kg Neck Loin Shoulder Ham

100-110 5.77°%+ 5.34% 5.65%+ 5.35%
0.21 0.06 0.20 0.07

111-120 551 5.47+ 5.55% 5.49%°+
0.18 0.26 0.14 0.10

121-130 5.50% 5.38% 5.45% 533+
0.15 0.06 0.08 0.04

Statistical evaluation showed that the differences
between the groups were highly significant (p < 0.05;
p < 0.01) for the values of proteins content, mineral
substance and pH values, while for the contents of
water and intramuscular fat there were no differences
between the groups. These results are in disagreement
with most studies which showed no variation of protein
content with slaughter weight [9,12]. Previous studies
indicated some or no effect of slaughter weight on
meat quality traits [9,10,12].

CONCLUSIONS

On the basis of the obtained results of measuring it
can be documented that slaughter weight did not
influence carcass composition of pigs of different body
weight. The largest part of the carcass is ham, with a
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share of about 31% in all pigs. After ham, the front
third (neck, blade, shank) makes up the largest share of
the carcass, about 26%, followed by ribs with bacon,
about 16%, and loin, about 15%, in all groups of fat-
lings. The highest content of proteins was found in the
part of ham in animals at 100-110 kg of live weight
(21%), while the lowest content was in the part of neck
(17.43%) in animals at 121-130 kg of live weight. The
highest/lowest values of water content were in the
group of 111-120 kg (shoulder, 74.43%) /121-130 kg of
live weight (neck, 65.52%). The highest content of
intramuscular fat was found in the part of neck in ani-
mals at 121-130 kg of live weight (14.11%), while the
lowest content was in the part of ham (2.41%) in
animals at 100-110 kg of live weight. The highest/low-
est values of mineral substances were obtained in loin/
/neck in the group of animals with live weight of 121—
—130 kg and 100-110 kg, respectively. Values of pH
ranged from 5.33 to 5.77. Differences between the
groups for the values of protein content, mineral sub-
stance and pH values were highly significant, while for
the contents of water and intramuscular fat there were
no differences between the groups. This research has
practical application as a starting point in development
of pig production and meat processing industry, by
providing an optimal body weight of individual geno-
types of pigs, the aim of which is to obtain better qual-
ity of the final product — fattened pig (fatlings) with
optimal organoleptic, nutritional, physical, chemical
and technological properties.
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OSNOVNI HEMIJSKI SASTAV MESA | KVALITET TRUPA HIBRIDNIH TOVLIENIKA RAZLICITE TELESNE MASE NA KLANJU

Dragomir R. Lukat‘fl, Vitomir S. Vidovic’l, Aleksandar Lj. Stoisavljevic’z, Nikola M. Puva(:al, Natalija R. Diinic’3,
Vladimir M. Tomovi¢®

"Univerzitet u Novom Sadu, Poljoprivredni fakultet, Departman za stoéarstvo, Novi Sad, Srbija
’PTK Panonija a.d., BackaToplola, Serbia

*Univerzitet u Novom Sadu, Tehnoloski fakultet, Novi Sad

(Naucni rad)

Meso predstavlja veoma bogat i jedinstven izvor hranljivih materija. Posebna

Klju¢ne reci: Tov e Svinje e Klani¢na masa

vaznost mesa se bazira na sadrZaju proteina. Optimalna telesna masa prilikom
klanja uti¢e na osnovni hemijski sastav mesa. Tovljenici pre klanja su podeljeni u
tri grupe. Najveci sadrzaj proteina i vode se nalazio u butu i plecki u grupama od
100 do 110 kg i 111 do 120 kg, dok je najmanji sadrzaj proteina i vode bio u vratu
kod svinja telesne mase od 121-130 kg. Najveéi sadrzaj intremuskularne masti i
mineralnih materija je zabeleZzen u grupi svinjas atelesnom masom od 121 do 130
kg (vratu i kareo), dok je najmanji sadrzaj zabeleZen u grupi svinja telesne mase od
100 do 110 kg (but). Kiselost mesa (pH) se kretala u normalnim granicama (5,33—
—5,77). Razlike izmedu grupa u sadrzaju proteina, mineralnih materija kao i pH
mesa su bile visoko statisti¢ki znacajne (p < 0,05; p < 0,01), dok razlike u sadrzaju
vode i intramuskularne masti nisu zabelezene izmedu posmatranih grupa (p >
>0,05).
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Abstract

Due to their simplicity and low operation cost, constructed wetlands are becoming more
prevalent in wastewater treatment all over the world. Their range of applications is no
longer limited to municipal wastewater, but has expanded to the treatment of heavily
polluted wastewaters such as agro-industrial effluents. This paper provides a comprehen-
sive literature review of the application of constructed wetlands in treating a variety of
agro-industrial wastewaters, and discusses pollutant surface loads and the role of con-
structed wetland type, prior-treatment stages and plant species in pollutant removal
efficiency. Results indicate that constructed wetlands can tolerate high pollutant loads and
toxic substances without losing their removal ability, thus these systems are very effective
bio-reactors even in hostile environments. Additionally, the review outlines issues that
could improve pollutant treatment efficiency and proposes design and operation sug-
gestions such as suitable vegetation, porous media and constructed wetland plain view.
Finally, a decision tree for designing constructed wetlands treating agro-industrial waste-
waters provides an initial design tool for scientists and engineers.
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Constructed wetlands (CWs) are a low-cost techno-
logy that has been used to treat various types of
wastewaters for nearly twenty years [1-2]. They are an
attractive treatment option because they use solar
energy, are simple to construct and operate, have low
maintenance cost and are inexpensive and sustainable
compared to conventional treatment methods [3]. The
water quality improvement observed depends on the
wetland design, microbial community, and the different
plant species involved [4].

Constructed wetlands are artificial systems that
have been designed to operate as natural wetland eco-
systems to improve wastewater treatment efficiency.
These systems generally fall into two general cate-
gories: a) subsurface flow system wetlands, and b) free
water surface systems. In recent years, constructed
wetland technology has been based on three basic
types of CWs: a) free water surface (FWS) wetlands, b)
horizontal subsurface flow (HSF) wetlands and c) Verti-
cal flow (VF) wetlands.

Lately, different CW types have been paired into
hybrid treatment systems. Hybrid CW systems have
also been used extensively in wastewater treatment.
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These hybrid systems mainly consist of different HSF
and VF stages and are used to achieve high organic
matter removal efficiency and high nitrification rates
from the VF CWs, and high denitrification rates from
the HSF CWs.

CWs are mainly used to treat domestic and muni-
cipal wastewaters, but more recent applications of CWs
include treatment of other types of wastewater, such
as industrial, agro-industrial and agricultural waste-
waters, various runoff waters and landfill leachate [5].

Agro-industry includes post-harvest activities inv-
olved in the transformation, preservation and prepar-
ation of agricultural products for intermediary states or
final consumption. Agro-industrial wastewaters are
usually characterized by their high organic load and
their quantity and quality variations over a year [6].

Although previous papers have partially reviewed
CWs treating agro-industrial wastewater, they are
either dated [7] or agro-industrial wastewater is only a
limited part of the paper and not thoroughly discussed
[8]. This paper provides a comprehensive literature
review of the application of CWs in treating a variety of
agro-industrial (i.e., dairy, animal farm, winery, trout
farm, sugar production and olive mill) wastewaters, as
CW application is no longer limited to municipal waste-
waters. To evaluate comprehensively the ability of CWs
to treat these wastewaters, certain parameters are
examined and discussed thoroughly. These parameters
include CW type, prior-treatment stages, and plant
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species. Other significant parameters such as CW sur-
face area and pollutant surface loads for specific toxic
pollutants (e.g., phenols) are discussed in detail. Fur-
thermore, the review provides design and operation
suggestions including issues such as vegetation, porous
media, CW plain view and others, by introducing an
innovative decision tree for designing CWs treating
agro-industrial wastewaters.

PRIOR-TREATMENT STAGES

CWs were mainly used as a polishing treatment
method for agro-industrial wastewater treatment, thus
several prior-treatment technologies are employed
(Table 1). These technologies aim to remove suspended
solids and reduce organic matter loads. Suspended
solid removal is essential before the wastewaters enter

the CW stage, because high suspended solid concen-
trations can cause clogging of the porous media. The
necessity of pre-treatment stage was also outlined in
previous reviews, where it was mentioned that CWs
treatment facilities were coupled mainly by settling
basins, lagoons, septic tanks in order to mainly remove
SS [7]. Therefore, in the majority of experiments/appli-
cations referred in the literature, the pre-treatment
stages include either simple settling basins [3,9-22] or
stabilization lagoons, which can achieve high removal
rates of suspended solids and organic matter [4,23-27].

According to the specifications of each wastewater,
prior-treatment stages can also include other techno-
logies. Winery wastewater treatment usually includes a
sludge digestion stage to remove suspended solids and
significantly reduce organic loads [28]. Animal farm
wastewaters that contain high organic and nitrogen

Table 1. Prior-treatment stages used in CWs treating agro-industrial wastewater

Prior-treatment stage Wastewater Type Reference
FWS
Stabilization lagoon Animal farm [1,35-39]
Dairy [40]
Dilution Animal farm [41]
oMW [42]
Settling tanks Dairy [3,12,16]
Animal farm [19]
Hybrid
Settling tanks Dairy [15]
Stabilization lagoons Animal farm [25]
Vinegar [26]
Septic tank Dairy, swine and potato starch [31]
Sludge digester Winery [28]
HSF
Biological treatment Dairy- Cheese whey [2,43,44]
Animal [30]
Stabilization lagoons Dairy [4,23,27]
Animal farm [24]
Settling tank Dairy [9-11,13,17,20,21]
Animal farm [18]
Winery [14]
Trout farm [22]
Solid separation, anaerobic digestion and aerobic oxidation Animal [29]
Sludge digestion Animal [45,46]
Winery [47]
Coagulation oMW [33,48]
Dilution Sugarcane [49]
VF
Dilution OMW and swine [50]
Cheese whey [51]
Biological filter oMW [34]
Electrochemical oxidation oMW [32]
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loads are mainly treated with various biological treat-
ment methods to reduce both organic and nitrogen
loads [29-31]. The main treatment stages for OMW
involve advanced treatment methods including coagul-
ation [32], electrochemical oxidation [33], and bio-
logical trickling filters [34] to lower toxic phenol con-
centrations.

Several experiments/applications on agro-industrial
wastewater treatment using CWs lack a main treat-
ment stage [41,42,49-52]. In these experiments/appli-
cations the wastewaters were diluted with tap water
before being introduced into the CW system.

Although the majority of CWs experiments/appli-
cations on agro-industrial wastewaters refer to prior-
treatment stages and they do not discuss the specific
aspects of these stages. Thus, limited information is
available concerning the significance and effectiveness
of prior-treatment stages on CW performance. Never-
theless, some critical information can be drawn. Speci-
fically, although physicochemical methods (e.g. coagul-
ation) can successfully remove TSS, they use chemical
compounds (e.g., calcium hydroxide, lime putty and
hydraulic lime). This leads to the increase of pH values
to above 8, which could be toxic to CW vegetation [32].
On the other hand, the electrochemical oxidation as a
prior-treatment stage to CWs treating OMW results in
lower pollutant removal efficiencies than when it is
used as a polishing stage after CW treatment [33].
Therefore it seems that a biological treatment method
should be applied as a prior-treatment stage to CWs
[33,34]. As agro-industrial wastewaters are character-
ized by high pollutant loads, aerobic suspended growth
systems would probably not achieve satisfactory rem-
oval efficiencies. In contrast, aerobic attached growth
systems (e.g., trickling filters) or anaerobic systems

could operate under these high pollutant loads and
could achieve high removal rates.

VEGETATION

One of the main issues in CW treatment systems is
to identify the precise role of the plant vegetation in
pollutant removal and define their toxicity boundaries.
Several plant species have been used in CWs treating
agro-industrial wastewater treatment (Table 2). The
exact contribution of plants in nutrient removal is a
controversial issue as almost all related studies give
different removal efficiencies. Gottschall et al. [36]
report that nutrient removal due to plant uptake was
significantly lower in their study compared to previous
studies [53,54] which reported that plant uptake is
responsible for 27-66% of nitrogen removal and 47—
—65% of phosphorus removal. In addition, Newman et
al. [11] report that only 3% of nitrogen removal should
be attributed to plant uptake. Mantovi et al. [13] also
attribute most nutrient removal to biofilm biochemical
oxidation and plant uptake. Tanner et al. [23] reported
that planted wetlands showed greater removal effi-
ciencies of N and P from dairy farm wastewaters than
unplanted wetlands. They recorded higher TP removal
in the summer months due to higher plant biomass
growth and temperatures. The unplanted wetland
proved to be less efficient at removing both N and P
with higher loading rates. Percentage removal of NH, —
N increased with retention time in the planted HSF CW,
whereas the unplanted wetland showed lower perfor-
mance. Plant rhizosphere aeration may stimulate aero-
bic decomposition processes by increasing nitrification
and subsequent gaseous losses of N through denitrific-
ation [55,56], and by decreasing the relative levels of
dissimilatory nitrate reduction to ammonium [57].

Table 2. Plant species used in CWs treating agro-industrial wastewater

Influent concentration, mg/L

Plant species oD ™ b CW Type Wastewater type Reference
Acorus calamus 1700 360 - HSF Animal farm [46]
Alisma plantago-aquatica 1700 360 - FWS Dairy [16]
HSF Animal farm [46]
Butomus umbellatus - - - Hybrid Dairy [15]
Cacomantis flabelliformis 1034 448 - FWS Animal farm [19]
Carex spp. 682-1700 11-360 2.3-10.4 FWS Dairy [16]
HSF Dairy [10]
HSF Dairy [59]
HSF Animal farm [46]
Hybrid Vinegar [26]
Ceratophyllum demersum 721-4045 14.7-65.2 1.9-4.9 FWS Winery [14]
Cucurbita maxima - - - Hybrid Dairy [15]
Eichhornia crassipes 1160 200 40 HSF Animal farm [29]
Eleocharis obtusa - - - HSF Dairy [9]
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Table 2. Continued

Influent concentration, mg/L

Plant species oD ™ b CW Type Wastewater type Reference
Elodea canadensis 721-4045 14.7-65.2 1.9-4.9 FWS Winery [14]
Filipendula ulmaria 1700 360 - HSF Animal farm [46]
Glyceria spp. 682—-1500 97 10.4 FWS Dairy [16]
HSF Dairy [10]
HSF Dairy [59]
HSF Dairy [60]
Holcus lanatus - - - HSF Dairy [60]
Iris pseudacorus 1700 360 - FWS Dairy [16]
HSF Animal farm [46]
Juncus spp. - 20-120 20-50 FWS Animal farm [1]
FWS Animal farm [61]
HSF Animal farm [62]
Lemna spp. 254 29 17 FWS Dairy [3]
HSF Dairy [27]
Litaneutria minor 1900 164 53 FWS Dairy [12]
HSF Dairy [9]
Lythrum salicaria 1700 360 - HSF Dairy [9]
HSF Animal farm [46]
Mentha aquatica 1700 360 - HSF Animal farm [46]
Nymphea rustica 721-4045 14.7-65.2 1.9-4.9 FWS Winery [14]
Nuphar lutea - 20-120 20-50 HSF Animal farm [62]
Phalaris arundinaceae 6.79-1500 6.16 0.34 FWS Dairy [16]
HSF Dairy [59]
HSF Trout farm [26]
Phormium tenax - - - HSF Dairy [60]
Phragmites spp. 6.79-14000 6.16-506  0.34-95 FWS Dairy [16]
FWS Dairy [12]
FWS Dairy [40]
Hybrid Dairy [15]
Hybrid Dairy [63]
HSF Dairy [64]
HSF Dairy [17]
HSF Dairy [4]
HSF Dairy [10]
HSF Dairy [13]
HSF Dairy [9]
HSF Dairy [11]
HSF Cheese whey [44]
HSF Animal farm [24]
HSF Animal farm [45]
HSF Animal farm [46]
HSF Animal farm [30]
VF Animal farm [48]
VF Animal farm [65]
HSF OMW (48]
VF oMW [34]
FWS oMW [42]
FWS, HSF, VF Winery [14]
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Table 2. Continued

Influent concentration, mg/L

Plant species oD ™ b CW Type Wastewater type Reference
Phragmites spp. 6.79-14000 6.16-506  0.34-95 Hybrid Vinegar [26]
HSF Trout farm [26]
VF OMW and swine [50]
Hybrid Winery [28]
Hybrid Dairy, swine and potato starch [31]
Hybrid Winery [47]
Pontederia spp. 254-1200 20-120 22-50 HSF Dairy [27]
HSF Animal farm [62]
HSF Sugarcane [49]
Schoenoplectus americanus ~ 445-796 66-171 56-71 FWS Animal farm [39]
FWS Animal farm [61]
FWS Animal farm [37]
FWS Animal farm [66]
FWS Animal farm [38]
Hybrid Animal farm [25]
Scirpus spp. 285-2240  20-907 20-53 FWS Dairy [12]
FWS Dairy [40]
HSF Dairy (4]
HSF Dairy [23]
FWS Animal farm [1]
FWS Animal farm [61]
HSF Animal farm [62]
HSF Animal farm [18]
HSF Animal farm [24]
HSF Animal farm [46]
Solanum americanum - - - FWS Animal farm [1]
FWS Animal farm [61]
Sparganium erectum 1700 360 - FWS Dairy [16]
Hybrid Dairy [15]
Hybrid Animal farm [25]
HSF Animal farm [46]
Senecio sylvaticus - - - Hybrid Dairy [15]
Sotalia fluviatilis 1160 200 40 Hybrid Dairy [67]
HSF Dairy [21]
Suillus pungens 2700 102 26 HSF Dairy [9]
HSF Dairy [11]
Stuckenia pectinata 682 97 10.4 HSF Dairy [10]
Typha spp. 150-4045 14.7-360 10.4-71 FWS Dairy [16]
FWS Dairy [3]
FWS Dairy [12]
FWS Dairy [40]
Hybrid Dairy [15]
HSF Dairy [2]
HSF Dairy [10]
HSF Dairy [59]
HSF Dairy [9]
HSF Dairy [11]
HSF Dairy [20]
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Table 2. Continued

Influent concentration, mg/L

Plant species oD ™ b CW Type Wastewater type Reference
Typha spp. 150-4045 14.7-360 10.4-71 FWS Animal farm [36]
FWS Animal farm [1]
FWS Animal farm [39]
FWS Animal farm [61]
FWS Animal farm [37]
FWS Animal farm [66]
FWS Animal farm [38]
Hybrid Animal farm [25]
HSF Animal farm [62]
HSF Animal farm [24]
HSF Animal farm [46]
HSF Animal farm [30]
VF oMW [33]
FWS, HSF, VF Winery [14]
VF Cheese whey [52]
Urtica dioica Hybrid Dairy [15]

The selection of appropriate vegetation in CWs
treating agro-industrial wastewater is an important
issue as toxic effects caused by high organic and nut-
rient loads can occur. Typha spp. and Phragmites spp.
are most commonly used for various agro-industrial
wastewaters (i.e., dairy, animal farm, winery, vinegar,
trout farm, potato starch and OMW). Apart from Typha
and Phragmites thirty-one other species have been
used in CWs treating agro-industrial wastewater. Of
these 31 species, Carex spp. and Scirpus spp. are the
most frequently used in CWs treating dairy and animal
farm wastewaters. Although a significant number of
plant species have been used in CWs treating agro-
industrial wastewaters no significant observations have
been made concerning the effect of the different spe-
cies on pollutant removal efficiencies. On the contrary,
the comparative studies with different species showed
that all were able to grow in CWs treating dairy waste-
water without showing toxicity [15] and did not show
any significant differences on organic matter removal
[58]. Cronk [7] also suggested that CWs vegetation
should be native and tolerant to extreme pollutant
loads, while they should also have rapid growth and
significant nutrient uptake.

Phragmites

Phragmites spp. is recognized as the most popular
plant used in CW applications [68]. Its extensive use is
due to: a) its high biomass productivity (up to 9,890 g
dry mass/m’ per year), b) its ability to grow in fresh and
saline waters and c) its natural widespread distribution
[68]. Phragmites spp. is also extensively used in CW
applications for agro-industrial wastewater treatment.
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Phragmites spp. appears to be extremely tolerant to
high concentrations of organic matter and nutrients
and does not show toxic effects to COD, TKN and TP
concentrations of up to 14000, 506 and 95 mg/L,
respectively (Table 2).

Typha

Along with Phragmites spp., Typha spp. is the most
commonly used plant in CWs, and they share common
characteristics of high biomass productivity, tolerance
to brackish waters and a widespread distribution [68].
Typha spp. is used in all CW types to treat a variety of
agro-industrial wastewaters (i.e. dairy, cheese whey,
animal farm, OMW and winery). Typha spp. is tolerant
to high organic matter and nutrient concentrations, as
it has been used in experiments/applications in which
COD, TKN and TP concentrations were up to 4000, 360
and 71 mg/L, respectively (Table 2). These concentra-
tions are rather high and prove that Typha spp. can be
used successfully in CWs treating high strength waste-
waters. On the contrary, Ghosh and Gopal [2] exam-
ined plant tolerance to dairy wastewater and found
that young Typha plants yellowed when wastewater
with high EC values was applied to the CWs. Ghosh and
Gopal [2] also mentioned that plant density and height
were maximum near the CW’s inlet and attributed this
to the higher nutrient concentrations present in these
areas which promote plant growth. Concerning nut-
rient uptake from Typha spp., Gottschall et al. [36]
found that N was absorbed in Typha spp. biomass
mainly as NH," and not as NO;~, while P uptake was
significant lower.
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FWS CWS TREATING AGRO-INDUSTRIAL
WASTEWATERS

FWS CWs have been extensively used to treat a
variety of agro-industrial wastewaters (i.e., dairy, ani-
mal farm and OMW) (Table 3). These applications
range from pilot-scale experiments to full-scale facil-
ities as their areas vary from 120.6 to 4000 m’ (Table
3). FWS CWs have been operated with various pol-
lutant surface loads ranging from 1.9 to 259.4 g/m2 per
day for organic matter, from 0.4 to 77 g/m2 per day for
TKN, from 0.05 to 12.7 g/m” per day for phosphorus,
and from 2.55 to 949 g/m’ per day for TSS. Removal
efficiencies in these CWs show great variations, ranging
from 3 to 98% for organic matter, from 26 to 96% for
TKN, from 8 to 92% for TP, and from 26 to 99% for TSS,
depending on the HRT applied and the metrological
conditions. In most cases the high removal efficiencies
were achieved when pollutant surface loads were low
(Table 3).

A common characteristic of all FWS CWs treating
agro-industrial wastewater is that influent COD con-
centration does not exceed 2000 mg/L, as at higher
concentrations FWS CWs cannot efficiently remove
pollutants due to the anoxic or anaerobic conditions
created in the water column, which reduces the
amount of oxygen available for microbial organic
matter oxidization. According to Schaafsma et al. [12],
organic matter and nutrient removal efficiencies are
also significant, but in some cases, nitrate and nitrite
concentrations are increased in the effluent. To
enhance denitrification, Schaafsma et al. [12] sug-
gested increasing plant density and partially recircul-
ating wastewater. Concerning nitrogen removal, Gott-
schall et al. [36] showed that TKN removal was lower
than NH," removal. The wetland was NH,"-dominated
and showed a greater uptake of NH," than NO; . The
only attempt to treat OMW using FWS [42] showed

significant removal efficiency for organic matter (86%).
However, the organic surface load applied was the
lowest for OMW reported in the literature (5-15 g/m2
per day).

HRTs applied on FWS CWs range from 4 to 120 days
and significantly affect wetland performance. When
low HRTs were used (4 to 15 days) removal efficiencies
were low and ranged from 40 to 60% [37,38,40]. On
the other hand, high removal efficiencies were
achieved for HRTs exceeding 60 days [3,36,61].

HSF CWS TREATING AGRO-INDUSTRIAL
WASTEWATERS

HSF CW systems appear to be favoured for agro-
industrial wastewater treatment compared to FWS
CWs, as they have been used to treat a greater variety
of wastewaters (i.e., dairy, animal farm, OMW, winery,
sugarcane and trout farm). They have been used at
several scales from laboratory experiments to full-scale
applications with surfaces areas ranging from 0.25 to
7600 m’ (Table 4). HSF CWs operated under similar
pollutant surface loads with FWS CWs varying from
0.17 to 376 g/m’ per day for organic matter, 0.007 to
2.7 g/m” per day for TKN, 0.004 to 4.7 g/m” per day for
phosphorus, and from 0.2 to 62.4 g/m” per day for TSS.
Removal efficiencies in HSF CWs are similar to those
recorded in FWS CWs as they range from 28 to 99% for
organic matter, 10 to 99% for TKN, 2 to 99% for TP, and
from 76 to 99% for TSS, depending on the applied HRT
and the meteorological conditions (Table 4).

Although pollutant surface load and removal effi-
ciencies of HSF CWs do not differ greatly from those in
FWS CWs, HRTs applied in HSF CWs were lower and
ranged from 2 to 60 days. Even with a 2-day HRT, HSF
CWs can achieve high organic matter removal effi-
ciencies (up to 90%) [44,49] and this establishes them
as far more efficient bio-reactors than FWS CWs.

Table 3. FWS CWs treating agro-industrial wastewater treatment by CW's

Ref. Wastewater  CW surface Surface load, g/m2 per day Removed surface load, g/m2 per day
type area, m” C TKN TP TSS C TKN TP TSS
[2] Animal farm 120.6 2.74 3.5 - - - - - -
[3] Dairy 100 6.5 0.8 0.12 4.8 6.37 0.64 0.11 4.61
[12] Dairy 500 - - - - - - - -
[16] Dairy 4265 6.84 - 0.05 2.55 6.22 - 0.04 2.52
[36] Animal farm 327 - 0.95-1.62 0.33-0.34 - - 0.38-0.65 0.05 -
[37] Animal farm 220 7.14 1.23 1.1 24.2 4.2 0.7 0.32 15.0
[38] Animal farm 440 1.9-6.1 0.7-4.0 0.8-1.6 4.4-8.2 0.9-2.7 0.3-1.8 0.16-0.32 1.8-3.3
[39] Animal farm 440 8.13-87.1 0.4-3.5 - 3425-35109 3.3-34.5 0.2-1.6 - 1370-14044
[40] Dairy 630 20.36 23.2 - 67.36 0.61 6.0 - 24.2
[42] oMW 5-15 - - - 4.3-12.9 - - -
[61] Animal farm 241.2 10.7-12 3.7-4.4 1-1.6 11.5-18.8 6.4-7.2 29-3.5 0.3-0.5 10.6-17.3
[66] Animal farm 440 - 2.3 1.2 - - 0.9 0.09 -
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Table 4. HSF CWs treating agro-industrial wastewater treatment by CWs

Ref.  Wastewater CW surface Surface load, g/m2 per day Removed surface load, g/m2 per day

type srea, m” C TKN TP TSS C TKN TP TSS
[9] Dairy 138.6 52.6 1.9 0.514 14.8 14.7 0.5 0.14 6.7
[10] Dairy 10-15 26.8-45.3 - - - 24.1-40.8 - - -
[11] Dairy 138.6 (each 51.3 1.96 0.5 24.6 38.9 0.55 0.23 22.1

cell)
[13] Dairy 72 110.1 5.84 1.15 62.3 101.3 2.83 0.70 56.6
[14] Winery 127-850 23.6-35.2 0.6-2.7 0.08-0.2 - 22.4-33.4 0.4-1.9 - -
[17] Dairy 50-1900 5.7-8.3 0.56-1.97 0.17-1.71 - 4.5-6.6 0.2-0.8 0.12-1.2 -
[18] Animal farm 18 9.7-47.3 0.7-4.54 - - 4.85-23.6 0.42-2.7 - -
[2] Dairy 1.63 8.6-34.5 1.3-4.9 OP: 0.2-0.7 5.2-20.7 0.78-2.94 OP: 0.16-0.56
0.3-1.1 0.09-0.33
[20] Dairy 100 17 - - - 16.7 - - -
[21] Dairy 892 68.5 - 0.6 16 - - - -
[22] Trout farm 23.9 9.8 8.9 0.49 - 19.8 1.1 0.27 -
[23] Dairy 19 0.9-4.1 0.6-2.7 0.2-0.8 1.9-8.5 0.76-3.5 0.4-1.8 0.12-0.48 1.5-6.5
[24]  Animal farm 6000 0.17-0.26  0.15-0.68 - 0.21- 0.12-0.18 0.09-0.48 - 0.07-0.93
1.85
[27] Dairy 398 29.4 3.4 2 8.4 11.2 1.45 0.5 4.9
[29]  Animal farm 31.1 39-137 6.9-26.2 1.5-4.7 30.3—- 31.2-110 1.03-3.9 0.7-2.1 29.4-60.5
62.4
[30] Animal farm 0.9 4.2 - 0.2016 6.1 - - - -
[4] Dairy 600 - - - - - - - -
[43] Dairy 20 - - - - - - - -
[44] Cheese whey 1.1 19-110 - - - 2-109 - - -
[45]  Animal farm 0.25 3.2 0.104 0.265 - 2.24 0.08 0.21 -
[46]  Animal farm 4500 0.14 0.03 0.005 - 0.13 0.03 0.005
[47] Winery 350 2-49 - - - 1.4-34.3 - - -
[48] oMW 0.85 77.03 1.08 0.42 9.32 53.1 0.13 0.23 4.6
Phenols: 16.85 Phenols:
13.2
[49] Sugarcane 0.9 47.2-94.8 - - - 37.8-75.8 - - -
[59] Dairy 7600 1.2 - - 0.21 1.14 - - 0.2
[60] Dairy 260 - 0.7-2.9 0.004-0.013 - - 0.4-1.7 0.0004- -
0.0013

[62]  Animal farm 4500 - 0.007 0.004 - - 0.005 0.001 -
[64] Dairy 160 - - - - - - - -

Nevertheless, HRT and pollutant surface loads seem to
be important parameters in HSF CWs as, according to
Lee et al. [29], removal efficiencies are higher when
surface loads are low, while Meers et al. [45] suggested
that by increasing the HRT and the plant root depth
zone in HSF CWs, removal efficiencies would increase.
HSF CWs appear to be more efficient at treating OMW
[32], as removal efficiencies reach 69% for COD, 12%
for nitrogen, 55% for phosphorus, 50% for TSS and 79%
for phenols. It should be mentioned that these removal
efficiencies were achieved with pollutant surface loads
higher than those applied to FWS systems, but lower
than those applied to VF systems.
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HSF CW operation is greatly influenced by HRT, as
extremely low HRTs can lead to insufficient treatment,
while high HRTs do not improve CW performance and
lead only to higher area demand. Ghosh and Gopal [2]
state that while organic matter removal increased
nearly 3-fold when HRT increased from 1 to 2 days,
when HRT was further increased to 3 days organic
matter removal increased only by 18%. Sultana et al.
[44] also state that HRTs ranging from 2 to 8 days have
no significant effect on organic matter removal, while
an HRT of 1 day was found to be inadequate for organic
matter removal. Almost the same HRT range (2 to 7
days) was also proposed by Tanner et al. [23] for suc-
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cessful organic matter removal from dairy wastewater.
On the other hand, N and P removal seems to be more
affected by HRT, as when HRT increases from 1 to 4
days, N and P removal rates increase up to 4 times
[2,23]. Munoz et al. [21] suggest that artificial aeration
(1.13 m3/min) leads to clogging elimination. Although
clogging is a major problem in CW operation, conti-
nuous aeration greatly increases operation cost.

VF AND HYBRID CWS TREATING AGRO-INDUSTRIAL
WASTEWATERS

In contrast to FWS and HSF, VF CWs (Table 5) can
treat extremely higher pollutant surface loads ranging
from 10 to 6589 gr/m2 day for organic matter, 0.6 to
575 g/m’” per day for TKN, 0.08 to 20 g/m” per day for
phosphorus, and 35 to 1836 g/m2 per day for TSS.
Although VF CWs received pollutant surface loads up to
10 times greater than FWs and HSF CWs, they appear
to be extremely efficient as removal rates range from
24 to 95% for organic matter, 10 to 99% for TKN, 47 to
95% for TP, and from 21 to 99% for TSS. For some
specific agro-industrial wastewaters such as OMW [32—
—34,51], VF CWs show high removal efficiencies for all
pollutants (72-86% for COD, 75% for nitrogen, 88-95%
for phosphorus, 79% for phenols), while the pollutant
surface loads applied were among the highest reported
for all agro-industrial wastewaters. It appears from the
literature that VF CWs are more efficient at organic

matter and phenol removal, but attention should be
paid to the existence of TSS, which can cause porous
media to clog and thus damage the CW system. Yalcuk
et al. [51] attributed VF CW treatment ability to the
efficient diffusion of oxygen in CW pores. The higher
oxygen concentration in VF CWs results in increased
organic matter oxidation and ammonia nitrification.
Nevertheless, TN removal in VF CWs is limited due to
insufficient denitrification. A viable solution to this
problem is to recirculate treated wastewater, which
leads to increased denitrification rates [28,31].

While the majority of the published experi-
ments/applications used common gravel as porous
media, Yalcuk et al. [51] examined zeolite efficiency in
OMW treatment. They reported that the use of zeolite
increased organic matter and ammonia removal, which
is consistent with the results of other research groups
[68,69].

Although VF CWs usually operate under aerobic
conditions, the extremely high pollutant loads in agro-
industrial wastewater could lead to anoxic/anaerobic
conditions. For this reason Poach et al. [37] tried to
increase DO concentrations in VF CWs by increasing the
number of drainage periods. From these experimental
results it was concluded that increased drainage per-
iods do not increase pollutant removal efficiencies [37].
To overcome the problem of low DO concentrations,
Babatunde and Zhao [65] used VF CWs with tidal flow
strategies which can promote oxygen supply. When

Table 5. VF and hybrid CWs treating agro-industrial wastewater treatment by CW's

Ref. Wastewater CW surface Surface load, g/m2 per day Removed surface load, g/m2 per day
type area, m? C TKN TP TSS C TKN TP TSS
VF
[14] Winery 127-850 23.6-35.2 0.6-2.7 0.08-0.2 - 22.4-33.4 0.4-1.9 - -
[32] oMW 15 - - - 12.9 - - -
[33] oMW 114.71 - OP:2.74 - 82.5 - OP: 2.6 -
[34] oMW 6589 175 20.0 - 4810 131 17.6 -
Phenols: 997 Phenols: 748
[41] Animal farm 0.5 51.7 22.5 1.84 14 31.0 15.8 11 13.3
[48] Animal farm n.a. 36-474 46-79 8-174 73-1836 21.6-284 20.7-35.6 6.4-139 -
[52] Cheese whey 0.03 10 - - - 3 - - -
[65] Animal farm 575 - 575 - 35 491 - 32.8
Hybrid
[15] Dairy 1990 1.28 0.74 0.10 1.96 1.2 0.68 0.09 1.92
[19] Animal farm 0.5 51.7 22.5 1.84 14 31.0 15.8 11 13.3
[25] Animal farm 120 - 1.4-1.5 - - - 0.98-1.05 - -
[26] Vinegar 730 23.4 0.3 0.06 - 67 83 62 -
[28] Winery 350 30.4 - - - 22.3 - - -
[31] Dairy, swine and 168-2151 24-92 - - - 19.2-73.6 - - -
potato starch
[63] Dairy 80 50-1500 50-1500 1.5-40 20-400 45-1350 32.5-975 0.8-21 18.8-376
[67] Dairy 1.87 173.5 - 2 22.3 156 - 1.6 20.1
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treating wastewaters containing high organic loads,
where the oxygen supply from the plant root zone is
insufficient, the tidal flow VF CWs increases DO con-
centration in the biofilm and thus enhances organic
matter degradation. Thus organic surface load can inc-
rease up to 112g BOD/m’ per day, and still maintain
aerobic conditions [37]. VF CW tolerance to such high
organic loads has also been attributed to tidal flow
operation and not vegetation as Phragmites can only
release 0.02 g 0,/m’ per day [37].

The most efficient CW system for agro-industrial
wastewater treatment appears to be a hybrid system
(Table 5) of both VF and HSF stages. This system has
achieved the highest removal rates among all CWs
types, ranging from 83 to 96% for organic matter, 55 to
92% for TKN, 52 to 96% for TP, and 83 to 99% for TSS,
while receiving high pollutant surface loads (1.28 to
1500 g/m2 per day for organic matter, 0.3 to 1500 g/m2
per day for TKN, 0.06 to 40 g/mZ per day for phos-
phorus and 1.96 to 400 g/m2 per day for TSS).

DISCUSSION — DESIGN AND OPERATIONAL
SUGGESTIONS

As agro-industrial wastewaters have common char-
acteristics (i.e., high organic loads, low pH values, toxic
effects) the CWs treating them present the same prob-
lems. Thus, general suggestions can be made on the
design and operation of CWs treating agro-industrial
wastewaters. The following suggestions concern issues
such as temperature, prior-treatment stage, chosen
vegetation, porous media and CW plain view.

Temperature usually affects CW performance as the
main pollutant mechanism, biological degradation, is
temperature-dependent. Lee et al. [67] examined orga-
nic matter and TSS temporal variations, and found that
temperature did not significantly affect their removal.
This was also observed by Akratos and Tsihrintzis [70],
who state that organic matter degradation is not
affected by temperature, because aerobic and anaero-
bic bacteria responsible for organic matter degradation
can function even at low temperatures (5 °C). Contrary
to these observations, Newman et al. [11] and Mustafa
et al. [59] reported that nitrogen and phosphorus
removal are strongly temperature-dependent. Akratos
and Tsihrintzis [70], who also reported a strong cor-
relation between nitrogen removal and temperature,
claim that this phenomenon could be attributed to
plant uptake and that nitrifying bacteria increase their
performance in temperatures above 15 °C.

Concerning vegetation in CW systems treating agro-
industrial wastewater, although numerous plant spe-
cies have been tested, no specific species has been
proved to be superior over the others for pollutant
removal. The main concern is to select a species
resistant to the toxic wastewaters involved and which
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is indigenous to the geographical area. Tests indicate
that the most tolerant plant species is Phragmites spp.
(the common reed), as it appears resistant to the toxic
effects of dairy, animal farm, winery and olive mill
wastewaters, and demonstrates high pollution removal
efficiencies. Furthermore, it can be found free-growing
in most areas. To overcome vegetation species limit-
ations and achieve higher removal rates, Harrington
and Mclnnes [71] propose the use of a variety of vas-
cular plants as long as pollutant concentrations have no
toxic effects on vegetation.

Another issue concerning vegetation is the density
of the plants sown. Research results show that inc-
reased plant density increases pollutant removal. Fur-
thermore, initial dense vegetation could also minimize
the adjustment period and possible toxic effects.
Therefore, in CWs treating agro-industrial wastewater,
the initial planting density should increase from 4 [70]
to 6 or 8 pIants/mz, depending on the toxicity of the
wastewater concerned. As the plants themselves are
responsible for only a small percentage of nutrient
removal (around 3%) [11,36], there is no need for their
periodic removal. On the contrary, this action would
cause a decrease in pollutant removal efficiency, as the
oxygen levels in the CW would decrease. The CW
should only be replanted when the initial vegetation
turns yellow and dies. Removal of dead plants avoids
increasing nutrient concentrations in the CW caused by
the deposition of decaying plant biomass.

Despite the numerous experiments/applications of
CWs treating agro-industrial wastewater, in the major-
ity of cases effluent pollutant concentrations remain
above EU recommended limits (Table 6), thus prohibit-
ing its direct use for irrigation or disposal. Effluent
concentrations below EU limits were reported only in
cases where influent concentrations were very low
[2,3,10,12,13,17,59,61]. Therefore, when designing
CWs for agro-industrial wastewater treatment various
parameters should be considered. Figure 1 presents a
decision tree for the design of CWs treating agro-ind-
ustrial wastewaters and provides a rough tool for sci-
entists and engineers. The first designing step should
be the appropriate selection of the prior-treatment
stage, as the majority of the experiments/applications
presented included either a prior-treatment stage or
used diluted wastewaters to eliminate toxic effects on
CW vegetation. Depending on the presence of colour
and toxic substances and the low or high organic load
in agro-industrial wastewaters, prior-treatment stages
could include just settling tanks for COD and TSS rem-
oval when initial organic loads are low. While biological
pre-treatment stages should be used when organic
loads are high and toxic substances are present in the
wastewaters. We propose the use of biological treat-
ment systems that can tolerate high pollutant loads
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Figure 1. Decision tree for designing CWs treating agro-industrial wastewater.

