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Konvencionalna i napredna tecna biogoriva

Natasa L. Buri$ié-Mladenovi¢, Zlatica J. Predojevi¢, Biljana D. Skrbi¢

Univerzitet u Novom Sadu, Tehnoloski fakultet Novi Sad, Novi Sad, Srbija

Izvod

Krajem 20. veka intenzivirana su istraZivanja i razvoj tehnologija proizvodnje goriva iz bio-
mase, kao jedinog izvora obnovljive energije koji se mozZe prevesti u tecna goriva. Postoje
dobro razvijeni, konvencionalni procesi konverzije prvenstveno gajenih biljaka do te¢nih
goriva, kao $to su bioetanol i biodizel (alkoholni estri masnih kiselina). Medutim, koris¢enje
ovakvih sirovina za biogoriva ima uticaj na rast cena hrane, te najnovija istraZivanja bio-
goriva isklju¢ivo se odnose na konverziju nejestivih biljaka, otpadne organske materije i
vodenih organizama u biogoriva. U radu je dat pregled osnovnih pojmova vezanih za bio-
masu i biogoriva, mogudih sirovina za dobijanje te¢nih biogoriva, sumarni prikaz puteva
njihove konverzije, kao i samih konvencionalnih i naprednih te¢nih biogoriva uporedivih po

osobinama fosilnom benzinu i dizelu.

Kljucne reci: biomasa, konverzija, bioetanol, biodizel, celulozni etanol, sinteticki dizel, zeleni

dizel.

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

Energija je dostupna u razli¢itim oblicima, kao Sto je
toplotna, hemijska, elektricna, mehanicka, itd. a moze
se prevoditi iz jednog oblika u drugi razlicitim
procesima konverzije. Izvori, tj. nosioci energije, mogu
se podeliti na obnovljive i neobnovljive. Neobnovljivim
izvorima se smatraju fosilna goriva (ugalj, nafta i prirod-
ni gas) i nuklearna goriva, s obzirom da su brzine nji-
hovog nastajanja znatno manje od brzine trosenja, te
se utrosene zalihe ne mogu obnoviti u kra¢im vremen-
skim periodima (merenim ljudskim vekom). Najveci deo
danas komercijalno dostupnih lezista ugljovodonika su
nastala pre mnogo miliona godina (u doba krede i ter-
cijara [1]; ona obezbeduje preko 80% svetskih potreba
za energijom [2], a predvida se da ¢e pri postojecoj
brzini koris¢enja, ukupne svetske rezerve nafte trajati
bar joS oko 50 godina [3], ne uzimajuci u obzir moguce,
za sada, neotkrivene izvore koji bi mogli produZiti ovaj
period dodatno za 20—40 godina [4]. Dakle, proizvodnja
i koris¢enje fosilnih goriva ne smatraju se odrzivim [5], s
obzirom na to da odrZivi razvoj podrazumeva zadovo-
ljavanje potreba sadasnje populacije ne ugroZavajudi
potrebe bududih generacija [6].

Obnovljivi izvori energije predstavljaju izvore ener-
gije, koji se nalaze u prirodi i obnavljaju se u celosti ili
delimi¢no, jer brzina njihovog troSenja ne premasuje
brzinu nastajanja u prirodi. Neki od obnovljivih izvora
energije su poznati vekovima, kao Sto je energija vode i
vetra (koriS¢ena u mlinovima) i energija biljne mase
(bioenergija). Do 19. veka, drvo je predstavljalo
osnovno gorivo za zagrevanje, pripremu hrane, prav-
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lienje grncarskih i metalnih predmeta, itd. a biljna ulja
za osvetljavanje. Upravo je tokom 20. veka — veka
intenzivne industrijalizacije i modernizacije covecanstva
u Cijoj osnovi se nalazi korisé¢enje fosilnih goriva, pre-
poznat veliki znacaj obnovljivih izvora energije, kada i
zapocinje istraZivanje mogucnosti efikasnog iskoris-
¢enja obnovljivih izvora energije, a vezano za ubrzano
iskoris¢enje rezervi fosilnih goriva, uocene negativne
efekte njihovog koriscenja, i pojave prvih energetskih
kriza. U obnovljive izvore energije (OIE) spadaju: ener-
gija vetra, sunceva energija, biomasa, energija vodene
mase i geotermalna energija. Samo oko 16% globalne
potrosnje energije obezbeduje se iz obnovljivih izvora
[7]. Na slici 1 prikazana je klasifikacija izvora energije i
njihov udeo u ukupnoj svetskoj potrosnji energije.

Od svih oblika OIE, ocekuje se da biomasa odigra
veoma znacajnu ulogu u sve veéim energetskim potre-
bama u svetu u narednom periodu, upravo zbog Cinje-
nica da se jedino biomasa od svih obnovljivih izvora
moze koristiti za dobijanje tecnih goriva, uporedivih sa
postojeéim fosilnim te¢nim gorivima, za kojima postoji
ogromna potraznja u svetu prvenstveno za potrebe
saobracaja. Naime, potrosnja tecnih goriva dominira u
odnosu na druge nosioce energije, a oekuje se da tako
ostane i posle 2030. godine [8]. Danas postoji vise od
jedne milijarde razlicitih vrsta prevoznih sredstava u
okviru drumskog saobracaja, a ocekuje se da ¢e se u
slede¢ih 10-20 godina ovaj broj udvostruci [9]; kao
primer, moze se navesti da postoji preko 600 miliona
putnickih automobila (ne ukljucujuc¢i motore, autobuse,
kamione, i druge vrste drumskih vozila), koji dnevno
trose oko 3,5><109 litara benzina [10]. Prema predvi-
danjima ocekuje se rast potraznje za sirovom naftom
od 1% godisnje u naredne dve decenije, i to prven-
stveno usled povecanja energetskih potreba u Kini,
Indiji i drugim zemljama JuZne Azije, koje nisu ¢lanice
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Slika 1. Klasifikacija izvora energije i njihovo ucesce u ukupnoj svetskoj potrosnji energije [7].
Figure 1. Classification of energy sources with the contribution to the global energy consumption [7].

Organizacije zemalja izvoznica nafte (OPEC). Pri tome,
ocekuje se da u ovom porastu ¢ak 97% se odnosi na
potraznju za gorivima u transportnom sektoru [8].
Dakle, da bi se odgovorilo na stalno povecanje potreba
za teCnim gorivima, narocito u transportu, postoji
neodloZzna potreba za razvojem obnovljivih izvora
goriva, i to prvenstveno supstituenata benzina i dizela,
koji ¢e po svojim karakteristikama odgovarati posto-
je¢im sistemima snabdevanja i koriS¢enja narocito u
vidu smesa sa tradicionalnim gorivima (tzv. ,drop-in“
goriva) [11]. Zanimljivo je spomenuti da su za pokre-
tanje prvih automobila koriséena upravo biogoriva, a ne
fosilna goriva: prvi motori sa unutrasnjim sagorevanjem
pokretani su gorivom smeSom sa etanolom, dok je
1900. god. na Prvoj svetskoj izlozbi demonstriran rad
Otto motora koji je radio sa uljem kikirikija [10]. | pored
uspesSne promocije koriséenja biljnih ulja u prvim auto-
mobilima, ova vrsta goriva nije nasla dalju primenu
zbog niza nedostataka (na primer, velika viskoznost,
nestabilnost usled prisustva nezasi¢enih masnih kise-
lina), koji su se pojavili u toku njihove primene, a i zbog
ekspanzije primene naftnih derivata.

Obnovljeni interes za biogoriva, prvenstveno za eta-
nolom, a zatim i za biodizelom, pojavio se sa energet-
skom krizom tokom sedamdesetih godina 20. veka, da
bi u prvoj deceniji 21. veka industrija biogoriva dobila
na znacaju. Svetska proizvodnja biogoriva, i to bioeta-
nola (proizvedenog iz kultura na bazi Secera ili skroba),
koji se koristi za namesavanje sa benzinom, i biodizela
(proizvedenog od biljnih ulja kao Sto su sojino, uljane
repice, suncokretovo, i sl.), najces¢e namesavanog sa
dizelom, povecena je za 37% samo u periodu izmedu
2006. i 2007. god. predstavljajuéi oko 1,5% od ukupno
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potrosenih goriva za prevoz u 2008. god. Ocekuje se i
dalji intenzivni rast proizvodnje biogoriva, prvenstveno
pod uticajem novih regulativa, drzavnih subvencija, itd.
Direktivom Evropske komisije 2009/28/EC [12], postav-
lien je cilj da udeo OIE u energetskim potrebama do
2020. god. bude 20%, od toga 10% potreba za ener-
gijom u transportnom sektoru bi treba da se obezbedi
iz OIE, Sto znaci da ¢e 50 milijardi litara fosilnih goriva u
saobracdaju u zemljama Evropske unije (EU) biti zame-
njeno biogorivima [13].

U SAD, Akt o energiji donet 2005. god. [14] i Akt o
energetskoj nezavisnosti i bezbednosti iz 2007. god.
[15] promovisu OIE ukljucujuci i biomasu prvenstveno
kroz tecna biogoriva, postavljajuci za cilj proizvodnju
136 milijardi litara biogoriva za sektor transporta u
2022. god. Po nekim prognozama, do 2030. god. oce-
kuje se da ce vise od 5% goriva u sektoru drumskog i
1% u vazdusnom saobracaju u svetu biti zamenjeno
biogorivima [8].

S obzirom na veliki znacaj koja imaju, kao i prognoze
za vecom potraznjom za biogorivima u sektoru trans-
porta, cilj rada je pregled postojecih, u ovom momentu
konvencionalnih tec¢nih biogoriva uporedivih po osobi-
nama fosilnom benzinu i dizelu, i naprednih tecnih bio-
goriva, uz prikaz odgovarajudih sirovina i puteva njihove
konverzije. Rad dodatno doprinosi definisanju i termi-
noloskom razlikovanju osnovnih pojmova vezanih za
biomasu i klasifikaciju biogoriva.

Biomasa i procesi njene konverzije

Pojam ,biomasa“ moZze se definisati na razlicite
nacine. U najSirem smislu, biomasa predstavlja materiju
bioloskog porekla ili organsku materiju (sacinjenu od
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prirodnih jedinjenja ugljenika), koja se moze koristiti na
razne nacine (slika 1) i prevesti u razlicite oblike ener-
gije (toplotnu, mehanicku ili elektri¢nu), gasovita, tecna
ili ¢vrsta goriva (i/ili u tzv. ,zelene” hemikalije ili bio-
hemikalije [16]).

O znacajnom energetskom potencijalu biomase
govore i sledeéi podaci: u svetu se godiSnje proizvede
120x10" g suve biljne mase, &iji energetski sadrzaj
iznosi 2,2x10* J. Radi poredenja, svetska potraznja za
energijom u 2010. god. iznosila je 5,5x10%° J, dok se
predvida da ¢e u 2020. god. iznositi 6,6><1O20 J,au
2040. god. 8,6x10%° J [10]. Dakle, energija koja se nalazi
u biljakama je tri do Cetiri puta veéa od godisnjih ener-
getskih potreba u celom svetu. Ukoliko se uzme u obzir
ukupna povrsina zemljista u svetu, izuzimajuéi obradivo
zemljiSte, zemljiste iskoriS¢éeno za infrastrukturne
objekte, zemljiste pokriveno divljim predelima i gustim
Sumama, procenjeni ukupni bioenergetski potencijal
iznosi 1,90><1O20 J/god, tj. 35% od trenutne svetske
energetske potraznje [10].

Definicija pojma ,biomase” nalaze se u mnogim
pravnim odredbama i programima razlic¢itih zemalja,
koji podrzavaju razvoj, istrazivanje i promociju biomase
kao alternativnog izvora energije. U SAD, pojam ,bio-
masa“ prvi put je uveden od strane Kongresa u Aktu o
termoelektranama i industrijskom gorivo iz 1978. god.,
u kome je navedeno da je to , organska materija, koja je
dostupna na obnovljiv nacin, ukljucujuci poljoprivredni
otpad i ostatke, drvo i drvni otpad i ostatke, Zivotinjski
otpad, gradski otpad i vodene biljke” [17]. Prema direk-
tivi Evropske unije 2003/30/EC [18], koja je poznata kao
direktiva o biogorivima, biomasa predstavlja bioraz-
gradive delove proizvoda, otpada ili ostataka iz poljo-
privrede (biljnog i Zivotinjskog porekla), Sumarstva i
srodnih industrija, kao i biorazgradive delove industrij-
skog i gradskog otpada. Ova direktiva zamenjena je
direktivom o obnovljivim izvorima 2009/28/EC [12], koja
na veoma slican nacin daje opis biomase kao bioraz-
gradivih delova proizvoda, otpada ili ostataka iz poljo-
privrede (biljnog i Zivotinjskog porekla), Sumarstva i
srodnih industrija ukljucujuci ribarstvo i akvakulturu,
kao i biorazgradivih delova industrijskog i gradskog
otpada.

Zakon o energetici Republike Srbije [19] definiSe
biomasu u skladu sa Direktivom 2003/30/EC, dok se
Nacionalni akcioni plan za koris¢enje obnovljivih izvora
energije Republike Srbije usvojen 2013. god. [20], osla-
nja na evropsku Direktivu 2009/28/EC, te razmatra bio-
masu iz Sumarstva, poljoprivrede i ribarstva, i biomasu
iz otpada (u koju se ubraja: 1. biorazgradivi gradski
Cvrsti otpad (biorazgradivi otpad iz dvoriSta i parkova,
hrana i kuhinjski otpad iz domacinstava, restorana,
pripreme hrane i maloprodajnih objekata i slican otpad
iz postrojenja za preradu hrane) i deponijski gas; 2.

biorazgradiva frakcija industrijskog otpada (ukljucujudi
papir, karton, palete, isl.) i 3. kanalizacioni mulj).

Osnovni sastojci, tj. konstituenti biomase, koji uticu
i na sam izbor procesa konverzije su ugljeni hidrati raz-
licite sloZzenosti molekula (mono-, oligo- ili polisaharidi)
i lipidi. U skladu sa tim, biomasa kao sirovina za proiz-
vodnju biogoriva moZe se podeliti na: a) bogatu skro-
bom (visokomolekulski ugljeni hidrat, koji spada u tzv.
rezervne polisaharide biljaka), b) Se¢erom (na primer,
saharozom, koja spada u oligosaharide — ugljene hid-
rate sastavljene od 2—-10 molekula prostih Secera), c)
lignoceluloznu biomasu (u kojoj preovladuje celuloza i
hemiceluloza - strukturni polisaharidi u biljakama, koje
prati lignin — makromolekulsko jedinjenje izgradeno od
fenilpropanskih jedinica) i d) biomasu bogatu lipidima
(trigliceridima-estrima trohidroksilnog alkohola glice-
rola sa vis§im masnim kiselinama).

Energetski sadrzaj ovih osnovnih jedinjenja bio-
mase, vaznih sa stanovista njene konverzije u biogoriva,
je razlicit i raste sa smanjenjem sadrzaja kiseonika, kao i
sa porastom odnosa vodonika i ugljenika u njihovim
molekulima, tako da energetski sadrzaj po jedinici mase
opada redom od lipida, preko lignina do Secera, koji
imaju najmanji sadrzaj energije [8]. lako se po ovome
¢ini da su ulja i masti idealne polazne sirovine za
proizvodnju biogoriva, smatra se da ¢e buduca proiz-
vodnja biogoriva vecih razmera biti zasnovana na nejes-
tivoj lignoceluloznoj biomasi prvenstveno zbog velikih
raspolozivih koli¢ina i Siroke rasprostranjenosti, a bez
uticaja na cenu hrane u svetu.

Najznacajniji procesi prevodenje (konverzije) bio-
mase u biogoriva se mogu svrstati u termohemijske,
biohemijske i hemijske procese. Termohemijski procesi
podrazumevaju hemijske reakcije transformacije polaz-
nih jedinjenja biomase pod uticajem povisene ili visoke
temperature bilo pod atmosferskim ili povisenim pri-
tiskom; biohemijski procesi podrazumevaju transfor-
maciju pod dejstvom organizama, iskljucivo mikroorga-
nizama (kvasci, bakterije, i dr.), dok hemijska konverzija
podrazumeva transformaciju u prisustvu odredenih
reaktanata i najcesce katalizatora.

Uzimajuéi u obzir osnovne sastojke razlicitih izvora
biomase, moguci procesi konverzije do tecnih biogoriva
mogu se sumirati kao Sto je prikazano na slici 2. Osnove
procesa biohemijske, hemijske i termohemijske kon-
verzije razliCitih izvora biomase do tecnih goriva ilus-
trovani su na slikama 3-5.

U slucaju biomase bogate Secerom, kao sto je Se-
¢erna repa ili trska, ili nakon prevodenja skroba kuku-
ruza u jednostavnije ugljene hidrate prethodnim tret-
manom (hidrolizom) same sirovine, dobijanje etanola
kao biogoriva vrsi se prvenstveno biohemijskim pro-
cesom — fermentacijom (slike 2 i 3). Konverzija trigli-
cerida jestivih biljnih ulja, otpadnih i nejestivih ulja i
masnoca ili algi u biogoriva prvenstveno se odvija he-
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Slika 2. Osnovni putevi konverzije biomase do tecnih biogoriva.
Figure 2. Main routes of biomass conversion to liquid biofuels.
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Slika 3. Biohemijski putevi konverzije biomase na bazi Secera, skroba i lignoceluloze do tecnih biogoriva (bio-alkohola) [23].
Figure 3. Biochemical conversion of sugar-based, starch-based and lignocelulosic biomass to liquid biofuels [23].
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Slika 4. Hemijski putevi konverzije lipidne biomase do tecnih biogoriva [23].
Figure 4. Chemical conversion of lipid biomass to liquid biofuels [23].

Lignocelulozni materijal (drvece, granje, vlaknaste
energetske kulture, slama, otpad)

Usitnjavanje
i/ili susenje

Pripremljena
sirovina

Gasifikacioni

< Piroliza >
agens
D Sl Gasifikacija

Bio-ulje

TECNA

Precisc¢avanje

BIOGORIVA
( Cestice ) €mmmmmmm e
para < i >

Drugi
kataliticki
procesi

Alkoholi ili drugi
proizvodi

Vodonik

Obrada
proizvoda

Slika 5. Termohemijski putevi konverzije lignoceluloze biomase do tecnih biogoriva [23].
Figure 5. Thermochemical conversion of the lignocellulosic biomass to liquid biofuels [23].
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mijskim reakcijama, i to transesterifikacijom uz dobi-
janje biodizela, slike 2 i 4; kao predtretman lipidnih
sirovina sa visokim sadrzajem slobodnih masnih kiselina
moZe se primeniti esterifikacija sa kiselim kataliza-
torima [21,22]. Fertmentacija i transesterifikacija su
dva najces¢a konvencionalna nacina dobijanja biogo-

riva, i to prvenstveno od gajenih (u najvecoj meri jes-
tivih) biljnih kultura.

Konverzija lipidne biomase u biogoriva moze se
izvrsSiti i naprednim hemijskim procesima (slike 2 i 4),
kao sSto je hidrotretman ulja (hidrogenizacija i hidro-
deoksigenizacija) i dobijanje hidrotretiranih biljnih ulja
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(HVO — hydrotreated vegetable oils) ili tzv. , 0obnov-
liivog” dizela [24], koji spada u napredna biogoriva ili
biogoriva 2. generacije.

Kao sto se vidi na slikama 2 i 5, lignocelulozna masa
se kroz termohemijske i biohemijske procese moze pre-
vesti u te¢na biogoriva. Mogudi termohemijski procesi
su (slika 2): gasifikacija uz dobijanje singasa (gasovitog
proizvoda koji se sastoji od vodonika, ugljen mono-
ksida, metana, ugljen dioksida i tragova visih ugljovo-
donika), piroliza i likvefakcija Ciji je osnovni proizvod
bio-ulje (ili bio-nafta, tamno braon viskozna, korozivna i
kisela tecnost, u Ciji sloZeni sastava ulaze: alifati¢ni alko-
holi/aldehidi, furanoidi, piranoidi, benzenoidi, masne
kiseline, visokomolekulski ugljovodonici i voda (25-
45%)). Singas se moze koristiti direktno za dobijanje
energije, a takode se kroz dalje hemijske procese moze
prevesti u metanol, sinteti¢ki (supstituisani) prirodni
gas (bioSNG), vodonik [25] ili sinteticka biogoriva (tzv.
BtL goriva od engleske fraze ,Biomass-to-Liquid”, t;j.
,,0d-biomase-do-te¢nosti”) po osobinama veoma sli¢na
fosilnim gorivima (benzinu ili dizelu). Bio-ulje iz procesa
pirolize i likvefakcije se ne moZe direktno koristiti kao
transportno gorivo zbog visokog sadrzaja kiseonika i
vode, te je potrebna njegova obrada, najcesée u pri-
sustvu vodonika i katalizatora, pri cemu se dobija tzv.
HTU dizel. Lignoceluloznu biomasu moguce je takode
odgovaraju¢im procesima pripreme [26] prevesti u jed-
nostavnije Secere (pri cemu zaostaje lignin) i dalje kroz
biohemijske procese fermentacije prevesti u etanol,
koji se naziva celulozni etanol, radi razlikovanja od bio-
etanola dobijenog konvencionalnim nacinima fermen-
tacije skroba iz kukuruza ili Secera iz Secerne trske il
repe.

Tecna biogoriva i njihova podela

Prema evropskoj Direktivi 2009/28/EC [12], na koju
se oslanja Nacionalni akcioni plan za koriS¢enje
obnovljivih izvora energije Republike Srbije [20], biogo-
riva predstavljaju te€na ili gasovita goriva koja se ko-
riste u saobracaju, proizvedena iz biomase. Prema ovoj
Direktivi, biogoriva se razlikuju od biote¢nosti, koje
predstavljaju te¢na goriva proizvedena iz biomase sa
primenom za grejanje, hladenje, proizvodnju elektri¢ne
energije, ali ne i kao goriva za transport.

Postoje razliciti pristupi klasifikacije biogoriva zbog
velike raznolikosti sirovina, kao i raznolikosti samih pro-
cesa konverzije, koji se razvijaju u pravcu odrZivosti i
zahtevanih standarda kvaliteta goriva.

U literaturi [5,27,28] najc¢esée koriséena podela
biogoriva je prema generacijama, i to na:

— biogoriva 1. generacije (1G): bioetanol, biodizel,
bio-etil terc-butil etar (bioETBE), biljna ulja (engl.
“Straight Vegetable Oils” — SVOs ili “Pure Plant Oil” —
PPO) i biogas/deponijski gas,

— biogoriva 2. generacije (2G): bioalkoholi (celu-
lozni etanol, biobutanol, biometanol), BtL goriva (sinte-
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ticka te¢na goriva koja se dobijaju termohemijskom
konverzijom biomase, na primer FT dizel i FT kerozin),
biodizel od otpadnih sirovina, HTU dizel, bio-dimetil-
furan (bioDMF), hidrotretirana biljna ulja (obnovljivi
dizel), bio-dimetiletar (bioDME), bio-sinteticki gas
(bioSNG) i bio-vodonik i:

— biogoriva 3. generacije (3G): algalna biogoriva
(na primer, algalni bioalkoholi, biodizel i BtL goriva).

U osnovi ovakve podele je poreklo sirovine, koja se
koristi za dobijanje biogoriva (slika 1). Sirovine za
dobijanje tecnih biogoriva su sledece:

* biogoriva 1. generacije se dobijaju od 3Secera
izdvojenog iz gajenih biljaka sa visokim sadrzajem Se-
Cera (Seéerna repa i Secerna trska), skroba izdvojenog iz
biljaka kao Sto su na primer Zitarice (pSenica) ili krto-
laste biljke (krompir), ili ulja izdvojenih iz uljarica (na
primer, palmino, repicino ulje). U ovu grupu tecnih bio-
goriva spadaju bioetanol, biodizel, bioETBE, biljna ulja),
od kojih su bioetanol i biodizel prva biogoriva dCija
proizvodnja je komercijalizovana u 20. veku;

* biogoriva 2. generacije (kao Sto su celulozni
etanol, sinteticka BtL goriva, obnovljivi dizel, HTU dizel,
i dr.) se prvenstveno povezuju za lignoceluloznu siro-
vinu, kao sto su poljoprivredni ili Sumski otpad ili ostaci,
kao i ciljano gajene nejestive kulture (na primer, ener-
getske trave i sl.); ponekad se u ovu grupu sirovina za
biogoriva 2. generacije eksplicitno svrstavaju i otpadna i
druga nejestiva ulja i masnoce [28], mada neki autori
biodizel dobijen od ovakvih lipidnih sirovina [29] svrs-
tavaju u biogoriva 1. generacije, s obzirom da se dobija
konvencionalnim procesom. Ipak, kako nejestiva ulja i
masnoce dele zajedni¢ku osobinu sa lignoceluloznom
materijom da su nejestive, te ne utiCu na sirovinsku
osnovu za proizvodnju hrane, Cini se da je svrstavanje
biodizela dobijenog iz ovih sirovina u biogoriva 2.
generacije opravdanije nego svrstavati ga u 1. gene-
raciju;

* biogoriva 3. generacije se dobijaju od organi-
zama mikroskopskih veli¢ina, kao Sto su mikroalge i
mikroorganizmi poput kvasaca i plesni i [27]; u zavis-
nosti da li se koristi lipidni ili ugljenohidratni deo algi,
one se mogu prevesti u bioetanol, biodizel i druga bio-
goriva po karakteristikama slicna onim 1. i/ili 2. gene-
racije. U starijoj literaturi moZe se naéi da se pojam
biogoriva 3. generacije primenjuje na vodonik i njegovu
primenu u gorivim celijama [30], ali ovo je usamljen
primer.

Kao Sto je naznaceno na slici 2, za proizvodnju 1G
biogoriva koriste se biohemijski procesi konverzije Se-
¢era u alkohol i alkalna tranesterifikacija lipida u bio-
dizel [31]. Termohemijski procesi preovladuju pri dobi-
janju 2G biogoriva. Biomasa algi se moze podvréi ter-
mohemijskih procesima, a ulje izdvojeno iz algi se kroz
procese transesterifikacije moze prevesti u biodizel.



N.L. DURISIC-MLADENOVIC i sar.: KONVENCIONALNA | NAPREDNA TECNA BIOGORIVA

Hem. ind. 70 (3) 225-241 (2016)

U poslednje vreme u literaturi [28,32] se pojavljuje i
pojam ,biogoriva 4. generacije” pod kojima se podra-
zumeva koris¢enje genetski modifikovanih organizama,
kao Sto su fotosintetske mikroalge sa veé¢im udelom
lipida i sposobnosc¢u koris¢enja vecih koli¢ina ugljen
dioksida od uobicajenih za procese fotosinteze, uces-
tvujuci tako i u procesima sekvestracije ugljenika (ukla-
njanjem ugljen-dioksida iz atmosfere) i posledi¢nog
smanjenja efekta staklene baste [33]. InaCe, sama
proizvodnja biogoriva iz ovakvih organizama slicna je
procesima proizvodnje biogoriva 3. generacije (slika 2).

Uporedni pregled sirovina, procesa konverzije,
prednosti i nedostataka tecnih biogoriva od prve do
Cetvrte generacije prikazan je u tabeli 1; u tabeli su dati
i izabrani pregledni radovi u kojima se nalazi vise rele-
vantnih detalja za odredenu vrstu biogoriva, koji pre-
vazilaze obim ovog rada.

Medunarodna agencija za energiju (IAE-Internat-
ional Agency for Energy) u svojoj tzv. tehnoloskoj mapi
za biogoriva u transportu [51], ne deli sama biogoriva,
vec tehnologije dobijanja biogoriva na konvencionalne i
napredne. U konvencionalne tehnologije spadaju raz-

Tabela 1. Uporedni pregled sirovina, procesa konverzije, prednosti i nedostataka tecnih biogoriva 1., 2., 3. i 4.generacije
Table 1. Comparison of the 1%, Z"d, 3 and 4" generation liquid biofuels, their feedstocks and conversion processes

Generacija Sirovina Procesi konverzije Biogorivo Prednost Nedostatak angn preg-
lednih radova
Prva Gajene kulture: Transesterifikacija ulja Biodizel Smanjenje efekta Mali prinosi, [31,34]
uljarice i biljke Fermentacija $ecera Bioetanol staklene baste, ugrozavanje pro-
sa visokom BioETBE konvencionalni izvodnje hrane,
koncetracijom Biljna ulja procesi konverzije nemaju neutralni
$ecera i skroba ILUC® faktor niti
su u potpunosti
neutralni u odno-
su na ugljenik
Druga Lignocelulozna Termohemijski procesi konverzije BtL goriva, = Smanjenje efekta Skup predtret- [26,35-42]
sirovina, nejes- lignocelulozne sirovine do singasa ili Bioalkoholi, staklene baste, ko- man sirovina,
tiva ulja i mas- bio-ulja koji se dalje hemijskim pro- Obnovljivi ris¢enje otpada, napredne i skupe
noce, gradski cesima prevode u biogoriva. dizel, nema konkurencije sa tehnologije pro-
otpad Fermentacija lignocelulozne sirovine Biodizel, hranljivim usevima, izvodnje, moguc¢-
nakon njene prethodne pripreme. HTU dizel, koriS¢enje margi- nost erozije obra-
Hidroobrada ulja i masnoc¢a. BioDMF nalnog ili neobra-  divog zemljista u
Esterifikacija/transesterifikacija divog zemljista,  slucaju nekontro-
nejestivog i otpadng ulja. neutralni u odnosu nalisanog uklanjanja
ugljenik, diverzifi-  poljoprivrednih
kacija sirovina. ostataka
U slucaju BtL goriva
moguce je fino ,,po-
deSavanje” sastava
goriva prema speci-
finim zahtevima
(,,dizajnirana“ goriva)
i tako uticatiina
smanjenje emisije
Stetnih gasova.
Treda Alge Kultivacija, ubiranje, fermentacijaili Biodizel, Lako uzgajanje u svim Potrebna energija [43-50]
ekstrakcija ulja, transesterifikacija ili Bioalkoholi, vodenim sistemima, za uzgoj algi, mali
termohemijska konverzija BtLgoriva velika brzinarastai sadriajlipida u
veliki prinos, nema biomasi
konkurencije sa hran-
ljivim usevima niti se
koristi zemljiste.
Cetvrta Genetski modi- Genetski inZenjering, kultivacija, Biodizel,  Veliki prinos, inten-  Skupa pocetna [28]
fikovani mikro- ubiranje, fermentacija ili ekstrakcija bioalkoholi, zivirano vezivanje istrazivanja
organizmiialge ulja, transesterifikacija ili termo-  BtLgoriva  ugljen dioksida u

hemijska konverzija

fotosintezi tako da su
negativni u odnosu na
ugljenik.

%Indirect Land Use Change
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vijeni procesi pomocu kojih se ve¢ komercijalno proiz-
vode biogoriva, koja se uobic¢ajeno svrstavaju u bio-
goriva 1. generacije: etanol dobijen od Secera i skroba,
biodizel dobijen iz uljarica i biljnih ulja, kao i biogas
dobijen anaerobnom digestijom. Prema IAE, napredne
tehnologije za proizvodnju biogoriva su jo$ uvek u fazi
razvoja, pilot ili demonstracionih postrojenja. Dobijena
biogoriva se oznacavaju kao 2. ili 3. generacije, a uklju-
Cuju hidrotretirana biljna ulja, biogoriva dobijena iz
lignocelulozne biomase, kao $to su celulozni etanol, BtL
goriva (na primer FT dizel i FT avionsko gorivo) i bio-sin-
teticki gas (bio-SNG), algalna biogoriva, kao i ona dobi-
jena konverzijom Secéera u biogoriva slicna dizelu koris-
¢enjem enzima ili hemijskih katalizatora [51]. Sematski
prikaz stepena komercijalizacije osnovnih te¢nih i gaso-
vitih biogoriva dat je na slici 6.

Slicno podeli tehnologija na konvencionalne i nap-
redne, postoji i podela samih biogoriva na [23]:

* konvencionalna biogoriva — biogoriva proizve-
dena od jestivih kultura na bazi Secera, skroba ili biljnih
ulja, koja se koriste i za ishranu ljudi i stoke.

* napredna biogoriva ili biogoriva sledece genera-
cije, koja se dobijaju od nejestivih sirovina.

Pri tome, pojam napredna biogoriva se Cesto koristi
u Sirem smislu da bi se opisala [23]:

— biogoriva dobijena naprednim procesima iz nejes-
tivih sirovina, pri ¢emu dobijena biogoriva mogu biti
goriva ekvivalentna konvencionalnim biogorivima (kao
Sto su bioetanol i biodizel), ali i biogoriva nove vrste
(kao na primer biokerozin), ili

— biogoriva sa poboljSanim osobinama, kao $to su
,obnovljivi“ dizel, bio-avionsko gorivo, biobutanol, itd.;
ovi proizvodi mogu biti ¢ak kompatibilniji sa strukturom
postojedih goriva ili imaju odredene tehnicke prednosti
u odnosu na konvencionalna biogoriva (kao Sto je slucaj
sa biobutanolom u odnosu na bioetanol).

Evropska inicijativa za industrijsku bioenergiju (EIBI
— European Industrial Bioenergy Initiative) pokrenuta u
novembru 2010. god. kao nastavak predloga Evropske

tehnoloske platforme za biogoriva (EBTP — European
Biofuels Technology Platform) i Evropske komisije [23],
prepoznaje napredna biogoriva kao goriva proizvedena
od lignocelulozne sirovine (tj. otpada iz poljoprivrede,
Sumarstva, kao Sto su slama, kukuruzne stabljike, Sum-
ska biomasa), nejestivih kultura (trave, alge i dr.), ili
(industrijskog) otpada, koja imaju malu emisiju CO, ili
uti€u na znacajno smanjenje gasova staklene baste, i
imaju nulti ili veoma mali ILUC (Indirect Land Use
Change). ILUC je faktor tzv. indirektne promene name-
ne zemljista, koji govori u kojoj meri koriséenje obra-
divog zemljista za proizvodnju biogoriva izaziva potrebu
iznalazenja novih obradivih povrsina na racun iskoris-
¢enja nepoljoprivrednog zemljiSta u drugim delovima
regiona (ili ¢ak sveta) kako bi se odrzala proizvodnja
potrebnih koli¢ina hrane, te kao jedan od rezultata
dovodi i do deforestacije zemljista (kréenja Suma) [53].
Prema spomenutim definiciama naprednih biogo-
riva, biodizel dobijen od ulja nejestivih kultura, gajenih
na marginalnom zemljiStu, ili od koris¢enih, otpadnih
ulja ili masnoca iz domacinstava i restorana, primenom
tehnologije prve generacije ne moze se nazvati ,nap-
rednim” biogorivom, ve¢ u tom slucaju se koriste poj-
movi kao Sto je gorivo ,sledeée generacije” ili odrzivo
gorivo, s obzirom da se dobija od obnovljivih sirovina.

Sirovine za tecna biogoriva 1. generacije

Tecnim biogorivima 1. generacije se smatraju goriva
proizvedena od (delova) poljoprivrednih kultura viso-
kog energetskog sadriaja, proizvedena konvencional-
nim procesima i sa definisanim parametrima kvaliteta
na osnovu odgovaraju¢ih standarda o kvalitetu. Od
tecnih biogoriva 1. generacije, primarnu ulogu u sek-
toru transporta imaju bioetanol i biodizel.

Sirovine za bioetanol. Sirovine za dobijanje bioeta-
nola procesom fermentacije su gajene biljke sa visokim
sadrzajem Secera i skroba.

Hemijska struktura sirovine na bazi Secera sastoji se
od monosaharide sa 5 C-atoma (pentoze CsHqoOs; naj-
znacajniji su ksiloza i arabinoza) i 6 C-atoma (heksoza

NAPREDNA
TECNA BIOGORIVA

KONVENCIONALNA
TECNA BIOGORIVA

Osnovna i primenjena
istraZivanja

Pilot-postrojenja

Rana komercijalizacija Komercijalna proizvodnja

Bioetanol

Biogoriva sli¢na
dizelu

Ostala biogoriva i
aditivi

Nova goriva (npr. Bio-DMF*)

Celulozni etanol

Algalni biodizel BtL dizel

Biobutanol, HTU dizel Metanol

Bioetanol 1G

Hidrotretirana biljna ulja Biodizel

* Bio-DMF — nova klasa biogoriva, nazvana po furanu koji se nalazi u osnovi molekula ovog biogoriva; dobija se
koris¢enjem ugljenih hidrata biomase, tj. njihovom razgradnjom do fruktoze, koja se deoksigenacijom, dehidratacijom
i hidrogenolizom prevodi u dimetilfuran (DMF). Tehnologija proizvodnje ovog goriva razvijena je od strane Avantium

Technologies iz Holandije.

Slika 6. Stepen komercijalizacije tecnih biogoriva [52].
Figure 6. Commercialization level of different biofuels [52].
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CsH1,0¢; najznacajniji su glukoza, fuktoza, manoza), kao
i oligosaharide sastavljenih od 2 ili viSe monosaharida
(najnacajniji su disaharidi C,H,,01; u koje spadaju
saharoza, maltoza, laktoza). Ove sirovine ne zahtevaju
skupe postupke predtretmana, jer sadrze Secere koji se
direktno fermentiSu biohemijskih postupkom prerade
[31], tako da se priprema Secerom bogatih sirovina
svodi na njihovo usitnjavanje u cilju ekstrakcije Secera,
razblazivanje i uskladivanje sa potrebama kvasaca, tj.
mikroorganizama pomocu kojih se izvodi alkoholna fer-
mentacija, kao i parametrima tehnoloSkog procesa.
Najznacajnije poljoprivredne kulture sa velikim sadr-
Zajem Secera, koje se koriste za proizvodnju bioetanola
su: Secerna repa, Secerna trska, topinambur [31].

Sirovine na bazi skroba su krtolaste kulture (krompir
i kasava) i Zitarice (pSenica, kukuruz, je¢am, sirak) [31].
Skrob je polisaharid sastavljen od monomera D-glukoze
tako da je neophodno razgradnjom veza u skrobu oslo-
boditi monomerne jedinice glukoze, koje se kroz pro-
cese fermentacije prevode u bioetanol. Razgradnja veza
u skrobu se postize procesom hidrolize, i to najcesce
enzimske, tokom koje se skrobna sirovina mesa sa
vodom na povisenoj temperaturi i tretira se enzimima —
amilazama u dva stepena, tokom kojih dolazi do razla-
ganja polimera skroba do dekstrina i oligosaharida, i
dalje hidrolize dekstrina i oligosaharida do fermenta-
bilnih Secera, koje mikroorganizmi mogu fermentisati
do bioetanola [5]. Posle procesa fermentacije, vrsi se
izdvajanje bioetanola najc¢es¢e procesom destilacije;
dobijeni proizvod sa vrha destilacione kolone je smesa
sa 37% etanola, koja se dalje odvodi u rektifikacionu
kolonu iz koje se kao proizvod izdvaja rafinisani bio-
etanol koncentracije do 96%. Proizvod dna rektifika-
cione kolone odvodi se u kolonu za stripovanje radi
izdvajanja vode i dobijanja anhidrovanog etanola sa
99,6% alkohola i 0,4% vode, koji se koristi kao gorivo
odnosno komponenta za namesavanje sa fosilnim ben-
zinom [5,31,54].

Rasprostranjenost sirovina od kojih se proizvodi bio-
etanol, zavisi od klimatskih uslova pogodnih za gajenje
odgovarajuce biljne kulture. Secerna repa se gaji u
Evropi, SAD i Rusiji, Se¢erna trska se gaji u Brazilu koji je
najveci svetski proizvodac ove kulture. U Brazilu 40%
proizvedenog bioetanola poti¢e od Seéerne trske. Od
skrobnih sirovina, kukuruz predstavlja osnovnu sirovinu
za proizvodnju bioetanola u SAD. Cena bioetanola pro-
izvedenog od Secerne repe joS uvek je nekonkurentna
ceni bioetanola proizvedenog iz Sec¢erne repe ili kuku-
ruza [31].

U Srbiji ne postoji organizovana proizvodnja i potro-
Snja etanola kao motornog goriva uprkos znacajnom
potencijalu. Proizvodnja bioetanola se odvija u 10 pos-
trojenja ukupnog kapaciteta 40 miliona L apsolutnog
etanola, a bazira se na melasi (50%) i zitaricama (50%)
[55]. Ovaj bioetanol se prvenstveno koristi u industriji

alkoholnih pi¢a, medicinskih i farmaceutskih proizvoda.
Potrebno je izgraditi nova postrojenja za proizvodnju
bioetanola kako bi se proizvelo dovoljno bioetanola kao
alternativnog goriva. Na osnovu trenutne poljopri-
vredne proizvodnje u Srbiji, sirovine na bazi skroba
imaju najbolju perspektivu za proizvodnju bioetanola, i
to kukuruz: tokom 2009. godine ukupan prinos kuku-
ruza iznosio je 7 miliona t, a procenjene domace potre-
be ne prelaze 4-4,5 miliona t, Sto znaci da se proizvodi
dovoljno kukurza i za druge namene, ukljucujudi i za
bioetanol kao motorno gorivo [55]. Medutim, cena
kukuruza na svetskom trziStu raste, zbog Cega se mo-
guénost primene jeftinijih sirovina sve vise ispituje, kao
Sto su osteceni i usevi slabijeg kvaliteta (kukuruz,
pSenica i krompir) i usevi koji se gaje na marginalnom
zemljistu (sirak, Cicoka i tritikale) [55].

Sirovine za biodizel. Reakcijom transesterifikacije ili
alkoholize izmedu alkohola (najées¢e metanola) i trigli-
cerida dobijaju se alkil estri masnih kiselina, tj. biodizel
(u slu€aju metanola — metil estri masnih kiselina) i gli-
cerol kao sporedni proizvod. Reakcija transesterifikacije
moze se odvijati u prisustvu katalizatora ili bez pri-
sustva katalizatora u natkritiénim uslovima metanola.
Katalizatori se prema prirodi dele na hemijske (kiseli,
bazni) i bioloske (enzimi), a prema rastvorljivosti u
reakcionoj smesi na homogene (rastvorne u reakcionoj
smesi) i heterogene (nerastvorne u reakcionoj smesi). U
industrijskim uslovima najviSe se primenjuje proces
homogene bazno-katalizovane transesterifikacije zbog
visoke kataliticke aktivnosti homogenih baznih katali-
zatora pri blagim reakcionim uslovima i visokog prinosa
metil estara masnih kiselina za relativno kratko vreme
trajanja reakcije [56]. Medutim, primena baznih katali-
zatora je ogranicena kvalitetom sirovina i podrazumeva
da su reaktanti anhidrovani, a sadrzaj masnih kiselina u
ulju ispod 1 mas.%. Pored toga, homogeni katalizatori
se ne mogu reciklirati, a za njihovo uklanjanje iz estar-
ske faze se naj¢esée primenjuje neutralizacija kiselinom
i viSestruko ispiranje metil estarskog sloja vodom, Sto
dodatno otvara problem otpadnih voda i povecava
ukupne troskove proizvodnje [56]. Heterogena, enzim-
ska i natkriticna metoda se smatraju novim, unaprede-
nijim tehnologijama dobijanja biodizela [56].

Izvori triglicerida u slucaju proizvodnje biodizela 1.
generacije su prvenstveno (preko 95%) ulja gajenih
biljaka: oko 84% svetske proizvodnje biodizela se zas-
niva na repic¢inom ulju, zatim na suncokretovom (13%),
palminom (1%) i ulju soje (2%). Kao i u slucaju sirovina
za dobijanje bioetanola, rasporstranjenost sirovina za
proizvodnju biodizela, zavisi od klimatskih uslova po-
godnih za gajenje odgovarajuce biljne kulture, tako da
su sirovine najznacajnije za proizvodnju biodizela u
Evropi uljana repica, suncokret i soja, u Americi soja, a
u zemljama Azije uljana palma [54,57].
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Dakle, zajednicko za sirovine biogoriva 1. generacije
je da imaju primenu i u proizvodnji hrane i to je upravo
razlog zasto je razvoj biogoriva 1. generacije pracen
velikom painjom medija, Sire i naucne javnosti, kao i
raznim kontraverzama i politickim debatama oko
opravdanosti koris¢enja jestivih kultura za proizvodnju
goriva, uticaja proizvodnje i koris¢enja biogoriva na
Zivotnu sredinu, uklju€ujuéi i nepoznanice oko uloge
biogoriva u smanjenju efekta staklene baste, te su
pokrenute mnoge kampanje radi skretanja paznje na
ekoloske i socioloSke uticaje biogoriva od jestivih
kultura. Odrziva i ekonomska proizvodnja biogoriva 1.
generacije je ograni¢ena usled [58]: visokih troSkova
proizvodnje i prerade koji ¢esto zahtevaju drzavne sub-
vencije kako bi bili konkurentni ceni goriva iz fosilnih
sirovina; visoka cena proizvodnje i prerade je posledica
visoke cene polaznih sirovina koje u velikom udelu
ucestvuju u krajnjoj ceni proizvoda; potreba za obra-
divim zemljiStem i vodom, resursima koji su potrebni i
za proizvodnju hrane [59], sto je i dovelo do konkuren-
cije u koriséenju zemljiSta, iako gajenje useva za bio-
mase zauzima manje od 2% obradivog zemljiSta u svetu
[58], povecanja cene hrane zbog istovremenog koris-
¢enja sirovina za proizvodnju biogoriva i u ishrani ljudi i
Zivotinja, i koje se procenjuje na 15-25% u odnosu na
ukupnu cenu hrane [58].