(e.g., trickling filters, anaerobic reactors and common
suspended growth reactors). From the published
research it is deduced that CWs were used mainly as
polishing treatment stages for agro-industrial waste-
water treatment. Bearing in mind that the main adv-
antage of CWs is their low operational cost, they should
be coupled with other low-cost treatment technologies
(e.g., biological trickling filters, coagulation-floccul-
ation). Biological trickling filters have been successfully
used in combination with CWs for OMW treatment
[34,72]. The presence of colour in agro-industrial
wastewater complicates design as a post-treatment
stage should also be included for colour removal. This
post-treatment stage usually involves physicochemical
methods (e.g., electro-oxidation, ozonation, advanced
oxidation processes — AOPS) [33].

Selection of the suitable CW system is also a crucial
issue for agro-industrial wastewater treatment. This
issue should be considered together with pollutant sur-

face load, as excessive loads negatively affect pollutant
removal rates [2,19]. Therefore, CW selection should
be based on the maximum pollutant loads that each
CW type can tolerate, while effluent concentrations
should be below the legislated limits for discharge into
a municipal sewerage system. Although all CWs present
a wide range of pollutant surface load removal rates
(Tables 2-5), design suggestions (Fig. 1) are based only
on pollutant loads that lead to effluent concentrations
below permitted limits for discharge into a sewer sys-
tem (Table 6). Specifically, for low pollutant loads (up
to 6.5 gr COD/m” per day and 0.8 g N/m’ per day) FWS
operating with an HRT of 60 days can achieve effluent
concentrations below the permitted limits for discharge
into a municipal sewer system (Fig. 1). Cronk [7] has
proposed some guidelines for CWs treating wastewater
either from animal farms or dairy factories. These
guidelines concerned mainly BOD removal and could be
characterized as rather conservative, as for a FWS CW
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Table 6. Pollutant influent and effluent concentrations compared with EU standards (EU Directive 1991/271/EEC)

Ref. Influent concentration, mg/L Effluent concentration, mg/L

COD TKN N—NH4+ N-NO;~ TP COD TKN N—NH4+ N-NO;3~ TP
EU standards 120 10 2
[2] 150 20 40 4.5 4 15 3.2 0.2 0.14 2.2
[3] 1747 237 188 3.7 37 34 19 14 0.6 17
[10] 682 97 74 0.6 10.4 89 63 25 32 4.7
[11] 2700 102 7.7 0.3 26 611 74 52 0.1 14
[12] 1900 164 72 5.5 53 53 33 32 9.9 2.7
[13] 1219 65 22 0.5 13 98 33 25 0.5 5
[18 2240 135 118 0 - 658 34 14 7.5 -
[19] 1034 - 448 - - 310 - 134 - -
[23] - 38 - - 11 - 23 - - 7.5
[24] - 907 366 - - - 248 221 - -
[27] 254 29 18 - 17 158 17 11 - 13
[29] 1160 200 185 3.7 40 190 156 144 1.7 21
[32] 129100 90 - - - 95100 560 - - -
[34] 14000 506 123 - 95 3500 99 36 - 12
[35] 3220 1333 1072 - - 2200 333 313 - -
[37] 445 66 - - 71 280 30 - - 65
[39] 796 171 139 0.6 - 471 87 66 0.6 -
[40] 285 296 196 <2 - 277 247 128 <2 -
[41] 2500 - 90 2 40 625 - 60 - 19
[43] 2000 - 0.3 - 5.3 210 - 0.1 2.3 6.4
[44] 1200-3500 - - - - 10-120 - - - -
[45] 3167 104 4.4 101 265 950 26 0.6 9.3 53
[46] 1700 360 - - 58 115 7.8 - - 0.8
[51] 2880 - 0.9 - 68 750 - 0.5 - 35
[59] 1500 - 40 3.4 - 75 - 0.4 1 -
[62] - 20-120 - - 20-50 - 5-15 - - 10-30
[66] - 116 86 - 56 - 70 53 - 48

the maximum BOD surface was proposed to be 73
kg/ha per day, with minimum HRT of 12 days.

Subsurface flow CWs (HSF and VF) are more effi-
cient bioreactors and are preferred for the treatment
of heavily polluted wastewaters as they can receive
high loads of both organic matter and N. Specifically,
HSFs appear to be rather effective at agro-industrial
wastewater treatment as they can tolerate pollutant
loads up to 110 g cop/m’ per day and 6.5 g N/m’ per
day (Fig. 1). Additionally, the HRTs tested in HSF CWs
are significantly lower compared to those used in FWSs
and range from 2 to 4 days.

Although VF and hybrid CWs have not been used
extensively for agro-industrial wastewater treatment
they have been recorded to receive high organic loads
(over110g cobp/m’ per day), and achieve high removal
rates (up to 90%, Table 5). Although final effluents are
above permitted limits for discharge into municipal
wastewater systems, VF and hybrid CWs should be
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preferred when organic loads exceed 110 g cop/m’
per day (Fig. 1; Table 6).

To overcome the limitations of each CW system,
several points should be highlighted:

e The main advantage of FWSs is the higher DO
concentration observed compared to that of HSF and
VF systems. On the other hand, FWS CWs are not pre-
ferred for agro-industrial wastewater treatment as they
require higher HRTs than HSF and VF CWs. This prob-
lem was overcome by Stefanakis and Tsihrintzis [73],
who combined FWS and HSF by raising the water level
in an HSF system. This new CW type achieved similar
removal rates to the HSF system despite receiving 15-
20% increased pollutant loads.

e During the operation of many CWs treating
agro-industrial wastewaters, plant density was rec-
orded to be higher near the CW inlet. This is attributed
to higher nutrient concentrations at and around the
inlet. This phenomenon confirms that horizontal flow
CWs (FWS and HSF) function as plug-flow reactors and
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therefore the biochemical processes occurring are
more intense near the inlet. This phenomenon could be
exploited to increase CW efficiency in two ways. The
first is to change the design of the CW plain view from
the common rectangular shape to trapezoidal. This
would increase the area near the inlet where nutrient
availability is higher, plant density is higher and bioche-
mical processes are more intense. This trapezoidal
design was tested by Kotti et al. [74], who used FWS
CWs for municipal wastewater treatment and found
that the trapezoidal CW was cca. 8% more efficient at
pollutant removal than the rectangular CW. The second
method is to use multiple inlet points along the units.
In this way nutrient availability increases along the
length of CW, therefore increasing both plant density
and pollutant removal. This scenario was tested by
Stefanakis et al. [75] who used three different inlet
points and two different schemes (33:33:33 and
60:25:15). Their results showed that a gradual waste-
water inflow from multiple inlet points (60:25:15) sig-
nificantly increased pollutant removal efficiencies (up
to 5%).

Another CW design issue is the origin of the soil
(FWS) or porous media (HSF and VF) used. The type of
soil/porous media is important as it could positively
affect N and P removal. Most studies have not exam-
ined thoroughly the effect of CW substrate, however
one attempt was made to use zeolite [68]. Zeolite,
which is a natural absorbent, has also been used as a
substrate in post-treatment filters that increase organic
matter and ammonia removal [68,69]. Other substrate
materials tested include bauxite, flying ash, river gravel
and quarry gravel [68-70,76,77]. From the literature it
can be concluded that substrate origin and chemical
composition is critical, as minerals with reactive Fe and
Al or calcareous materials that promote Ca phosphate
precipitation are rather efficient at phosphorus rem-
oval, and materials with high cation exchange ability
promote ammonium removal.

The major problem in CW application is porous
media clogging, especially when treating wastewaters
containing high TSS concentrations, such as agro-ind-
ustrial wastewaters. Future research should focus on
testing materials that would increase CW porosity and
thus limit the clogging effect. These materials could
include the plastic materials already used in biological
trickling filters [72], where biofilm density is higher
than in CWs.

CONCLUSIONS

CWs appear to be rather effective in treating agro-
industrial wastewaters after a prior treatment stage.
Although CWs were originally designed to receive low
pollutant loads they have been proved to tolerate
extremely high pollutant loads and still achieve high

pollutant removal rates. Although the presence of veg-
etation positively influences pollutant removal, differ-
ent species do not significantly affect CW performance.
Based on the above literature review, some initial des-
ign guidelines for CWs treating agro-industrial waste-
waters can be suggested including:

a) Prior treatment stages are imperative before the
CW stage. When initial organic loads are low and no
toxic substances are present in the wastewater, a
simple settling tank suffices for COD and TSS removal.
However, when organic loads are high and toxic sub-
stances are present, a biological treatment system
should be used before the CW stage.

b) To achieve effluent concentrations that meet
permitted limits for discharge into a municipal sewer-
age system, the appropriate CW system and HRT
should be selected according to the organic and N
loads of the wastewaters concerned.

c) A post-treatment stage is imperative in cases
where colour is present in the wastewaters.

d) To further improve CW performance on agro-
industrial wastewater treatment specific design and
operation parameters should be examined, including
CW plain, vegetation density, step feeding, special
porous media, etc.
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UPOTREBA PLANSKIH MOCVARA U TRETMANU AGROINSTUSTRIJSKIH OTPADNIH VODA: PREGLED

Mar-Yam Sultanal, Christos S. Akratosl, Dimitrios V. Vayenasl’z, Stavros Pavlou™?

'Department of Environmental and Natural Resources Management, University of Patras, Agrinio, Greece
?Institute of Chemical Engineering Sciences, FORTH, Patras, Greece
3Department of Chemical Engineering, University of Patras, Patras, Greece

(Pregledni rad)

Sirom sveta se planske modvare upotrebljavaju u tretmanu otpadnih voda
zbog svoje jednostavnosti i niskih troskova izrade. Njihova upotreba se vise ne
ograniava samo na komunalne otpadne vode, ve¢ se Siri i na tretman jako zaga-
djenih otpadnih voda kao $to su agro industrijske otpadne vode. Ovaj rad pruza
sveoubhvatan pregled literature koja se bavi aplikacijom planskih mocvara za
potrebe tretiranja razli¢itih agro industrijskih otpadnih voda, kao i pitanja nago-
milanog otpada na povrsini vode, ulogu tipova konstruisanih tresetista, faze pre
samog tretmana, biljne vrste koje su efikasne u otklanjanju zagadivaca. Rezultati
ukazuju da konstruisana tresetista mogu da toleriSu visok nivo zagadjivaca i tok-
si¢nih supstanci bez gubljenja svojih osobina, i na taj nacin su ovi sistemi veoma
efikasni kao bio reaktori u zagadjenom okruzenju. Ovaj rad predlaze pitanja koja
mogu da poboljsaju efikasnost tretmana i predlaze dizajn i predloge u vidu odgo-
varajuce vegetacije, poroznih materijala i pregleda konstruisanih tresetista. Na
kraju se predlaze Sematski prikaz kao pomo¢ u dizajniranju tresetista neophodnih
za tretiranje agro industrijskih otpadnih voda koji treba da posluzi kao alat za

naucnike i inZinjere.
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Nivoi makroelemenata i toksicnih elemenata u biljnim cajevima
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"Nauéni institut za veterinarstvo-,,Novi Sad”, Novi Sad, Srbija
’Nauéni institut za reprodukciju i v.o. domacih Zivotinja, Temerin, Srbija

Izvod

Ukupno je ispitano 14 razlicitih vrsta cajeva, i to: hajducka trava, bosiljak, kantarion,
pitoma nana, rastavic¢, kopriva, majkina dusica, kukuruzna svila, hibiskus, beli slez, kamilica,
Sipak-divlja ruza, vrijesak i divlja nana. Uzorci za merenje pripremljeni su metodom mikro-
talasne digestije, a merenje je izvrseno slede¢im metodama: masenom spektrometrijom sa
indukovano spregnutom plazmom (Cd, Hg, Pb, As i Sb); atomskom apsorpcionom spektro-
metrijom (Mg); emisionom plamenom fotometrijom (Ca, K i Na) i spektrofotometrijom (P).
Intervali varijacija (mg/kg) za makroelemente bili su: Ca (2738-35399); P (1545-6264); Mg
(1647-7816); Na (293—-10629) i K (9683—33985), a za toksicne elemente: Cd (0,014-0,645);
Hg (<0,001-0,017); Pb (0,064-1,340); As (0,030-0,544) i Sb (0,004-0,068). Treba istadi tri
uzorka: hajducka trava i dva uzorka kantariona u kojima je izmerena vrednost Cd (0,499+
+0,001; 0,539+0,002 i 0,645+0,003 mg/kg, redom) veéa od 0,3 mg/kg, a koja predstavlja
preporuceni dozvoljeni gornji nivo Cd u osusenom biljnom materijalu. Primenjena je Ward
metoda hijerarhijske klaster analize, u cilju grupisanja biljnih ¢ajeva po kolicini toksi¢nih
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elemenata.
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Mineralne materije u Zivotu biljaka imaju viSestruku
ulogu. SadrZaj minerala u suvoj materiji biljaka u
proseku se kre¢e od 1-6%. U biljkama se nalaze u vidu
jona, neorganskih i organskih soli i ugradeni u razna
organska jedinjenja [1]. Ucestvuju u katalizi brojnih
hemijskih reakcija biljaka. S obzirom na zastupljenost u
izgradnji biljaka, grupisu se na: makro, mikro i ultramik-
roelemente. U makroelemente se ubrajaju: C, O, H, N,
P, K, Ca, Mg, S, Na, Sii Cl i njihov sadrzaj , ako se izuzmu
C, Oi H, u suvoj materiji biljaka u proseku se krece od
2-60 mg/g. Sadrzaj mikroelemenata (Cu, Zn, B, Mn i
dr.) u suvoj materiji biljaka je manji od 1 mg/g i obi¢no
je vedi od 1ug/g, dok je sadrzaj ultramikroelemenata (J,
Se, Mo i dr.) manji od 1ug/g [2]. Treba istaéi, da ovakva
podela ne odrazava njihovu ulogu u metabolizmu
biljaka. Tako, jedna grupa elemenata (teski metali),
medu kojima ima i esencijalnih mikroelemenata (Fe, Zn,
Cu, Mn, Co i dr.) pri ve¢im koncentracijama deluju
toksiéno na biljke, a Sto se manifestuje u poremecaju
jednog ili ve¢eg broja metabolickih i/ili hemijskih reak-
cija [3]. Koli¢ina mineralnih materija u biljkama znatno
varira i ovo variranje Cesto je vece nego kod pojedinih
grupa organskih materija [4]. Varijacije u sadrzaju mine-
ralnih materija u biljkama, posledica su razli¢itih faktora
od kojih su najvazniji: biljna vrsta, starost zasada, pedo-
loske karakteristike zemljiSta i primena agrotehnickih
mera [5-7].
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menacki put 20, 21000 Novi Sad, Srbija.
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Kada su u pitanju agrotehnicke mere, prvenstveno
se misli na upotrebu pesticida i veStackog dubriva.
Tako, koris¢enje bakarnih fungicida, uzrokuje prisustvo
nezeljenih koncentracija bakra i povecava akumulaciju
olova i kadmijuma u crnom caju [8].

Biljke su direktan ili indirektan izvor minerala u
ljudskoj ishrani. Poseban znacaj za ¢oveka imaju biljne
vrste koje sluze za dobijanje fitopreparata u farmaceut-
skoj industriji u formi monokomponentnih cajeva ili
¢ajnih mesavina, koje imaju veliku primenu u tradicio-
nalnoj medicini. Kao izvor za dobijanje lekovite sirovine
sluze samonikle biljke iz prirode (preko 200), odnosnho
plantazno gajene biljke kojih ima oko 30 [9]. Lekovite
biljke se uglavnom koriste u formi ¢ajeva. Caj je najpo-
pularniji napitak u svetu, Cije se konzumiranje zbog
nekoliko esencijalnih sastojaka smatra blagotvornim.
Bez obzira da li se radi o crnom, zelenom ili nekom
,bilinom ¢aju”, ovo pice je veoma prisutno u svaki-
dasnjem Zivotu ljudi, a na to ukazuje i njegova velika
proizvodnja i potroSnja. Hemijski sastav cCajeva je
veoma sloZen i u njima nalazimo flavonoide, alkaloide,
enzime, minerale,elemente u tragovima i drugo [10]. U
Srbiji, ¢ajevi se uglavnom pripremaju od aromati¢nih
biljnih vrsta, koje sadrze etarska ulja, koja osim Sto su
lekovita, imaju prijatan ukus i miris. Ljudski organizam
ima potrebu za mineralima unutar odgovarajuéih kon-
centracija, radi normalnog odrzavanja Zivotnih funkcija.
U skladu s tim deficit ili viSak esencijalnih teSkih metala
(Fe, Cu, Zn, Co, Mn i Mo ), u ishrani moZe izazvati Stetne
efekte u organizmu [11,12]. Takode, toksi¢ni elementi
(Hg, As, Pb i Cd) koji su prisutni u nekim biljkama, mogu
teSko oStetiti hemopoetski, imuni, nervni i reproduk-
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tivni sistem. Ovi elementi imaju svojstvo da se aku-
muliraju, jer ne mogu u potpunosti da se ekskretuju iz
organizma [10]. Upravo zbog toga, sadrzaj teskih
metala je jedan od kriterijuma za koriS¢enje biljnog
materijala u proizvodnji tradicionalnih lekova i biljnih
infuzija [13].

Primena intenzivnih agrotehnickih mera u savre-
menoj poljoprivrednoj proizvodnji, blizina industrijskih
postrojenja, rudnika, saobracajnica, neminovno dovodi
do kontaminacije zemljiSta i biljaka sa pesticidima i
teskim metalima. Zbog ovoga namece se potreba stalne
i organizovane kontrole zdravstvene ispravnosti biljaka
koje se koriste kao sirovina u farmaceutskoj industriji.

Ispitivanje uzoraka razlic¢itih biljnih cajeva, uzetih iz
maloprodajnih objekata sa podrucja grada Novog Sada,
kao i uzoraka sa prirodnih stanista (region istocne
Srbije, lokalitet I i 1), imala su za cilj odredivanje sadr-
Zaja razli¢itih elemenata, a posebno toksi¢nih eleme-
nata, kako bi se dobio uvid u bezbednost ovih fitopro-
izvoda, a imajuc¢i u vidu njihovu Siroku primenu u
narodnoj terapiji i potencijalnu moguénost da akumu-
liraju toksicne elemente.

EKSPERIMENTALNI DEO

Materijal

Uzorci Cajeva su prikupljeni iz maloprodajnih obje-
kata sa podrucja Novog Sada,u njihovom originalnom
pakovanju (uzorci 1 do 13), a 3 uzorka lekovitog bilja
(uzorci 14 do 16) su uzorkovani sa prirodnih stanista
(region istocne Srbije; lokalitet | i Il). 1z tabele 1 je
vidljivo da se radi o biljnim ¢ajevima ¢ija je primena
medu stanovnistvom Srbije veoma rasirena i popularna
u narodnoj medicini.

Metode rada

Uzorci za merenje pripremljeni su metodom mikro-
talasne digestije u sistemu Ethos, Microwave Labsta-
tion, Milestone [15]. Razaranje je izvrSeno sa 8 ml raz-
blazene HNOj; (2:1) i 2ml H,0, (30%) na t.. = 180 °C.
Zadati program mikrotalasne digestije ukupno je trajao
30 min. sa maksimalnom snagom od 1000 W. Arsen
(He-M, IT 1 s/P), kadmijum (NoG-M, IT 1 s/P), antimon
(NoG-M, IT 0.1 s/P), Ziva (NoG-M, IT 1 s/P) i olovo (NoG-
M, IT 0.1 s/P) odredeni su tehnikom indukovano-
spregnute plazme sa masenom spektrometrijom na
instrumentu Agilent ICP-MS 7700 preko izotopa: "ps,
cd, 'sh, *'Hg i °°Pb. Magnezijum (A = 202,6 nm), je
odreden atomskom apsorpcionom spektrofotomet-
rijom na instrumentu Varian SpectrAA-10 uz koriSc¢enje
D,-lampe kao background korektora. Natrijum (A =
=330,3 nm), kalijum (A = 766,5 nm) i kalcijum (A = 422,7
nm) odredeni su metodom emisione plamene foto-
metrije (Jenway PFP7), a fosfor (A = 430,0 nm) je odre-
den spektrofotometrijski (Anthelie Advanced, Seco-
mam). Za sve kalibracione krive koris¢eni su certifi-
kovani standardi AccuTrace™ Reference Standard
(USA) koncentracije 1000 pg/ml. Za utvrdivanje efikas-
nosti mikrotalasne digestije (tabela 2) koriséeni su serti-
fikovani referentni materijali: STRAW (IPE 881) i Wheat
Flour (NCS ZS 80002b).

Merenje svakog uzorka vrieno je tri puta. lzmerene
vrednosti sadrzaja elemenata u uzorcima biljnih ¢ajeva,
izrazene su u mg/kg suve materije posto je prethodno u
svakom biljnom caju odreden sadrzaj vlage suSenjem
odredene koli¢ine uzorka na 105 °C.

Tabela 1. Nazivi lekovitih biljaka i delovi biljaka koji su koris¢eni u ispitivanju [9,14]
Table 1. The names of medicinal plants and plant parts used in research [9,14]

Red. broj Biljka Latinski naziv biljke (Familija) Lekoviti deo
1 Hajducka trava Achillea millefolium L. (Asteraceae) Cela biljka
2 Bosiljak Ocimum basilicum L (Lamiaceae) Cela biljka
3 Kantarion Hypericum perforatum L. (Hypericaceae) Cela biljka
4 Pitoma nana Mentha x piperita L. (Lamiaceae) List

5 Rastavié Equisetum arvense L. (Equisetaceae) Cela biljka
6 Kopriva Urtica dioica L. (Urticaceae) Koren

7 Kopriva Urtica dioica L. (Urticaceae) List

8 Majkina dusica Thymus serpyllum L. (Lamiaceae) Cela biljka
9 Kukuruz Zea mays, Maydis stigma ( Poaceae) Svila
10 Hibiskus Hibiscus sabdariffa L. (Malvaceae) Cvet
11 Beli slez Althaea officinalis L. (Malvaceae) Koren
12 Kamilica Matricaria chamomilla L. (Asteraceae) Cvet
13 Sipak,divlja ruza Rosa canina L. (Rosaceae) Plod
14 Vrijesak Satureja montana L. (Lamiaceae) Cela biljka
15 Kantarion Hypericum perforatum L. (Hypericaceae). Cela biljka
16 Divlja nana Mentha spicata L. (Lamiaceae) Cela biljka
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Tabela 2. Efikasnost mikrotalasne digestije i limiti detekcije dobijeni merenjem dva sertifikovana referentna materijala
Table 2. Certified and measured values for two certified reference food materials. recoveries are dependent on digestion efficiency
as well as analytical accuracy

Ispitivani element Sertifikovana vrednost, pug/g Izmerena vrednost, ug/g  Prinos, %  Granica detekcije, ug/g
Mg 0.150+0.040 0.141+0.039 94 0.001

201 0P 0.082+0.072 0.075+0.059 92 0.001

208py3 0.340£0.130 0.356+0.116 105 0.001

PAs? 0.320+ 0.070 0.333+0.077 104 0.001

Mg 616144 579+39 94 1

ca° 402+31 37025 92 25

K? 2370101 2451110 103 1

Na® 8.30+1.10 7.57+0.91 91 1

p° 1770+100 1699188 9% 100

®Certified Reference Material: 202-ZC 80002b-Wheat Flour, China National Analysis Center; bcertified Reference Material: IPE 881, Wheat Straw,
Wageningen University, Environmental Sciences

Statisticka obrada podataka REZULTATI | DISKUSLJA

Obuhvata odredivanje osnovnih parametara statis-
ticke analize: aritmeticka sredina i standardna devijacija
(SD). Grupisanje biljnih ¢ajeva obzirom na sadrzaj tok-
sitnih elemenata izvrSeno je na osnovu Wardove
metode hijerarhijske klaster analize, primenjene na
standardizovane podatke, na osnovu Euklidskog odsto-
janja.Vizuelizacija klasterovanja data je pomodéu den-
drograma [16]. Takode odredeni su koeficijenti kore-
lacije unutar sadrzaja toksi¢nih elemenata u uzorcima
biljnih ¢ajeva. Pri ovome koriséen je softverski program
Statistika-10, Stat Soft, Inc.

U tabeli 3 dati su rezultati merenja sadrzaja makro-
elemenata u ispitivanim ¢ajevima.

Makroelementi imaju veliki znacaj za biljke, Zivo-
tinje i ¢oveka. Kalcijum, fosfor, magnezijum i kalijum
spadaju u neophodne makroelemente za viSe biljke,
dok se natrijum ubraja u korisne elemente [1,2]. Pro-
se€an sadrzaj Ca, Mg, P, K i Na u suvoj materiji biljaka
iznosi: 0,5; 0,2; 0,2; 1,0 i 0,01 do 2%, redom [2,17].
Rezultati naseg istrazivanja ukazuju na prisustvo viso-
kog sadrzaja makroelemenata u biljnim ¢ajevima, sto je
bilo i ocekivano. Ovo ukazuje na povecane potrebe
biljaka za ovim elementima i samim tim na njihov zna-
¢aj za biljni organizam. Takode, ovo implicira i njihovu
veliku mobilnost, bioraspolozZivost u zemljistu i dobru

Tabela 3. SadrZaj makroelemenata u uzorcima biljnih ¢ajeva (aritmeticka sredina£SD), mg/kg suve materije
Table 3. Content of macroelements in the herbal teas samples (mean+SD), mg/kg dry matter

. . Element
Red. broj Biljka
Ca P Mg Na K

1. Hajducka trava, cela biljka 6191499 3220471 2573423 293+2,64 23218+302
2. Bosiljak, cela biljka 177804284 4107490 7816171 2526430 339851544
3. Kantarion, cela biljka 2947+47 2304+50 1647+ 28 1188+30 9683+106
4, Pitoma nana, list 148331237 3706182 59271154 1691+17 20261+182
5. Rastavi¢, cela biljka 154774248 247654 64641123 1279+2,56 26954+216
6. Kopriva, koren 7603+122 3890+86 3048+55 10629+85 19068+400
7. Kopriva, list 35399+566 6264+138 7578168 932+15 32713164
8. Majkina dusica, cela biljka 8076+129 187641 2339486 1191+14 16672+11
9. Kukuruz, svila 273843 4680+103 1909+29 2249+14 250451225
10. Hibiskus, cvet 11099+178 2209449 4332+30 5161126 258651284
11. Beli slez, koren 4031+64 327372 3946135 2197+6,60 10541+126
12. Kamilica, cvet 9645+154 5975+132 3588+47 2461+30 26681+374
13. §ipak, plod 6401+102 1545434 2394+17 3033+6,07 165464248
14. Vrijesak, cela biljka 21088+337 1949443 5566161 1804120 187114224
15. Kantarion, cela biljka 6002196 4207493 2470142 1188+37 148241430
16. Divlja nana, cela biljka 107944173 5092+112 1936154 68818 22540+383
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apsorpciju preko korenog sistema. 1z zemljiSta se apsor-
buju u jonskoj formi: Ca>*, H,P0, , HPO,>, Mg*", K" i
Na*, pri ¢emu dolaze do izraZaja mehanizmi kompeticije
i antagonizama medu razli¢itim jonima [17,18]. Sadrzaji
Ca, P, Mg, K i Na u nasSim zemljistima variraju. Treba
ista¢i da se unoSenjem vestackih dubriva, znacajno
uti¢e na njihovu koncentraciju u zemljistu. Maksimalne
vrednosti sadrzaja za Ca i P od 35399, odnosno 6264
mg/kg, izmerili smo u ¢aju od lista koprive, a maksi-
malnu vrednost za Na od 10629 mg/kg u korenu ko-
prive. Maksimalne vrednosti za K i Mg od 33985,
odnosno 7816 mg/kg, izmerene su u ¢aju od bosiljka
(cela biljka). Treba posebno istadi, visoki sadrzaj K u
skoro svim analiziranim uzorcima biljnih c¢ajeva, Sto
ukazuje na primenu vestackih dubriva i na njegovu
bioraspolozivost u datim zemljistima. Kalijum se usvaja
za sve vreme rasta biljaka, nesto intenzivnije u pocetku,
a usporava se pri zavrSetku vegetacije. Sadrzaj K u
nasim zemljiStima varira od 0,5-3% [17]. Kalijum u svim
analiziranim uzorcima pokazuje najmanje varijacije, dok
natrijum ima najvece varijacije usled velikog raspona
izmedu maksimalne (10629 mg/kg) i minimalne vred-
nosti sadrzaja (293 mg/kg) u uzorcima biljnih ¢ajeva. To
je posledica velike pokretljivosti Na u zemljistu i Cinje-
nice da se ovaj elemenat lako ispira iz tla. Naime zem-
ljiSte ima slabu adsorptivnu mo¢ prema natrijumu [17].

Uporedivanjem sadrzaja makroelemenata u caju
pitome nane (list) i ¢aju divlje nane (cela biljka) sa pri-
rodnog stanista, istiCe se visoki sadrzaj Mg u listu pito-
me nane, Sto se objasnjava njegovom velikom koncen-
tracijom u sastavu hlorofila. Takode uporedivanjem
biljnih ¢ajeva: cele biljke kantariona uzorak 3 i uzorak
15, uocava se da uzorak lekovite biljke sa prirodnog
staniSta (uzorak 15), sadrzi visSu koncentraciju makro-
elemenata. Posebno se istice i visi sadrzaj Ca i K, dok je
sadrzaj Na isti.

Razi¢ i saradnici u svom radu iz 2006. godine [19],
analizirajudi lekovito bilje i zemljiSte, izmerili su u listu
mente (nane) i bosiljku sadrzaj za Ca i Mg Cije vrednosti
korespondiraju sa nasSim rezultatima, dok su vrednosti
za K niZze u odnosu na nase rezultate merenja.

Kékedy-Nagy i lonescu analiziraju 16 elemenata u
14 komercijalnih biljnih ¢ajeva uz primenu plamene
atomske emisione spektrometrije i atomske absorp-
cione spektrometrije [20]. Sadrzaj Ca u kamilici i koprivi
korespondira sa nasim rezultatima, dok je u pitomoj
nani sadrzaj Ca koji smo mi izmerili tri puta vedi. Sadrzaj
Mg u sva tri spomenuta biljna ¢aja, je u saglasnosti sa
rezultatima naseg merenja. U slucaju koprive za upore-
divanje sadrzaja Ca i Mg uzimali smo nas uzorak kopriva
(list). Sadrzaj K u kamilici je dva puta manji u odnosu na
nasa merenja. Posebno treba istaéi sadrzaj Na, gde se
vrednosti razlikuju za red veli¢ine. Naime rezultati nasih
ispitivanja ukazuju na visi sadrzaj Na u spomenutim
biljnim cajevima, Sto se verovatno moZe objasniti razli-

146

¢itim pedoloskim karakteristikama zemljista i prime-
nom vestackih dubriva.

Razi¢ i saradnici u radu iz 2005. godine odreduju
pored ostalih elemenata i sadrzaj K, Ca i Mg u 26
uzoraka lekovitog bilja uzgajanog u Srbiji [21]. U uzor-
cima: pitoma nana (list), kamilica (cvet), kopriva (list),
kopriva (koren), kantarion (cela biljka), beli slez (koren),
hajducka trava (cela biljka) i bosiljak (cela biljka); izme-
rene vrednosti za K, Ca i Mg su u saglasnosti sa rezul-
tatima nasih ispitivanja, uz manje varijacije. Pri tome,
treba istaéi uzorak koprive (list), gde smo mi izmerili
vrednost za Ca od 35399 mg/kg, $to je dva puta vise u
odnosu na rezultat spomenutih autora od 1,68%, tj.
16800 mg/kg. S druge strane, u uzorku kamilice (cvet),
spomenuti autori su za K izmerili vrednost od 5,89%
(58900 mg/kg), sto je dva puta vise u odnosu na na$
rezultat merenja od 26681 mg/kg suve materije. Razlog
verovatno lezi u primeni agrotehnickih mera.

Gjorgieva i saradnici u radu mere elemente: Zn, Cu,
Fe, Cr, Ca, K, Li, Mg i Na, u cCetiri lekovite biljke sa pla-
nine Plackovica [22]. Maksimalne vrednosti kalcijuma i
magnezijuma su izmerili u koprivi (list) i to: 23279,56+
+7,59, odnosno 4296,66+1,07 mg/kg, $to je manje u
odnosu na nasSe rezultate, kada je u pitanju ovaj biljni
¢aj.

Maksimalne vrednosti za K i Na izmerene su u kami-
lici: 28173,24+1,66 i 457,59+1,02 mg/kg, redom. Sadr-
Zaj K je u skladu sa naSom vrednos¢u kada je u pitanju
kamilica, dok sadrzaj Na u nasem slucaju ima vecu
vrednost (246130 mg/kg). Ove razlike u sadrzajima Ca,
Mg i Na verovatno su uzrokovane prirodom uzoraka. U
nasem ispitivanju uzorci su bili uzgajane lekovite biljke.

Razi¢ i saradnici u radu iz 2008. godine [23] odre-
duju pored ostalih elemenata i sadrzaj K, Ca i Mg u
kamilici (cvet) i hajduckoj travi (cela biljka). Sadrzaj Ca i
Mg, u obe lekovite biljke, je u saglasnosti sa rezultatima
naseg merenja. Medutim, rezultati nasih ispitivanja
ukazuju na znatno visi sadrzaj K.

Na osnovu rezultata naSih istrazivanja, moze se
konstatovati da ispitivani biljni cajevi predstavljaju
dobar izvor makroelemenata za ¢oveka.

U tabeli 4 dati su rezultati merenja toksi¢nih ele-
menata u ispitivanim ¢ajevima.

Kadmijum, olovo, Ziva, arsen i antimon su fizioloski
nekorisni, nepotrebni i toksi¢ni [24]. Za ovu grupu ele-
menata Cesto se koristi izraz “teski metali”, koji obu-
hvata i esencijalne teSke metale (Cu, Fe, Mn, Ni, Zn i
drugi), koji su u vrlo malim kolicinama neophodni za Zivi
svet. Teski metali (Pb, Cd, Cu, Cr i drugi), kao polutanti
u radnoj i Zivotnoj sredini su ozbiljan zdravstveni i eko-
loski problem zato Sto su toksi¢ni, nisu razgradivi i
imaju dugo poluvreme Zivota u zemljiStu [25]. Plodna
zemljiSta snabdevaju biljke skoro svim hemijskim ele-
mentima, koji su im potrebni za rast. Pri tome zemljista
mogu predati biljkama i toksi¢ne elemente (Hg, Pb i Cd)
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Tabela 4. SadrZaj toksi¢nih elemenata u uzorcima biljnih ¢ajeva (aritmeticka sredina+SD), mg/kg suve materije

Table 4. Content of toxic elements in the herbal teas samples (mean+SD), mg/kg dry matter

Element
Red. broj Biljka
Cd Hg Pb As Sb

1. Hajducka trava, cela biljka 0,499+0,001 0,012+0,001 0,373+0,004 0,045+0,002 0,014+0,001
2. Bosiljak, cela biljka 0,07610,001 0,004 0,001 0,41610,003 0,27740,003 0,017+0,001
3. Kantarion, cela biljka 0,539 0,002 0,006%0,001 0,207+0,001 0,031+0,001 0,010+0,001
4. Pitoma nana, list 0,042+0,001 0,017+0,001 0,715+0,001 0,215+0,003 0,028+0,001
5. Rastavi¢, cela biljka 0,048+0,001 0,001+0,001 0,323+0,002 0,544+0,003 0,010+0,001
6. Kopriva, koren 0,030+0,001 0,014+0,001 1,048+0,004 0,253+0,003 0,068+0,001
7. Kopriva, list 0,024+0,001 0,013+0,001 1,050+0,008 0,143+0,001 0,044+0,020
8. Majkina dusica, list 0,257+0,001 0,00940,001 1,340+0,006 0,27040,001 0,020+0,001
9. Kukuruz, svila 0,027+0,001 0,008+0,001 0,500+0,006 0,100+0,001 0,015+0,001
10. Hibiskus, cvet 0,118+0,001 <0,001+ 0,001 0,2860,001 0,043+0,001 0,00510,001
11. Beli slez, koren 0,044+0,001 <0,001% 0,001 0,064+0,002 0,030+0,001 0,004+0,001
12. Kamilica, cvet 0,146%0,001 <0,001+ 0,001 0,090+0,001 0,038+0,001 0,010+0,001
13. §ipak, plod 0,014+0,001 <0,001% 0,001 0,292+ 0,001 0,071+ 0,002 0,007+ 0,001
14. Vrijesak, cela biljka 0,020+0,001 0,011+0,001 0,358+0,001 0,118+0,001 0,015+0,001
15. Kantarion, cela biljka 0,64510,003 <0,001+ 0,001 0,354+0,002 0,109+0,004 0,01210,001
16. Divlja nana, cela biljka 0,02610,001 <0,001+ 0,001 0,459+0,003 0,060+0,003 0,01540,001

ili pak visoke koncentracije drugih elemenata koje
mogu biti toksi¢ne (Cu, Co, Cr, Ni i drugi) [26]. Dodatni
izvori kontaminacije biljaka teSkim metalima su atmo-
sferske padavine, zastitna hemijska sredstva, dubriva,
industrijska postrojenja, termoelektrane, blizina rud-
nika i frekventnih saobracajnica.

Kadmijum, je ve¢ u vrlo niskim koncentracijama
veoma otrovan za Zive organizme, a smatra se da ima i
kancerogena svojstva [26]. Prosecan sadrzaj Cd u zem-
ljistima Vojvodine iznosi 0,63 mg/kg [27], a $to je ispod
zakonskog limita od 3 mg/kg [28]. Biernacka i Malusz-
ynski iznose podatke sadrZaja Cd u zemljiStu Poljske,
koji za nezagadene regione iznosi 1,4-3,2 mg/kg, a za
regione koji su pod jakim antropolo$kim uticajem sadr-
Zaj iznosi 4,6-64,0 mg/kg suvog zemljista [29]. Kad-
mijum usvojen iz hranljive podloge uglavhom se zadr-
Zava u korenu biljke. Joni ca”izn® inhibiraju usvajanje
kadmijuma. Prose¢na koncentracija Cd u razvijenim
listovima biljaka iznosi 0,05-0,2 mg/kg [30]. Akumu-
lacija Cd u bilkama moZe da dovede do njihovog
usporenog rasta, oStecenja korenog sistema, hloroze
lis¢a i pojave crvenomrkih ivica na lis¢u [26]. Veliku
opasnost predstavljaju gljive, koje mogu da sakupljaju
Cd u visokim koncentracijama. Tako Sampinjoni mogu
da akumuliraju i do 6 mg Cd/kg [11]. Osnovni izvori
zagadivanja zemljiSta kadmijumom su: atmosferska
depozicija, industrijski i komunalni otpad, fosfatna du-
briva, kanalizacijski mulj, rude i topionice cinka [24].

Maksimalna vrednost Cd od 0,645+0,003 mg/kg ,
izmerena je u uzorku broj 15 — kantarion (lokalitet Il), a
minimalna 0,014+0,001 mg/kg suve materije u plodu
Sipka (uzorak broj 13). U tri uzorka: hajducka trava (1) i
kantarion (3 i 15), je izmerena vrednost Cd veca od 0,3

mg/kg, koja je predloZzena kao limit za suvi biljni mate-
rijal od strane Svetske zdravstvene organizacije-WHO
[31]. Izmerene vrednosti Cd u uzorcima hajducka trava
(1), kantarion (3) i kantarion (15) su: 0,499+0,001;
0,539+0,002 i 0,645+0,003 mg/kg, respektivho. Uzorak
divlje nane (16) sa lokaliteta I, sadrzi 0,026+0,001
mg/kg Cd, te na osnovu toga mozemo zakljuditi da se
ne radi o atmosferskom depozitu ili sastavu zemljista,
kao uzroku povisenog sadrzaja kadmijuma u uzorku
kantariona sa istog lokaliteta (15), ve¢ da je verovatno
doslo do kontaminacije pri branju ili transportu dotic-
nog biljnog ¢aja. U slucaju druga dva uzorka: hajducka
trava (1) i kantarion sa trZiSta Novog Sada (3), poviseni
sadrzaj Cd se mozZe objasniti primenom fosfatnih du-
briva pri gajenju biljnih ¢ajeva [24]. RaZi¢ i Kunti¢ su
ispitivali sadrzaj Cd u uzorcima nane, kamilice i Sipka.
Vrednosti sadrzaja Cd u uzorcima nane (orig. pakova-
nje) i rasutom uzorku su: 0,098; 0,076 i 0,040 mg/kg
redom [10], Sto je u saglasnosti sa rezultatima nasih
ispitivanja, uz manja odstupanja: 0,042+0,001 (orig.
pakovanje) i 0,026+0,001 mg/kg (divlja nana-16). lzme-
rene vrednosti Cd u uzorcima kamilice od 0,132 (orig.
pakovanje) i 0,179 mg/kg (rasuto stanje), su u saglas-
nosti sa rezultatom nasih ispitivanja (0,146%0,001
mg/kg). lzmerene vrednosti Cd u uzorcima Sipka (orig.
pakovanje) i u rasutom stanju od 0,030 i 0,054 mg/kg,
redom, su nesto vise u odnosu na nasu izmerenu vred-
nost (0,014+0,001 mg/kg). RaZi¢ i saradnici [23] su
izmerili sadrzaj Cd u uzorku hajducke trave od 0,24
mg/kg, $to je dva puta manje u odnosu na nasu vred-
nost (0,499 mg/kg). Gentscheva i saradnici su u uzor-
cima kamilice i hibiskusa, izmerili vrednosti za sadrZaj
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Cd: 0,45+0,02 i 0,14+0,01 mg/kg, redom [32]. Izmerena
vrednost za Cd u hibiskusu, je u saglasnosti sa rezul-
tatom nasih ispitivanja (0,118+0,001 mg/kg), dok vred-
nosti u kamilici odstupaju. U ovom merenju spomenuti
autori koriste metodu elektrotermalne atomske aps-
orpcione spektrometrije (ETAAS).

Ziva (Hg), je jedan od najjacih otrova medu teskim
metalima. U organskim jedinjenjima ima izrazena muta-
gena i teratogena svojstva [26]. Osnovni mineral Hg u
prirodi je cinobarit-HgS. Znacajan izvor Zive u povrsin-
skim slojevima zemljista je atmosferski depozit, koji sa
ljudskom aktivnosc¢u postaje sve znacajniji. Upotrebom
mineralnih dubriva, otpadnih muljeva, kreca i fungicida,
povecdava se koncentracija Hg u zemljistu. Ziva se unosi
u atmosferu sagorevanjem fosilnog goriva, preko vul-
kanskih erupcija i industrijskin procesa. Uobicajena
vrednost sadrzaja Hg u zemljiStima krece se u opsegu
0,03-0,06 mg/kg [33]. Sadriaj Hg u ispitivanim zem-
ljistima Vojvodine je varirao od 0,010-0,054 ppm [17].
Novijim studijama, Hg u uzorcima zemljista u Vojvodini
nije utvrdena [27]. Biljke lako apsorbuju Zivu iz hran-
ljivih rastvora, koja se zatim prenosi na celu biljku [11].
Ziva narusava gradu biomembrana i menja aktivnost
enzima, ¢ime narusava promet materije i inhibira rast i
razviée biljaka [34]. Maksimalno dozvoljen sadrzaj Hg u
zemljistu Republike Srbije je 2 mg/kg zemlje [28]. Mak-
simalna vrednost od 0,017+0,001 mg/kg je izmerena u
uzorku pitome nane-list (4), a minimalna od <0,001%
+0,001 mg/kg u uzorcima: hibiskus (10), beli slez (11),
kamilica (12), Sipak (13), kantarion (15) i divlja nana-
cela biljka (16). Kowalski i Kucharski, 2007, u svom radu
iznose resSenje Ministarstva zdravlja u Poljskoj, u kojem
dozvoljena koli¢ina Hg u ¢aju iznosi 0,02 mg/kg [35].
Nacionalna regulativa u Kanadi, u sirovom lekovitom
bilju i konacnim biljnim proizvodima, za sadriaj zive
propisuje limite od 0,2 ppm i 0,02 mg/dan, redom [36].
Na osnovu iznetog, mozZe se konstatovati da su vred-
nosti sadrZaja Hg u analiziranim uzorcima biljnih ¢ajeva
manje u odnosu na gore spomenute literaturne vred-
nosti. Vrednosti sadrZaja Hg u uzorcima nane (0,010 i
0,014 mg/kg); kamilice (0,001 i 0,025 mg/kg); i Sipka
(nije detektovano), koje su izmerili Razi¢ i Kunti¢ [10], u
saglasnosti su sa nasim rezultatima. Kowalski i Kuchar-
ski, ispitivali su sadrzaj Hg u 55-razli¢itih biljnih proiz-
voda. lzmedu ostalog, izmerili su sadrzaj Hg u kuku-
ruznoj svili, nani (list), koprivi (list), kantarionu (cela
biljka), hajduckoj travi (cela biljka) i majkinoj dusici (cela
biljka) [35]. Izmerene vrednosti u kukuruznoj svili
(0,0040£0,0001 mg/kg); nani-list (0,01360,0010
mg/kg); koprivi-list (0,0096+0,0008 i 0,0109+0,0005
mg/kg); kantarionu-cela biljka (0,0054+0,0003 mg/kg),
hajduckoj travi-cela biljka (0,0077£0,0011 mg/kg) i maj-
kinoj dusici-cela biljka (0,0061+0,0006 mg/kg), su u sa-
glasnosti sa rezultatima nasih ispitivanja.

Olovo (Pb), je otrovno za ljude i Zivotinje, a u ve¢im
koncentracijama ometa rast biljaka. Olovo se smatra
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jednim od glavnih zagadivaca Zivotne sredine. U prirodi
uglavnom dolazi u formi sulfida, kao mineral galenit
(PbS). Prosecan sadrzaj Pb u zemljistima Vojvodine
iznosi 17,17 [17], odnosno 34,6 mg/kg [27]. Dozvoljena
koli¢éina Pb u zemljistu, odredena nacionalnom regula-
tivom iznosi 100 ppm [28]. Biernacka i Maluszynski
iznose vrednosti olova u zemljistima Poljske. Sadrzaj Pb
u nezagadenim zemljistima se kretao od 40-124 mg/kg
suve zemlje [29]. lzvori olova u zemljistu, pa prema
tome i u billkama mogu biti atmosferski depozit, iz-
duvni gasovi vozila, otpadni muljevi, rudnici i topionice.
Biljke usvajaju Pb iz zemljiSta, vode i atmosferskih
taloga, i to u vidu P ili organskih jedinjenja (Pb-
tetraetil i drugo). Mehanizam usvajanja ovog elementa
nije jos uvek dovoljno poznat. U veéim koncentracijama
inhibira izduzivanje korena, rast lisne povrsine i inten-
zitet fotosinteze [34]. Sadrzaj olova u ispitivanim uzor-
cima biljnih ¢ajeva kretao se u intervalu od 0,064+0,002
(min.) do 1,340%0,006 mg/kg (maks.). Maksimalna
vrednost je izmerena u uzorku majkine dusice-cela
biljka (8), a minimalna u uzorku belog sleza-koren (11).
Nesto veci sadrzaji Pb su izmereni u uzorcima: broj 4,
pitoma nana-list (0,715+0,001 mg/kg); broj 6, kopriva-
koren (1,048+0,004 mg/kg) i broj 7, kopriva-list (1,050+
+0,008 mg/kg). Na osnovu vrednosti izmerenog Pb, a
imajuci u vidu maksimalno dozvoljenu vrednost (MDV)
od 10 mg Pb/kg u biljnom materijalu, koji je propisan
od strane WHO, mozemo zakljuciti da je sadrzaj Pb u
ispitivanim cajevima ispod MDV [31]. Gentscheva i
saradnici mere sadrzaj olova u uzorcima kamilice i hibi-
skusa [32]. Izmerene vrednosti Pb: 1,40+0,05 (kamilica)
i 0,78%0,05 mg/kg (hibiskus) se razlikuju od rezultata
dobijenih u nasem istrazivanju. Razi¢ i Kunti¢ [10],
pored ostalog, ispitivali su sadrzaj Pb u uzorcima nane,
kamilice i Sipka. Sadrzaj Pb u nani (rasuto stanje), od
0,580 mg/kg, je u saglasnosti sa rezultatom nasih ispi-
tivanja za uzorak nane sa lokaliteta Il (16) od 0,459+
+0,003 mg/kg, dok se vrednosti sadrzaja Pb u uzorcima
kamilice i Sipka znacajno razlikuju. Tako, izmerena vred-
nost u uzorku kamilice (originalno pakovanje), od 0,856
mg/kg, se znacajno razlikuje u odnosu na na$ rezultat
od 0,090+0,001 mg/kg. Izmerene vrednosti Pb u uzor-
cima Cajeva su ispod vrednosti MDK koja je propisana
nacionalnom zakonskom regulativom (maks. 5 mg/kg
za domadi €aj) [37].

Arsen u izgradnji zemljine kore ucestvuje sa 1,5 ppm
[26]. Zbog velike toksicnosti, vazan je element za ocenu
kvaliteta Zivotne sredine. U prirodi dolazi u formi sul-
fida As,S, i As,S;. Njegovo ponasanje u zemljistu slicno
je fosforu [17]. Pokretljivost i fitotoksi¢nost As je veca u
peskovitim u odnosu na glinena zemljista [38]. Sadrzaj
arsena u poljoprivrednim zemljistima se krece u opsegu
od 0,1-50 mg/kg, a uobicajena vrednost je 1-20 mg/kg
[33]. Prosecna vrednost As u zemljistu Vojvodine iznosi
2,19 mg/kg [17], ili pak nije utvrden [27]. Maksimalno
dozvoljena koncentracija za As u zemljistu Srbije je do
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25 mg/kg zemlje [28]. lzvori As u zemlji$tu, pa prema
tome i u billkkama su herbicidi, fosforna dubriva,
atmosferski depozit, topionice bakra i otpadni muljevi.
Sadrzaj arsena u biljkama je obi¢no znatno nizi nego u
zemljiStu i nije neophodan za biljke. Jedan broj autora
ukazuje na stimulativno delovanje niskih koncentracija
As na rast korena. Medutim, visoka koncentracija As
ima negativan efekat [34]. Normalna koncentracija As u
razvijenim listovima razlicitih biljnih vrsta iznosi 1-1,7
ppm/po suvoj masi, dok se vrednosti od 5-20 ppm As
smatraju toksi¢nim [30]. Karak i Bhagat u svojoj reviji
[39] iznose podatak da je koncentracija As u svezem
lis¢u i mladim izdancima caja (poreklo Kina): 0,024—
—0,066, odnosno 0,021-0,073 mg/kg.

Maksimalna vrednost od 0,544+0,003 mg/kg je
izmerena u uzorku: rastavic¢-cela biljka (5), a minimalna
od 0,03040,001 mg/kg u uzorku belog sleza-koren (11).
Takode, niske vrednosti su dobijene u uzorcima: hibi-
skus-cvet (10); kamilica-cvet (12); Sipak-plod (13) i divlja
nana -cela biljka (16). Sadrzaj As u uzorcima cajeva je
ispod vrednosti od 1 mg/kg , koji propisuje nacionalna
zakonska regulativa [37]. Razi¢ i Kunti¢ su, izmedu
ostalog, ispitivali i sadrzaj As u uzorcima nane, kamilice
i Sipka [10]. Vrednosti sadrzaja As u uzorku nane (orig.
pakovanje) od 0,086 mg/kg i uzorku (rasuto stanje) od
0,155 mg/kg, su u saglasnosti sa nasim rezultatima od
0,060+0,003 mg/kg, divlja nana-cela biljka (16) i 0,215+
+0,003 mg/kg, pitoma nana-list (4). Takode, sadrzaj As
u uzorcima ploda Sipka od 0,101 mg/kg (orig. pako-
vanje) i 0,088 mg/kg (uzorak u rasutom stanju), kores-
pondira sa na$im rezultatom (0,071+0,002 mg/kg).
Medutim, rezultati dobijeni za uzorak kamilice se razli-
kuju za red velicine.

Szentmihalyi i saradnici [40] su izmerili sadrzaj As u
koprivi (herba) od 3,63+1,60 mg/kg, 5to se znatno razli-
kuje u odnosu na rezultat nasih ispitivanja.

Antimon, je veoma malo zastupljen u zemljinoj kori.
Gradi mineral stibnit-Sb,S; i druge sulfide. Smatra se da
je toksi¢an element, ali poSto su njegova jedinjenja
uglavnom nerastvorna, obi¢no ne predstavlja ozbiljniji
problem za Zivotnu sredinu [26]. Sadrzaj Sb u poljo-
privrednim zemljistima varira u intervalu od 0,05-260
mg/kg, a uobicajena vrednost je 2 mg/kg [33]. Nor-
malne koncentracije Sb u razvijenom liséu razlicitih
biljnih vrsta iznose 7-50 mg/kg suve mase, dok se

vrednost od 150 mg/kg smatra toksicnom [30]. lzvor
zagadenja zivotne sredine antimonom su otpadne vode
pri postupcima dobijanja stakla i metala [41]. Zemljista
u industrijskim podrucjima mogu biti veoma obogacena
antimonom [26].

Maksimalna vrednost je izmerena u uzorku koprive-
koren (16) od 0,068+0,001 mg/kg, a minimalna od
0,004+0,001 mg/kg u belom slezu-koren (11). Intere-
santno je primetiti da, uzorak kantariona-cela biljka(3)
nabavljen na trzistu Novog Sada ima skoro isti sadrzaj
Sb kao i uzorak kantariona-cela biljka (15) sa prirodnog
staniSta: 0,010+0,001, odnosno 0,012+0,001 mg/kg.
Nookabkaew i saradnici su, pored ostalog, ispitivali
sadrzaj Sb u uzorcima ¢aja — Camellia sinensis. Vrednost
antimona se kretala u opsegu od 0,002-0,076 mg/kg
suve materije uz prosecnu vrednost od 0,022 mg Sb/kg
suve materije. Ako ovo uporedimo sa prose¢nom vred-
nos$céu sadrzaja Sb u nasim uzorcima biljnih ¢ajeva, vidi-
mo da su se vrednosti skoro podudarile, iako se radi o raz-
licitim lekovitim biljkama i geografskim podrucjima [42].

U tabeli 5 data je matrica Pirsonovih koeficijenata
korelacije sadrzaja toksi¢nih elemenata.

Iz tabele 5 je vidljiva visoka korelacija u sadrzaju
izmedu olova i Zive, antimona i Zive i antimona i olova.
Grupisanje biljnih ¢ajeva na osnovu sadrzaja toksicnih
elemenata, izvrSeno je na osnovi Ward metode hijerar-
hijske klaster analize, primenjene na standardizovane
podatke, na osnovu Euklidskog odstojanja, a vizualiza-
cija je data pomocu dendrograma (slika 1). Primenom
metode glavnih komponenata (PCA - Principal com-
ponent analysis), utvrdeno je da u objasnjavanju polaz-
nog skupa promenjivih, dve glavne komponente uces-
tvuju sa 73,7%. U prvoj komponenti (PC1), dominiraju
Hg, Pb i Sb, a u drugoj komponenti (PC2), dominiraju Cd
i As (Tabela 6).

Izdvojene glavne komponente ¢ine osnovu za formi-
ranje 3 klastera (slika 2), a Sto je u saglasnosti sa gore
prikazanim dendrogramom (slika 1). Prvi klaster cine
uzorci hajducka trava (1), kantarion (3 i 15) u kojima je
prisutan veéi sadrzaj Cd. Drugi klaster cine uzorci
kopriva-koren (6), kopriva-list (7), pitoma-nana list (4) i
majkina dusica-cela biljka (8) za koje je karakteristi¢an
vedi sadrzaj Hg, Pb i Sb. Tredi klaster obuhvata ostale
Cajeve (slika 2).

Tabela 5. Matrica Pirsonovih koeficijenata korelacije sadrZaja toksicnih elemenata
Table 5. Matrix of Pearsons correlation coefficients of toxic elements contents

cd Hg Pb As Sb
cd 1,0000
Hg -0,0761 1,0000
Pb -0,1454 0,6448° 1,0000
As —-0,2515 0,1276 0,3820 1,0000
Sb —-0,2362 0,6917° 0,7354° 0,2828 1,0000

Visoka statisticku znacajnost, p < 0,01
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Slika 1. Klaster analiza zasnovana na standardizovanim podacima (Ward metoda, Euklidska rastojanja), koja se odnosi na toksicne

elemente.

Figure 1. Cluster analysis based on standardized data (Ward's method, Euclidean distances), using toxic elements.

Tabela 6. Korelacije izdvojenih glavnih komponenata sa Na slici 2 data je projekcija sluajeva (ajeva) na
polaznim promenjivim
Table 6. Correlation of principal components extracted from
the initial variables

prve dve glavne komponente.

ZAKLJUCAK

Element PC1 PC2
cd 0,330304 0,749879 Sesnaest uzoraka od 14 razli¢itih vrsta biljnih ¢ajeva,
Hg -0,805139 0,387223 ¢ije je konzumiranje znacajno medu stanovniStvom
Pb —0,888594 0.121070 Srbije, analizirano je na sadrZaj makroelemenata i tok-
As 0489588 ~0.591601 sicnih elemenata, sa ciljem da se dobije uvid u mine-
b —0’896836 0'131549 ralni status, a samim time i u bezbednost lekovitih

4

3l | Cajevi sa povecanom koncentracijom Cd |

2_ .

PC2 21.88%
(=]

Cajevi sa povecanom koncentraciom Hg, Pb i Sb |

(1=7]
Ll
e

Cajevi sa povecanom koncentracijom As

PC1:51.82%

Slika 2. Projekcija slucajeva (Cajeva) na prve dve glavne komponente.
Figure 2. Showing of cases (teas) on two first principal components.
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biljaka, koji sluze za spravljanje popularnih ¢ajnih napi-
taka. Sadrzaj analiziranih elemenata nalazi se unutar
intervala vrednosti koje se navode u literaturnim izvo-
rima, uz vece ili manje varijacije, a kao rezultat razlicitih
uticaja kao Sto su: vrsta biljaka, primena agrotehnickih
mera i pedoloske karakteristike zemljista. Analiza je i
ovom prilikom ukazala na najvedi sadrzaj makroeleme-
nata (Ca, P, Mg, Na i K) u lekovitim biljkama i to na
prvom mestu kalcijuma i kalijuma. Maksimalna vred-
nost je izmerena za kalijum u uzorku bosiljka-2
(33985+544 mg/kg). Najveda varijacija u sadrzaju je
utvrdena za natrijum, a najmanja kod kalijuma. lzme-
rene vrednosti ukazuju na to, da biljni ¢ajevi mogu po-
sluziti kao blagodatni izvor makroelemenata u ljudskoj
ishrani. lzmerene vrednosti sadrzaja toksicnih eleme-
nata (Hg, Cd, As, Pb i Sb), su niske, Sto je bilo o¢ekivano
i Sto je dobro sa stanoviSta bezbednosti biljnih ¢ajeva.
Izmerene maksimalne vrednosti su: Cd (0,645+0,003
mg/kg); Hg (0,017+0,001 mg/kg); Pb (1,340+0,006
mg/kg); As (0,544%0,003 mg/kg) i Sb (0,068+0,001
mg/kg). Treba istadi tri uzorka: hajducka trava (1), kan-
tarion (3) sa trzista Novog Sada i kantarion (15) sa
prirodnog stanisSta u kojima je izmerena vrednost Cd (
0,499+0,001; 0,539+0,002 i 0,645+0,003 mg/kg, redom)
veca od 0,3 mg/kg suve materije, a koja predstavlja
preporuceni dozvoljeni gornji nivo Cd u osusenom bilj-
nom materijalu. lzracunavanjem koeficijenata korela-
cije, utrvrdena je visoka statisticka znacajnost (p < 0,01)
izmedu sadrzaja olova, antimona i Zive. Primenom
Ward metode hijerarhijske klaster analize, primenjene
na standardizovane podatke sadrzaja toksicnih eleme-
nata, a na osnovu Euklidskog odstojanja, dobivena su
tri klastera. I-klaster ¢ine uzorci hajducka trava (1), kan-
tarion (3 i 15), u kojima je prisutan veci sadrzaj Cd.
lI-klaster Cine uzorci kopriva-koren (6), kopriva-list (7),
pitoma nana-list (4) i majkina dusica-cela biljka (8) za
koje je karakteristican veci sadrzaj Hg, Pb i Sb, a Ill-
klaster obuhvata ostale Cajeve. Danas su na trzistu pri-
sutni razliciti proizvodi, medu kojima ima i onih koji su
zdravstveno neispravni po odredenim parametrima i
koji ostavljaju negativne uticaje na zdravlje i radnu spo-
sobnost coveka. Upravo zbog toga, potrebna je stalna
briga i monitoring nadleznih institucija nad svim proiz-
vodima koji se unose u ljudski organizam. U vezi s tim,
namece se i potreba za $to pouzdanijim i brzim meto-
dama kontrole kvaliteta lekovitog bilja, pri ¢emu poseb-
no treba obratiti paznju na sadrzaj toksi¢nih elemenata.
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SUMMARY
LEVELS OF MACROELEMENTS AND TOXIC ELEMENTS IN HERBAL TEAS
Zeljko A.Mihaljev', Zeljko. N. Cupi¢®, Milica M. Zivkov-Balog', Sandra M. Jakgi¢'
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(Scientific paper)

A total of 14 diverse herbal teas were examined, including: yarrow, basil, Keywords: herbal teas ® macroelements
St.John’s wort, peppermint, horsetail, nettle, thyme, corn silk, hibiscus, marsh- e toxic elements o [CP-MS o AAS
mallow, chamomile, rosehip, heather and wild mint. The samples were prepared
using the method of microwave digestion, and measurements were performed by
the use of inductively coupled plasma mass spectrometry (Cd, Hg, Pb, As and Sb);
atomic absorption spectrometry (Mg); emission flame photometry (Ca, K and Na)
and spectrophotometry (P). Intervals of variation (mg/kg) for macroelements
were: Ca (2738-35399); P (1545-6264); Mg (1647-7816); Na (293—-10629) and K
(9683—-33985), and for toxic elements: Cd (0.014-0.645); Hg (<0.001-0.017); Pb
(0.064-1.340); As (0.030-0.544) and Sb (0.004-0.068). In the three samples
(yarrow and two St.John’s wort samples) measured cadmium concentration was
higher than the maximum level for dried herbs, recommended by WHO. Ward’s
hierarchical clustering method was performed with the aim of grouping herbal
teas by the amount of toxic elements.
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Abstract

The absorption and fluorescence emission spectra of cyanidin and cyanidin 3-0-f£gluco-
pyranoside (Cy3Glc) at pH 5.5 in aqueous solution have been studied. The most effective
fluorescence excitations of cyanidin were at the UV absorption maxima at 220 and 230 nm
and at higher wavelengths at 270 and 280 nm. Cyanidin exhibits fluorescence emission
maxima at 310 nm and in the visible range at 615 nm. The most effective fluorescence
excitation for the Cy3Glc was at 220 and at 230 nm, and at higher wavelengths at 300 and
at 310 nm. The Cy3Glc has fluorescence emission spectra with the maximum at 380 nm
and does not show fluorescence emission in the visible range. If compare fluorescence
emission spectra of cyanidin and Cy3Glc, it can be seen that fluorescence emission inten-
sity for cyanidin is significantly higher than that for Cy3Glc. These results revealed the
impact of 3-glucosidic substitution at C-3 of aglycone (to form Cy3Glc) on the significantly
decrease in fluorescence emission intensity, and disappearance of the fluorescence emis-
sion in visible wavelength range.

Keywords: anthocyanins, anthocyanidins, cyanidin, cyanidin 3-glucopyranoside, fluorescence
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Anthocyanins are glycosylated polyhydroxy and
polymethoxy derivates of 2-phenylbenzopyrylium (flav-
ylium) salts, where the 3-hydroxyl group is replaced by
glucose or another sugar. Cyanidin 3-O-f-glucopyra-
noside (Cy3Glc) is a simple anthocyanin that is found in
different berries, such as elderberries, blueberries,
cowberries, whortleberries, blackcurrants, roselle and
black chokeberries [1,2].

Anthocyanins have several biological activities, inc-
luding antioxidant, antihepatocarcinogenic, anti-inflam-
matory, anti-tumor, neuroprotective, antihemolytic,
anti-diabetic, hypolipidemic and cancer chemopreven-
tive [3-17]. Epidemiological studies have suggested
that anthocyanins have cardioprotective functions in
human [18], and other studies have suggested that
anthocyanins inhibit tumor-cell growth in vitro and sup-
press tumor growth in vivo [19].

These are natural, water soluble, non-toxic pig-
ments that can show a variety of colours, from orange
to blue [20-22]. Today, there is considerable interest in
the development of food colorants from natural
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sources to replace synthetic food colorants [23,24]. The
reason behind this is to develop safe, economical and
efficient food colorants to replace the banned coal tar
and azo dyes [23,25]. Here, the coloured anthocyanins
have some advantages: they are safe, coloured espe-
cially in the red region, and relatively soluble, which
simplifies their incorporation into aqueous food sys-
tems [1,23].

However, there are some limitations to the use of
anthocyanins as food colorants, which include their
chemical instability, their need for purification, and
their tinctorial power, which is nearly 100-fold lower
than that of the coal tar dyes. In food products, a
number of reactions can occur, and pH can affect their
colours, although the major problem associated with
the use of anthocyanins as food colorants is their tem-
perature, oxygen, light and enzymatic instability
[1,21,23,26-29].

Similar to the other anthocyanidins and anthocya-
nins, cyanidin and Cy3Glc exist in various structural
forms in aqueous environments, which depend on the
pH (Figure 1). Spectral investigations have revealed the
coexistence of the flavylium cation (Figure 1, AHY),
quinonoid base (Figure 1, A), two hemiacetal forms
(Figure 1, B), and two chalcone forms (Figure 1, C). The
equilibrium between these structures is highly pH dep-
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Figure 1. Transformations of cyanidin and Cy3Glc in aqueous solutions at different pH values. At C-3 for cyanidin R = H, for

Cy3Glc R = Glc [23,30-32,36].

endent, and except for the cis-trans chalcone isomer-
isation, all of these transformations are fully reversible,
with reaction half-times of several minutes or less. At
pH < 2, the anthocyanins exist predominately as
orange, red or purple flavylium cations, which are char-
acterised by an extended m-electron system, and con-
sequently show electronic absorption in the visible
region [1,23,30-35].
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Upon elevation of pH 4-6 kinetic and thermo-
dynamic competition occurs between the hydratation
reaction on position 2 of the flavylium cation (AH") and
the proton transfer reactions related to the acidic
hydroxyl groups of the aglycone. First reaction, hydra-
tation via the nucleophilic attack, leading to colorless
hemiacetal structure (B, hydration equilibrium); the
latter can subsequently undergo ring-opening, forming



V.P. RAKIC et al.: FLUORESCENCE PROPERTIES OF CYANIDINS

Hem. ind. 69 (2) 155-163 (2015)

pale yellow cis-chalcone (C.) with restituted large n-
electron system (see Figure 1), with possibility of
further (usually slow) isomerisation to the trans-chal-
cone (Cyqns).- The second reaction is the fast deproton-
ation of flavylium cation (AH®) leading to tautomeric
more violet quinonoid bases (A) (prototropic tauto-
meric equilibrium). Further deprotonation of the quino-
noid bases (A) can take place at pH between 6 and 7
with the formation of purplish, resonance-stabilised
quinonoid anions (A') [1,2,23,30].

The transformations of cyanidin and Cy3Glc which
undergo in aqueous media are illustrated in Figure 1
[23,30-32,36].

Some anthocyanins show measurable fluorescence,
but information on this topic in the literature is scarce.
The study of Drabent and coworkers [37] with red cab-
bage extracts, containing mainly cyanidin derivates, has
shown that the colorless compounds present in these
extracts fluorescence, and that this emission is pH dep-
endent. The fluorescence emission of anthocyanins has
usually been investigated using excitation in the visible
region and near UV, that is, at excitation wavelength,
Aexe > 270 nm [31,37-39]. Low fluorescent quantum
yield, especially of colored forms of anthocyanins, is one
of the reasons why it is rarely applied in analytics [31].

Previously published monographs describe fluores-
cence of various forms of anthocyanins in aqueous
environment at various pH. In particular, it was found
that chalcones (C) have fluoresce emission in the spec-
tral range 420-450 nm (Aeyxe 320—-340 nm), while hemi-
acetal form (B) at 370 nm. The flavylium cation (AH)
shows weak fluorescence emission in the spectral
range 570-620 nm (Ae. = 520 nm). The quinonoid base
(A) as anion (A7) has fluoresce emission spectra in the
range 600—665 nm [31,37-39].

The fluorescence techniques are high sensitive and
nondestructive. It can add useful information on con-
tent of anthocyanins in food and drinks. This tech-
niques are useful tool for nondestructive monitoring of
anthocyanin compounds [40,41]. In the presented
study we investigated the absorption and fluorescence
properties of the non-sugar, aglycone, moiety of cya-
nidin, and the impact of its 3-glucosidic substitution (to
form Cy3Glc) on the spectral parameters. An attempt
has been made to correlate the absorption and emis-
sion spectra. The fluorescence of cyanidin and Cy3Glc
were excited in the UV range (210-350 nm, at every 10
nm). The low concentration of dyes indicates that
anthocyanin exists as monomers in these solutions.

EXPERIMENTAL

Chemicals and reagents

The chloride salts of cyanidin (2-(3,4-dihydroxyphe-
nyl)chromenylium-3,5,7-triol chloride, CAS Number:

528-58-5, Cy5H1,06Cl, molecular weight 322.7 g/mol)
and Cy3Glc ((2S,3R,4S,55,6R)-2-[2-(3,4-dihydroxyphe-
nyl)-5,7-dihydroxychromenylium-3-ylloxy-6-(hydroxy-
methyl)oxane-3,4,5-triol chloride, CAS Number: 7084-
-24-4, Cy;H,,04:Cl, molecular weight is 484.8 g/mol)
were obtained from Polyphenols Laboratories AS
(Sandnes, Norway). Hydrochloric acid and sodium hyd-
roxide were obtained from Merck (Darmstadt, Ger-
many). Aqueous solutions were prepared from Milli-Q
water (resistivity > 18 MQ cm, Millipore, Bedford, MA,
USA).

Fluorescence emission measurements of cyanidin and
cyanidin 3-0-fglucopyranoside

The chloride salts of the cyanidin and Cy3Glc were
dissolved in Milli-Q water to 2x10~° mol dm™>. The flu-
orescence emission spectra of cyanidin and Cy3Glc
were measured at pH 5.5. This pH is chosen according
to the procedure of Drabent et al. [31]. The required
pH was achieved by addition of hydrochloric acid or
sodium hydroxide, and measured using a Seven Easy
pH meter (Mettler Toledo, Schwerzenbach, Switzer-
land) equipped with an InLab micro electrode (Mettler
Toledo, Schwerzenbach, Switzerland). These solutions
were equilibrated in the dark at 25 °C, following the
procedure of Brouillard et al. [30,42]. The fluorescence
emission spectra of the cyanidin and Cy3Glc solutions
were recorded at 25.0+0.1 °C, using a Cary Eclipse
fluorescence spectrophotometer (Varian, Mulgrave,
Victoria, Australia) in a thermostated 10-mm-path-length
fluorescence cell, with slit widths with a normal band-
-pass of 5 nm for both excitation and emission. The
excitation wavelengths used for cyanidin and Cy3Glc
were in the UV range (210-350 nm, at every 10 nm).
Each spectrum was multiplied by the dilution factor.

UV-Vis spectrometry of cyanidin and cyanidin 3-0-4#
-glucopyranoside

The chloride salts of the cyanidin and Cy3Glc were
dissolved in Milli-Q water to 2x10™* mol dm™. The UV-
—Vis spectra of cyanidin and Cy3Glc were measured at
pH 0.4 and 5.5, according to the procedure of Drabent
et al. and Figueiredo et al. [31,38]. At pH < 2, the
anthocyanins exist as flavylium cations, which show
absorption in the visible region [1,23,30-35], at pH 5.5
antocyanins exist as colorless hemiacetal structure
[1,21,23,30,31,43,44]. The required pH was achieved by
addition of hydrochloric acid or sodium hydroxide, and
measured using a Seven Easy pH meter (Mettler Tol-
edo, Schwerzenbach, Switzerlend) equipped with an
InLab micro electrode (Mettler Toledo, Schwerzenbach,
Switzerlend). These solutions were equilibrated in the
dark at 25 °C, following the procedure of Brouillard et
al. [30,42]. The absorption spectra (190-900 nm) of the
cyanidin and Cy3Glc solutions were recorded at spe-
cified pH at 25.0+0.1 °C, using a Cary 100 Bio UV-Vis
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spectrophotometer (Varian, Mulgrave, Victoria, Aus-
tralia) in a thermostated 10-mm-path-length quartz
cell, with Milli-Q water as the reference. Each spectrum
had the solvent spectrum subtracted and was multi-
plied by the dilution factor.

RESULTS AND DISCUSSION

The absorption and fluorescence emission spectra
of cyanidin and Cy3Glc at pH 5.5 in aqueous solution
have been examined. The impact of the 3-glucosidic
substitution at the aglycone moiety of cyanidin was
examined in terms of the fluorescence emission pro-
perties. This allowed the impact of the 3-glucosidic
substitution at the aglycone moiety of cyanidin to be
examined in terms of the spectral properties.

The self-association of cyanidin and Cy3Glc occurs
at high concentrations (>1O_3 mol dm_a) [39]. In our

investigations, cyanidin and Cy3Glc were dissolved to
final concentrations of 2x10™ for fluorescence and
2x10™* mol dm™® for absorption measurements. At low
concentrations cyanidin and Cy3Glc exist as monomers
in the studied solutions [31].

Absorption and fluorescence properties of cyanidin

The UV-Vis absorption spectra of cyanidin in aque-
ous solution at pH 0.4 and 5.5 are presented in Figure
2. Fluorescence emission spectra of cyanidin in aque-
ous solution at pH 5.5 for different excitation wave-
length are shown at Figure 3.

At pH 0.4, the absorption band in the visible spectra
for cyanidin was narrow, with a visible absorption maxi-
mum (Anaxvis) at 516 nm (Figure 2), which corresponds
to the flavylium cation (Figure 1, AH") [1,23]. At this pH
value, the flavylium cation is essentially the sole species
present in solution [1]. The band corresponds to the
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Figure 2. UV-Vis spectra of cyanidin in aqueous solution at pH 0.4 (-—) and 5.5 (------). The concentration of cyanidin was 2x10™*

mol dm_3, and the temperature was 25.0 C.
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Figure 3. Fluorescence emission spectra of cyanidin in aqueous solution at pH 5.5. A) Excitation wavelength A,,. = 220 (---) and 230

temperature was 25.0 C.
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flavylium cation disappear at pH 5.5, whereby it com-
pletely shifts towards the colorless hemiacetal form
and the coloured quinonoid bases. At the pH 5.5, the
broad absorption band indicates that cyanidin is likely
to be present in a few similar equilibrium structures in
this pH range. There was a change in the spectral band,
or a bathochromic shift, in the Ana.is Spectra of cya-
nidin, from 516 nm (at pH 0.4) to 560 nm (at pH 5.5). In
the literature, this shift has been ascribed to the equi-
librium between the flavylium cation and the quinonoid
bases [1]. In the fast proton-transfer diffusion-controll-
led reactions, the protons are transferred from the oxy-
gen atoms of the C-3, C-5, C-7, C-3' and C-4' hydroxyl
groups of the flavylium cation to a water molecule.
Deprotonation occurs to some extent at all of the hyd-
roxyl groups of the flavylium cation [1,30] (Figure 1).
Both the flavylium cation and the quinonoid bases
strongly absorb visible light [1,30]. The colourless hemi-
acetal form arises due to nucleophilic addition of water
to the positively charged pyrylium ring at C-2 (Figure 1).
Equilibration of this reaction occurs much slower than
the proton transfer reaction, as it takes a few minutes
for completion at room temperature.

Comparison of absorption spectra of cyanidin at pH
5.5 with the absorption spectra of the flavylium cation
(at pH 0.4) shows that in water at pH 5.5, mainly
cyanidin colourless form exists (Figure 2). Their absorp-
tion spectra in UV region differ from that of the flavy-
lium cation especially at 270-280 nm (the range used
to excite the fluorescence). At the pH of 0.4 cyanidin
shows band in UV range with a A at 270 nm, while
at pH 5.5 the A a.u is at 284 nm. This absorption bands
previously assigned to the hemiacetal forms indicate
the expected formation of hemiacetal form on the exp-
ense of flavylium cation [1,38]. Another absorption
band of very high intensity at low wavelengths exists in
the UV range. The maxima of this absorption band do

not change with pH and appear at around 210 nm and
that is characteristic for polyphenolic compounds [45].
This wavelength is later used for fluorescence excit-
ation. These results agree with the literature data
reported for anthocyanins [33,38,46].

The excitation wavelengths for recording fluores-
cence emission spectra of cyanidin in aqueous solution
at pH 5.5 were in the UV range (210-350 nm, at every
10 nm). According to the UV-Vis absorption spectra
(Figure 2), the most effective excitation of fluorescence
is measured at the first UV absorption maxima of cya-
nidin at 220 and at 230 nm (Figure 3A). At these wave-
lengths the molar absorptivities of the compound are
high (€ = 14731.35 and 11581.60 dm® mol™ cm™, res-
pectively). The second less intensive UV absorption
maximum of cyanidin were at around 280 nm, and
accordingly, the second most effective fluorescence
excitations were at 270 and 280 nm (Figure 3B), the
characteristic absorption band of the flavonoids with
no m-electron coupling between the two rings system
(e.g., hemiacetal forms) [36,38]. Obtained results are in
accordance with obtained spectroscopic data (¢ =
= 4886.70 dm’ mol™ cm™* at 270 nm and 5565.1 dm’
mol™ cm ™ at 280 nm). It was found that cyanidin has
fluorescence emission in the wavelength from 280 to
700 nm with two bands, the first one with the maxi-
mum at /\maxﬂ =~ 310 nm and the second one in visible
range with lower fluorescence emission intensity with
maximum at /\maxﬂ =~ 615 nm (Figure 3A and B). The
fluorescence emission spectral band of cyanidin in the
visible range is assigned to the quinonoid bases [38].

Absorption and fluorescence emission properties of
cyanidin 3-0-fglucopyranoside
The UV-Vis absorption spectra of Cy3Glc in aqueous

solution at pH 0.4 and 5.5 are presented in Figure 4.
Fluorescence emission spectra of Cy3Glc in aqueous
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Figure 4. UV-vis spectra of Cy3Glc in aqueous solutionat pH 0.4 (-—-) and 5.5 (-+---+-). The concentration of cyanidin was 2x107* mol

dm_3, and the temperature was 25.0 C.
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solution at pH 5.5 for different excitation wavelength
are shown at Figure 5.

Similar to cyanidin, at the lowest pH values, the
absorption band in the visible spectrum for Cy3Glc was
narrow with Apa.vis at 509 nm (Figure 4), and it corres-
ponds to the flavylium cation (Figure 1, AH") [1,24,30].
Previously, the absorbance maximum of Cy3Glc deter-
mined in aqueous solution in the pH range from 0.8 to
3.7 was reported as 511+1 nm [2,21,24,47], which is in
good agreement with our result here.