Sirovine za tecna biogoriva sledeéih generacija

S obzirom na brojna ograni¢enja u proizvodniji
goriva 1. generacije, sve veci znacaj u istrazivanjima
posveéenih proizvodnji biogoriva dobijaju sirovine, koje
se ne koriste u proizvodnji hrane, kao Sto su: ligno-
celoluzna biomasa, nejestiva i otpadna ulja i Zivotinjske
masti [43] i vodeni organizmi, prvenstveno mikroalge.

Lignocelulozne sirovine. Za napredna biogoriva
mogu se grupisati na [58]:

e namenski gajene energetske biljke (brzo-rastuce
drvenaste biljke, visegodisnje trave),

e primarne ostatke iz poljoprivrede i Sumarstva,

e sekundardne ostatke iz procesa koriséenja bilj-
nih sirovina u razli¢itim industrijima (otpaci od Secerne
repe, voca, ostaci od drveta, piljevina),

e tercijarne ostatke (otpaci gotovih proizvoda,
komunalni otpad).

Procesi dobijanja biogoriva iz lignocelulozne siro-
vine mogu se podeliti na termohemijske i biohemijske
procese (slike 2, 3 5).

Prednosti koris¢enja lignocelulozne sirovine u proiz-
vodnji biogoriva su:

e rasprostranjenost i dostupnost same sirovine:
neki podaci govore da bi 10% ostataka iz poljoprivrede i
Suma mogli da obezbedi 4,2-6,0% trenutne potraznje
goriva u saobracaju [60];

o vedi energetski prinos (GJ/ha) u odnosu na siro-
vine 1. generacije iz koje se dobijaju biogoriva pri gaje-
nju na istom zemljistu [56];
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e moguénost gajenja na zemljistu loSijeg kvaliteta,
maniji zahtevi za vodom i manja agrotehnicka ulaganja,

e niZa cena [61] u odnosu na sirovine za proiz-
vodnju biogoriva 1. generacije;

e nulti ili veoma mali uticaj na promenu namene
zemljista, tj. nulti ili mali ILUC faktor, Sto ukazuje da ova
proizvodnja nije povezana sa velikim promenama
namene zemljiSta, ukljucujudi i kréenje Suma.

S ovim je povezana i slede¢a prednost koris¢enja
lignocelulozne sirovine, a to je da su biogoriva od
lignocelulozne sirovine neutralna ili ¢ak negativna u
odnosu na ciklus ugljenika [5], jer sav ugljenik u njima,
koji se kroz procese sagorevanja emituje u atmosferu u
vidu CO, prethodno je bio “apsorbovan” u procesu
fotosinteze i razvoja biljake (koje Cine lignoceluloznu
sirovinu) tek nekoliko meseci ili godina ranije. S druge
strane, kada se predvida dalji porast proizvodnje bio-
goriva 1. generacije, mora se uzeti u obzir i potreba za
povecanjem obradivih povrsina, koje bi bile namenjene
uzgoju odgovarajudih kultura za proizvodnju biogoriva i
to na racun krcenja Suma. Zbog toga, CO,, koji bi inace
bio apsorbovan od strane drveca, u slucaju intenzivnih
sefa Suma bi zaostajao u atmosferi i uticao na pove-
¢anje ukupne koli¢ine CO, u atmosferi.

Nejestiva ulja. Postoji veliki broj biljnih vrsta (vise od
350) Ciji se razni delovi (plodovi, semenke, koStice
plodova, i sl.) bogati lipidima, mogu smatrati izvorom
nejestivih biljnih ulja kao alternativnom sirovinom za
dobijanje biogoriva. Za gajenje ovih vrsta mozie se
koristiti zemlja loSijeg kvaliteta sa manjim agroteh-
nickim ulaganjima, a s obzirom da dobijena ulja Cesto
sadrze opasne (toksi¢ne) sastojke, ne koriste se u
ishrani ljudi i Zivotinja [35]. Sve to utie da je njihova
cena niska, Sto utiCe i na smanjenje cene biodizela, koji
se iz njih dobija.

Medutim, periodi¢nost kultivacije, zavisnost od kli-
matskih uslova, neponovljivi, ponekad mali prinos ulja
na marginalnom zemljistu, otezano prikupljanje sa raz-
licitih lokacija, glavni su nedostaci koriS¢enja nejestivih
ulja kao sirovine za dobijanje biodizela. Najveci deo
biljaka kao izvor nejestivih ulja moze se naéi u Aziji,
Juznoj Americi i Africi [38].

Otpadna ulja i masti. Proizvodnja biodizela iz otpad-
nih (iskorisé¢enih) ulja [40-42] i masti [39] pored toga
Sto predstavlja alternativu postoje¢im sirovinama za
odrzivu proizvodnju biodizela, istovremeno predstavlja
i nacin reSavanja problema odlaganja ogromnih kolicina
otpadnog materijala sa znacajnom energetskom vred-
nos$cu, koji se Cesto, narocito u domacinstvima, nepra-
vilno i opasno po Zivotnu sredinu odlazu ispustanjem u
kanalizaciju ili bacanjem na deponije. Do tacnih poda-
taka o kolicinama otpadnog ulja Sirom sveta tesko je
dod¢i, ali se pretpostavlja da se radi oko 5 miliona tona
svake godine, i to: 0,7-1 miliona tona u Evropi [62], 1,5
miliona tona u SAD [63] i 2-3 miliona tona u Kini [64]. U
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nasoj zemlji ne postoje pouzdani podaci o kolicini
otpadnog ulja, ali se pretpostavlja da se radi oko 10000
L otpadnog ulja godisnje [65]. Sistematskim resenjem
sakupljanja otpadanih ulja i koris¢enjem za proizvodnju
biodizela 2. generacije resili bi se problemi usled nji-
hovog odlaganja; takode bi se smanjila koli¢ina obra-
divog zemljista koja bi se koristila za proizvodnju goriva.
Ipak, preko 80% otpadnog ulja nastaje u domadinstvima
[42], i glavni problem iskoris¢enja ovih koli¢ina je
odsustvo sistemskih metoda sakupljanja. Takode, da bi
se otpadna ulja koristila za biodizel konvencionalnim
postupkom (homogena alkalna transesterifikacija), neo-
phodna je priprema takve sirovine na odgovarajudi
nacin kako bi se dobio zadovoljavajuci prinos biodizela
zahtevanog kvaliteta.

Alge. Predstavljaju jednu od obedavajucih alterna-
tivnih sirovinu za dobijanje etanola fermentacijom i
biodizela transesterifikacijom [43-50]. Faktori koji uticu
na rast algi mogu se podeliti na abioti¢ke faktore u koje
spadaju: svetlost (intenzitet sunceve energije), tempe-
ratura, voda (njen salinitet, pH, hemijski sastav, toksic-
nost), aeracija odnosno potrebna koncentracija O, i
CO,; i bioticke faktore u koje spadaju patogeni mikro-
organizmi koji usporavaju rast — kao Sto su bakterije,
gljive, virusi, prisustvo drugih algi konkurentskih i inhi-
bitorskih za datu vrstu algi.

Brojna istrazivanja su pokazala da koris¢enje mikro-
algi kao sirovine za dobijanje bioetanola i biodizela ima
brojne prednosti: [43,47,66]:

e gaje se u razli¢itim vodenim sistemima odnosno
u sredinama koje su neprikladne za gajenje konven-
cionalnih poljoprivrednih kultura, tako da za njihov
uzgoj ne postoje potrebe za zemljistem [67], i time ne
uti€u na smanjenje povrsine zemljiSta, koje se koriste za
proizvodnju hrane, stocne hrane i drugih proizvoda
[43];

e gaje se u razli¢itim vodenim sredinama kao sto
su slatke, slane vode ili jezera, (kao otvoreni sistemi za
gajenje) ili u bioreaktoru (kao zatvoreni sistemi); za
gajenje mogu se koristiti i otpadne vode, jer za svoj rast
koriste NH,", NO; i PO,”, i time predstavljaju orga-
nizme koji se mogu koristiti za preciS¢avanje otpadnih
voda;

e njihovo gajenje nije uslovljeno sezonskim uslo-
vima, i mogu se gajiti u toku cele godine

e u odnosu na biljne kulture imaju kratak vege-
tativni period pa u toku jedne proizvodne godine mogu
se ostvariti i nekoliko ,zetvi” [47];

e 1 hektar povrsine na kojoj se uzgajaju alge moze
dati 10 do 100 puta vise ulja u poredenju sa tradicio-
nalnim kulturama za proizvodnju biodizela. Najcesce,
mikroalge imaju nivo ulja u rasponu od 20 do 70% po
masi suve biomase. Na primer, prinos biodizela iz algi
(58700 L/ha), koje sadrzi samo 30% ulja po masi, je

mnogo vedi u poredenju sa uljanom repicom iz koje se
moZze dobiti do 1190 L/ha) [28];

e koris¢enjem tehnologija dobijanja energije iz algi
doprinosi se smanjenju emitovanja gasova staklene
baste, koji se najvise emituju iz rafinerija i drugih
industrijskih procesa. [68];

e posle ekstrakcije ulja, alge se mogu koristiti za
dobijanje etanola, metana, kao organsko dubrivo zbog
visokog sadrzaja azota i fosfora ili kao gorivo u pos-
trojenjima za dobijanje elektri¢ne i toplotne energije;

e preradom mikroalgi dobijaju se sporedni proiz-
vodi kao Sto su biopolimeri, proteini, ugljeni hidrati i
ostaci biomase, koji mogu da se iskoriste kao hrana ili
dubriva. Pored toga, uzgoj mikroalgi ne zahteva
herbicide ili pesticide [43];

e mikroalge mogu ¢ak uticati i na smanjenje nivoa
atmosferskog CO,: za nastajanje 1 kg suve materije,
algama je potrebno 1,8 kg CO, [43].

»Konvencionalni“ i, napredni” bioetanol

Kada su u pitanju razlike izmedu bioetanola i celu-
loznog etanola, prvenstveno se misli na razlike u siro-
vinama i procesima njihove konverzije, tj. o znacajnim
razlikama u ceni dobijanja samog biogoriva. Inace,
hemijski se radi o istom jedinjenju: bezbojnoj prozirnoj
teCnosti karakteristicnog mirisa, lako mesljive sa
vodom, lako zapaljive. Anhidrovani etanol (sadrzaj vode
<1%) moze se koristiti kao komponenta za namesa-
vanje sa benzinom i sa dizelom u razli¢itim odnosima ili
kao cisto gorivo kod motora sa unutrasnjim sagore-
vanjem [31]. Prednost etanola kao goriva je Sto dopri-
nosi smanjenju emisije Stetnih gasova pri sagorevanju u
motorima, a takode je i biorazgradljiv u znatno vecoj
meri nego Sto su fosilni benzin i dizel podloZni degra-
daciji pod uticajem mikroorganizama [31]. U upotrebi
su razli¢ite meSavine etanola i benzina, koje se ozna-
¢avaju sa ,EXX“, pri ¢emu je E oznaka za bezvodni et-
anol, a XX broj koji iskazuje procentualni udeo etanola
u gorivu; najcesce su to E5, E10, E85 i E95 [69]. Zemlje u
kojima najvise koriste smeSe etanola i benzina su SAD,
Brazil i zemlje EU (Nemacka, Svedska, Francuska,
Spanija); u ovim zemljama su odgovaraju¢im standar-
dima (na primer u zemljama EU, EN 15736 [70] i EN 228
[71]) propisane karakteristike etanola koji se namesava
sa benzinom, kao i kvalitet same mesavine.

Proizvodnja bioetanola (1G) je Siroko komercij-
alizovana i njegova proizvodnja u svetu iznosi oko 200
miliona litara dnevno [72]. Najvedi proizvodaci su SAD i
Brazil sa preko 80% svetske proizvodnje, dok je Evropa
na trecem mestu sa oko 5—6% [73]. Proizvodnja celu-
loznog etanola jo$ uvek je u ranoj fazi komercijalizacije.
Prvo komercijalno postrojenje za proizvodnju celuloz-
nog etanola pusteno je u rad oktobra 2013. god. u Italiji
(Crescentino Bio-refinery [10]) sa ocekivanim godisnjim
kapacitetom od 10 miliona galona (1 galon = 4,546 L)
etanola dobijenog od pSenicne slame i bambusa
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Arundo donax, dok je nekoliko slicnih postrojenja u
izgradnji kako u Evropi tako i u SAD, te se procenjuje da
¢e komercijalna proizvodnja celuloznog etanola zna-
¢ajno doprineti svetskoj proizvodnji bioetanola u skorije
vreme.

Biodizel, obnovljivi, BtL i HTU dizel

Biodizel. Konvencionalnom (fosilnom) gorivu moze
dodati u manjoj (1,5-5%) ili vecoj (5—30%) kolicini; ove
mesavine nose oznaku ,,BXX“, gde B oznacava biodizel,
a XX njegov procentualni sadrzaj. Na trzistu se nalaze
B5, B7, B20, i B100 [31]. Proizvodni kapaciteti u
Evropskoj uniji u 2012. god. iznosili su 23,5 miliona tona
biodizela, pri ¢emu najvece kapacitete imaju Nemacka,
Spanija, Francuska, Italija i Holandija; u 2011. god.
ukupna proizvodnja biodizela u EU iznosila je 8,6
miliona tona, od toga u Nemackoj je proizvedeno 2,8
miliona tona, a u Francuskoj 1,8 miliona tona [74]. Bio-
dizel je prvo alternativno gorivo s karakteristikama defi-
nisanim odgovaraju¢im standardom, a prvi nacionalni
standard za biodizel donela je Austrija ON C1191, u
kojoj je izgradeno i prvo pilot postrojenje 1985. [31].
Evropski standard EN14214 usvojen prvi put 2003. god.
definiSe zahteve i metode ispitivanja metilestara mas-
nih kiselina za koriséenje u dizel-motorima i zagrevanje,
s tim da je do sada viSe puta izvrSena njegova revizija i
dopuna (aktuelna je verzija iz 2012. [70]). Standard EN
590 [71], koji definiSe karakteristike i metode ispitiva-
nja dizel goriva, predvida da gorivo za vozila sa dizel
motorom sadrZe do 7 zapr.% metilestara masnih kise-
lina.

Karakteristike triglicerida, koje uticu i na kvalitet
samog biodizela (na primer, viskoznost, gustinu, nisko-
temperaturne osobine, oksidativnu stabilnost i dr.),
zavise od viSih masnih kiselina koje se nalaze u njiho-
vom sastavu. Vise masne kiseline, koje Cesto preovla-
duju su: palmitinska (C16:0), stearinska (C18:0), olein-
ska (C18:1), linoleinska (C18:2), i linolenska (C18:3).
Postoje i druge kiseline koje se mogu naéi u sastavu
triglicerida, na primer palmitoleinska (C16:1), arahi-
donska (C20:0), i dr., ali u znatno manjim koli¢inama
[38]. Povecanje uglienicnog lanca u estrima masnih
kiselina povecava toplothnu moé goriva i smanjuje
vreme paljenja, viskoznost se povedava sa poveéanjem
ugljeni¢nog niza, a smanjuje sa povecanjem broja
dvostrukih veza (tj. sa povecanjem nezasi¢enosti);
povecanjem udela estara nezasi¢enih masnih kiselina
smanjuje se oksidativna stabilnost goriva; biodizel sa
velikim udelom estara zasi¢enih masnih kiselina ima
loSe niskotemperaturne osobine, ali i veliku oksidativnu
stabilnost. Sastav masnih kiselina u trigliceridima bilj-
nog porekla zavisi od same biljne vrste i donekle od
uslova njenog uzgoja.

Medutim, u slucaju algi, sastav masnih kiselina
znacajno se menja pod uticajem abiotickih faktora sre-
dine u kojima se uzgajaju, kao Sto je temperatura,
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osvetljenost, koli¢ina hranljivih materija, itd. [75]. U
odnosu na osnovne masne kiseline, sva ulja se mogu
podeliti na ona sa velikim udelom zasiéenih masnih
kiselina, sa velikim udelom mononezasi¢cenih masnih
kiselina (sa jednom nezasicenom vezom, na primer
C18:1) i sa velikim udelom polinezasicenih kiselina (sa
dve ili tri nezasic¢ene veze, na primer, C18:2 i C18:3). Sa
aspekta proizvodnje biodizela najpozeljinija su ulja sa
vec¢im udelom mononezasi¢enih kiselina u kombinaciji
sa malim procentom zasiéenih, polinezasi¢enih (naro-
¢ito onih sa tri dvostruke veze) i kiselina dugih lanaca
(sa 20 i vise atoma C), ¢ime je obezbeden kompromis
izmedu niskotemperaturnih osobina i oksidativne sta-
bilnosti, kao i izmedu kinematske viskoznosti i cetan-
skog broja [76]. Pregled jestivih i nejestivih biljnih ulja u
odnosu na sastav masnih kiselina i osnovne karakteris-
tike biodizela koji bi se dobio od takvih ulja moze se
naéi u radu Skrbi¢ i sar. [38]. Pregled sastava masnih
kiselina algalnih lipida dat je u radu Knothe [75]. Da bi
se iskoristio Sirok spektar ulja alternativnih sirovina za
proizvodnju biodizela, moguce je koris¢enje smesa ulja
u odnosima kojima se superponiraju udeli odredenih
masnih kiselina u pravcu postizanja pozeljnih osobina
biodizela [77].

Obnovljivi (,zeleni”) dizel. Osnovna sirovina za
dobijanje obnovljivog dizela su razlicita biljna ulja i
Zivotinjske masnoce. Dobija se katalitickim hidropro-
cesom, a ne transesterifikacijom i za razliku od biodi-
zela, njegove osobine ne zavise od porekla sirovine. S
obzirom na razlicite procese dobijanja, postoji i razlika
u hemijskom sastavu biodizela i obnovljivog dizela, koji
se prvenstveno sastoji od alkana, a ne sadrzi aromate,
jedinjenja kiseonika i sumpora. Osnovne razlike izmedu
obnovljivog dizel i biodizela su sledeée (tabela 2):
obnovljivi dizel ima vedéi cetanski broj i toplotnu vred-
nost od biodizela, dok mali sadrzaj aromata (<0,1
mas.%) utie na smanjenje Cadenja i emisiju Cesticne
materije [5,78]. Oksidativna stabilnost obnovljivog
dizela je znatno vedéa nego biodizela. Ponekad moze da
ima loSije niskotemperaturene karaktristike u odnosu
na biodizel (tabela 2). Po svojim osobinama, obnovljivi
dizel u potpunosti je kompatibilan za namesavanje sa
dizelom.

U literaturi se mogu naci i drugi nazivi za obnovljivi
dizel kao $to su: zeleni dizel, hidrotretirana biljna ulja
(HVO — hydrotreated vegetable oil). Knothe [24] istice
da bi trebalo koristiti naziv ,,obnovljivi dizel”, koji uka-
zuje da se radi o obnovljivom poreklu goriva, bez aluzije
o samoj prirodi goriva, dok prefiks ,zeleni” iako asocira
na obnovljivo poreklo sirovine i pozitivniji uticaj samog
goriva na smanjeni efekat staklene baste, moze i pog-
reSno da navede da se radi o biorazgradljivom gorivu,
Sto nije slucaj, s obzirom na sastav i potpunu mesljivost
sa dizelom.
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Tabela 2. Karakteristike razlicitih biogoriva slicnih dizelu i njihovo poredenje sa dizelom i standardizovanim karakteristikama dizela [78]
Table 2. Comparison of properties of different biofuel types similar to fossil diesel [78]

Parametar Merna jedinica FAME BtL dizel Obn.ovljivi Dizel Standa.\rd za dizel,
biodizel dizel min/max
Gustina g/ml 0,855-0,9 0,72-0,82 0,77-0,83 0,85 0,8/0,845
Sumpor mg/kg -0,012 <10 <10 12 /10
Cetanski indeks - 58,3 70 50-105 54,57 46/
Cetanski broj - 45-72,7 55-99 80-99 50 51/
Temperatura paljenja °C 98-188 55-78 68-120 52-136 60/170
voda mg/kg 28,5-500 19 42-95 0,5 /200
Koksni ostatak mas.% 0,02-0,3 0,02-4,5 /0,3
Viskoznost na 40 °C cSt 3,89-7,9 2,1-3,5 2,5-4,15 2,71 2/4,5
Korozija bakarne trake 3hnas50°C 1 - - <3 Klasa 1
Indukciono vreme na 110°C h 0,9-10,9 >22 >22 6/
Temperatura destilacije pri 90 zapr.% °C - 295-335 298-342 341 85/360
kondenzata
Toplotna vrednost MJ/kg 37,1-40,4 43-45 42-44 34,97 35/
CFPP filtrabilnost °C -13-15 -22-0 >20 -6 -5/5
Tacka zamucenja °C -3-17 -25-0 -25-30 -5 -5/12
Tacka tecenja °C -15-16 - -3-29 =21 -13/10

Takode, postoji i tzv. ,beli” dizel [78,79] koji se kao i
obnovljivi dizel, dobija katalitickim hidroprocesima, ali
se kao sirovina koriste 100% otpadna (iskorisé¢ena)
biljna ulja.

Proizvodnja obnovljivog dizela nije komercijalizo-
vana u ve¢em obimu; 2007. god. pocelo je sa radom
prvo postrojenje Neste Oil’s Porvoo rafinerija u Finskoj
godisnjeg kapaciteta 170000 t; komercijalni naziv teh-
noloskog postupka razvijenog u ovom postrojenju je
NEXBTL [78].

BtL dizel (ili Fiscer-Tropsch, tj. FT dizel). Sinteticko
dizel gorivo dobijeno Fischer—Tropsch procesom. U
Fischer—Tropsch sintezi, ugljen-monoksid i vodonik pri-
sutni u singasu iz procesa gasifikacije (na primer, ligno-
celulozne sirovine) u prisustvu katalizatora (kobalt ili
gvozde) grade ugljovodonicni, parafinski lanac (obrazu-
juci niz metilenskih grupa, —CH,—, konstitutivnu jedinicu
ovog lanca).

U poredenju sa drugim gorivima prikazanim u tabeli
2, BtL dizel je slican fosilnom dizelu u odnosu na gus-
tinu, viskoznost i krajnju temperaturu destilacije, koje
su u granicama predvidenim standardom o kvalitetu
fosilnog dizela EN 590, te predstavlja atraktivno gorivo
— supstituenta dizela. Ima vecu toplotnu vrednost od
biodizela i od dizela, kao i visok cetanski broj sto uka-
zuje na dobre karakteristike paljenja (tabela 2) [5,78].
Kao i obnovljivi dizel, BtL dizel ima veoma mali sadrzaj
aromata i jedinjenja sumpora, ali i ponekad loSe nisko-
temperaturne karakteristike (tabela 2). Nedostatak je i
niska tacka paljenja, sto mozZe biti uzrok samopaljenja
(tabela 2).

U literaturi se pored naziva FT dizel (FT ulje) i BtL
dizel, javlja i zeleno motorno gorivo [5].

lako su faze pri proizvodnji BtL dizela dobro poznate
i uspeSno demonstrirane na industrijskom nivou, inte-
gracija razli¢itih tehnologija (priprema sirovine, gasifi-
kacija, preciS¢avanje singasa, Fisher—Tropsch sinteza)
radi komercijalne proizvodnje ovog goriva joS uvek
predstavlja tehnoloski izazov. lzgradnja prvog komerci-
jalnog postrojenje za BtL dizel u svetu na bazi Choren
Carbo-V® procesa, koje se gradilo u Frajbrugu, Ne-
macka, nije zaZivelo s obzirom da je kompanija Choren
Industries otisla u stecaj u 2011. Ocekuje se da novi
vlasnik Linde Engineering Dresden nastavi sa razvojem
Choren Carbo-V® tehnologije [80].

HTU dizel. Zbog velikog sadrzaja vode i jedinjenja sa
kiseonikom, bio-ulje dobijeno u procesu likvefakcije ili
pirolize biomase se mora dodatno obraditi kako bi se
dobilo odgovarajuce motorno gorivo. U osnovi hidro-
toplotne (hidrotermalne) obrade bio-ulja (engl. Hydro-
Thermal Upgrading, skra¢eno HTU) nalazi se kataliticka
deoksigenacija — proces u kojem se u prisustvu vodo-
nika i katalizatora izdvaja kiseonik iz molekula i prevodi
u vodu, a ostatak prevodi u ugljovodonike. Nakon ukla-
njanja vode, karakteristike dobijenog proizvoda, tzv.
HTU dizela, omoguéavaju njegovo namesavanje (10-
20%) sa konvencionalnim, fosilnim dizelom i koriséenje
ovakve smeSe u standardnim dizel motorima bez
potreba za njihovom modifikacijom [81]. Za razliku od
tecnih biogoriva uporedenih sa standardizovanim
karakteristikama dizela (tabela 2), u literaturi nisu
pronadene broj¢ane vrednosti ovih karakteristika za
HTU dizel. Prema nekim podacima [81], cetanski broj
ovog goriva je veli od cetanskog broja dizela, gustina
odgovara manjim vrednostima u opsegu gustina defi-
nisanih standardom za kvalitet dizel goriva EN590
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(tabela 2). Karakteristike HTU dizela koje ne zadovo-
ljavaju standard EN590 su mazivost i sadrzaj vode, zbog
cega je potrebna njegova dalja obrada [81].

ZAKLJUCAK

Sve veée energetske potrebe u svetu, potrebe
driava za energetskom sigurnoS¢u i nezavisno$cu,
povecanje i promenljivost cena nafte, iskoriséenje
leZista ugljovodonika (nafte i gasa), uticaj fosilnih goriva
na efekat staklene baste i globalne klimatske promene,
predstavljaju osnovne izazove sa kojima se danasnja
drustva susreéu i koji ¢e biti sve izraZzeniji u pred-
stoje¢im decenijama. Ocekuje se da biogoriva bar
donekle smanje ove probleme, predstavljajudi istovre-
meno i osnovu odrzivog razvoja drustva.

Dosadasnji razvoj tehnologija za proizvodnju bio-
goriva pratio je potrebe prevazilazenja nedostataka
postojeéih biogoriva i njihovih sirovina, te su tako i
razvijene razli¢ite nove vrste biogoriva. Tehnoloski
procesi dobijanja biogoriva mogu se podeliti na kon-
vencionalne, danas Siroko primenjivane tehnologije, i
napredne procese, koji su u ovom momentu u fazi rane
komercijalizacije ili se nalaze u razli¢itim fazama razvoja
ili demonstracije.

Proizvodnja biogoriva prve generacije primenom
konvencionalnih tehnologija uticala je na povecanje
cena hrane, a s obzirom na ocekivani stalni porast broja
stanovnika na Zemlji, pokrenula je i mnoge polemike i
rasprave na temu ,hrana ili gorivo”. Kao odgovor na
ovo, zapoceo je razvoj biogoriva druge generacije
zasnovanih prvenstveno na lignoceluloznoj biomasi
(gajene nejestive biljke ili otpadna organska materija) i
primeni naprednih tehnologija.

S obzirom na to da i lignocelulozna biomasa donekle
zavisi od raspoloZivog zemljista, kao sledec¢i korak u
razvoju biogoriva pojavila su se biogoriva treée gene-
racije dobijena od biomase vodenih organizama (algi) i
mikroorganizama, sa krajnjim ciljem smanjenja opte-
recenja zemljista.

Dalji napredak (razvoj Cetvrte generacije biogoriva)
ide u pravcu koris¢enja novih saznanja iz oblasti meta-
bolickog inZenjeringa radi modifikacije metabolizma
algi ili dobijanja poboljSanih sojeva algi sa aspekta
njihovog efikasnijeg iskoriS¢enja u proizvodnji bio-
goriva, i istovremeno da u procesu fotosinteze vezuju
vece koli¢ine ugljen dioksida iz vazduha, doprinoseci
smanjenju gasova staklene baste.

Osnovna prednost konvencionalnih biogoriva je
primena razvijenih tehnoloskih procesa, medutim, nji-
hovo dalje koris¢enje zavisi od netehnickih faktora, kao
Sto su politicka i ekonomska pitanja.

Zajednicko za napredna te¢na goriva razmatrana u
ovom radu je izraZena raznolikost (nejestivih) jeftinih
sirovina, za razliku od konvencionalnih tecnih biogoriva,
koja se prvenstveno dobijaju od nekoliko specifi¢nih,

238

gajenih (uglavnom jestivih) vrsta biljaka. Napredna bio-
goriva se jo$ uvek ne proizvode komercijalno u velikim
koli¢inama. Zbog visoke cene proizvodnje ova goriva
trenutno nisu konkurentna na trzistu, ali se ocekuje da
sa unapredenjem tehnologija njihovog dobijanja ona
preuzmu vaznu ulogu u buduénosti.

Prednost konvencionalnih biogoriva, narocito bio-
dizela, je Sto se mogu proizvoditi u decentralizovanim i
manjim pogonima, predstavljaju¢i prednost za razvoj
ruralnih sredina. Suprotno, proizvodnja naprednih bio-
goriva je uglavnom vezana za velike pogone, kako bi se
postigli bolji rezultati na ekonomskom planu. To isto-
vremeno znaci da su potrebne i velike investicije, koje
mogu da priuste samo velike kompanije. Zbog toga,
ovakve kompanije ée i dominirati trziStem naprednih
biogoriva i u velikoj meri kontrolisati cene sirovina te
tako ograniciti dobrobit koju nosi proizvodnja biogoriva
za ruralne sredine. Medutim, mora se napomenuti da
iako nude veliki potencijal za buduc¢nost, jo$ uvek nije
potvrdeno da ée napredna biogoriva imati bolje eko-
nomske karakteristike, kao i uticaj na ciklus ugljenika u
prirodi, u odnosu na proizvodnju konvencionalnih bio-
goriva.

Zahvalnica

Prikazan rad predstavlja deo istraZivanja na projektu
broj 172050, finansiranom od strane Ministarstva
prosvete, nauke i tehnoloSkog razvoja Republike Srbije
pod rukovodstvom prof. dr B. Skrbic.

LITERATURA

[1] B.P.Tissot, D.H. Welte, Petroleum Formation and Occur-
ence, Springer-Verlag, Berlin, 1984.

[2] IEA World energy outlook 2013. Paris, France: Inter-
national Energy Agency.

[3] J.G. Speight, Chapter 1 - Occurrence and Formation of
Crude Oil and Natural Gas. Subsea and Deepwater Oil
and Gas Science and Technology, 2015, pp. 1-43.

[4] D. Russo, M. Dassisti, V. Lawlor, A.G. Olabi, State of the
art of biofuels from pure plant oil, Renew. Sust. Energ.
Rev. 16 (2012) 4056-4070.

[5] S.N. Naik, V.V.Goud, P.K. Rout, A.K. Dalai, Production of
first and second generation biofuels: A comprehensive
review, Renew. Sust. Energ. Rev. 14 (2010) 578-597.

[6] Sustainable production and consumption, https://
//ec.europa.eu/jrc/en/research-topic/sustainable-pro-
duction-and-consumption

[7] AK. Azad, M.G. Rasul, M.M.K. Khan, S.C. Sharma, M.A.
Hazrat, Prospect of biofuels as an alternative transport
fuel in Australia, Renew. Sust. Energ. Rev. 43 (2015)
331-351.

[8] M. Crocker, Thermochemical conversion of biomass to
liquid fuels and chemicals, Royal Society of Chemistry,
London, 2010.

[9] D. Sperling, D. Gordon, Two Billion Cars: Driving Toward
Sustainability, Oxford University Press, Oxford, 2009.



N.L. DURISIC-MLADENOVIC i sar.: KONVENCIONALNA | NAPREDNA TECNA BIOGORIVA

Hem. ind. 70 (3) 225-241 (2016)

(10]

(11]

[12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]
[25]

[26]

M. Guo, W. Song, J. Buhain, Bioenergy and biofuels:
History, status, and perspective. Renew. Sust. Energ.
Rev. 42 (2015) 712-725.

L. Zhang, G. Hu, Supply chain design and operational
planning models for biomass to drop-in fuel production.
Biomass Bioenerg 58 (2013) 238-250.

Directive 2009/28/EC of the European Parliament and of
the Council, 23 April 2009, on the promotion of the use
of energy from renewable sources and amending and
subsequently repealing Directives 2001/77/EC and
2003/30/EC, Official Journal of the European Union, L
140/16, 2009.

N.S. Bentsen, C. Felby, Biomass for energy in the Euro-
pean Union—a review of bioenergy resource assess-
ments, Biotechnol. Biofuels 5/25 (2012).

Congress US Energy Policy Act of 2005, Washington DC,
USA, 2005.

Congress US Energy Indepedence and Security Act of
2007, Washington DC, USA, 2007.

Y. Xu, M.A. Hanna, L. Isom, ,Green” chemicals from
renewable agricultural biomass-a mini review, Open
Agr. ). 2 (2008) 54-61.

K. Bracmort, Biomass: Comparison of Definitions in Leg-
islation, Congressional Research Service Report 7-5700,
R40529, www.crs.gov, 2015.

Directive 2003/30/EC of the European Parliament and of
the Council, 8 May 2003, on the promotion of the use of
biofuels or other renewable fuels for transport, Official
Journal of the European Union, L 123/42, 2003.

Zakon o energetici, ,Sluzbeni glasnik RS“, br. 57/2011 od
1. avgusta 2011.

Nacionalni akcioni plan za koris¢enje obnovljivih izvora
energije Republike Srbije-2013 (U skladu sa obrascem
predvidenim Direktivom 2009/28/E3 — odluka 2009/
/548/E3).

Z. Predojevi¢, B. Skrbi¢, N. Durisi¢-Mladenovi¢, J. Cve-
janov, Esterification pretreatment process to reduction
of high content of free fatty acid in feedstockes for bio-
diesel production, Proceedings of 15™ Danube-Kris-
Mures-Tisa (DKMT) Euroregion Conference on Environ-
ment and Health with satellite event LACREMED Confer-
ence “Sustainable agricultural production: restoration of
agricultural soil quality by remediation”, Novi Sad,
Serbia, 16-17 May 2013, pp. 135-138.

Z. Predojevi¢, B. Skrbi¢, N. Burisié-Mladenovié, Waste oil
valorization — production of biodiesel from feedstocks
with high free fatty acid contents, Book of Abstracts,
XXIII Congress of Chemists and Technologists of Mace-
donia, p.146, Ohrid, Macedonia, 8-11 October, 2014.
European Biofuels Technology Platform, Advanced Bio-
fuels in Europe, http://www.biofuelstp.eu/advancedbio-
fuels.htm

G. Knothe, Biodiesel and renewable diesel: A compa-
rison, Prog. Energ. Combust. 36 (2010) 364—-373.

B. Skrbi¢, Distribucija i skladistenje vodonika, Gas 19
(2014) 5-10.

Z. Predojevic¢, Pretreatments of lignocellulosic feedstock
for bioethanol production, Hem. Ind. 64 (4) (2010) 283—
—293.

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

P.S. Nigam, A. Singh, Production of liquid biofuels from
renewable resources, Prog. Energ. Combust. 37 (2011)
52-68.

K. Dutta, A. Daverey, J-G. Lin, Evolution retrospective for
alternative fuels: First to fourth generation, Renew.
Energ. 69 (2014) 114-122.

K. Ullah, M. Ahmad, S.V.K. Sharma, P. Lu, A. Harvey, M.
Zafar, Sh. Sultana, C.N. Anyanwu, Algal biomass as a glo-
bal source of transport fuels: Overview and develop-
ment perspectives, Prog. Nat. Sci. Mater. Int. 24 (2014)
329-339.

P. Girrard, A. Fallot, Review of existing and emerging
technologies for the production of biofuels in develop-
ing countries, Energy Sustain. Dev. 10 (2) (2006) 92-108.
Z. Predojevi¢, Goriva iz biomase-bioetanol i biodizel,
Univerzitet u Novom Sadu, Tehnoloski fakultet, 2010.

A. Lali, Next generation biofuels-India Scenario and
areas for cooperation, India-EU and Member State Part-
nership for a Strategic Roadmap in Research and Inno-
vation, New Delhi, 12 November 2010, http://ec.euro-
pa.eu/research/iscp/pdf/india-eu-conference-
2010/lali_en.pdf

B. Skrbi¢, N.Burisié-Mladenovié¢, Gasovi staklene baste,
Gas 12 (2007) 11-15.

Z. Predojevi¢, B. Skrbi¢, N. Durisi¢-Mladenovi¢, Transes-
terification of linoleic and oleic sunflower oils to bio-
diesel using CaO as a solid base catalyst, J. Serb. Chem.
Soc. 77 (2012) 815-832.

A.E. Attabani, A.S. Silitonga, H.C. Ong, T.M.Il. Mahlia,
H.H. Masjuki, Irfan Anjum Badruddin, H. Fayaz, Non-
edible vegetable oils: A critical evaluation of oil extract-
ion, fatty acid compositions, biodiesel production, char-
acteristics, engine performance and emissions produc-
tion, Renew. Sust. Energy Rev. 18 (2013) 211-245.

M. Kelbert, A. Romani, E. Coelho, F. B. Pereira, J.A.
Teixeira, L. Domingues, Lignocellulosic bioethanol pro-
duction with revalorization of low-cost agroindustrial
by-products as nutritional supplements, Ind. Crop. Prod.
64 (2015) 16-24.

S-Y. No, Application of bio-oils from lignocellulosic bio-
mass to transportation, heat and power generation - A
review, Renew. Sust. Energy Rev. 40 (2014) 1108-1125.
B. Skrbi¢, J. Cvejanov, N. Burisi¢-Mladenovi¢, Chemo-
metric characterization of vegetable oils based on the
fatty acid profiles for selection of potential feedstocks
for biodiesel production, J. Biobased Mater Bioenerg.
(2015), accepted article

I.B. Bankovi¢-lli¢, I.J. Stojkovi¢, O.S. Stamenkovi¢, V.B.
Veljkovi¢, Y-T. Hung, Waste animal fats as feedstocks for
biodiesel production, Renew. Sust. Energy Rev. 32
(2014) 238-254.

Z. Predojevi¢, The production of biodiesel from waste
frying oils: a comparison of different purification steps,
Fuel 87 (2008) 3522—-3528.

Z. Predojevi¢, B. Skrbi¢, Alkali-catalyzed production of
biodiesel from waste frying oils, J. Serb. Chem. Soc. 74
(2009) 993-1007.

239



N.L. DURISIC-MLADENOVIC i sar.: KONVENCIONALNA | NAPREDNA TECNA BIOGORIVA

Hem. ind. 70 (3) 225-241 (2016)

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

240

A. Talebian-Kiakalaieh, N.A:S. Amin, H. Mazaheri, A
review on novel processes of biodiesel production from
waste cooking oil, Appl. Energ. 104 (2013) 683-710.

A.L. Ahmad, N.H. Mat Yasin, C.J.C. Derek, J.K. Lim,
Microalgae as a sustainable energy source for biodiesel
production: A review Renew. Sust. Energy Rev. 15
(2011) 584-593.

L. Brennan, Ph. Owende, Biofuels from microalgae—A
review of technologies for production, processing, and
extractions of biofuels and co-products, Renew. Sust.
Energy Rev. 14 (2010) 557-577.

M.F. Demirbas, Biofuels from algae for sustainable dev-
elopment, Appl. Energy 88 (2011) 3473-3480.

A. Demirbas, M.F. Demirbas, Algae Energy-Algae as a
New Source of Biodiesel, Springer-Verlag, London 2010.
I. Rawat, R. Ranjith Kumar, T. Mutanda, F. Bux, Biodiesel
from microalgae: A critical evaluation from laboratory to
large scale production, Appl. Energ. 103 (2013) 444-
-467.

C. Sambusiti, M. Bellucci, A. Zabaniotou, L. Beneduce, F.
Monlau, Algae aspromising feedstocks for fermentative
biohydrogen production according to a biorefinery
approach:A comprehensive review, Renew. Sust. Energy
Rev. 44 (2015) 20-36.

B.R. Danilovi¢, J.M. Avramovi¢, J.T. Ciri¢, D.S. Savié, V.B.
Veljkovi¢, Proizvodnja biodizela iz ulja mikroalgi, Hem.
Ind. 68 (2014) 213-232.

T.P.T. Pham, R. Kaushik, G.K. Parshetti, R. Mahmood, R.
Balasubramanian, Food-waste-to-energy conversion
technologies: Current status and future directions,
Waste Manag. (2014) (Article in Press) http://
//dx.doi.org/10.1016/j.wasman.2014.12.004
International Agency for Energy, Technology Roadmap
,Biofuels for transport”, 2011, http://www.iea.org/pub-
lications/freepublications/publication/Biofuels_Roadma
p_WEB.pdf

The Energy Technology Roadmap — Bifuels: the next
generation. How innovation can brighten Europe’s
energy future. Report of Science/Business symposium,
Science Business Publishing Ltd., 2011, www.sci-
encebusiness.net

E. Gawel, G. Ludwig, The ILUC dilemma: How to deal
with indirect land use changes when governing energy
crops? Land Use Policy 28 (2011) 846-848.

A. Pandey, Handbook of Plant-Based Biofuels, CRC
Press, Boca Raton, FL, 2009.

V. Semencenko, Ispitivanje razli¢itih hibrida kukuruza
kao sirovine za proizvodnju bioetanola, skroba i hrane za
zivotinje, Doktorska disertacija, Univerzitet u Beogradu,
Tehnolosko—metalurski fakultet, Beograd, 2013.

V. Veljkovi¢, O. Stamenkovi¢, Perspektivne tehnologije
dobijanja biodizela, Zastita materijala, 53 (2012) 281—
-291.

A. Kurki, A. Hill, M. Morris. Biodiesel: The Sustainability
Dimensions. National, Sustainable Agriculture Inform-
ation Service, 2006. http://www.attra.ncat.org/attra-
pub/PDF/biodiesel_sustainable.pdf

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]

[70]

[71]
[72]
(73]
(74]

[75]

R.E.H. Sims, W. Mabee, J.N. Saddler, M. Taylor, An
overview of second generation biofuel technologies,
Bioresour. Technol. 101 (2010) 1570-1580.

A. Ajanovi¢, Biofuels versus food production: Does bio-
fuels production increase food prices?, Energy 36 (2011)
2070-2076.

IEA-2010 Sustainable Production of Second-Generation
Biofuels; http://www.iea.org/publications/freepublicat-
ions/publication/second_generation_biofuels
Greenergy perspectives-2010-Second Generation
Biofuels,updated June 2010, http://www.green-
ergy.com/Environment/perspectives/02-second_gener-
ation.pdf

M.G. Kulkarni, A.K Dalai, Waste Cooking Oil — An Eco-
nomical Source for biodiesel: A review. Ind. Eng. Chem.
Res. 45 (2006) 2901-2913.

D.J. Tiffany, The growth of alternative fuels: Minesota
and U,S perspectives, Submitted for a joint conference
of University of Minnesota, University of Padova, Uni-
versity of Bologna, 2002, www.ddgs.umn.edu/prod/
/groups/cfans/@pub/@cfans/@ansci/documents/asset
/cfans_asset_413801.pdf

C.S. Ki Lin, L.A. Pfaltzgraff, L. Herrero-Davila, E.B. Mu-
bofu, S. Abderrahim, J.H. Clark, A.A. Koutinas, N. Kopsa-
helis, K. Stamatelatou, F. Dickson, S. Thankappan, Z.
Mohamed, R. Brocklesby, R. Luque, Food waste as a
valuable resource for the production of chemicals, mat-
erials and fuels, Current situation and global perspect-
ive, Energy Environ. Sci. 6 (2013) 426-464.

M. Tesi¢, F. Kiss, V. Jankovi¢, Moguénost proizvodnje i
koris¢enja biodizela u AP Vojvodini, Novi Sad, Vojvo-
danska akademija nauka i umetnosti, 2008.

M.T. Mata, A.A. Martins, N.S. Caetano, Microalgae for
biodiesel production and other applications: A review,
Renew. Sust. Energy Rev. 14 (2010) 217-232.

M. Daroch, S. Geng, G. Wang, Recent advances in liquid
biofuel production from algal feedstocks, Appl. Energ.
102 (2013) 1371-1381.