At pH 5.5, there was an extremely large decrease in
the absorbance of Cy3Glc in the visible range in com-
parison with pH 0.4 (Figure 4). The band characteristic
of the flavylium cation disappears at pH 5.5. This ref-
lects the conversion of the coloured flavylium cation
into the colourless hemiacetal form [1,23,30]. The main
process in this pH range is the nucleophilic addition of
water to the coloured flavylium cation. Comparison of
the spectra at pH 5.5 with the absorption spectra of the
flavylium cation at pH 0.4 (Figure 4) indicates that
Cy3Glc exists mainly in a colourless hemiacetal and
chalcone forms, formed at this pH which is in good
agreement with result of Drabent et al. [31]. The values
of molar absorptivities in visible range at 520 nm for
cyanidin and Cy3Glc at pH 0.4 (¢ = 5216.00 and
18544.65 dm® mol™ cm ™, respectively) indicates the
high impact of the 3-glucosidic substitution on the abs-
orptivity of the aglycone moiety. In the pH range from
0.4 to 5.5, a bathochromic shift in the UV—Vis spectra of
Cy3Glc was observed, where the visible absorption
maximum is shifted from 509 to 530 nm. This indicates
that the deprotonation/protonation equilibrium that
occurs corresponds to the deprotonation of the small
remaining amounts of the flavylium cation, into the
qguinonoid bases.
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Beside the visible absorption maxima, Cy3Glc shows
two bands in UV range with the almost constant posi-
tion of absorption maxima regardless of the pH value.
The first band with lower intensity has absorption max-
ima at 277 nm at pH 0.4 and 278 nm at pH 5.5. The
maximum of the second absorption band of very high
intensity and low wavelengths did not change with pH
and appeared at 204 nm, characteristic for polyphe-
nolic compounds [45]. This wavelength is later used for
fluorescence excitation. These results are in good agree-
ment with the previously published data [33,38,46].

The excitation wavelengths for recording fluores-
cence emission spectra of Cy3Glc in aqueous solution
at pH 5.5 were in the UV range (210-350 nm, at every
10 nm). According to the UV-vis absorption spectra
(Figure 4), the most effective excitation of fluorescence
is measured at the first UV absorption maxima of
Cy3Glc at 220 and 230 nm (Figure 5A). At this wave-
lengths the molar absorptivities of the compound are
high (€ = 23333.00 and 21718.45 dm® mol™ cm™, res-
pectively). The second less intensive UV absorption
maxima of cyanidin was at around 280 nm, and accord-
ingly, the second most effective excitation of fluores-
cence were at 300 and 310 nm (Figure 5B). Obtained
results are in accordance with obtained spectroscopic
data (¢ = 5791.20 dm® mol™ cm™ at 300 nm and
3404.50 dm® mol™ cm ™ at 310 nm). It was found that
cyanidin has fluorescence emission spectra in the
wavelength from 320 to 550 nm The fluorescence emis-
sion spectra obtained here are in accordance with
results of Drabent et al. [31]. It was found that Cy3Glc
has a fluorescence emission intensity maximum at )\maxﬂ
=~ 380 nm (Figure 5). The absence of the fluorescence
emission band in visible range can be due to the very
low concentrations of quinonoid bases, as can be seen
from the absorption spectra.
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Figure 5. Fluorescence emission spectraof Cy3Glc in aqueous solution at pH 5.5. Excitation wavelength, A...: A) 220 (-—) and 230
(-+--) nm; B) 300 (-—-) and 310 () nm. The concentration of cyanidin was 2x10"° mol dm™, and the temperature was 25.0 C.
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If compared fluorescence emission spectra (A was
230 nm) of cyanidin and Cy3Glc, it is seen that the
fluorescence emission intensity for cyanidin is signi-
ficant higher than for Cy3Glc (around 170 a.u. for cya-
nidin and 20 a.u for Cy3Glc) (Figures 3 and 5). Similar
results were obtained by applying Aexc = 270 nm. The
obtained fluorescence emission intensity of cyanidin is
significant higher than for Cy3Glc (around 70 a.u. for
cyanidin and around 20 a.u for Cy3Glc). Our results
revealed the impact of its 3-glucosidic substitution at C-3
of aglycone (to form Cy3Glc) on the significantly dec-
rease in fluorescence emission intensity, and disap-
pearance of the fluorescence emission band in visible
wavelength range. The cyanidin glycosides are reg-
arded as non-fluorescent or exhibit very faint fluores-
cence, at least in neutral and weakly acidic aqueous
media [32,34,36,39,46,48]. We found that both studied
compounds have fluorescence emission spectra. Best
to our knowledge, this work presented here is the first
fluorescence characterization of cyanidin.

CONCLUSION

The results of our work presented in this paper
show that cyanidin in aqueous solution at pH 5.5
exhibits fluorescence emission spectra with the maxi-
mum of the fluorescence intensity at /\maxﬂ =~ 310 nm
and surprisingly the second low intensity maxima at
/\maxﬂ =~ 615 nm in the visible wavelength range. The
most effective fluorescence excitation wavelengths of
cyanidin were at the UV absorption maxima, the first at
220 and 230 nm and the second at the 270 and 280
nm. The fluorescence emission spectra can be obtained
for Cy3Glc in aqueous solution with the maximum in
the fluorescence emission at Amaxﬂ =~ 380 nm by using
the excitation wavelengths 220 and 230 nm and at
higher wavelengths at 300 and 310 nm. If compare
fluorescence emission spectra of cyanidin and Cy3Glc,
the fluorescence emission intensity for cyanidin is sig-
nificantly higher than that for Cy3Glc. The Cy3Glc does
not show fluorescence emission band in the visible
range. These results revealed the impact of its 3-gluco-
sidic substitution at C-3 of aglycone (to form Cy3Glc) on
the significantly decrease of fluorescence emission int-
ensity in UV range, and disappearance of the fluores-
cence emission band in visible range. Thus, the fluores-
cence spectroscopy, as a high sensitive technique, can
be useful for non-destructive monitoring of anthocya-
nin compounds, especially in food and drinks.
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(Naucni rad)

U ovom radu ispitivana su apsorpciona i fluorescentna svojstva aglikona bez
Secera, cijanidina i uticaj njegove 3-glukozidne supstitucije (do oblika Cy3Glc) na
spektralne parametre. UCinjen je pokusaj da se utvrdi korelacija izmedu apsorp-
cionih i fluorescentnih emisionih spektara. Ekscitacija molekula cijanidina i Cy3Glc
vr$ena je talasnim duzinama iz UV oblasti spektra (210-350 nm, na svakih 10 nm).
Poredenje apsorpcionog spektra cijanidina pri pH 5,5 sa apsorpcionim spektrom
flavilijum katjona (pH 0,4) pokazuje da u vodenom rastvoru, pri pH 5,5, uglavhom
postoji bezbojna forma cijanidina. Emisioni spektri cijanidina proucavani su pri
ekcitaciji molekula talasnim duZinama iz UV oblasti spektra, koje su odgovarale
talasnim duZinama apsorpcionih maksimuma. U skladu sa UV-Vis apsorpcionim
spektrima, najefikasnija ekscitacija molekula cijanidina izmerena je na 220 i 230
nm, gde je molarna apsorptivnost jedinjenja najveca. Druga efikasna ekscitacija
molekula cijanidina bila je na 270 i 280 nm. Utvrdeno je da cijanidin ima fuores-
centni emisioni spektar sa dve trake, prvu u UV oblasti sa maksimumom na 310
nm i drugu u vidljivoj oblasti sa maksimumom na 615 nm. Poredenje apsorp-
cionog spektara Cy3Glc pri pH 5,5 sa apsorpcionim spektrom flavilijum katjona (pri
pH 0,4) ukazuje na toda Cy3Glc uglavnom postoji u bezbojnom obliku pri ovoj pH
vrednosti. U skladu sa UV-Vis apsorpcionim spektrima, najefikasnija ekscitacija
molekula Cy3Glc izmerena je na 220 i 230 nm, gde je molarna apsorptivnost
jedinjenja najveca. Druga efikasna ekscitacija molekula Cy3Glc bila je pri 300 i 310
nm. Utvrdeno je da Cy3Glc ima fluorescentni emisioni spektar sa maksimumom
na 380 nm, ali ne pokazuje fluorescentnu emisiju u vidljivoj oblasti. Ako se upo-
rede fluorescentni emisioni spektri cijanidina i Cy3Glc moZe se videti da je inten-
zitet fluorescentne emisije cijanidina znacajno veéi od intenziteta fluorescentne
emisije Cy3Glc. Ovi rezultati ukazuju na uticaj 3-glukozidne supstitucije na C-3
atomu aglikona (do oblika Cy3Glc) na znacajano smanjenje intenziteta fluores-
centne emisije i gasSenje fluorescencije u oblasti talasnih duzina vidljivog dela
spektra.

Klju¢ne reci: Antocijanini ® Antocijanidini
o Cijanidin e Cijanidin 3-glukopiranozid
Fluorescentni emisioni spektar e UV—Vis
apsorpcioni spektar
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Procena uticaja rudnickih drenaznih i komunalnih otpadnih voda na
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Izvod

Rudarstvo i proizvodnja bakra u Boru, tokom proteklih sto godina, imalo je ogroman uticaj
na Zivotnu okolinu. Otpadne vode koje se generiSu u pogonima RTB Bor zagaduju Borsku i
Kriveljsku reku koje predstavljaju otvoreni kolektor za otpadnu vodu. Posle uliva Borske
reke u Kriveljsku reku nastaje Bela reka koja se dalje uliva u reku Timok, odnosno reku
Dunav. Za period istrazivanja od 17. oktobra 2012. god. do 17. januara 2013. sprovedena je
analiza rudnickih, drenaznih i komunalnih otpadnih voda. Za potrebe istrazivanja i procenu
negativnog uticaja otpadnih voda na povrsinske vode na terenu je sprovedeno merenje
protoka, temperature, pH vrednosti, oksido/redukcionog potencijala i koncentracije ras-
tvornog kiseonika u uzorcima vode. Takode, odreden je i sadrZaja Cu, Fe?*, ukupnog Fe

(T-Fe), As, Mn, Si, Ni i Al.

Klju¢ne reci: rudarstvo, otpadne vode, povrsinske vode, hemijske karakteristike.

Dostupno na Internetu sa adrese Easopisa: http://www.ache.org.rs/HI/

Bor je smeSten u dolini Borske reke na nadmorskoj
visini od 360 m. Bor i okolina su poznati po najve¢im
nalaziStima bakra u Srbiji i svrstana su medu najveca u
Evropi [1]. Borski rudnik sa otvorenim kopom se nalazi
na severnoj granici Bora. Dubok je oko 300 m, a Sirok
preko 1 km na najsirem delu. Rudarske aktivnosti se ne
upraznjavaju i kop se sada koristi kao skladiste jalovine
koja se doprema od rudnika Veliki Krivelj zajedno sa
Sljakom iz topionice. Iskop otvorenog kopa rudnika Ve-
liki Krivelj zapoceo je 1979, a proizvodnja je u njemu
pocela 1982. godine. Od tada je iskopano oko 150
miliona tona rude. Proizvodnja se nastavlja stopom od
oko 4,8 miliona tona godisnje [2]. Na podrucju Bora, u
zoni delovanja Rudarsko topionicarskog basena (RTB),
degradirano je preko 29.000 ha zemljista pod Sumama i
oranicama. Povrsina degradiranog zemljista, od ukup-
nog poljoprivrednog zemljista u borskoj opstini, iznosi
preko 60% [3]. PovrsSinske i podzemne vode u blizini
bazena sa jalovinom se mogu kontaminirati teskim
metalima kao $to su olovo, cink, bakar i arsen, koji su
vec nadeni u zemljistu i biljkama u borskom regionu [4].
Otpadne vode koje se generiSu u pogonima RTB Bor
zagaduju Borsku i Kriveljsku reku, koja se dalje uliva u
reku Timok, odnosno reku Dunav. Ova zagadenja su
najceSce predstavljena niskom pH vrednos$éu, pove-
¢anim sadrzajem jona teskih metala, suspendovanim
Cesticama i finim Cesticama flotacijske jalovine koja je
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deponovana u dolinama navedenih reka na povrsini od
preko 2000 hektara [5]. Tokom viSedecenijske
eksploatacije rude sa povrsinskog kopa Bor na razli¢itim
lokalitetima (,,Visoki planir” — nazvan i Ostreljski planir,
,Severni planir”, rudni¢ka deponija rudnog tela ,H“
(RTH)) odlagale su se raskrivka i jalovina. Najveca koli-
¢ina jalovine, oko 150 miliona tona, odloZena je na
Visokim planirima. Procenjen je sadrzaj bakra od 0,15%,
od ¢ega 20% moZe da se predstavi kao bakar u obliku
oksidnih minerala, dok su od sulfidnih minerala prisutni
halkozin, kovelin i neznatan sadriaj halkopirita. Cilj
ovog rada da se na osnovu hemijskih karakteristika
rudnickih drenaznih i komunalnih otpadnih voda u Boru
i okolini, proceni uticaj na na kvalitet povrsinskih voda,
¢iji je kvalitet takode analiziran. U radu su prikazani
rezultati dobijeni za period istrazivanja od 17. oktobra
2012. do 17. januara 2013. godine.

UTICAJ RUDARSKIH AKTIVNOSTI NA ZIVOTNU
SREDINU

Prema rezultatima istraZivanja iz 1989. godine,
procenjeno je da je oko 19,300 km potoka i reka, kao i
72,000 ha jezera i rezervoara Sirom sveta bilo ozbiljno
ugrozeno otpadnim vodama poreklom iz rudnika [7].
Kisele drenazne vode, procedivanje iz jalovista ili dir-
ektno odlaganje jalovine u vodotokove mozZze uzro-
kovati zagadenje povrsinskih i podzemnih voda [8].
Uticaj kiselih drenaznih voda na vodotokove moze
ozbiljno narusite kvalitet vode. Ozbiljnost i stepen deg-
radacije vodotoka u zavisnosti je od razli¢itog broja fak-
tora kao sto su: ucestalost, zapremina i hemijske karak-
teristike rudnic¢kih drenainih voda. Takode, znacajan
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faktor je i puferski kapacitet recipijenta kao i udaljenost
recipijenta od izvora zagadenja [9]. Uticaj zagadenja
kiselih rudni¢kih voda na Zivotnu sredinu je kom-
plaksan. Osnovni efekti su: toksicnost metala; proces
talozZenja, kiselost i salinizacija [10]. Kisele rudnicke
vode su osnovna pokretacka sila odgovorna za zaga-
denje teskim metalima. Kisele rudnicke vode uti¢u na
oslobadanje metala iz mineralnih ruda u Zivotnu sre-
dinu ¢inedi ih dostupnim za akvati¢nie organizame.
Teski metali se iz akvati¢nog ekosistema ne mogu uklo-
niti procesima samoprecis¢avanja, vec se akumuliraju u
sedimentu gde mogu uéi u lanac ishrane biomagnifi-
kacijom. Stoga, sediment predstavlja znacajan izvor
teskih metala [11]. Vrednost pH je znacajan parametar
kvaliteta voda. Za vecinu akvati¢nih organizama opti-
malna pH vrednost se krece od 7,2-8,7. Kako visoke
vrednosti pH utiu na rastvorljivost teskih metala, a
samim tim i na njihovu toksi¢nost, postoji opasnost od
oslobadanja metalnih jona (npr. aluminijuma) iz kom-
pleksa sa drugim katjonima. pH vrednost vode odre-
duje rastvorljivost i biolosku raspolozivost hemijskih
konstituenata azota. Ukoliko su vrednosti pH niske u
vodi su prisutni amonijum jon (NH,') i hidronijum jon
(H;0%). Amonijum jon nije toksi¢an za Zive organizme.
Medutim, opasnost za Zivi svet postoji u slucaju vecih
vrednosti pH (iznad 9) kada je dominantan NH; kao
toksi¢na komponenta [12,13].

Oblast istrazivanja

IstraZivanjem su obuhvaéeni sledeci izvori zaga-
denja: otpadne rudnic¢ke drenaine vode koje poticu iz
aktivnih rudnika (borska jama, polje 1 jalovista Veliki
Krivelj, flotacijsko jaloviste RTH u Boru, metalurske
vode), kao i drenazne vode iz flotacijskih jalovista koja
nisu vise u funkciji (polje 2 flotacijskog jalovista Veliki
Krivelj, drenazne vode iz starog Borskog flotacijskog
jalovista), stara neaktivna odlagalista kopovske ras-

Slika 1. Lokacije uzorkovanja voda u regionu Bora i Zajecara.

g
B

krivke (Saraka odlagaliste, Visoki planiri — jalovina iz
starog Borskog kopa, odlagaliste kopovske raskrivke iz
kopa RTH) i gradske — komunalne otpadne vode, koje
se bez precis¢avanja ispustaju direktno u vodotok
Borske reke. Navedene otpadne vode direktno zaga-
duju Borsku i Krivaljsku reku, koje nakon spajanja kod
mosta nizvodno od sela Slatina formiraju Belu reku.
Uzorkovanje otpadnih i re¢nih voda sprovedeno je na
sledeé¢im lokacijama: rudni¢ke drenazne vode iz bor-
skog rudnika i jalovine, otpadne vode iz topionice i
gradske-komunalne otpadne vode koje su uzorkovane
u neposrednoj blizini borskog rudnika. Takode, za po-
trebe istrazivanja uzeti su uzorci rec¢nih voda. Uzor-
kovanje i ispitivanje je sprovedeno na ukupno 17 loka-
cija. Lokacije uzorkovanja prikazane na slici 1 i date su
slede¢im oznakama:

P-1 Kriveljska reka sa drenaznom vodom sa povr-
Sinskog kopa Veliki Krivelj;

P-2 Saraka potok;

P-3 Otpadne vode iz Jame Bor;

P-4 Kriveljska reka pre kriveljskog jalovista;

P-5 Kriveljska reka nakon kriveljskog jalovista;

P-6-1 Metalurske otpadne vode;

P-6-2 Komunalne otpadne vode;

P-6-3 Drenazne vode sa raskrivke (jalovine) u pod-
rucju RTH jalovista;

P-8 Cerova reka juzno od povrsinskog kopa Cerovo;

P-9 Borska reka;

P-10 Kriveljska reka;

P-11 Jezero Robule;

P-12 Ravna reka;

P-13 Bela reka posle spajanja Borske, Kriveljske i
Ravne reke;

P-14 Reka Timok pre uliva Bele reke;

P-15 Bela reka pre uliva u reku Timok;

P-16 Reka Timok posle uliva Bele reke, most na Ti-
moku, lokacija Cokonjar.

Serbia
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-
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Figure 1. Map of the sampling locations in the area of the cities of Bor and Zajecar.
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EKSPERIMENTALNI DEO

Aanaliticke procedure uzoraka vode

Odredivanje protoka, temperature, pH vrednosti,
oksido/redukcionog potencijala (ORP) i koncentracije
rastvornog kiseonika (DO) u uzorcima vode, za potrebe
ovog istraZivanja sprovedeno je na terenu. Odredivanje
sadriaja Cu, Fe**, ukupnog Fe (T-Fe), Mn, Si, Ni i Al u
uzorcima sprovedeno je primenom kolorimetra (HACH
Company, DR-890) u skladu sa Direktivom EU (Council
Directive 79/869/EEC) [14]. Sadrzaj Fe*" je dobijen pro-
racunom iz razlike koncentracije ukupnog sadrzaja Fe i
koncentracije Fe”". SadrZaj ukupnog arsena meren je na
terenu upotrebom seta za odredivanje arsena (LaMotte
Company — Total As Kit).

REZULTATI | DISKUSIJA

Karakteristike rudnickih drenaznih, komunalnih
otpadnih i re¢nih voda u okolini borskog rudnika

Za potrebe istrazivanja sprovedenog na terenu vrse-
no je: odredivanje protoka, temperature, pH vrednosti,
oksido/redukcionog potencijala (ORP) i koncentracije
rastvornog kiseonika (DO). Dijagram zavisnosti pH
vrednosti od protoka za drenazne rudnicke vode, ot-
padne vode i recne vode u borskoj oblasti prikazan je
na slici 2.

Vode iz jezera Robule i drenazne jamske vode (P-3),
vode na ulazu u kolektor kriveljskog jalovista (P-4) i
metalurSke otpadne vode (P-6-1) su kiselog karaktera,
sa pH vrednostima nizim od zakonom propisanih vred-
nosti, prema Pravilniku o opasnim materijama u voda-
ma (SI. glasnik SRS, br. 31/82) [15]. Vode uzorkovane na

tackama P-11, P-3, P-4 i P-6-1 imaju pH vrednosti nize
od zakonom propisanih u svakom izvestajnom periodu.

Vode na ulazu u kriveljski kolektor ispod brane 1A
flotacijskog jalovista (Slika 3) Veliki Krivelj (P-1) nastaju
spajanjem Saraka potoka (P-2), Kriveljske Reke (P-10),
jamskih otpadnih voda (P-3) i manjim udelom drenaz-
nih voda brane 1A, te se moze zakljuciti da jamske
otpadne vode imaju najveci uticaj na kiselost vode na
mernoj tacki P-4, nakon cCega slede vode Saraka potoka
(P-2). Na izlazu iz kriveljskog kolektora (P-5) dolazi do
manjeg povecanja protoka, kao rezultat uliva drenazne
vode brane 3A jalovista Veliki Krivelj, dok pH vrednost
ostaje gotovo nepromenjena. Drenazne vode brane 3A
su najcescée neutralnog ili blago kiselog karaktera (imaju
pH vrednost oko 7), ali zbog malog protoka u odnosu
na protok Kriveljske reke, njihov uticaj na povecanje pH
vrednosti u Kriveljskoj reci je zanemarljiv.

Metalurske otpadne vode su uz ocekivanu nisku pH
vrednost, imale i visoki sadrzaj bakra i veliki protok. Za
period ispitivanja, vode iz Saraka potoka (P-2) i otpadne
rudni¢ke vode iz jame Bor (P-3) pokazale su kiseli ka-
rakter, gde je izmerena vrednost pH od 4,47, odnosno
2,72. Za period istrazivanja metalurske otpadne vode
imale su najznacajniji uticaj na Zivotnu sredinu i na
recni sistem Borska reka i Bela reka. Vrednost pH od
1,65 i koncentracija bakra od 156 mg/| potvrduju nave-
dene cinjenice i predstavljaju maksimalno izmerene
vrednosti za ceo period ispitivanja ovih voda.

Dijagram zavisnosti pH vrednosti i sadrzaja bakra u
rudni¢kim drenaznim vodama, otpadnim vodama i rec-
nim vodama borske oblasti prikazan je na slici 4. Sadrzaj
bakra u drenaznim vodama iz jame i otpadnim vodama
u borskoj oblasti krec¢e se od BDL (eng. below detection

pe)

pH

1000

10000

PROTOK (I/min)

Slika 2. Dijagram zavisnosti pH vrednosti od protoka za drenaZne rudnicke, otpadne i recne vode u borskoj oblasti.
Figure 2. Diagram of the pH versus flow of mine drainage water, wastewater and river water in the area of the city of Bor.
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FIELD1

Slika 3. Situaciona karta starog flotacijskog jalovista.
Figure 3. Layout map of the old flotation tailings.
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Slika 4. Dijagram zavisnosti pH vrednosti i sadrZaja bakra u rudnickim drenaZnim vodama, otpadnim vodama i recnim vodama

borske oblasti.

Figure 4. Diagram of the pH versus copper concentration of mine drainage water, wastewater and river water in the area of the city

of Bor.

limit) — ispod granice detekcije kolorimetra (P-6-2) do
156 mg/I (P-6-1).

Koncentracija bakra u rec¢noj vodi u borskoj oblasti,
za izvestajni period kretala se od BDL (P-12, P-14 i P-16)
do 16 mg/I (P-4).

Dijagram zavisnosti koncentracije bakra i protoka u
rudni¢kim drenaznim vodama, otpadnim vodama i

168

povrsinskim recnim vodama borske oblasti prikazan je
na slici 5.

Vode sa velikim protokom i visokom koncentracijom
bakra su otpadne metalurske vode (P-6-1) i jamske
otpadne vode (P-3). Visoka koncentracija bakra je izme-
rena i u vodama Saraka potoka, tacka P-2 (133 mg/l), ali
je protok ovih voda mali, ¢ime se direktno umanijuje i
negativan uticaj ovih voda na okolinu. Takode, kao sto
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Slika 5. Dijagram zavisnosti koncentracije bakra i protoka u rudnickim drenaZnim vodama, otpadnim vodama i povrsinskim recnim

vodama borske oblasti.

Figure 5. Diagram of the copper concentration versus flow of mine drainage water, wastewater and river water in the area of the

city of Bor.

je prikazano na slici 4, jasno se uocava da samo vode
uzorkovane u tackama P-8, P-6-2, P-12, P-14 i P-16
sadrze bakar u koncentracijama ispod maksimalno doz-
voljenih prema Pravilniku o opasnim materijama u
vodama (SI. glasnik SRS, br. 31/82) [15]. Ukoliko se
sadrzaj bakra u vodama uporedi sa EU zakonodavstvom
(Direktiva 2006/11/EC; Direktiva 75/440/EEC) [16,17],
pored navedenih, dozvoljene koncentracije bakra imaju
i vode uzorkovane u tackama P-6-3, P-9 i P-13.

Dijagram zavisnosti koncentracije ukupnog sadrzaja
gvozda i pH vrednosti u rudni¢kim drenaznim vodama,
otpadnim vodama i re¢nim vodama u borskoj oblasti
prikazan je na slici 6.

Sadrzaj ukupnog gvozda u zavisnosti od pH vred-
nosti u drenaznim rudnickim vodama i ostalim otpad-
nim vodama koje su u direktnoj vezi sa rudarskim aktiv-
nostima, krec¢u se u opsegu od BDL do 1320 mg/I.
Otpadne vode sa najve¢om koncentracijom gvozda su
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Slika 6. Dijagram zavisnosti koncentracije ukupnog gvoZda i pH vrednosti u rudnickim drenaznim vodama, otpadnim vodama i

re¢nim vodama u borskoj oblasti.

Figure 6. Diagram of of the total iron concentration versus pH of mine drainage water, wastewater and river water in the area of

the city of Bor.
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sledece: vode iz jezera Robule sa 1320 ppm, rudnicke
otpadne vode iz jame Bor sa 570 ppm, i metalurske
vode sa 300 ppm. Rudnicke otpadne vode iz jame Bor i
metalurske vode izdvavaju se po povec¢anim koncantra-
cijama jona gvoida, slicno kao kada je u pitanju kon-
centracija bakra. Vode iz jezera Robule, iako sadrze
daleko vise ukupnog gvozda nego prethodne dve nave-
dene vode, zbog veoma malog protoka ima manji Stetni
uticaj na zivotnu sredinu od navedenih otpadnih voda,
koje nastaju kao nus-proizvod tekuce proizvodnje bakra
u RTB Bor.

Dijagram zavisnosti koncentracije ukupnog gvozda i
protoka u rudnickim drenainim vodama, otpadnim
vodama i re¢nim vodama u borskoj oblasti prikazan je
na slici 7.

U povrsinskim vodama reka, sadrzaj ukupnog gvoz-
da u borskoj oblasti kre¢e se u opsegu od BDL do 28
mg/L (tacka P-5). Vode sa velikim protokom i velikim
sadrzajem gvozda su otpadne metalurske vode (P-6-1).
Drenazne rudnicke vode iz Robule jezera (P-11) imaju
mali protok, ali je sadrzaj ukupnog gvozda iznad mak-
simalno dozvoljene koncentracije, prema Pravilniku o
opasnim materijama u vodama (Sl. glasnik SRS, br.
31/82) [15]. Vode uzorkovane u tackama P-10 i P-16
imaju dozvoljene koncentracije gvozda, prema zakono-
davstvu EU (Direktiva 2006/11/EC; Direktiva 75/440/
/EEC) [16,17]. U ta¢kama P-1, P-6-2, P-9 i P-13, sadrzaj
gvozda je u skladu sa Pravilnikom o opasnim mate-
rijama u vodama (Sl. glasnik SRS, br. 31/82) [14].

Odredivanje sadrzaja ukupnog arsena izvrseno je na
svih 16 uzoraka vode. Dijagram zavisnosti koncentracije

As od pH vrednosti u rudnickim drenaznim vodama,
otpadnim vodama i re¢nim vodama u borskoj oblasti
prikazan je na slici 8.

Povisen sadrzaj As je uoCen u metalurskim otpad-
nim vodama (P-6-1) i otpadnim vodama jame Bor (P-3).
Sadrzaj arsena u otpadnim metalurskim vodama je 8,5
ppm, a u jamskim otpadnim vodama je 0,030 ppm.
Izmerene koncentracije arsena u tacki P-6-1 ima ten-
denciju rasta, u poredenju sa vrednostima izmerenim u
prethodnim izvestajnim periodima. Arsen nije detek-
tovan u vodama koje su uzorkovane nize od tacke P-6-1,
Sto je sa jedne strane direktan uticaj faktora razblazenja
od oko 6 puta, posmatrajuci protoke u tackama P-6-1 i
P-9, dok sa druge strane predstavlja i uticaj sedimen-
tacije arsena na dnu re¢nog korita. Ovaj uticaj je potvr-
den analizom sedimenata i zemljiSta u borskoj oblasti u
prethodnom periodu istrazivanja [6]. Prema Pravilniku
0 opashim materijama u vodama (SI. glasnik SRS, br.
31/82) [14] izmerena koncentracija arsena od 8,5 ppm
je 170 puta vec¢a od maksimalno dozvoljene koncentra-
cije arsena u vodama. Takode, izmerena koncentracija
arsena je 850 puta veca od maksimalno dozvoljene
koncentracije arsena u vodama prema zakonodavstvu
EU (Direktiva 2006/11/EC; Direktiva 75/440/EEC) [16,17].

Karakterizacija re¢nih voda koje sadrze drenazne
rudnicke vode i otpadne vode iz oblasti borskog
rudnika

Vrednosti za pH u re¢nim vodama koje nisu pod
uticajem rudnickih drenaznih voda i otpadnih voda iz
borske oblasti je oko 7-8. U tacki uzorkovanja P-8, koja
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Slika 7. Dijagram zavisnosti koncentracije ukupnog gvoZda i protoka u rudnickim drenaZnim vodama, otpadnim vodama i recnim

vodama u borskoj oblasti.

Figure 7. Diagram of the total iron concentration versus flow of mine drainage water, wastewater and river water in the area of the

city of Bor.
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Slika 8. Dijagram zavisnosti koncentracije As od pH vrednosti
u rudnickim drenaznim vodama, otpadnim vodama i recnim
vodama u borskoj oblasti.

Figure 8. Diagram od the Arsenic concentration versus pH of
mine drainage water, wastewater and river water in the area
of the city of Bor.

je prelazna merna tacka izmedu povrsinskog kopa Cer-
ovo i povrsinskog kopa Veliki Krivelj na Kriveljskoj reci,
izmerena je vrednost pH od 6,93. Takode, tacka uzorko-
vanja P-12, nije pod uticajem rudnickih drenaznih voda
i otpadnih voda iz borske oblasti u kojoj je odredena
vrednost pH od 7,43 — Ravna reka. Voda iz Borske reke
ima slabo kiseli karakter i pH vrednost od 6,33 (P-9).
Otpadne metalurske vode imaju jak kiseli karakter, sa
najnizom do sada izmerenom pH vrednoséu od 1,65 i
protokom od 6345,70 |/min i veliki uticaj na kvalitet
vode u Borskoj reci. Voda iz Bele reke, na mestu uzor-
kovanja P-13 (gornji tok) ima pH vrednost 6,53, ali u
mernoj tacki P-15 (donji tok) je kiselija i ima vrednost
pH od 3,95, sto je uticaj dejstva nagomilane flotacijske
jalovine u dolinama ovih reka. Kriveljska reka nakon
spajanja sa Saraka potokom i drenaZnim rudnic¢kim
vodama postaje kiselija. Vrednost pH se neznatno
povecava na izlazu iz kolektora ispod jalovista usled
spajanja sa drenazinim vodama brane 3A flotacijskog
jaloviSta. Ovako kisela voda u Kriveljskoj reci veoma
Stetno utice na vec osteceni kolektor ispod flotacijskog
jalovista Veliki Krivelj, dodatno ga razarajuéi, kako
betonsku oplatu tako i samu armaturu, koju kisela voda
rastvara, pa je na nekim mestima veoma ostecena ili je
skoro i nema. Usled spajanja sa recicama koje se ulivaju
u nju, Kriveljska reka na mestu spajanja sa Borskom
rekom ima pH vrednost od 6,14. Niska pH vrednost
negativno uti¢e kako na okolno zemljiste tako i na
poljoprivredne kulture. Stoga, ova voda nije pogodna za
zalivanje poljoprivrednih kultura u dolinama kroz koje
prolazi. Dijagram promene pH vrednosti u zavisnosti od
distance od borskog rudnika prikazan je na slici 9.
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Slika 9. Dijagram promene pH vrednosti u zavisnosti od
distance od borskog rudnika.

Figure 9. Diagram of pH values depending on the distance
from the Bor mine.

Dijagram promene u koncentraciji bakra u rec¢nim
vodama u borskoj oblasti u zavisnosti od distance od
borskog rudnika do Timoka prikazan je na slici 10.

SadrzZaj bakra u rec¢noj vodi u tacki uzorkovanja P-4,
P-5 i P-10, duz Kriveljske reke pokazuje varijacije u
opsegu od 3,93 do 16 mg/L. Sadrzaj bakra u re¢noj vodi
na mestu uzorkovanja P-9, Borska reka bio je 0,26 mg/I,
$to je manje nego u proslim izvestajnim periodima, dok
je protok reke imao tendenciju povecanja. Sadriaj
bakra u rec¢noj vodi na mestu uzorkovanja Bela reka
(P-13) je 0,7 mg/I (uzvodno: nakon spajanja Kriveljske i
Borske reke), dok je na tacki uzorkovanja P-15 bila 2,6
mg/| (nizvodno: pre ulivanja Bele reke u Timok). Na slici
11 prikazana je promena koncentracije bakra u zavis-
nosti od pH vrednosti.

Kada su u pitanju drugi Stetni metali, vode najzaga-
denije jonima nikla su metalurske vode sa 24,4 ppm i
rudni¢kim drenaznim vodama iz borskog rudnika-Jama
Bor sa 0,80 ppm.

Povecan sadrZaj mangana se nalazi u vodama Sa-
raka potoka sa 24,5 ppm, rudni¢kim otpadnim vodama
iz borskog podzemnog rudnika — jama Bor sa 15,0 ppm,
metalurskim vodama sa 14,1 ppm i jezera Robule sa
4,74 ppm [6].

ZAKUUCAK

Negativan uticaj rudarske aktivnosti na Zivotnu
sredinu je evidentan. DrenaZne vode aktivnih rudnika,
drenaZzne vode flotacijskih jalovista koja viSe nisu u
funkciji, stara neaktivna odlagalista kopovske raskrivke i
neprecis¢ene otpadne vode direktno zagaduju Borsku i
Krivaljsku reku, koje nakon spajanja kod mosta niz-
vodno od sela Slatina formiraju Belu reku.

Kriveljska reka nakon spajanja sa Saraka potokom i
drenaznim rudnickim vodama postaje kiselija. Vrednost
pH se neznatno povecava na izlazu iz kolektora ispod
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Slika 10. Dijagram promene u koncentraciji bakra u recnim vodama u borskoj oblasti u zavisnosti od distance od borskog rudnika do

Timoka.

Figure 10. Diagram of Copper concentration depending on the distance of Bor mine from the Timok river.
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Slika 11. Dijagram zavisnosti koncentracije bakra od pH vrednosti.
Figure 11. Diagram of Copper concentrations versus pH values.

jalovista usled spajanja sa drenaznim vodama brane 3A
flotacijskog jalovista. Ovako kisela voda u Kriveljskoj
reci veoma Stetno utice na vec osteceni kolektor ispod
flotacijskog jalovista Veliki Krivelj, dodatno ga
razarajucdi, kako betonsku oplatu tako i samu armaturu,
koju kisela voda rastvara, pa je na nekim mestima
veoma ostecena ili je skoro i nema. Niska pH vrednost
negativno uti¢e kako na okolno zemljiste tako i na
poljoprivredne kulture.

Dve najstetnije i najkiselije vode su vode koje aktivni
rudnik (jama Bor) i TIR (metalurske vode) ispustaju u

172

vev 7

Borsku i Kriveljsku reku bez precis¢avanja, Sto je u su-
protnosti sa svim vaZzeé¢im zakonskim regulativama u
nasoj zemlji. Sprec¢avanjem njihovog daljeg ispustanja i
preciséavanjem ovih jako kiselih i zagadenih voda znat-
no bi se poboljsao kvalitet voda u samim rekama, za
veoma kratko vreme.

Sadrzaj bakra u otpadnim vodama i rekama je u
direktnoj vezi sa kiselim karakterom samih otpadnih
voda. Najzagadeniji tokovi otpadnih voda bakrom su:
metalurske vode sa 156 ppm, rudnicke otpadne vode iz
jamskog rudnika sa 144 ppm, Saraka potok sa 133 ppm



V.R. GARDIC i sar.: KVALITET POVRSINSKIH VODA U BORU | OKOLINI

Hem. ind. 69 (2) 165-174 (2015)

i vode jezera Robule sa 74 ppm. Kao i kada je u pitanju
pH vrednost otpadnih voda i u ovom sluéaju se po
zagadenosti izdvajaju otpadne vode iz aktivnih predu-
zeca i rudnika RTB Bor.

Sadrzaj ukupnog gvozda u drenainm rudnickim
vodama i ostalim otpadnim vodama koje su u direktnoj
vezi sa rudarskim aktivnostima, kre¢u se u opsegu od
BDL (P-8, P-12) do 1320 ppm za za jezero Robule (P-11).

Odredivanje sadrzaja ukupnog arsena izvrseno je na
svih 16 uzoraka voda, a poviseni sadrzaj je uocen u
metalurskim otpadnim vodama (P-6-1) i rudnickim
otpadnim vodama iz borskog rudnika — jama Bor (P-3).
Dobijene vrednosti za As su najvece od kad se krenulo
sa ispitivanjem kvaliteta otpadnih voda.

Zahvalnica

Ovaj rad je uraden okviru projekta ,,Management of
mining waste-tailing dump in the Bor region” podria-
nog od strane Japanskog drustva za promociju nauke,
Japanske internacionalne agencije za saradnju i Minis-
tarstva za zastitu Zivotne sredine, rudarstva i prostor-
nog planiranja Republike Srbije.
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SUMMARY

IMPACT ASSESSMENT OF MINE DRAINAGE WATER AND MUNICIPAL WASTEWATER ON THE SURFACE WATER NEAR

THE CITY OF BOR

Vojka R. Gardi¢’, Jelena V. Petrovi¢’, Lidija V. Purdevac-Ignjatovic', Srdan R. Kolakovi¢?, Svetlana R. Vujovié2

'Mining and Metallurgy Institute Bor, Bor, Serbia

zFaculty of Technical Sciences, Department of Civil Engineering, University of Novi Sad, Novi Sad, Serbia

(Professional paper)

Mining and copper production in Bor, in the past hundred years, had a huge
impact on the environment of town, but also in a wide region. In the area of Bor,
in the zone of Mining and Smelting Company (RTB) activity, over 29,000 ha of land
under forests and fields is degraded. The area of degraded agricultural land in the
Bor municipality is over 60% of total agricultural land. Wastewater, generated in
the sites of RTB Bor, pollutes the Bor River and Krivelj River, which further flow
into the Timok River and Danube River. These pollutions are often presented by
low pH value, increased content of heavy metal ions, suspended particles and fine
particles of flotation tailings, which are deposited in the valleys of these rivers on
the area of over 2000 hectares. During the decades of exploitation of ore from the
open pit Bor at different locations (“Visoki Planir” — also called “Ostreljski planir”,
“Severni planir” dump of ore body “H” (RTH)) gangue and tailings were delayed.
The largest amount of tailings, about 150 million tons, was postponed on location
Visoki planir. The effect of the mining waste and the impact of the whole process
of processing copper ore to the final products on the environment, was con-
ducted during the 4t study period of the project “Management of mining waste-
tailing dump in the Bor region”, supported by the Japan Society for the Promotion
Science and the Japan international cooperation Agency and the Ministry of envi-
ronment, Mining and Spatial planning of the Republic of Serbia. Influence of
season on the level of pollutants in soil and water, the impact on water quality in
the river Timok and the River Danube, was conducted during first three periods of
project. This paper presents the results of the third study period. The third period
of research, which was conducted over a period of 17.10.2012 to 17.01.2013,
included a review of pollution sources and define their impact on the environ-
ment. The study included the following sources of pollution: mining waste and
drainage water originating from the active mine (Bor pit, field 1 Krivelj large
tailings, flotation tailings in Bor RTH, metallurgical water), as well as the drainage
water from the flotation tailings, which are no longer in operation (field 2 flota-
tion tailings Great Krivelj, drainage water from the old Bor flotation tailings), the
old inactive landfill mine gangue (Saraka landfill, Veliki planir — tailings from the
old Bor mine, landfill mine gangue from mine RTH) and the city — urban waste
water, which are discharged without treatment directly into the watercourse Bor
River. wastewater directly pollutes Bor River and Krivalj River.

174

Keywords: Mining ¢ Wastewater e Sur-
face water e Chemical characterization



Uticaj kvaliteta semena na oksidativnu stabilnost hladno presovanog ulja

suncokreta
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Izvod

U ovom radu ispitivan je uticaj vremena skladiStenja, sadrZaja necistoce i ljuske u masi
semena na oksidativnu stabilnost hladno presovanog ulja suncokreta. Oksidativna stabil-
nost ulja je analizirana primenom RSM metodologije (Response Surface Methodology),
odredivanjem produkata oksidacije izrazenih preko vrednosti specificnih apsorbancija na
232 nm za konjugovane diene i 270 nm za konjugovane triene, u svezem ulju i u ulju nakon
temperiranja u uslovima Schaal-Oven testa (96 h pri 632 °C). Utvrdeno je da vreme
skladiStenja semena znacajno uti¢e na sadrzaj primarnih (A1%232nm) i sekundarnih (Al%mnm)
produkata oksidacije, kako pre (b;—p < 0,001; b,—p = 0,021) tako i nakon zagrevanja
(b1—p = 0,048; b;—p = 0,033) ulja. Prisustvo razliCitog sadrzaja necistoce i ljuske semena u
materijalu za presovanje takode utiCe na sadrZzaj konjugovanih diena i triena, ali njihov
uticaj nije statisticki znacajan ni u sveZzem, ni u temperiranom ulju. Osim toga, izvestan efe-
kat na vrednosti navedenih parametara kvaliteta ulja ispoljava i interakcije vremena skla-
diStenja semena, sadrzaja nedistoce i ljuske, kako kod sveZeg ulja tako i kod ulja nakon
termicke obrade, medutim ni njihov uticaj nije statisticki znacajan. Dobijeni rezultati su
ukazali na ¢injenicu da hladno presovano ulje suncokreta pri umerenim temperaturama,
do 6312 °C, pokazuje dobru oksidativnu stabilnost.

Klju¢ne reci: hladno presovano ulje suncokreta, oksidativna stabilnost, specificne apsor-
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Jestiva nerafinisana ulja se proizvode u malim po-
gonima tzv. mini-uljarama na uredajima malog ili sred-
njeg kapaciteta preradom sirovine iz regionalnog okru-
Zenja i primenom vrlo jednostavne tehnologije. To
podrazumeva dobijanje ulja iz semena isklju¢ivo meha-
nickim cedenjem, naj¢esée na puzinoj presi. Po zavr-
Senom presovanju ulja se dodatno preciséavaju jedino
sedimentacijom i/ili filtracijom, dok naknadno pobolj-
Sanje kvaliteta ulja primenom procesa rafinacije nije
dozvoljeno [1-3]. Poslednjih godina tehnoloski razvoj je
omogucio ekonomski opravdanu proizvodnju jestivih
nerafinisanih ulja [4,5], Ciji je kvalitet odreden, pre
svega, izborom i kvalitetom sirovine. Medutim, proiz-
vodnja ovih ulja posebno visokog kvaliteta smatra se
pravim izazovom za proizvodace [6].

Pri odredivanju sveobuhvatnog kvaliteta hladno
presovanih ulja veoma je vazino odrediti i oksidativnu
stabilnost. Naime, procesi oksidacije biljnih ulja su neiz-
bezni i oni nastupaju odredenom dinamikom prvens-
tveno u zavisnosti od sastava ulja i prisutva sastojaka
koji ubrzavaju ili usporavaju ove reakcije [7]. Kvarenje

Prepiska: E.B. Dimi¢, Tehnoloski fakultet, Bulevar cara Lazara 1, 21000
Novi Sad Srbija.

E-posta: edimic@uns.ac.rs

Rad primljen: 16. februar, 2014

Rad prihvaéen: 7. april, 2014

biljnih ulja uzrokovano oksidativnim procesima je naj-
cesdi tip kvarenja, a predstavlja proces oksidacije neza-
si¢enog ugljovodoni¢nog lanca masnih kiselina. Tokom
oksidacije lipida dolazi do promene hemijskog sastava i
pogorsanja senzornog i nutritivnog kvaliteta ulja.

Oksidativna stabilnost ulja predstavlja vreme za koje
se ona mogu sacuvati od intenzivnog procesa autooksi-
dacije. Poznavanje stabilnosti ili odrzivosti biljnih ulja je
vazno kako bi se moglo unapred odrediti vreme ¢uvanja
bez bitnih promena kvaliteta [2]. Ne retko se kod pre-
sovanih ulja beleze velike razlike upravo u oksidativnoj
stabilnosti, o ¢emu govore i rezultati ispitivanja Matt-
hdus i Brihl [6]. Prema njihovom misljenju razlog za to
su velika variranja u kvalitetu polaznog materijala
koriséenog za proizvodnju ulja.

Na kvalitet ulja dobijenog hladnim presovanjem
pored kvaliteta polazne sirovine i drugi parametri imaju
znacajan uticaj. Neki od mnogobrojnih faktora kvaliteta
hladno presovanih ulja su: tehnoloski parametri pro-
cesa prerade, vreme i uslovi €uvanja semena pre pre-
rade, prisustvo necistoée, kao i ljuske u materijalu za
presovanje i dr. [2,8].

Schaal-Oven test je jedna od najjednostavnijih
metoda ispitivanja oksidativnih promena ulja, Ciji su
[9,10]. Medutim, u novijoj literaturi se ipak retko nalaze
rezultati koji se odnose na pracenje promena prime-
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nom Schaal-Oven testa kod hladno presovanih ulja
suncokreta, iako postoji veliko opravdanje za to, bududi
da se ova ulja pretezno konzumiraju kao salatna ulja ili
komponente odredenih jela, koja nisu toplotno obra-
dena.

Oksidativni kvalitet je veoma vazan segment proiz-
vodackog, ali i potroSackog kvaliteta ulja, bududi da
utiCe i na druge parametre, kao $to su senzorni, nut-
ritivni i hemijski kvalitet. S obzirom na to da hladno
presovana ulja suncokreta spadaju u najrasprostranje-
nija semenska ulja na domacem i inostranom trzistu, u
ovom radu je analiziran pojedinacan i istovremeni uti-
caj duzine skladistenja semena, sadrzaja necistoce i
sadrzaja ljuske prisutnih u masi semena na oksidativnu
stabilnost ulja dobijenih presovanjem na puznoj presi.
Oksidativne promene su ispitivane na osnovu koncen-
tracije primarnih i sekundarnih proizvoda oksidacije
izrazenih preko vrednosti apsorbancija ulja u UV oblasti
spektra pri talasnoj duzini od 232§ 270 nm.

EKSPERIMENTALNI DEO

Materijal

Za pripremanje uzoraka ulja koris¢eno je seme
suncokreta (Helianthus annuus L.) domaceg hibrida
CEPKO, ¢iji je sadrZaj ulja iznosio 40,9+0,26%, sa domi-
nantnom linolnom (55,61%) masnom kiselinom u sas-
tavu ulja. Seme suncokreta je bilo proizvedeno u ma-
sovnoj proizvodnji na sirovinskom podrucju za uzgoj
suncokreta u AP Vojvodina i pre presovanja skladisteno

je u silo celiji kapaciteta 14 tona pod uslovima niske
temperature i dobre ventilacije tokom 0, 6 i 12 meseci.

Priprema materijala za presovanje i proces presovanja

Uzorci hladno presovanog ulja su proizvedeni na
tradicionalan nacdin u pogonu mini-uljare na opremi
koja obuhvata Cistilicu, ljustilicu i puznu presu. Ljus-
tenje semena je izvrSeno na ljustilici sa uklanjanjem
ljuske strujom vazduha i gravitacijom. Rezultujuda
mesavina ljuske, jezgra i neoljuStenog semena je raz-
dvojena, ljuska je uklonjena strujom vazduha, dok je
oljusteno jezgro odvojeno od neoljustenog i slomljenog
semena gravitacijom.

Ulja su proizvedena presovanjem oljustenih jezgara,
nakon razli¢itog vremena skladistenja semena, sa do-
datkom odredenog sadrzaja necistoce i ljuske prema
eksperimentalnom dizajnu (tabela 1).

Necistocéa koja je koris¢ena u eksperimentima je
pretezno sadrzala materije organskog porekla, uobica-
jeno prisutne u masi semena posle Zetve (suvi delovi
razlicitih biljaka, stablo, list, razna semena i dr.).

Uzorci su presovani koris¢enjem svaki put po 5 kg
pripremljenog materijala. Presovanje je obavljeno na
puznoj presi (“Anton Fries”, Nemacka), kapaciteta 6-9
kg h™, i brzinom obrtaja puza 30-45 o/min. Tempe-
ratura ulja na izlazu iz prese iznosila je 50—60 °C. Ispre-
sovana ulja su drZzana na sobnoj temperaturi (20-25 °C)
u toku 24 casa radi sedimentacije rezidua, potom je
gornji sloj dekantiran i filtriran kroz laboratorijski filter
papir. Uzorci ulja su do analiza ¢uvani u tamnim sta-
klenim bocama u frizideru pri temperaturi od 4 °C.

Tabela 1. Stvarne i kodirane vrednosti nezavisno promenljivih u eksperimentalnom dizajnu i rezultati specificnih apsorbancija sveZih
uzoraka hladno presovanih ulja suncokreta; rezultati predstavljaju srednju vrednost tri odredivanja + SD; razli¢ita mala slova u

kolonama ukazuju na postojanje statisticki znacajnih razlika (p < 0,05)

Table 1. Actual and coded values of variables in the experimental design with the response values (specific absorbance of the fresh

and heated cold-pressed sunflower oil samples)

Oznaka uzorka Vreme skladistenja, mesec Sadrzaj necistoce, % Sadrzaj ljuske, % Y, Y,
B A B A B Al%zaznm A1%270nm

1 0 -1 0 -1 16 0 0,96+0,05™* 0,16+0,02°*
2 0 -1 5 0 0 -1 0,92+0,03™ 0,16+0,01**
3 0 -1 5 0 32 +1 0,73+0,03° 0,200,027
4 0 -1 10 +1 16 0 0,68+0,04™" 0,24+0,03%*
5? 0 - 0 - 0 - 0,77+0,027* 0,14+0,01%*
6 6 0 0 -1 0 1 2,6110,00™ 0,34+0,00°*
7 6 0 0 -1 32 +1 2,5410,01* 0,41£0,00°*
8 6 0 5 0 16 0 2,5310,00™™ 0,39+0,00°*
9 6 0 10 +1 0 -1 2,23+0,00° 0,23+0,00°*
10 6 0 10 +1 32 +1 1,81+0,00°"  0,21+0,00°*
11 12 +1 0 1 16 0 1,320,02°*" 0,29+0,02°*
12 12 +1 0 0 1 1,36£0,02°" 0,27+0,04°*
13 12 +1 0 32 +1 0,650,017 0,35+0,01°*
14 12 +1 10 +1 16 0 1,43+0,03%% 0,38+0,03°*
15° 12 - 10 - 32 - 1,12+0,03%% 0,42+0,02°*

Uzorci ulja koji su dodati u istrazivanja, A — stvarna vrednost, B — kodirana vrednost
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Metode

Uvid u oksidativnu stabilnost ulja dobijen je na bazi
apsorbancija svezih ulja, odnosno, ulja nakon tempe-
riranja u uslovima Schaal-Oven testa (50 ml ulja u otvo-
renoj staklenoj posudi zagrevano je 96 h pri tempera-
turi od 6312 °C) [11]. Metoda se sastoji u spektrofoto-
metrijskom odredivanju apsorbancije rastvora ulja u
cikloheksanu u kiveti pre¢nika 1cm pri talasnim duZi-
nama od 232 i 270 nm i izraCunavanju apsorbancije za
koncentraciju od 1 g ulja u 100 ml rastvora, Al%zgznm i
Al%mnm. Iz odnosa ove dve vrednosti izracunata je
R-vrednost, koja se smatra pouzdanim pokazateljem
kvaliteta nerafinisanih ulja [12]:

R-vrednost = A™350m/A1700m

Eksperimentalni dizajn i statisticka analiza

RSM metoda je primenjena da bi se ispitao uticaj
sastava materijala za presovanje na oksidativnu stabil-
nost uzoraka ulja. Nezavisno promenljivi faktori bili su:
vreme skladistenja, sadrzaj necistoce i sadrzaj ljuske.
Primenjen je trofaktorski plan eksperimenata na tri
nivoa po Box—Behnken dizajnu (BBD) (a = 3) [13] koji
predvida 13 nezavisnih merenja. Stvarne i kodirane
vrednosti prediktora su prikazane u tabeli 1, za sve
uzorke, izuzev za uzorak broj 5 i 15, koji nisu bili obu-
hvaéeni BBD dizajnom. To su ulja koja su, prema
nepublikovanim rezultatima nasih prethodnih istraziva-
nja, dodata u ova istrazivanja, buduci da imaju mini-
malne (uzorak broj 5) i maksimalne vrednosti (uzorak
broj 15) ispitivanih nezavisno promenljivih. Zavisno pro-
menljive su bile vrednosti specificnih apsorbancija na
232 i 270 nm kao odzivi modela, i to u svezim uljima,
kao i u uljima nakon temperiranja u uslovima Schaal—
—Oven testa. RSM metoda je primenjena na eksperi-
mentalno dobijenim rezultatima primenom komerci-
jalnog statistickog paketa Statistica 12. Eksperimen-
talno dobijeni podaci su predstavljeni kao model jed-
nacine drugog stepena na bazi matematickog modela,
koji je prikazan jednac¢inom (1):

Yi = bo + b1X1 + bzXz + b3X3 + b12X1X2 + b13X1X3 +
+ b3 XoXs + b1iXi® + byXy” + b33X32 (1)

gde je: Y; odziv; X; vreme skladistenja semena (mesec);
X, sadrzaj necistoée (%); X3 sadrzaj ljuske (%); a bg, by,
by, bs, b1y, by, b3z, b1y, b1s i bys su regresioni koeficijenti.

ViSestruka regresiona analiza je sprovedena prime-
nom istog softvera koji je koris¢en i za eksperimentalni
dizajn. Podaci su predstavljeni u obliku srednje vred-
nosti + standardna devijacija (SD). Statisticka znacajnost
koeficijenata u regresionoj jednacini je ispitivana pomo-
¢u analize varijanse, ANOVA metode (p < 0,05), za svaki
odziv. Za dodatnu proveru modela koriséen je koefi-
cijent determinacije (RZ). Jednofaktorijalna analiza vari-
janse (ANOVA) i Tukey test primenjeni su radi odredi-
vanja statisti¢ki znacajne razlike izmedu rezultata (p <

< 0,05). Trodimenzioni grafici odzivnih povrsina su kori-
S¢eni da bi se objasnio efekat nezavisno promenljivih-
prediktora (X3, X, i X3) na vrednosti odzivnih varijabli
(Y1i=Ya).

REZULTATI | DISKUSIJA

Uticaj vremena skladistenja, sadrZaja necistoce i ljuske
semena na oksidativnu stabilnost sveZih uzoraka
hladno presovanih ulja suncokreta

Eksperimentalni dizajn, kao i vrednosti specifi¢nih
apsorbancija, Al%zsznm i Al%mnm, dobijeni analizom
sveze proizvedenih uzoraka ulja prikazani su u tabeli 1.

Kako specificne apsorbancije ukazuju na oksidativne
promene na nezasi¢enim masnim kiselinama, cilj pri-
menjenog modela je bio postizanje njihovih minimalnih
vrednosti. Redukovan regresioni model predstavljen u
jednacini (2) i (3) omogucava predvidanje uticaja neza-
visno promenljivih faktora na vrednosti specifi¢nih aps-
orbancija, Y, na 232 nmi Y, na 270 nm:

Y, = 0,951 + 0,492X; — 0,038X,” — 0,072X, + 0,003X,” +
+0,023X; — 0,001X5> +0,004X,X, — 0,001X,X; (2)

Y, = 0,180 + 0,029X; — 0,002X,> + 0,009X, —
—0,002X,” + 0,004X; + 0,001X.X, (3)

Primenjenim regresionim modelom za predvidanje
vrednosti Al%zgznm moze se objasniti 96% postignutih
rezultata, dok se primenjenim modelom za predvidanje
vrednosti Al%mnm objasnjava 91% postignutih rezultata
(tabela 2).

F-vrednost, koja iznosi 13,44 sa ukupnim p = 0,005,
ukazuje da je primenjeni model odgovarajudi i da obez-
beduje dobro slaganje izmedu predvidenih i postig-
nutih vrednosti sadrzaja primarnih produkata oksida-
cije, izrazenih apsorbancijom na 232 nm. F-vrednost, od
5,40 sa vrednos$c¢u p = 0,039, ukazuje da je model pri-
menjen kod sekundarnih produkata oksidacije, izraze-
nih apsorbancijom na 270 nm, takode odgovarajudi
(tabela 2). Potvrda efikasnosti primenjenog modela su i
predvidene vrednosti ispitivanih parametara kvaliteta,
koje u odnosu na izmerene vrednosti najmanje od-
stupaju u uzorku 12 (odstupanje iznosi 0,003) za
Al%zgznm, odnosno, u uzorku 11 (odstupanje iznosi
0,019) za Al%mnm. Rezultati sprovedenih istrazivanja su
pokazali da vreme skladiStenja semena ima veoma zna-
¢ajan linearan i kvadratni uticaj na sadrzaj primarnih
produkata oksidacije (b;—p < 0,001, by;—p < 0,001, ta-
bela 2), i znacajan uticaj na sadrzaj sekundarnih pro-
dukata oksidacije u ispitivanom ulju (b;—p = 0,021,
bi;—p = 0,016, tabela 2). Rezultati istrazivanja Dimic i
sar. [14] takode potvrduju znacaj vremena skladistenja
semena suncokreta na vrednosti specificnih apsor-
bancija u UV oblasti spektra u ulju dobijenom pos-
tupkom presovanja na puznoj presi. Isti autori su naveli
da se produZenjem vremena skladiStenja semena (stan-
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Tabela 2. Znacajnost regresionog modela (F-vrednost i koeficijenti regresije) i efekat procesnih varijabli na oksidativnu stabilnost
sveZih uzoraka hladno presovanih ulja suncokreta; b;, b,, bs — linearni regresioni koeficijenti; b;,, b;3, b,3 — interakcioni regresioni
koeficijenti; by, by, b3 — kvadratni regresioni koeficijenti; Rz-regresioni koeficijent modela
Table 2. The significance of the regression model (F-values and regression coefficients) and effects of the process variables on
oxidative stability of fresh cold-pressed sunflower oils

Koeficijenti regresije 1%Y1 Verovatnoca (p-vrednost?) 1%Y2 Verovatnoca (p-vrednost®)
A 232nm A 270nm

by 0,951 0,005 0,180 0,004
b, 0,492 <0,001 0,029 0,021
b, -0,072 0,590 0,009 0,429
bs 0,023 0,293 0,004 0,515
b, 0,004 0,352 0,001 0,634
bis -0,001 0,427 - -
by3 - - - -
b1y -0,038 <0,001 -0,002 0,016
by, 0,003 0,965 -0,002 0,498
b -0,001 0,326 - 0,664
F-vrednost modela 13,44 - 5,40 -
p-vrednost modela 0,005 - 0,039 -
R? 0,96 - 0,91 -

aZna(:ajnost od p < 0,05

dardnog linolnog tipa) sa 3 na 12 meseci, odrZivost ulja
smanjila za 9%, tj. da se sadrZaj primarnih produkata
oksidacije ulja povecdao sa 2,10 na 2,30, a sekundarnih
produkata oksidacije sa 0,22 na 0,34. Pri tome se R-
-vrednost ulja smanjila sa 9,55 na 6,77. U ulju oleinskog
tipa takode je uoceno smanjenje odrZivosti, odnosno
povecanje sadrzaja primarnih i sekundarnih produkata
oksidacije, koje je ¢ak bilo veceg intenziteta nego kod
ulja linolnog tipa, bududéi da je iznosilo oko 20 do 35%.

Poznato je da se prisustvo necistoce i ljuske semena
nepovoljno odrazava na kvalitet ulja, budu¢i da moze
prouzrokovati povecanje sadrZaja primarnih i sekun-
darnih produkata oksidacije [2]. U literaturi se, medu-
tim, srecu razli¢ita misljenja o uticaju prisutne ljuske
semena. Tako, Subramaniam i sar. [15] navode da ljus-
tenje semena suncokreta uti¢e na smanjenje vrednosti
specificnih apsorbancija presovanog ulja na 232 i 270
nm, za oko 7 puta, sa 30,8 na 4,30 (A1%232nm) isa 1,60 na
0,225 (A™70nm). Rezultati Smit i sar. [16] ukazuju da i
delimi¢no ljustenje semena suncokreta takode dovodi
do smanjenja vrednosti apsorbancija na 232 i 270 nm,
kao i povecanje R-vrednosti u proizvedenom hladno
presovanom ulju (sa 6,34 na 7,40). Medutim, rezultati
nasih istraZivanja pokazuju da dodata necistoca i ljuska
u materijalu za presovanje, iako je bilo za ocekivati, ne
ispoljavaju znacajan uticaj na vrednosti ovih specifi¢nih
apsorbancija u ispitivanom ulju. Vrednosti p, prikazane
u tabeli 2, ukazuju da ni medusobne interakcije ispiti-
vanih varijabli takode nemaju znacajan uticaj na oksi-
dativnu stabilnost ulja (slike 1-3).

Vrednosti specificnih apsorbancija sveZe presovanih
uzoraka ulja na 232 nm-Y; kreéu se u opsegu od
0,65%0,01 (uzorak 13) do 2,61+0,00 (uzorak 6), dok su
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rezultati specificnih apsorbancija na 270 nm-Y, u
granicama od 0,14+0,01 (uzorak 5) do 0,42+0,02 (uzo-
rak 15, tabela 1). R-vrednosti u analiziranom sveze
proizvedenom ulju nalaze se u intervalu od 1,86+0,03
(uzorak 13) do 9,66+0,03 (uzorak 9).

Zakonskim propisima vrednosti specificnih apsor-
bancija nisu uklju¢ene u kriterijume kvaliteta, ali se
smatra da nerafinisano ulje suncokreta dobrog kvaliteta
treba da ima vrednost A1%270nm manju od 0,5 [17].
Ispitivana ulja su, prema vrednosti ovog parametra
kvaliteta, ulja dobre oksidativne stabilnosti. Svega dva
uzorka imaju vrednosti veée od 0,40 i to, uzorak 15
(0,42+0,02) i uzorak 7 (0,41+0,00). Razlog ovome je
¢injenica da je skladisteno ociséeno seme, a necistoce
su dodate u semenu masu neposredno pre presovanja.
Grupa autora, Martin-Polvillo i sar. [7], su za ulje sun-
cokreta linolnog tipa objavili vrednost od 0,46, a za ulje
oleinskog tipa 0,42.

Dobijene vrednosti ispitivanih parametara su u
skladu sa podacima iz literature za hladno cedena ulja
suncokreta sa domaceg trzista [2]. Za hladno cedena
ulja sa inostranog trzista utvrdeno je da vrednosti
apsorbancija na 232 nm variraju u opsegu od 0,92 do
0,99, a na 270 nm, od 0,08 do 0,1, dok su R-vrednosti u
opsegu od 9,70 do 11,50 [18,19]. U hladno presovanom
ulju oleinskog tipa sadrzaj primarnih i sekundarnih pro-
dukta oksidacije iznosi, 1,94 (A™335nm) i 0,16 (A 2700m),
a R-vrednost iznosi 12 [10]. U rafinisanom suncokre-
tovom ulju specifi¢cne apsorbancije na 232 nm imaju
vrednost od 1,28 do 1,52, na 270 nm, od 0,26 do 1,35,
dok je R-vrednost u intervalu od 1,05 do 4,97 [20]. U
nerafinisanom ulju, ekstrahovanom heksanom, A1%232nm
iznosi 3,28, A" 370nm, 0,82, @ R-vrednost 4 [21].
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Slika 1. Odzivna povrsina vrednosti specificnih apsorbancija na 232 nm (A1%232nm) hladno presovanih ulja suncokreta u zavisnosti od
vremena skladistenja i sadrZaja necistoce.

Figure 1. Response surface for the specific absorbance of the cold-pressed sunflower oil samples in relation to the storage time and
the impurities content measured at 232 nm (A1%232,,m).
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Slika 2. Odzivna povrsina vrednosti specificnih apsorbancija na 232 nm (A1%232nm) hladno presovanih ulja suncokreta u zavisnosti od
vremena skladistenja i sadrZaja ljuske.

Figure 2. Response surface for the specific absorbance of the cold-pressed sunflower oil samples in relation to the storage time and
the husk content measured at 232 nm {AMBZ,,,,,),
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Slika 3. Odzivna povrsina vrednosti specificnih apsorbancija na 270 nm (Al% »70nm) hladno presovanih ulja suncokreta u zavisnosti od

vremena skladistenja i sadrZaja necistoce.

Figure 3. Response surface diagram for specific absgrbance of the cold-pressed sunflower oil samples in relation to the storage time

and the impurities content measured at 270 nm (AMUO,,,,,).

Prema literaturnim podacima vrednosti A1%232nm,
Al%mnm i R-vrednost (respektivno) za razlicite vrste
hladno presovanih ulja su sledeée: maslinovo ulje 4,21;
0,37; 11,38 [10], laneno ulje 1,47-3,10; 0,34-0,56;
3,97-6,59 [2], orahovo ulje 1,04-1,21; 0,05-0,07; 17,3—
-20,8 [22] i tikvino ulje 1,96-4,11; 0,12-0,54; 8,23—
—13,46 [23]. Po rezultatima Pawlowicz i sar. [24] vred-
nosti apsorbancija A pri 232 nm kod hladno pre-
sovanog repicinog ulja razlicitih sorti su se kretale od
0,19do 2,08, a Al%lcm pri 268 nm od 0,05 do 0,3.

Uticaj vremena skladiStenja semena, sadrzaja
necistoce i ljuske na oksidativnu stabilnost hladno
presovanog ulja suncokreta pri uslovima
Schaal-Oven testa

Odredivanje oksidativne stabilnosti Schaal-Oven
testom je sprovedeno temperiranjem ulja pri 63 °C u
kontaktu sa vazduhom, u periodu od 4 dana. Nakon
isteka ovog vremena u ulju su utvrdene oksidativne
promene odredivanjem vrednosti specifi¢nih apsorban-
cija pri talasnim duzinama 232 i 270 nm. Rezultati su
prikazani u tabeli 3, a znacajnost regresionog modela
(F-vrednost) i efekat procesnih varijabli na oksidativnu
stabilnost uzoraka ulja pri uslovima Schaal-Oven testa
su dati u tabeli 4.

Cilj primenjenog modela je i u ovom slucaju bio pos-
tizanje minimalnih vrednosti specificnih apsorbancija
temperiranog ulja. Analiza varijanse pokazuje da je pri-
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menjeni regresioni model odgovarajuci, sa vred-
nostima, F = 5,55, R*= 0,94 i p = 0,048 za apsorbanciju
Y3—A1%232nm, odnosno sa vrednostima, F = 5,76, R =
=0,95i p = 0,034 za apsorbanciju Y, Al%mnm (tabela 4).
Zavisnost izmedu ispitivanih nezavisno promenljivih
faktora i vrednosti specificnih apsorbancija moze se
opisati jednacinama (4) i (5), koje slede:

Y;=1,996 + 0,177X; — 0,007X,> + 0,044X, —
—0,002X,> — 0,056X; + 0,001X5° — 0,009X,X, +
+0,003X,X; + 0,001X,X5 (4)

Y, =0,172 +0,028X, — 0,001X,> + 0,001X, +
+0,001X,> — 0,001X; + 1,218X5> — 0,001X,X; +
+0,0002X,X; — 8,758X,X3 (5)

Potvrda efikasnosti primenjenog matematickog mo-
dela su i predvidene vrednosti ispitivanih parametara,
koje u odnosu na izmerene vrednosti najmanje
odstupaju u uzorcima ulja oznake 11, za A1%232nm
(odstupanje iznosi 0,037) i uzorka ulja oznake 14, za
A1%270nm (odstupanje iznosi 0,002).

Utvrdeno je da linearan efekat dodate necistoce, za
razliku od linearnog efekta ljuske semena, doprinosi
povecanju vrednosti specificnih apsorbancija Y; i Ya.
Medutim, prisustvo razli¢itog sadrzaja necistoce i ljuske
semena u materijalu za presovanje nema znacajan ut-
icaj na sadrzaj konjugovanih diena i triena u ulju nakon
zagrevanja, Sto je takode bio slucaj i u sveZzim uzorcima
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Tabela 3. Stvarne i kodirane vrednosti nezavisno promenljivih u eksperimentalnom dizajnu i rezultati specificnih apsorbancija uzo-
raka hladno presovanih ulja suncokreta u uslovima Schaal-Oven testa; rezultati predstavljaju srednju vrednost tri odredivanja + SD;
razlicita mala slova u kolonama ukazuju na postojanje statisticki znacajnih razlika (p < 0,05)

Table 3. Actual and coded values of variables in the experimental design with the response values (specific absorbance of the cold-
pressed sunflower oil samples under the Schaal-Oven'’s test conditions)

Oznaka uzorka  Vreme skladiStenja, mesec Sadrzaj necistoca, % Sadrzaj ljuske, % Y3 Y,
A B A B A B Al%zsznm A1%270nm

1 0 -1 0 -1 16 0 1,55+0,05°* 0,15+0,01%*
2 0 -1 5 0 0 -1 2,0240,08"  0,23+0,01°*
3 0 -1 5 0 32 +1 0,9840,08%*° 0,19+0,027*
4 0 1 10 +1 16 0 1,64:0,05°  0,27+0,01%
5° 0 - 0 - 0 - 2,08+0,10°* 0,14+0,017*
6 6 0 0 -1 -1 2,50£0,00°  0,32+0,00°*
7 6 0 -1 32 +1 2,45:0,00°  0,35+0,00°*
8 6 0 5 0 16 0 2,42+0,00°°  0,32+0,00°"
9 6 0 10 +1 0 -1 2,49:0,00°  0,36+0,00"
10 6 0 10 +1 32 +1 2,39:0,00°  0,34+0,00"
11 12 +1 0 1 16 0 2,970,012  0,35:0,01°*
12 12 +1 0 0 -1 3,0110,02°  0,320,01°*
13 12 +1 5 0 32 +1 3,03£0,02°  0,34+0,01°*
14 12 +1 10 +1 16 0 1,8040,04°°  0,40+0,03™
15° 12 - 10 - 32 - 2,68:0,01°  0,48+0,02°"

Uzorci ulja koji su dodati u istraZivanja, A — stvarna vrednost, B — kodirana vrednost

Tabela 4. Znacajnost regresionog modela (F-vrednost) i efekat procesnih varijabli na oksidativnu stabilnost uzoraka hladno
presovanih ulja suncokreta pri uslovima Schaal-Oven testa; b;, b,, b; — linearni regresioni koeficijenti; b;,, bys, b,; — interakcioni
regresioni koeficijenti; b4, by, bss-kvadratni regresioni koeficijenti; R - regresioni koeficijent modela

Table 4. The significance of the regression model (F-values and regression coefficients) and effects of the process variables on
oxidative stability of the cold-pressed sunflower oil samples under the Schaal-Oven’s test conditions

Koeficijenti regresije 1%Y3 Verovatnoca (p-vrednost®) 1%Y4 Verovatnoda (p-vrednost®)
A 232nm A 270nm

by 1,996 <0,001 0,172 0,004
b, 0,177 0,048 0,028 0,033
b, 0,044 0,619 0,001 0,965
b; -0,056 0,083 -0,001 0,862
b1, -0,009 0,134 -0,001 0,548
b3 0,003 0,099 0,0002 0,397
by3 0,001 0,833 -8,758 0,755
by -0,007 0,258 -0,001 0,159
by —-0,002 0,771 0,001 0,394
bis 0,001 0,351 1,218 0,917
F-vrednost modela 5,55 - 5,76 -
p-vrednost modela 0,048 - 0,034 -
R 0,94 - 0,95 _

¥Znatajnost od p < 0,05

ulja (bez zagrevanja). Interakcije vremena skladistenja
semena, sadrzaja necistoce i ljuske, takode ne ispolja-
vaju znacajan efekat na vrednosti ovih parametara
kvaliteta ulja (tabela 4).

Za razliku od faktora kvadrata vremena skladistenja,
yees .. . 1% . 1% . . .
¢iji uticaj na vrednosti A™”,35nm | A™ 270nm Ulja nije bio
znacajan, linearan efekat vremena skladistenja semena

znacajno doprinosi povecanju vrednosti ovih parame-
tara (b;—p = 0,048, b,—p = 0,033, tabela 4).

Vrednosti specificnih apsorbancija na 232 nm u ulju
nakon temperiranja kre¢u se u opsegu od 0,98+0,08
(uzorak 3) do 3,03+0,02 (uzorak 13), dok na 270 nm
iznose od 0,14+0,01 (uzorak 5) do 0,48+0,02 (uzorak
15, tabela 3). R-vrednosti variraju u intervalu od
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4,55+0,21 (uzorak 14) do 14,78+0,05 (uzorak 5). Prema
podacima Romanic¢ i Dimié [25], R-vrednost rafinisanog
ulja suncokreta, temperiranog pri istim uslovima, je
daleko manjaiiznosi 2,72.

Uporedujuéi rezultate Schaal-Oven testa (tabela 3)
u odnosu na sveze proizvedena ulja (tabela 1) moze se
konstatovati da zagrevanje ulja pri 63+2 °C u toku 96 h
uzrokuje izvesne oksidativne promene, Sto se manifes-
tuje povecanjem sadrZaja konjugovanih diena (Y3) i
triena (Y;) u odnosu na njihove pocetne vrednosti (Y; i
Y,). Najveée povecanje sadrzaja konjugovanih diena-
Al%mnm se uoCava kod ulja proizvedenih iz semena
skladisStenog 12 meseci, dok su promene kod ulja pro-
izvedenih iz semena skladiStenog do 6 meseci (66,67%
uzoraka) bile neznatne. Ova Cinjenica potvrduje nega-
tivan uticaj duzeg vremena skladiStenja semena pre
prerade na oksidativnu stabilnost ulja. Medutim, vred-
nosti apsorbancije Al%zgznm analiziranih ulja pre i nakon
Schaal-Oven testa imaju izuzetno slabu linearnu medu-
zavisnost (R2 = 0,11). Objasnjenje za to treba traziti u
kompleksnosti hemizma oksidacije ulja koji se odigrava
pri zagrevanju i u kome ucestvuju kako antioksidansi
tako i prooksidansi poreklom iz ulja, a vainu ulogu
imaju i reakcioni uslovi i brojni drugi Cinioci [26].

Za razlike u sadrzaju oksidativnih produkata u ulju
pre i nakon zagrevanja generalno se moze reéi da su
neznatne. U sadrzaju produkata u vidu konjugovanih
diena, Al%zgznm, razlike kod 60% uzoraka su bez ili sa
minimalnim promenama, kod 33% uzoraka vrednost
A om je povecéana za oko 1,5, a svega je kod jednog
uzorka (uzorak 13) doSlo do poveéanja vrednosti sa
razlikom ve¢om od 2 (2,38).

Razlike u sadrZaju oksidativnih produkata u vidu
konjugovanih triena, Al%zmm pre i nakon zagrevanja
ulja su takode minimalne, iznose od 0,02 (uzorak 14) do
0,13 (uzorci 9 i 10). Ovi rezultati potvrduju dobru
oksidativnu stabilnost hladno presovanog ulja sunco-

kreta pri umerenim temperaturama (60-65 °C). Naime,
prema rezultatima Ramadan [27] vrednosti apsorban-
cije rafinisanog suncokretovog ulja linolnog tipa (61,1%
linolne kiseline) pri 232 nm u uslovima Schaal-Oven
testa (60+2 C) je povec¢ana sa oko 2 na 8, a pri 270 nm
sa 0,5 na 3.

Izmedu sadrzaja konjugovanih triena u nasim ispiti-
vanim uzorcima pre i nakon temperiranja utvrdeno je
postojanje linearne meduzavisnosti (R2 =0,645).

S obzirom na promene u vrednosti navedenih spe-
cificnih apsorbancija tokom zagrevanja neminovno
dolazi i do promena u R-vrednosti ispitivanih ulja. Na
slici 4 su prikazane R-vrednosti uzoraka sveZe preso-
vanih i temperiranih ulja.

Kako navode Matijasevi¢ i Turkulov [17] nerafini-
sana ulja suncokreta dobrog kvaliteta treba da imaju R-
vrednost najmanje 8. U tom pogledu moze se reéi da su
od svih ispitanih uzoraka, kako sveZe presovanih tako i
temperiranih ulja, 10 ulja ispunjavaju navedeni kriteri-
jum kvaliteta. Posebno treba istaéi da je kod vecine
uzoraka (izuzev uzoraka 9 i 10) tokom zagrevanja doslo
¢ak do povecanja R-vrednosti, Sto je rezultat neznatnih
promena apsorbancija Al%mnm. Ova (¢injenica, takode,
ukazuje na otpornost hladno presovanog ulja sunco-
kreta prema oksidativnim promenama pri umerenim
temperaturama.

ZAKLJUCAK

Ovim radom je prikazano da se sadrzaj primarnih i
sekundarnih produkata oksidacije hladno presovanog
ulja suncokreta, izraienih pomocu specifiénih apsor-
bancija pri 232 i 270 nm, mogu dobro predvideti ko-
ris¢enjem RSM metode.

Matematicki modeli i graficka interpretacija su po-
kazali da je vreme skladistenja semena znacajna vari-
jabla za vrednosti sadrzaja primarnih i sekundarnih pro-

R-vrednost

12 3 4 5 6B 7 8 8

m 11 12 13 14 14
Oznaka uzorka

m Svefe ulje

o Temperirana ulje

Slika 4. R-vrednost hladno presovanih ulja suncokreta pre i posle zagrevanja pri uslovima Schaal-Oven testa.
Figure 4. R-values of the cold-pressed sunflower oil samples before and after heating under the Schaal-Oven’s test conditions.
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dukata oksidacije, kako svezeg tako i termicki treti-
ranog ulja, kao odzive ovog modela.

Ustanovljeno je da prisustvo razliCitog sadrzaja
necistoce i ljuske semena u materijalu za presovanje,
utie na sadrzaj konjugovanih diena i triena u ulju i pre i
nakon zagrevanja, ali da njihov uticaj nije statisticki
znacajan. Interakcije vremena skladistenja semena,
sadrzaja necistoce i ljuske u svezim uzorcima ulja, kao i
kod ulja nakon temperiranja, takode ispoljavaju efekat
na vrednosti ovih parametara kvaliteta, koji medutim
nije statisticki znacajan.

Zagrevanjem ulja pri uslovima Schaal-Oven testa
nije doslo do izrazite promene oksidativnog kvaliteta,
Sto ukazuje na Cinjenicu da je hladno cedeno ulje sun-
cokreta pri umerenim temperaturama, do 65 °C, poka-
zuje dobru stabilnost.