A. Demirbas, Energy priorities and new energy
strategies. Energy Educ. Sci. Technol. 16 (2006) 53—-109.
Z. Predojevi¢, B. Skrbi¢, N. Buriié-Mladenovi¢, Effects of
ethanol and MTBE additives on properties at blends
with base gasoline, Fresen. Environ. Bull. 20 (2011)
1401-1405.

SRPS EN 14214:2012 - Tecni naftni proizvodi — Metilestri
masnih kiselina (MEMK) za koris¢enje za dizel-motore i
zagrevanje — Zahtevi i metode ispitivanja.

SRPS EN 590:2014 — Goriva za motorna vozila — Dizel-
-gorivo — Zahtevi i metode ispitivanja.

Bio fuels production worlwide http://en.globo-
meter.com/energy-bioethanol-world.php

Renewable Fuel Association, http://ethanolrfa.org/
/pages/World-Fuel-Ethanol-Production

Statistics-The EU biodiesel industry. European Biodiesel
Board. www.ebb-eu.org/stats.php

G. Knothe, A technical evaluation of biodiesel from veg-
etable oils vs. algae. Will algae-derived biodiesel per-
form?, Green. Chem. 13 (2011) 3048-3065.



N.L. DURISIC-MLADENOVIC i sar.: KONVENCIONALNA | NAPREDNA TECNA BIOGORIVA

Hem. ind. 70 (3) 225-241 (2016)

[76]

[77]

(78]

B.R. Moser, Impact of fatty ester composition on low
temperature properties of biodiesel-petroleum diesel
blends, Fuel 115 (2014) 500.

G. Martinez, N. Sanchez, J.M. Encinar, and J.F. Gonzalez.
Biomass Bioenerg. (2014) http://dx.doi.org/10.1016/
/j.biombioe.2014.01.034

S. Bezergianni, A. Dimitriadis, Comparison between dif-
ferent types of renewable diesel, Renew. Sust. Energy
Rev. 21 (2013) 110-116.

SUMMARY
CONVENTIONAL AND ADVANCED LIQUID BIOFUELS

Natasa Durigi¢-Mladenovi¢, Zlatica Predojevié, Biljana Skrbié¢

(79]

(80]

(81]

S. Bezergianni, L.P. Chrysikou, Oxidative stability of
waste cooking oil and white diesel upon storage at room
temperature, Bioresour. Technol. 126 (2012) 341-344.
European Biofuels Technology Platform, Biomass to
Liquids (BtL), http://www.biofuelstp.eu/btl.html
Biofuels production via HTU and via pyrolysis, Report
2GAVE-05.07, SenterNovem, Utrecht, The Netherlands,
2005.

University of Novi Sad, Faculty of Technology Novi Sad, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

(Review paper)

Energy security and independence, increase and fluctuation of the oil price,
fossil fuel resources depletion and global climate change are some of the greatest
challenges facing societies today and in incoming decades. Sustainable economic
and industrial growth of every country and the world in general requires safe and
renewable resources of energy. It has been expected that re-arrangement of eco-
nomies towards biofuels would mitigate at least partially problems arised from
fossil fuel consumption and create more sustainable development. Of the renew-
able energy sources, bioenergy draws major and particular development endeav-
ors, primarily due to the extensive availability of biomass, already-existence of
biomass production technologies and infrastructure, and biomass being the sole
feedstock for liquid fuels. The evolution of biofuels is classified into four gener-
ations (from 1% to 4”') in accordance to the feedstock origin; if the technologies of
feedstock processing are taken into account, than there are two classes of bio-
fuels — conventional and advanced. The conventional biofuels, also known as the
1st generation biofuels, are those produced currently in large quantities using
well-known, commercially-practiced technologies. The major feedstocks for these
biofuels are cereals or oleaginous plants, used also in the food or feed production.
Thus, viability of the 1% generation biofuels is questionable due to the conflict
with food supply and high feedstocks’ cost. This limitation favoured the search for
non-edible biomass for the production of the advanced biofuels. In a general and
comparative way, this paper discusses various definitions of biomass, classific-
ation of biofuels, and gives brief overview of the biomass conversion routes to
liquid biofuels depending on the main constituents of the biomass. Liquid biofuels
covered by this paper are those compatible with existing infrastructure for gaso-
line and diesel and ready to be used in mixture with them as ,, drop-in“ fuels: bio-
ethanol, cellulosic ethanol, biodiesel, renewable diesel and BtL diesel; their major

advantages and drawbacks are compared.

Keywords: Biomass e Conversion e Bio-
ethanol e Biodiesel e Cellulosic ethanol e
Synthetic diesel ® Green diesel
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Biosorpcioni potencijal otpadne biomase mladog ploda oraha za jone
olova: Kineticka i ravnotezna ispitivanja

Dragana Z. Markovi¢'?, Danijela V. Boji¢?, Aleksandar Lj. Boji¢?, Goran S. Nikoli¢®

Visoka strukovna $kola za tekstil, Leskovac, Srbija
’Univerzitet u Nisu, PMF — Hemija, Ni3, Srbija
Univerzitet u Nisu, Tehnoloski fakultet, Leskovac, Srbija

Izvod

U radu je ispitivana moguénost primene otpadne biomase iz procesa proizvodnje orahovog
likera, kao jeftinog biosorbenta, za uklanjanje Pb(ll) jona iz vodenog rastvora u stacionar-
nim uslovima. Strukturna svojstva biosorbenta okarakterisana su pomocu FTIR spektrosko-
pije. Biosorpcioni potencijal otpadne biomase mladog ploda oraha proucavan je u funkciji:
pH (2-6), kontaknog vremena (0-120 min), koli¢ine biosorbenta (2-20 g) i pocetne koncen-
tracije Pb(ll) jona (10-120 mg dm™), pri temperaturi od 25 °C, uz mesanje (120 rpm) i
konstantnoj jonskoj jacini (0,02 mol dm™3). RavnoteZna biosorpcija Pb(ll) jona je postignuta
nakon 50 min, u opsegu pH 4-5. Eefikasnost uklanjanja Pb(ll) jona od 84% postize se pri
pocetnoj koncentraciji sorbata od 15 mg dm~ i dozi biosorbenta od 6 g po dm? sorbata.
Biosorpciju najbolje opisuje Langmuir model (R2 > 0,990). Maksimalni biosorpcioni kapa-
citet otpadne biomase mladog ploda oraha za Pb(ll) jone na 25 °C i pH 4,5 iznosi 19,23 mg g .
Najbolje slaganje sa eksperimentalnim rezultatima, u temperaturnom opsegu 25-40 °C,

pokazuje kineti¢ki model pseudo-drugog reda.

Kljucne reci: biosorpcija, otpadna biomasa, plod oraha, joni olova, kinetika, izoterme.

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

Zbog nedostatka pitke vode u svetu, kvalitet povr-
Sinskih i podzemnih voda danas je veoma aktuelan pro-
blem. Glavni izvori zagadenja prirodnih voda su indus-
trijske i urbane otpadne vode, kiSnica, kao i vode iz
deponija. Prisustvo teskih metala (olovo, kadmijum,
Ziva i bakar) u prirodnim vodama je narocito opasno za
Zive organizme. Metali imaju toksicno dejstvo na nerv-
ni, imuni, hematopoetski i probavni sistem, a narusa-
vaju i funkcionisanje bubrega [1]. Iz tog razloga, veoma
je vaino svako resenje problema uklanjanja jonskog
oblika metala iz vodenih rastvora.

Olovo je jedan od najpoznatijih Stetnih teskih meta-
la. Brojni su primeri zagadivanja voda ili zemljista olo-
vom [2]. Najcesce, emisije olova poticu iz hemijske
industrije koja se bavi proizvodnjom predmeta od
olova, procesima Stampanja, bojenja i proizvodnjom
insekticida. Jedan od izvora zagadenja Zivotne sredine
olovom je i tetraetil-olovo, koje se dodaje benzinu kao
aditiv [2]. Koncentracija olova u atmosferskim vodama
se krece od 1 do 50 pg dm>, a u gusto naseljenim i
industrijskim zonama moze dosti¢i i 1000 ug dm~ [3].
Olovo moze zagaditi vodu za pice i kada je ta voda u
kontaktu sa bojama koje sadrze ovaj metal. Tako, u
podrucjima gde je pretezno zastupljena tvrda voda i
gde pH vrednost ne opada ispod 7, protocne cevi od
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olova su stabilne. U ovim uslovima, Ca i Mg iz vode, kao
i formirani karbonati olova, ponasaju se kao zastitni sloj
koji sprecCava rastvaranje olova. Medutim, u podrucjima
gde preovladava meka voda, a pH vrednost moze biti
smanjena do pH 5, dolazi do vece rastvorljivosti olova.
Pod ovim uslovima, kada je u kontaktu sa olovnim
cevima, voda moze da sadri i vise od 1 mg dm” olova.
Svetska zdravstvena organizacija preporucuje smanje-
nje maksimalne koncentracije do 0,01 mg dm™ olova
[3].

U naucnoj literaturi se mogu naci brojne studije i
fizicko—hemijske metode koje se koriste za eliminaciju
teskih metala iz otpadnih voda [4]. Poslednjih godina,
uglavnom su popularni radovi koji se odnose na upo-
trebu organskog otpada (biomase) kao biosorbenta za
uklanjanje jona teskih metala (Pb, Cu, Cd, Cr, Zn i Ni) ili
njihovih kompleksa [5-7]. PreciS¢avanje vode biosorp-
cijom moZe se uspesno primeniti za Sirok spektar zaga-
dujuc¢ih materija, u vrlo razli¢citom opsegu koncentra-
cija, koje se drugim postupcima ne mogu ukloniti, ili
kada je uklanjanje drugim metodama ekonomski neceli-
shodno. Biosorbenti su od izuzetnog znacaja u postup-
cima precis¢avanja vode zbog njihove niske cene, dob-
rih performansi i dostupnosti u velikim koli¢inama. Ovi
materijali, kao jeftini i efikasni sorbenti, predstavljaju
dobro reSenje sa ekoloskog aspekta, narocito za ukla-
njanje jona teskih metala iz kontaminiranih voda. Bio-
sorbenti imaju sposobnost da selektivho koncentrisu
cilini sorbat (molekule, atome, jone ili Cestice) na svojoj
povrsini [8]. Postojanje ovog fenomena je zabelezeno
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kod mnogih biljnih materijala, koji predstavljaju lako
dotupne vrste biomasa, a kojih u prirodi ima u izobilju.
Dobre sorpcione karakteristike pokazali su narocito
prirodni materijali koji sadrze celulozu, kao Sto su: drve-
nasti delovi biljaka (piljevina i Secerna trska) [9,10],
kore biljnih plodova (tikva, narandza i banana) [7,11],
ljuske (lesnik, orah, badem, pistaci, kikiriki i pirinac)
[6,12—-14], kostice (kajsija, masline, breskva i Sljiva)
[6,15—171], list paprata [18], pSenicna slama [19] i drugi.
Brojna istrazivanja su pokazala da se kao biosorbenti
mogu koristiti i morske alge, mikroorganizmi (bakterije,
gljive, kvasci), aktivni mulj i drugo [20,21]. Osim toga,
prirodne biomase su veoma pogodna sirovina i za pro-
izvodnju aktivnog uglja, koji se pokazao izuzetno dob-
rim sorbentom organskih polutanata i njihovih kom-
pleksa [6,10,22].

Medutim, i pored brojnih istrazivanja u ovoj oblasti,
mehanizam vezivanja i koncentrisanja teskih metala
pomocu sorbenta prirodnog porekla jo$ uvek nije u pot-
punosti razjasnjen. Uklanjanje teskih metala se moze
posmatrati kroz proces jonske izmene zahvaljujudi pri-
sustvu funkcionalnih grupa, kao S$to su: karboksilne,
fenil i hidroksilne grupe [5—-8]. Pored toga, moguce su i
reakcije kompleksiranja, a od posebnog znacaja su
hemisorpcija, fizicka adsorpcija, mikro precipitacija, kao
i redoks reakcije [23]. Generalno, lignin i celuloza su
glavni konstituenti biomase. Druge komponente su
hemiceluloza, lipidi, proteini, Seceri, tj. jedinjenja koja
sadrze razlicite funkcionalne grupe (poput karboksilne,
karbonilne, fenolne, hidroksilne, amido, amino, sulfo-
hidrilne, acetamido grupe), koje pokazuju razliciti afini-
tet prema uklanjanju metala [24]. UceSce ovih grupa u
hemijskim reakcijama je odgovorno za kapacitet raz-
mene katjona kod upotrebe biomase agro-otpadnog
materijala. Za tumacenje mehanizma vezivanja jona
teskih metala od posebne vaznosti su informacije koje
se odnose na: oblik metala u rastvoru, njegovu koncen-
traciju i uslove procesa sredine. Sorpciona svojstva bio-
mase su takode vazna, narocito ukoliko postoji moguc-
nost modifikacije njene povrsine fizickim ili hemijskim
metodama [7,25].

Mogucénost primena ljuske oraha ili aktivnog uglja
na bazi ljuske oraha kao biosorbenata teskih metala
(Cu, Cr, Pb, Cd, Cs i Mn) [12,22,26—-29], fosfora [30],
organske boje Rodamin B [31], kiselih boja [32] ili ulja

mladi plod oraha

maceracija

[33] iz industrijskih otpadnih voda ili vodenih rastvora
je Siroko opisana u literaturi. Medutim, u literaturi nisu
poznati podaci o ispitivanju biosorbenta na bazi bio-
mase mladog, nedozrelog celog ploda oraha.

Poznato je da nedozreli plod oraha Juglans regia L.
sadrzi flavonoide, karotenoide, hlorofil, vitamine, mine-
ralne soli i fenolna jedinjenja [34]. Pomoc¢u RP-HPLC
metode, identifikovano je vise jedinjenja (galna, hloro-
genska, kafeinska, protokatehinska, elaginska, sinapin-
ska, ferulna, vanilinska, kumarinska i siringinska kise-
lina, miricetin, katehin, epikatehin, regiolon, juglon,
1,4-naftohinon), kao i elagitanin pedunkulagin [35,36].
Njihov sadrzaj zavisi od uslova Zivotne sredine, kao i
genotipa razli¢itih sorti [36]. Zbog lekovitih svojstava
ovih materija, nedozreli plodovi oraha se u narodnoj
medicini tradicionalno koristite za proizvodnju raznih
ekstrakata [37,38]. Posebno je cenjen lekoviti liker,
kako za unutrasnju, tako i za spoljasnju primenu. Efikas-
nost izolovanja fenolnih jedinjenja zavisi od rastvaraca i
primenjene metode. Kvalitet likera je veé ispitivan i
naucno potvrden [39]. Nakon izdvajanja lekovitih mate-
rija odredenim tretmanom nedozrelog ploda oraha
(Slika 1), kao otpad zaostaje lignocelulozna biomasa
koju Cini celuloza (38-42%), hemiceluloza (22-26%) i
lignin (18-21%) [34,36]. Ova tri jedinjenja obiluju uglav-
nom hidroksilnim grupama koje su odgovorne za ukla-
njanje metala iz rastvora [40]. Otpadna biomasa moze
biti interesantna sa aspekta iskori$¢enja kao sekundar-
ne sirovine u svojstvu biosorbenta za teSke matale ili
druge organske zagadujuce materije.

Zato je predmet ovog rada ispitivanje mogucnosti
primene otpadne biomase mladog ploda oraha (MPO)
Juglans regia L. iz procesa proizvodnje likera, kao bio-
sorbenta teSkih metala iz voda kontaminiranih olovom.
Cilj istraZzivanja je utvrdivanje i poredenje biosorpcionih
svojstava usitnjenog MPO za Pb(ll) jone iz vodenog
rastvora, u stacionarnim uslovima. U tom smislu, u radu
je vrseno ispitivanje i definisanje uticaja odabranih fak-
tora na proces biosorpcije jona, kao Sto su: koncentra-
cija biosorbenta i sorbata, pH rastvora i temperatura
biosorpcije. Eksperimenti su izvodeni pod razlic¢itim
uslovima u cilju optimizacije efikasnosti procesa bio-
sorpcije. Za bolje razumevanje procesa biosorpcije
vrSena su ravnotezna i kineticka ispitivanja.

liker biomasa

Slika 1. Postupak dobijanja sorbenta na bazi biomase ploda oraha (maceracija 30 dana na sobnoj temperaturi i izdvajanje likera).
Figure 1. The process of obtaining sorbent based on fruit walnuts biomass (maceration 30 days at room temperature, and liquors

extraction).
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EKSPERIMENTALNI DEO

Priprema i karakterizacija biosorbenta

Kao biosorbent u ovim ispitivanjima koris¢en je
mladi plod oraha Juglans regia L., dobijen kao otpadni
materijal iz procesa proizvodnje orahovog likera. Mate-
rijal, ispiran viSe puta dejonizovanom vodom i osusen
na 50+0,5 °C do konstantne mase, usitnjen je na ko-
made veli¢ine 2 do 3 cm, a potom samleven celi¢nim
laboratorijskim blenderom i prosejan kroz standardna
Celi¢na sita velicine 0,5-0,8 mm. Pre biosorpcije, zrna
su tretirana azotnom kiselinom (0,001 mol dm™) radi
uklanjanja eventualnih nedistoc¢a, a zatim ispirana re-
destilovanom vodom do neutralne reakcije na nitrate i
susena na temperaturi od 50+0,5 °C do konstantne
mase. Karakterizacija pripremljene i osusene biomase
MPO pre i posle biosorpcije vrSena je IR spektroskop-
skom analizom (FTIR spejtroskop Bomem MB-100,
Canada) sa ciljem utvrdivanja prisutnih funkcionalnih
grupa koje mogu imati aktivnhu ulogu u procesu bio-
sorpcije. Za pripremanje uzorka primenjena je KBr teh-
nika (0,5 mg biosorbenta u 150 mg KBr). IR spektri su
snimani u oblasti talasnih brojeva 4000-400 cm_l, pri
rezoluciji 0,2 cm ™. Za obradu IR spektara kori¥¢en je
WIN Bomem Easy softver.

Biosorpcioni eksperimenti

Biosorpcioni eksperimenti su izvodeni u staklenim
posudama (100 cm’) na magnetnoj megalici, sa odgo-
varaju¢om masom biosorbenta (2,0 do 20,0+0,05 g) i
rastvorima sorbata pocetne koncentracije 10,0 do
120,0 mg dm . Polazni rastvor olova (1000 mg dm™>) je
pripremljen rastvaranjem odgovarajuce koli¢ine Pb(NOs),
(Merck) u dejonizovanoj vodi, a rastvori Zeljene kon-
centracije su dobijani odgovaraju¢im razblazenjem.
Ispitivanje uticaja pH vrednosti rastvora na proces bio-
sorpcije jona vrseno je u opsegu pH 2,0 do 6,0 pri
konstantnoj jonskoj ja&ini 0,02 mol dm™. Vrednost pH
je podegavana rastvorima HNO; (0,02 mol dm™) i KOH
(0,02 mol dm™), a jonska jatina kontrolisana rastvorom
KNOs (0,04 mol dm™). Momenat dodavanja biosor-
benta u pripremljeni rastvor Pb(ll) jona predstavljao je
pocetak tretmana. Sadrzaj je kontinuirano mesan mag-
netnom mesalicom (120 rpm) pri konstantnoj tempe-
raturi od 25,0+0,5 °C.

Efekat temperature i kinetika biosorpcije Pb(ll) jona
na biomasi MPO analizirani su u temperaturnom
opsegu od 25,0 do 40,0+0,5 °C, pri pH vrednosti
4,5+0,1, pocetnoj koncentraciji Pb(ll) jona od 15 mg
dm™ i koncentraciji biomase MPO od 6,0 g dm™
sorbata, u toku 60 min.

Analiza sadrZaja jona i ravnoteZna ispitivanja

U odredenim vremenskim intervalima (0 do 120
min), iz reakcionog suda su uzimani uzorci za analizu

sadrzaja rezidualnih jona i filtrirani pomoc¢u 0,45 um
membranskog filtera (Agilent, USA) radi uklanjanja
Cestica biomase MPO. Sadrzaj jona olova u rastvorima
pre, tokom i posle sorpcije odredivan je na emisionom
spektrofotometru sa indukovanom argonskom plaz-
mom ICP-OES Analyzer (Arcos Spectro), na 261,42 nm.
Za svaki ispitivani uzorak su izvrSena po 3 merenja.
Koli¢ina sorbovanih Pb(ll) jona odredivana je iz formule:

Q- V(co_cy) M
m

gde je: Q (mg g_l) — koli¢ina metalnih jona po gramu
biosorbenta, V (dm®) — zapremina rastvora, ¢, i ¢, (mg
dm?®) - pocetna i finalna koncentracija jona, m (g) —
masa suvog biosorbenta. Eksperimentalno dobijeni
rezultati biosorpcije Pb(ll) jona na ispitivanoj biomasi
MPO su uporedivani sa odgovarajuc¢im teorijskim mo-
delima Langmuir, Freundlich i Temkin izoterme, koji se
uobicajeno koriste za opisivanje sorpcione ravnoteze.

REZULTATI | DISKUSIJA

FTIR karakterizacija biosorbenta

Spektroskopska FTIR analiza mozZe dati informacije o
hemijskom sastavu koris¢ene biomase MPO i ukazati na
eventualne razlike ispitivane biomase u poredenju sa
netretiranom zelenom korom oraha. Iz tog razloga, na
slici 2 su prikazani FTIR spektri zelene kore oraha i bio-
mase MPO, koja je koriS¢ena kao biosorbent za jone
olova. Poredenjem datih spektara moZze se uociti velika
slicnost, koja ukazuje na istu lignoceluloznu biljnu
materiju. Naime, u IR spektru zelene kore oraha (slika
2a) se mogu uociti karakteristicne trake na oko 3440 i
1425 cm " koje poti¢u od vibracija O-H i N-H veza i
ukazuju na prisustvo ovih grupa na povrsini ispitivanog
materijala. IR traka na 1744 cm " potvrduje prisustvo
C=0 grupe, dok trake u oblasti 16201430 cm™" ukazuju
na prisustvo aromaticnih veza. Spektar pokazuje traku
na oko 1580 cm ™" zbog valentine C=C vibracije aroma-
ticnog prstena, koja je pomerena usled interakcije sa
polarnim grupama. Pik na 1662 cm - odgovara COO ili
N-H vibracijama. Traka na 1380 cm™" potice od vibracije
karboksilatne COO™ grupe. Trake u oblasti 1300-1000
cm™ se mogu asignirati generalno kao C-O valentine
vibracije karboksilnih kiselina i alkohola. Traka na oko
1240 cm™, kao i njen partner u deformacionoj oblasti
na 559 cm', potite od vibracije S=O veze. Prisustvo
navedenih funkcionalnih grupa na povrsini biosorbenta
potvrduju i drugi literaturni podaci [40—43].

Izvesne spektroskopske razlike, u smislu pomeranja
traka ili promene u intenzitetu traka, usled uklanjanja
nekih flavonoida i fenolnih kiselina iz kore oraha tokom
tretmana u procesu proizvodnje likera, mogu se uociti u
IR spektru biomase MPO na slici 2b. U slucaju IR
spektra koris¢ene biomase MPO kao biosorbenta, moze

245



D.Z. MARKOVIC i sar.: SORPCIJA OLOVA OTPADNOM BIOMASOM MLADOG PLODA ORAHA

Hem. ind. 70 (3) 243-255 (2016)

transmitance (%)

M\\‘i\\

\ i |
\ / \ .’J 1| :__-’
| ’ | MV
\ f ii | 8 L
| , ’ -
| A I,J b
\ I\ /| .
\ / g ﬁu\' . |,\ A f b)
v/ § =)W
\ s \ I' o & .\ /
Mas \ ) =X ] Vi
“J "1'_ -
g 2 2
| | | | I I T
3500 3000 2500 2000 1500 1000 500

Slika 2. FTIR spektri zelene ljuske oraha (a) i biomase MPO (b).
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Figure 2. FTIR spectra of green walnuts crust (a) and biomass YFW (b).

se uotiti vrlo $iroka traka u opsegu 3500-3000 cm™*
koja se odnosi na valentnu O-H vibraciju hidroksilne
grupe biosorbenta i adsorbovane vode sa jedne strane
[5,6], kao i na preklopljenu traku od N-H valentne
vibracije [41]. PoloZaj, oblik i asimetrija ove kompleksna
IR trake u nizoj oblasti talasnih brojeva ukazuje na pri-
sustvo jakih vodoni¢nih veza. Prisustvo kristalohidrata
potvrduju IR trake u deformacionim oblastima spektra
na oko 1620 (u ravni) i 620 cm™" (van ravni). Pikovi u
valentnoj oblasti spektra na 2924 i 2870 cm , kao i
njihovi partneri u deformacionim oblastima na oko
1400 i 900 cm™, mogu se pripisati C—H vibracijama
celulozne mase. Apsorpciona traka slabijeg intenziteta
sa maksimumom na 1732 cm " se moze pripisati C=O
valentnoj vibraciji karbonilne grupe biosorbenta, koja
potvrduje prisustvo lignoceluloznog biljnog materijala u
strukturi MPO nakon tretmana. Traka slabog intenzi-

teta na 1243 cm™" poti¢e od vibracije —SO; grupe, a
slozena traka na 1064 cm™* odgovara valentnoj C—O
vibraciji kiselina, alkohola, fenola ili estra [40—43].

FTIR spektroskopska analiza biomase MPO pre i
posle biosorpcije Pb(ll) jona prezentovana je u Tabeli 1.
Rezultati analize ukazuju na Cinjenicu da se na celijskom
zidu povrSine biomase MPO nalaze razlicite funkcio-
nalne grupe (O-H alkoholna, C-0 alkoholna, fenolna ili
estarska, C=0 lignocelulozna, C—H i SO; grupa) koje
imaju moguénost da ucestvuju u procesu biosorpcije
Pb(ll) jona iz vodenog rastvora.

Analiza efekta procesa biosorpcije
Uticaj koncentracije biosorbenta

Efekat koncentracije biomase MPO na proces bio-
sorpcije Pb(ll) jona iz vodenog rastvora prikazan je na

Tabela 1. FTIR spektralne karakteristike biomase MPO pre i posle biosorpcije Pb(ll) jona
Table 1. The FTIR spectral characteristics of biomass YFW before and after biosorption of Pb(ll) ions

Polozaj IR trake, cm™

IR oblast (cm™) — — - Poreklo

Pre sorpcije  Posle sorpcije Pomeranje
3500-3000 3438 3392 -46 Valentna O-H
2900-2800 2924 2915 -9 Valentna C-H
1740-1680 1732 1725 -7 Valentna C=0 lignin
1640-1580 1618 1620 +2 Deformaciona H,0
1500-1400 1436 1420 -16 Valentna COO™ i deformaciona NH
1270-1240 1248 1243 -5 Valentna SO;
1150-970 1064 1036 -28 Valentna C-O
650-480 618 627 +9 Deformaciona O-H
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slici 3. Na osnovu preliminarnih ispitivanja, za ekspe-
riment su odabrani sledeci parametri biosorpcije: po-
cetna koncentracija Pb(ll) jona od 15 mg dm’3, pH
vrednost rastvora 4,520,1 i jonska jac¢ina 0,02 mol dm_a,
temperatura od 25,0+0,5 °C, veli¢ina Cestica biosor-
benta 0,5-0,8 mm. Ispitivanje efekta biosorpcije vrseno
je variranjem koncentracije biomase MPO u opsegu 2,0
do 200 g dm_3, pri kontaktnom vremenu od 50 min.
Kriva zavisnosti efekta biosorpcije (Slika 3) pokazuje da
se stepen uklanjanja Pb(ll) jona iz vodenih rastvora
povecava sa porastom koncentracije biosorbenta, pri
¢emu se ravnotezna biosorpcija Pb(ll) jona od 83,34+
+0,25% postize pri koncentraciji biosorbenta od 6,0 g
dm~ sorbata i koncentraciji sorbata od 15 mg dm™.
Dobijeni rezultati pokazuju da povecanje koncentracije
biosorbenta od 2,0do 6,0 g dm™ sorbata znatno pove-
¢ava efikasnost uklanjanja Pb(ll) jona iz rastvora (40-80
%). Dalje povecanje koncentracije biosorbenta u ras-
tvoru preko 8,0 g dm> ne utige znacajno na efikasnost
biosorpcije jona. Pocetno povecanje kapaciteta bio-
sorpcije moze se pripisati povecanju povrsine biosor-
benta i boljoj pristupacnosti jona ka sorpcionim cen-
trima. Blagi porast efikasnosti uklanjanja jona (84—88%)
pri koncentracijama biosorbenta ve¢im od 6,0 g dm™
moze se objasniti prisustvom veceg broja aktivnih cen-
tara na povrsini biosorbenta dostupnih za vezivanje
jona metala, u pogledu iste koli¢ine Pb(Il) jona pri pri-
menjenoj pocetnoj koncentraciji od 15 mg dm™. Sa
druge strane, pri veé¢im koncentracijama biosorbenta
verovatno postoji mogucnost agregacije Cestica biosor-
benta u rastvoru, te na taj na¢in moze biti ogranicen
pristup jona metala ka aktivnim centrima (funkcional-
nim grupama) u masi biosorbenta. Zbog toga je za dalje
biosorpcione eksperimente, kao optimalna koncen-
tracija biosorbenta, odabrana koncentracija biomase
MPO od 6,0 g dm® sorbata za pocetnu koncentraciju
Pb(ll) jona od 15 mg dm>. Ova zapaZanja su u saglas-
nosti sa drugim ispitivanjima poznatim u literaturi za
biosorpciju razli¢itih metalnih jona (Cu, Cr, Pb, Cd, Cs i

a0
B0
70
60

50 -

biosorpcija jona (%]

40 -

Mn) pomodu ljuske oraha i slicnim bioloskim materija-
lima [6,12,22,26-29]. U poredenju sa literaturnim
podacima, u slucaju biosorpcije Pb(ll) jona ljuskom
oraha kao biosorbentom, moZe se uociti da su dobijeni
slicni rezultati, pri ¢emu je maksimalno iscrpljivanje
Pb(ll) jona (oko 80%) postignuto je pri koncentraciji
biosorbentaod 5 g dm~ sorbata [27].

Uticaj pH rastvora

Jedan od najvaznijih faktora koji kontrolise uklanja-
nje jona teskih metala iz vodenih rastvora je pH vred-
nost rastvora, koja je znacajna i sa aspekta utvrdivanja
kvaliteta i koncentracije jonskog oblika u rastvoru.
Naime, metali u jako kiselom rastvoru postoje uglav-
nom kao katjoni, pa ¢e postepeno povecanje pH vred-
nosti dovesti do formiranja kompleksnih jona i talo-
Zenja metalnih jona u obliku hidroksida. Imajuci u vidu
da koeficijent rastvorljivosti Pb(OH), iznosi 20 [44],
moze se konstatovati da ¢e u ispitivanom rastvoru, pri
pocetnoj koncentraciji Pb(ll) jona od 15,0 mg dm™>, do¢i
do potpunog taloZzenja Pb(OH), pri pH > 6,0. Zato je
uticaj ovog faktora na biosorpciju Pb(ll) jona ispitivan u
kiselim rastvorima, u opsegu pH 2,0-6,0 (£0,1). Na
osnovu preliminarnih ispitivanja, za eksperiment su
odabrani sledeci parametri biosorpcije: pocetna kon-
centracija Pb(ll) jona 15,0 mg dm™>, koncentracija bio-
sorbenta 6,0 g dm™ sorbata, veli¢ina Cestica biosor-
benta 0,5-0,8 mm, jonska jacina 0,02 mol dm_3, tem-
peratura 25,0+0,5 °C, vreme biosorpcije 50 min. Rezul-
tati ispitivanja uticaja pH na proces biosorpcije Pb(ll)
jona prikazani su na slici 4. Kao $to se moze videti, dobi-
jeni rezultati potvrduju uticaj pH rastvora na efikasnost
uklanjanja Pb(Il) jona ispitivanim biosorbentom. U
ispitivanom opsegu pH vrednosti od 2,0 do 4,0 moZe se
uociti povedanje stepena biosorpcije (60-80%). Bio-
sorpcioni maksimum od 84% postiZe se pri pH vrednosti
4,5+0,1. Sa daljim povecanjem pH vrednosti iznad 5,0
dolazi do smanjenja biosorpcije Pb(ll) jona. Manji ste-
pen biosorpcije jona u jako kiselim (pH < 4,0), ili alkal-

30 T T T T T T T T T T
0 2 4 <] 8 10 12 14 16 18 20

koncentracija biosorbenta (g dm)

Slika 3. Uticaj koncentracije biomase MPO na biosorpciju Pb(ll) jona (pH 4,5+0,1, T = 25,0+0,5 <C, vreme kontakta: 50 min,
co Pb(ll) = 15 mg dm™).

Figure 3. Effects of biomass YFW concentration on Pb(ll) biosorption (pH 4.5+0.1, T = 25.0+0.5 <, contact time: 50 min,

¢o Pb(ll) = 15 mg dm™).
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Slika 4. Efekat pH vrednosti na biosorpciju Pb(ll) jona iz vodenog rastvora (T = 25,0+0,5 °C, vreme kontakta: 50 min,

co Pb(ll) =15 mg dm>, koncentracija biosorbenta 6,0 g dm'g).

Figure 4. Effects of pH on Pb(ll) biosorption from water solution (T = 25.0+0.5 <, contact time: 50 min, c, Pb(ll) = 15 mg dm™,

biosorbent concentration 6 g dm™).

nim rastvorima, verovatno je povezan sa razli¢itim
naelektrisanjima na povrsini biosorbenta. Poznato je da
vrsta i veli¢ina naelektrisanja zavise od pH vrednosti i
funkcionalnih grupa (aktivnih centara sorpcije) na povr-
Sini sorbenta [16]. Prisustvo funkcionalnih grupa je, u
ovom slucaju, potvrdeno FTIR analizom.

Naime, kao Sto je poznato [16], uklanjanje katjona,
u ovom slucaju Pb(ll) jona, favorizovano je iznad vred-
nost nultog naelektrisanja (pHpzc). Pri pH vrednostima
ispod pHp,c povriina sorbenta je pozitivno naelektri-
sana, dok pri pH ve¢im od pHpzc povrsina sorbenta ima
negativno naelektrisanje. Pozitivno naelektrisanje na
povrsini sorbenta pri nizim pH moZe se objasniti pri-
sustvom alkalnih funkcionalnih grupa i prekomernom
povrsinskom protonacijom [16]. Ovakva pozitivno
naelektrisana barijera na povrsini sorbenta ogranicava
pristup metalnim katjonima ka povrsini sorbenta. Pored
toga, istovremeno sa smanjenjem pH vrednosti, pove-
¢ava se i konkurencija izmedu jona vodonika i metalnih
katjona za aktivha mesta na povrsini sorbenta. Efekat
ove pojave je smanjenje kapaciteta sorpcije jona. Sa
druge strane, pri visSim pH povrsina sorbenta ima nega-

~
T~

biosorpcija jona [%])
e | = o co
(=] [V ] [=] (W]

]
mn
Il

Y
™~

tivno naelektrisanje kao rezultat jonizacije kiselih grupa
(uglavnom hidroksilne). Tada se javlja elektrostaticko
privlacenje izmedu jona metala i povrSine sorbenta,
¢ime se povecava i stepen sorpcije jona. Ovaj fenomen
se moZe uociti i na posmatranom primeru biosorpcije
jona Pb(ll) u ispitivanom opsegu pH vrednosti (slika 4).
Kada pH vrednost raste, rastvor sadrZi manje vodo-
nikovih jona koji konkuriSu ispitivanim Pb(ll) jonima u
procesu biosorpcije na biomasi MPO, ¢ime se i pove-
¢ava efikasnost biosorpcije.

Uticaj temperature na biosorpciju

Sa ciljem utvrdivanja uticaja temperature na bio-
sorpciju Pb(ll) jona vrSena su ispitivanja u tempera-
turnom opsegu od 25,0+0,5 do 40%0,5 °C, pri istim
uslovima biosorpcije kao u prethodnim eksperimen-
tima. Za otpadnu biomasu MPO kao biosorbenta ispi-
tivanih jona konstatovano je smanjenje stepena bio-
sorpcije (84—67%) sa povecanjem temperature u nave-
denom opsegu (slika 5). Dobijeni rezultati ispitivanja
potvrduju egzotermnu prirodu biosorpcije Pb(ll) jona
na MPO. Smanjenje biosorpcionih svojstava biosor-
benta u ispitivanom temperaturnom opsegu moze biti

y=-1.107x + 111.1
R?=0.995

o
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Slika 5. Efekat temperature na biosorpciju Pb(ll) jona iz vodenog rastvora (pH 4,5+0,1, vreme kontakta: 50 min,

co Pb(ll) =15 mg dm™, koncentracija biosorbenta 6,0 g dm_3).

Figure 5. Effects of temperature on Pb(ll) biosorption from water solution (pH 4.5+0.1, contact time: 50 min, c, Pb(ll) = 15 mg dm™,

biosorbent concentration 6 g dm™).
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posledica narusene povrSine biosorbenta pa time i
aktivnih mesta, ili posledica pomeranja ravnoteze pro-
cesa u smeru desorpcije metalnih jona od povrsine
biosorbenta ka rastvoru [27].

Kineticke studije procesa biosorpcije

Kineticke studije procesa sorpcije odreduju brzinu
kojom se zagadujuce materije uklanjaju iz vodene sre-
dine. U tom smislu, predlozeni su brojni kineticki
modeli kojima se moZe opisati mehanizam odvijanja
procesa sorpcije. Ovaj mehanizam je, u veéini slucajeva,
kompleksan i moze biti razlog hemijske reakcije izmedu
funkcionalnih grupa sorbenta i metalnih jona, jonske
izmene ili formiranja kompleksa. Pored toga, moraju se
uzeti u obzir i procesi transfera mase, poput transporta
materije u tecnoj fazi, difuzije iz te¢ne faze na povrsinu
Cvrste, kao i difuzije u unutrasnjosti makropora i mikro-
pora [45].

Biosorbent—sorbat kontaktno vreme

Biosorpciona kinetika je ispitivana u cilju boljeg
razumevanja dinamike biosorpcije Pb(ll) jona na bio-
masi MPO kao biosorbentu, Sto omogudéava procenu
efikasnosti biosorpcije tokom vremena kontakta i pruza
informacije o mehanizmu biosorpcije. Ova informacija
je posebno vazna za scale-up vecih sistema [45]. Uticaj
kontaktnog vremena je ispitivan na rastvoru pocetne
koncentracije Pb(ll) jona od 15 mg dm3, tretiran sa 6,0
g biosorbenta, pri pH 4,5 i temperaturi 25,0+0,5 °C.
Uzorci za analizu su uzimani tokom vremena u opsegu 2
do 120 min, kako bi se utvrdila rezidualna koncentracija
metalnih jona. Rezultati analize su prikazani na slici 6.

MoZe se uoditi da se biosorpcija jona olova, kao
funkcija kontaktnog vremena, odvija u dve faze. Prva
faza ukljucuje brze vezivanje metalnih jona na biosor-
bentu tokom prvih 30 min biosorbent-sorbat kontakta,
a potom sledi sporija faza uklanjanja jona iz rastvora do
postizanja ravnoteze. Biosorpcija metalnih jona tokom

2.0 A

1.5 A

Q. [mgg?)

0.5

prvog perioda kontakta iznosi oko 77%, dok je za posti-
zanje ravnoteze potrebno 50 min, pri ¢emu je sorbo-
vano oko 84% jona olova. Ovakav primer biosorpcije
jona olova, kao i drugih metalnih jona, gde je prva faza
brza, karakteristican je za brojne biosorbente opisane u
literaturi [6,7,12,26-29]. Brzu fazu karakteriSe vero-
vatno veci broj aktivnih centara na biosorbentu, dok sa
postepenim zauzimanjem ovih mesta biosorpcija pos-
taje manje efikasna u sporijoj fazi. Iz prakti¢nih razloga,
za primenu biosorpcije u realnim i veéim sistemima
tokom precis¢avanja otpadnih voda od jona olova, pre-
porucuje se kontaktno vreme od 30 min. Za dalju ana-
lizu u radu, obzirom na ravnotezni proces biosorpcije,
kao optimalna vrednost odabrano je vreme kontakta
biosorbent-sorbat od 50 min.

Model pseudo-prvog reda

Kineticki model pseudo-prvog reda opisuje brzinu
sorpcije koja je proporcionalna broju nezauzetih mesta
vezivanja na sorbentu, a moze biti izrazen na osnovu

Lagergren-ove jednacine [46], Ciji je linearni oblik:
In(Q, —Q,)=InQ, —k;t (2)

gde je: Q. (mg g™) — kolitina metalnih jona sorbovanih
u ravnotezi po g sorbenta; Q; (mg g_l) — koli¢ina metal-
nih jona sorbovanih u vremenu t (min) po g sorbenta;
k; (min™") — konstanta brzine pseudo-prvog reda.
Ukupna konstanta brzine k; je izra¢unata iz nagiba krive
sa grafika zavisnosti In (Q.—Q;) u odnosu na t, a ravno-
tezna koli¢ina sorbovanih jona, Q. je odredena iz
odsecka krive graficke zavisnosti y = —0,085x + 0,434.
Dobijeni rezultati kineti¢kih parametara su sumirani u
Tabeli 2. Analizom parametara se moZe uociti da koe-
ficijent korelacije dobijen koris¢enjem modela pseudo-
prvog reda ima nizu vrednost (R” = 0,938). Takode, izra-
cunata Q. vrednost po ovom modelu nije dala razumnu
vrednost, obzir da je suvise niska u poredenju sa ekspe-
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Slika 6. Uticaj kontaktnojq vremena na efekat biosorpcije Pb(ll) jona na biomasi MPO (Q,. — kolicina (mg g_l) sorbovanog jona,
co Pb(ll) jona 15 mg dm ™, koncentracija biosorbenta 6 g dm™, T=250+0,5 <, pH 4,5).

Figure 6. The effect of contact time on Pb(ll) biosorption onto biomass YFW (Q, — the amount (mg g_l) of the sorbed ions,

¢o Pb(ll) = 15 mg dm™, biosorbent concentration 6 g dm™, T = 25.0+0.5 <C, pH 4.5).
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Tabela 2. Kineticki modeli i parametri biosorpcije Pb(ll) jona na biomasi MPO
Table 2. Kinetic models and parameters of Pb(ll) ions biosorption by the biomass YFW

Pseudo-prvi red (y =—0,085x + 0,434)

Qo /Mg " Q./mgg”’ da/% ky / min™ R
2,09 1,54 26,3 0,085 0,938
Pseudo-drugi red (y = 0,447x + 1,981)
Qe /Mg 8" Q./mgg”’ dQ /% k, /g mg™" min™ R’
2,09 2,23 6,69 0,102 0,999

rimentalnim (Qey,) rezultatom. Ocigledno je da se kine-
tika biosorpcije Pb(ll) jona na biomasi MPO ne podu-
dara sa modelom pseudo-prvog reda, verovatno zbog
ogranicenja povrsinskog sloja koji kontroliSe proces bio-
sorpcije. Dobijeni rezultati su u skladu sa drugim stu-
dijama biosorpcije Pb(ll) jona na slicne biosorbente
[27,47], koje takode ukazuju na loSe slaganje sa mode-
lom pseudo-prvog reda.

Model pseudo-drugog reda

Imajuci u vidu da model pseudo-prvog reda moze
pogodno opisati kinetiku sorpcije samo kada se ona
veoma brzo odvija, razvijen je model pseudo-drugog
reda [48], koji moZe opisati ceo sorpcioni period i moze
se primeniti na vecinu biosorbenata. Model pseudo-
drugog reda podrazumeva da je brzina sorpcije jona na
aktivnim mestima sorbenta proporcionalna kvadratu
broja slobodnih i zauzetih mesta. Linearni oblik kine-
tickog modela pseudo-drugog reda predstavijen je
jednacinom:

t 1 1
—= +—t
at k@ Q

3)

gde je: Q. (mg g™) — kolitina metalnih jona sorbovanih
u ravnotei po g sorbenta; Q; (mg g™) — koli¢ina metal-
nih jona sorbovanih u vremenu t (min) po g sorbenta;
k, (g mg" min™) — konstanta brzine pseudo-drugog
reda. Iz nagiba linearne zavisnosti t/Q; u odnosu na t
(slika 7) moze se odrediti ravnotezno Q., a konstanta
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25.0 A

220 Y =0.447x + 1.981

2 =
190 ] R? =0.999

16.0

t/ Qe

13.0 4
10.0 A
FO
4.0 -

brzine k, iz vrednosti odsecka sa istog grafika. Dobijeni
rezultati kinetickih parametara su sumirani u tabeli 2.

Rezultati ispitivanja biosorpcije Pb(ll) jona pokazuju
da model pseudo-drugog reda veoma dobro fituje
eksperimentalne podatke. Kao $to se moze videti, kore-
lacioni koeficijent za linearnu zavisnost po ovom
modelu je veoma visok (R2 =0,999) za kontaktno vreme
od 60 min i znatno bolji nego u prethodnom slucaju.
Osim toga, teorijska Q. vrednost predvidena iz modela
drugog reda je veoma priblizna eksperimentalnoj (Qexp)
vrednosti. Ova zapaZanja ukazuju na to da biosorpcija
Pb(ll) jona na biomasi MPO prati drugi red reakcije,
sugerisuéi da je proces vezivanja katjona metala vero-
vatno kontrolisan hemijskom reakcijom. Cinjenica je da
je model pseudo-drugog reda vec uspesno primenjen
za opisivanje biosorpcije i drugih teskih metala na sli¢-
nim biosorbentima [9,18,27,47]. Navedena ispitivanja
ukazuju da je hemijska reakcija znacajni korak koji kon-
troliSe brzinu, a da kinetika reakcije pseudo-drugog
reda obezbeduje najbolju korelaciju eksperimentalnih
podataka. Sa druge strane, predloZeni model pseudo-
prvog reda dobro fituje eksperimentalne podatke samo
za pocetni period reakcije.

RavnoteZna ispitivanja procesa biosorpcije

Uticaj pocetne koncentracije sorbata

Pocetna koncentracija metalnih jona obezbeduje
vaznu pokretacku silu za savladavanje otpora prenosa
mase metalnih jona izmedu vodene i Cvrste faze. Efekat

10 T T

30 40 50

vreme, t{min)

Slika 7. Kineticki model pseudo-drugog reda biosorpcije Pb(ll) jona na biomasi MPO.
Figure 7. Pseudo-second order biosorption kinetics of Pb(Il) onto biomass YFW.
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pocetnih koncentracija Pb(ll) jona ispitivan je u opsegu
od 10 do 120 mg dm_?’, na 25+0,5 °Ci pH 4,5 u toku 50
min. Rezultati ispitivanja su analogni rezultatima pri-
kazanim na slici 8. Dobijeni rezultati pokazuju da se
apsolutni iznos sorbovanih jona metala povedava sa
porastom pocetne koncentracije Pb(ll) jona u rastvoru.
Karakteristi¢no je da biosorpcionu ravnotezu na 25+0,5
°C vrlo brzo postizu rastvori koji sadrZze manju koncen-
traciju Pb(ll) jona. Ovo se verovatno deSava zbog toga
$to se joni metala sorbuju prvo na neometanim loka-
cijama biosorbenta. U slucaju koncentrovanijih ras-
tvora, joni metala u pocetku popunjavaju najpre ove
neometane lokacije biosorbenta, a potom i prikrivena
mesta na biosorbentu. Ovakvu konstataciju potvrduje
¢injenica da se vreme potrebno za biosorpcionu ravno-
tezu povecava sa pocetnom koncentracijom metalnih
jona. Efekat pocetne koncentracije jona metala moze
se objasniti povecanjem broja istih jona koji su konku-
renti za stalno dostupna aktivna mesta u biomasi, kao i
nedostatkom mesta za vezivanje metalnih jona pri
viSim pocetnim koncentracionim nivoima. Takode, zbog
zauzetosti povrSinskih mesta vezivanja, joni metala
treba da difunduju unutar pora biomase. Medutim,
¢injenica je da biosorpcioni kapacitet biomase MPO za

4.0 -

R?=0.990

y =0.052x + 1.235

Pb(ll) jone raste sa porastom pocetne koncentracije
Pb(Il) jona, tako da biosorbent postaje zasi¢en sa maksi-
malnom biosorpcijom jona od oko 12 mg g™, pri rezi-
dualnoj koncentraciji jona od 40 mg dm™3, to odgovara
pocetnoj koncentraciji Pb(ll) jona od 110 mg dm’>.

Sorpcione izoterme

Sorpcione izoterme su vaini kriterijumi za opti-
mizaciju koris¢enog sorbenta jer opisuju odnos izmedu
mase adsorbata po masi sorbenta kao funkciju njihove
koncentracije u rastvoru, kao i prirodu interakcije
izmedu adsorbata i sorbenta [45]. Postoje brojni izrazi
koji opisuju sorpcione izoterme. Za ova ispitivanja bio-
sorpcije Pb(ll) jona na biomasi MPO odabrane su tri
poznate izoterme: Langmuir, Freundlich i Temkin
model. Pocetna koncentracija Pb(ll) jona menjana je u
opsegu 10 do 120 mg dm™>. Karakteristike ovih modela,
kao i vrednosti koeficijenata linearnih jednacina izo-
termi odredenih metodom regresije, prikazani su u
tabeli 3. Svi parametri, kao i njihove nesigurnosti, dobi-
jeni su koriséenjem Microsoft Excel programa.

Langmuir adsorpciona izoterma

Langmuir izoterma podrazumeva monoslojnu ads-
orpciju adsorbata na povrsini, koja se sastoji od

0.0 10.0 20.0

30.0 40.0 50.0

Ce (mg dm3)

Slika 8. Langmuir adsorpciona izoterma za biosorpciju Pb(ll) jona na biomasi MPO (T = 25,0+0,5 <, pH 4,5).
Figure 8. Langmuir adsorption isoterm for biosorption of Pb(ll) by biomass YFW (T = 25.0+0.5 C, pH 4.5).

Tabela 3. Karakteristi¢ni parametri adsorpcionih izotermi za biosorpciju Pb(Il) jona na biomasi MPO na 25,0+0,5 C i pH 4,5
Table 3. Characteristic parameters of adsorption isotherms for Pb(ll) biosorption on biomass YFW at 25.0+0.5 C and pH 4.5

Langmuir (y = 0,052x + 1,235)

Qoo / Mg g™ Quax /Mg 8 K /dm’ mg™ R’

12,68 19,23 0,042 0,990
Freundlich (y = 0,684x + 0,046)

n Ke/mgg " be (1/n) R’

1,462 1,047 0,684 0,985
Temkin (y = 3,580x — 1,754)

b B/Jmol™ K./ dm? gt R

692,1 3,580 0,613 0,974
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konacnog broja identicnih mesta homogene adsorp-
cione energije, gde nema interakcije izmedu sorbo-
vanih molekula na susednim lokacijama. Ne postoji
dalja adsorbcija koja se moze odvijati na tom mestu, pa
je adsorpciona energija konstantna i ne zavisi od ste-
pena zauzetosti aktivnih centara sorbenta. Model Lang-
muir sorpcije se moZze izraziti u linearnoj formi jedna-
¢inom:

Ce 1 1

—= + C
Qe QmaxKL Qmax

e (4)

gde je: Q. (mg g™) — koli¢ina sorbovanih jona metala u
ravnotezi po gramu sorbenta; c. (mg dm_3) — ravno-
tezna koncentracija Pb(I1) jona u rastvoru; Quax (Mg g ™) —
Langmuir konstanta, kapacitet monoslojnog zasi¢enja
sorbenta; K, (dm3 mg ) — Langmuir konstanta, odnosi
se na slobodnu energiju adsorpcije. Langmuir parametri
adsorpcije Pb(ll) jona na biomasi MPO su dobijeni iz
grafika Langmuir izoterme (slika 8), koji pokazuje zavis-
nost ¢./Q. u odnosu na ¢, gde je c. preostala koncen-
tracija jona Pb(ll) u ravnotezi. Teorijska vrednost kons-
tante Qma, koja predstavlja kapacitet monoslojnog
zasi¢enja sorbenta, izraCunava se iz nagiba krive line-
arne zavisnosti, a vrednost K, iz odsecka sa grafika.
Konstanta K|, predstavlja energiju adsorpcije, tako da
niza vrednost konstante ukazuje na vedi afinitet sor-
benta prema metalnim jonima. Generalno, dobar sor-
bent treba da karakteriSe niza vrednost konstante K| i
visoka vrednost konstante Q. [49]. Langmuir
parametri i korelacioni koeficijent za biosorpciju Pb(Il)
jona dati su u Tabeli 3.

Freundlich adsorpciona izoterma

Freundlich izoterma pretpostavlja heterogenu povr-
Sinu sa neuniformnom raspodelom toplote adsorpcije
preko povrsine. Tako, Freundlich model opisuje adsorp-
ciju na energetski heterogenoj povrsini, na kojoj su
sorbovani molekuli interaktivni. Linearna forma Freund-
lich izoterme je data jednacinom:

InQ, =InK; + b Inc, (5)

gde je: K; (mg g"l) — Freundlich konstanta proporcio-
nalna sorpcionom kapacitetu; bg — Freundlich konstanta
koja odgovara intenzitetu adsorpcije n, a odreduje se
kao bg = 1/n. Freundlich parametri adsorpcije Pb(ll) jona
na biomasi MPO su dobijeni iz grafika Freundlich
izoterme (y = 0,684x + 0,046; R? = 0,985), koji pokazuje
zavisnost In Q. u odnosu na In c.. Konstante u Freund-
lich izotermi pruZaju dragocene informacije o sorp-
cionom procesu [21]. Koeficijent bg izraCunava se iz
nagiba krive linearne zavisnosti, a konstanta K; iz
odsecka sa grafika. Iz koeficijenta b se, kao reciprocna
vrednost, moZe izraCunati konstanta n, koja se obi¢no
nalazi u u intervalu 1-10, Sto pokazuje prednost ads-
orpcije na ispitivanom sorbentu. Sto su nize b (ili 1/n)
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vrednosti, to je veca uniformnost u pogledu energije
adsorbcionog sistema. Freundlich parametri i kore-
lacioni koeficijent za biosorpciju Pb(ll) jona dati su u
Tabeli 3. Za razliku od Langmuir-ovog modela, adsorp-
cija opisana Freundlich izotermom nije ograni¢ena na
monosloj.

Temkin adsorpciona izoterma

Temkin izoterma [50] pretpostavlja da se toplota
adsorpcije svih sorbovanih molekula u sloju na biosor-
bentu smanjuje linearno sa pokrivanjem usled sorbent-
sorbat interakcije, a da je adsorpcija okarakterisana
uniformnom raspodelom energije vezivanja, do neke
maksimalne energije. Temkin izoterma se moze izraziti
u linearnoj formi pomocu jednacine:

Q. =B InK, +BlInc, (6)

gde je: Q. (mg g™) — kolitina sorbovanih jona metala u
ravnotezi po gramu sorbenta; ¢, (mg dm~) — ravno-
tezna koncentracija Pb(Il) jona u rastvoru; K; (dm? g_l) -
Temkin konstanta; B (J mol_l) — Temkin koeficijent.
Koeficijent B se odnosi na toplotu adsorpcije, a izracu-
nava se iz nagiba krive linearne zavisnosti Q. = f (In c.).
S obzirom na to da je ovaj koeficijent B = RT/b, gde je R
univerzalna gasna konstanta (J mol™ K™) a T tempera-
tura (K), mozZe se izracunati faktor b koji predstavlja
varijaciju adsorpcione energije. Temkin parametri
adsorpcije Pb(ll) jona na biomasi MPO su dobijeni iz
grafika Temkin-ove izoterme (y = 3,580x — 1,754; R? =
= 0,974), koji pokazuje zavisnost Q. u odnosu na In c..
RavnoteZna konstanta K; odgovara maksimalnoj energiji
vezivanja i dobija se iz odsecka sa grafika [45]. Temkin
parametri i koeficijent korelacije za biosorpciju Pb(ll)
jona dati su u Tabeli 3.

Analiza adsorpcionih izotermi

Vrednosti linearnih koeficijenata korelacije za tri pri-
menjena modela adsorpcionih izotermi (Tabela 3) uka-
Zuju na to da Langmuir-ova izoterma (R2 = 0,990) naj-
bolje fituje eksperimentalne podatke i pruza odgovara-
ju¢i model za opisivanje ravnoteine biosorpcije Pb(ll)
jona na biomasi MPO, u ispitivanom opsegu koncen-
tracija. Nasuprot tome, Freundlich i Temkin model
pokazuju nize vrednosti koeficijenata korelacije. Tako-
de, na osnovu vrednosti maksimalnog kapaciteta bio-
sorpcije (tj. maksimalne koli¢ine metalnih jona potreb-
nih za stvaranje kompletnog monosloja), a koji se moze
proceniti koris¢enjem Langmuir modela, izvrSena je
kvantitativna procena procesa biosorpcije putem koefi-
cijenta, Qmayx- |z Tabele 3 se mozZe videti da je eksperi-
mentalno dobijena vrednost kapaciteta biosorpcije u
ravnoteZi (Qeyp) za biomasu MPO i ispitivane Pb(ll) jone
najpribliznija maksimalnom kapacitetu biosorpcije
(Qmay) izraCunatom iz Langmuir-ovog modela. U skladu
sa Langmuir modelom, biosorpcija prati monoslojno
pokrivanje povrsine biosorbenta ispitivanim metalnim
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jonima, pri ¢emu je interakciju izmedu dva susedna
jona zanemarljiva. Drugi parametar Langmuir izoterme,
konstanta K, koja se odnosi na energiju adsorpcije,
ukazuje na umereni afinitet biomase MPO prema ispiti-
vanim Pb(ll) jonima. Model Langmuir izoterme ukazuje
na hemijski uravnotezen i zasicen mehanizam biosorp-
cije, koji je u ovom slucaju karakteristi¢an za ispitivanu
biomasu MPO.

Slicno ovim konstatacijama, mnoge druge studije
[9,18,27,47] koje se bave slicnim biosorbentima, poka-
zuju da je od svih ispitivanih modela Langmuir izoterma
u prili¢no dobroj saglasnosti sa eksperimentalnim poda-
cima. Ove studije ukazuju na ¢injenicu da je prisustvo
kiseoni¢nih funkcionalnih grupa na povrsini biosor-
benta (narocito hidroksilne) od presudnog znacaja za
sorpciju teskih metala, s obzirom na to da imaju spo-
sobnost vezivanja teskih metala putem doniranja elek-
tronskog para kiseonika metalnim jonima u rastvoru.
Relativno visoka koncentracija kiseoni¢nih funkcional-
nih grupa na povrsini biosorbenta, koje su odgovorne
za vezivanje metala, ukljucuje razlicite mehanizme kao
Sto su: jonska izmena, helatizacija, kompleksiranje i
drugo. Uporedivanje vrednosti biosorpcionog kapaci-
teta i drugih parametara ispitivanog biosorbenta (bio-
mase MPO) sa slicnim biosorbentima drugih studija nije
bilo mogucée zbog razli¢itih eksperimentalnih uslova i
koris¢enih modela. Ipak, na osnovu prikazanih rezultata
moze se zakljuciti da biomasa MPO ima znacajan po-
tencijal za uklanjanje jona olova iz vodenih rastvora.

ZAKLJUCAK

Navedena ispitivanja, koja se odnose na mogucnost
iskoris¢enja sekundarnog otpada, pokazuju da se
otpadna biomasa MPO moZe koristiti kao biosorbent za
uklanjanje Pb(ll) jona iz vodenih rastvora, a u cilju pre-
¢iS¢avanja vode kontaminirane olovom. Karakterizacija
biosorbenta FTIR spektroskopijom ukazala je na pri-
sustvo razlicitih funkcionalnih grupa, koje mogu biti
odgovorne za uklanjanje Pb(ll) jona iz rastvora. Za pro-
ces biosorpcije Pb(ll) jona utvrdeni su i definisani uticaji
raznih parametara, kao $to su: kontaktno vreme bio-
sorbent-sorbat (0-120 min), pH sredine (2-6), tempe-
ratura biosorpcije (25— 40 °C), koncentracija biomase
(2-20 mg dm?) i pocetna koncentracija metalnih jona
(10-120 mg dm™). Kinetitka ispitivanja biosorpcije
Pb(Il) jona na biomasi MPO pokazala su maksimalnu
efikasnost biosorpcije od 84% u toku 50 min, pri pH 4,5
i temperaturi od 25 °C, a da proces biosorpcije najbolje
prati kineti¢ki model pseudo-drugog reda. Ispitivanja su
pokazala da se porastom temperature od 25-40 °C
biosorpcija postepeno smanjuje. Povecanje koncentra-
cije biosorbenta od 2,0 do 8,0 mg dm™ dovodi do
znacajnog povecanja efikasnosti uklanjanja Pb(ll) jona,
kao rezultat povedéanja povrsine biosorbenta i veée dos-
tupnosti biosorpcionih centara. Sa tehnoloSko-eko-

nomskog aspekta, kao optimalni parametri, odabrani su
koncentracija biosorbenta od 6,0 g dm~ sorbata i
pocetna koncentracija metalnih jona 15 mg dm>. Rav-
notezna biosorpcija Pb(ll) jona na biomasi MPO opisana
je pomoc¢u modela Langmuir, Freundlich i Temkin
izoterme, u koncentracionom opsegu jona od 10-120
mg dm>. Utvrdeno je da se kapacitet biosorpcije Pb(ll)
jona povecdava sa povecanjem pocetne koncentracije
metalnih jona, a da je maksimalni teorijski kapacitet
biosorpcije otpadne biomase MPO 19,23 mg g . Lang-
muir model sorpcije je pokazao najbolje fitovanje eks-
perimentalnih podataka, sa koeficijentom korelacije
R® > 0,990. Na osnovu dobijenih rezultata ispitivanja,
moze se zakljuciti da biomasa MPO, nakon iskoriS¢enja
iz procesa proizvodnje orahovog likera, ima potencijal
da se koristi kao efikasan i ekonomican alternativni bio-
sorbent za uklanjanje Pb(ll) jona iz vodenih rastvora.
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SUMMARY

THE BIOSORPTION POTENTIAL OF WASTE BIOMASS YOUNG FRUIT WALNUTS FOR LEAD IONS: KINETIC AND

EQUILIBRIUM STUDY

Dragana Z. Markovi¢™?, Danijela V. Boji¢?, Aleksandar Lj. Boji¢>, Goran S. Nikoli¢®

"High professional school of textiles, Leskovac, Serbia

’Department of Chemistry, Faculty of Science and Mathematics, University of Nis, Serbia

*Faculty of Technology, University of Ni$, Leskovac, Serbia
(Scientific paper)

The biosorption potential of waste biomass young fruit walnuts (YFW) as a
low-cost biosorbent, processed from liqueur industry, for Pb(ll) ions from aqueous
solution was explored. The structural features of the biosorbent were character-
ized by FTIR spectroscopy, which indicates the possibility that the different func-
tional groups may be responsible for the binding of Pb(ll) ions from aqueous
solution. The effects of relevant parameters such as pH (2—6), contact time (0-120
min), biosorbent dosage (2—20 g), initial metal ion concentration (10120 mg dm™>),
at a temperature of 25 °C with stirring (120 rpm) and a constant ionic strength of
0,02 mol dm™ were evaluated in batch experiments. The sorption equilibrium of
Pb(Il) ion (when 84% of metal ions were sorbed at an initial concentration of 15
mg dm™3) was achieved within the pH range 4-5 after 50 min. Kinetic data were
best described by the pseudo-second order model. Removal efficiency of Pb(ll)
ion rapidly increased with increasing biosorbent dose from 2.0 to 8.0 g per dm™
of sorbate. Optimal biosorbent dose was set to 6.0 g per dm® of sorbate. An
increase in the initial metal concentration increases the biosorption capacity. The
sorption data of investigated metal ion are fitted to Langmuir, Freundlich and
Temkin isotherm models. The equilibrium data were well fitted by the Langmuir
isotherm model (R2 > 0.990). The maximum monolayer biosorption capacity of
waste biomass YFW for Pb(ll) ion, at 25.0£0.5 °C and pH 4.5, was found to be
19.23 mg g . This available waste biomass is efficient in the uptake of Pb(ll) ions
from aqueous solution and could be used as a low-cost and an alternative bio-
sorbent for the treatment of wastewater streams bearing these metal ions.

Keywords: Biosorption e Waste biomass
e Fruit walnut e Lead ions e Kinetic o Iso-

therms
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Visual, instrumental, mycological and mycotoxicological characterization
of wheat inoculated with and protected against Alternaria spp.
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Abstract

The aim of this work was to characterize visual properties, instrumentally measured colour
properties, field fungi presence and Alternaria toxins levels in wheat samples grown under
conditions aimed at inhibition and stimulation of wheat infection with fungi from the
Alternaria genus. Experiment was carried out on the wheat treated by fungicide and wheat
inoculated by Alternaria spp., while non treated wheat was used as a control. Statistically
significant difference was observed between all three treatments using visual scale. Pro-
tected wheat samples were significantly different from other samples in terms of all mea-
sured color parameters while inoculated and control wheat samples were significantly
different in terms of lightness and dominant wavelength. Identification of field fungi in the
all examined wheat samples showed that the dominant mycotoxigenic fungus was Alter-
naria spp., followed by Fusarium spp. The content of Alternaria toxins in samples of wheat
hulls and dehulled kernels indicated higher concentrations of Alternaria toxins in hulls than
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in dehulled kernels.
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Cereal grains are the primary source of energy in
the human diet, with wheat being the third most pro-
duced grain worldwide. Recent studies have shown
that besides Fusarium spp. fungi of the genus Alter-
naria became the dominant source of wheat kernels
contamination [1]. The two major features of Alternaria
species are the production of melanin, especially in the
spores, and the production of host-specific toxins in the
case of pathogenic species [2]. Apart from a role in
conidial development [3], melanin appears to have an
indirect as well as a direct function in virulence. It acts
as body armor, protecting fungi against environmental
stress or unfavorable conditions like extreme tempera-
tures, UV-radiation and compounds secreted by
microbial antagonists, thus adding to longevity and
survival [3,4]. In addition, the melanin rapidly reacts
with free oxygen radicals which are components of the
host defense system against the penetration of the
pathogen, thus increasing the susceptibility of the host
[5]. The usual symptom of infection with Alternaria spp.
is darkening of the cereal ears (Figure 1a) before harv-
est [6]. There are various types of discolouration that
can affect common (Triticum aestivum L.) wheat ker-
nels. Black point and dark smudge, mostly associated
with Alternaria alternata (Fr.) Keissl., and Cochliobolus
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E-mail: elizabet.janich@fins.uns.ac.rs

Paper received: 14 November, 2014

Paper accepted: 1 June, 2015

sativus (Ito & Kurib.) Drechs. ex Dast. (anamorph Bipo-
laris sorokiniana (Sacc.) Shoemaker) [7] are common
discolourations of cereal seed, which occur in most
regions where these crop species are grown. The con-
dition in wheat or barley known as black point is a dark
discoloration at the embryo end of the kernel (Figure
1b), resulting in downgrading of the grain quality. In
severe cases, the discoloration occurs in the outer peri-
carp and inner seed coat tissue, and may extend along
the groove on the ventral side of the grain [8,9].

a)

Figure 1. Symptoms of infection with Alternaria spp. on wheat
ear (right) (a, taken from URL: http://www.hgca.com/, acces-
sed 06/05/2015) and on grain (b, taken from URL: http://
//agropedia.iitk.ac.in/content/black-point-disease-wheat/,
accessed 06/05/2015).

These types of kernel discoloration vary significantly
in incidence and severity depending on environmental
conditions during kernel maturation. Numerous other
studies indicate that black point may be a result of
abiotic stresses, as symptoms are more likely to occur
after extreme environmental conditions such as heavy
rain, high humidity and extremes of temperature
[7,10-15]. However, a recent study showed that
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although abiotic factors, such as high humidity levels,
can promote the occasional development of black point
or dark smudge on durum wheat kernels under control-
led-environment conditions, fungal infection by C. sati-
vus or A. alternata was the main factor associated with
their development [16]. Besides pathogenicity and red-
uction of quality of kernels, several Alternaria spp. are
known producers of toxic secondary metabolites, Alter-
naria mycotoxins (tenuazonic acid, alternariol, alterna-
riol monomethyl ether (Figure 2a—c), altenuen and alt-
ertoxins), which might be harmful for human and ani-
mal health [1].

OCHg

0
L
HO (Oe]

c)

Figure 2. Structures of examined Alternaria toxins: tenuazonic
acid (a), alternariol (b) and alternariol monomethyl ether (c).

In this context, the aim of this work was to explore
the possibility of determining the intensity of field fungi
infestation by visual scale application and instrumental
measurement of wheat ears and kernels color and to
determine field fungi presence and Alternaria toxins
levels in wheat samples grown under conditions aimed
at inhibition and stimulation of infection of wheat with
fungi from the Alternaria genus.

MATERIAL AND METHODS

Material and climate conditions

Experiment was carried out in the 2012/2013 sea-
son in the region of Vojvodina, north Serbia, on the
wheat (Triticum aestivum cv. Sirtaki) protected by fun-
gicide and wheat inoculated by Alternaria spp., while
non treated wheat was used as a control. May 2013
was characterized by weather fluctuations, warmer and
more humid weather conditions than multiannual aver-
age, with surplus precipitation (ZPrec. 125 mm).
According to Standardized Precipitation Index (SPI), Z
index, and Palmer Drought Severity Index (PDSI/) values
(1.9, 4.8 and 4.0, respectively), this month had extreme
humid weather conditions.

Fungus culture and inoculation

The isolates of A. tenuissima were multiplied in 8 L
Chapek medium at room temperature (25 °C) with day-
light cycles for 14 days. Medium was aerated during the
isolate multiplication. For the purpose of inoculation, a
conidial suspension was sprayed on the plants with a
hand atomizer. Before spraying, flasks were shaken
vigorously and 1 mL of suspension was poured in to a
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haemocytometer and the number of infective particles
was counted in ten replications. The average con-
centration of A. tenuissima conidia was 0.13025x10°
infective particles/mL. At the full flowering stage ino-
culation was performed with 8 L of aqueous suspension
of fungal isolates. Inoculated spikes were immediately
covered with plant protection cover (Stocker, Italy) for
48 h. Spikes were used as control. In the full ripeness,
stage spikes from each plot were cut by hands and
used for next analysis.

Chemicals and reagents

Alternariol (AOH, purity 99.0%), alternariol mono-
methyl ether (AME) (purity 99.5%) and tenuazonic acid
(TeA, purity 99.5%) standards were purchased from
Sigma-Aldrich (St Louis, MO, USA). Stock solutions of
AOH (2500 pg mL™), AME (2500 pg mL™) and TeA
(10000 pg mL™) were prepared in methanol and stored
at —20 °C. The following solvents were used: methanol
(MeOH, J.T.Baker, Deventer, Netherlands) and ethyl
acetate (EtOAc, Sigma-Aldrich (Saint Louis, USA), all
LC—MS grade, formic acid (FA, purity 99.9%, Carlo Erba,
Italy), and fuming HCl (37%, pa, Merck, Darmstadt,
Germany). Deionized water was sourced from a Milli-
pore Simplicity UV water purification system (Bedford,
MA, USA).

Visual scale establishing and colour measurement

Visual scale (1-6) of wheat ear color was estab-
lished, where 1 represented the lightest sample and 6
represented the darkest sample. These samples were
also measured instrumentally in order to explore the
correlations between these two methods. The color of
wheat kernels was only instrumentally measured.

The color of all samples was measured with Konica
Minolta Chroma Meter CR-400, using different attach-
ments; for the measurement of wheat ears color, Light
Protection Tube CR-A33f was used, while the color of
wheat kernels and hulls was measured using Granular
Attachment CR-A50. The CIE L* (lightness), CIE a* (red—
green) and CIE b* (yellow—-blue), and dominant wave-
length (DWL) were read using a Dgs light source and the
observer angle at 2°. The tristimulus values of CIE L¥*,
a* and b* readings were calibrated against a standard
white plate (Y = 84.8; x = 0.3199; y = 0.3377). Each
wheat ear sample was divided in four subgroups, and
color of one hundred ears from each subgroup (400
ears from one sample) was measured on 6-8 locations,
depending on the ear size. Each wheat kernel sample
was also divided in four subgroups, and ten replications
were measured from each subgroup (40 replications
per sample in total).

Percent of kernel infection

According to the method proposed by Pitt and
Hocking [17], 100 wheat kernels were randomly sel-
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ected from each treatment. The samples were disin-
fected with 0.4% NaClO, rinsed with water for 2 min
and placed on Petri plates in four repetitions (25
kernels per plate). Incubation was conducted at 25 °C
and after seven days intensity of infection was asses-
sed. Confirmation of fungi genera was carried out by
microscopic examination on potato dextrose agar
(PDA) and malt extract agar (MEA) media after 7 days
of incubation at 25 °C.

LC—-MS/MS analysis

The Agilent 1200 series liquid chromatography, con-
sisting of vacuum degasser, binary pump, autosampler
and thermostated column compartment was used for
separation of analytes, whose detection was carried
out by means of Agilent series 6410A triple-quad mass
spectrometer with electrospray ionization (ESI). Mass-
Hunter ver. B.03.01 software (Agilent Technologies Inc.,
USA) was used for instruments control and data anal-
ysis. The separation was achieved using a Zorbax
Eclipse XDB-C18 column (50 mmx4.6 mm i.d., 1.8 um)
(Agilent Technologies) with a column compartment
temperature of 50 °C. The binary mobile phase con-
sisted of 0.05% aqueous formic acid (A) and methanol
(B) and was delivered at a flow rate of 1 mL/min. Com-
ponents were eluted in gradient mode, starting with
30% B, followed by a linear gradient reaching 70% B in
6.0 min, then by a linear gradient reaching 100% B in
9.0 min and holding for 3.0 min, with post-time of 3.0
min. The entire effluent was transferred to mass spec-
trometer, without flow splitting. The injection volume
for all samples was 15 pL. ESI parameters were as fol-
lows: drying gas (N,) temperature 350 °C, flow 10
L/min, nebulizer gas pressure 50 psi, and capillary volt-
age 4 kV. Compounds were quantified in negative ion-
ization dynamic selected reactions monitoring mode.
Each compound was monitored at determined reten-
tion time +1.5 min. Fragmentor voltage and collision
energies were optimized for each analyte during inf-
usion of the pure standard, and the most abundant
fragment ions were chosen for the selected reaction
monitoring. The utilized MRM transitions (m/z mother
ion—>quantifier/qualifier) were m/z 196.2->139.0 (frag-
mentor 170 V, collision energy 15V)/112.0 (fragmentor
170V, collision energy 20 V) for TeA, m/z 257.2-5213.0
(fragmentor 180 V, collision energy 20 V) /215.0 (frag-
mentor 180 V, collision energy 25 V) for AOH and m/z
271.3->256.0 (fragmentor 130 V, collision energy 20
V)/228.0 (fragmentor 160 V, collision energy 30 V) for
AME. The mean retention times (n = 20) were 4.14 min
for TeA, 5.03 min for AOH and 7.01 min for AME.

Sample preparation

Method of sample preparation by Siegel et al. [18]
was slightly modified. Samples (500 g) were ground to a
1 mm particle size using laboratory mill (KnifetecTM

1095 mill, Foss, Hoganas, Sweden). After that, approx-
imately 1 g (exact weights known) of homogenized
samples were mixed with 7 mL water. Subsequently, 2
mL of 2 mol/L aq. HCl and 5 mL of EtOAc were added.
The resulting ternary phase systems were shaken on
shaker (Griffin and George, Wembley, England) for 45
min, ultrasonicated for 10 min (ATM40-3LCD, Madrid,
Spain) and shaken again for 45 min. Then, the extracts
were transferred into glass cuvettes and centrifuged
(Tehtnica, Zelezniki, Yugoslavia) at 3200g for 15 min to
achieve complete phase separation. Thereafter, 2 mL of
the upper EtOAc layers were transferred into another
glass cuvette, and evaporated under a stream of nitro-
gen (Reacti-Therm | #18821, Thermo Scientific, USA).
The dry residue was dissolved in 1 mL of LC/MC grade
MeOH, and transferred to an HPLC vial through the
Econofilter PTFE (13 mm, 0.2 um) syringe filter (Agilent
Technologies, China) and stored at —20 °C until analysis.

Validation of method

The developed method was validated by in-house
quality control procedure following the guidelines of
Commission Decision 2002/657/EC [19]. Method valid-
ation was performed in terms of matrix effects, line-
arity, trueness, precision (repeatability), limit of detec-
tion (LOD) and limit of quantification (LOQ). The calib-
ration curves for all of the compounds in pure solvent
and in matrix were obtained by plotting the peak areas
against the concentrations of the corresponding calib-
ration standards at five calibration levels ranging from
25.0 to 100.0 pg/kg for TeA and 2.5 to 10.0 pg/kg for
AOH and AME. The linearity of calibration curves was
expressed by the correlation coefficient (). For the
matrix-matched calibration curves (MMC), the blank
wheat samples were enriched with working standard
solutions at the final reconstitution step providing line-
arity over the range from the 25.0 to 100.0 pg/kg for
TeA and from the 2.5 to 10.0 pg/kg for AOH and AME
(five-point MMC). For overall method recovery, the
blank wheat samples were spiked prior to sample pre-
paration, providing linearity also over the range from
the 25.0 to 100.0 ug/kg for TeA and from 2.5 to 10.0
ug/kg for AOH and AME (five-point R,) in three repli-
cates. Spiked samples were left overnight at room tem-
perature to allow solvent evaporation and equilibration
between analytes and matrix. To differentiate between
extraction efficiency and matrix-induced signal sup-
pression/enhancement, the slope ratios of the linear
calibration functions were calculated to vyield the
apparent recovery (R,), i.e., the overall method reco-
very and the signal suppression/enhancement (SSE)
due to matrix effects. The recovery of the extraction
step (Rg), i.e., sample preparation recovery was cal-
culated by dividing the overall recovery by the matrix
effect as follows (modified after Matuszewski et al.
[20]):
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Ra(%) =
= 100xslope spiked sample/slope liquid standard (1)

SSE(%) =100xslope matrix-matched standard/slope
liquid standard (2)

Re(%) = 100xslope spiked sample/slope matrix-matched
standard (3)

The precision of the method was expressed in terms
of repeatability, i.e., as relative standard deviation
(%RSD) of 6 replicates at three concentration levels
(25.0, 50.0 and 100.0 pg/kg for TeA and 2.5, 5.0 and
10.0 pg/kg for AOH and AME) using the spiked blank
wheat samples prior to analysis using the MMC curve.

The limit of detection (LOD) and limit of quantific-
ation (LOQ) were estimated by injecting decreasing
concentrations of matrix-matched standards and mea-
suring the response at a signal-to-noise ratio (S/N) of
>3 and 210 for the LOD and LOQ, respectively.

Statistical analysis

Pearson correlation coefficients on different sig-
nificance levels (5, 1 and 0.1%) between visual scale
and measured parameters were calculated. Analysis of
variance (ANOVA) and Duncan's multiple range tests
were applied to compare means at 5% significance
level. Principal Component Analysis (PCA) was applied
to explore the relationships among the colour para-
meters and to group the wheat ears used for visual
scale establishing. Data analysis was performed using
the statistical data analysis software system Statistica,
version 12.0.

RESULTS AND DISCUSSION

Obtained results are discussed in the scope of the
color properties of wheat ears, kernel color properties,
presence and distribution of the field fungi infecting
wheat and presence and concentration of Alternaria
toxins.

Visual and instrumental assessment of wheat ear
color

The results obtained by application of visual eval-
uation of wheat ears and their instrumental colour
measurement (Table 1) indicate that all three treat-
ments differed significantly among each other by
scores obtained using visual scale, with protected

wheat sample assessed with the lowest scores, and
inoculated wheat sample with the highest scores.
Protected wheat samples were significantly different
from other samples in terms of all measured color
parameters (L*, a*, b* and DWL). Inoculated and con-
trol wheat samples were significantly different in terms
of lightness and dominant wavelength.

Regarding the correlations between methods of
visual and instrumental assessment of color, values of
Pearson correlation coefficients calculated between
visual scale and instrumental measurement showed
that L* values were in the highest negative correlation
(—0.97, p < 0.001) with the visual scale. Other colour
parameters (b*and DWL) were also in high correlation
(p < 0.001) with the visual scale (-0.72 and +0.74,
respectively). Color parameter a* was also significantly
positively correlated with the visual scale at 5% sig-
nificance level. Six wheat ears used for visual scale
establishing differed significantly among each other
only by L* (lightness) values.

PCA was performed for the color values the wheat
samples used for establishment of visual scale, and the
results showed that high percentage of total variance is
explained by the first two components (95.66%, Figure
3a).

Lightness (L*) and yellow tone (b*) were close to
the circle line and close to each other, which indicated
high contribution of these two parameter to the total
variance as well as high correlation (r close to +1)
between them. Red tone (a*) and dominant wave-
length (DWL) were also close to the circle line which
pointed out their importance in explanation of variance
between the wheat samples.

Wheat ears that comprised the visual scale were
completely separated by color parameters (Figure 3b).
Wheat ears assessed as 1, 2 and 3 were distinguished
mostly by lightness and yellow tone. Wheat ear asses-
sed as 6 was almost in opposite to the wheat ear
marked as 3, indicating dark color of this sample.
Higher values of DWL and a* caused differentiation of
wheat ears marked as 4 and 5, which could be exp-
lained by more prominent red hue of these samples.
Measured color parameters were in most cases in
accordance with appearance of wheat ears used for
visual scale establishing.

Table 1. Colour parameters of differently treated wheat ears; 0 — non-treated wheat sample; 1 — protected wheat sample;
2 —inoculated wheat sample. Results are presented as meanzstandard deviation (n = 2400). Values with the different superscript

within the same column are statistically different (p < 0.05)

Sample L* a* b* DWL / nm Visual scale
0 60.91+3.05° 2.8910.70° 24.07+3.89° 578.3310.52° 2.90£0.50°
1 63.16+3.46° 2.49+0.69° 25.41+3.32° 577.94+0.49° 2.3540.74°
2 60.09+3.87° 2.81:0.71° 24.11+4.01° 578.29+0.59" 3.01£0.75°
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Figure 3. Projection of variables (a) and cases (b) on the factor plane.

Instrumental assessment of wheat kernel colour

Results of kernel color measurement were slightly
different: kernels of inoculated wheat differed signific-
antly from other samples in terms of L*, a* and b*
parameters (Table 2), whereas all samples belonged to
the same homogenous group by dominant wavelength
values.

Table 2. Color parameters of differently treated wheat kernels
; 0—non-treated wheat sample; 1 — protected wheat sample;

2 —inoculated wheat sample. Results are presented as meanz+
tstandard deviation (n = 40). Values with the different super-

script within the same column are statistically different

(p < 0.05)

Sample L* a* b* DWL / nm
0 53.05+1.63° 8.73+0.91° 23.81+1.60° 582.64%0.41°
1 53.34+1.88° 8.87+0.88" 24.09+1.84° 582.68+0.37°
2 52.20+1.53" 8.30£0.96° 22.25:+1.84° 582.67:0.40°

Considering all mentioned above, it can be con-
cluded that infection entered the kernel in greater
extent in inoculated wheat samples, while in non-
-treated samples it was less prominent. Protected
wheat samples were generally characterized by higher
lightness and more prominent yellow tone. Results
obtained by instrumental color measurement are in
accordance with the visual scale assessment of treated
wheat samples.
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Field fungi distribution

Identification of field fungi in all examined wheat
samples showed (Table 3) that the dominant field fungi
was Rhizopus spp., while of mycotoxigenic fungus Alter-
naria spp. was dominant, followed by Fusarium spp.

Percent of infection by Alternaria spp. was the
highest for inoculated samples as expected. This caused
the differentiation of this wheat sample by its dark
color as determined both by application of visual scale
and instrumental measurement, which was expected
due to the fact that Alternaria spp. produce melanin
pigments.

Presence of Alternaria toxins

Presence of Alternaria toxins in examined hulls and
dehulled wheat samples for the applied treatments
was analyzed by high performance liquid chromate-
graphy with electrospray ionization triple quadrupole
mass spectrometry (HPLC-ESI-MS/MS). The validation
data of the employed analytical method for the deter-
mination of selected Alternaria toxins are given in
Table 4, while precision, expressed as repeatability
gave RSD values of 15.0, 10.2 and 9.3% for AOH, 19.9,
10.4 and 15.8% for AME and 10.7, 8.3 and 8.9% for
TeA. Linearity, gave values of correlation coefficients
(r*) above 0.9903 for all three Alternaria toxins for stan-
dard and matix-matched calibration curves and calib-
ration curves of spiked samples in the concentration

Table 3. Presence of certain genera of fungi in wheat samples; 0 — non-treated wheat sample; 1 — protected wheat sample;

2 —inoculated wheat sample

Fungi genus, %

Sample - - - - —
Fusarium Alternaria Cladosporium Rhizopus Penicillium
2 31.5 1 65.5 -
2 29 - 69 -
4 445 - 50 1.5
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range from 25.0 to 100.0 pg/kg for TeA and from 2.5 to
10.0 pg/kg for AOH and AME.

Table 4. Limit of detection, limit of quantification, matrix
effects, overall method recovery and sample preparation
recovery data of the employed analytical method; LOD — limit
of detection; LOQ — limit of quantification ; SSE — slope ratio of
matrix-mached calibration curve and standard calibration
curve for selected analytes; R, — overall method recovery
(slope ratio of calibration curve of spiked samples and stan-
dard calibration curve for selected analytes ; Rc — sample
preparation recovery (slope ratio of calibration curve of
spiked samples and matrix-mached calibration curve for
selected analytes)

Alternaria LoD/LoQ SSE Ra Re
toxin ug/kg % % %
AOH 0.75/2.5 99.6 71.4 71.7
AME 0.1/0.3 92.7 70.7 76.2
TeA 2.5/7.5 125.3 87.7 70.0

Based on obtained validation parameters, the deve-
loped method was successfully validated according to
the criteria specified in Commission Decision 2002/
/657/EC for quantitative confirmation method [19].

The results on presence of Alternaria toxins in
examined samples are given in Table 5.

Table 5. Content of alternariol (AOH), alternariol monomethyl
ether (AME) and tenuazonic acid (TeA) in hulls and dehulled
wheat samples for the applied treatments (ug/kg); 0 — non-
-treated wheat sample; 1 — protected wheat sample;

2 —inoculated wheat sample

Sample AOH AME TeA
0 - hulls 10.6 0.99 189
1—hulls - 0.54 105
2 —hulls 21.1 1.25 227
0 — dehulled wheat - - 59.5
1 —dehulled wheat - - 30.7
2 —dehulled wheat - 0.46 96.6

It should be noted that the Alternaria toxins were
quantified by external matrix-matched calibration pro-
cedure. Also, the presented results are corrected with
samples preparation recovery and it was recalculated
on the dry matter.

TeA was the predominant toxin quantified in all
analysed cases. In the hulls of treated and non-treated
wheat samples all three examined Alternaria toxins
were detected, while in hulls of protected wheat
sample AOH was not detected. Also, it can be seen that
of dehulled wheat kernel samples, the highest con-
centration of TeA was detected in inoculated wheat
kernels. The detected levels of TeA were about three
times higher in hulls compared to kernels from all
treatments. It should be noted that concentration of
AOH was doubled in hulls of inoculated wheat sample
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compared to hulls of non-treated wheat sample, while
AOH was not detected in dehulled wheat samples in
any of analysed cases. The detected level of AME was
about three times higher in hulls compared to dehulled
kernels in inoculated wheat sample. Hulls might be
considered as physical barriers with a protective effect
from pathogens on kernels, which has been proved in
hulled barley and oat varieties [21,22]. There are seve-
ral studies dealing with the protective role of hulls
against mycotoxins produced by Fusarium species [21-
—24], but data on the ability of hulls to protect wheat
kernels from the Alternaria toxins is still scarce. Simi-
larly to our findings, Vuckovi¢ et al. [25] showed the
protective effect of hulls on the occurrence of Alter-
naria toxins in spelt wheat.

On the basis of obtained results, visual scale or
instrumental measurement of wheat ear color could be
applied for the fast determination of infection degree
by Alternaria spp. in the field. Anyhow, these methods
should be validated with larger number of samples,
cultivars and production years. Methodology of samp-
ling should be also further elaborated in order to
obtain representative results. One of the further direct-
ions of research should be examination of possible
relation between color and content of Alternaria toxins
as well as prediction of toxin content by colour mea-
surements performed in field. In addition, possible pro-
tective effect of hulls could be important for organic
farming.

CONCLUSIONS

Results obtained for the non-treated, protected and
inoculated wheat samples showed that instrumentally
measured color parameters are in accordance with the
visual scale assessment. Pearson correlation coef-
ficients between visual scale and instrumental mea-
surement showed that L* values were in the highest
negative correlation with the visual scale; moreover,
samples used for visual scale establishing differed
significantly among each other only by L* values. Iden-
tification of field fungi in the all examined wheat
samples showed that the dominant mycotoxigenic fun-
gus was Alternaria spp., followed by Fusarium spp. It
can be concluded that higher degree of infection by
Alternaria spp., higher score on visual scale and lower
L* (lightness) values were directly related due to the
production of melanin pigments by this genus of fungi.
Obtained results indicate the higher concentrations of
Alternaria toxins in hulls than in dehulled kernels which
implicate the possible protective effect of wheat hulls.