Zahvalnica

Autori se zahvaljuju Ministarstvu za nauku i tehno-
loski razvoj Republike Srbije za finansijsku podrsku
(projekat: TR 31014), a takode i Miroslavu Durka iz
mini-uljare Vitastil-Erdevik, na ustupanju celokupnog
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SUMMARY

EFFECT OF SEED QUALITY ON OXIDATIVE STABILITY OF COLD-PRESSED SUNFLOWER OIL
Etelka B. Dimic’l, Tamara D. Premovic’l, Aleksandar A. Takaéil, Vesna B. Vujasinovic’z, Olgica F. Radoéajl, Sanja B. Dimi¢*

1University of Novi Sad, Faculty of Technology, Blvd cara Lazara 1, 21000, Novi Sad, Serbia
2College of Professional Studies in Management and Business Communication, Mitropolita Stratimirovica 110, 21205

Sremski Karlovci, Serbia
(Scientific paper)

The objective of this study was to investigate the impact of the storage time,
content of the husk and impurities in the seed mass on the oxidative stability of
the cold pressed sunflower oil. The oxidative stability of oil was analyzed by the
Response Surface Methodology (RSM), where the response value (output) of the
model was the content of oxidation products measured via specific absorbance at
232 nm for conjugated dienes and 270 nm for conjugated trienes. Analyses were
performed on the fresh oil samples and oil samples tempered under the Schaal-
—Oven’s test conditions (96 h at 63+2 °C). It was concluded that the seed storage
time had significant impact on the primary (Al%zgznm) and secondary (Al%mnm) oil
oxidation products, both before (b;—p < 0.001; b,—p = 0.021) and after (b;—p =
= 0.048; b,—p = 0.033) the heating of oil. The content of impurities and husks in
the seeds used for pressing also had an influence of the conjugated dienes and
trienes contents in both, fresh and heated oil samples. However, their impact was
not statistically significant. Interaction of seed storage time, the content of
impurities and husks also exert some effect on the values of these quality para-
meters in the fresh oil, as well as in the oil after the heat treatment, even though
their influence is not significant. The obtained results have shown that the cold
pressed sunflower oil had a good oxidative stability at temperatures up to 6312 °C.
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Abstract

The study deals with mineral characterisation of natural waters from South—East Serbia.
The contents of aluminium, arsenic, calcium, cadmium, cobalt, chromium, cooper, iron,
potassium, magnesium, manganese, sodium, nickel, lead and zinc were analysed in spring,
ground and river waters by inductively coupled plasma-atomic emission spectrometry (ICP-
AES) technique. The study area was in the Southern Serbia, and included slopes of Rtanj,
Ozren, Bukovik, Vrdenik and Cemernik mountains, and the valley of South Morava.
Obtained contents were compared with Serbian regulations on the quality of water for
human use, and directive of World Health Organization (WHO) for maximum allowed con-
centrations of chemical substances. High contents of macro-elements, namely calcium,
magnesium and potassium, were detected in several spring and ground water samples
which are believed to be due to direct influence of rock minerals. Some water samples
contained iron, manganese and copper in concentration up to 168.3, 8.10 and 14.9 ug dm_3,
respectively, but within the permissible limits. Other heavy metals were not detected in
analysed samples. Based on the derived results, tested ground and spring water samples
have significant potential to be used as sources for the production of bottled water, but
further investigations are necessary. Additional investigations have to be focused on com-
plete physical, chemical and microbiological assessments of water resources. Systematic
hydrogeological assessment also should be performed in all seasons. In the meantime,
precautionary measures should be immediately taken to protect and preserve these water
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Water is the most precious and essential natural
resource. Out of all the water on Earth, only small
fraction (about 2.5%) of it is fresh, non-saline water,
suitable for human consumption [1]. Non-saline water
is generally obtained from two principal natural
sources: surface waters, such as lakes, rivers and
streams, and ground waters, such as spring and well
waters. Nowadays water resources available for human
consumption are being subjected to continuous envi-
ronmental stress and pollution. The pollution of water
systems affects humans and the natural environment
worldwide. Among wide diversity of contaminants
affecting water resources, heavy metals receive parti-
cular concern considering their strong toxicity, even at
low concentrations due to their accumulative effects
[2]. Heavy metals exist in natural waters in colloidal,
particulate and dissolved forms [3]. Although trace
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amount of some metals are essential for humans, any
excessive exposure to heavy metals can result in
adverse manifestations. The occurrence of heavy
metals in ground and surface waters can be due to
natural sources, such as dissolution of naturally occur-
ring minerals containing trace elements in the soil zone.
Human activities and other anthropogenic sources such
as mining, fuels, smelting of ores and improper disposal
of industrial wastes, significantly contribute to elevated
levels of heavy metals in waters. Surface water bodies
are particularly vulnerable to contamination from ind-
ustrial and municipal wastewater, leaching or runoff of
agrochemicals and dissolution of air-borne pollutants
[4]. In ground waters greater part of the soluble con-
stituents comes from soluble minerals in soils and sedi-
mentary rocks and a much smaller part has its origin in
the atmosphere and surface water bodies.

In Serbia there are two regulations concerning the
quality of water for human use: Regulation on the hygi-
enic acceptability of potable water [5,6], and Regul-
ation on quality and other requirements for natural
mineral water, spring water and bottled drinking water
[7]. The Regulation on the hygienic acceptability of
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potable water defines the maximum allowed concen-
trations (MAC) of chemical substances in water for pub-
lic water supplies. Regulation on quality and other
requirements for natural mineral water, spring water
and bottled drinking water defines the MAC of certain
chemical parameters that can be a risk to human
health, indicators of water quality and nomenclature of
mineral waters. Guideline values have been deter-
mined for those chemical components that are consi-
dered to have significant potential to harm human
health at concentrations above the specified limits.
Guideline values should not be exceeded in public
water supplies. It should also be noted that in some
cases exceeding the guideline values may not always be
a matter for immediate concern, but rather a trigger
for a follow-up action.

Water analysis plays a decisive role in the regul-
ations that determine water quality for specific uses,
especially for drinking water quality [8]. Due to the
importance of drinking water for human life, lack of
water sources and the increased consumption of mine-
ral waters, there is a need to assess the quality of water
from various potential water resources. Besides this, as
a part of water resources management, water protect-
ion measures need to be prioritised and implemented
in order to ensure sustainability for future generations.

Serbia has significant surface water and ground
water resources, sufficient to fulfil its current economic
and social requirements. According to the density of
water resources and the diversity of physicochemical
properties of mineral waters, the territory of Serbia
belongs to the one of the most resourceful areas of the
European continent, but only a small quantity of these
mineral waters is used for bottling [9]. In 2008 there
were 30 bottling mineral water plants in Serbia [9],
however, due to large number of unexamined water
sources, it is believed that the potential is much higher.

The objective of this study was to evaluate the
quality of spring and ground waters of the area on the
slopes of Rtanj, Ozren, Bukovik, Vrdenik and Cemernik
mountains and in the valley of river South Morava, in
Southern Serbia. The springs of the mountains Rtanj,
Ozren, Bukovik, Vrdenik and Cemernik are known for
their significant amounts of water relative to Serbia and
generally good quality of underground and spring
waters. The examined region located at South of the
Balkan Peninsula is not fully occupied by industries yet,
ensuring somewhat a good quality. Water samples
from river South Morava were also subject of this anal-
ysis, since some examined wells were situated close to
this river. The content of aluminium, arsenic, calcium,
cadmium, cobalt, chromium, cooper, iron, potassium,
magnesium, manganese, sodium, nickel, lead and zinc
were analysed in spring water, ground and river water.
Emphasis was placed on the contents of some heavy
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metals such as lead, cooper and cadmium, which are
very toxic, even at low concentrations due to the accu-
mulative effects. The measurements were conducted
using inductively coupled plasma-atomic emission
spectrometry (ICP-AES) technique.

EXPERIMENTAL

The study area

The study area is located in the South—Eastern
Serbia, and includes the slopes of Rtanj, Ozren, Buko-
vik, Vrdenik and Cemernik mountains and the valley of
South Morava. The study region lies between the long-
itude 21.555 to 22.32882 and latitude 42.02009 to
43.79576. The physicogeographical position of the
basin is specific due to its geographic affiliation to the
mountainous Carpathian-Balkan (middle and east part)
and Peripannonian (western part) regions in Serbia.
The region included the territory between the valley of
the South Morava down river flow in the west, Balkan
mountain range in the east, the mountains Bukovik and
Rtanj in the north, and the mountains Vrdenik and
Cemernik in the south. Investigated area is shown in
Figure 1.

Sample collection and treatment

Water samples were collected applying random and
haphazard sampling from 19 different sampling sites in
South-Eastern Serbia region (Figure 1). Sampling sites
are described in Table 1.

Collected samples included spring, ground and river
waters. River water samples were collected randomly,
while ground water samples were collected by applying
haphazard sampling approach [10]. Spring water
samples were collected by applying a combined ran-
dom and haphazard sampling approach. All samples
were collected in April 2013. The river and spring water
samples were collected by immersion of plastic bottles
below the water surface. Groundwater samples were
directly collected from wells. Before sampling, all plas-
tic bottles were rinsed with 5% HNO;, and then with
ultrapure water. Plastic bottles were rinsed three times
with the water sample before sampling. The water
samples immediately upon collection were well mixed
with 2 cm® HNOj; (Suprapur®, Merck, Germany) per litre
sample and capped tightly, in order to preserve the
samples. Preserved samples were transported in ice-
packed coolers to the laboratory for analysis within 24
h. Prior analyses, the samples were filtered through
0.45 um membrane filters.

Analytical method

For element analysis in collected water samples ind-
uctively coupled plasma-atomic emission spectrometry
(ICP-AES) was used. Analysis was performed using ICP-
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Figure 1. Map of investigated area — location of the sampling sites are marked.

Table 1. Sampling sites for different water samples

Sample number Origin Latitude (UTM)  Longitude (UTM) Description

1 River water 43.561082 21.640528 8 km downstream from Aleksinac

2 River water 43.532823 21.653012 4.8 km downstream from Aleksinac

3 River water 43.527067 21.712049 Aleksinac

4 River water 43.451610 21.746339 14.5 km upstream of Aleksinac

5 River water 43.371209 21.768637 27.4 km upstream of Aleksinac

6 River water 42.834799 22.130302 Predejane

7 River water 42.699359 22.064817 Vladi¢in Han

8 Spring water 43.772395 21.933947 Eastern slope of Rtanj

9 Spring water 43.795756 21.760225 Northwestern slope of Rtanj, Krivi vir
10 Spring water 43.625265 21.853867 Northeastern slope of Ozren, Gradasnica
11 Spring water 43.551985 21.812711 Southern slope of Ozren, Lipovac

12 Spring water 43.551658 21.810265 Southern slope of Ozren, Lipovac

13 Spring water 43.72211 21.555004 Northwestern slope of Bukovik, Setka
14 Ground water 42.767962 22.087643 Dzep

15 Ground water 42.691647 22.175345 Surdulica

16 Ground water 43.293247 22.006881 Niska banja

17 Ground water 43.560989 21.833879 Southern slope of Ozren, Lipovac

18 Ground water 42.760121 22.178307 Southwestern slope of Cemernik, Mackatica
19 Ground water 42.742773 22.328821 Vlasina Rid

-OES, Varian Vista Pro-axial. Concentrations of heavy
metals and trace elements were determined by US EPA
method 200.7 [11]. Samples were analysed directly by
pneumatic nebulization without acid digestion. Stock
standards were purchased from J.T. Baker, BAKER Ins-
tra-Analysed Reagent Grade (J.T. Baker® 5724 Calcium
Plasma Standard, J.T. Baker® 5741 Potassium Plasma
Standard, J.T. Baker® 5734 Magnesium Plasma Standard,
J.T. Baker® 5746 Sodium, Baker Instra-Analyzed®
Reagent Grade and J.T. Baker® 6031-01 Trace Metal
Standard | Al, As, Cd, Co, Cr,Cu, Fe, Mn, Ni, Pb, Zn).

RESULTS AND DISCUSSION

The results on elements contents in the analysed
water samples are given in the Table 2. Comparison of

Regulations in Serbia with directive of World Health
Organization [12] for maximum allowed concentrations
of chemical substances is also shown in Table 2.

The obtained results indicated that the concentra-
tions of almost all of the analysed elements and heavy
metals in water samples were considerably below the
maximum allowed concentrations (MAC) stipulated in
Official Gazette of the Republic of Serbia and WHO (Fig-
ure 2).

The concentrations of calcium in analysed samples
were in the range from 31.4 to 180 mg dm>. All
samples met the Regulations for calcium for public
water use, but not for natural mineral water, spring
water and bottled drinking water. Due to high calcium
content, only samples 12, 13, 14 and 19 could be clas-
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Figure 2. Maximum concentrations of micro, macro and trace elements determined in water samples compared with maximum
allowed concentrations.

Table 2. Concentrations of trace and major elements in the analysed water samples (mg dm_3),' nd — not detected

Element

Sample -

Ca Mg Na K Al As Fe Mn Cd Co Cr Cu Ni  Zn Pb
1 85.5 13.28 10.99 2.79 nd® nd 0.013 0.002 nd nd nd nd nd nd nd
2 93.7 2345 22.71 4.07 nd nd nd 0.003 nd nd nd nd nd nd nd
3 76.9 17.06 31.24 6.18 nd nd 0.026 0.005 nd nd nd nd nd nd nd
4 75.6 12.24 13,57 3.72 0.182 nd 0.004 nd nd nd nd nd nd nd nd
5 314 7.29 18.68 4.42 0.199 nd 0.142 0.006 nd nd nd nd nd nd nd
6 91.1 25.80 2547 3.13 nd nd nd nd nd nd nd nd nd nd nd
7 35.8 12.18 13.27 7.73 nd nd 0.168 0.008 nd nd nd nd nd nd nd
8 136.0 9.16 433 141 nd nd nd nd nd nd nd nd nd nd nd
9 1125 19.60 5.64 2.56 nd nd nd nd nd nd nd nd nd nd nd
10 113.6 19.75 5.88 2.55 nd nd nd nd nd nd nd nd nd nd nd
11 94.6 8.20 3.54 0.69 nd nd nd nd nd nd nd nd nd nd nd
12 150.6 29.31 3430 1.96 nd nd nd nd nd nd nd nd nd nd nd
13 158.3 73.69 39.58 0.73 nd nd nd nd nd nd nd nd nd nd nd
14 1749 115.20 67.77 2.18 nd nd 0.084 0.005 nd nd nd nd nd nd nd
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Table 2. Continued

Element

Sample

Ca Mg Na K Al As Fe Mn Cd Co Cr Cu Ni Zn Pb
15 125.1 47.27 54.46 0.39 nd nd nd nd nd nd nd nd nd nd nd
16 1243 37.89 64.17 0.91 nd nd nd nd nd nd nd 0.015 nd nd nd
17 148.1 49.53 65.61 2.21 nd nd nd nd nd nd nd nd nd nd nd
18 1039 51.75 65.41 12.88 nd nd 0.011 0.003 nd nd nd nd nd nd nd
19 180.0 90.12 38.99 0.75 nd nd nd nd nd nd nd nd nd nd nd
MAC® 200 50 150 12 0.2 0.01 0.3 0.05 0.003 - 0.05 0.02 2 3 001
MAC® 150° 50° 200° - 0.2 0.01 0.2 0.05 0.003 - 0.05 0.02 - 0.01
WHO" - 50 200 - 0.2 0.01 0.3 0.4 0.003 - 0.05 0.07 - 0.01

*Maximum allowed concentrations, Guideline value given by the Regulation on the hygienic acceptability of potable water [5,6], MAC of chemical
substances in water for public water supply; ®maximum allowed concentrations, Guideline value given by the Regulation on quality and other
requirements for natural mineral water, spring water, and bottled water [7]; “lower limit of nomenclature; 4Guideline values of WHO [12]

sified as mineral waters in accordance with Serbian
Regulation on quality and other requirements for nat-
ural mineral water, spring water and bottled drinking
water. Magnesium content in examined water samples
varied from 7.3 to 115.2 mg dm™. Samples 13, 14, 18
and 19 had content higher of those permitted by
Serbian Regulation and by the WHO, however those
samples met requirements for natural mineral water,
spring water and bottled drinking waters. Drinking
water with high levels of calcium and magnesium could
provide important health benefits. Magnesium is very
helpful in the prevention of some diseases, including
hypertension, fluctuation of blood sugar levels, heart
arrhythmia, endocrinologic diseases and nervous sys-
tem diseases. Calcium may be helpful in osteoporosis
for many people whose dietary intake is deficient in
this nutrient [12]. A review of published data [13]
showed that bioavailability of the calcium from waters
is comparable to bioavailability of calcium from milk,
when studied under similar conditions. Heaney con-
cluded that calcium in high-calcium mineral waters is
highly absorbable, noting that high-calcium water func-
tions much like a supplement [13]. Also, waterborne
magnesium is more bioavailable than magnesium
obtained from foods and water may be a significant
source of magnesium [14]. Although studies show that
calcium and magnesium are useful minerals in water,
there are no guidelines on minimum concentrations of
these minerals in drinking water. Contents of calcium
and magnesium in water are associated with water
hardness. Hard water is not a health risk, but is a
nuisance because of mineral build up in plumbings and
poor soap and/or detergent performance, if such water
is used in household or in industry.

Most water supplies contain less than 20 mg of
sodium per litre, but in some countries levels can
exceed 250 mg dm > [15]. Saline intrusion, mineral
deposits, seawater spray, sewage effluents, and salt
used in road de-icing can all contribute significant

quantities of sodium in water. The relationship between
elevated sodium intake and hypertension has been the
subject of considerable scientific controversy, but on
the basis of existing data, no firm conclusions can be
drawn concerning the possible association between
sodium in drinking water and the occurrence of hyper-
tension [15]. No health-based guideline value is there-
fore proposed. However, sodium may affect the taste
of a drinking-water at levels above 200 mg dm™ [15].
All analysed samples had satisfactory content of sod-
ium (3.5-67.8 mg dm™).

Potassium is an essential element in humans. It
occurs widely in the environment, including all natural
waters, in low concentrations. Adverse health effects
due to potassium consumption from drinking-water are
unlikely to occur in healthy individuals, because it is
rapidly excreted in the absence of pre-existing kidney
damage. Consequently it is not considered necessary to
establish a health-based guideline value for potassium
in drinking-water. In analysed samples potassium con-
tent was in the range of 0.4-7.7 mg dm, and the
exception was the sample 18, where its content was
12.88 mg dm™. Only this sample had a higher content
of potassium than allowed by Serbian regulations for
chemical substances in water for public water supply.

Aluminium is one of the most abundant elements
found in the Earth’s crust. Toxicity of aluminium is asso-
ciated with continuous low level exposure, which can
eventually lead to serious health effects such as Alz-
heimer’s and Parkinson’s disease, senility and pre-
senile dementia [2]. Results obtained showed that alu-
minium was detected in two samples at levels below
MAC (0.182-0.199 mg dm™).

Arsenic is found widely in the Earth’s crust as sul-
phides, or metal arsenides or arsenates. It is usually
present in natural waters at concentrations less than
1-2 mg dm™ [12], but in ground water, its concentra-
tion can be significantly elevated. Many studies have
shown that long-term exposure to arsenic in drinking-
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water is related to increase risks of cancer in the skin,
lungs, and kidneys [12]. In analysed samples arsenic
was not detected.

Iron is found in natural fresh waters, especially in
ground waters. Ground water containing soluble iron
may remain clean when pumped out, but exposure to
air may cause precipitation of iron due to oxidation,
which causes brownish-red colour. Iron affects target
organs such as liver, cardiovascular system and kidneys
[16]. All water samples were with iron content below
the allowed limits (4.4-168.3 ug dm™).

Manganese concentration levels ranged from 2.2 to
8.1 ug dm~ and met all the set guidelines. At higher
concentration levels (higher than 0.1 mg dm), man-
ganese causes an undesirable taste in drinking-water,
and precipitates due to oxidation of Mn(ll) to Mn(IV)
resulting in stain household utensils and clothes [17].
The presence of manganese in drinking-water may also
lead to the accumulation of deposits in the distribution
systems [12].

Cadmium has carcinogenic properties as well as
long biological half-life, leading to chronic effects as a
result of accumulation in the liver [12,18]. It can also
cause kidney damage, as well as produce acute health
effects resulting from overexposure to high concentra-
tions [18]. Cadmium was not detected in any of the
analysed samples.

Cobalt has both beneficial and harmful effects on
human health. It is beneficial for humans as a part of
vitamin B12, which is essential to human health. At
elevated levels cobalt provokes harmful health effects.
It can cause pulmonary syndrome, skin syndrome,
allergy, gastrointestinal irritations, nausea, cardiomyo-
pathy, haematological disorders [19]. Fortunately,
cobalt is rarely detected in drinking-water. According to
WHO, the concentration of cobalt in drinking-water is
low and ranges from 0.1 to 5 pg dm~ [12]. In analysed
water samples cobalt was not detected.

Chromium is present in small quantities in the envi-
ronment. The toxicity of chromium depends on its phy-
sicochemical form; hexavalent salts are considered the
most dangerous [20]. Prolonged consumption of water
containing elevated concentrations of chromium, can
damage liver, kidney and nervous tissue [21]. Chro-
mium was not detected in any of the analysed samples.

Copper as many other metals can exist in aquatic
environment in three forms, namely soluble, colloidal
and particulate. At lower doses it is essential element
for organisms. Excess of copper in human body is toxic
and causes hypertension and produces pathological
changes in brain tissues [12]. Of all analysed water
samples, only sample 16 contained copper (0.015 mg
dm_3), but in concentration much lower than permitted.

Long-term exposure to elevated concentrations of
nickel causes weight loss, heart and liver damage, and
dermatitis [21]. In all analysed samples nickel was not
detected.
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Zinc is an essential trace mineral that is found in
water and food in the form of salts or organic com-
plexes. Although concentrations of zinc in surface and
ground waters do not exceed 10 or 50 pg dm,
concentration of zinc in tap water can be much higher,
due to the dissolution of the element from pipes and
valves materials [21]. Zinc was not detected in any of
the analysed samples.

Lead occurs naturally in the environment. However,
the most significant concentrations of this element
found in the environment are the result of the human
activities. Lead is toxic and it accumulates in kidneys
and skeleton. Over centuries lead became recognised
as a cumulative general metabolic poison. Lead con-
tamination of the ground waters may result from ind-
ustrial effluents, old plumbing household sewages, agri-
cultural run-off containing phosphatic fertilizers, and
human and animal excreta [16]. Lead was not detected
in any of the analysed samples.

Previous similar investigations focusing on heavy
metal determinations in spring and river water samples
in Serbia showed the presence of cadmium, lead, zinc
and nickel [22,23]. On the basis of the obtained results
and by comparison with the world average contents of
trace elements for unpolluted rivers, contents of heavy
metals in analyzed water samples from the river South
Morava were very low, classifying those river sites as
unpolluted at the time of sampling. Additional experi-
ments are in progress to provide reliable statistic
results in order to examine if these alluvial deposits
may be used as good sources of water supply to many
communities close to this river.

With industry development the heavy metal pol-
lution became an issue of global proportions. The fact
that heavy metals did not exceed permitted limits in
analysed water samples favours the quality of water
from investigated area. On the other hand, some anal-
ysed water samples cannot be used for public water
supply, due to calcium and magnesium level higher
than permitted. These waters, however, can be used as
bottled drinking waters according to Serbian regul-
ations [7]. For such waters elevated level of specific
mineral should be clearly labelled. As a result, on Ser-
bian markets natural waters rich in different minerals
(magnesium and potassium) can be found.

CONCLUSIONS

According to conducted study focusing on quality
control of natural spring, river and ground waters in
South-East Serbia, it can be concluded that majority of
samples were free of heavy metals. The exceptions
were iron, manganese, and copper found in some sam-
ples, but their contents were within allowed limits. As
for major elements, including calcium, magnesium and
potassium, some samples had higher contents of those
specified in the guidelines. Elevated levels of calcium



2.S. STOJANOVIC et al.: QUALITY OF GROUND, SPRING AND RIVER WATERS IN SOUTH-EAST SERBIA

Hem. ind. 69 (2) 185-192 (2015)

were detected in two samples of spring waters and two
samples of ground waters, whereas increased potas-
sium concentration was observed in one sample of
ground water. These samples, however, fulfilled the
requirements of WHO in respect to specified maximum
calcium and potassium levels. Levels of magnesium,
higher of those specified by Serbian regulations and by
WHO, were found in three ground water samples and
one spring water sample. Data on the quality of unused
water sources are sparse, especially for the studied
region, and on the basis of obtained results a great
potential for new water resources are recognized,
especially for the production of bottled water. These
preliminary results highlight the need for further inves-
tigations that should be focused on microbiological
quality as well as organic chemical pollutants which
may be present in water sources. In addition, hydro-
geological assessment of abundance and assessments
at periodic intervals are necessary to verify the effect-
iveness of management decisions of ground and spring
water resources exploitation. In the meantime, to pro-
tect and preserve these water resources certain mea-
sures should be immediately taken. The preservation of
water resources should be performed in economically,
socially, and environmentally sustainable manner.
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1ZVvOD

ISPITIVANJE KVALITETA PODZEMNIH, IZVORSKIH | RECNIH VODA SA PODRUCJA JUGOISTOCNE SRBIJE

Zorica S. Stojanovic’l, Jaroslava V. §varc—Gajic’1, Marika Z. Dordevic’z, Nada L. Grahovaca, Jovica R. Vasin3,
Ana D. Duroviél, Snefana 7. Kravi¢'

"Univerzitet u Novom Sadu, Tehnoloski fakultet, Novi Sad, Srbija
’Mlekara DIS, Razanj, Srbija
*Institut za ratarstvo i povrtarstvo, Novi Sad, Srbija

(Strucni rad)

Ovaj rad predstavlja analizu kvaliteta prirodnih voda iz jugoisto¢ne Srbije. Kljucne reci: Kvalitet vode e Minerali
Sadrzaj arsena, aluminijuma, kalcijuma, kadmijuma, kobalta, hroma, bakra, gvoz- Teski metali ® Vodeni resursi e Uprav-
da, kalijuma, magnezijuma, mangana, natrijuma, nikla, olova i cinka je odredivan lianje vodenim resursima

u izvorskim i podzemnim vodama, kao i u recnoj vodi. Analiza navedenih eleme-
nata je izvedena ICP-AES tehnikom. Analizirani su uzorci voda iz oblasti jugo-
istocne Srbije, ukljuCujuéi podrucja planine Rtnja, Ozrena, Bukovika, Vrdenika i
Cemernika, kao i podrugje doline reke Juzne Morave. Odredeni sadrzaji analizira-
nih elemenata su poredeni sa vazeéim pravilnicima Republike Srbije i prepo-
rukama Svetske zdravstvene organizacije (SZ0). Visoki sadrzaj makro-elemenata,
odnosno kalcijuma, magnezijuma i kalijuma uoceni su u izvorskim i nekoliko uzo-
raka podzemnih voda, Sto moZe biti posledica direktnog uticaja magmatskih
stena. Pojedini uzorci voda su sadrzali neSto viSe sadrzaje gvozda, mangana i
bakra u koncentraciji do 168,3, 8,10 i 14,9 pg dm'3, redom, ali u granicama pro-
pisanim Pravilnikom i u skladu da preporukama SZO. Ostali teski metali nisu
detektovani u ispitivanim uzorcima. Na osnovu dobijenih rezultata se moze
zakljuciti da testirani uzorci podzemnih i izvorskih voda imaju znacajan potencijal
u smislu proizvodnje flasirane vode, uz neophodna dodatna istrazivanja. Dodatna
istrazivanja bi trebalo usmeriti na kompletnu hemijsku analizu i ispitivanje fizickih i
mikrobioloskih karakteristika uzoraka voda. Pored toga, neophodno je sprovesti
sistematsko hidrogeolosko ispitivanje izdasnosti podzemnih i izvorskih voda
tokom svih godisnjih doba. U meduvremenu treba preduzeti mere predostroz-
nosti kako bi se ovi vodeni resursi zastitili i ocuvali.
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Sposobnost upravljanja vlagom glatkih pletenina izradenih od prirodnih i

regenerisanih celuloznih vlakana
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Izvod

Cilj ovog rada je bio karakterizacija glatkih pletenina u pogledu sposobnosti upravljanja
vlagom (propustanja vodene pare i znoja) uzimajuéi u obzir faktore na mikroskopskom
(vlakna), mezoskopskom (preda) i makroskopskom (pletenina) nivou. U tu svrhu su, pola-
zedi od preda izradenih od prirodnih i regenerisanih celuloznih vlakana, u kontrolisanim
uslovima proizvedene glatke DL pletenine koje su podvrgnute ispitivanju propustljivosti
vodene pare i teCnosti. Dobijeni rezultati ukazali su na kompleksan uticaj hijerarhijske
strukture tekstilnog materijala na njegovu sposobnost upravljanja tecnostima. Pokazalo se
da pored distribucije pora u pleteninama, koja je u okviru eksperimentalnog materijala bila
uslovljena deformacionim svojstvima vlakana i primenjenim tehnikama predenja, propus-
tljivost vodene pare moze biti modifikovana geometrijom povrsine prede, dok morfologija

vlakana moze da modifikuje propustljivost te¢nosti.

Kljucne reci: pletenina, upravljanje vlagom, propustljivost vodene pare, kapilarno kvasenje,

poroznost, maljavost prede.

Dostupno na Internetu sa adrese asopisa: http://www.ache.org.rs/HI/

Covekov organizam se moze posmatrati kao kompli-
kovan termodinamicki sistem u kome se metabolickim
procesima energija kontinuirano proizvodi, i koja se
kontinuirano oslobada u obliku toplote ili latentnih
gubitaka toplote koji prate isparavanje znoja. Vrseci
svoju osnovnu funkciju — zastitu od ekstremnih spoljnih
uticaja, odeca je u stalnom kontaktu sa covekovim
telom formirajuci pri tome mikroklimu ili mikrookru-
Zenje koje je od izuzetne vaZnosti za Covekovu per-
cepciju toplotnog komfora. Drugim recima, odeca pred-
stavlja u odredenoj meri barijeru slobodnoj razmeni
energije i mase Coveka sa njegovim okruZenjem. Sa
aspekta toplotnog komfora od odece se ocekuje da
aktivno podrzi covekov termoregulacioni sistem u odr-
Zavanju adekvatne temperature covelijeg tela, uz
obezbedivanje Sto je mogucée manje vlage u mikroklimi.
Osim dizajna i velicine odevnog predmeta, sustinski
znacaj u pogledu toplotnog komfora ima sposobnost
tekstilnog materijala da prenosi toplotu i propusta vaz-
duh i vodenu paru (znoj). Medutim, vrlo Cesto se spo-
sobnost tekstilnog materijala da prenosi vodu (znoj u
tecnom stanju) uzima kao klju¢ni parametar toplotnog
komfora. To su situacije kada se odevni predmet koristi
u uslovima vedih fizickih aktivnosti, ili u uslovima cestih
promena fizicke aktivnosti i klimatskih uslova okruzenja
kada dolazi do vremenskog zaostajanja u termo-
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11120 Beograd, Srbija.

E-posta: stankovic@tmf.bg.ac.rs
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regulaciji ljudskog organizma. U tzv. normalnim uslo-
vima, koji podrazumevaju uobicajeni nivo fizicke aktiv-
nosti i neekstremne klimatske uslove, telo oslobodi oko
60 ml vodene pare u toku jednog sata. Ovakvo latentno
ili neprimetno znojenje ili isparavanje vlage u obliku
pare €ini 15% ukupno oslobodene toplote kroz koZzu.
Jaca fizicka aktivnost izaziva porast energije meta-
bolizma pri ¢emu znojne Zlezde lué¢e 450 ml/h znoja [1].
Ukoliko tec¢ni znoj ne bude dovoljno brzo odveden sa
povrsine koZe, narusava se osecaj komfora. Osloba-
danje toplote isparavanjem tecnog znoja je izuzetno
vazno i u uslovima visokih ambijentalnih temperatura
kada su kondukcija, konvekcija i radijacija smanjeni
usled niskog temperaturnog gradijenta. U slucaju kada
je prisutan temperaturni gradijent suprotnog smera
izmedu koZe i okruzenja, isparavanje znoja ostaje jedini
nacin da se telo oslobodi viska toplote. S obzirom da je
latentna toplota isparavanja vode 2500 kl/kg, cak i
mala isparena koli¢ina znoja znacajno doprinosi ukup-
nom toku toplote.

Istrazivanja su pokazala da se, u zavisnosti od agre-
gatnog stanja, znoj razliitim fizickim mehanizmima
prenosi kroz tekstilne materijale. Znoj u obliku pare se
prenosi molekulskom difuzijom kroz vlakna, povrsin-
skom difuzijom adsorbovanih molekula na povrsini vla-
kana i molekulskom difuzijom kroz pore u materijalu.
Pri tome moZe da dode do apsorcpije vlage Sto zavisi
od hemijske prirode vlakana. Znoj u obliku tecnosti se
prenosi mehanizmom adsorpcije po povrsini vlakana i
prede i mehanizmom kapilarnog kvasenja, pri ¢emu su
ovi mehanizmi uslovljeni hidrofilnos¢u povrsine vla-
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kana. Te¢nost moZe da se zadrZzi u meduprostorima
izmedu vlakana ili da se apsorbuje vlaknima.

Pored sposobnosti da odvede vlagu sa povrsine
koze, od tekstilnog materijala se generalno ocekuje da
se sam brzo oslobodi vlage, odnosno da se brzo susi. U
suprotnom, vlaga koje se zadrzava u materijalu izaziva
osecaj hladnoce i narusava osecéaj komfora. Sposobnost
tekstilnih materijala da prenose paru i tecnost je u
medunarodnoj literaturi poznata pod zajednic¢kim ime-
nom svojstva upravljanja vlagom (eng. moisture mana-
gement properties). Bilo da se radi o prenosu znoja u
obliku pare ili te¢nosti, re¢ je o komplikovanim pro-
cesima koji su uslovljeni nizom faktora kao $to su siro-
vinski sastav (hidrofilna ili hidrofobna priroda vlakana),
poroznost i debljina materijala [2]. Polazeci od poznate
hidrofilne prirode celuloznih vlakana, ali imajuci u vidu
strukturne parametre tekstilnog materijala koji definiSu
njegovo ponasanje u pogledu sposobnosti prenosa
vlage, u okviru ovog rada su ispitivana svojstva uprav-
ljanja te¢nostima glatkih pletenina izradenih od prirod-
nih i regenerisanih celuloznih vlakana. lako je relativno
veliki broj nau¢nih radova posvecen ispitivanjima ovih
svojstava tekstilnih materijala [3—15], u okviru ovog
rada ucinjen je pokusaj analize kompleksnog uticaja
strukturnih parametara pletenina imajuci u vidu nji-
hovu tipi¢nu hijerarhijsku strukturu koju cine tri nivoa:
mikroskopski (vlakna), mezoskopski (preda) i makro-
skopski (pletenina).

EKSPERIMENTALNI DEO

Materijal

U okviru ovog istraZivanja koris¢ene su Stapel jed-
nozicne prede od konoplje (Linificio Canapificio Nazio-
nale, Italija), pamuka (PVK, Vranje) i viskoze (Viskoza,
Loznica) iste nominalne finoée 50 tex sa upredanjem u

Tabela 1. Karakteristike jednoZicnih preda
Table 1. Characteristics of the single yarns

Z smeru. Nominalne i fakticke karakteristike jednozic-
nih ispitivanih preda date su u tabeli 1. Provera faktic-
kih svojstava ispitivanih preda sprovedena je prema
standardima SRPS 1SO 2060 [16] i SRPS ISO 2061 [17].

Prethodnim dubliranjem jednozi¢nih Stapel preda
omoguceno je dobijanje homogene pamucne, viskozne
i prede od konoplje i dubliranih nehomogenih kon-
oplja/pamuk i konoplja/viskoza preda. Na kruznoj ple-
tac¢oj masini finoée NoE 20 od ovih preda su izradene
glatke desno-leve (DL) pletenine Cije su konstrukcione
karakteristike date u tabeli 2.

Debljina pletenina je odredena prema standardu
SRPS EN ISO 5084 [18]. Ostali strukturni parametri
proizvedenih pletenina odredeni su prema uobicajenoj
proceduri opisanoj u literaturi [19]. Sva ispitivanja
vriena su u kondicionim uslovima (20£2 °C, Rh 65+2%).
DL pletenine su podvrgnute ispitivanjima koja se odnose
na sposobnost propustanja vodene pare i tecnosti.

Metode ispitivanja

Prede su podvrgnute ispitivanju geometrije povr-
Sine, dok su svojstva upravljanja vlagom glatkih DL
pletenina ocenjena upotrebom dve metode. Propust-
liivost vodene pare je ocenjena parametrima — otpor-
nost prema propustanju vodene pare i propustljivost
vodene pare. Sposobnost propustanja vode ispitivana
je nesto modifikovanim testom distribucije vode koji je
razvijen od strane kompanije Polartec® LLC (Lawrence,
MA, USA), a u strucnoj literaturi je poznat pod nazivom
Malden Mills test, kako glasi stari naziv kompanije.

Geometrija povrsine prede ocenjena je parametrom
— maljavost prede. Za ispitivanje maljavosti prede ko-
ris¢en je instrument Shirley Hairiness Monitor SDL 103.
Instrument salinjavaju merna i racunska jedinica.
Mernu jedinicu ¢ine izvor svetlosti i fotodioda, tako da
prilikom prolazenja prede kroz mernu glavu (55-100

-1

Viakno Finoca, tex Upredanje, m™* Koeficijent upredanja, tex’? cm
Nominalno Fakticko Nominalno Fakticko Nominalno Fakticko
Konoplja 50 47,8 370 28,3 25,6
Pamuk 50 48,9 475 34,6 33,2
Viskoza 50 44,4 340 28,3 22,6

Tabela 2. Konstrukcione karakteristike DL pletenina

Table 2. Construction characteristics of the plain knitted fabrics

L Gustina petlji, cm™* Povrsinska gustina Duzina petlie  Debljina  Povrsinska masa
Sirovinski sastav ) e}
Dy, D, cm mm mm gm
Konoplja+konoplja 5,5 13,7 75,4 5,0 0,916 360,4
Pamuk+pamuk 6,0 12,0 72,0 5,4 1,163 387,3
Viskoza+viskoza 6,0 13,0 78,0 5,3 1,048 367,1
Konoplja+pamuk 5,5 13,0 71,5 5,3 1,047 366,4
Konoplja+viskoza 5,5 14,0 77,0 5,3 0,957 376,3
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m/min) prisutna Stréeca vlakna prekidaju za trenutak
svetlosni fluks. Pojacani signal sa fotodiode, kao funk-
cija smanjenja svetlosti koja pada na fotoceliju, prenosi
se u racunsku jedinicu koja obezbeduje digitalni zapis.
Koriséena varijanta instrumenta registruje malje duze
od 3 mm sa odsecka prede od 70° tela prede, uz
moguénost podeSavanja vremena merenja u odrede-
nom intervalu i kontinualno. Za potrebe ovog istrazi-
vanja izabran je vremenski interval od 5 s, bududi da se
pokazalo da se upotrebom tog intervala mogu dobiti
reprezentativni rezultati. Za svaku predu izvresno je po
30 merenja maljavosti (broja malja registrovanih u toku
5 s). Srednje vrednosti ovih rezultata iskazane su kao
broj malja po 1 m prede.