Acknowledgements

This paper is a result of the researches within the
projects Il 46001 and Ill 46005, financed by the Min-



E.P. JANIC HAINAL et al.: CHARACTERIZATION OF WHEAT INOCULATED WITH Alternaria spp.

Hem. ind. 70 (3) 257-264 (2016)

istry of Education, Science and Technological Develop-
ment, Republic of Serbia.

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

(12]

(13]

EFSA on Contaminants in the Food Chain (CONTAM),
Scientific opinion on the risks for animal and public
health related to the presence of Alternaria toxins in
feed and food, EFSA J. 9(10) (2011) 2407 (http://
//www.efsa.europa.eu/efsajournal).

B. Thomma, Alternaria spp.: from general saprophyte to
specific parasite, Mol. Plant Pathol. 4 (2003) 226-236.

C. Kawamura, T. Tsujimoto, T. Tsuge, Targeted disrupt-
ion of a melanin biosynthesis gene affects conidial
development and UV tolerance in the Japanese pear
pathotype of Alternaria alternata, Mol. Plant Microbe
Interact. 12 (1999) 59-63.

A.L. Rehnstrom, S.J. Free, The isolation and character-
ization of melanin-deficient mutants of Monilinia fruc-
ticola, Physiol. Mol. Plant P. 49 (1996) 321-330.

E. Jacobson, E. Hove, H. Emery, Antioxidant Function of
Melanin in Black Fungi, Infection Immun. 63 (1995)
4944-4945,

HGCA The Encyclopaedia of Cereal Diseases [online]
Available from URL: http://www.hgca.com/, access date
06/05/2015.

M.R. Fernandez, J.M. Clarke, R.M. DePauw, R.B. Irvine
and R.E. Knox, Black point and red smudge in irrigated
durum wheat in southern Saskatchewan in 1990-1992,
Can. J. Plant Pathol. 16 (1994) 221-227.

C. Mdnaco, M. Sisterna, A. Perelld, G.D. Bello, Preli-
minary studies on biological control of the black point
complex of wheat in Argentina, World J. Microb. Biot.
20 (2004) 285-290.

P.M. Williamson, Black point of wheat: in vitro pro-
duction of symptoms, enzymes involved, and associat-
ion with Alternaria alternata, Aust. J. Agr Res. 48 (1997)
13-19.

M.P. Clarke, M.J). Gooding and S.A. Jones, The effects of
irrigation, nitrogen fertilizer and grain size on Hagberg
falling number, specific weight and black point of winter
wheat, J. Sci. Food Agr. 84 (2004) 227-236.

R.L. Conner, Influence of irrigation and precipitation on
incidence of black point in soft white spring wheat, Can.
J. Plant Pathol. 11 (1989) 388-392.

R.L. Conner, J.G.N. Davidson, Resistance in wheat to
black point caused by Alternaria alternata and
Cochliobolus sativus, Can. J. Plant Pathol. 68 (1988) 351—
—359.

J. Kumar, P. Schafer, R. Huckelhoven, G. Langen, H.
Baltruschat, E. Stein, S. Nagarajan, K.-H. Kogel, Bipolaris

(14]

[15]

(16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

[24]

[25]

sorokiniana, a cereal pathogen of global concern: Cyto-
logical and molecular approaches towards better con-
trol, Mol. Plant Pathol. 3 (2002) 185-195.

R.S. Sadasivaiah, S.M. Perkovic, D.C. Pearson, B. Post-
man, B.L. Beres, Registration of ‘AC Andrew’ wheat,
Crop Sci. 44 (2004) 696—697.

R.S. Sadasivaiah, S.M. Perkovic, D.C. Pearson, B.
Postman, B.L. Beres, Registration of ‘AC Meena’ wheat,
Crop Sci. 44 (2004) 697-698.

M.R. Fernandez, M. Sissons, R. L. Conner, H. Wang, J.M.
Clarke, Influence of biotic and abiotic factors on dark
discoloration of durum wheat kernels, Crop Sci. 51
(2011) 1205-1214.

J.I. Pitt, A.D. Hocking, Fungi and Foog Spoilage, CSIRO
Division of Food Research, Academic press, Sydney,
1985.

D. Siegel, M. Feist, M Proske, M Koch, I. Nehls, Deg-
radation of the Alternaria mycotoxins alternariol, alter-
nariol monomethyl ether, and altenuene upon bread
baking. J. Agric. Food Chem. 58 (2010) 9622-9630.
European Commission, Commission Regulation 2002/
/657/EC of 14 August 2002 implementing council direct-
ive 96/23/EC concerning the performance of analytical
methods and the interpretation of results, Official Jour-
nal of the European Communities L 221 (2002) 8-36.
B.K. Matuszewski, M.L. Constanzer, C.M. Chavez-Eng.,
Strategies for the assessment of matrix effect in quan-
titative bioanalytical methods based on HPLC—-MS/MS.
Anal. Chem. 75 (2003) 3019-3030.

A. Adler, H. Lew, J. Moudry, Z. Sterba, K. Vratilova, W.
Edinger, W. Brodacz, E. Kiendler, Microbiological and
mycotoxicological quality parameters of naked and
covered oats with regard to the production of bran and
flakes, Bodenkultur 54 (2003) 41-48.

P.A. Khatibi, G. Berger, S. Liu, W.S. Brooks, C.A. Griffey,
D.G. Schmale, Resistance to Fusarium head blight and
deoxynivalenol accumulation in Virginia barley, Plant
Dis. 96 (2012) 279-284.

M. Wiwart, J. Perkowski, H. Jackowiak, D. Packa, A.
Borusiewicz, M. Buoeko, Response of some cultivars of
spring spelt (Triticum spelta) to Fusarium culmorum
infection, Bodenkultur 55 (2004) 29-36.

M. Wiwart, J. Perkowski, W. Budzy’ nski, E. Suchowilska,
M. Bu’sko, A. Matysiak, Concentrations of ergosterol
and trichothecenes in the grains of three Triticum
species. Czech J. Food Sci. 29 (2011) 430-440.

J. Vuckovi¢, M. Bodroza-Solarov, D. Vuji¢, A. Bocarov-
Stanci¢, F. Bagi, The protective effect of hulls on the
occurrence of Alternaria mycotoxins in spelt wheat. J.
Sci. Food Agric. 93 (2013) 1996-2001.

263



E.P. JANIC HAINAL et al.: CHARACTERIZATION OF WHEAT INOCULATED WITH Alternaria spp.

Hem. ind. 70 (3) 257-264 (2016)

1ZVvOD

VIZUELNA, INSTRUMENTALNA, MIKOLOSKA | MIKOTOKSIKOLOSKA KARAKTERIZACIJA PSENICE GAJENE U USLOVIMA

STIMULACIJE | INHIBICIJE ZARAZENOSTI SA Alternaria spp.

Elizabet P. Jani¢ Hajnall, Miona M. Belovic'l, Dragana V. PIav§ic’1, Jasna S. Mastilovic’l, Ferenc F. Bagiz,

Dragana B. Budakovz, Jovana J. Kos'

"Nauéni institut za prehrambene tehnologije, Univerzitet u Novom Sadu, Serbia

’Poljoprivredni fakultet, Univerzitet u Novom Sadu,Serbia
(Naucni rad)

Zita predstavljaju primarni izvor energije u ljudskoj ishrani, pri éemu u svetskoj
proizvodnji pSenica zauzima tre¢e mesto po proizvedenoj kolicini. Skorasnja istra-
Zivanja su pokazala da su pored Fusarium spp. gljive iz roda Alternaria postale
dominantni zagadivaci pSeni¢nog zrna. Pored patogenosti i narusavanja kvaliteta
pSeni¢nog zrna, pojedine vrste roda Alternaria su poznate kao proizvodaci sekun-
darnih toksi¢nih metabolita, Alternaria toksina, koji mogu biti Stetni po zdravlje
ljudi i Zivotinja. Cilj ovog rada je bio karakterizacija vizuelno i instrumentalno
merenih svojstava boje, prisustva i zastupljenosti poljskih fitopatogenih gljiva i
Alternaria toksina u uzorcima pSenice gajenih u uslovima usmerenim na inhibiciju
i stimulaciju razvoja gljiva iz roda Alternaria. Eksperiment je izveden na uzorcima
pSenice tretirane fungicidom i na uzorcima psSenice inokulisane sa Alternaria spp.,
dok je netretirana pSenica koris¢ena kao kontrola. Boja klasova psenice koji su
predstavljali vizuelnu skalu je instrumentalno izmerena radi utvrdivanja korelacije
izmedu ove dve metode. Grupisanje pSenic¢nih klasova po vrednostima svetloce
(L*) bilo je u skladu sa koris¢enom skalom za vizuelnu ocenu boje. Stavise, vred-
nosti svetloce su bile u najveéoj negativnoj korelaciji (-0,97, p < 0,001) sa vizuel-
nom skalom. Pri vizuelnoj oceni boje pseni¢nih klasova utvrdena je statisticki
znacajna razlika izmedu tri tretmana. Uzorci pSenice zasticene fungicidom su se
statisticki znacajno razlikovali od ostalih uzoraka u pogledu svih izmerenih para-
metara boje (L*, a*, b* i dominantna talasna duZina). Uzorci inokulisane i kon-
trolne psenice su se medusobno statisticki znacajno razlikovali u pogledu svetloée
klasova i dominantne talasne duZine. Boja pSeni¢nog zrna je ispitana samo prime-
nom instrumentalne ocene boje. Boja inokulisanog psenicnog zrna se statisticki
znacajno razlikovala od boje zrna ostalih uzoraka u pogledu L*, a* i b* parametara
boje. Identifikacija poljskih gljiva u svim ispitivanim uzorcima psSenice je pokazala
da je dominantna gljiva koja produkuje mikotoksine upravo Alternaria spp., a
zatim sledi Fusarium spp. Dodatno je ispitan sadrzaj Alternaria toksina u uzorcima
pSenicne plevice i u pseni¢nom zrnu za primenjene tretmane primenom visoko
performansne tecne hromatografije spregnute sa masenim detektorom. Dobijeni
rezultati ukazuju na vece koncentracije Alternaria toksina u pSenicnoj plevici u
odnosu na psenicno zrno bez plevice ukazujuéi na mogudi zastitni efekat plevice
psenice.
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Abstract

The objective of the present study was to investigate the correlation between the radical-
-scavenging properties (measured by evaluating the quenching of the stable 2,2-diphenyl-
-1-picrylhydrazil radical) of Serbian, Macedonian and Montenegrin red wine Vranac of
different geographical origins, and their contents of total phenolics, total flavonoids and
polyphenol profile. All tested Vranac wines samples showed a high antioxidant activity
ranging from 13.00 to 15.02 mmol/L, while the total polyphenolic content was between
3478.70 and 3935.19 mg/L. The predominant anthocyanin was malvidin-3-glucoside
(179.04-281.31 mg/L), predominant flavonol was quercetin-3-glucoronide (5.88-11.78
mg/L), predominant flavan-3-ol was catechin (24.43-76.78 mg/L) and predominant hydro-
xycinnamic acid was t-caftaric acid (13.46-38.56 mg/L). Generally, red wines Vranac
produced from Balkan regions are rich source of phenolics, which the evident antioxidant
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Phenolic compounds play a very important role in
the quality of red wine, owing to their contribution to
the wine sensory properties, mainly colour, astringency
and bitterness [1].

Wine phenolics can be divided into two groups:
non-flavonoid (hydroxybenzoic and hydroxycinnamic
acids and stilbenes) and flavonoid compounds (antho-
cyanins, flavan-3-ols and flavonols). Anthocyanins are
the main phenolic compounds involved in the colour of
the red wine. Flavan-3-ols are a large family of poly-
phenolic compounds which are mainly responsible for
the astringency, bitterness and structure of wines, and
also play an important role in the stabilisation of colour
during aging. Flavonols, which also contribute to bitter-
ness, display antioxidant activity and affect red wine
colour acting as co-pigments of anthocyanins [2]. The
polyphenolic contents of wine depend on the grape
variety, vineyard location, cultivation system, climate,
soil type, vine cultivation practices, harvesting time,
production process and ageing [3].

In recent years an increasing number of studies
have demonstrated the role of phenolic compounds in
the antioxidant activity of many food products [4].
Wine is an excellent source of various classes of poly-
phenols, including benzoic and cinnamic acid derivate-
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ives, flavan-3-ols, flavonols and anthocyanins. A lot of
effort has been put into the analysis of red wine poly-
phenols, and the relationship between polyphenolic
content and antioxidant activity. The antioxidant pro-
perties of red wines have been correlated with their
content in total polyphenols [5,6], anthocyanins [7] and
hydroxicinnametes [8]. Red wines contain significantly
higher amounts of total polyphenols compared to
white wines.

Vranac is a variety of red grapes cultivated in Serbia,
Montenegro and Macedonia used in the production of
high quality wines. In this study, we evaluated the anti-
oxidant activity of 9 Vranac wines produced from dif-
ferent agronomical and winemaking regions, and their
correlation with the total phenolics and flavonoids.

MATERIALS AND METHODS

Chemicals

Standards of catechin, epicatechin, quercetin, myri-
cetin and the phenolic acid standards, such as gallic,
ferulic, p-coumaric and caffeic acids, were purchased
from Sigma Chemicals Co. (St. Louis, Mo). Malvidin-3-
-glucoside was purchased from Extrasynthese (e,
France). 2,2-Diphenyl-1-picrylhydrazyl (DPPH) was pur-
chased from Sigma—Aldrich (Steinheim, Germany).
6-Hydroxy-2,5,7,8-tetramethylchromancarboxylic acid
(Trolox) and Folin—Ciocalteu’s phenol reagent were
obtained from Merck (Darmstadt, Germany). Other
chemicals and solvents were of analytical grade.
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Wine samples

Nine Vranac wines, produced from three different
Balkan countries (Serbia, Macedonia and Montenegro)
originating from different wine regions were taken
after production from the wineries (Table 1).

Determination of total phenolic content (TPC)

The total phenolic content of wines was determined
by the Folin—Ciocalteau method [9] using gallic acid as
the standard. One milliliter (diluted 1:100 with meth-
anol) of red wines was added to a 25 mL volumetric
flask filled with 9 mL deionised water. A reagent blank
using deionized water sample was prepared, too. Folin—
—Ciocalteau phenol reagent (0.5 mL) and 5 mL of 5%
sodium carbonate solution was immediately diluted to
25 mL with deionized water and mixed thoroughly. The
absorbance was measured at 765 nm by a UV-Vis
spectrophotometer (Agilent, Santa Clara, CA USA) after
incubation for 1 h in dark at room temperature. The
guantification was based on the calibration curve gen-
erated by the gallic acid standard solutions, and the
content was expressed as mg gallic acid equivalent
(GAE)/L of wine. All samples were analyzed in triplicate.

Determination of total flavonoid content (TFC)

The measurement of the total flavonoid content in
the investigated wines has been determined spectro-
metrically [10], using a method based on the formation
of complex flavonoid-aluminium. 0.5 mL (diluted 1:50
with methanol) of wine has been placed in 10 mL vol-
umetric flask, and 5 mL of deionised water and 0.3 mL
of 5% NaNO, have been added and mixed. After 5 min,
0.6 mL of 10% AICl;-6H,0 was added. Two milliliters of
1 mol/L NaOH were added 5 min later, and the volume
was then made up to 10 mL with deionised water. The
solution was mixed well and the absorbance was
measured immediately at 510 nm. The flavonoid con-
tents were calculated using a standard calibration
curve, prepared from (+)-catechin.

Table 1. Studied Vranac wine samples

Free radical scavenging activity

The DPPH radical scavenging method [11] has been
based on the reduction of DPPH radicals in the pre-
sence of a hydrogen donating antioxidants in methanol
solution. DPPH radical solution showed an absorption
band at 515 nm and was of intensively violet color. The
absorption and color intensity decreased when DPPH
was reduced by an antioxidant compound. The rem-
aining DPPH radical corresponded inversely to the rad-
ical scavenging activity of the antioxidant. Each wine
was diluted 1:10 with methanol immediately before the
analysis. In the test tubes, 0.2 mL of samples was added
to 4.8 mL of DPPH solution (5.2x10° mol/L in meth-
anol) and the mixture was well mixed. The absorbance
at 515 nm was measured at 30 min against a blank (0.2
mL methanol and 4.8 mL DPPH solution in methanol).
All determinations were performed in triplicate.

The radical scavenging capacity (RSC) expressed in
percentage was calculated by the following equation
[212]:

RSC (%) = loo(AbIanc - Asample)/AbIanc (1)

The chart of the remaining DPPH concentration
against the concentration of Trolox in the standard
samples was used to calculate the total antioxidant
activity (TAA) of the wines.

Performance liquid chromatography (HPLC-DAD)
analysis of individual phenolic compounds

The concentration of individual anthocyanins, flavo-
nols, flavan-3-ols and hydroxycinnamic acid was det-
ermined by HPLC, employing a direct-injection method
[13,14]. The equipment used was an HPLC Agilent-1200
series with UV-Vis DAD for multi wavelength detection
and fluorescence detection for acquisition of the emis-
sion response. The column was thermostated at 30 °C.
After injecting 5 pL of sample, the separation was per-
formed in an Agilent-Eclipse XDB C-18 4.6-150 mm
column. Two solvents were used for the gradient elu-
tion: A — (H,0+5%HCOOH) and B — (80% CAN + 5%
HCOOH + H,0). The elution program used was as fol-
lows: from 0 to 10 min 0% B, from 10 to 28 min gra-

No. Wine and vintage Wine producer

1 Vranac, 2009. Vinoprodukt Coka, Subotica, Serbia

2 Vranac, 2009. Rubin Krusevac, Serbia

3 Vranac, 2009. Vino Zupa, Aleksandrovac, Serbia

4 Crnogorski vranac, 2009 PlantaZze 13. jul, Montenegro

5 Vranac-Pro corde, 2009. Plantaze 13. jul, Montenegro

6 Crmnicki Vranac-Barrique, 2009. Vinarija Masanovi¢-Virpazar, Montenegro
7 Vranac, 2009. Povardarie, Negotino, Macedonia

8 Tga za jug, 2009. Tikves, Macedonia

9 Vranac, 2009. Skovin, Macedonia
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dually increases 0-25% B, from 28 to 30 min 25% B,
from 30 to 35 min gradually increases 25-50% B, from
35 to 40 min gradually increases 50-80% B, and finally
for the last 5 min gradually decreases 80-0% B. All
identifications of individual compounds were based on
the retention times of the original standards where
available, and spectral data [15-18]. Monitoring of the
evaluation was performed at 520 nm for the identific-
ation of anthocyanins, 360 nm for the identification of
flavonols and 320 nm for the identification of hydroxy-
cinnamic acids. Three flavan-3-ols including catechin,
procyanidin B2 (dimer of proanthocyanidins epica-
techin—epicatechin), and epicatechin were monitored
at 275/322 nm (Ao /Aem) With fluorescence detector.
The results were expressed as mg/L of wine.

Statistical analysis

The experiments were reported at least 3 times,
and the data were analyzed statistically. All results
were given as mean tstandard deviation (SD). Statis-
tical analysis was done by one-way analysis of variance
(ANOVA), and significant differences between the
results were determined by Duncan’s multiple range
test. The differences were considered significant at p <
< 0.05. Relationships between phenolic compound con-
tents and antiradical efficiency were established using
the Pearson correlation test (p < 0.05).

RESULTS AND DISCUSSION

Spectrophotometric analysis the content of
polyphenols and flavonoids in Vranac wine samples

The results of the determination of total phenolic
content in Vranac wine samples from different Balkan
wine-producing regions by Folin—Ciocalteu method are
presented in Table 2. The total phenolic content varied
from 3478.70 to 3935.19 mg GAE/L (averaging 3729.90
mg GAE/L). There is a significant difference in the total
phenolic content between the wines made of Vranac
grape from different wine-producing regions of the Bal-

kans. Wines from Montenegro have the highest level of
total polyphenols (3830.32 mg GAE/L), as opposed to
Macedonian (3808.20 mg GAE/L) and Serbian ones
(3551.43 mg GAE/L). The total phenolic content of Vra-
nac (Subotica, Serbia) and Vranac (KruSevac, Serbia)
was significantly lower from the others (p < 0.05). Sig-
nificant differences were found in the total phenolic
content in comparison between “Crnogorski vranac”
and “Crmnicki vranac-Barrique” (p < 0.05); however,
significant differences in total phenolic content were
not found between Crnogorski vranac and “Vranac-Pro
corde”. Also, significant differences were found in the
total phenolic content in comparison between “Tga za
jug” (Macedonia) and Vranec (Negotino, Macedonia);
however, significant differences in the total phenolic
content were not found between Vranec (Negotino,
Macedonia) and Vranec (Skovin, Macedonia). It is well
known that genetic and agronomic or environmental
factors play important roles in the phenolic compo-
sition and thus nutritional quality of crops. The mean
concentration of the phenolic content of wine Vranac
from the Balkan region was 3729.9 mg GAE/L. Our
values for red wine are in the range of values deter-
mined by other authors. Majo et al. [19] measured
2360-3730 mg GAE/L for Sicilian red wines. Lucena et
al. [4] measured 3200-5900 mg GAE/L for Brazilian red
wines. But, Anli and Vural [20] measured lower values,
1070-2410 mg GAE/L, for Turkish red wines.

Total flavonoids of the Vranac wines were mea-
sured (Table 2). The Vranec (Negotino, Macedonia)
showed the highest flavonoid content (2630.22 mg
CE/L), followed by Vranac-Pro Corde, Crnogorski vranac
and Crmnicki vranac-Barrique. The flavonoid content of
wine samples 4, 5 and 6 (Macedonia) was significantly
different from samples 1 and 2 (Serbia), p < 0.05. How-
ever, significant differences in the total flavonoid con-
tent were not found in comparison among sample 3
(Serbia) and samples 4-9. Only 1.14-fold difference in
the in total flavonoid content was found between the
highest and the lowest ranked wine samples, Vranec
(Negotino, Macedonia) and Vranac (Krusevac, Serbia).

Table 2. Total phenol content (TP), total flavonoid content (TF), radical scavenging capacity (RSC) and total antioxidant activity
(TAA) of wines; data are reported as mean+SD (n = 3); bars with no letters in common are significantly different (p < 0.05) in the

same column

No. of sample pH Polyphenols, mg GAE/L Flavonoids, mg CE/L RSC/ % TAA / mmol TE L™
1 3.42 3528.04+28.53"% 2328.53+8.35° 75.62+0.36° 13.2240.20°
2 3.45 3478.70+23.238 2297.32+8.56° 74.40+0.36 13.0040.26°
3 3.42 3647.5249.49% 2553.27+13.35% 78.91+0.26° 13.79+0.26°
4 3.50 3935.19+22.68™ 2597.14+12.50° 86.12+0.26° 15.02+0.35°
5 3.48 3850.50+21.65“ 2618.03+6.50° 84.23+0.26" 14.79+0.20°
6 3.52 3705.22+18.59°% 2593.54+14.76° 79.09+0.20° 13.82+0.20°
7 3.45 3868.54+19.17° 2630.22+15.51° 82.51+0.26° 14.41+0.26%
8 3.51 3693.81+15.79% 2470.24+14.70° 77.89+0,26"° 13.63+0.17°
9 3.54 3862.23+17.51° 2548.91+5.18° 83.12+0.36° 14.50+0.26
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Total antioxidant activity of Vranac wines using the
DPPH scavenging assays

The radical scavenging activity was evaluated by
measuring the scavenging activity of the examined red
wine samples on 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radicals. All results of antioxidant analysis are summar-
ised in Table 2. The investigated wines showed anti-
oxidant behavior in the range from 74.40 to 86.12%.
The percentage for Cabernet Sauvignon wines from the
Balkan region was 71.30-83.53% [21]. The percentage
for Croatian red wines was 54.6—-82.6% [22]. Significant
differences were found in the radical scavenging acti-
vity when comparing all samples (except for sample 3
and samples 6 and 8, and between samples 7 and 9)

Total antioxidant activity (TAA) of the Vranac wines,
expressed in mmol of Trolox equivalent per L of red
wine is shown in Table 2. Crnogorski vranac had the
highest antioxidant activity (15.02 mmol TE/L),
followed by Vranac-Pro Corde (14.79 mmol TE/L) and
Vranec, Skovin, Macedonia (14.50 mmol TE/L).

TAA values of the Vranac wines from the Balkan
region analyzed in this study were in the range
obtained from red wines from other wine-producing
countries such as lItaly (7.8-19.8 mmol TE/L, [23]),
Spain (4.65-17.41 mmol TE/L, [24]) and South Africa
(9.51-12.30 mmol TE/L, [25]).

The wines containing high total phenolic contents
had higher antioxidant activities. The present study rev-
eals a very strong correlation between the total anti-
oxidant activity and total phenolics (R* = 0.97). Also, a
very good correlation between the total flavonoid
content, and antioxidant activity (R* = 0.85) of the
tested Vranac wine samples was confirmed.

HPLC Analysis

For a better description of Vranac red wine from
the Balkan region, the profile of individual polyphenolic
compounds were studied. In order to separate and
determine individual phenolic compounds present in
9 wine samples from different geographical regions,
HPLC method was applied.

The content and the distribution of anthocyanins in
Vranac wine samples

The total of 12 phenolics compounds was identified
as anthocyanins due to the information provided by
their UV-Vis spectra. This primary information differ-
entiated 5 glucosylated anthocyanins (A maximum at
520 nm): delphinidin-3-O-glucoside, cyanidin-3-O-glu-
coside, petunidin-3-O-glucoside, peonidin-3-O-gluco-
side and malvidin-3-O-glucoside: and 7 acylglucosylated
anthocyanins: cyanidin-3-acetylglucoside, petunidin-3-
acetylglucoside, peonidin-3-acetylglucoside, malvidin-
3-acetylglucoside, petunidin-3-p-coumaroylglucoside,
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peonidin-3-p-coumaroylglucoside and malvidin-3-p-
-coumaroylglucoside.

Certain quantitative differences in anthocyanins
between wine samples were presented in Table 3. The
total content of anthocyanins varied from 298.39 (Vra-
nac, KruSevac, Serbia) to 448.82 mg/L (Crnogorski vra-
nac, Montenegro). The wines from Montenegro have
the highest level of total anthocyanins (mean 408.38
mg/L), as opposed to Macedonian (mean 381.69 mg/L)
and Serbian ones (mean 334.14 mg/L). Malvidin-3-O-
-glucoside, which is responsible for the blue-red color
of wines, was the most abundant anthocyanin and its
concentration was dependent on winemaking, whereas
low concentrations (10 to 20 time lower that malvidin-
3-0-glucoside) of delphinidin-3-O-glucoside, petunidin-
3-0O-glucoside and peonidin-3-O-glucoside were det-
ected. Malvidin-3-O-glucoside content ranged from
179.04 to 281.31 mg/L. Cyanidin-3-O-glucoside was the
anthocyanin present in the lowest amounts (2.98-9.15
mg/L). The values are within the range reported for red
wines by other researchers [26,14,27].

Quantitatively, the content of glucosided anthocya-
nins was predominant in the investigated Vranac wines
(mean amount of content was 310.82 mg/L — from
246.74 to 378.07 mg/L), followed by the content of
acetylated ones (mean amount was 45.70 mg/L — from
37.47 to 53.69 mg/L) and the content od p-coumaryl-
ated ones (mean amount was 18.21 mg/L — from 14.18
to 22.14 mg/L).

The acetylated forms were mainly detected in wines
produced through cryo-macetation, delestage, pro-
longed maceration and traditional technology [27].
Acelylated malvidin-3-glucoside was the main com-
pound. In our case, malvidin-3-acetylglucoside varied
from 67.6 to 92.2% with respect to total acetyl deri-
vatives.

The coumarolated anthocyanin fraction in Vranac
wines was composed of only three anthocyanin cou-
marates (malvidin-3-p-coumaroylglucoside, peonodin-
3-p-coumaroylglucoside and petunidin-3-p-coumaroyl-
glucoside). The most predominant p-coumaroyl deri-
vative was malvidin-3-p-coumaroylglucoside which
accounted for 77.5% (from 53.8 to 84.8%) of total
p-coumaroyl derivative content. The importance of
coumarylated forms is related to sensory analysis.

Another point worth mentioning is that the order of
abundances based on average value of distribution for
each anthocyanin was the following (Table 3):

Mvgl > Mvgl-ac > Ptgl > Pngl >Mvgl-p-coum >Dpgl,
for Vranac wines produced in Serbia;

Mvgl > Mvgl-ac > Ptgl = Pngl > Dpgl > Mvgl-p-coum,
for Vranac wines produced in Montenegro;

Mvgl > Mvgl-ac > Pngl > Ptgl >Dpgl >Mvgl-p-coum,
for Vranac wines produced in Macedonia.
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Table 3. Anthocyanin composition of wine samples; (1) delphinidin-3-O-glucoside; (2) cyanidin-3-O-glucoside; (3) petunidin-3-O-glu-

coside; (4) peonidin-3-O-glucoside; (5) malvidin-3-O-glucoside; (6) cyanidin-3-acetylglucoside; (7) petunidin-3-acetylglucoside;

(8) peonidin-3-acetylglucoside; (9) malvidin-3-acetylglucoside; (10) petunidin-3-p-coumaroylglucoside; (11) peonidin-3-p-coumaroyl-
glucoside; (12) malvidin-3-p-coumaroylglucoside; TA, total anthocyanins; TA-G, total anthocyanin-glucosides, TA-A, total anthocya-

nin-acetylglucosides, TA-C, total anthocyanin-coumaroylglucosides. Results expressed as mg/L of wines and are presented with

mean (n =3)
Sample No.

Cmpd

1 2 3 4 5 6 7 8 9
1 10.95+0.29° 8.56+1.14 12.03£2.36 18.83+2.15 12.32+1.14 14.18+0.09 20.18+2.11 17.94+1.54 19.30+2.09
2 3.25+0.01 2.98+0.01 9.15+1.10 4.88+0.03 6.05+0.01 2.87+0.21 2.85+0.21 5.23+0.29 5.80+0.00
3 29.05+2.01 28.55+2.15 29.32+3.00 36.51+3.14 27.78+1.14 20.08+3.00 25.62+3.01 28.78+0.24 30.72+4.54
4 28.531+2.42 27.61+3.12 27.98+3.14 36.54+2.15 27.69+2.01 19.92+1.14 30.8915.00 32.12+1.14 36.23+2.54
5 205.38+6.38  179.04+4.06  227.93+8.01 281.31+5.14 278.52+8.62 235.32+6.67 238.72+9.01 197.34+2.77 252.63+6.67
6 1.93+0.29 1.97+0.03 4.05+0.04 2.26+0.01 1.22+0.29 1.79+0.04 2.58+0.01 2.29+0.01 1.93+0.00
7 5.07+0.31 4.47+0.78 6.08+0.11 4.6910.07 2.00+0.21 3.17+0.01 3.26+0.04 3.08+0.06 2.85+0.04
8 2.85+0.22 1.98+0.21 4.25+0.23 2.38+0.04 0.88+0.45 2.38+0.01 3.02+0.32 2.67+0.11 1.57+0.00
9 32.73+3.04 20.05+2.66 30.02+3.18 44.36+4.12  48.28+3.14 34.58+2.15 36.58+2.96 35.78+4.17 45.28+5.24
10 1.83+0.21 1.59+0.21 1.9240.11 1.65+0.29 3.90+0.06 2.85+0.01 2.13+0.11 1.44%0.00 2.18+0.11
11 1.12+0.14 1.47+0.14 1.88+0.01 1.38+0.21 4.88+0.07 2.38+0.01 1.49+0.00 1.29+0.00 1.40+0.00
12 13.52+0.36 11.12+0.24 13.22+0.45 14.03+1.14 10.24+1.14 13.05+0.45 18.52+0.45 15.34+1.04 18.05+1.14
TA 336.21 298.39 367.83 448.82 423.76 352.57 385.84 341.30 417.94
TA-G 277.16 246.74 306.41 378.07 352.36 292.37 318.26 281.41 344.68
TA-A 42.58 37.47 44.40 53.69 52.38 41.92 45.44 41.82 51.63
TA-C 16.47 14.18 17.02 17.06 19.02 18.28 22.14 18.07 21.63

According to the wine sample results, it is obvious
that the content of anthocyanin constituents of single-
-cultivar wines coming from different viticulture regions
and wine producers were different, which may be rel-
ated to the thickness of the grape skin, the climate in
which the grape was grown, the degree of ripeness of
the grape, the application of different vinification
techniques and the wines ages [21,28].

The content of flavonols, flavan-3-ols and
hydroxycinnamic acids in Vranac wine sample

The concentrations of flavonols, flavan-3-ols and
hydroxycinnamic acids determined by HPLC in the
investigated wine samples are shown in Table 4.

The main flavonol was quercetin-3-glucoronide, fol-
lowed quercetin in second and third place, respectively,

Table 4. Amount of flavonols (1-5), hydroxycinnamic acids (6—11) and flavan-3-ols (12-14) in wine samples; (1) myricetin-3-glu-

coside; (2) quercetin-3-glucoside; (3) quercetin-3-glucoronide; (4) myricetin; (5) quercetin; (6) t-caftaric acid; (7) GRP; (8) t-coutaric
acid; (9) caffeic acid; (10) p-coumaric acid; (11) ferrulic acid; (12) catechin; (13) procyanidin dimer B2; (14) epicatechin. Results are
presented with mean (n = 3) and expressed in mg/L of wine

Sample No.
Cmpd.
1 2 3 4 5 6 7 8 9

1 2.05:0.22> 1.85:0.02 2.26+0.01 1.85:0.04 1.22+0.00 0.95:0.00 2.18+0.01 2.03+0.08 1.89+0.00
2 2.95+0.11 3.17+0.37 3.08+0.01 3.15+0.07 2.98+0.02 2.65+0.01 4.79+0.10 4.65+0.14 3.08+0.04
3 7.23£1.00 5.88+0.07 8.53+0.03 9.18+1.08 11.78+0.96 10.08+0.84 8.28+1.00 6.03+0.23 7.92+0.33
4 2.65+0.12 1.99+0.00 1.76%0.00 1.68+0.00 1.00+0.00 1.12+0.03 3.39+0.22 0.89+0.00 1.85+0.02
5 3.23+0.11 2.02+0.09 3.65+0.01 4.25+0.16 5.32+0.21 3.62+0.11 5.96%0.25 2.83+0.01 6.32%0.29
Total 18.13 14.93 19.28 20.60 22.30 18.42 23.60 16.43 21.06

6 27.34+3.01% 13.4620.78 23.58+1.24 15.34+0.77 17.89+1.16 16.93+0.95 32.52+3.54 17.74+1.10 38.56+2.96
7 2.97+0.02 1.86+0.01 1.52+0.01 4.18+1.11 1.22+0.00 2.11+0.01 4.69+0.22 3.97+0.09 1.35+0.00
8 17.56+2.31 12.85+1.67 17.62+2.81 2.45+0.09 12.58+1.47 10.86+0.87 9.52+0.45 4.80+0.04 14.32+2.78
9 3.1240.14 1.55+0.00 2.96+0.12 6.95+2.01 4.72+0.02 3.28+0.04 1.52+0.01 6.02+0.03  3.05%0.02
10 3.96+0.01 3.08+0.03 3.28+0.17 2.81+0.12 1.92+0.01 1.32+0.00 1.03+0.00 2.39+0.04 1.85%0.01
11 0.98+0.00 2.11+0.01 0.62+0.00 3.62+0.14 1.89+0.00 1.18+0.00 10.43+1.12 4.2840.32 1.33+0.00
Total 55.83 34.91 49.58 35.35 40.22 35.68 59.71 39.20 60.46
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Table 4. Continued

Sample No.
Cmpd.
1 2 3 4 5 6 7 8 9
12 62.05+9.57° 24.43+1.74 58.32+4.12 55.38+6.01 60.82+5.67 50.98+4.65 76.78+6.13 24.50+2.10 68.30+5.63
13 23.78+0.44 12.39+1.12 19.90+1.40 30.28+2.63 38.09+2.14 37.80%+3.00 14.50+2.61 12.37+1.04 17.82x1.74
14 19.53+1.23 15.98+0.99 18.98+1.22 39.70+3.11 29.31+1.74 17.30%+2.51 14.74+0.57 30.15+2.94 19.20+2.11
Total 105.36 52.80 97.20 125.36 128.22 105.38 109.02 67.02 105.32

by quercetin-3-glucoside. The content in myricetin and
its derivatives accounts for approximately 15.0-38.4%
of total flavonols in Vranac variety wines. Kaempferol
are not detected in all wine samples.

The levels of quercetin and its derivatives (11.07—
—20.08 mg/L) and myricetin and its derivative (2.07—
—5.57 mg/L) are highest compared to Croatian wines
(from Central and Southern Dalmatia, 3.6-10.4 mg/L
and 0.5-3.3 mg/L, respectively [29]) and are in agree-
ment with values obtained from Italian red wines (2.8—
—28.5 mg/L and 0.6-9.6 mg/L, respectively [23]). Vari-
ations in flavonol content of individual wines may be
explained by several factors. It has long been known
that the increased biosynthesis of polyphenols, espe-
cially flavonols, is greatly influenced by sunlight expo-
sure and temperature, so it would be normally exp-
ected that the wines made from grapes, which are
grown in warmer, sunnier areas, have a higher level of
flavonols. Wines from Montenegro and Macedonia
have the highest average level of total flavonols (20.44
and 20.36 mg/L, respectively) as opposed to Serbian
ones (17.45 mg/L).

Hydroxycinnamic acids and their tartaric acid deri-
vatives have been monitored at 320 nm, since is their
characteristic wavelength, together with GRP (grape
reaction product or 2-5-glutathionyl-t-caftaric acid).
GRP is the product of the reaction between caftaric
acid and glutation, which, as can be observed, is only
detectable in the wine and not in the grape skins [14].

The predominant hydroxycinnamic acid was t-cafta-
ric (13.46-38.56 mg/L), followed by t-coutaric (2.45—
—17.62 mg/L), caffeic (1.55-6.95 mg/L) and p-coumaric
(1.32-3.96 mg/L). Ferulic acid was the hydroxycinnamic
acid present in the lowest amounts ( 0.62-3.62 mg/L)
in the Vranac wines from Serbia and Montenegro.
p-Coumaric acid was the hydroxycinnamic acid present
in the lowest amount (1.03-2.39 mg/L) in Vranac wines
from Macedonia. There is a significant difference in the
total hydroxycinnamic acid content between wines
made of Vranac grape from different wine-producing
regions of the Balkans. Wines from Macedonia have
the highest average level of total hydroxycinnamic
acids (53.12 mg/L), as opposed to Serbian (46.77 mg/L)
and Montenegran ones (37.08 mg/L).

Many studies on the health benefits studies of red
wine have been linked to the catechin content. Cat-
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echins possess antioxidant properties [20] and exert a
more potent antioxidant effect than flavonols and poly-
meric anthocyanidins [30]. During vinification, only a
portion of catechins and procyanidins is extracted from
seeds and is diffused to wine [31]. The use of fluor-
escence detector has allowed increasing selectivity and
sensitivity for the determination of the concentration
of catechin and epicatechin in addition to other phe-
nolic compounds [32]. Catechin, epicatechin, and pro-
cyanidin dimer (B2) were identified by fluorescence
detector in wine samples (Fig. 4). The relative amounts
of catechin, epicatechin and procyanidin B2 (three fla-
van-3-ols compounds) were the highest in Vranac
wines from Montenegro (means, 55.73, 35.39 and
28.77 mg/L, respectively). Similar values for the deter-
mination of catechin, epicatechin and procyanidin B2
have been reported by others (55.2, 48.5 and 10.8
mg/L, [26]; 31.01, 12.78 and 8.96 mg/L [14]).

PCA Analysis

The large number of the data which are the results
of anthocyanin, flavanols, hydroxycinnamic and flavan-
3-ols analysis of vranac wine samples, was reduced
using PCA analysis regarding to make easily interpre-
tation of the experimental data. According to such a
plot, it is possible to classify Vranac wine samples by
their geographical origin.

One of the main objectives of PCA is to identify fac-
tors that are substantially meaningful. Experimental
data were set in matrix with dimensions 9x26. Using
latent root (eigenvalue) criteria [32], as a result of PCA
calculations, 6 new variables were obtained which
were characterized by consecutive eigenvalues 7.71
(29.6%), 6.16 (23.69), 4.34 (16.68%), 3.38 (13.01%),
1.74 (6.71%), 1.37 (5.28%). Two first PCs account
53.30% of the total variance. Taking into account that
the first two components show high percentage of the
total variance (50%), the distribution of wine samples is
illustrated in two-dimensional plot of PC1 versus PC2.

As illustrated in Fig. 1, it is possible to separate
three groups of samples what is according to their
geographical origin. They are differenced because of
their content of individual phenolic compounds. Vranac
wine samples with low concentrated of the analyzed
phenolic compounds are located on the left side of the
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Figure 1. Scatterplots of the first two principal components (PC1 vs. PC2) for Vranac wine samples.

plot, but samples rich in phenolic compounds, can be
found on the opposite side.

The behavior of variables on the PC1 and PC2 is
shown in Figure 2. Also, the loadings and communality
of each phenolic compound are given in Tables 5 and 6.
The loading were large for cyanidin-3-acetylglucoside
(6), petunidin-3-acetylglucoside (7), peonidin-3-acetyl-
glucoside (8), myricetin-3-glucoside (13) and myricetin
(16) on the first component, for delphinidin-3-O-gluco-
side (1), peonidin-3-O-glucoside (4), malvidin-3-O-glu-
coside (5), malvidin-3-acetylglucoside (9), malvidin-3-p-
coumaroylglucoside (12), quercetin-3-glucoside (14),

quercetin (17), t-caftaric acid (18), GRP (19), ferrulic
acid (23) and catechin (24) on the second component,
for myricetin (16), t-caftaric acid (18), t-coutaric acid
(20) and catechin (24) on the thrd component, for
cyanidin-3-O-glucoside (2), t-coutaric acid (20) and cat-
echin (24) on the forth component, for cyanidin-3-0O-
-glucoside (2) on the sixth component. Table 6 gives the
score values for each principal component for each
vranac wine sample. From the scores on the first prin-
cipal component it can be interpreted that the concen-
trations of cyanidin-3-acetylglucoside (6), petunidin-3-
-acetylglucoside (7), peonidin-3-acetylglucoside (8), myr-

1.0t

0.5}

0.0} i

PC2: 23.69%

1.0t

0.0
PC1: 29.62%

Figure 2. The score plot of the phenolic compounds in the space of the two first PCs (PC1 vs. PC2).
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Table 5. The loadings of the first six principal components; (1) myricetin-3-glucoside; (2) quercetin-3-glucoside; (3) quercetin-3-glu-
coronide; (4) myricetin; (5) quercetin; (6) t-caftaric acid; (7) GRP; (8) t-coutaric acid; (9) caffeic acid; (10) p-coumaric acid; (11) fer-
rulic acid; (12) catechin; (13) procyanidin dimer B2; (14) epicatechin. Results are presented with mean (n = 3) and expressed in mg/L
of wine

Phenolic compound PC1 PC2 PC3 PC4 PC5 PC6

1 0.065 0.939 -0.091 -0.072 -0.078 0.127
2 -0.076 -0.033 -0.247 0.758 —-0.188 0.557
3 0.222 0.271 -0.679 0.477 0.312 -0.177
4 0.289 0.666 -0.433 0.305 0.412 0.021
5 -0.669 0.557 -0.113 0.385 -0.153 -0.168
6 0.609 -0.041 0.003 0.494 -0.546 0.257
7 0.612 -0.424 -0.175 0.491 -0.264 -0.302
8 0.686 -0.115 0.056 0.293 -0.627 0.020
9 —0.646 0.660 —-0.186 0.259 0.109 0.018
10 -0.905 -0.003 0.351 0.040 -0.091 0.057
11 -0.869 -0.118 0.098 0.043 -0.132 0.163
12 0.440 0.781 0.276 0.013 0.075 0.127
13 0.868 0.228 -0.074 0.343 0.041 0.0599
14 0.492 0.568 -0.014 -0.429 -0.185 0.295
15 -0.867 0.152 0.128 0.246 —0.354 —0.134
16 0.567 0.290 0.530 0.099 0.0297 -0.501
17 -0.354 0.776 0.397 0.311 0.096 0.046
18 0.235 0.533 0.595 0.394 0.301 0.079
19 0.453 0.565 -0.267 —-0.401 —-0.315 -0.339
20 0.052 -0.506 0.634 0.510 0.195 0.037
21 —-0.315 0.257 -0.872 0.034 —-0.103 0.021
22 0.403 -0.562 -0.412 0.421 0.191 -0.268
23 0.311 0.694 0.181 -0.426 -0.279 -0.087
24 -0.202 0.537 0.530 0.518 -0.118 -0.317
25 —-0.869 -0.110 -0.059 0.112 -0.264 —-0.333
26 -0.310 0.291 -0.890 0.075 -0.0518 -0.090

Table 6. The scores of the first six principal components; Vranac-SS (Vinoprodukt Coka, Subotica, Serbia); Vranac-KS (Rubin Krusevac,
Serbia); Crnogorski Vranac (PlantaZe 13. jul, Montenegro); Pro Corde ( PlantaZe 13. jul, Montenegro); Barrique (Vinarija Masanovic-
Virpazar, Montenegro); Vranac NM (Povardarie, Negotino, Macedonia); Vranac-TM (Tikves, Macedonia); Vranac-SM (Skovin, Mace-
donia)

Wine sample PC1 PC2 PC3 PC4 PC5 PC6
Vranac-SS 0.596 -0.772 -0.902 0.455 0.642 -1.520
Vranac-KS 0.729 -1.457 -0.851 -0.930 0.961 -0.110
Vranac-AS 0.681 -0.828 —0.825 1.808 -1.325 0.916
Crnogorski Vranac -0.160 0.867 -1.349 0.399 -0.349 -1.312

Pro Corde -2.102 -0.057 -0.015 0.181 0.147 0.287
Barrique -1.058 -0.696 0.706 -0.976 -0.960 -0.164
Vranac-NM 0.785 1.577 1.401 -0.665 -0.827 -0.386
Vranac-TM 0.670 0.308 -0.827 -1.146 -0.066 1.490
Vranac-SM -0.141 0.958 0.610 0.872 1.776 0.798
icetin-3-glucoside (13) and myricetin (16) on the first principal component is interpreted delphinidin-3-O-
principal component loadings are higher for Vranac-SS, -glucoside (1), peonidin-3-O-glucoside (4), malvidin-
Vranac-KS, Vranac-As, Vranac-NM and Vranac-TM than -3-0-glucoside (5), malvidin-3-acetylglucoside (9), mal-
the other wine samples and are lower for Pro Corde, vidin-3-p-coumaroylglucoside (12), quercetin-3-gluco-
Barrique and Crnogorski Vranac. When the second side (14), quercetin (17), t-caftaric acid (18), GRP (19),
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ferrulic acid (23) and catechin (24) are higher for Crno-
gorski Vranac, Vranac-NM and Vranac-SM and are
lower for Vranac-KS and Vranac-AS than the other wine
samples investigated. On the third principal component
myricetin (16), t-caftaric acid (18), t-coutaric acid (20)
and catechin (24) are higher for Vanac-NM, Barrique
and Vranac-SM and are lower for Crnogorski Vranac,
Vranac-KS and Vranac-TM than for the other samples.
Cyanidin-3-O-glucoside (2), t-coutaric acid (20) and cat-
echin (24) concentrations in the fourth principal com-
ponent are higher for Vranac-AS and Vranac-SM and
lower for Vranac-TM, Barrique and Vranac-KS. Finally,
cyanidin-3-O-glucoside (2) concentration on the sixth
principal component are higher for Vranac-TM, Vranac-

AS and Vranac-SM and lower for Vranac-SS and Crno-
gorski Vranac.

The classification of the Vranac wine samples from
the view point of phenolic compounds was also made
using two (Fig. 3) and three way PC score graphs (Fig.
4). The PC 1-2 and PC 1-2-3 graph shows the highest
percentage of total variance of 53.30 and 69.99%, res-
pectively. It can be seen from the PC 1-2 and PC 1-2-3
graph that the vranac wine sample can be classified
into three groups. These groups include: Vranac-SS,
Vranac-KS and Vranac-AS (group 1), Pro Corde and
Barrique (group 2) and Vranac-NM, Vranac-TM, Vranac-
SM and Crnogorski Vranac (group 3).

CONCLUSIONS

In recent years, phytochemicals, especially phen-
olics, have attracted increasing attention for their anti-
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Figure 3. Two way PCA score plot (PC1 vs. PC2).
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oxidant activities. Wines provide phenolic antioxidant,
which contribute to their potential health benefits. This
work has shown that the phytochemicals present in
wines produced in the Balkan region have potent anti-
oxidant activities and that the antioxidant activity in
wines is positively correlated with total phenolic con-
tent. Red wines produced in Montenegro were found
high in anthocyanins and flavonols. Also, red wines
from Serbia and Macedonia were good source of hyd-
roxycinnamic acids. From the obtained results, we can
conclude that the content of phenolic compounds in
the single-cultivar investigated wines (Vranac) depends
most of all on agroclimatic factors and genological
practices of the particular Balkan vineyard producing
wine.
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ANTIOKSIDATIVNA AKTIVNOST | POLIFENOLNI SASTAV CRVENOG VINA VRANAC SA PODRUCIA BALKANA
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(Naucni rad)

Poslednjih godina mnoga istraZivanja su dokazala da fenolna jedinjenja imaju
presudnu ulogu u antioksidativnoj aktivnosti mnogih prehrambenih proizvoda.

Kljucne reci: Crveno vino e Vranac e
Fenolni profil e Antioksidativna aktivnost

Vina su odli¢an izvor polifenola, ukljucujuéi derivate benzoeve i cimetne kiseline,
flavan-3-ole, flavonole i antocijane. Glavni cilj naseg istraZivanja je bio da se ispita
korelacija izmedu radikal-hvatackog kapaciteta srpskih, makedonskih i crnogorskih
vina Vranac sa razlicitih geografskih podrucja u odnosu na sadrzaj fenola, flavo-
noida i individualnih polifenolnih jedinjenja. Sva analizirana vina su pokazala
visoku antioksidativnu aktivnost od 13.00 do 15.02 mmol/L, dok je sadrzaj fenol-
nih jedinjenja bio izmedu 3478.70 i 3935.19 mg/L. U cilju razdvajanja i odredivanja
individualnih fenolnih jedinjenja (flavan-3-ola, flavonola, hidroksicimetnih kiselina
i antocijana) upotrbljena je HPLC metoda, metoda direktnog injektiranja. ldenti-
fikacija je vrSena na osnovu retencionih vremena i spektralnih osobina odredenih
komercijalnih standarda. Nakon analize je utvrdeno da je najzastupljeniji anto-
cijanin malvidin-3-glukozid (179,04-281,31 mg/L), najzastupljeniji flavonol je kver-
cetin-3-glukoronid (5,88-11,78 mg/L), najzastupljeniji flavan-3-ol je katehin
(24,43-76,78 mg/L), dok t-kaftarna kiselina (13,46—38,56 mg/L) spada u red naj-
zastupljenijih hidroksicimetnih kiselina. Na osnovu dobijenih rezultata, spektro-
fotometrijskom i HPLC metodom, mozemo pouzdano tvrditi da vina sa podrucja
Balkana pokazuju visoku antioksidativnu aktivnost i da je ona u pozitivnoj kore-
laciji sa fenolnim sadrZajem. Takode se mozZe zakljuditi da sadrzaj fenolnih jedi-
njenja u vinima proizvedenim od iste sorte groZda pre svega zavisi od agrokli-
matskih faktora, uslova gajenja grozda i procesa proizvodnje vina.

e HPLC-DAD
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Abstract

The effect of ethoxylated oleyl-cetyl alcohol at a concentration of 1% on the growth and
metabolism of A. tenuis Nees and P. verrucosum Dierckx was examined in this paper. The
fungal growth was investigated by monitoring the diameter of colonies on solid media and
dry weight biomass in liquid media. A. tenuis had better response to applied pollutant in
solid medium, whereas P. verrucosum had better response in liquid medium. During expo-
nential fungal growth in liquid media with and without pollutant (control), the following
physico-chemical and biochemical parameters were carried out: pH, quantity of free and
total organic acids, proteins, carbohydrates, proteolytic activity. The ethoxylated oleyl-
-cetyl alcohol had influence on decrease in pH value and increase in free organic acids of
both fungi. Furthermore, it has influenced production in way that lower amount of total
organic acids, proteins, glucose and fructose were gained in fermentation broth of P. ver-
rucosum compared to A. tenuis. The proteolityc activity of fungi was partially (A. tenuis) or
fully inhibited (P. verrucosum) by presence of pollutant in liquid medium. Based on the
obtained results, these fungal species act as potential candidates for mycoremediation of
alcohol ethoxylated contaminated environments and biotechnology.
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Ethoxylated oleyl-cetyl alcohol (Fig. 1) is surfactant
from the group of fatty alcohol ethoxylates (FAEs) that
are representing the most important group of non-ionic
surfactants from economical point of view. FAEs are
widely used in domestic and commercial detergents,
household cleaners and personal care products. They
are employed as wetting and washing agents in the
cosmetics, agriculture, paper, oil and other sectors of
processing industry. Constant increase in production
volume of these non-ionic surfactants in the world over

the past 20 years, especially in Europe, is conditioned
by many FAEs desired characteristics, such as rapid
biodegradation, low-to-moderate foaming ability, sup-
erior cleaning of man-made fibers, tolerance of water
hardness and ability to perform in cold water [1].

On the other hand, rapid growth of production
alcohol ethoxylates (AEs) in the world points to the
possibility of an increased quantity of this pollutant in
aquatic ecosystems at concentrations above expect-
ations. After usage, residual surfactants and their deg-
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Figure 1. Chemical structure surfactant.
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radation products are discharged to sewage treatment
plants or directly to surface water sand sediments [2].
Experimental results from many biodegradation studies
in laboratory and field conditions suggest that there is a
high quantity of primary and ultimate biodegradation
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of these surfactants in the environment [3]. AEs are
degraded biologically by wastewater treatment plant
(WWTP) in excess 95-99% [4,5]. Concentration of total
AEs in WWTP effluents is in the range 1.0-23 pg/l in
Europe, Canada and USA [6,7]. From the middle of ‘70s
until today, several environmental risk assessments
were carried out on AEs [8,9]. These surfactants have a
strong affinity for sorption to solids such as activated
sludge, river water solids and, ultimately, sediments
[10-12]. Level of toxicity to aquatic organisms, mea-
sured by ECs, ranges from very toxic (< 1 mg/l) to
harmful (between 10-100 mg/l). Also, during the men-
tion time period, studies related to understanding the
biodegradation mechanisms of AEs in the presence of
complex microbial communities were carried out using
different methods. Several AEs degrading bacteria were
isolated under aerobic [13] and anaerobic conditions
[14,15]. In the last two decades, bacteria were in the
focus of bioremediation studies, unlike fungi which
were studied much less. Mycoremediation is an inno-
vative biotechnology that uses living fungus for in situ
and ex situ cleanup and management of contaminated
sites [16]. Filamentous fungi have ability to grow on
wide spectrum of substrates by secreting extracellular
hydrolytic enzymes, even capable of growing under
ambient environment. Moreover, due to the low sub-
strate specificity of their degradative enzyme machin-
ery, fungi are able to perform the breakdown of a wide
range of organic and xenobiotic pollutants: petroleum
hydrocarbons, chlorophenols, polycyclic aromatic hyd-
rocarbons, polychlorinated biphenyls, dioxins and fur-
ans, pesticides, herbicides and nitroaromatic explosives
[17,18]. These fungal properties are utilized in a variety
of processes (biological control agent, biobleaching,
bioremediation, waste treatment).

Based on our previous researches [19-22], it was
identified that several species of fungi such as A. niger,
T. roseum, F. oxysporum, etc., can grow and metabolize
ethoxylated oleyl-cetyl alcohol at a wide concentration
range 0.01-1%. For this reason, current study was
conceptualized in order to investigate the effect of
ethoxylated oleyl-cetyl alcohol at a concentration of 1%
on the growth of selected fungi and changes of their
metabolic activity. Isolation and identification of fungi
from aquatic ecosystems that are resistant to the pre-
sence of high concentrations of this pollutant on the

one hand, and the effect of a pollutant on their meta-
bolism on the other hand, are crucial parameters for
application of fungi in mycoremediation.

EXPERIMENTAL

Isolation and identification of fungi from wastewater

The fungi applied in this study were isolated from
the sample of wastewater river basin of Lepenica, Kra-
gujevac (the place of wastewater flood, sewage). The
sample of water was taken in a sterile container. The
sample was transferred to the microbiology laboratory
and was afterwards inoculated onto Petri plate’s nut-
rient malt agar with streptomycin (in duplicates). The
Petri plates were then incubated for 5-7 days at stan-
dard temperature 28+2 °C. Pure cultures were obtained
by the method of exhausting on poor malt agar plates
and potato dextrose agar (PDA) plates. Identification of
the fungi was based primarily on the macroscopic and
microscopic morphology and was carried out by Sys-
tematic keys at the Faculty of Biology, University of Bel-
grade, Serbia. The fungi selected as test organisms in
this study were: Alternaria tenuis Nees (1817) and Peni-
cillium verrucosum Dierckx (1913). The fungi were
maintained on PDA plates, stored at 4+0.5 °C and sub-
cultured monthly in sterile conditions.

Inoculums preparation

Inoculums suspensions were prepared from fresh,
mature (from 3- to 5-day-old) cultures grown on PDA
plates. The colonies were covered with 5 ml of distilled
sterile water. The inoculums were achieved by carefully
rubbing the colonies with a sterile loop; the isolates
were shaken vigorously for 15 s with a Vortex mixer
and then transferred to a sterile tube. The inoculums
sizes were adjusted to 1.0x10° spores/ml by micro-
scopic enumeration with a cell-counting hematocyto-
meter (Neubauer chamber).

Cultivation of fungi on solid media and culture
condition

The Czapek Dox’s solid media was prepared accord-
ing to the formulation shown in Figure 2, with addition
of 20 g agar-agar and autoclaved at 121 °C for 20 min
(autoclave pressure, 0.14 MPa). After cooling to 45 °C,
culture media were dispensed into sterile Petri dishes

Growth medium Mark ¢ (gl
NaNO; K,HPO;, MgSO4x7H,O FeSO4x7H,O Sucrose AOC*
Control C 3 1 0.5 0.01 30
C+1%A0C AOC 3 1 0.5 0.01 30 10

*AOC - Ethoxylated oleyl-cetyl alcohol (Henkel, Krusevac)

Figure 2. Composition of growth media in 1000 ml distillated water.
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for solidification. The tested fungi were inoculated at
the center of the agar plates. The plates were incub-
ated at room temperature over 8 days, in order to
examine the exponential growth of fungi.

Cultivation of fungi in liquid media and culture
condition

The Czapek Dox’s liquid growth media (100 ml) was
prepared in 250 ml Erlenmeyer flask, according to pro-
cedure mentioned above, but without addition of agar.
One ml spore suspension of both fungi was inoculated
in liqguid media. Following inoculation, Erlenmeyer
flasks were placed on an orbital shaker (Kinetor-m,
Ljubljana) thus enabling uniform and constant mixing.
All Erlenmeyer flasks were incubated at room tempe-
rature, under alternate light and dark for 8 days.
Sampling has begun on day 4 and repeated daily until
the end of experiment. All experiments were con-
ducted in triplicate.

Measurement of pH values

A pH value of the fermentation broth (initial pH
value about 5.0) in the experiment was measured by a
pH meter (type MA-5705, the product “Iskra”, Kranj)
during fungal growth from day 4 to day 8.

Determination of colony diameters

Colony diameters (CD) were measured with a ruler
at intervals of 24 h from inoculation until day 8. The
growth curves were constructed from the diameter of
the colonies (cm) versus incubation time (day). From
the growth curves, the exponential growth phases of
fungi were determined in the period of cultivation from
day 4 to day 8. This period was selected for further
study of physicochemical and biochemical parameters
of fungi in liquid growth media.

Determination of dry weight biomass

The 8-day-old mycelia was separated from the
fermentation broth by filtration through pre-weighed
filter paper. The mycelia was washed with distilled
water several times. Filter papers with mycelia were
dried in an oven at 80 °C to constant weight. The dry
weight of the mycelia was calculated by subtracting the
initial weight of the filter paper from the weight of
mycelia and filter paper. The results are presented as
g/l.

Determination of concentrations total and free
organic acids

The concentration of free and total organic acids
(FOA and TOA) was determined by ion exchange chro-
matography according to method by Bullen et al. [23],
as described in greater detail in our previous work [20].
The results are presented as percentages (%).

Determination of monosaccharides quantity

The quantity of monosaccharides, glucose and fruc-
tose, were also determined by ion exchange chroma-
tography according to procedure which is discribed in
our previous work [21]. The results are presented as
percentages (%).

Determination of protein concentration

Protein concentration in fermentation broth of
fungi was determined according to the method by
Kjeldahl [24]. A sample was digested with a strong acid
so that it releases nitrogen, which was determined by a
suitable titration technique. A conversion factor of 6.25
(equivalent to 0.16 g nitrogen per gram of protein) was
used for calculating the quantity of protein, according
to the Eq. (1):

The quantity of proteins (mg) = 6.25Xquantity of
nitrogen (1)

Assays of alkaline protease activity (EC 3.4.21-24)

The assay of alkaline protease was carried out by
Anson’s method [25]. Reaction mixture, which con-
tained 5 ml of casein and 1 ml fermentation broth, was
incubated at 37 °C for 30 min. The reaction was stop-
ped by adding 1 ml of 5% trichloroacetic acid (TCA). The
mixture was centrifuged at 4.000 rpm/min and then 5
ml of 6% Na,CO; and 1 ml diluted Folin—Ciocalteu’s
phenol reagent were added to supernatant. The sol-
ution was kept at room temperature for 30 min and
absorbance was read at 660 nm using tyrosine stan-
dard. One unite of alkaline protease activity was
defined as the amount of enzyme capable of producing
1lug of tyrosine from casein in a minute under assay
condition.

Statistical analysis

The results were expressed as mean * standard
deviation of data obtained from three independent
measurements. The database was analyzed using the
Software Package for Social Science for Windows 14.0
(SPSS Inc., Chicago, IL).

RESULTS AND DISSCUSION

Our previous studies emphasize that some fungi
species which originated from wastewater can meta-
bolize the detergent components (e.g., ethoxyled oleyl-
cetyl alcohol and sodium tripolyphosphate) for growth
and biomass accumulation [19-22]. Having this in
mind, this study was designated in order to investigate
the influence of ethoxyled oleyl-cetyl alcohol, which is
added to nutrient medium in a high concentration (1%)
on the growth, development and metabolic activity of
A. tenuis Nees and P. verrucosum Dierckx. The obtained
results should serve as a theoretical basis for practical
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application of tested fungi in mycoremediation of envi-
ronment. Research results of this study are presented
in Figures 3-5.

The effect of surfactant on fungal growth on solid
medium

Chemical composition of Czapek Dox’s nutrient
medium has optimal properties for growth and high
biomass production of numerous fungi [19-22,26]. In
addition, the presence of various pollutants (e.g. dye,
heavy metals, pesticides, surfactants) in the culture
medium may have an inhibitory or stimulatory effect
on the fungal growth depending on type and applied
concentration of pollutant, and the fungal species. For

Colony diameter {¢m)

testing of fungal growth, the fungi were grown pre-
viously on solid media with (AOC) and without pol-
lutant (C) over a period of 8 days. The colonies dia-
meters were measured daily and growth curves were
constructed. For both fungi, the exponential growth
phase occurred in the period of cultivation from day 4
to day 8 (Figure 3). As Figure 3 shows, CD of A. tenuis
had gradually increased on C medium, from day 4 to
day 8, whereas P. verrucosum had a lower growth rate
compared to A. tenuis. Different growth rates between
the tested fungi in C medium can be explained by their
morphophysiological differences that affect different
response for the adoption and nutrient transport.

—k— A, tenuis C

- & =4 tenuis AOC I %
—— P verrucosum C
- ® = P verrucosum AOC I %%

.
[

6 7 g

Culture age (days)

Figure 3. The colonies diameter of A. tenuis and P. verrucosum during exponential growth on solid media (C-control, AOC-medium

with 1% ethoxylated oleyl-cetyl alcohol).

Dry weight biomass H Proteolytic activity
& P (ng/ml)
. Medium C AOC C AQC C AQC
Fungi ———
Days
S 4 0 0 7.14£0.01  7.03x0.06 0 0.19£0.07
g § 5 nd nd T 16£0.02 704012 0.28+0.04 0
f nd nd 718£0.02 7.05+0.05 0643010 0.02+£001
% ® 7 tud tud 7.16+0.04 7.06+0.05 0314008 0.32+0.14
g 019009 0554012 7.154001  7.05x0.01 0.19x005 040003
4 0 0 712£005 7.25£0.02 0.15+0.09 0
§ % 5 nd tud T.05+0.04 7.08+£0.05 0.20+0.10 0
E % f nd nd 6.85£002 684009 035+0.12 0
& § 7 nd tud 6.73£0.07  6.82+0.06 D0.18+0.05 0
8 0.14+0.05 0.17+0.06 6.75+0.01 6@.66+0.01 0.15+0.05 0.05+0.01

Each value is expressed as mean + standard deviation (2= 32), nd-not determined

Figure 4. Total dry weight of biomass, pH value and proteolitic activity of fungi in liquid media (C — control, AOC — medium with 1%

ethoxylated oleyl-cetyl alcohol).
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Proteins Free oxg.acids Totalorg acids Ghuco se Fruciose
(mg/m]) (%9 (%) (% (%)
Medium C AQC [ A0C [ AOC C A0C C A0
Fungi
Doays
4 0614103 076021 067004 0174105 7O07£1.02 1.67H1.35 0084116 0034101 0494012 0.034.01
g % 5 0 A3H.09 062026 nud nd tud fid tud tud fd fid
E E & 0724010 0A3£042 nud nd fud fd tud fud nd fid
% - 7 0A8H1.12 062032 nd nd tud nd fd fud nd nd
S 0704005 076025 033£006 2334055 567£1.26 ToT£l 48 0324024 0734015 0324109 0.4440.10
4 0104102 008+004 0284002 0ZEH10% 0564010 2224165 0.104006 007H105 00540.02 0.074.02
E E 5 0204007 0.10£00% nd nd tud nd fd nd nd nd
_% E & 0242004 011005 nud nd fuid fd tud fd nd fd
5 g 7 0974119 021007 nud nd fud nd nd nd nd nd
2 1204062 005001 194£009 3334005 2.80+]1 32 7.78+1 28 0724109 0214004 0714000 0.374).16

Each valueiz expressed as mean + stan dard deviation (2 =3), nd-not determined

Figure 5. Quantity of proteins, free and total organic acids and monosaccharides (glucose and fructose) in liquid media (C — control,

AOC — medium with 1% ethoxylated oleyl-cetyl alcohol).

When fungi were grown on solid medium with addition
of AOC, they had lower CD compared to the control.
The growth of A. tenuis on AOC medium was signific-
antly (p < 0.01) or slightly inhibited on day 4 and from
day 7 to day 8, respectively. These results can be exp-
lained by a period of fungal adaptation to the presence
of AOC in medium, during the initial stage of growth, as
well as the creation of some degradation products that
slow down fungal growth. Ethoxylated alcohol showed
an inhibitory effect on CD of P. verrucosum over a
period of three days (from day 5 to day 8), but had no
influence on fungal growth on day 4. Obviously, the
fungus P. verrucosum is more tolerant to a high con-
centration of the AOC in medium than A. tenuis,
considering its CD was two times higher that CD of A.
tenuis on day 4. However, the AOC degradation pro-
ducts had a higher intoxicating effect on the growth of
P. verrucosum than parent molecule. Consequently, CD
of P. verrucosum was significantly lower (14.29%) on
day 8, whereas CD of A. tenuis was lower only by 3%
compared to the control.

The effect of surfactant on fungal growth in liquid
medium

The DW biomass of tested fungi grown in the liquid
Czapek Dox’s media was measured on day 8 (at the end
of exponential growth) and results are presented in
Figure 4. The fungus A. tenuis had higher DW biomass
(0.55 g/l) than fungus P. verrucosum (0.17 g/l) in C
medium. On the other hand, AOC added in liquid
medium showed strong inhibitory effect (67%) on DW
biomass of A. tenuis and mildly stimulating effect
(13.5%) on DW biomass of P. verrucosum, compared to
control. The finding that fungi could survive and grow

in solid and liquid Czapek Dox’s media with AOC at a
high concentration (1%) provided evidence for the fun-
gal resistance to this pollutant. The different response
of fungi to growth on solid and liquid media with AOC
was also confirmed in this study. Therefore, A. tenuis
had better response to presence of AOC in solid
medium, whereas P. verrucosum had better response
to presence of AOC in liquid medium. These character-
istics of fungi make them utilizable in bioremediation of
solid and liquid environments. The obtained results are
consistent with the results of our previous studies,
which revealed the influence of AOC on the DW bio-
mass of fungi T. roseum, F. oxysporum and A. niger.
Therefore, this pollutant has a mild stimulating effect
on the biomass of T. roseum and F. oxysporum but has
a very strong inhibitory effect on the biomass of A.
niger, under the same experimental conditions [21,22].

The influence of surfactant on pH media

Transport of nutrients through the cell membranes
and growth of microorganisms are closely related with
ambient pHs. Although, most fungal species live in a
wide range of external pH, they proliferate more
rapidly at acidic pH. When grown in an unbuffered
medium, filamentous fungi often rapidly acidify their
environment to very low and even sometimes detri-
mental pH values [27]. The major mechanism behind
this acidification is controversially discussed, although
it is most often attributed to either organic acid excre-
tion [27,28] or proton release by the plasma membrane
H-ATPase [29]. The addition of some organic molecules
(e.g., AOC, sodium tripolyphosphate or commercial
detergent) in nutrient medium influences the change of
pH values towards an alkaline environment that can be
considered as a stress condition. According to litera-
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ture, fungal response to alkaline pH is based on two
possible mechanisms. First is the proteolytic activation
of PacC transcription factors (A. nidulans, C. albicans, S.
cerevisiae, Y. lipolytica) [30] and second mechanism is
existence of the calcium-mediated pathway [31].

This study has evaluated the changes of pH value of
fermentation broth during fungal growth from day 4 to
day 8, as Table 3 shows. The pH values of liquid control
media (C) were closely related and in neutral range (P.
verrucosum 7.12 units, A. tenuis 7.14 units) on day 4.
During the growth of fungi, the pH values of C media
were changed to different intensity, depending on the
fungal species. Therefore, during those four days, the
pH value of C medium of P. verrucosum was gradually
decreasing and the largest decrease in pH value (0.17
units) was measured from day 5 to day 6. On the
contrary, the changes of pH value of C medium of A.
tenuis were slightly increasing from day 4 to day 6.
From that point on, the pH value was then decreasing
with the almost same intensity until day 8. The pre-
sence of AOC at a concentration of 1% in a liquid media
resulted in pH changes of media. The pH value of AOC
medium of A. tenuis was insignificantly lower on day 4,
whereas the pH value of P. verrucosum was signific-
antly higher as compared to control. During the growth
of P. verrucosum, pH value of AOC medium was dec-
reasing, and the largest decrease in pH value (0.24
units) was observed from day 5 to day 6. On the con-
trary, the pH values of AOC medium of A. tenuis
changed in the opposite manner, but the changes were
very small. Decreasing of media pH is widespread phe-
nomenon observed during extensive mycelium deve-
lopment of many fungal species such as A. niger, F.
oxysporum, P. chrysogenum, etc. The results obtained
in this study evidently suggest that fungi probably have
different mechanism regulation of external pH, which
depends on numerous factors (e.g., pH value, chemical
composition of medium, fungal morphology, etc.).

Activity of alkaline protease (EC 3.4.21-24) in liquid
media

Proteases are degradative enzymes, which catalyze
the cleavage of peptide bonds in proteins. They have
wide-ranging applications in industrial products and
processes such as detergent, food, pharmaceuticals,
tannery, waste treatments, etc. In literature, several
microbial strains including fungi (Aspergillus flavus,
Fusarium graminarum, Penicillium griseofulvin, etc.)
and bacteria (Bacillus licheniformis, B. firmus, B. sub-
tilis, etc.), are reported to produce protease. Due to
these facts, the alkaline protease activity of A. tenuis
and P. verrucosum was evaluated in this paper.

Data presented in Figure 4 has shown that tested
fungi produced extracellular protease when grown in C
medium more effectively than in AOC medium. The
proteolytic activity of fungi was increased parallel with
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the fungal growth (A. tenuis and P. verrucosum) in C
medium, from day 4 to day 6. The maximum proteo-
lytic activity was measured in the fermentation broth of
A. tenuis (0.63 mg/ml) on day 6. Fungus P. verrucosum
had two times lower proteolytic activity in same
medium, with its maximum (0.35 mg/ml) achieved on
day 6. Addition of ethoxylated oleyl-cetyl alcohol, in
liquid nutrient medium at a concentration of 1%, con-
tributed to a partial (A. tenuis) or complete inhibition
(P. verrucosum) of proteolytic activity, during fungal
growth. Proteolytic activity of A. tenuis in AOC medium
was expressed on day 4 and from day 6 to day 8, with
its maximum (0.400 mg/ml) achieved on day 8. In the
presence of AOC, fungal proteolytic activity was inhi-
bited about 37% (or remained about 63% activity) in
relation to control. Obviously, various morpho-physio-
logical characteristics of the fungi and some degrad-
ation products of AOC in medium have caused differ-
ences in effects of this pollutant on proteolytic activity.
These results are also supported by the findings of Sto-
janovi¢ et al. [22] who reported that AOC at concen-
tration of 1% has a strong inhibitory effect on the acti-
vity of proteolytic enzymes the fungus T. roseum. How-
ever, the same authors also reported that the AOC at
concentration of 1% has a strong stimulating effect on
the proteolytic activity of A. niger, under the same
experimental conditions [19]. According to Evans and
Abdullahi [32], surfactants may have improved the
permeability of the cell membrane through disruption
of lipid bilayer thereby increasing the uptake of nut-
rient into the organism and the secretion of enzyme
into the culture medium. Non-ionic surfactants type of
ethylene oxides, bind to active site of enzymes through
hydrogen bonds in order to enhance conformation flex-
ibility [33]. Zeng et al. [34] revealed that incorporation
of Tween-80 into fermentation medium have shown to
enhance production and secretion of protease. Li et al.
[35] demonstrated that Tween-80 and acetonitril inc-
reased the yield of protease activity of Serratia sp. SYBC
H by 5.0 and 4.3 folds, respectively. Maruthiah et al.
[36] has reported enhanced protease activity of Bacillus
flexus by non-ionic surfactant Tween-20, Tween-40,
Tween-60 and Triton X-100. According to Barberis et al.
[37], proteolytic activity of araujiain increased or rem-
ained constant while non-ionic surfactant concentra-
tion was being increased (0.1, 0.4 and 1%). Enzyme
stability in the presence of detergent ingredients, such
as surfactants, builders and activated bleach, etc.; opti-
mum activity at alkaline pH; effectiveness at low wash
temperatures of 20-40 °C; are very important pro-
perties for its use in detergent formulations [38]. Based
on presented results and facts mentioned above, per-
formances of A. tenuis alkaline protease are suitable for
its potential application as an additive in laundry deter-
gent formulations ethoxylated oleyl-cetyl alcohol type.
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Production of protein in liquid media

Numerous studies of protein secretion has been
made with filamentous fungi, but the molecular basis
for the protein secretion in fungi is still lacking. Bearing
that in mind, the fungi were referred as “a highly
productive black box” by Peberdy [39]. Therefore, the
examination of protein secretion of each fungal species
in various media is very important. The tested fungi had
produced a different amount of protein in C medium
on day 4, and it was ranged from 0.10 (A. tenuis) to
0.67 mg/ml (P. verrucosum), Figure 5. The amount of
proteins secreted in this medium was increased parallel
with the fungal growth. Fungus A. tenuis has secreted
the highest amount of protein (0.72 mg/ml) on day 6,
and P. verrucosum (1.80 mg/ml) on day 8. Ethoxylated
oleyl-cetyl alcohol added in the culture medium seems
to have slightly stimulated the proteins secretion of A.
tenuis (0.76 mg/ml), whereas it strongly inhibited the
proteins secretion of P. verrucosum (0.21 mg/ml). The
least deviation in the secretion of proteins between the
media was found by A. tenuis. Data that was found in
the literature confirmed inhibitory/stimulatory effect of
AOC at a concentration of 1% on protein production of
T. roseum [22], and A. niger and F. oxysporum [19,21].
The results of this study as well as results of mentioned
authors are evidently indicating that fungal morphology
is also directly correlated with protein production.

The influence of surfactant on organic acids excretion

The tested fungi excreted different amount of FOAs
and TOAs depending on the type of medium and cul-
ture age (Figure 5). The amount of FOAs measured in C
medium was significantly higher (P. verrucosum) or low
(A. tenuis) on day 8, compared to day 4. During the
same cultivation period, AOC at a concentration of 1%
showed strong stimulatory effect on FOAs excretion of
both fungi, in relation to control. To summarize, the
fungus P. verrucosum excreted about 1.5-fold larger
amount of FOAs and A. tenuis excreted about 7-fold
larger amount of FOAs in AOC medium in relation to
control. The amount of TOAs measured in fermentation
broth of C medium of A. tenuis was significantly lower
or, as in the case of P. verrucosum, significantly higher
on day 8 than on day 4. The AOC added in medium with
a concentration of 1% has influenced TOAs amount in
both fungi by increasing it significantly on day 8 com-
pared to day 4. Generally, A. tenuis excreted higher
amount of TOAs in both culture media than P. verru-
cosum. These results provide evidence that significant
differences exist between the tested fungi in organic
acids excretion in both media. Decreasing of pH media
of P. verrucosum is in positive correlation with inc-
reasing of organic acids excretion. In contrast, increas-
ing of pH control medium of A. tenuis is in negative
correlation with amount of organic acids excreted,

which could be explained with a reuptake of organic
acids. Therefore, organic acids excreted in media are
serving another purpose (charge balance, energy spil-
ling or chelation of trace elements) besides acidification
of external medium.

The influence of surfactant on amount of
monosaccharides

Monosaccharides, glucose and fructose, are the
reducing sugars produced by the action of invertase on
sucrose. Generally, when sucrose is used as an only
carbon source, the fungus utilizes rather glucose than
fructose for its metabolism [40]. Sucrose is necessary in
medium with AOC for fungal biodegradation of pol-
lutant. Taking this into consideration, the effect of AOC
on amount of monosaccharides was investigated in this
study. The concentration of glucose and fructose in the
fermentation broth of fungi was determined at the
beginning (day 4) and at the end of exponential growth
phase (day 8), as Figure 5 shows. On day 4, very small
amount of glucose and fructose was measured in C
medium of P. verrucosum but significant amount of
monosaccharides was measured in C medium of A.
tenuis. Regardless of these differences, both fungi
produced lower amount of fructose than glucose,
which means that fungi metabolized fructose rather
than glucose in medium with sucrose as only carbon
source. These results are opposite from results of
above-mentioned authors. Obviously, parameters such
as fungal morphology and experimental conditions (pH
medium, chemical composition of medium, aeration,
etc.), have influenced monosaccharides uptake rates.
At the same time, very low amount of glucose and
fructose was also measured in both AOC media. In this
medium, fungi metabolized equal amount of monosac-
charides. On day 8, the amount of glucose and fructose
measured in C medium of P. verrucosum was signific-
antly higher than on day 4. Nevertheless, the amount
of glucose and fructose in same medium of A. tenuis
was lower, especially glucose. In both AOC media,
amount of monosaccharides was higher on day 8 com-
pared to day 4. Accordingly, A. tenuis produced about
0.71% glucose and 0.44% fructose, whereas P. verru-
cosum produced about 0.18% glucose and 0.35% fruct-
ose. These results indicate that tested fungi have dif-
ferent flux for monosaccharides in presence of AOC.
Therefore, A. tenuis utilizes fructose rather than glu-
cose, whereas P. verrucosum rather utilizes glucose in
medium with AOC. Results obtained in this study are in
accordance with report by Stojanovié et al. [22] who
found that ethoxylated alcohol stimulates the pro-
duction of glucose of F. oxysporum and fructose of T.
roseum and F. oxysporum. However, the same authors
confirmed the inhibitory effect of this pollutant on
production of monosaccharides in experiment with A.
niger [21]. The differences in the fungal utilization of
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glucose and fructose observed in this study could be
caused either by differences in the transport systems or
by the subsequent intracellular metabolism of the
sugars. Also, AOC could influence synthesis of inducible
enzymes involved in regulation of carbohydrates meta-
bolism or some of its degradation products have a role
of competitive inhibitor of these enzymes.

CONCLUSIONS

Based on obtained results, ethoxylated oleyl-cetyl
alcohol at a concentration of 1% had different effect on
the growth, development and metabolic activity of the
tested fungi, depending on the species of fungi. Both
fungi species could survive and grow in solid and liquid
Capek Dox’s medium with addition of AOC at a high
concentration (1%). The A. tenuis has better response
to AOC on solid medium whereas P. verrucosum has
better response to AOC in liquid medium. Ethoxylated
oleyl-cetyl alcohol has influenced metabolic activity of
fungi in direction of production of significant amount of
organic acids, proteins, fructose (P. verrucosum) and
glucose (A. tenuis). The alkaline protease activity of
fungus A. tenuis had retained about 63.50% activity in
the presence of AOC, so it could have a potential appli-
cation in detergent formulation. The results presented
in this study undoubtedly indicate the possible appli-
cation of the tested fungi in both mycoremediation of
contaminated solid and liquid environments and in
different areas of industries.

Acknowledgments

This research was financially supported by Ministry
of Education, Science and Technological Development
of the Republic of Serbia (Grant numbers 111 43004).

REFERENCES

[1] HERA, Human & Environmental Risk Assessment on
ingredients of European household cleaning products,
Alcohol Ethoxylates, 2009. http://www.heraproject.com

[2] G.G.Ying, Fate, behavior and effects of surfactants and
their degradation products in environment, Environ. Int.
32 (2006) 417-431.

[3] Danish EPA, Environmental and Health Assessment of
Substances in Household Detergents and Cosmetic Det-
ergent Products. Environmental Project No. 615, 2001.
http://www.mst.dk/udgiv/ Publications/2001/87-7944-
-596-9 /html/default_eng.htm

[4] T. Wind, RJ. Stephenson, C.V. Eadsforth, A. Sherren, R.
Toy, Determination of the fate of alcohol ethoxylate
homologues in a laboratory continuous activated-sludge
unit study, Ecotoxicol. Environ. Saf. 64 (2006) 42—-60.

[5] T.W. Federle, N.R. Itrich, Fate of free and linear alcohol-
ethoxylate-derived fatty alcohols in activated sludge,
Ecotoxicol. Environ. Saf. 64 (2006) 30-41.

284

(6]

(71

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

S.W. Morrall, W.S. Eckhoff, A. Evans, M.L. Cano, J.C.
Dunphy, D.C. McAvoy, Removal and environmental
exposure of alcohol ethoxylates in US sewage treat-
ment, Ecotoxicol. Environ. Saf. 64 (2006) 3—13.

C.V. Eadsforth, A.J. Sherren, M.A. Selby, R. Toy, W.S.
Eckhoff, D.C. McAvoy, E. Matthijs, Monitoring of envi-
ronmental fingerprints of alcohol ethoxylates in Europe
and Canada, Ecotoxicol. Environ. Saf. 64 (2006) 14-29.
S.E. Belanger, P.B. Dorn, R. Toy, G. Boeije, S.J. Marshall,
T. Wind, R.Van Compernolle, D. Zeller, Aquatic risk
assessment of alcohol ethoxylates in North America and
Europe, Ecotoxicol. Environ. Saf. 64 (2006) 85-99.

L. Bin-Le, Y. Meng, Y. Ishikawa, A. Tokai, A new approach
to estimate concentrations of alcohol ethoxylate in
rivers in Japan for screening-level risk assessment, J.
Risk Res. 14 (2011) 1109-1126.

D.C. McAvoy, K.M. Kerr, In: C.E. Clapp, M.H.B. Hayes, N.
Senesi, P.R. Bloom, P.M. Jardine (Eds.), Association of
alcohol ethoxylates with a dissolved humic substance.
Humic substances and chemical contaminants, Madison,
WI: Soil Science Society of America, 2001, pp. 177-186.
L. Zhu, K. Yang, B. Lou, B. Yuan, A multi-component
statistic analysis for the influence of sediment/soil com-
position on the sorption of a nonionic surfactant (Triton
X-100) onto sediments/soils, Water Res. 37 (2003)
4792-4800.

S.M. Mudge, P.C. De Leo, S.D. Dyer, Quantifying the
anthropogenic fraction of fatty alcohols in a terrestrial
environment, Environ. Toxicol. Chem. 31 (2012) 1209-
-1222.

E.C. Tidswell, N.J. Russell, G.F. White, Ether-bond scis-
sion in the biodegradation of alcohol ethoxylate surf-
actants by Pseudomonas sp. strain SC25A, Microbiology
142 (1996) 1123-1131.

M.A. Grant, W.J. Payne, Anaerobic growth of Alcaligenes
faecalis var. denitrificans at the expense of ether glycols
and nonionic detergents, Biotechnol. Bioeng.25 (1983)
627-630.

S. Wagener, B. Schink, Fermentative degradation of
non-ionic surfactants and polyethylene glycol by enrich-
ment cultures and by pure cultures of homoacetogenic
and propionate-forming bacteria, Appl. Environ. Mic-
robiol. 54 (1988) 561-565.

R. Ramachandran, J.J. Gnanadoss, Mycoremediation for
the treatment of dye containing effluents, IJCOA 2
(2013) 286-293.

A.L. Juhasz, R. Naidu, Bioremediation of high molecular
weight polycyclic aromatic hydrocarbons: a review of
the microbial degradation of benzo[a]lpyrene, Int.
Biodeter. Biodegr. 45 (2000) 57-88.

M.L. Rabinovich, A.V. Bolobova, L.G. Vasilchenko,
Decomposition of natural aromatic structures and xeno-
biotics by fungi, Appl. Biochem. Microbiol. 40 (2004) 5-
-23.

J. Stojanovi¢, M. Grbavci¢, A. Cosovié¢, M. Stojanovi¢, The
influence of detergent, the active component of deter-
gent and sodium tripolyphosphate on the biochemical
process of some fungi, Riv. Biol. 97 (2004) 329-339.



V.D. JAKOVUEVIC, M.M.VRVIC: ETHOXYLATED OLEYL-CETYL ALCOHOL AND METABOLISM OF SOME FUNGI

Hem. ind. 70 (3) 277-286 (2016)

(20]

[21]

[22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

(30]

J. Stojanovi¢, V. Jakovljevié, I. Matovi¢, Z. Mijuskovi¢, T.
Nedeljkovi¢, The influence of detergent, sodium tripoly-
phosphates and ethoxyled oleyl-cetyl alcohol on meta-
bolism of the fungi Penicillium verrucosum Peyronel,
Acta Vet-Beograd 60 (2010) 67-77.

J. Stojanovi¢, V. Jakovljevié, I. Matovié¢, O. Gajovi¢, Z.
Mijuskovi¢, T. Nedeljkovi¢, Influence of detergent on
metabolic activity of fungi Aspergillus niger, Natural
Science 3 (2011) 466-470.

J. Stojanovi¢, J. Mili¢evi¢, O. Gajovié, V. Jakovljevic, I.
Matovi¢, Z. Mijuskovié¢, T. Nedeljkovié¢, The effects of
detergent, sodium tripoly-phosphate and ethoxyled
oleyl-cetyl alcohol on metabolic parameters of the fun-
gus Trichothecium roseum Link, Arch. Biol. Sci. 63 (2011)
1001-1006.

W.A. Bulen, J.E. Varner, R.C. Burrell, Separation of
Organic Acids from Plant Tissues, Anal. Chem. 24 (1952)
187-190.

J.T. Kjeldahl, Neue Methode zur Bestimmung des
Stickstoffs in organischen Kérpern, Z. Anal. Chem. 22
(1883) 366—382.

M.L. Anson, The estimation of pepsin, trypsin, papain,
and cathepsin with hemoglobin, J. Gen. Physiol. 22
(1938) 79-89.

V.D. Jakovljevi¢, J.M. Mili¢evi¢, J.D. Stojanovi¢, S.R.
Soluji¢, M.M. Vrvi¢, Influence of detergent and its com-
ponents on metabolism of Fusarium oxysporum in sub-
merged fermentation. Hem. Ind. 68 (2014) 465-473.

J.K. Magnuson, L.L. Lasure, In: J.S. Tkacz, L. Lange (Eds.),
Organic acid production by filamentous fungi. Advances
in Fungal Biotechnology for Industry, Agriculture, and
Medicine, Kluwer Academic/Plenum Publishers, New
York, 2004, pp. 307—340.

M.R. Andersen, L. Lehmann, J. Nielsen, Systemic analysis
of the response of Aspergillus niger to ambient pH,
Genome Biol. 10 (2009) R47.

K. Jernejc, M. Legisa, Activation of plasma membrane
H*-ATPase by ammonium ions in Aspergillus niger, Appl.
Microbiol. Biotechnol. 57 (2001) 368-373.

W. Li, A.P. Mitchell, Proteolytic activation of Rimlp; a
positive regulator of yeast sporulation and invasive
growth, Genetics 145 (1997) 63-73.