Ispitivanja propustljivosti vodene pare vrSena su na
Permetest-u (Sensora Instruments, Ceska) po proceduri
neSto izmenjenoj u odnosu na standard 1SO 11092
(Textiles — Physiological effects-Measurement of the
thermal and water-vapour resistance). lzmene se
odnose na primenu izotermickih uslova merenja, koji
podrazumevaju odrzavanje temperature u intervalu
20-22 °C sto odgovara ambijentalnoj temperaturi.
Pored toga, umesto relativne vlaznosti paralelnog toka
vazduha od 40%, ispitivanja su vrSena pri relativnoj
vlaznosti od 60-65% (ambijentalna vlaznost) [20].
Permetest predstavlja mali ,model koze“. Merna glava
ovog uredaja, sa povrsinom od poroznog metalnog
sloja, pokrivena je polupropustljivom teflonskom mem-
branom koja je propustljiva za vodenu paru ali ne i za
tecnost. Toplotni fluks, nastao kao posledica ispara-
vanja vode sa porozne povrsine, meri se specijalnim
senzorom koji Cini integralni deo poroznog sloja. Pos-
redstvom pojacivaca signal se Salje digitalnom indi-
katoru elektricnog napona koji registruje napon u mV.
U slede¢em koraku polupropustljiva povrSina merne
glave se pokriva uzorkom pletenine i po uspostavljanju
stabilnog signala registruje se nivo napona koji karak-
teriSe gubitke toplote u prisustvu pletenine. Opisana
procedura je ponovljena tri puta za svaku ispitivanu
pleteninu. Na osnovu registrovanih vrednosti napona,
odnosno toplotnog fluksa za ispitivane pletenine, i
shodno standardu ISO 11092 [21] izraCunate su vred-
nosti otpornosti pletenina prema propustanju vodene
pare (Ret) (m2 Pa W) prema relaciji (1):

Ret=(pvz—pv)[ o ]=

‘SSUO SSUS (1)
1 1
=C,r (100-9¢)| ———
ref( (qs qoj

gde je p,, (Pa) — parcijalni pritisak vodene pare u slucaju
zasicenog vazduha na datoj temperaturi, p, (Pa) —
aktuelni parcijalni pritisak vodene pare, Uy i U; — regis-
trovani elektri¢ni napon u mV za mernu glavu bez ple-
tenine i u slu¢aju fiksiranja uzorka preko merne glave, ¢

(%) — relativna vlaznost vazduha, gs i go — srednja vred-
nost toplotnog fluksa u W m? u prisustvu uzorka ple-
tenine i bez njega i Ss (W m™> mV") — osetljivost senzora
(koji meri toplotni fluks). Konstanta C.s se odreduje
kalibracijom uz upotrebu referentnog uzorka poznate
otpornosti isparavanju (Re; = 2,36 m’ Pa w.

Relativna propustljivost vodene pare, P, (%), DL
pletenina je izraCunata kao koli¢nik registrovanih vred-
nosti elektricnog napona u prisustvu uzorka pletenine i
bez njega.

Malden Mills test distribucije vode koji je posluzio
za ocenu sposobnosti pletenina da propustaju vodu ne
podrazumeva upotrebu posebnog uredaja. Prema pro-
ceduri, uzorak pletenine se postavlja horizontalno
izmedu dva filter papira tako okrenutih da njihova
apsorbujuca strana bude u kontaktu sa uzorkom. Na
povrsinu pletenine koja je okrenuta na gore nanosi se
odredena zapremina vode (2 ml). Posle perioda stabi-
lizacije (2 min) preko gornjeg filter papira postavlja se
opterecenje (500 g), i posle jednog minuta meri se
masa gornjeg i donjeg filter papira. Voda apsorbovana
u donjem (W) i gornjem (W,) filter papiru omogucuje
da se odgovaraju¢im proracunom dode do podataka
koji definiSu distribuciju vode na desnoj (licu) i levoj
(nali¢ju) strani pletenine. Kada se na levu stranu ple-
tenine nanese odredena zapremina vode, koli¢ina vode
koja je prosla na njenu desnu stranu (W) u odnosu na
ukupnu koli¢inu vode (W) apsorbovane filter papirima
predstavlja vrednost distribucije vode na levoj strani
(nali¢ju) pletenine (WD,) prema relaciji (2):

_ Wy
Wik

u

WD, (2)

Za odredivanje vrednosti distribucije vode na desnoj
strani pletenine (WD) procedura se ponavlja, s tim Sto
je uzorak pletenine u ovom slucaju okrenut desnom
stranom (licem) na gore i na nju je naneta voda. Op-
isana procedura je za sve pletenine ponovljena na po tri
uzorka tako da dobijene vrednosti WD, (distribucija
vode na levoj strani pletenine) i WD, (distribucija vode
na desnoj strani pletenine) predstavljaju srednje vred-
nosti tri merenja.

U svrhu analize sposobnosti pletenina da propustaju
vodenu paru i te¢nost izraunati su gustina i poroznost
DL pletenina. Gustina pletenine, o (kg m'a), odredena je
odnosom njene povrsinske mase i debljine. Ukupna
poroznost pletenine, P (%), definisana kao ukupna koli-
¢ina vazduha u pletenini (izmedu i unutar prede) izra-
¢unata je prema relaciji (3), gde je p (kg m_3) specificna
gustina vlakna:

P=100—100£ (3)
P

Statisticka znacajnost eksperimentalnih rezultata
analizirana je ANOVA statistikom (analiza varijanse).
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Rezultat ovog testa sastoji se od srednjih vrednosti i
varijansi ispitivanih uzoraka, vrednosti statistike (F),
kriticne vrednosti statistike (F.i), kao i nivoa znacaj-
nosti (P) statistike F. ANOVA statistikom se porede
srednje vrednosti eksperimentalnih rezultata, pri ¢emu
se u slucaju kada je F > F.;, uz uslov da je nivo zna-
Cajnosti statistike (P) manji od praga znacajnosti (o =
= 0,05), zakljuCuje da uzorci ne poticu iz iste populacije,
odnosno potvrduje se uticaj testiranog faktora.

REZULTATI | DISKUSIJA

Svojstva preda

U okviru ovog istrazivanja geometrija povrsine pre-
de je ocenjena pomocu parametra — maljavost prede,
koja je definisana kao broj malja na jedinici duZine pre-
de. Za prede upotrebljene u okviru ovog rada vrednosti
maljavosti prikazane su na slici 1 [22]. Viskozna preda
se odlikuje najve¢om maljavos¢u, dok je preda od
konoplje okarakterisana najmanjom maljavoscéu.

Poznato je da prede proizvedene tehnikom rotor-
skog (OE) predenja imaju rastresitu strukturu sa sma-
njenom gustinom pakovanja vlakana uz prisustvo
karakteristicnih ovojnih vlakana i povrsinu koja je saci-
njena od vlaknastih petlji. Ovakve prede sadrze veliku
koli¢inu vazduha za razliku od preda proizvedenih kon-
vencionalnim tehnikama (prstenasto predenje), koje se
karakteriSu kompaktnom strukturom (veca gustina
pakovanja vlakana) i Strée¢im krajevima vlakana na
povrsini prede. U okviru preda upotrebljenih za izradu
DL pletenina, pamucna preda je proizvedena po rotor-
skom postupku predenja, dok su viskozna preda i preda
od konoplje proizvedene na konvencionalnim prstenas-
tim predilicama. Razlika u maljavosti viskozne prede i
prede od konoplje se moZe pripisati uticaju deforma-
cionih svojstava ovih vlakana. Naime, pretpostavlja se
da mala gipkost vlakana konoplje usporava migraciju
vlakana prilikom formiranja prede ¢ime je spreceno

intenzivnije oslobadanje krajeva vlakana u povrsinskom
sloju prede.

Svojstva pletenina

Celulozna vlakna se generalno smatraju sirovinom
sa visokim potencijalom u pogledu sposobnosti uprav-
ljanja vlagom, $to se pripisuje prisustvu lumena u unu-
trasnjosti vlakna i njihovoj hidrofilnoj prirodi (povrsini).
Sa druge strane, ranija istraZivanja su pokazala da struk-
tura tekstilnog materijala, pre svega debljina i poroz-
nost, mogu cesto da imaju presudnu ulogu kada se radi
o sposobnosti propustanja vodene pare i tecnosti. Zbog
toga se u okviru ovog istrazivanja pristupilo analizi gus-
tine i poroznosti ispitivanih DL pletenina. Rezultati, dati
u tabeli 3 ukazuju na izvesne razlike izmedu pletenina
uprkos Ccinjenici da su one bile proizvedene na istoj
masini sa unapred zadatim i kontrolisanim paramet-
rima. Ispoljene razlike u gustini i poroznosti pletenina
posledica su manjih razlika u konstrukcionim karakteris-
tikama, pre svega debljini i povrsinskoj gustini (tabela
2). Uocene male razlike u konstrukcionim karakteris-
tikama pletenina posledica su prethodno opisanih raz-
lika u geometriji upotrebljenih celuloznih preda.

Pamucna pletenina je okarakterisana najveéom
poroznos¢u, Sto se pripisuje rastresitoj OE pamucnoj
predi koja u sebi sadrzi vecu koli¢inu vazduha ukljuce-
nog izmedu vlakana u poredenju sa konvencionalno
predenom viskoznom i konopljinom predom. Pletenina
od konoplje i konoplja+viskoza pletenina se odlikuju
najmanjom poroznoscu, Sto je posledica njihove pove-
¢ane gustine (tabela 3) kao i usporene migracije vla-
kana konoplje prilikom formiranja prede. Sa aspekta
sposobnosti upravljanja vlagom, pored ukupne poroz-
nosti tekstilnog materijala, od velike vaznosti je slo-
bodna otvorena povrSina materijala koju ¢ine makro-
pore — otvori izmedu preda u tkanini ili pletenini. Prak-
ticno se moze reci da se difuzija vodene pare kroz otvo-
rene pore (makropore) tekstilnog materijala odvija

-1
, M

Maljavost

Konoplja

Slika 1. Maljavost preda od kojih su izradene DL pletenine.

Viskoza Pamuk

Figure 1. Hairiness of the yarns used for production of the plain knitted fabrics.
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Tabela 3. Fizicka svojstva pletenina
Table 3. Physical properties of the knitted fabrics

. . . . -3
Sirovinski sastav Gustina, g cm

Poroznost, %

Propustljivost vazduha, m> m™ min™"

Konoplja+konoplja 0,398
Pamuk+pamuk 0,327
Viskoza+viskoza 0,353
Konoplja+pamuk 0,353
Konoplja+viskoza 0,387

74,0
78,2
76,5
76,4
74,2

64,7
34,8
53,7
46,5
55,3

nesmetano. Pored toga, kapilarno kvasenje materijala
je uslovljeno veli¢inom i oblikom makropora. Polazedi
od Cinjenice da se strujanje vazduha kroz tekstilni mate-
rijal u najvecoj meri desSava kroz makropore, za kvali-
tativnu ocenu makroporoznosti DL pletenina posluZio je
parametar — propustljivost vazduha. Propustljivost vaz-
duha DL pletenina, odredena prema standardu ISO
9237 (Textiles — Determination of the permeability of
fabrics to air), prikazana je u tabeli 3 [23]. Pamucna ple-
tenina, okarakterisana najve¢com ukupnom poroznoséu,
ispoljila je najmanju sposobnost propustanja vazduha.
Rastresita OE pamucna preda je doprinela vecoj ukup-
noj poroznosti pletenine, ali je istovremeno zatvorila
makropore u pletenini i redukovala propustljivost vaz-
duha. lako najmanje porozna, pletenina od konoplje je
ispoljila najvecu propustljivost vazduha. To se pripisuje
kompaktnoj (velikoj gustini pakovanja vlakana) predi od
konoplje Sto je omogudilo stvaranje veéeg medupros-
tora izmedu preda u pletenini, te vecu propustljivost
vazduha. Kod pletenina na bazi konoplje (konopljina
preda je jedna od komponentnih preda) doslo je do
stvaranja vece slobodne povrsine zahvaljujuéi kompakt-
noj predi od konoplje, pa je propustljivost vazduha ovih
pletenina veéa u odnosu na odgovaraju¢e homogene
varijante.

Propustljivost vodene pare ili sposobnost materijala
da prenosi vodenu paru definise se kao koli¢ina vodene

OF elativna propustljivost vodene pare

pare koja za odredeno vreme prode kroz jedinicu povr-
Sine materijala kao rezultat gradijenta pritiska izmedu
dve povrsine materijala. U pogledu toplotnog komfora
prednost se daje tekstilnim materijalima sa vecom
propustljivoséu vodene pare. S obzirom na to da je ispi-
tivanje propustljivosti vodene pare sprovedeno u sta-
cionarnim uslovima (odsustvo temperaturnog gradi-
jenta i konstantan gradijent koncentracije vlage), ana-
liza dobijenih rezultata obuhvatila je mehanizme pre-
nosa vodene pare molekulskom difuzijom kroz vlakno,
difuzijom po povrsini vlakna i difuzijom kroz otvorene
pore pletenina. Rezultati ispitivanja propustljivosti
vodene pare DL pletenina, predstavljeni na slici 2, uka-
zuju na odredene razlike izmedu pletenina. Statisticka
analiza je pokazala da uocene razlike u pogledu pro-
pustljivosti vodene pare nisu slucajnog karaktera
(F(13,05) > F..4(3,48) za P(0,56x107°) < ¢(0,05)).

U okviru ispitivanih DL pletenina izdvojila se vis-
kozna pletenina sa najmanjom otpornosc¢u, odnosno
najve¢om propustljivos¢u vodene pare. Najmanju spo-
sobnost propustanja vodene pare ispoljila je pamucna
pletenina, koja je prethodno ocenjena kao pletenina sa
najmanjom slobodnom otvorenom povrsinom (tabela
3, propustljivost vazduha). Distribucija pora u pamucnoj
pletenini u korist mikropora (pore izmedu vlakana u
predi) prouzrokovala je difuziju vodene pare naizme-
ni¢no kroz gasovitu i polimernu fazu, Sto je usporilo

# Ofpormost propustanju vodene pare
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Slika 2. Propustljivost vodene pare DL pletenina.

Figure 2. Water vapour permeability of the plain knitted fabrics.
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prenos vodene pare kroz materijal. Naime, znatno nizi
koeficijent difuzije vodene pare kroz celulozno vlakno
(10”7 ecm” s7Y) [3] u odnosu na vazduh (0,239 cm® s
ogranicio je difuziju vlage unutar vlakna i izvan njega.
Sa druge strane, sposobnost pletenine od konoplje da
propusta vodenu paru je manja u odnosu na viskoznu
pleteninu uprkos tome Sto je konopljina pletenina oka-
rakterisana veéom makroporoznoséu. Ovakav rezultat
ukazuje na moguénost da je kod viskozne pletenine
intenzivirana povrsSinska difuzija adsorbovanih mole-
kula vlage kao posledica poveéanja specificne povrsine
pletenine usled izrazene maljavosti viskozne prede.
Ponasanje pletenina kod kojih je konopljina preda bila
jedna od komponenti u pogledu propustljivosti vodene
pare reflektuje uticaj obe komponente. Tako je kod
konoplja+pamuk pletenine uoceno poveéanje propust-
ljivosti vodene pare u odnosu na pamucnu pleteninu
zahvaljujuc¢i izvesnom povecanju otvorene slobodne
povrsine uvodenjem kompaktne prede od konoplje.

Poznato je da je sposobnost kvasenja tekstilnih
materijala uslovljena vrstom vlakana, strukturom i svoj-
stvima prede i strukturom tekstilne povrsine. Eksperi-
mentalni materijal koji je upotrebljen u ovom istrazi-
vanju omogucio je ocenu uticaja vrste vlakana i geo-
metrije prede na sposobnost kvasenja DL pletenina.
Pored toga, primenjena metoda je omogucila sagleda-
vanje specificnosti strukture DL pletenina u pogledu
karakteristika kvasenja. Sposobnost DL pletenina da
propustaju tecnost ocenjena je parametrima koji opi-
suju distribuciju vode na levoj (nali¢ju) i desnoj (licu)
strani pletenine. Rezultati su prikazani na slici 3.

Test distribucije vode na levoj i desnoj strani ple-
tenine daje odgovor na pitanje koliko te¢nosti svaka od
ispitivanih pletenina moZze da propusti. Ve¢a vrednost
parametra pokazuje da veca koli¢ina tec¢nosti prolazi
kroz pleteninu, odnosno ukazuje na vecu sposobnost

A Distribucija vode na nali¢ju pletenine

@ Distribucija vode na licu pletenine

kapilarnog kvasenja pletenine. Najmanju sposobnost
prenosa te¢nosti pokazala je pamucna pletenina Sto se,
prema teoretskim saznanjima, moglo i pretpostaviti.
Naime, ova Cinjenica se moZe pripisati maloj makro-
poroznosti pamucne pletenine, Sto je potvrdeno vred-
nostima propustljivosti vazduha (tabela 3), i dobro poz-
natim apsorpcionim svojstvima pamucnih vlakana. Sa
druge strane, najveda sposobnost prenosa tecnosti
uocena je kod viskozne pletenine i konoplja+viskoza
pletenine, iako je makroporoznost ovih pletenina niza u
poredenju sa pleteninom od konoplje. U svrhu tuma-
¢enja ovih rezultata, pristupilo se izraunavanju mase
vode koja se prilikom sprovodenja testa zadrzala u
pletenini. Ova vrednost se dobija kada se od mase vode
nanete na uzorak pletenine oduzme ukupna masa vode
apsorbovane filter papirima. Na grafikonu prikazanom
na slici 4 moZze se uoditi da su u testu distribucije vode
pletenine ispoljile razli¢itu sklonost ka zadrzavanju
vode, $to je potvrdeno analizom varijanse u slucaju
kada je voda naneta na lice pletenine (F(3,49) >
> F.ie(3,25) za P(0,042) < 0,05)), i u slucaju kada je
nali¢je pletenine bilo u kontaktu sa vodom (F(12,13) >
> Feir(3,25) za P(0,75><10_3) < (0,05)). Uocava se da su
viskozna i konoplja+viskoza pletenina zadrzale najvecu
koli¢inu vode. Razlog tome je poznat povedani afinitet
viskoznih vlakana ka apsorpciji vode. Pored toga, dosa-
dasnja istrazivanja su pokazala da, iako se makropore u
tekstilnom materijalu brzo ,pune” te¢nosc¢u, mikropore
su odgovorne za dostizanje maksimalne visine tecnosti,
ili u konkretnom slucéaju, mikropore pomazu da tec¢nost
»izbije” na suprotnu povrsinu pletenine. Manja otvore-
na slobodna povrsina viskozne i konoplja+viskoza ple-
tenine, uz veéu ukupnu poroznost, navode na zakljuc¢ak
da su mikropore u vecoj meri zastupljene kod ovih ple-
tenina u poredenju sa pleteninom od konoplje. Otuda
se kod pletenine od konoplje, uprkos njenoj najvecoj
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Slika 3. Sposobnost kapilarnog kvasenja DL pletenina.
Figure 3. Water distribution values of the plain knitted fabrics.
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Slika 4. Masa vode koja se zadrZala u pletenini u testu distribucije vode.

Figure 4. Water held by a knitted fabric in water distribution test.

makroporoznosti, uo¢ava manja sposobnost prenosa
tecnosti u odnosu na pletenine koje sadrze viskoznu
predu.

Statisticka analiza (ANOVA) rezultata kapilarnog
kvaSenja pletenina dobijenih u testu distribucije vode
potvrdila je prethodno tumacenje u slucaju kada su ple-
tenine bile ispitivane sa licem na gore, odnosno kada je
desna strana pletenine bila u kontaktu sa vodom
(F(7,08) > F1(3,48) za P(5,8x10°) < {0,05)). S obzirom
da razlike u sposobnosti prenosa vode, uocene izmedu
uzoraka pletenina kada je njihovo nali¢je bilo u kon-
taktu sa vodom, nisu potvrdene statistickom analizom
(P(0,16) > (0,05)), namece se potreba daljeg ispiti-
vanja uz povecanje broja merenja po pletenini.

ZAKLJUCAK

Sprovedenim istraZivanjima je potvrdeno da distri-
bucija pora u pleteninama predstavlja klju¢ni para-
meter koji definiSe njihovu sposobnost da propustaju
vodenu paru i tecnost. Pri tome treba imati u vidu da je
distribucija pora u okviru eksperimentalnog materijala
bila uslovljena deformacionim svojstvima upotrebljenih
prirodnih i regenerisanih celuloznih vlakana, kao i pri-
menjenim tehnikama izrade preda. lako je generalno
potvrdena analogija izmedu sposobnosti upravljanja
vlagom i otvorene slobodne povrsine pletenina, poka-
zalo se da njihova korelacija nije uvek jednostavna.
Interakciju makroporoznosti pletenina i njihove sposob-
nosti da propustaju vodenu paru komplikuje fenomen
difuzije molekula vlage duZ povrsSine vlakana odnosno
prede, dok vlakna svojom prirodom mogu da modifi-
kuju sposobnost kapilarnog kvasenja pletenina.

Dobijeni rezultati ukazuju na moguénost da se paz-
ljivim izborom sirovine (vlakana) i projektovanjem
strukture prede mogu dobiti pletenine sa unapred defi-
nisanom sposobnosc¢u upravljanja te¢nostima. Kako bi
se dobile preciznije smernice u tom smislu, neophodna
su dalja istraZivanja uz proSirenje eksperimentalnog

materijala u pravcu upotrebe razlicitih vrsta vlakana i
razli¢itih struktura preda i pletenina.
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MOISTURE MANAGEMENT PROPERTIES OF PLAIN KNITTED FABRICS MADE OF NATURAL AND REGENERATED

CELLULOSE FIBRES

Milada S. Novakovic’l’z, LanaS. Puti(’:z, Matejka Bizjak3, SneZana B. Stankovi¢’

lHigh Technical Colledge of Professional Studies, Zrenjanin, Serbia

2University of Belgrade, Faculty of Technology and Metallurgy, Belgrade, Serbia

*University of Ljubljana, Facuty of Natural Sciences and Engineering, Ljubljana, Slovenia

(Scientific paper)

Moisture management is a complicated process which is known to be inf-
luenced by a variety of fabric characteristics such as fibre nature (hydrophilic or
hydrophobic), porosity and thickness. There are different aspects of the moisture
management properties of textile materials since water transport in textile mate-
rials can be in the form of liquid and vapour. The ability of textile materials to
transfer water vapour allows the human body to keep thermal balance due to
evaporation. With stronger physical activity of a person when the body produces
a large amount of heat, the skin perspiration increases (in order to regulate the
body temperature) and liquid sweat should be taken from the skin, otherwise it
will worsen the sense of comfort. The aim of this research was to investigate the
factors influencing moisture management properties of plain knitted fabrics at the
three scale levels, i.e., microscopic (fibre type), mesoscopic (yarn geometry) and
macroscopic (fabric porosity) levels. Plain knitted fabrics were produced from the
two-assembled hemp, cotton and viscose yarns under controlled conditions so as
to be comparable in basic construction characteristics, but varying in yarns geo-
metry. Evaporative resistance test reflecting vapour transport and water distri-
bution test reflecting liquid transport in the knitted fabrics were conducted. To
determine the statistical importance of the results, analysis of variance (ANOVA)
was applied. As a consequence of the geometry and deformation behaviour of the
fibres used and spinning techniques applied, the yarns differed in both packing
density and surface geometry, thus determining the pore distribution. Due to
loose structure of the cotton yarn, the cotton knitted fabric was characterised by
the lowest free open surface (macroporosity) exhibiting the lowest both water
vapour and liquid permeability. Although having the highest macroporosity, the
water vapour and liquid transport capability of the hemp knitted fabric was lower
than that of the viscose knit. The best moisture management properties of the
viscose knitted fabric were resulted from viscose affinity for water absorption and
increased surface area of the viscose yarn. The results obtained proved that
variations in any of the hierarchical structure levels can modify moisture transport
ability of textile fabrics. Therefore, the moisture management properties of textile
materials can be guided in a desired direction by the appropriate selection of
fibres and careful design of yarn structure.
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Biosinteza komponenti antifungalnog delovanja prema Aspergillus spp.

primenom Streptomyces hygroscopicus

Jelena M. Dodi¢, Zorana Z. Ronéevic’, Jovana A. Grahovac', Bojana Z. Baji¢’, Olivera S. Korolija’
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Izvod

Tokom skladistenja jabuka dolazi do njihovog propadanja usled infekcija izazvanih fito-
patogenim gljivama. U zastiti bilja sve vise se koriste bioloski preparati kako bi se smanjili
Stetni efekti primene hemijskih sredstava. Cilj ovog rada je optimizacija sastava podloge za
proizvodnju antifungalnih agenasa primenom soja Streptomyces hygroscopicus. Antifun-
galno delovanje kultivacione te¢nosti prema Aspergillus spp. procenjeno je, in vitro, difu-
zionom disk metodom. lzvrSena je optimizacija sastava hranljive podloge i definisano je da
pri pocetnim sadrzajima glukoze, sojinog brasna i fosfata od 47,77, 24,54 i 0,98 g/|, redom,
kultivaciona tec¢nost formira najvecu zonu prosvetljenja (40,93 mm). Pored toga, uradena
je i optimizacija sa dodatnim ciljem minimizacije utroSaka sastojaka hranljive podloge Sto
omogucava dalju tehno-ekonomsku analizu procesa u industrijskim uslovima.

Klju¢ne reci: Aspergillus spp., antifungalna jedinjenja, Streptomyces hygroscopicus, opti-
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mizacija podloge.
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Jabuka je jedna od najzastupljenijih voénih vrsta u
svetu i njeni plodovi su dostupni na trzistu tokom cele
godine. Zastita plodova jabuke od prouzrokovaca tru-
leZi, obavlja se u voénjaku, najkasnije dve nedelje pre
berbe, dok se tretiranja prilikom i u toku skladistenja ne
primenjuju zbog karence i nedostatka zdravstveno bez-
bednih preparata. Razvoj novih biofungicida omogucio
bi zastitu plodova jabuke i tokom skladistenja Sto bi
imalo pozitivan efekat kako sa zdravstvenog tako i sa
ekonomskog aspekta [1,2].

Vrste roda Aspergillus, pored vrsta rodova Alter-
naria, Fusarium, Colletotrichum i Penicillium, predstav-
ljaju izazivace bolesti jabuka [3]. Posledice inficiranja
jabuka ovim fitopatogenima su truljenje, pigmentacija,
promena boje, mirisa i ukusa. S obzirom da tokom
patogeneze Aspergillus vrste proizvode razli¢ite miko-
toksine, najveci problem infekcije je akumulacija toksic-
nih proizvoda njihovog metabolizma u plodovima ja-
buke. Proizvodi dobijeni preradom kontaminiranih ja-
buka su, takode, izvor mikotoksina jer je veliki broj njih
stabilan u ovim procesima [4,5]. Zbog toga je veoma
znacajno zastititi jabuke od infekcija izazvanih Asper-
gillus vrstama.

U zastiti bilja dominiraju hemijske mere borbe,
odnosno koriséenje hemijskih sredstava ili pesticida.
Primene klasi¢nih pesticida imaju za posledicu konta-
minaciju proizvoda, zagadenje Zivotne sredine, pore-
mecaj prirodne ravnoteze i izumiranje nekih Zivih orga-

Prepiska: Z. Roncevi¢, Tehnoloski fakultet, Univerzitet u Novom Sadu,
Bulevar cara Lazara 1, 21000 Novi Sad, Srbija.

E-posta: ron@uns.ac.rs

Rad primljen: 16. april, 2013

Rad prihvaéen: 5. februar, 2014

nizama u ekosistemu. U cilju o¢uvanja prirodne ravno-
teZe i proizvodnje zdravije hrane, vrsi se supstitucija
klasi¢nih agrohemikalija sa prirodnim proizvodima koji
su ekoloski prihvatljivi, a poseduju pesticidne osobine
[6,7]. Mikroorganizmi su glavni izvori bioaktivnih age-
nasa. Proizvodi njihovog metabolizma stite biljke delu-
juci antagonisticki na izazivace bolesti pri ¢emu su
bezopasni za ljude i ekoloski bezbedni [8]. Poznati bio-
tehnoloski procesi imaju veliki potencijal za proizvodnju
jedinjenja sa antifungalnim delovanjem. U dosadasnjim
istrazivanjima kao proizvodni mikroorganizam cesto su
primenjivane bakterije roda Streptomyces [9]. One
mogu da sintetiSu veliki broj agenasa sa antagonistic-
kim delovanjem prema fitopatogenim Aspergillus vrs-
tama [9-14]. S obzirom na to da su pomenute kom-
ponente sekundarni proizvodi metabolizma strepto-
miceta, veoma je vazno formulisati sastav hranljive
podloge tako da se favorizuje njihova sinteza uz ogra-
ni¢en rast biomase. Varijacije u sastavu hranljive pod-
loge i procesnih uslova znacajno uti¢u na to koja ce
antifungalna komponenta biti sintetisana, ali i na njen
prinos. Stoga su pravilan izbor izvora ugljenika, azota,
fosfata i mineralnih soli i tacno definisanje njihovih
koncentracija, kao i vrednosti pH, temperature i tra-
janja procesa veoma bitni za povecanje prinosa Zelje-
nog biofungicida [15,16].

Klasican pristup eksperimentalnom radu podrazu-
meva ispitivanje uticaja pojedinacnih faktora na neki
proces. lako ova tehnika zahteva dosta napora i vre-
mena, najveci nedostatak njene primene je sto ne obu-
hvata interakcije faktora te stoga ne prikazuje ukupan
uticaj faktora na proces. Navedeni nedostaci mogu se
eliminisati statistickim planiranjem eksperimenata [17].
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Postupak odzivne povrsine (RSM — response surface
methodology) je poslednjih godina postao najpopular-
nija tehnika za kreiranje eksperimentalnog plana,
modelovanje i opisivanje interakcija velikog broja fak-
tora zbog cCega je posebno pogodan za reSavanje
optimizacionih problema. Buduc¢i da na mikrobiolosku
proizvodnju antifungalnih komponenti utice veliki broj
faktora, obi¢no je veoma tesko utvrditi koji od njih ima
najveci uticaj. Stoga se RSM sve viSe primenjuje za
optimizaciju biotehnoloskih procesa proizvodnje ovih
komponenti [18,19].

Cilj ovog rada je optimizacija sastava hranljive pod-
loge, u pogledu sadrzaja glukoze, sojinog brasna i fos-
fata, za proizvodnju agenasa sa antifungalnim delova-
njem prema Aspergillus spp. Za biosintezu upotrebljen
je soj Streptomyces hygroscopicus izolovan iz prirodnog
okruzenja.

EKSPERIMENTALNI DEO

Mikroorganizmi

Za ispitivanje antifungalne aktivnosti, kao test mik-
roorganizmi, primenjene su dve vrste fitopatogenih
gljiva, Aspergillus oryzae i Aspergillus niger, koje su
izolovane sa plodova jabuka sa simptomima truljenja.
Za biosintezu antifungalnih komponenti upotrebljen je
soj Streptomyces hygroscopicus izolovan iz uzorka
zemljiSta sa podrucdja Novog Sada, Srbija, koji je iden-
tifikovan na osnovu morfoloskih i fizioloskih karakteris-
tika [20,21]. Svi koris¢eni mikroorganizmi ¢uvaju se u
zbirci kultura laboratorije za biohemijsko inZenjerstvo,
Tehnoloskog fakulteta, Novi Sad, Srbija.

Hranljive podloge

Za umnoZavanje proizvodnog mikroorganizma ko-
riste se hranljive podloge Ciji sastav omogucava maksi-
malan rast biomase. U okviru ovog istraZivanja za pri-
premu inokuluma koris¢ena je hranljiva podloga sle-
dedeg sastava (g/l): glukoza (15,0), sojino brasno (10,0),
CaCoO; (3,0), NaCl (3,0), MgSO0, (0,5), (NH4),HPO, (0,5) i
K,HPO, (1,0).

U skladu sa definisanim ciljem rada i eksperiment-
alnim planom za biosintezu antifungalnih komponenti
koris¢eno je vise podloga u kojima su varirani sadrzaji
glukoze (10, 30 i 50 g/l), sojinog brasna (5,15i25g/l) i
fosfata (0,5, 1,5 i 2,5 g/l). Fosfati su dodati u obliku
(NH,),HPO, i K;HPO, u odnosu 1:2. Ostale komponente
podloge su (g/l): CaCO; (3,0), NaCl (3,0) i MgS0, (0,5).

Vrednost pH hranljivih podloga korigovana je na 7,2
+ 0,1. Sterilizacija pripremljenih podloga je izvedena u
autoklavu pri temperaturi od 121 °C i pritisku od 2,1 bar
u trajanju od 20 min.
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Priprema inokuluma

Proizvodni mikroorganizam iz zbirke kultura osve-
Zen je na agarizovanoj podlozi odgovarajuceg sastava, u
aerobnim uslovima, stacionarnom kultivacijom, na tem-
peraturi od 27 °C (mikrobioloski laboratorijski termo-
stat), u toku 48 h. OsveZena kultura umnoZena je
postupkom dvostrukog pasaziranja u koli¢ini dovoljnoj
za inokulaciju podloge za biosintezu. Druga pasaza
zasejana je sa 10 zapr.% inokuluma proizvedenog prvim
pasaziranjem. Inkubiranje svake pasaZe izvedeno je u
aerobnim uslovima, uz eksterno mesanje (laborato-
rijska tresilica, 150 o/min), na temperaturi od 27 °C u
toku 48 h.

Uslovi biosinteze

Eksperimenti su izvedeni u erlenmajerima radne
zapremine 100 ml. Hranljive podloge za biosintezu
inokulisane su sa 10 zapr.% inokuluma pripremljenog
po opisanom postupku. Biosinteza antifungalnih kom-
ponenti u trajanju od 7 dana izvedena je u aerobnim
uslovima pri temperaturi od 27 °C i brzini meSanja 150
o/min, koja je obezbedena postavljanjem erlenmajera
na mikrobiolosku laboratorijsku tresilicu u termostatu.

Analiticke metode

Po zavrsenoj biosintezi kultivacione te¢nosti su cen-
trifugirane pri 10000g u trajanju od 10 min (Eppendorf
Centrifuge 5804, Germany). U skladu sa zahtevima
planiranih analiza u daljem radu koris¢en je superna-
tant kultivacione te¢nosti.

Sadrzaj Secera odreden je metodom po Mileru [22],
dok je za odredivanje sadrzaja ukupnog azota koris¢ena
metoda po Kjeldalu [23].

Ispitivanje antifungalnog delovanja

Biosinteza komponenti antifungalnog delovanja
prema Aspergillus oryzae i Aspergillus niger ispitana je,
in vitro, difuzionom disk metodom [24]. Test mikro-
organizmi su osveZeni na podlozi na kojoj se uobicajeno
gaje Aspergillus vrste (Sabouraud maltozni agar), a
zatim je nekoliko kolonija osveZenih kultura suspen-
dovano u 10 ml sterilnog fizioloSkog rastvora. Ove sus-
penzije su razblaZzivane do postizanja koncentracije od
10> spora/ml. Sterilna komercijalna podloga tempe-
rirana je na 50 °C nakon cega je u nju dodata suspenzija
spora test mikroorganizma u odnosu 9:1. Nakon Zeli-
ranja podloga u Petri plo¢ama postavljeni su sterilni
diskovi (HiMedia, India) na koje je nanoseno po 10 ul
prethodno koncentrovanih uzoraka. Koncentrovanje
uzoraka izvedeno je njihovim uparavanjem na deseti
deo mase rotacionim vakuum uparivacem (lka-werke,
Staufen) na 45 °C. Inokulisane Petri ploce inkubirane su
48 h na 30 °C nakon cega je odgovarajuéim lenjirom
(HiAntibiotic ZoneScale, Himedia®) izmeren precnik
nastalih zona prosvetljenja.
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Plan eksperimenta i obrada podataka

Izbor odgovarajuéeg eksperimentalnog plana klju-
¢an je korak u primeni postupka odzivne povrsine [25].
U okviru ovih istrazivanja koriséen je Box—Behnken
eksperimentalni plan sa tri faktora na tri nivoa i tri
ponavljanja u centralnoj tacki. U tabeli 1 prikazan je
Box—Behnken plan eksperimenta i varirane vrednosti
sadrzaja glukoze, sojinog brasna i fosfata koje su ko-
ris¢ene u ovom radu.

Za opis odzivne funkcije Y (precnik zone prosvet-
liene prema Aspergillus spp. (mm), rezidualni sadrZaj
glukoze (g/l), rezidualni sadrzaj ukupnog azota (g/l))
primenjen je polinom drugog reda:

Y =bo+ D b X+ D biXi + Y byX,X; (1)
gde je b, odsecak, b; linearni koeficijent, b; kvadratni
koeficijent, a b; koeficijent interakcije.

Vrednosti odziva precnika zone prosvetljenja prema
Aspergillus spp. koje su primenjene za modelovanje
predstavljaju srednje vrednosti dobijene iz tri ponov-
liena eksperimenta za oba ispitivana test mikroorga-
nizma.

Statisticka obrada eksperimentalnih podataka i crta-
nje odzivnih povrsSina uradeni su primenom softverskog
paketa Statistica 12.0. Znacajnost uticaja svakog od
faktora kao i njihovih interakcija odredivana je pore-
denjem p-vrednosti za svaki od koeficijenata u regre-
sionoj jednacini. Odzivne povrsine su crtane tako Sto je
jedan od faktora imao konstantnu vrednost iz centra
plana, dok su preostala dva faktora varirana. Za opti-
mizaciju faktora primenjena je metoda Zeljene funkcije,
a radena je u softerskom paketu Design-Expert 8.1.

REZULTATI | DISKUSIJA

Statisticka obrada podataka

U skladu sa definisanim ciljem rada i eksperimental-
nim planom formulisane su podloge za biosintezu
antifungalnih komponenti. Na osnovu podataka pri-
kupljenih iz dostupne naucne literature odabrane su
najveca, srednja i najmanja vrednost faktora X, X, i X3,
odnosno sadrzaja glukoze (10, 30 i 50 g/l), sadrzaja
sojinog brasna (5, 15 i 25 g/l) i sadrzaja fosfata (0,5, 1,0
i 2,5 g/l), redom. Rezultati eksperimenata baziranih na
Box-Behnken dizajnu fitovani su polinomom drugog
reda. Kao odzivi definisani su precnik zone prosvetljenja
prema Aspergillus spp. (Y;), rezidualni sadrzaj glukoze
(Y,) i rezidualni sadrzaj ukupnog azota (Y;). Rezultati
fitovanja odabranih odziva polinomom drugog reda
prikazani su u tabelama 2i 3.

Za procenu statisticke znacajnosti svakog od koefi-
cijenata regresione jednacine koristi se p-vrednost.
Regresioni koeficijenti, pri nivou znacajnosti od 95%, su
znacajni ukoliko je njihova p-vrednost manja od 0,05 i
takvi su u tabeli 2 naglaseni masnim slovima.

U tabeli 3 prikazani su rezultati analize varijanse
modelovanih odziva. Relativno visoke vrednosti (vece
od 0,900) koeficijenta determinacije (R*) ukazuju na
veoma dobro fitovanje eksperimentalnih rezultata poli-
nomom drugog reda. Modeli polinoma drugog reda
svih posmatranih odziva su znacajni pri nivou znacaj-
nosti od 95% Sto potvrduju F-vrednosti od 53,24, 66,99
i 309,92 za precnik zone prosvetljenja prema Asper-
gillus spp., rezidualni sadrzaj Secera i rezidualni sadrZaj
ukupnog azota, redom.