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

R. Serrano, A. Ruiz, D. Bernal, J.R. Chambers, J. Arifo,
The transcriptional response to alkaline pH in Saccha-
romyces cerevisiae: evidence for calcium-mediated
signaling, Mol. Microbiol. 46 (2002) 1319-1333.

E.C. Evans, A. Abdullahi, Effect of surfactant inclusions
on the yield and characteristics of protease from Bacil-
lus subtilis, Proc. Rom. Acad. Ser. B 2 (2012) 108-
-112.

S.Z. Grbav¢ié, D.I. Bezbradica, .M. KaradZic, Z.D. Kne-
Zevic-Jugovic, Lipases and proteases produced by indi-
genous Pseudomonas aeruginosa strain as potential
detergent additives, Hem. Ind. 63 (2009) 331-335.

G.-M. Zeng, J.-G. Shi, X.-Z. Yuan, J. Liu, Z.-B. Zhang, G.-H.
Huang, J.-B. Li, B.-D. Xi, H.-L. Liu, Effects of Tween 80
and rhamnolipid on the extracellular enzymes of Peni-
cillium simplicissimum isolated from compost, Enzyme
Microb. Technol. 39 (2006) 1451-1456.

G.Y. Li, Y.J. Cai, X.R. Liao, A novel nonionic surfactant-
and solvent-stable alkaline serine protease from Ser-
ratia sp. SYBC H with duckweed as nitrogen source: pro-
duction, purification, characteristics and application, J.
Ind. Microbiol. Biotechnol. 38 (2011) 845-853.

T. Maruthiah, P. Esakkiraj, G. Immanuel, A. Palavesam,
Alkaline serine protease from marine Bacillus flexus
APCMST-RS2P: purification and characterization, Curr.
Biotechnol. 3 (2014) 238-243.

S. Barberis, E. Quiroga, C. Barcia, C. Liggieri, Effect of
laundry detergent formulation on the performance of
alkaline phytoproteases, Electron. J. Biotechn. 16 (2013)
1-8. http://dx.doi.org/10.2225/vol16-issue3-fulltext-1

E. Smulders, W. Rahse, W. Von Rybinski, J. Steber, E.
Sung, F. Wiebel, In: E. Smulders (Ed.), Detergent ingre-
dient. Laundry detergent, Wiley-VCH, Verlag GmbH &
CoKGaA, Germani, 2002, pp. 38-98.

J.F. Peberdy, Protein secretion in filamentous fungi —
trying to understand a highly productive black box,
Trends Biotechnol. 12 (1994) 50-57.

E. Peynaud, S. Domercq, Sur les espbces de levures fer-
mentant selectivement le fructose, Annales de I'Institut
Pasteur, 89 (1955) 346-351.

285



V.D. JAKOVUEVIC, M.M.VRVIC: ETHOXYLATED OLEYL-CETYL ALCOHOL AND METABOLISM OF SOME FUNGI Hem. ind. 70 (3) 277-286 (2016)

1ZVvOD

UTICAJ ETOKSILOVANOG OLEIL-CETIL ALKOHOLA NA METABOLIZAM NEKIH GUIVA | NJIHOVA POTENCIJALNA
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(Naucni rad)

Uticaj etoksilovanog oleil-cetil alkohola 1% koncentracije na metabolizam
gljiiva A. tenuis Nees and P. verrucosum Dierckx, koje su izolovane iz otpadnih
kanalizacionih voda, bio je predmet istraZivanja ove studije. Dejstvo 1% etoksi-
lovanog oleil-cetil alkohola na rast gljiva ispitivano je pra¢enjem precnika kolonija
na évrstoj i merenjem suve biomase micelija u te¢noj Capekovoj podlozi. Gljiva A.
tenuis imala je bolji odgovor na prisustvo polutanta u c¢vrstoj podlozi dok je P.
verrucosum ispoljila bolji odgovor na polutant u te¢noj podlozi. Tokom ekspo-
nencijalnog rasta gljiva u tecnoj podlozi sa i bez navedenog polutanta (kontrola),
pracene su promene sledecih fizicko-hemijskih i biohemijskih parametara: pH,
koli¢ina: slobodnih i ukupnih organskih kiselina, proteina i ugljenih hidrata, pro-
teoliticka aktivnost. Etoksilovani oleil-cetil alkohol uticao je na smanjenje pH
vrednosti podloge i povecdanje kolicine slobodnih organskih kiselina obe gljive.
Pomenuti polutant uticao je na produkciju manje koli¢éine ukupnih organskih
kiseline, proteina, glukoze i fruktoze, u fermentacionoj tecnosti gljive P. verru-
cosum u odnosu na A. tenuis. Proteoliticka aktivnost gljiva bila je delimi¢no (A.
tenuis) ili potpuno inhibirana (P. verrucosum) prisustvom polutanta u te¢noj hran-
ljivoj podlozi. U prisustvu 1% etoksilovanog oleilcetil alkohola alkalna proteaza A.
tenuis zadrzala je oko 67% aktivnosti tako da bi se mogla koristiti kao aditiv u for-
mulaciji deterdZenta. Na osnovu dobijenih rezultata moze se zakljuciti da se
testirane gljive mogu smatrati potencijalnim kandidatima za mikoremedijaciju
Zivotne sredine (zemljista, voda) kontaminirane alkoholnim etoksilatima.
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Abstract

Harmonization of environmental protection and the growing energy needs of modern
society promote the biomass application as a replacement for fossil fuels and a viable
option to mitigate the greenhouse gas emissions. For domestic conditions this is parti-
cularly important as more than 60% of renewables belongs to biomass. Beside numerous
benefits of using biomass for energy purposes, there are certain drawbacks, one of which
is a possible high emission of NO, during the combustion of these fuels. The paper presents
the results of the experiments with multiple biomass types (soybean straw, cornstalk, grain
biomass, sunflower oil, glycerin and paper sludge), using different combustion technol-
ogies (fluidized bed and cigarette combustion), with emphasis on the emission of NO, in
the exhaust gas. A presentation of the experimental installations is given, as well as an
evaluation of the effects of the fuel composition, combustion regimes and technology on
the NO, emissions. As the biomass combustion took place at temperatures low enough
that thermal and prompt NO, can be neglected, the conclusion is the emissions of nitrogen
oxides primarily depend on the biomass composition — it is increasing with the increase of
the nitrogen content, and decreases with the increase of the char content which provides
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Since biomass is the only CO,-neutral-carbon-
-based renewable energy source its application becomes
more and more important for climate protection,
wherein the biomass combustion is the most important
and proven thermochemical conversion technology for
heat and power production. However, biomass com-
bustion is related with potential problems concerned
with the environmental pollution, even though they are
less pronounced in comparison with the coal. The emis-
sion of nitrogen oxides (NO,) is one of the most impor-
tant challenges in the field.

Nitrogen oxides play a significant role in pollution
problems such as formation of photochemical smog,
ground level ozone and acid rain, visibility impairment,
causing damage to natural ecosystems and crops. Over
90% of nitrogen oxides emitted due to the combustion
process makes NO, while the rest is NO,. In the atmo-
sphere NO is converted to NO,, so the regulations in
the field of environmental protection treat all nitrogen
oxides as NO,. Nitrous oxide (N,O) is also important
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because of its greenhouse effect, but its emitted
quantity is significantly less than of the previous two.
NO, is formed both from atmospheric nitrogen, N,, and
from nitrogen contained in fuel, by the following fund-
amentally different mechanisms [1,2]:

1. Thermal — NO,, high temperature (>1200 °C)
oxidation of atmospheric nitrogen by oxygen in com-
bustion air;

2. Fuel —NO,, oxidation of fuel-bound nitrogen;

3. Prompt — NO,, combustion of atmospheric nitro-
gen and hydrocarbons in the rich mixture condi-
tions/very low air—fuel ratios.

e During the combustion of biomass, the oxidation
of fuel-bound nitrogen is the dominant mechanism of
forming NO,. The amount of thermal and prompt NO, is
negligible due to relatively low combustion tempera-
tures conditioned with low melting temperature of bio-
mass [1-6].

e The formation of NO, from fuel bound N takes
place predominantly in the gas phase oxidation of the
nitrogenous species released with the volatiles (66—
—75%) and less through the heterogeneously catalysed
oxidation of the nitrogen retained in the char (< 25%)
[1].

e N released with the volatiles from the biomass
fuels generally ends up as NH; rather than as HCN (HCN
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is the most important precursor for N,O formation).
Both of them can be oxidized to NO during subsequent
combustion. At the same time, the two precursors
(especially NH3) can also serve as reducing agents for
NO reduction, as follows:

NH;+ 0, > NO +H,0 +H

NH;+NO — N, + H,0 +H

e (Quite a low N,0 concentration was detected
during large-scale biomass combustion [3,5]. This phe-
nomenon has been attributed to the N functional
groups present in biomass fuels, mainly amino groups,
which are usually form NH; as the main N-product
during pyrolysis [1,3—6]. Furthermore, NH; tends to be
oxidized to NO and N, instead of N,O at temperatures
of 800-900 °C [7], so N,0 emission is not the subject of
this paper.

e Another point of consideration with respect to
NO, emissions during the biomass combustion is the
catalytic effect of the char and ash on NO, formation
and reduction [6].

- Char provides a catalytic surface for the gas
phase NO reduction by CO.

- The catalytic effect of the ash, especially the
presence of CaO, MgO and Fe,0;, may be important
because it can catalyse the reduction of NO and NO,.

e Exceeding the emission limits can be expected at
fuel-N concentrations above 0.6 wt.% on dry basis [8].

Controlling NO, emissions is becoming a consider-
able technical challenge as increasingly strict emission
limits are being imposed. The NO, control technologies
can broadly be classified into:

1. pre-combustion which involve the use of low
nitrogen fuels,

2. combustion control or primary measures -
modifying design and operating features of the com-
bustion unit and

3. post-combustion techniques (end-of-pipe treat-
ment) or secondary measures — flue gas treatment
(FGT) after the combustion process.

The pre-combustion measures implied an informed
choice of biomass (e.g., knowledge of fertilizer treat-
ment, length of storage and harvest time because nat-
ural senescence decreases N content as the N is remob-
ilized to the roots or rhizomes) and/or pretreatments
with a target of minimizing heterocyclic N-compounds*.
The pre-combustion measures include also modific-
ation of the fuel composition by usage of fuel additives,
fuel blending and co-combustion, e.g., the use of bio-
mass/coal cofiring that decreases NO, and SO, emis-
sions [10].

Primary and secondary measures of NO, reduction
are given in Figure 1.

Knowledge of the nitrogen oxides emission, in
addition to the need for developing better biomass

]

Figure 1. Overview of deNO, techniques.

e |t is difficult to reduce CO and NO, simultane-
ously — decreasing one may result in an increase of the
other [9]. And finally, it is important to note that the
influences of different fuel properties on NO, gener-
ation are very much inter-related, and as such, it is
difficult to examine the influence of an individual pro-
perty in isolation.
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combustion technologies and consequently NO, tech-
niques, is also necessary when setting emission
regulations. It should be noted that the Regulation on

*Heterocyclic N compounds seem to decompose mostly
through HCN, while amino acids and proteinic nitrogen
appear to produce mostly ammonia, NHs.
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limit values for emissions of air pollutants [11] has not
defined NO, emission limit for combustion of biomass
that is not the wood nature, which can be considered
as a failure, especially when taken into account that of
the available amount of biomass in Serbia, 63% is the
biomass from agricultural production, and a crop bio-
mass, which accounts the largest part of agricultural
biomass, is characterized by a very high N content due
to intensive fertilization of crops.

DESCRIPTION OF THE EXPERIMENTAL FACILITIES

In order to improve knowledge of the nitrogen
oxides emission and its influencing variables inves-
tigations were conducted with multiple biomass types,
using different combustion technologies (fluidized bed
and cigarette combustion). Thus, this paper presents
the results of combustion of sunflower oil and glycerin
on a semi-industrial experimental fluidized bed facility,
FB1 (100 kW, capacity), as well as of combustion of
paper sludge and corn kernel on the experimental hot
water FB boiler, FB2 (500 kW, capacity). The fluidized
bed combustion (FBC) technology was selected
because of its low operating temperatures of about 850
°C that suppress the formation of thermal and prompt
NO,. Further, experiments were performed on the
industrial-scale hot water boiler (1.5 MW, capacity) for
combustion of large soya straw bales (0.7 mx1.2 mx2.0
m) and on the two experimental facilities: the boiler

(75 kWy,) burning small soya straw bales (0.8 mx0.5
mx0.4 m) and the furnace (50 kWy,) burning small corn
stalk bales (0.45 mx0.35 mx0.80 m). The latter three
use cigar burner combustion system (CBCS). The cigar-
ette type combustion was chosen because it is cost-
-effective and energy conscious way of utilizing the
baled biomass.

Simplified schemes of facilities with both combust-
ion technologies (FBC and CBCS) where the combustion
experiments were carried out are presented in Figures
2—-6. More about the experimental FB facility shown in
Figure 2 and demonstration FB boilers in Figure 3 can
be found in [12-16].

The principle of operation of facilities with cigarette
burner system (CBS) can be found in papers [17-19].
An industrial-scale hot water boiler at Fig. 4 was instal-
led in the Agricultural Corporation Belgrade [17,20] and
it is used for heating 1 ha of greenhouses.

The experimental boiler at Figure 5 is installed on
an individual farm where is used for residential heating.

Fuel characterization

The fuels selected for this investigation are mainly
biowastes considered at the moment as ballast. Namely,
data of the Ministry of Energy, Development and Envi-
ronmental Protection of the Republic of Serbia indicate
that consumption of edible oil in Serbia is around 16
per capita per year; which means that about 10,000

Legend:

1. Primary air blower 7. Liquid fuel feeding - 7.1 dosing pump, 7.2 13. Start-up burner

2.(2.1 - 2.2) Measuring orifices

5. Fluidized bed furnace (1% draft)
6.Particle separation chamber (2™ 11.Flue gas fan

draft) 12. (12.a) Propane-butane flask

air blower and 7.3 heater of carrier air;
3. Electric heater 8. Flue gases cooler
4. Air chamber with the air-distributor 9. Cyclone for particle separation

14. Furnace material removal
valve
15. Furnace material

10. (10.1 — 10.3) Vessels for particle disposal collector

16. Air blower for jet cooling
17. Nozzle

Figure 2. The scheme of semi-industrial experimental FB1 facility (100 kW capacity) [12—14].
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e - L Legend:

. Water cooled collector for ash and bed material
— T removal

. Collector of the fluidization air distributor

. Bubble caps of the air distributor

. Tubes, first set

. Tubes, second set

. Inclined inlet for the pneumatic feeding into the FB
. Inclined inlet for the feeding on the FB

. Ceramic tubes for thermocouples, in and above the
FB

. Horizontal solid fuel inlet into the bed

. Tube for ash removal

. Flue gases collector channel

. Water boiler outlet

Figure 4. The scheme of the demonstrating hot water CBS boiler with thermal power of 1.5 MW, CBS1: 1. fuel feeding, 2. feeding
channel, 3. hydraulic feeder, 4. primary air fan, 5. motor driven VSD controlled conveyor, 6. ash transporter, 7. ash, 8. movable cross
and primary air supply, 9. secondary air fan, 10. secondary air driver,11. water cooled grate, 12. furnace isolation, 13. flue gas exit,
14, 15. first and second section of the gas-water heat exchanger, 16. multi-stage cyclone, 17. stack, 18. flue gas fan.

Figure 5. The scheme of the experimental CBS boiler (75 kW), CBS2: 1. fuel feeding, 2. cover, 3. baled biomass, 4., 5. heat insulation,
6. regulation of combustion zone, 7. primary combustion chamber, 8. primary air supply, 9. secondary air supply, 10. grate, 11. com-
partment between primary and secondary air, 12. tertiary air introduction, 13. tertiary air channels, 14. burnout zone, 15. heat
exchanger, 16. flue gas channel, 17. flue gases collector, 18. smoke stack, 19. flap, 20.,21.,22. ash collector, 23. air tube for ash rem-
oval, 24. ash removal tube, 25. revision opening, 26. air distributor, 27. air fan, 28. flue gases fan, 29. cyclone separator with bunker.
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B

"
)]

Figure 6. The scheme of the experimental CBS furnace (50 kW), CBS3: 1. ignition and ash removal, 2. furnace grid, 3, 9. combustion
air distributive chamber, 4. baled biomass, 5. fuel introducing ball screw, 7. cover, 8. flaps, 10. control valves for recirculation rate,

11. stack, 13, 14. electric fan for combustion fluid transport.

tons of used cooking oil per year could be collected and
could be used as a fuel. Glycerine is the main byproduct
of biodiesel production. Increasing demand for bio-
diesel may lead to glycerine oversupply so it could be
treated as waste and used as fuel. The paper sludge is
the byproduct of the paper industry (Cardboard factory
Umka, Avala Ada, Paper Factory Belgrade). Because of
its high content of moisture and a non-uniform com-
position it is not suitable for further processing, but
sutable for combustion in FB with support of a higher
calorific fuel. As the paper is made of a net of very thin
celluloid fibers obtained mainly from trees, the paper
sludge from processing is treated as biomass. Although
the cereals are primarily important for human and ani-
mal nutrition, they can also be used as a fuel for pro-
duction of heat and hot water at farms and small-scale
district-heating plants, if they’re used as non-food-sec-
ond-rate cereals (waste from the mills and cornflakes
factories, unused or contaminated seed grain, etc.).
This is paticularly important, bearing in mind the prob-

lem from 2012 associated with aflatoxin contamination
of maize, when only 32% of the domestic genus was
safe to use. In the total potential of renewable energy
sources in Serbia biomass accounts 63% of which bio-
mass from agricultural production accounts for about
60% of this potential, while the share of agricultural
crop residues is about 37%.

Prior to the experimental investigation the charac-
terization of the fuels was performed (Table 1), in order
to calculate the adiabatic combustion temperature —
the base for the facility adjustment (defining the fuel
and air flow, in order to obtain steady state on the
designed combustion temperature).

As seen in Table 1, biomass is highly oxygenated
with respect to conventional fossil fuels. Due to carbo-
hydrate structure, the principal constituent of biomass
is carbon, making up from 30-60 wt.% on dry basis
depending of ash content. Hydrogen is the third major
constituent comprising 5—6 wt.% on dry matter. Nitro-
gen is a macronutrient for plants and critical for their

Table 1. Characterization of fuel — a partial proximate and ultimate analysis of fuels used in the tests (fuel as received, %)

Component Sunflower oil  Glycerine Paper sludge + gas Corn kernel Soybean straw bale Corn stalk
I e I I Equivalent fuel | Large Small
Moisture 0.1 23.04 - 46.09 35.56 11.9 11.35 18.80 8.38
Ash 0 0 - 13.94 10.76 1.9 7.05 5.66 4.36
Volatile 99.17 76.13 99 39.35 53.6 76.71 60.73 59.08 69.76
Char - - - 14.56 10.9 11.39 27.92 22.12 21.86
C 77.52 59.72 39.1 15.99 31.16 38.52 36.72 33.99 42.5
H 11.49 8.85 8.7 2.68 6.08 6.32 5.71 5.29 5.58
(o] 10.88 8.39 52.2 20.46 15.79 40.28 38.60 35.73 38.48
N 0.11 0.07 0 0.73 0.56 1.07 0.41 0.39 0.61
S 0 0 0 0.12 0.09 0.01 0.16 0.15 0.09
NCV [MJ/kg] 37 27.9 17 4.8 14.26 17.3 13.98 13.69 13.98

?Combustion of fuel combusted in the fluidized bed; bcombustion of fuel mixed with water combusted in the fluidized bed; Cequivalent fuel com-
position calculated on basis of mass fraction of gas and paper sludge and their elemental compositions
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growth, it is mainly bound in proteins, amino acids and
sugars [7]. As this paper is primarily concerned with
NO, emission from biomass combustion it is very imp-
ortant to note that the N-fuel content, although it is
strongly influential, should not be used alone as a mean
of predicting NO, emission. The tendency of the fuels
to forming certain types of pollutants, like NO, is, is also
indicated by the combustion environment. So the air
supply, the combustion temperature and the applied
type of combustion technology need to be taken into
account as influencing variables for NO, formation.

RESULTS OF MEASUREMENTS IN STEADY REGIMES OF
OPERATION

Experimental tests on the FB installations

After starting the installation by combustion of
liquid gas and reaching temperatures of FB required for
beginning of the examined fuel combustion, it is dosed
with the increasing of operating FB temperature to the
desired value. By adjusting the flows of fuel and air,
stationary operation of installation with pre-defined
performance parameters was achieved. Then measure-
ments of flue gas composition and flow rates of fuel,
primary and secondary air were taken (Table 2).

The combustion process in the experiments per-
formed on FB1 was at approximately adiabatic con-
ditions (no heat exchange in the bed), and in the demo-
industrial boiler FB2 there was a certain heat exchange
between the bed and the combustion chamber walls.
The combustion chamber of FB2 is bordered by water-
cooled cylindrical sheath lined with refractory bricks in
the area of fluidized bed. The firebricks were hindering
the heat transfer from bed to the combustion chamber
sheath, so combustion in FB2 was also close to the adi-
abatic conditions. Therefore, the measured excess air A
in all experiments at both FB installations are approx-
imately corresponded to A at the theoretical com-
bustion temperature of fuel.

Table 2 shows efficient combustion of granular
biomass and paper sludge fed on the fluidized bed of
FB2, with higher temperatures in the bed than above it,
which is not the case during the combustion of high-
-volatile liquid fuel where the zone with the highest
combustion temperature is located above the fluidized
bed (FB1). Temperatures T;—Ts in Table 2 corresponds
to measuring points of the scheme in Fig. 2. Mixing the
oil and water facilitates the feeding process, and results
in a shift of the intensive combustion zone deeper in
the bed, with a simultaneous reduction of CO and a
slightly reduction of NO, emission (see row IlI, Table 2).
In all the tests the measured concentration of CO in the
flue gases are much lower than the legally allowed
limits, so the losses due unburned in the gaseous pro-
ducts of combustion are negligible. The combustion
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efficiency also was favorable from the standpoint of
satisfying environmental regulations regarding the
emissions of SO,, as was expected considering the
elemental composition of the tested fuels (Table 1).

Regarding the emissions of nitrogen oxides (NO and
NO,), expressed as NO,, during the combustion of sun-
flower oil and glycerin in install FB1, and co-combustion
of paper sludge and gas on the installation FB2, legal
norms were not exceeded, but they were at the com-
bustion of the granular biomass (FB2). Besides, in all
the experiments, NO is the dominant compound with
NO, in most cases being less than 5%, which is in accor-
dance with other authors [1]. The values of law defined
emission limits are given in Tables 2—4 in the column
NOyper [11]. The corn kernel has the highest fuel N
content (Table 1). As the combustion experiments with
this fuel did not exceed 820 °C, a temperature unfav-
orable for the formation of thermal and prompt NO,,
the higher emissions of nitrogen oxides is not a con-
sequence of the combustion organization, but a con-
sequence of the high fuel bound N. Similar might be
expected during the combustion of paper sludge, which
also have the high fuel bound N. The paper sludge is
combusted with support of propane/butane mixture.
The energy share of the gas was 73% in the mixture,
which is practically an incineration of the paper sludge.
In this case, the equivalent fuel (the mixture of paper
sludge and liquid gas) had a nitrogen content of 0.55%
as received, i.e., 1.04% dry ash free [15]. The high
N-content in the equivalent fuel in this case did not
lead to higher emissions of NO,.

Experimental tests of baled biomass combustion

Experimental tests of soybean straw combustion
(Table 3) were carried out at a furnace temperature
850-900 °C, which is high enough for complete com-
bustion of straw, and safe from the point of ash melt-
ing. The stationary measurement regime was remained
for several hours, enough to perform the necessary
conclusions about the quality of combustion.

Temperatures T,—T3 in Table 3 corresponds to mea-
suring points of the scheme in Figures 4 and 5. Power
of both CBCS facilities was regulated by adjusting the
flows of fuel, primary and secondary air, maintaining
approximately the same flue gases temperature. Aver-
age power during the test were 1.55 MW and 64 kW,
respectively, at the average excess air of 1.5. Tempe-
rature of the output (flue) gases in stationary regime
was 160, i.e., 200 °C. Under these conditions carbon
monoxide concentration (Table 3) in the combustion
products (except in extreme cases, of collapse of the
part of the burned bales in a fluidized bed of its own
ashes) was 66 and 150 ppm, i.e., 99 mg/m? (reduced to
11% 0,) and 173 mg/m® (reduced to 13% O,). These
values were below the emission limit value of 150
mg/m’ for the CBC installation for large bales which
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belongs to the medium scale facilities; and 4000 mg/m3
for the installation of combustion of small bales which
belongs to the low scale facilities [11]. Emissions of NO,
during the combustion of large soya straw bales in
installation of power of 1.5 MW,,, was slightly higher
than the permitted emission limit values, while at com-
bustion of small soya straw bales, NO, was within
acceptable limits, although it is not subject of legis-
lative restrictions [3].

Experimental test of baled cornstalk combustion
(Table 4) in the selected stationary regime also showed
a high quality combustion process. Good isolation and
high combustion temperatures of 780 °C caused the
low carbon monoxide content 40-50 ppm. Also, the
carbon dioxide and oxygen was within the expected
range for adiabatic conditions, so the excess air was
A = 2.3. Registered emission of NO, during the baled
cornstalk combustion was high, but it is not subject of
legislative restrictions [3]. As well as in the FB com-
bustion experiments, also in experiments with baled
soybean straw and cornstalk the combustion can be
considered complete under the given conditions. This is
important because the measurements of fuel-N origin-
ating NO, are representative for what may be expected
in an industrial plant under nominal running conditions.

DISCUSSION

Based on the results of the measured NO, emissions
in biomass combustion experiments and the facts from
previous chapters the following conclusions can be
drawn:

1. Temperature has the least influence on NO,
formation due to narrow temperature range in all the
experiments of biomass combustion (800900 °C).

2. Liquid biofuels combusted in the FB did not
exceed the NO, emission limits, which was logical to
expect because they comprise a negligible amount of
N.

3. Paper sludge co-combusted with the gas in FB2,
also does not exceed the legal norms of NO, emissions,
despite the high content of N in the equivalent fuel
(Tables 1 and 5 — above 0.6 wt.% on dry basis). This
suggests that most likely a bigger impact on the mea-
sured NO, emission had the char and ash content in the
equivalent fuel and their catalytic effect on the NO,
reduction. In addition, this fuel contains the maximal

moisture content of all tested fuels, and it is known
that water reduces the NO, emission (Figure 1). In favor
of it, slightly reduce of the NO, was recorded at the
combustion of sunflower oil mixed with water.

4. At the corn kernel combustion in FB2, the high-
est NO, emission was measured, which is a direct con-
sequence of the fuel composition. The influence of the
combustion conditions can be disregarded, because the
operating experiment parameters prove a good org-
anization of combustion. The high N content originates
from the high protein and the other amino group
content in the corn kernel. Further, this fuel has the
lowest content of char of all the examined fuels that
emit significant amounts of NO, (see Table 5).

5. Trade-off between NO, emissions and CO is best
illustrated by the following two diagrams (Figure 7). In
both cases, decreasing CO result in increased NO,
which is especially pronounced for the incineration of
paper sludge- a fuel that has a larger content of char of
these two.

6. At combustion of large soya straw bales a some-
what higher emission of NO, recorded which slightly
surpass the limits, but accompanied by very low CO
emission (Table 3). Low CO emission and achieved
excess air of A = 1.5 indicates efficient operating con-
ditions.

7. Recorded emissions from small facility for com-
bustion of small soya straw bales and from a small
furnace for combustion of baled corn stalks are also
interesting, although both facilities are not subject of
legislative restrictions. Having more nitrogen and less
char in its composition (Tables 1 and 5) cornstalks emits
higher amounts of nitrogen oxides then soybean straw,
while it emits significantly less carbon monoxide. This
fact also confirms the reducing CO and char catalytic
effect on the NO, reduction.

Analysis of denox tecniqes applicable in the presented
biomass facilities

Increased environmental performance at a modest
cost is one of the drivers for the use of biomass for
energy purposes and that is the concept that should be
taken in the selection of DeNOx techniques. Therefore,
for small installations up to 100 kW, which include both
systems with FB and CBS installations with small
soyabean and cornstalks bales, proper choice is imple-
mentation of primary measures of NO, reduction. The

Table 5. Char and nitrogen content calculated on fuel dry ash free base

Soybean straw bale

Paper sludge +gas Corn kernel Corn stalk
Dry ash free, % Large Small
FB1 FB2 CBS1 CBS2 CBS3
Char 20.19 13.21 34.22 29.28 25.05
N 1.04 1.24 0.50 0.52 0.70
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Figure 7. Gas concentration (expressed in ppm) in the flue gas a) gas and the paper sludge, b) corn kernel combustion experiments.

following measures have been implemented in these
installations.

Staging the introduction of combustion air is a mea-
sure of splitting the combustion air stream which
creates a fuel-rich primary and fuel-lean secondary
zone. It has been applied in combustion experiments
with sunflower oil and glycerin (primary and secondary
air supply) as well as in experiments with combustion
of soybean straw and cornstalks bales (primary, sec-
ondary and the tertiary air supply).

Fuel staging (reburning) involves the injection of a
proportion of fuel above the combustion zone, creating
a fuel-rich secondary combustion zone where NO,
formed from the primary combustion zone is reduced
through decomposition. It has been applied in experi-
ment of paper sludge and gas co-combustion in FB 2
(liquefied gas is brought through air distributor in a bed
and paper sludge is dosed on the bed) and in experi-
ments with combustion of soybean straw bales in CBS
(bale forehead burns in the porous layer, while the
remaining amount withering and post-combustioning
in a fluidized bed of its own ashes). This technique is of
particular importance in the case of the combustion of
paper sludge in FB2, where despite of the high nitrogen
content of the fuel (Table 5), high NO, emissions is not
recorded.

Flue gas recirculation (FGR) technique can signific-
antly reduce primarily thermal NO, production by red-
ucing flame temperatures and overall excess air.
Thereby the recirculated flue gas acts as an inert gas
containing mainly CO,, CO, H,0, with a low level of O,
and N,. The high concentration of CO, and CO caused
by FGR could play a significant role in NO, emissions. It
is therefore worthwhile to examine the effect of com-
bined staged-air combustion and FGR on NO, formation
at combustion of soya straw bales, as it was, in a way,

done at combustion of corn stalks in furnace from
Figure 4. Namely, mathematical model that simulates
the recirculation of cold flue gases has been developed
[19], primarily to reduce the maximum combustion
temperature in order to solve the biomass ash sintering
problem. Conducted a parametric analysis showed that
the flue gas recirculation has a positive effect on this
issue and, at the same time, a lower content of nitro-
gen oxides in the flue gas is achieved in a way that
recirculation of 17% of the flue gas lowers the emission
of NO for 2.5%, and FGR of 50%, reducing NO for
29.5%. It is necessary to bear in mind that the imple-
mentation of FGR reduces flue gas temperatures, as
well as the boiler output.

When combustion modifications alone is insuf-
ficient to meet with the emission standards or cannot
be applied in existing combustors, required additional
reduction can be achieved by using of end-of-pipe flue
gas treatment (FGT) technologies. The most proven
FGT technologies are selective catalytic reduction (SCR)
and selective non-catalytic reduction (SNCR).

SCR is the most advanced and effective method for
NO, reduction and can do so by up to 60-90%. SCR
implies the reaction of NO, with NH;3 (as a reducing
agent) within a heterogeneous catalytic bed in the pre-
sence of O, at the temperature range of 250-400 °C.
The predominant reactions are [21]:

4NO + 4NH; + 0, — 4N, + 6H,0

6NO, + 8NH; — 7N, + 12H,0

The most common and successfully commercialized
NH;-SCR catalysts is vanadium pentoxide (V,0s), sup-
ported on titanium dioxide (TiO,) with or without the
addition of either tungsten trioxide (WOj3) or molyb-
denum trioxide (MoOs3). No catalysts have been active
at temperatures above 600 or below 250 °C. SCR is also
possible by using hydrocarbons as a reducing agent
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(HC-SCR). However, at temperatures above 500 °C all of
the hydrocarbons are consumed by combustion reac-
tions. Unfortunately, the SCR process can be prob-
lematic due to high risks of catalyst poisoning by
vapours of volatile metals and sulfur oxides, catalyst
bed erosion and its rapidly fouling and plugging by dust
and the potential occurrence of an ammonia slip-
-stream in the exhaust. In addition of high capital costs,
there are some concerns asociated with anhydrous
ammonia storage.

Selective non-catalytic reduction (SNCR) is a process
of reduction of NO, to N, in the presence of O, by
reaction with amine-based reagents, either ammonia
(NHs) or urea (CO(NH,),) at the temperature window of
800-1000 °C, the higher temperature being needed for
urea. SNCR systems can reduce NO, emmision by 30—
—70%, which is highly variable for different applications.
Taking NH; as the reagent the predominant reactions
are [21]:

4NH; + 6NO — 5N, + 6H,0

4NH3 + 4NO + O, — 4N, + 6H,0

8NHs + 6NO, — 7N, + 12H,0

If urea is the reagent the reaction scheme is:

H,NCONH, + 2NO + %0, — 2N, + CO, + H,0

The reagent ammonia or urea can be injected
directly into combustion chamber. When the reaction
temperature increases over 1000 °C, the NO, removal

AR

handling systems (similar to those for SCR systems),
multi-level reagent-injection equipment, and asso-
ciated control instrumentation. Because of higher stoi-
chiometric ratios required at equivalent efficiency, both
NH; and urea SNCR processes require larger quantities
of reagent than SCR systems to achieve similar NO,
reductions [21]. The technology is attractive due to its
relative simplicity, catalyst-free system (hence free of
associated problems), ease of installation on existing
plants, applicability to all types of stationary-fired
equipments, lower capital and operating cost, the fact
that it is largely unaffected by fly ash and usability with
other NO, emission control technologies.

The end-of-pipe techniques are economically just-
ified only in the installation with the cigarette com-
bustion of large bales. It should be noted that plants of
capacity less than 100 kW for the time being are not
subject of legal restrictions with regard to NO, emis-
sions.

Facility design for combustion of large soya straw
bales anticipated places for the installation of SCR
(between the two heat exchangers, where the corres-
ponding temperature window would be regulated by
closure of an adequate number of gas pipes) and for
SNCR (on the gases exit from the boiler), as shown in
Figure 8.

SRR R A R P SR R R R,
18

Figure 8. Places provided for testing applicability of SNCR and SCR at the facility for burning large bales.

rate decreases due to thermal decomposition of NH; ie
CO(NH,),. It is important to bear in mind that ammonia
slip from SNCR systems could occurs either from inject-
ion at temperatures too low for effective reaction with
NO, or from over-injection of reagent leading to
uneven distribution, because NO, distribution varies
within the cross section. Thus, more NH; must find its
way to the center, where more NO, will form, and less
near the walls (which are cooler so less NO, will form),
otherwise NO in the center meets insufficient ammonia
for reduction and excess NH; near the walls slips
through. This can be especially acute in larger boilers. A
typical SNCR system involves reagent storage and
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The problem of high NO, emissions from granular
biomass combustion in large FB plants could be solved
in a similar way, by installing SCR or SNCR, depending
on the economic analysis for such a plant, or by
conducting of co-combustion of biomass and coal or
other fossil fuels, with a higher content of carbon/char
(C-fixed).

CONCLUSION
The chemical properties of the different kinds of

biomass affect their thermal utilisation and thus the
combustion and flue gas cleaning technologies needed.
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The fuel N content is responsible for NO, formation and
NO, emissions belong to the main environmental
impact factors of biomas combustion. An experimental
investigation was carried out to study the NO, emission
by combustion of six types of biomass (sunflower oil,
glycerin, paper sludge, granulated bimass — corn kernel,
large and small soya straw and cornstalks bales) using
different combustion technologies (fluidized bed and
cigarette combustion). Liquid fuels (sunflower oil, gly-
cerin) almost not containing nitrogen in their compo-
sition emit negligible nitrogen oxides at their combust-
ion. Corn kernel has the highest nitrogen and the low-
est char contents that result in a high NO, emission
level. Baled cornstalks containing high nitrogen had
also high NO, emission, although the cigarete burner
combustion facility at its capacity is not subject to legal
restrictions. Experiments have shown that there is
some trade-off between NO, emissions and carbon
monoxide — decreasing one result in increases in the
other. During the co-combustion of high N content
paper sludge and propane butane, a high NO, emission
was not recorded, which is merit to high char and
moisture content and due in part to fuel staging com-
bustion. Also, during the combustion of soybean straw
bales (of various sizes) on two different installations
with same CBCS technology at similar combustion para-
meters different NO, emissions were recorded, and in
the case of combustion of large bales a slightly exceed-
ing of the limits.

The paper presents existing and proposes possible
measures for reducing NO, emissions in the investig-
ated installations.
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1ZVvOD

SAGOREVANIJE BIOMASE — UTICAJ NJENE VRSTE | PRIMENJENE TEHNOLOGIJE SAGOREVANJA NA EMISIJU AZOTOVIH

OKSIDA

Milica R. Mladenoviél, Dragoljub V.Dakiéz, Stevan D. Nemodal, Milijana J. Paprikal, Mirko Komatina3,

Aleksandar M. Eric'l, Branislav S. Repié:l

YUniverzitet u Beogradu, Institut za nuklearne nauke “Vin¢a”, Laboratorija za termotehniku i energetiku, Beograd,

Srbija

Univerzitet u Beogradu, Inovacioni centar Masinskog fakulteta, Beograd, Srbija

3Univerzitet u Beogradu, Masinski fakultet, Beograd, Srbija
(Naucni rad)

Uskladivanje potreba ocuvanja Zivtne sredine i rastucih energetskih potreba
savremenog drustva promovise primenu biomase kao zamene za fosilna goriva i
odrzivu opciju za ublaZavanje emisije gasova staklene baste. Za domace prilike ovo
je od posebnog znacaja stoga Sto viSe od 60% obnovljivih izvora pripada biomasi.
Pored niza prednosti upotrebe biomase u energetske svrhe, postoje i izvesni
nedostaci, od kojih je i moguca relativno visoka emisija NO, prilikom sagorevanje
ove vrste goriva. Stoga su u radu prezentovani i analizirani rezultati eksperimenta
sagorevanja vise vrsta biomase (balirane sojine slame i kukuruzne stabljike,
zrnaste biomase, suncokretovog ulja, glicerina i papirnog mulja), primenom razli-
¢itih tehnologija sagorevanja (fluidizovan sloj i cigaretno sagorevanje), sa akcen-
tom na emisiju NO, u dimnim gasovima. Dat je prikaz eksperimetalno-demons-
tracionih instalacija, kao i analiziran uticaj sastava predmetnog goriva, rezima i
tehnologije sagorevanja na emisiju NO,. Kako su se svi rezimi sagorevanja biomase
odvijali na temperaturama dovoljno niskim da se emisije termickog i promptnog
NO, mogu zanemariti, zakljucak je da emisija azotovih oksida prvenstveno zavisi
od sastava biomase i raste sa sadrZajem azota, a opada sa sadrzajem koksnog
ostatka koji obezbeduje kataliticku povrsinu za redukciju azotovih oksida ugljen-
- monoksidom. U radu su prezentovane primenjene i predlozene mere/tehnike za
smanjenje emisije azotnih oksida pri sagorevanju biomase.
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Klju¢ne reci: fluidizovan sloj e cigaretno
sagorevanje ® biomasa ¢ NO,



Benzo[a]piren, benzo[alantracen, benzo[b]fluoranten i hrizen u
dimljenom mesu i dimljenim proizvodima od mesa — Validacija metode

Jasna M. Pinovié-Stojanovic’, Jelena M. Stiovié?, Aleksandar R. Popovi¢?, Dragica M. Nikoli¢*,

Sasa D. Jankovié!

!Institut za higijenu i tehnologiju mesa, Beograd, Srbija

2Hemijski fakultet, Univerzitet u Beogradu, Beograd, Srbija

Izvod

U ovom radu prikazani su rezultati validacije metode za odredivanje benzo[a]pirena,
benzo[a]antracena, benzo[b]fluorantena i hrizena, tj. PAH4 jedinjenja (Polycyclic Aromatic
Hydrocarbons, PAH) u dimljenom mesu i dimljenim proizvodima od mesa. Metoda je
zasnovana na ekstakciji lipida i lipofilnih jedinjenja ubrzanom ekstrakcijom rastvaracima,
precis¢avanju dobijenog ekstakta i kvalitativnom i kvantitativnom odredivanju PAH4
jedinjenja, HPLC tehnikom sa fuorescentnim detektorom. Tokom validacionog procesa,
ispunjeni su kriterijumi propisani Regulativom Komisije EU br. 836/2011, kao sto su LOD,
LOQ, ponovljivost, preciznost u uslovima ponovljivosti, specificnost i prinos. Metoda se
uspesno mozZe primeniti za svakodnevnu analizu PAH4 jedinjenja u u dimljenom mesu i

dimljenim proizvodima od mesa.

Klju¢ne reci: PAH4 jedinjenja, benzo[a]antracen, hrizen, benzo[b]fluoranten, benzo[a]piren,

dimljeno meso i dimljeni proizvodi od mesa, validacija.

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

Benzo[a]lpiren, benzo[alantracen, benzo[b]fluor-
anten i hrizen su policikliéni aromati¢ni zagadivaci, tj.
PAH jedinjenja, koja u meso i proizvode od mesa, naj-
ceS¢e dospevaju procesom sagorevanja drveta tokom
dimljenja. Dimljenje mesa i proizvoda od mesa jedna je
od najstarijih tehnologija konzervisanja, koja se prime-
njuje od davnina. Dimljenje se definiSe kao proces pro-
diranja isparljivih komponenti, nastalih termalnom raz-
gradnjom drveta, u meso i proizvode od mesa [1]. Dim
koji nastaje sagorevanjem drveta sadrzi veliki broj he-
mijskih jedinjenja, od kojih mnoga negativno utiu na
ljudsko zdravlje [2,3]. Cinjenica da neka PAH jedinjenja

NAUCNI RAD

UDK 637.5.034:547.6:543:66.061.3

Hem. Ind. 70 (3) 299-305 (2016)

doi: 10.2298/HEMIND150331035D

imaju mutagene i karcinogene osobine, podstakla su
mnoge naucnike u svetu da se bave raznovrsnim prou-
¢avanjima policikli¢nih aromati¢nih ugljovodonika [4-9].
Internacionalna agencija za istraZivanje raka [10]
klasifikuje benzo[a]piren kao karcinogeno jedinjenje
(Grupa 1), a benzo[a]antracen, benzo[b]fluoranten i
hrizen kao moguée karcinogena jedinjenja (Grupa 2B),
(slika 1). Ova cCetiri jedinjenja (PAH4 jedinjenja), su u
izveStaju evropske komisije o zagadivaCima u lancu
ishrane, predloZena za markere prisustva drugih poli-
ciklicnih aromati¢nih ugljovodonika u hrani [11]. Prvo-
bitno je Evropska Unija [12,13] predloZila zemljama

Benzo[a]piren, “ Benzol[a]antracen, ‘
(L e SO

Grupa 2B

Grupa 1

Benzo[b]fluoranten, ‘
» o™ C

Grupa 2B Grupa 2B

Hrizen,

Slika 1. Nazivi, strukturne formule i skracenice PAH4 jedinjenja.
Figure 1. Titles, chemical structures and abbreviations of the PAH4 compounds.

¢lanicama, da se u razli¢itim namirnicama, ispita sadrzaj
takozvanih 16 EU prioritetnih PAH jedinjenja (benzo-
[clfluoren, benzo[a]antracen, ciklopenta[c,d]piren,
hrizen, 5-metilhrizen, benzo[b]fluoranten, benzo[j]-
fluoranten, benzo[k]fluoranten, benzo[a]piren, benzo-
[g,h,i]perilen, dibenzo[a,h]antracen, indeno[1,2,3-cd]pi-
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ren, dibenzol[a,e]piren, dibenzo[a,h]piren, dibenzola,il-
piren, dibenzo[a,/]piren). Benzo[a]piren je, takode,
prvobitno bio koriséen kao marker i indikator prisustva i
karcinogenosti PAH jedinjenja u analiziranim uzorcima.

Regulativom komisije Evropske Unije od 19. avgusta
2011 [14] odluceno je da se benzo[a]piren viSe ne moze
smatrati pogodnim markerom i indikatorom PAH jedi-
njenja, a u tu svrhu, umesto benzo[a]pirena, koristi se
suma sadrzaja PAH4 jedinjenja (benzo[a]piren, benzo-
[a]lantracen, benzo[b]fluoranten i hrizen). Takode, Ko-
misija je propisala i maksimalno dozvoljene kolicine
(MDK) za benzol[a]piren i sumu PAH4 u razli¢itim namir-
nicama i one su i sastavni deo propisa Republike Srbije
(tabela 1) [15].