Tabela 1. Box—Behnken plan eksperimenta i varirane vrednosti parametara
Table 1. Box—Behnken experimental plan and varied values of factors

Redni broj eksperimenta

Kodirane vrednosti

Varirane vrednosti, g/l, za:

X1 X, X3 Glukoza Sojino brasno Fosfati
1 -1 -1 0 10 5 1,5
2 1 -1 0 50 5 1,5
3 -1 1 0 10 25 1,5
4 1 1 0 50 25 1,5
5 -1 0 -1 10 15 0,5
6 1 0 -1 50 15 0,5
7 -1 0 10 15 2,5
8 1 0 50 15 2,5
9 0 -1 -1 30 5 0,5
10 0 1 -1 30 25 0,5
11 0 -1 1 30 5 2,5
12 0 1 1 30 25 2,5
13 0 0 0 30 15 1,5
14 0 0 0 30 15 1,5
15 0 0 0 30 15 1,5
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Tabela 2. Koeficijenti regresione jednacine i njihova znacajnost za precnik zone prosvetljenja prema Aspergillus spp. (Y4), rezidualni
sadrZaj glukoze (Y,) i rezidualni sadrZaj ukupnog azota (Y3)

Table 2. Regression equation coefficients and their significance for inhibition zone diameter for Aspergillus spp. (Y,), residual glucose
(Y,) and residual nitrogen (Y;)

Odzivi Y, Y, Ys
Efekti Koeficijent p-vrednost Koeficijent p-vrednost Koeficijent p-vrednost
Odsecak
by -0,7812 0,9522 6,4287 0,4435 0,0536 0,5810
Linearni
b, 1,0688 0,0576 -0,1902 0,5149 0,0123 0,0121
b, -3,0625 0,5131 0,3469 0,5511 —-0,0050 0,4678
bs 27,6249 0,0247 -11,4653 0,0885 0,1292 0,0993
Kvadratni
b1y -0,0147 0,0551 0,0181 0,0044 —0,00019 0,0066
by, -0,5938 0,3603 -0,0016 0,9165 0,00099 0,0022
bas3 —-7,6250 0,0232 3,3102 0,0744 —-0,03457 0,1025
Interakcije
b1y 0,1938 0,0189 -0,0223 0,0254 —-0,00001 0,8786
bis -0,2750 0,0596 0,1700 0,0613 —0,00092 0,3192
b3 0,2500 0,8341 -0,0899 0,5528 —-0,00079 0,6540

Tabela 3. Analiza varijanse (ANOVA) modelovanih odziva: precnik zone prosvetljenja prema Aspergillus spp. (Y1), rezidualni sadrZaj
glukoze (Y,) i rezidualni sadrZaj ukupnog azota (Y;); DF — stepen slobode; SS — suma kvadrata; MS — srednja vrednost kvadrata
Table 3. Analysis of variance (ANOVA) of the modelled responses: inhibition zone diameter for Aspergillus spp. (Y,), residual glucose
(Y;) and residual nitrogen (Ys3); DF — degree of freedom, SS — sum of squares, MS — mean squares

Poreklo
Odziv Rezidual Model F p-vrednost R’
DF SS MS DF SS MS

Y1 5 102,75 20,55 10 10940,25 1094,025 53,24 0,000191 0,919
Y, 5 39,99 7,99 10 5358,29 535,829 66,99 0,000109 0,962
Y3 5 0,0055 0,0011 10 3,43 0,343 309,92 0,000002 0,989

Kako bi se razumele interakcije faktora koji uticu na ra azota (15-25 g/l) povedanje sadrZaja glukoze zna-
biosintezu antifungalnih komponenti nacrtane su odziv- Cajno utiCe na posmatrani odziv. Sinergisticki efekat
ne povrsine (slike 1-3). Svaka od njih prikazuje mode- sadrzaja glukoze i sojinog brasna, na koji ukazuje pozi-
lom predviden uticaj dva faktora na proces pri kons- tivan koeficijent interakcije b;, (tabela 2), ogleda se u
tantnoj vrednosti tre¢eg. Sa odzivnih povrSina moguce porastu precnika zone prosvetljenja pri veéim sadr-
je proceniti optimalne vrednosti faktora pri kojima se Zajima obe komponente. U podlogama sa velikim po-
sintetiSu komponente sa najveé¢im antifungalnim delo- Cetnim koncentracijama izvora ugljenika i azota za
vanjem [18]. kratko vreme dostize se maksimalan rast biomase,

Slika 1 ilustruje modelom predviden uticaj pocetnog nakon Cega se metabolizam mikroorganizma usmerava
sadrzaja glukoze i sojinog brasna na precnik zone pro- ka produkciji vecih koli¢ina antifungalnih komponenti.
svetljenja prema Aspergillus spp. pri konstantnom sadr- Maksimalan precnik zone prosvetljenja od oko 35 mm
Zaju fosfata (1,5 g/l). Analizom prikazanih rezultata se predviden je u opsegu pocetnog sadrzaja glukoze 45—
uocava da pri malom pocetnom sadrzaju glukoze porast —50 g/l i sojinog brasna 20-25 g/I.
sadrZaja sojinog brasna negativno utice na sintezu anti- Na slici 2 prikazan je modelom predviden uticaj
fungalnih agenasa. Razlog za to je usmeravanje meta- pocetnog sadrzaja glukoze i fosfata na precnik zone
bolizma proizvodnog mikroorganizma ka sintezi bio- prosvetljenja prema odabranom test mikroorganizmu
mase u slucaju prisustva vece koli¢ine izvora azota. pri sadrZaju sojinog brasna od 15 g/l. Pri pocdetnim
Kada je rast biomase limitiran dodatkom malih koli¢ina koncentracijama fosfata 1,5-2,5 g/l, bez obzira na sadr-
sojinog brasna, dalje povecanje sadrzaja glukoze nije Zaj Secera, ne dolazi do intenzivne produkcije antifun-
pokazalo znacajan uticaj na produkciju antifungalnih galnih komponenti jer se u podlogama sa visokim sadr-
agenasa. Medutim, pri ve¢im pocetnim sadrzZajima izvo- Zajem fosfata intenzivira rast biomase. Na osnovu pri-
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Slika 1. Uticaj pocetnog sadrZaja glukoze i sojinog brasna na
precnik zone prosvetljenja prema Aspergillus spp. pri
konstantnoj vrednosti sadrZaja fosfata (1,5 g/l).

Figure 1. The effects of initial content of glucose and soybean
meal on inhibition zone diameter for Aspergillus spp. at
constant value of phosphates (1.5 g/l).

(o) WUAIASO 34 SUOZ HIWPRAA

Slika 2. Uticaj pocetnog sadrZaja glukoze i fosfata na precnik
zone prosvetljenja prema Aspergillus spp. pri konstantnoj
vrednosti sadrZaja sojinog brasna (15 g/l).

Figure 2. The effects of initial content of glucose and

phosphates on inhibition zone diameter for Aspergillus spp. at
constant value of soybean meal (15 g/l).

kazane odzivne povrsine uocava se da promena pocet-
nog sadrzaja glukoze znacajno uti¢e na biosintezu kom-
poneti sa antifungalnim delovanjem ako je pocetni
sadrzaj fosfata u hranljivoj podlozi 0,5-1,5 g/I. Pri
malim vrednostima sadrZaja fosfata posmatrani odziv

se intenzivira sa porastom sadrzaja glukoze. Antagonis-
ticki efekat posmatranih faktora potvrduje i negativna
vrednost koeficijenta interakcije by 3 (tabela 2) Maksi-
malan precnik zone prosvetljenja od oko 35 mm mode-
lom je predviden u opsegu pocetnog sadrzaja Secera

45-50 g/l i fosfata 0,5-1,5 g/I.

() e_fuafpaAson w0z YIdId

Slika 3. Uticaj pocetnog sadrZaja sojinog brasna i fosfata na
precnik zone prosvetljenja prema Aspergillus spp. pri
konstantnoj vrednosti sadrZaja glukoze (30 g/l).

Figure 3. The effects of initial content of soybean meal and

phosphates on inhibition zone diameter for Aspergillus spp. at
constant value of glucose (30 g/l).

Slika 3 prikazuje predikciju precnika zone prosvet-
lienja prema Aspergillus spp. pri konstantnom sadrzaju
glukoze (30 g/l) i variranim sadrzajima sojinog brasna i
fosfata. Na osnovu prikazanih rezultata jasno se zapaza
da je posmatrani odziv ujednacen u celokupnom ispi-
tanom opsegu pocetnog sadrZaja sojinog brasna, dok
promena pocetnog sadrzaja fosfata u manjoj meri utice
na sintezu komponenti antifungalnog dejstva. Dobijeni
rezultati ukazuju da interakcija ova dva faktora, pri
konstantnom sadrzaju izvora ugljenika, nema veliki
uticaj na sintezu antifungalnih agenasa. Maksimalan
prec¢nik zone prosvetljenja od oko 30 mm prema
predvidanjima modela je postignut pri po¢etnom sadr-

Zaju sojinog brasna 5-15 g/l i fosfata 1,0-1,5 g/I.

Optimizacija sastava podloge

Krajnji cilj primene postupka odzivne povrsine je
optimizacija Zeljenog procesa tako da razvijeni modeli
mogu biti koriS¢eni za simulaciju i optimizaciju. Za
optimizaciju procesa sa dva ili viSe odziva najcesce se
koristi koncept Zeljene funkcije. lako je ova metoda
poznata viSe od dvadeset godina njena primena je bila
ograni¢ena usled nepostojanja softverskih paketa koji
objedinjuju dizajn eksperimenta, regresionu analizu i
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optimizaciju. Program Design-Expert objedinjuje ove
korake u opsti nelinearni algoritam. Generalni pristup
sastoji se u konvertovanju individualnih odziva u indi-
vidualne Zeljene funkcije Cije vrednosti se kre¢u od 0 do
1. Vrednost individualne Zeljene funkcije ,0“ pred-
stavlja najlosiju vrednost, dok vrednost ,1“ predstavlja
najbolju vrednost posmatranog odziva. Ukupna Zeljena
funkcija jednaka je geometrijskoj sredini pojedinacnih
Zeljenih funkcija [25].

Za odredivanje optimalnog pocetnog sadrzaja glu-
koze, sojinog obezmaséenog brasna i fosfata u podlozi
za proizvodnju antifungalnih komponenti primenjena je
metoda Zeljene funkcije. U zavisnosti od posmatranih
odziva kao rezultat optimizacije dobijene su najveée
moguce vrednosti ukupne Zeljene funkcije sa ograni-
¢enjima definisanih minimizacijom ili maksimizacijom
nekih od faktora i odziva, kao $to je prikazano u tabeli 4.

Ako se kao jedini cilj optimizacije definiSe postizanje
najveceg moguceg precnika zone prosvetljenja prema
Aspergillus spp. (prvi set), koji je direktni pokazatelj
koli¢ine sintetisanih antifungalnih komponenti, vred-
nost Zeljene funkcije ima najveéu vrednost (1,00) pri
pocetnim sadrzajima glukoze, sojinog brasna i fosfata
od 47,77, 24,54 i 0,98 g/l, redom. Primenom hranljive
podloge sa ovako definisanim pocetnim sadrzajima nu-
trijenata model predvida formiranje zone prosvetljenja
precnika 40,93 mm. Znacajna je Cinjenica da je pri ovim
uslovima predvideni rezidualni sadrzaj glukoze izuzetno
visok i iznosi 19,36 g/l, a rezidualni sadrZaj ukupnog
azota 0,69 g/I.

NeiskoriS¢eni nutrijenti predstavljaju gubitke u eko-
nomskom smislu. Pored toga, otpadne vode ovakvog
sastava nose znacajno organsko optereéenje te stoga
moraju da produ zahtevan postupak obrade pre nego

Sto se ispuste u Zivotnu sredinu Sto poskupljuje proiz-
vodni proces. Stoga su, pored postizanja najveée anti-
fungalne aktivnosti kultivacione te¢nosti, kao dodatne
pojedinacne Zeljene funkcije u drugom setu optimi-
zacije zadate i minimizacija neiskoris¢ene glukoze i uku-
pnog azota. Pri ovim pojedinacnim Zeljenim funkcijama,
maksimalna vrednost ukupne Zeljene funkcije iznosi
0,85 za pocletne sadrzaje glukoze 24,11 g/l, sojinog
brasna 5,00 g/l i fosfata 1,37 g/l. Pri navedenom sas-
tavu hranljive podloge modelom predvidena zona pro-
svetljena, kao pokazatelj antifungalne aktivnosti, iznosi
32,26 mm, a rezidualni sadrzaji glukoze i ukupnog azota
1,21 0,31 g/l, respektivno. Poredenjem rezultata prva
dva seta optimizacije (tabela 4) zapaza se da se sma-
njenjem utroska glukoze za 49,53% i sojinog brasna za
79,62% i povecanjem utroska fosfata za 39,80% precnik
zone prosvetljenja smanji za 21,18%. Pri tome u kulti-
vacionom medijumu zaostaju veoma male koli¢ine neu-
trosenih nutrijenata.

Cena sastojaka hranljive podloge ucestvuje u ukup-
nim troskovima izvodenja biotehnoloske proizvodnje sa
znacajnim udelom. Stoga su u tre¢em setu optimizacije
kao uslovi, pored postizanja maksimalne zone prosvet-
lienja, definisani minimalan pocetni sadrzaj glukoze,
sojinog brasna i fosfata. Maksimalna vrednost ukupne
Zeljene funkcije od 0,78, ostvaruje se pri pocetnom
sadrzaju glukoze od 18,05 g/l, sojinog brasna od 5,00
g/l i fosfata od 0,87 g/l. Nakon biosinteze u kulti-
vacionoj tec¢nosti, koja stvara zonu prosvetljenja prema
Aspergillus spp. precnika 27,72 mm, zaostaje sadrzaj
glukoze od 2,59 g/l i ukupnog azota od 0,28 g/I. Ovako
definisani uslovi podrazumevaju manji utrosak glukoze
za 25,13%, isti utrosak sojinog brasna i manji utroSak
fosfata za 36,50% u odnosu na drugi set optimizacije

Tabela 4. Optimalne vrednosti ispitivanih parametara i predvideni odzivi
Table 4. Optimized values of examined factors and predicted responses

Prvi set

Drugi set

Promenljive i odzivi A
Zadata ogranicenja

Procenjene vrednosti

Zadata ogranicenja Procenjene vrednosti

Glukoza, g/| U opsegu 47,77 u opsegu 24,11
Sojino brasno, g/l U opsegu 24,54 u opsegu 5,00
Fosfati, g/l U opsegu 0,98 u opsegu 1,37
Precnik zone prosvetljenja, mm Max 40,93 max 32,26
Rezidualna glukoza, g/I U opsegu 19,36 min 1,21
Rezidualni ukupan azot, g/l U opsegu 0,69 min 0,31
Ukupna Zeljena funkcija 1,00 0,85
Tredi set Cetvrti set

Glukoza, g/l Min 18,05 min 13,56
Sojino brasno, g/l Min 5,00 min 5,00
Fosfati, g/I Min 0,87 min 1,02
Precnik zone prosvetljenja, mm Max 27,72 max 26,70
Rezidualna glukoza, g/I U opsegu 2,59 min 1,08
Rezidualni ukupan azot, g/l U opsegu 0,28 min 0,26
Ukupna Zeljena funkcija 0,78 0,83
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dok je predvideni pre¢nik zone prosvetljenja manji za
14,07%.

Sa ciljem definisanja sastava hranljive podloge pri
kojem bi se ostvarila najve¢a ekonomicnost procesa
proizvodnje komponenti sa antifungalnim delovanjem
prema Aspergillus spp. postavljeni su sledeéi uslovi:
minimalan pocetni i rezidualni sadrzaj ispitivanih nutri-
jenata uz ostvarenje najveceg moguceg precnika zone
prosvetljenja (Cetvrti set). Vrednosti variranih faktora,
pri kojima je ovako definisana Zeljena funkcija maksi-
malna (0,83), su pocetni sadrzaj glukoze od 13,56 g/I,
pocetni sadrzaj sojinog brasna od 5,00 g/l i pocetni
sadrzaj fosfata od 1,02 g/l. Pri ovim uslovima, pred-
videne vrednosti odziva su sledeée: precnik zone pro-
svetljenja od 26,70 mm, rezidualni sadrzaj glukoze od
1,08 g/l i rezidualan sadrzaj ukupnog azota od 0,26 g/I.

Dobijeni rezultati ukazuju da se uSteda sastojaka
hranljive podloge moze ostvariti limitiranjem izvora
azota (sadrzaj sojinog brasna u drugom, treéem i Cet-
vrtom setu iznosi 5 g/l). Na ovaj nadin se sprecava
prekomerno umnoZavanje biomase pa su stoga po-
trebe proizvodnog mikroorganizma u pogledu svih nut-
rijenata smanjene znacajno vise u odnosu na smanjenje
prinosa antifungalnih agenasa, kao produkata sekun-
darnog metabolizma.

ZAKLJUCAK

IstraZivanja iz okvira ovog rada ukazuju na veliki
potencijal izolovanog soja Streptomyces hygroscopicus
za proizvodnju antifungalnih agenasa koji se mogu
primenjivati u bioloskim metodama borbe protiv
fitopatogenih gljiva iz roda Aspergillus. Primenjeni
postupak optimizacije sastava hranljive podloge poka-
zao se kao efikasan, relativno jednostavan i, Sto je
najvaznije, omogucava ustedu vremena i materijala koji
su potrebni kod izvodenja velikog broja eksperimenata.
Dobijeni rezultati predstavljaju osnovu za dalju tehno-
ekonomsku analizu procesa, koja bi razresila oprav-
danost smanjenja koli¢ine produkovanih antifungalnih
komponenti sa ciljem usStede sastojaka hranljive pod-
loge kao i smanjenja organskog opterecenja otpadnih
tokova.
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(Scientific paper)

Losses of apple fruit during storage are mainly caused by fungal phyto-
pathogens. Traditionally, postharvest fungal disease is controlled by the appli-
cation of synthetic fungicides. However, the harmful impact on environment as
well as human health largely limits their application. To reduce these problems in
agrochemicals usage, new compounds for plant protection, which are eco-
friendly, should be developed. The aim of this study is optimization of medium
composition in terms of glucose, soybean meal and phosphates content, by apply-
ing response surface methodology, for the production of agents with antifungal
activity against Aspergillus spp. For biosynthesis was used strain of Streptomyces
hygroscopicus isolated from the environment. Experiments were carried out in
accordance with Box-Behnken design with three factors on three levels and three
repetitions in the central point. Antifungal activity of the obtained cultivation
mediums against Aspergillus oryzae and Aspergillus niger was determined, in
vitro, using the diffusion — disc method. The desirability function was used for
determination of optimal medium components. Achieved model predicts that the
maximum inhibition zone diameter (40.93 mm) against test microorganisms is
produced when the initial content of glucose, soybean meal and phosphates are
47.77, 24.54 and 0.98 g/|, respectively. To minimize the consumption of medium
components and costs of effluents processing, additional three sets of optimi-
zation were made. The chosen method for optimization of medium components
was efficient, relatively simple and time and material saving. Obtained results can
be used for the further techno-economic analysis of the process to select optimal
medium composition for industrial application.
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Abstract

In this work, the random pore model was modified for a general concentration depen-
dency and also bulk flow effect, in order to predict the carbonation reaction of calcium
oxide with carbon dioxide. This reaction is one of the main methods for carbon dioxide
capture from industrial flue gases. Different kinetic rate concentration functions were
tested with the various literature experimental data for finding the best reaction constants
and rate functions. Moreover, an exponential function for the diffusion of carbon dioxide
through the product layer was proposed from the whole experimental conversion—time

profiles.
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Global accumulation of CO, in the atmosphere has
increased from 280 ppm in around 1860 to approx-
imately 316 ppm in 1957 and rapidly to 390 ppm in
2010 [1]. Fossil fuels are the dominant form of energy
utilized in the world (86%), and account for about 75%
of the current anthropogenic CO, emission [2]. The
need to reduce anthropogenic emissions of CO, is glo-
bally accepted and represents the driving force to
reconsider the current technologies used for power
generation [3].

The use of moderate temperature in the CO, separ-
ation step by lime has the potential to reduce efficiency
penalties with respect to other methods. Within the
temperature range of 400—800 °C, calcium oxide is the
best choice among other metal oxides like potassium,
lithium, sodium, and magnesium for reaction with CO,.
Also, the reversible carbonation/calcination reactions
of calcium oxide have been proposed as the base of
energy storage systems [4], and as a chemical heat
pump [5]. Silaban et al. studied the reversibility of this
reaction as the basis of a moderate temperature separ-
ation of CO, for the hydrogen purification [6].

A shrinking core model was applied by Johnsen et
al. [7] to describe the carbonation reaction. Stendardo
et al. used a modified grain model and the structural
changes in the spherical grains are taken into account
by the inclusion of a variable diffusivity of the gaseous
reactant [8]. Bhatia and Perlmutter used a random pore
model which considers the pore overlapping [9-12].
Sun et al. developed a discrete pore size distribution
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model with effective diffusivity in the product layer as
the only fitting parameter [13]. Zero activation energy
for surface reaction was obtained by Nitsch [14] and
Bhatia and Perlmutter [12] and further supported by
Dennis and Hayhurst [15]. Sun and his co-workers [16]
obtained the activation energy of 29+4 kcal/mol for
limestone and 24+6 kcal/mol for dolomite.

The reaction orders reported by different studies
are not the same. Bhatia and PerImutter claimed a first
order reaction for CO, partial pressure of 0-10 kPa
[12]. The experiments of Grasa et al. confirmed same
results for up to 1 atm CO, partial pressure [17]. On the
other hand, Kyaw et al. obtained a zero order for
higher CO, partial pressures [18]. Sun et al. reported a
first order for CO, partial pressures of less than 10 kPa,
and a zero order for above this value [16].

The sudden transition of reaction rate is explained
by the formation of a critical product layer by some
researchers. Alvarez and Abanades estimated a product
layer thickness of about 50 nm for the onset of slow
reaction period [19]. They used a simple pore model
and mercury porosimetry data to determine the critical
product layer thickness. Barker reported a critical cal-
cium carbonate layer thickness of 22 nm before dif-
fusion control takes over in the progress of reaction
[20]. Mess measured the product layer thickness of
nonporous particles of the size range of 15-20 um, and
also a product layer thickness of 130 nm corresponding
to the onset of the slow reaction period was reported
[21].

In this work, carbonation reaction is investigated
using a modified random pore model. The random pore
model has shown good accuracy to predict some com-
plicated gas-solid reactions such as the reaction of cal-
cium oxide with sulphur dioxide which the solid struc-
ture changes during the reaction [22]. Data obtained by
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Bhatia and Perlmutter [12], Grasa et al. [17] and some
experiments carried out by the authors have been used
to calculate the kinetic constants and diffusivity coef-
ficient. Due to the special characteristic of the carbon-
ation reaction in which the reaction control mechanism
changes very quickly, the random pore model is not
sufficient to predict this reaction and some modifica-
tions should apply to this model. These improvements
consist of a general concentration dependency, and
also accounting for the bulk flow phenomenon. In all
the previous works for modelling the carbonation reac-
tion of lime with CO,, the effect of bulk flow through
the solid pellet was neglected. Since carbon dioxide is
the only diffusing gas and there is not any product gas
in the reaction, bulk flow effects should be considered
for calculating the inherent kinetic constants. More-
over, the effect of sudden shift on the reaction rate
was shown by changing product layer diffusivity in this
work. Bhatia and Perlmutter [12] suggested two simpli-
fied equations for the kinetically controlled region and
product layer diffusion control. However, in the present
work, variable product layer diffusivity is used to pre-
dict the whole conversion-time profile with the fast
changes in its slope.

EXPERIMENTAL PROCEDURE

The starting material used for the experiments was
calcium carbonate (Merck Art No.: 102059) which was
calcined in the TGA apparatus before the carbonation
experiments. The flow diagram of the system for
kinetic study of the CaO+CO, reaction is presented in
Figure 1. This system consists of a thermogravimeter
(TG) from Rheometric Scientific (model STA-1500).

Flawmeter

Regulater

Air
Nitrigen
Carbon Dioxide
Nitrogen

Figure 1. Experimental set up for the TG experiments.
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High purity CO, and nitrogen were used for the
experiments. The pellet is put on a platinum basket cell
in the TG. The system is heated under an inert gas
stream (gas 1) with the rate of 20 °C/min, up to the
calcination temperature (900 °C). When the calcination
reaction is finished (about 2 min), the temperature dec-
reased to the isothermal carbonation reaction tempe-
rature. After 5 min, the system is switched to a reacting
gas mixture (a predefined CO,/N, mixture) as gas 2 and
reaction begins at the desired temperature. At this con-
dition, the weight changes are obtained versus time by
TG at a constant temperature. The conversion was
obtained from the following equation from the TG
profiles:

X = AwMw,q 1)
w,Mw o, XPurity

The nitrogen adsorption and mercury porosimetry
were used to evaluate the pore size distributions of the
samples (pellets after calcinations and decomposition).
Nitrogen adsorption (by Autosorb-1MP from Quanta-
chrome) determines the porous structure in the range
of micro and meso pores by a 55 points test. However,
larger macro-pores that are out of the detection range
of nitrogen adsorption can be determined by the mer-
cury porosimetry. By using both of above methods and
combining their results, the whole pore size distri-
butions in the range of 0.3—10000 nm can be eval-
uated. The pore size distribution of calcined calcium
carbonate is shown in figure 2.

Model description

Consider the following general gas—solid reaction:

Vent

Balance

Thermocouple

Caontroller
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A(g) + B(s) — &-Clg) + &,D(s) (2)
_ 0.006-
(=2}
<
S 0.004
g
3
0.002-
0.000-1— r r A
10 100 1000
Pore d A

Figure 2. pore size distribution of calcined calcium carbonate.

The basic assumptions for formulating the random
pore model are stated here:

(1) The reaction is initiated on the surfaces of
pores in the solid B, and the nucleation of product D is
rapid;

(2) The reactant B is isotropic and has no signi-
ficant closed pore volume;

(3) The bulk gas concentration is constant;

(4) The pellet is isothermal;

(5) The pseudo-steady-state approximation for
gas phase mass balance is valid;

(6) The pellet retains its original overall shape and
size during the reaction.

The local reaction rate equation for the solid
reactantis [11]:

dX _ ksSoFIC)I—X)1—pIn(L—X) a)

at (1—50){1+'iz(1/1—w|n(1—X)—1)}

where fis a modified Biot modulus.  is the random
pore model parameter which is a function of initial
pore size distribution of the pellet. Z is the ratio of
molar volume of the solid product to the solid reactant
as follows:

& PsMp
% PoMs

z= (4)

Using this equation, Z = 2.17 was obtained for the
carbonation reaction of lime. The relation suggested by
Wakao and Smith [23] is used to obtain the pore dif-
fusion as a function of pellet porosity:

2 2

&

For a pellet with spherical geometry, the mass
balance for gaseous reactant A is:

%(rZNA)=r2RA (6)

here R, is the local rate of consumption of the fluid
reactant A per unit volume. The molar flux, N,, is given
by:

Ny =(Np +Nc)xp —D.CrVx, (7)
And from the stoichiometry:

N, =—:N, (8)
Substituting Eq. (8) in Eg. (7) and rearranging, we

get:

_ —D.Cydx, /dr

1—(1— )X, ©)

A

Combining Egs. (6) and (9), we obtain:

izi pc,? /A 1 g _o (10)
rodr 1-(1-2%)x,

Equations (3) and (10) may be written in dimen-
sionless form as:

1 a[ S5y an_ @ fla)by[1—yInb )

) -

1+6a oy 1+/;’/Z(m-1)

%= fla)b\J1-wInb (12)
o7 1+£(1/1—l//|nb—1)

74

Equations (11) and (12) show the modification of
random pore model when accounting for a general
concentration dependency and bulk flow effect. The
initial and boundary conditions are expressed as:

7=0—> b=1

y=0— a—":o (13)
dy

y=1- 1999 gy _g)
1+ 6a dy

Because of the sudden sharp shift from the initially
fast reaction to the slower reaction rate, the random
pore model should be further modified in order to
predict the carbonation reaction behaviour. In order to
predict the abrupt change in the carbonation reaction
rate, it is assumed that D, is a function of solid con-
version. This assumption was suggested by Stendardo
et al. [8] for the carbonation reaction of lime:

D, =Dp, exp(-ax*) (14)

The above equation is in agreement with findings of
Mess et al. They reported that effective product layer
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diffusivity decreases with time and approaches a cons-
tant value for times greater than about 600 min [21].

The effective initial diffusivity of CO, through por-
ous lime is obtained by:

1 1 1 1
— =t (15)
Deo & Dam Dax

Where Day is the molecular diffusivity of CO, and is
estimated from the equation presented by Slattery and
Bird [24]. Dy is the Knudsen diffusivity and can be
determined from the following equation for the pore
model [25]:

1
Jz

4r
6

Finally, the relations for evaluating the random pore
model parameters (such as y and Sy) from the initial
pore size distribution of the solid reactant have been
presented elsewhere [26].

8R,T

M, (16)

AK

RESULTS AND DISCUSSION

Figure 3 shows the conversion-time data at various
temperatures and CO, concentrations obtained from
TG for calcined CaCO; pellets. As can be seen in Figure
3, after an initial rapid growth, there is a sudden tran-
sition to a much slower reaction rate regime.

Figure 4 shows the effect of bulk flow on the solid
conversion. It can be seen that the bulk flow effect inc-

e
.-
o
-

- eeoe
-=" ot
- -
=

Conversion

___________

reases with a progress of reaction and greater impor-
tance of product layer diffusion. It is noted that when
the volume of the product gas is greater than the
reactant gas (@ > 0), the outward bulk flow makes it
more difficult for the gaseous reactant to diffuse into
the interior layer of the pellet. This results in a lower
overall rate of reaction. When the volume of the pro-
duct gas is smaller (€< 0), the inward bulk flow speeds
up the diffusion, thus increasing the overall rate of
reaction. For the carbonation reaction of calcium oxide
with carbon dioxide there is not any product gas, and
therefore, the bulk flow effect enhances the overall
rate of the reaction.

In order to investigate the kinetics of the reaction at
initial stages, it is assumed that the thickness of the
product layer is quite thin, so diffusion through the
product layer can be neglected. With this assumption,
only intrapellet diffusion and intrinsic reaction kinetics
are rate controlling. Thus, Egs. (11) and (12) can be
rearranged as:

19 &y* oa)_ b 1)
y? ByL1+eaBy o7

g—b:—f(a)bdl—l/llnb (18)
T

The solid conversion can be computed from the
solid concentration as:

X(r)=1-3 J'Olyzb(y,r)dy (19)

T=700"°
T=650"
- T=650"C
- T=650

,CO,=30%
,CO,=50%
,CO,=10%
,CO,=7%

T
2000
Time s

T
1000

T
3000

1
4000

Figure 3. Conversion—time profiles of calcium oxide carbonation at different temperature and CO, partial pressures.
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Figure 4. Effect of bulk flow on the solid conversion, =100, ® = 10, w=2.1.
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The dimensionless solid concentration can be esti-
mated by:

1
b=1- J' flaydr (20)
0

Differentiation of Eq. (19) yields:
dx 1,
—=3 d 21
=3[ v flady 1)
which can be rearranged as:

1-g) dx
] kleacn) (2)
5,3, v flaydy - 4 Jro

0

(dX/dt); is the initial slope of experimental con-
version time data. By plotting the left hand side of
equation (22) against C, for each concentration depen-
dency, ks can be calculated. Moreover, the deviation of
points from linearity shows the accuracy of the reaction
rate functions f(a) for predicting the experimental data.

The CO, concentration driving force is limited by the
equilibrium of the carbonation reaction which is rep-
orted by Baker as [20]:

8308
log peq =7.079 —T

(23)

This Eqg. (23) shows the equilibrium pressures of
about 0.07 and 0.12 atm at 700 and 800 °C, respect-
ively. For flue gas concentration of coal combustion
processes (12-15% of CO,), the temperature above
8502 is unfavourable for carbonation reaction.

The experimental data carried out by the TGA and
the data of Bhatia and Perlmutter [12] and Grasa et al.
[17] were used to determine the best order of reaction.
Table 1 shows the correlation coefficients of each reac-
tion order plot in Eq. (22).

As can be seen from Table 1, the fractional con-
centration dependency shows the best correlation.
These results are in agreement with some other obser-
vations. Bhatia and Perlmutter [12] claimed a firsts
order reaction for concentration of CO, between

Table 1. Correlation coefficients of various reaction order functions

0-10%. They obtained these results from an atmo-
spheric thermogravimetric analyser. However, Sun et
al. [16] and Kyaw et al. [18] observed a zero reaction
order for higher CO, partial pressure. Therefore, the
above proposed fractional reaction function will cover
both results and change the reaction order from near
one at low CO, partial pressures to near zero at higher
CO, pressures. The low obtained activation energy is in
agreement with the results of Bhatia [12] which did not
observe any significant variation with changes in tem-
perature. The same trend was also reported by Nitsch
[14] at a higher temperature range (800-900 °C).

There is a sudden shift from the initial fast reaction
rate to the slower second stage in the carbonation
reaction of lime with CO,. The data reported by some
researchers show that the second stage reaction is
independent of gas composition [21]. Thus, diffusion of
carbon dioxide through the CaCO; product layer cannot
be the rate controlling mechanism. This indicates that
the reaction does not represent the simple simul-
taneous surface reaction and product layer diffusion
process. Since the slow second stage rate is independ-
ent of CO, concentration, the diffusion mechanism
must be in the solid phase if the rate is controlled by a
product layer diffusion process.

The product layer diffusion function was evaluated
from experimental data of the authors and Bhatia and
Perlmutter [12], and kinetic constants were calculated.
Product layer diffusion is assumed as an exponential
function of solid conversion in Eq. (14) as an improve-
ment in the random pore model.

The sudden shift in the carbonation reaction rate
cannot be well predicted by the assumption of constant
product layer diffusivity. Figure 5 shows a comparison
between the experimental results of Bhatia and Perl-
mutter [12] and the model with a constant diffusivity.
As can be seen in the figure, the model is not able to
predict the experimental data successfully.

The values of parameters a and A in the suggested
function for D, were obtained using trial and error at
various operating temperatures. The comparison
between the model predictions and the experimental
conversion data for carbonation reaction is shown in

RZ

n - - - Expressions
Bhatia’s experiments TG experiments
1 0.994 0.885 -
2 0.954 0.735 -
0.5 0.990 0.782 -
a 0.997 0.965 v 575 7.132(kca|/mo|) /cm4
=2.75ex
1+k,40 s P RT “mols
3
k4 =5000 -
mol
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Figure 5. Comparison between the model predictions with constant product layer diffusivity and the experimental data of Bhatia

and Perlmutter [12] at 615 C and 10% CO.,.

Figures 6-8. As these Figures show, there is a very good
agreement between model predictions and experimen-
tal data based on this variable product layer diffusion.
Also from these figures, the product layer diffusion
function is expressed as:

D, =Dy, exp(-10X* ) (24)
35,745
D, at X;=2.13x10" exp _TmOI (25)

The model shows very good agreement with the
data of Bhatia and Perlmutter [12] which can be seen in
Figure 7. But for the TG experiment data and data of
Grasa et al. [17], there is a small deviation between the
experimental data and model results especially at the

fast stage of reaction (Figures 6 and 8). Also, the tran-
sition between the fast stage of reaction and the slow
stage for the data of Bhatia and Perlmutter [12] is not
very sharp unlike the data of Garsa et al. [17] and our
TG data (figure 6 and 8). It seems that the smooth form
of carbonation reaction profiles in Bhatia and Perl-
mutter work [12] result in well prediction by the model.
The macro pore texture of calcium oxide used by Bhatia
seems to be responsible for his different TG profiles.

The low value of product layer diffusivity with a rel-
atively high activation energy (35 kcal/mol), is quite a
typical value associated with solid state diffusion. There
are two suggested mechanisms for ion diffusion through
the product layer:

A) Inward diffusion of CO3~ and outward diffusion
of O° in order to maintain electroneutrality of the
product layer.

1.0 ) 1.0+ 1.0+ —650C _
T=650°, CO,=30% T=650°, CO=20% TR el
= 0.8 = 0.8- = 0.8 .
o S S
[ ® @
3 0.6 2 0.6+ > 3 0.6+ s
5 § & p
O 0.4 O 0.4 Soalr
=z v = z
S S S
@ 0.24 @ 0.24 9 0.2
0.0 T T T . 0.0 T T T T ! 0.0 T T T 1
0 1000 2000 3000 4000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000
Time s Time s Time s
1.0 1.0+ 1.0 4
T=6507, CO,=7% T=700°, C0,=20% T=600°, CO,=10%
c 0.8+
S c c
4 S S
] @
3 z 2 0.4-
o Q Q
=2 [3) o s
= g
[ 0.2-
4
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Time s Time s Time s

Figure 6. Comparison between the model predictions and the TG data at 650 °C and different CO, concentrations.
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Figure 8. Comparsion between the model predictions and experimental data of Grasa et al. [17] at different temperatures.

B) Outward diffusion of Ca** and 0> at the same
time. Bhatia and Perlmutter suggested that the inward
diffusion mechanism is dominant [12]. This idea is rec-
ently proven by Sun et al. who studied the dominating
solid phase ionic transfer mechanism for diffusion of
CO, through the CaCO; product layer [27].

Decomposition of CO§‘ in the product layer can
also be another diffusion mechanism. The €03~
decomposes to a CO, molecule and 0> . Then the co,
molecule moves to a vacant site in the neighbourhood.
Similarly, another CO, molecule which decomposes
elsewhere takes its place and composes the carbonate
ion. By this mechanism, the CO, molecule moves site by
site through the product layer. The possibility of this
mechanism can be increased by consideration of value
for decomposition heat of calcium carbonate (43.5
kcal/mol). It should be noted that there is not just one
mechanism for the diffusion of CO, through the
product layer and all of these phenomena may be
involved simultaneously.

CONCLUSION

In this work, a modified random pore model for
predicting the carbonation reaction of calcium oxide
with carbon dioxide was developed. A general con-
centration rate function was considered in the modi-
fied mathematical model. Moreover, since there is not
any product gas in the carbon dioxide reaction with
calcium oxide, the bulk flow effect was accounted for in
the random pore model. The Langmuir-Hinshelwood
type rate function showed the best accuracy for the
prediction of the experimental data. The kinetic cons-
tants for the reaction were calculated using this modi-
fied random pore model, and were compared with the
TGA experimental data and the reported constants of
Bhatia and Perlmutter [12] and Grasa et al. [17]. The
diffusion of carbon dioxide through the product layer
was also determined as an exponential function. It
seems that the ionic solid phase mechanism for the
product layer diffusion is dominant because of the low
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values for calculated diffusivities and their high acti-
vation energy.

Nomenclature

a C, /C,,, dimensionless gas concentration

b Cg / Cgp, dimensionless solid concentration

Ca gas concentration in the pellet (mol/cm?)

Cap bulk gas concentration (mol/cm?®)

Cs solid reactant concentration (mol/cm?)

Cso solid reactant concentration (mol/cm?)

G total gas concentration (mol/cm?®)

D. effective diffusivity of gas A in the pellet
(cm?/s)

Deo initial effective diffusivity of gas A in the pellet
(cm?/s)

Dp effective diffusivity of gas A in the product

layer (cm?/s)
initial effective diffusivity of gas A in the pro-
duct layer (cm?/s)
Kk external mass-transfer coefficient (cm?/s)
I7€ surface rate constant (cm*/(mol s))
ad adsorption coefficient

Mg molecular weight of solid reactant ( g/(g mol) )

My molecular weight of solid product ( g/(g mol) )

r distance from the center of the pellet (cm)

Ro radius of pellet (cm)

So reaction surface area per unit volume
(cm?/em®)

Sh Sherwood number for external mass transfer
(knRo /Dy, )

T temperature (K)

t time (s)

w weight of solid (mg)

w; initial weight of solid reactant after calcination
(calcium oxide) (mg)

Aw weight gain of solid reactant during the carbo-

nation reaction at each time t (mg)
mole fraction of species i
solid conversion at each time
dimensionless position in the pellet
ratio of molar volume of solid product to solid
reactant
product layer resistance,
2k pg(1—£9) / MgDpSg
variation ratio of the pore diffusion
pellet porosity
initial pellet porosity
dimensionless bulk flow effect parameter,
(8% — 1,
stoichiometric coefficient of the reactant and
product
o true density of the solid reactant (g/cm?)
Po true density of the solid product (g/cm?)
T dimensionless time
1) Thiele modulus for the pellet,
Ro[KsPsSo / MgDe,

N < X X

TH MY D

A+

216

v random-pore model parameter.
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MODIFIKOVANI MODEL NASUMICNIH PORA ZA REAKCIJU KARBONACIJE KALCIJUM-OKSIDA UGLJEN-DIOKSIDOM
Seyed Mohammad Mahdi Nouri, Habib Ale Ebrahim, Bahram NaserNejad

Chemical Engineering Department, Petrochemical Centre of Excellence, Amirkabir University of Technology, Tehran,
Iran

(Naucni rad)

sloj

U ovom radu, model nasumiénih pora je modifikovan uvodenjem funkcije
zavisnosti koncentracije i uzimanjem u obzir efekta toka, da bi se predvidela
reakcija karbonacije kalcijum-oksida ugljen-dioksidom. Ova reakcija je jedan od
glavnih metoda za hvatanje ugljen-dioksida iz industrijskih gasova. Testirane su
razli¢ite funkcije zavisnosti koncentracije, na razne literaturne eksperimentalne
podatke, da bi se dobila najoptimalnija funkcija i njene konstante. Takode, na
osnovu eksperimentalno utvrdene zavisnosti konverzije od vremena reakcije
predlozena je eksponencijalna funkcija za koeficijent difuzije ugljen-dioksida kroz

proizvoda.

Kljuéne reci: Model nasumicnih pora e
Kalcijum-oksid e Ugljen-dioksid e Reak-
cija karbonacije
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