Cilj ovog rada bio je validacija metode za kvali-
tativno i kvantitativno odredivanje benzo[a]antracena,
hrizena, benzo[b]fluorantena i benzo[a]pirena u dim-
ljenom mesu i dimljenim proizvodima od mesa u skladu
sa zahtevima Pravilnika Republike Srbije [15] koji je
stupio na snagu 13. marta 2014. Ovaj rad predstavlja
nastavak naseg prethodnog istrazivanja [16].

EKSPERIMENTALNI DEO

Plan validacije metode

Validacija metode uradena je po postupku koji je
zasnovan na odluci EU 657/2002 [17]. S obzirom da su
PAH jedinjenja lipofilna, kao matriks na kome ¢e vrsiti
validacija izabrana je svinjska mast, za koju je analizom

Tabela 1. MDK (maksimalno dozvoljene kolicine) za PAH jedinjenja

Table 1. MRL (maximum residue level) for the PAH4 compounds

utvrdeno da ne sadrzi ostatke jedinjenja koja podlezu
validacionom procesu (blanko uzorak masti). Smesa
standarda PAH4 jedinjenja kojom su obogadivani
blanko uzorci masti pripremljena je tako da suma PAH4
jedinjenja, kao i sadrzaj BaP budu jednaki MDK vred-
nostima propisane ovim pravilnikom, koja vaze od 1.
septembra 2014. godine (tabela 1). U tabeli 2 dati su
teoretski sadrzaji BaA, CHR, BbF i BaP u dimljenom
mesu i dimljenim proizvodima od mesa u pg/kg na razli-
¢itim MDK nivoima obogacenosti blanko uzoraka masti.
Tokom validacije metode, odredivani parametri bili su
specificnost, ponovljivost, intra-laboratorijska repro-
ducibilnost, limit detekcije, limit kvanifikacije i prinos, u
skladu sa EU Regulativom br. 836/2011 [18].

Tabela 2. Teoretski sadrZaji pojedinacnih PAH4 jedinjenja
(ug/kg) na razli¢itim MDK nivoima

Table 2. Theoretical content of the PAH4 compounds (ug/kg)
on different MRL levels

1 Jedinjenje
MDK / ug ke
BaA  CHR BbF BaP  suma PAH4
0,25 0,75 0,75 1 0,5 3
0,5 1,5 1,5 2 1 6
1 3 3 4 2 12
1,5 4,5 4,5 6 3 18

Reagensi i ostali materijali

Tokom procesa validacije metode koriséeni su: ace-
tonitril (Sigma Aldrich, Germany), metilen-hlorid (J.T.

Benzo[a]piren Suma benzo[a]pirena, benzo[a]-

Tacka Proizvod _ antracena, benzo[b]fluorantena i
MDK / ug kg™ hrizena, MDE(} ugkg™
6.1.1. Ulja i masti (iskljuujuéi kakao puter i kokosovo ulje) 2,0 10,0
namenjena za neposrednu ljudsku potrosnju ili kao
sastojak u hrani
6.1.2. Kakao u zrnu ili proizvodi od kakao zrna 5,0 35,0 do 31.3.2015. godine;
30,0 od 1.4.2015. godine.
6.1.3. Kokosovo ulje namenjeno za neposrednu ishranu ljudiili 2,0 20,0
kao sastojak u hrani
6.1.4. Dimljeno meso i dimljeni proizvodi od mesa 5,0 do 31.8.2014. godine; 30,0 do 31.8.2014. godine;
2,0 od 1.9.2014. godine 12,0 od 1.9.2014. godine

6.1.5. Meso dimljene ribe i dimljeni proizvodi ribarstva, osim 5,0 do 31.8.2014. godine; 30,0 do 31.8.2014. godine;

proizvoda iz tacke 6.1.6. i 6.1.7. Maksimalne koli¢ine za

2,0 od 1.9.2014. godine 12,0 od 1.9.2014. godine

6.1.6.

6.1.7.

dimljene rakove vaze za misicno meso sa dodacima i
grudi, a u slucaju dimljenih kraba i rakova slicnim krabama

(Brachyura i Anomura) se odnosi na misicno meso iz

dodataka
Dimljene papaline i konzervirane dimljene papaline 5,0
(Sprattus sprattus); skoljke (sveze, ohladene ili

zamrznute); termicki obradeno meso i termicki obradeni
proizvodi od mesa namenjeni za neposrednu ishranu ljudi

Skoljke (dimljene) 6,0

30,0

35,0
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Baker, USA), n-heksan (Sigma Aldrich, Germany), voda
HPLC cistoce (Sigma Aldrich, Germany), smesa za su-
Senje (poly(acrylic acid), partial sodium salt-graft-poly-
(ethylene oxide), cross-linked) (Sigma Aldrich, Ger-
many), blanko mast (Oma's SCHMALZ, Schachinger,
Germany), glass Fiber Filter _ Cellulose (Dionex, 19.8
mm, 100 PCS), mega SPE kolonice (punjene sa 5 g silika
faze, 20 mL) (Phenomenex, USA), PTFE filter (What-
man) veli¢ine pora 1 um. Svi koriséeni rastvaraci bili su
HPLC cistoce. Standardi PAH4 jedinjenja, bili su anali-
ticke Cistoce proizvodaca Dr. Ehrenstorfer, Germany.

Priprema uzoraka za HPLC analizu i HPLC analiza

Ubrzana ekstrakcija pomocu rastvaraca (accelerated
solvent extraction, ASE)

Blanko uzorak pripremljen je tako, Sto je ekstrak-
ciona ASE celija od 33 ml, napunjenja smeSom za su-
Senje. Matriksi obogaceni PAH4 jedinjenjima pripre-
mani su na sledeci nacin: 2,00 g blanko masti pome-
sano je sa istom ili ve¢om masom smese za susenje.
Tako pripremljen uzorak stavljen je u ASE celiju, i u nju
je dodata odredena zapremina PAH4 smese, poznate
koncentracije. Obogacdivanje je vrSeno na nivou od 0,5
MDK, 1 MDK ili 1,5 MDK. Nakon obogadivanja, ASE
Celije su dopunjavane smeSom za suSenje. Ekstrakcija
uzorka radena je na aparatu ASE 200 Dionex (Sun-
nyvale, USA), uz koriséenje n-heksana kao rastvaraca,
na temperaturi od 100 °C i pritisku od 10 MPa. Nakon
ekstrakcije rastvarac je uparen u struji azota, u N-upa-
rivacu sa kabinetom na 50 °C. Nakon uparavanja, ASE
viale su ostavljane u eksikator preko noci, a zatim su
obogaceni uzorci matriksa iz ASE viale preneti n-hek-
sanom u normalni sud od 10 ml.

Ekstrakcija na Cvrstoj fazi (solid phase extraction, SPE)

Ekstrakcija na ¢vrstoj fazi je koriséena kao postupak
za uklanjanje molekula lipida iz ispitivanih uzoraka. Pre-
¢is¢avanje je vrSeno pomocu mega SPE kolonica. Od
pripremljenog uzorka nakon ASE ekstarkcije uzimano je
1 ml i nanoSeno na kolonu, nakon ispiranja i kondi-
cioniranja mega SPE kolonice [19].

HPLC analiza

HPLC ispitivanja izvodena su koriS¢enjem visoko-
efikasne te¢ne hromatografije sa fluorescentnim detek-
torom, koriséenjem HPLC uredaja (Shimadzu, Japan),
koji se sastoji od pumpe LC-20AB, autosamplera SIL-
20A, degazera DGU-20A5, pecéi CTO-20A i fluores-
centnog detektora RF-10AXL. Uslovi HPLC analize utvr-
deni su u prethodnom istrazivanju [16], kolona: Pheno-
menex, Envirosep PP 5 um PP, LC column 125 mmx4.6
mm; predkolona: Security Guord Cortridges C 18
4 mmx3,0 mm ID; vreme trajanja analize: 35 min;
injektovana zapremina: 50 pl; protok mobilne faze:
1,2ml/min: pritisak u koloni: 0,0-35,0 MPa; talasne
duZine (ekscitacija/emisija): BaA i CHR — 275/385 nm,

BbF — 256/446 nm, BaP — 260/410 nm; T peci 25-85 °C;
mobilna faza: ACN/H,0=70/30).

Statisticka obrada podataka

Statisticka evaluacija dobijenih rezultata uradena je
koris¢enjem statistickog programa Minitab 16, pri-
menom analize varijansi (ANOVA One-Way) i Tukey
HSD post hoc testa za odredivanje statisticki znacajnih
razlika (p < 0,05) izmedu srednjih vrednosti prinosa
PAH4 jedinjenja, za odgovaraju¢e merene vrednosti.

REZULTATI | DISKUSIJA

Ispitani su blanko uzoraci masti u cilju potvrde
specificnosti metode (odsustva interferenci). 20 blanko
uzoraka masti pripremljeno je za HPLC analizu kao Sto
je opisano u eksperimentalnom delu. Na osnovu dobi-
jenih hromatograma ispitanih uzoraka utvrdeno je da je
metoda specifi¢na, tj. na retencionim vremenima anali-
ziranih jedinjenja ne pojavljuju se interference koje bi
onemogucavale identifikaciju i kvantifikaciju BaA, CHR,
BbF i BaP. Na slici 2 prikazani su hromatogrami stan-
dardne smeSe PAH4 jedinjenja na nivoima obogace-
nosti blanko uzorka masti od 0,25, 0,5, 1i 1,5 MDK. Na
osnovu ovih hromatograma odredena je linearnost u
pet tacaka, ukljuCujuéi i nulu, za svako ispitano PAH
jedinjenje (Pgaa = 0,997; rPeur = 0,997; rapr = 0,994;
rZBap = 0,993; p < 0,05-za sve korelacije). Kalibracija se
izvodila pre svakog validacionog eksperimenta.

Blanko uzorci masti (n = 20), obogaceni su PAH4
smesom na nivou 1 MDK. Na osnovu dobijenih rezul-
tata nakon HPLC analize izracunata je granica odluke —
Cca. Granica odluke je grani¢na vrednost na i iznad koje
se, sa a verovatnocom greske (a — procenat lazno
pozitivnih rezultata), moze zakljuciti da uzorak nije u
skladu sa propisima [17]. Prinosi analiziranih jedinjenja
bili su u opsegu od 76,6 do 100,0% za BaA, od 98,4 do
102,3% za CHR, od 98,5 do 100,0% za BbF i od 98,2 do
103,3% za BaP. Granica odluke se racuna tako Sto se za
ispitanih 20 obogacenih uzoraka blanko masti izracuna
standardna devijacija (Sd) sadrzaja pojedinacnog jedi-
njenja u uzorku, pomnozi sa 1,64 i doda vrednosti MDK.
IzraCunata vrednost za Cca iznosi 12,46 pg/kg.

Sposobnost detekcije odredena je na sledeci nacin.
Blanko uzorci masti (n = 20) obogaceni su PAH4 sme-
som na nivou Cca, a zatim je na osnovu dobijenih
rezultata nakon HPLC analize izraCunata je vrednost za
Ccpf3, tj. sposobnost detekcije. Sposobnost detekcije je
najmanja koli¢ina supstance koju je moguce detek-
tovati, identifikovati ili kvantifikovati u uzorku, sa S
verovatno¢om greske (f — procenat lazno negativnih
rezultata). U slucaju supstanci za koje je utvrdena mak-
simalno dozvoljena koli¢ina (MDK vrednost), sposob-
nost detekcije je koncentracija na kojoj se metodom
mogu, sa statistickom sigurno$¢u od 1-f, detektovati
koncentracije na MDK vrednosti. Na osnovu dobijenih
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Slika 2. Hromatogrami standarda PAH4 jedinjenja na nivou 0,25, 0,5, 1i 1,5 MDK.
Figure 2. Chromatograms of standard solutions of the PAH4 compounds at the level of 0.25, 0.5, 1 and 1.5 MRL.

rezultata utvrdeno je da se prinosi analiziranih jedi- C¢unate vrednosti prinosa nakon HPLC analize. Na
njenja kre¢u u opsegu od 86,7 do 100,1% za BaA, od osnovu dobijenih rezultata izraCunata je vrednost za
99,0 do 100,5% za CHR, od 98,8 do 100,5% za BbF i od koeficijent varijacije (Cv) i ispitana je ponovljivost. Uobi-
99,7 do 100,3% za BaP. Sposobnost detekcije — Ccf, se ¢ajeno je da se teorijska vrednost koeficijenta varijacije
racuna tako Sto se za ispitanih 20 obogaéenih uzoraka izraCunava iz Horovicove jednacine [20]. Medutim, za
blanko masti, tokom tre¢eg dana validacije, izracuna niske sadrzaje (npr. 10 ili 1 ug/kg) Horovicova jednacina
standardna devijacija (Sd) sadrzaja pojedinacnog jedi- daje neprihvatljivo visoke vrednosti za Cv, pa se u tim
njenja u uzorku, pomnozi sa 1,64 i doda vrednost Cca. slucajevima koristi Tompsonov model izracunavanja
Izracunata vrednost za Ccfiznosi 12,76 pg/kg. [21]. Koeficijent varijacije prinosa, za niske sadrzaje,
U cilju ispitivanja ponovljivosti, tri dana je po 6 prema Tompsonovoj jednacini treba da bude manji od
blanko uzoraka masti obogacéeno PAH4 smeSom na 22%.
nivoima od 0,5, 1 i 1,5 MDK. U tabeli 3 date su izra- Koris¢enjem dobijenih podataka izraCunat je koefi-

Tabela 3. Prinosi obogacenih blanko uzoraka masti (n = 6) tokom tri dana validacije metode u cilju ispitivanja ponovljivosti
Table 3. Recovery of spiked fat blank samples (n = 6) during three days of validation of the method in order to test the repeatability

Prinos, (SV+SD)® / %

Proracun Obogacenost matriksa PAH4
la lla Illa
la, lla, llla — dani 0,5 MDK BaA 100,1+0,7 100,7+1,4 99,8+0,3
CHR 102,443,0° 99,410,8" 99,5+0,4°
BbF 100,5+2,9 97,6+2,7 99,7+0,8
BaP 91,0+8,9 96,4+4,4 97,3+5,0
1 MDK BaA 108,615,1" 100,0+0,1° 99,9+0,4°
CHR 97,1+1,9" 99,7+0,4° 99,9+0,1°
BbF 96,3+2,3" 99,6+0,5° 99,9+0,1°
BaP 104,245,0 103,346,1 100,040,3
1,5 MDK BaA 99,8+0,4 99,8+0,1 100,1+0,3
CHR 99,6+0,5 99,9+0,5 99,8+0,3
BbF 99,6+0,2 99,7+0,7 99,8+0,2
BaP 96,3+4,1 96,9+4,8 97,7+3,3
BaA CHR BbF BaP
CVrednie / % 3,17 1,72 1,94 6,16
HORRAT, definisan regulativom 836/2011 <2 <2 <2 <2
HORRAT, izradunat 0,5 MDK 1,000 0,999 1,001 1,008
1 MDK 0,996 1,002 1,002 0,996
1,5 MDK 1,000 1,000 1,000 1,005

*srednja vrednost * standardna devijacija]; **yrednosti u istom redu koje su oznacene razli¢itim slovima se statistic¢ki znacajno razlikuju (p < 0,05).
Vrednosti koje se statisticki znacajno ne razlikuju nisu obeleZene slovnim oznakama
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cijent varijacije prinosa (tabela 3), za svako ispitano jedi-
njenje, na svim nivoima obogacenosti uzoraka. Na os-
novu dobijenih vrednosti, koje su znatno ispod 22%,
moze se zakljuciti da je postignuta dobra ponovljivost.
U skladu sa Regulativom Komisije EU br. 836/2011 [18],
a u cilju ispitivanja ponovljivosti izracunata je HORRAT,
vrednost (tabela 3). Izracunate HORRAT, vrednosti za sva
Cetiri ispitana jedinjenja ispunjavaju propisane uslove.

Preciznost u uslovima ponovljivosti ispitana je na isti
nacin kao i ponovljivost. U toku tri dana, po 6 blanko
uzoraka masti obogacéeno je PAH4 smeSom, na nivoima
od 0,5, 1i 1,5 MDK. U tabeli 4 date su izracunate
vrednosti prinosa nakon HPLC analize tako priprem-
ljenih uzoraka. Cilj je bio da se izraCuna koeficijent
varijacije (Cv) svih rezultata, koji, prema Tompsonovoj
jednacini treba da bude manji od 22%, i na taj nacin
ispita preciznost u uslovima ponovljivosti.

Na osnovu dobijenih vrednosti za koeficijent vari-
jacije prinosa, moze se zakljuciti da je postignuta dobra
itralaboratorijska reproducibilnost. U skladu sa Regula-
tivom Komisije EU br. 836/2011 [18], dobra intra-labo-
ratorijska reproducibilnost je postignuta ukoliko je izra-
¢unata HORRATg vrednost (tabela 4) manja od 2.
Izradunate HORRATR vrednosti za ispitana PAH4 jedi-
njenja ispunjavaju propisane uslove.

Statistickom obradom rezultata, koji su dobijeni u
cilju ispitivanja ponovljivosti (tabela 3), kao i u cilju
ispitivanja preciznosti u uslovima ponovljivosti (tabela
4), ustanovljeno je da postoji statisticki zanacajna raz-

lika (p < 0,05) izmedu srednjih vrednosti prinosa za
odredena PAH jedinjenja na istom nivou obogaéenosti
matriksa (tabele 3i 4).

Nakon zavrSene in-house validacije, izraCunate su
vrednosti za limit detekcije (Limit of detection, LOD) i
limit kvantifikacije (Limit of quantification, LOQ) za
PAH4 jedinjenja. LOD je izracunat kao trostruka vred-
nost Suma koji se javlja na retencionom vremenu tra-
Zenog jedinjenja, u blanko uzorku masti, preracunat na
sadrzaj jedinjenja, izrazen u pg/kg . LOQ predstavlja
osam puta veéu vrednost od vrednosti Suma na reten-
cionom vremenu analiziranog PAH4 jedinjenja, u
blanko uzorku masti, izrazen u pg/kg. LOD i LOQ vred-
nosti dobijene za PAH4 jedinjenja (BaA, CHR, BbF i BaP)

prikazane su u tabeli 5.

Tabela 5. Limit detekcije (LOD) i limit kvantifikacije (LOQ)
PAH4 jedinjenja
Table 5. Limit of detection (LOD) and limit of quantification
(LOQ) of the PAH4 compounds

PAH4 LoD / pg kg™ LoqQ/ pgkg™
BaA 0,23 0,87
CHR 0,25 0,82

BbF 0,19 0,50

BaP 0,03 0,07
ZAKLIUCAK

Tabela 4. Prinosi obogacenih blanko uzoraka masti (n = 6) tokom tri dana validacije matode u cilju ispitivanja preciznosti u uslovima

ponovljivosti

Table 4. Recovery of spiked fat blank samples (n = 6) during three days of validation of the method in order to test the within-

laboratory reproducibility

Prinos, (SV£SD)® / %

Propracun Obogacéenost matriksa PAH4
Ib 1]s) b
Ib, llb, lllb — dani 0,5 MDK BaA 100,0+0,3 99,7+0,4 99,7+0,3
CHR 99,8+0,5 99,7+0,3 99,8+0,5
BbF 99,6+0,2° 99,5+0,3° 99,040,3°
BaP 90,9+10,8 94,615,2 96,0+5,9
1 MDK BaA 100,020,2" 99,6+0,4° 99,7 +0,2°¢
CHR 99,8+0,1 99,7+0,3 99,7+0,1
BbF 99,3+1,2 99,0+1,6 99,9+0,2
BaP 99,8+0,3 99,7+0,1 99,9+0,2
1,5 MDK BaA 99,9+0,2 99,5+0,3 99,5+0,3
CHR 99,6+0,4 99,6+0,2 99,8+0,3
BbF 99,8+0,3 99,7+0,2 99,8+0,4
BaP 96,6+5,1 96,6%5,2 97,4+4,0
BaA CHR BbF BaP
CVerednje / % 0,33 0,32 0,72 5,74
HORRAT, definisan regulativom 836/2011 <2 <2 <2 <2
HORRAT, izracunat 0,5 MDK 1,000 1,000 1,001 1,010
1 MDK 1,000 1,000 1,001 1,000
1,5 MDK 1,001 1,000 1,000 1,005

*Srednja vrednost * standardna devijacijal; " rednosti u istom redu koje su oznacene razli¢itim slovima se statisticki znacajno razlikuju (p < 0,05).
Vrednosti koje se statisticki znacajno ne razlikuju nisu obeleZene slovnim oznakama
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Na osnovu rezultata in-house validacije metode za
kvalitativno i kvantitativno odredivanje PAH4 jedinjenja
(benzo[alpiren, benzo[a]antracen, benzo[b]fluoranten,
hrizen) u dimljenom mesu i dimljenim proizvodima od
mesa potvrdeni su zahtevi (specificnost, ponovljivost,
preciznost u uslovima ponovljivosti, prinos, LOD i LOQ)
definisani Regulativom Komisije EU br. 836/2011. U
svakodnevnoj analitickoj praksi metoda se uspesno
moze primeniti za analizu PAH4 jedinjenja u u dimlje-
nom mesu i dimljenim proizvodima od mesa.

Napomena

Rezultati su proistekli iz rada na realizaciji projekata
ev. br. 1l 46009 koji finansira Ministarstvo prosvete,
nauke i tehnoloSkog razvoja Republike Srbije.
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SUMMARY

Benzo[a]pyrene, benz[alanthracene, benzo[b]fluoranthene and chrysene in smoked meat and smoked meat

products - validation of the method

Jasna M. Djinovic-Stojanovicl, Jelena M. Stisovicz, Aleksandar R. Popovicz, Dragica M. Nikolicl, Sasa D. Jankovic’

!Institute of Meat Hygiene and Technology, Kacanskog 13, 11000 Belgrade, Serbia
zFacuIty of Chemistry, University of Belgrade, Studentski trg 12-16, 11000 Belgrade, Serbia

(Scientific paper)

Polycyclic aromatic hydrocarbons (PAHs) are products of the incomplete com-
bustion or pyrolysis of organic material and they are among the most harmful
compounds. During process of meat smoking, wood combustion is one of the
most important sources of PAH compounds, which can be adsorbed by the sur-
face of meat. The EFSA (European Food Safety Authority) Panel on Contaminants
in the Food Chain (CONTAM Panel) recommended to the member states of Euro-
pean Union to use the sum of benzo[a]pyrene (BaP), benz[a]anthracene (BaA),
benzo[b]fluoranthene (BbF) and chrysene (CHR), (PAH4 compounds), as a marker
for the occurrence and impact of carcinogenic PAHs in food, instead of benzo[a]-
pyrene. The maximum content of BaP and sum of all four compounds (PAH4) has
been established by European Commission Regulation No. 835/2011. For smoked
foods, from 1% September 2014, the maximum BaP content was lowered to 2
pg/kg, while the content of PAH4 is allowed to 12 pg/kg. The new maximum
residue limits (MRL) both for BaP and sum of PAH4 compounds in smoked meat
and meat products were defined by the legislation of Serbia, as well, and it is in
accordance with EU regulation. The aim of this paper was the validation of the
method for identification and determination of benzo[alpyrene, chrysene, benz-
[a]lanthracene and benzo[b]fluoranthene in smoked meat and smoked meat
products. Accelerated solvent extraction (ASE) was used for extraction of lipids
and lipophilic compounds. Solid Phase Extraction (SPE) was used in order to rem-
ove lipids from analysed samples. High-performance liquid chromatographic with
fluorescence detection (HPLC-FL) was applied for identification and quantification
of PAH4 compounds. Fluorescence detector operated at excitation/emission
wavelength 275/385 nm for BaA and CHR, 256/446 nm for BbF and 260/410 nm
for BaP, respectively. On the base of experimental results, it is possible to con-
clude as follows: The in-house validation procedure of the method meets all cri-
teria (applicability, specificity, repeatability, reproducibility, recovery, LOD and
LOQ) set out by EU Regulation No. 836/2011. The method is suitable for operative
control of PAH4 content in smoked meat products.

Keywords: PAH4 compounds e Benz[a]-
anthracene e Chrysene e Benzo[b]fluor-
anthene e Benzo[a]pyrene e Smoked
meat and smoked meat products e Vali-
dation
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Abstract

Since the beginning of 90s of last century both the petroleum industry and petrochemical
industry have operated in difficult circumstances. In particularly, margins of petroleum and
petrochemical industry were exacerbated during global economic crisis in 2008-2009
years. At that time, as one option that could be the solution, the global analysts had
started to more intense investigate the benefits of Refining-Petrochemical Integration.
Shortly afterwards, more and more petroleum refineries and petrochemical manufac-
turers began to see the future in this kind of operational, managerial, marketing and com-
mercial connection. This paper evaluates, in particular, the achieved level of integration of
refinery and petrochemical businesses in Central and South-Eastern Europe. Specifically,
the paper identifies current capabilities and future chances of linking this kind of integ-
ration between Serbian refining and petrochemical players. The viability of integration
between possible actors and benefits of every single refining-petrochemical interface in
Serbia depend on many factors, and therefore each integrated system is unique and
requires prior serious cost benefit analysis.

Keywords: refining-petrochemical integration, serbian petrochemistry, development goals,
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Already for a decade and more there is not prog-
nostic study on development of the petroleum industry
and/or petrochemical sector (or related published
paper, presentation at the conference, etc.) that did
not take into consideration the integration of refining
and petrochemical business as a crucial global trend.
There are already 4-5 years how this theme is subject
of discussions in Serbia also, practically from the mom-
ent of recognizing the additional potential for business
activities between petroleum refinery in Panéevo of JSC
“NIS” and neighboring petrochemical enterprise JSC
"HIP-Petrohemija". Slowly, as time went on, the profes-
sional community has begun to notice the integrative
potential that possesses some other petrochemical
plants in Serbia.

During last several months, the possible deeper
involvement of “NIS” in “HIP-Petrohemija” has been
discussed intensively by newspaper articles and Inter-
net blogs expecting/willing/proposing/supporting that
it happens upon strong interest of minority “NIS”
shareholder, which is Republic of Serbia. Instead of
that, “NIS” clearly declared about not having interest
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for taking over “HIP-Petrohemija” but supporting its
development and “softening” commercial relationship.

In this paper we do not have pretension to support
an unconditional merge of petroleum refining and pet-
rochemical businesses in Serbia, but we wish to identify
in one place and in the most concise form all of the
elements that a serious Cost-Benefit Analysis (CBA)
which treats integration of refinery and petrochemical
facilities has to take into account. We believe that
including and quantifying of all those elements in CBA
might be a significant shift from the previous arbitrary
estimates. Besides, it should be mentioned that in Ser-
bia there are two other petrochemical enterprises with
the potential for economically efficient integration with
existing and planned production activities of the “NIS” -
these are the companies JSC “MSK” Kikinda and JSC
“Hipol” Odzaci.

Drivers for refining and petrochemical integration

Petroleum industry works in difficult circumstances
since the beginning of 90s of last century, what is
exacerbated during global economic crisis in 2008—
—2009 years. Factors that determine or direct the deve-
lopment of refining in Europe are: stagnation or decline
in consumption of motor fuels, trend in motor fuel
consumption which favours diesel over gasoline (which
means surplus of FCC, Fluid Catalytic Cracking, gaso-
line), market fragmentation, environmental regul-
ations, global competition (especially from regions with
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high rates of economic growth, such as Asia and Middle
East), and in comparison with the rest of the World (in
average) [1]:

. older production facilities (higher mainten-
ance costs, lower energy efficiency),

. smaller dimensions of installed process plants
(higher fixed operating costs), and

. higher labour costs.

Significant increase of the consumption of diesel
fuel at the expense of gasoline, as well as a broader
substitution of heavy fuel oil as an energy resource in
petroleum refineries with natural gas (driven by Euro-
pean directives related to reduction of sulphur emis-
sions), have been the main drivers of structural
changes that occurred during last decade in the Euro-
pean demand of petroleum products. The question of
surplus gasoline fractions partly have been solved
through cooperation with petrochemical industries
where naphtha is used as a raw material (mostly in
Europe), or through export (mainly to the North Amer-
ican market, where there is a continuous shortage of
gasoline). Using of natural gas as a fuel for use in
petroleum refineries releases a solid amount of a
naphtha's waste gases, which can be then used as raw
material for the production of hydrogen and a series of
basic petrochemicals (ethylene, propylene, para-xylene
...). The survival of the European petroleum refineries is
conditioned by raising the efficiency and reaching the
competitiveness in comparison to the modern refin-
eries that are located in regions with high rates of
economic growth. Approach includes technological and
organizational-managerial optimizations of the existing
production processes and commercial activities.

The specificity of the petrochemical sector is a
highly cyclical character of this business influencing its
profitability, with cycles that capture phase of pros-
perity (period with high margins impacting investment
decisions and business development) and phase of rec-
ession (period of low, even negative, margins impacting
closure of the least efficient capacities). The height and
length of the amplitudes in these cycles primarily dep-
ends on the imbalances of supply and demand of pet-
rochemical commodities, as well as on the occasional
disharmonies in vertical integration starting from pri-
mary feedstocks (naphtha, ethane, natural gas, coal,
and from recently also a shale gas and bio-feedstocks),
via basic petrochemicals and petrochemical intermed-
iates up to the final products (polymers, elastomers,
synthetic resins, chemical fibers, surfactants,...), usually
lasting 4-7 vyears. However, increasingly important
factor is also unpredictable impacts of global or regio-
nal economic crisis, armed conflicts and other geopoli-
tical disturbances, as well as natural disasters (unfor-
tunately, more and more frequently), and consequently
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the dynamics of cycles of prosperity and recession is
less predictable [2].

All analysts agree that global demand of petroche-
mical commodities will continue to grow, but very dif-
ferently by regions. Leadership in demand and pro-
duction has already shifted to China and other Asian
countries and most new projects are developing in this
region (using economy of scale and high growth of
regional demand).

In Europe, some spectacular development of petro-
chemical industry is not expected, mainly due to stag-
nation of Western European economy. Within the glo-
bal petrochemical industry, the capacities for pro-
duction of naphtha-based olefins will continue to be in
the most unfavourable economic position, and unfor-
tunately the facilities of this type are characteristic for
Europe. Manufacturers will strive to maximize produc-
tion from other advanced resources, such as conden-
sate of natural gas, coal derived liquid hydrocarbons
and shale gas.

Overall, petrochemical companies throughout the
world are restructuring, consolidating and implement-
ing domestic and global strategies to improve pro-
fitability and contend with forecast economic changes,
particularly in Europe where growth is lagging.

The last 5—-6 years, starting with the outbreak of the
global economic crisis, the manufacturers of petroleum
products and petrochemicals in Europe were operating
with low margins and modest rates of capacity util-
ization. The competition of non-European manufac-
turers is growing, mainly due to economy of scale,
lower labor cost and access to cheaper raw materials.
In the last two years there has been a certain recovery
of profitability culminating in the beginning of 2015.

One option for a possible “ironing” the amplitudes
of profitability in the petrochemical industry, and the
specific weaknesses that characterize both refining and
petrochemical sector in Europe, is integration of busi-
ness activities in the field of petroleum products and
petrochemicals manufacturing (called usually “Refining-
Petrochemical Integration” or “Refining-Petrochemical
Interface Optimization”).

Other drivers for refining and petrochemical integ-
ration include [2]:

e Reliability and security of feedstock supply with
less transport cost;

e Higher possibilities for processing and re-pro-
cessing of hydrocarbon streams both from refinery and
petrochemical plant;

e Increased use of natural gas and own fuel gases
as fuel in petroleum refineries and petrochemical
manufacturing plants (substitution of heavy fuel oil);

e Lowering the costs per unit of final product
(mainly fixed costs, but very often variable costs also);
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e More flexibility in storing/transporting off core
products and by-products;

e More outlets for high-value by-products;

e Energy savings in well-integrated hydrocarbon
processes;

e Reduced needs for inventories, and therefore a
significant savings in storage requirement;

e Significant reduction in shared utilities system,
less variable costs;

e Supply chain optimization resulting in faster
delivery of products and optimum distribution;

e (Centralized support services, engineering, main-
tenance, laboratory, security, finance, human resources,
etc., less fixed costs;

e Possibility to reach higher cash margin.

Indeed, the primary integration driver is compe-
titiveness. Desire for higher profitability in an inc-
reasingly competitive market pushes petroleum refin-
ing and petrochemical companies to innovate ways to
squeeze out costs and capture new opportunities.

The refining-petrochemical interface is primarily
centered in the European refineries to take advantage
of proximity to feedstock source and to get cost bene-
fits by a joint infrastructure.

There are many examples that indicate that the
refinery-petrochemical integration will continue to be
crucial trend in the future. Management of the major
Italian oil company “Eni” sees [9] the future of refining
business in Europe through a focus on four activities:
refining and petrochemical interface, increase of flex-
ibility, achievement of technological superiority and an
increase in efficiency. Sibylle Tinhof, spokesman of the
major Austrian oil company “OMV”, said [10] that the
company will continue to be interested only in those
refineries that are integrated with petrochemical busi-
ness. Aslam Moola, New Business Development Mana-
ger in ,Shell Chemicals”, says [6] that most of the
integration value comes from directing hydrocarbons
to the highest-value application, irrespective of tradi-
tional refining—chemical boundaries. He says also that
secondary or by-product streams from refining units
may have their highest value as feedstock for chemical
units, likewise, by-products from chemical units may be
most cost-effective as refinery feeds or fuel blending
components.

Benefits of Refining and Petrochemical Integration

Benefits of refining and petrochemical integration
(RP1) are measurable both on the costs side and on the
revenues side:

a) RPI means operating the activities under the
same management with common objectives to opti-
mize operations in the business or geographical areas
which are in the phase of saturation or declining and
also those which are in the prosperous phase, and
develop new projects in the fast-growing areas. Putting

together refining and chemicals teams creates syner-
gies and generates new ideas, which brings a lot of
innovation.* Main synergetic benefits that come
through increased flexibility in operations and inno-
vative technological development are:

e Increased production of light olefins (particularly
propylene) and BTX (Benzene-Toluene-Xylene fraction)
range aromatics from vacuum gas oil in an integrated
petroleum refinery for use as petrochemical feedstock
relative to maximum gasoline;

e Opportunity to convert this lower-value inter-
mediate product from light cycle oil from the FCC unit
in an integrated petroleum refinery into high-value BTX
aromatics for petrochemical production (particularly
para-xylene and benzene);

e Conversion of heavy distillate and vacuum gas
oil feeds in an integrated petroleum refinery into
maximum Naphtha for subsequent reforming, or a mix-
ture of Naphtha and premium quality jet and diesel
streams for transportation fuel blending;

e Opportunity to increase olefin production in an
integrated petrochemical plant by improving the
quality of the cracker feed and improving the ethyl-
ene/propylene selectivity of the product slate (these
improvements are achieved in an integrated refining-
petrochemical complex pre-processing Naphtha separ-
ating a n-paraffin rich cracker feed stream from an iso-
paraffin rich, high octane stream for gasoline blending);

b) RPI provides additionally a number of key syner-
gistic opportunities through increased integration of
streams and flexibility in operations. These possibilities
in an integrated refining-petrochemical complex are
diverse and include:

e Stabile supply of low-cost feedstocks through
advanced adaptation of an Ethylene Plant to allow
valorization not only Naphtha but also Refinery gases,
LPG (Liquid Petroleum Gases, usually Propane-Butane)
and some heavier refinery streams;

e Economics of kerosene's fraction could be sig-
nificantly increased by the extraction of normal paraffin
and production of their derivatives within integrated
petrochemical complex;

e By-products from integrated petrochemical
plants could provide streams for fuels blending or
cheaper chemical components to be used in eco-
nomically justified production of motor fuels under the
new standards;

e Recovery and re-use of Hydrogen through the
integrated complex to reduce net Hydrogen production
costs;

c) The substitution of heavy fuel oil as refinery fuel
by natural gas increases the efficiency of the integrated

*Although, as aforesaid, there are significant differences in
business philosophy between these two professions, that
occasionally are causing the negative consequences.
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refining-petrochemical system in a several ways. Use of
natural gas as a refinery fuel [7]:

e releases a solid quantity of naphtha, which is
used as a raw material and fuel in steam reforming
(hydrogen production) and as fuel in gas turbines — the
released naphtha is then valorized in a much more
profitable manner through production of light olefins
or aromatics;

e provides the opportunity for recovering valuable
components from waste gases, such as hydrogen,
ethane, ethylene, propylene and propane;

e allows the complete vacuum residue to be pro-
cessed by Bottom-of-the-Barrel Technology, for
example in the “delayed coker”, and thus to increase
the yield of distillate (diesel fuel + naphtha) at the
expense of heavy fuel oil for 10-12%. Integrated
system sends generated naphtha in the petrochemical
pyrolysis. Moreover, the waste gases from “delayed
coker” contain a solid amount of propylene;

e provides the following resulting bonuses: red-
uced production of heavy fuel oil, increased production
of diesel fuel, increased availability of feedstock to
produce olefins and aromatics, and reduced CO, emis-
sions [8].

d) In today’s competitive and volatile business
environment, an integrated refining and petrochemical
complex offers considerable opportunities for enhan-
cing operational efficiencies and unique synergies that
reduce not only variable material operating costs, but
also the variable costs of energy and other utilities,
then many items of the fixed costs, and also capital
costs and working capital expenditures:

e savings in logistics costs are particularly signi-
ficant and important. Some analyzes have shown that
the reduction of logistic costs by 10% within the supply
chain of raw materials/intermediates in chemical pro-
duction increases profitability by 6-8% (for example,
reduce of administration costs by 10% increases pro-
fitability by only 2-4%).

e shared utilities systems and storage capacities,
and opportunities for hardware integration, results in
savings of capital expenses. Reduced needs for invent-
ories reduces amount of required working capital.

e) Finally, RPI generates opportunity for increasing
the overall revenues through the production of high
quality transportation fuels and high-value petrochem-
ical intermediates and/or end-products.

Should be mentioned that a previous list of benefits
does not contain item ,re-processing of the by-pro-
ducts from petrochemical complex to the various pet-
rochemical derivatives of higher-value“. Why is that?
This kind of investment activity undoubtedly increases
overall revenue and therefore is practically mandatory
for every modern petrochemical complex, whether it is
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integrated or not. Except in Serbia, as will be seen later
in this paper.

Does refining-petrochemical integration guarantees
improved economic performance?

Still, not everything is so simple and unambiguous.

Some conservative analysts of petroleum industry
still dispute the benefits of refining-petrochemical
integration by the fact that periodic recessions very
often pushed petrochemistry into such a profound los-
ses that are unimaginable for the petroleum refining
industry. But just in significant cyclicality of the petro-
chemical business lies a competitive advantage of ref-
ining-petrochemical integrations. To put it simply, if the
joint “benchmarking” is applied on a single integrated
system of type “oil refinery + petrochemical complex”,
then in the prosperous periods of petrochemical busi-
ness the management of an integrated system physic-
ally maximizes production of petrochemicals. Those
petrochemicals are then marketed while achieving high
profit rates that are unimaginable for refined petro-
leum products. Likewise, in recessionary periods of
petrochemical businesses the management of an integ-
rated system physically maximizes production of ref-
ined petroleum products whose placement is charac-
terized by stable rentability.

On the other hand, some petrochemical analysts
are of the opinion that availability of petrochemical
production facilities of world-scale dimension is much
more important for economic performance then back-
wards integration with a petroleum refinery.

Finally, the analysts from both sides agree that
almost each individual refining-petrochemical integ-
ration was accompanied by some problems of objective
or subjective nature, that might be considered as inev-
itable. The integration challenges that are noticed by
the global analysts or managerial staff of petroleum
refineries and petrochemical enterprises include:

1) increased complexity of integrated system;

2) limited operational flexibility;

3) conflicting planning objectives;

4) difference in business philosophies.

It is not justified to claim in advance that certain
refining and petrochemical interface is sustainable.
Each refinery—petrochemical integrated system is a
case for itself and the estimation of its economic via-
bility requires prior conducting of the very detailed
cost-benefit analysis.

Status of refining-petrochemical interface in
gravitating region

Petroleum refining and the petrochemical industry
account for a major share of the world’s energy and
industrial markets. In many situations, these industrial
sectors represent the economic backbone of national
economy.
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With exception of Romania, all countries of Central
and South-Eastern Europe are dependent on imports of
crude oil and natural gas. On the other side, this region
has a significant number of process plants to produce
basic petrochemicals — finished commodities that are
not profitable enough to withstand the high costs of
transport to distant destinations, limited regional
demand and relatively small installed capacities.

In the last two decades this region have responded
on aforementioned weakness just through activities on
integrating refining and petrochemical business, as it
can be seen in Table 1 [3]. This kind of integration had
allowed the conversion of the various available hydro-
carbon streams from petroleum refineries and petro-
chemical plants into petrochemical derivatives of
higher order derivatives — consequently, the domestic
sales and profits had become larger.

Refining-Petrochemical Integration Index (RPII) def-
ines the percentage of refinery's outputs that are deli-
vered to further processing in petrochemical plants. For
the refineries that operate in the region of Central and
South-Eastern Europe this percentage ranges from 6%
in the refinery company ,SLOVNAFT“ at the location
Bratislava (Slovakia) to almost 30% in the ,,UNIPETROL
GROUP“ Litvinov/Kralupy (Czech Republic). Virtually all
the more serious petrochemical complexes in the
region of Central and South-Eastern Europe are already
integrated with refineries. The only non-integrated

petrochemical capacities in region had the Croatian
company DIOKI at locations in Zagreb and on the island
Krk, but this company went bankrupt at the end of
2013.

Refining-petrochemical integrated systems are
today successful companies in Poland, Slovakia, Czech
Republic, Austria, Hungary and Romania. In this
countries the goals on recovery of petroleum refining
and petrochemical sectors were initially defined at the
state level. Over time, the state was continuously red-
ucing its stake in already profitable companies.

Viability of Refining-Petrochemical Integration in
Serbia

Possible actors of refining-petrochemical interface

Record production of petrochemical commaodities in
Serbia was achieved 25 years ago, when all factories
were still in social ownership (see Figure 1).

The privatization processes in chemical industry of
Serbia have started in 1995, upon lifting of UN sanc-
tions. These processes were interrupted by the NATO
bombing campaign in 1999, during which the large
facility for production of VCM (vinyl chloride monomer)
in Pancevo was destroyed, and therefore two domestic
PVC (Polyvinyl Chloride) plants, in Panéevo and Sabac,
were left without the raw material.

Table 1. Refining-petrochemical Integration in Central and South-Eastern Europe

Olefine/polyolefine production plants in CE & SEE Region

Remarks on petro-

Company Location Country Polyolefines Olefines integrated chemical plants and
integrated with  with streams of oil  Percentage of petro-
naphtha pyrolysis refinery chemical products from
integrated capacities
OMV AG Schwechat Austria Yes Yes RPII = 9%
Lukoil Neftochim Burgas Burgas Bulgaria No Yes Olefin plant is idle since
2009, but PP plant works
integrated to refinery’s
streams
Dioki Zagreb Croatia Yes No Bankrupted in 2013
Dioki Omisalj Croatia No No Bankrupted in 2013
Unipetrol Group, incl. Ceska Litvinov/Kralupy Czech R. Yes Yes RPII =29%
Rafinerska
Mol Group — TVK Szazhalombatha Hungary Yes Yes RPII =11%
PKN Orlen / Basell Orlen Plock Poland Yes Yes RPII = 14%
Polyolefins
Rompetrol Rafinare SA Navodari Romania Yes Yes -
PETROMIDIA Navodari
Petrom Petrochemical Arges Pitesti Romania Yes Yes Working status unclear
(earlier Petrom SA Arpechim) since 2008
Petrom SA PETROBRAZI Brazi Romania Yes Yes Not working since 2006
NIS — HIP Petrohemija Pancevo Serbia Yes No RPII = 17%
Mol Group - SLOVNAFT Bratislava Slovakia Yes Yes RPII = 6%
PETKIM Petrokimya SA Aliaga Turkey Yes Yes -
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Figure 1. Production of petrochemical products in Serbia.

The transition processes in Serbian economy were
accelerated since 2001, as the part of changes in Serbia
after October 2000, but activities on privatization were
carried out on such a disastrous way that practically
complete basic chemical industry had been devastated.
Let us mention here only several chemical companies
that once were big and known even in frame of Euro-
pean scale, and nowadays even do not exist, such as
“Zorka” Sabac, “Viskoza” Loznica, “Prvi Maj” Cacak,
“Duga” Belgrade or “IHP” Prahovo, or a couple of them
in bankruptcy and without promising future, such as
“Zupa” Kru$evac or “Poliester” Priboj. In fact, many
believe that corrupt or unprofessionally implemented
privatizations have caused greater damage to Serbian
chemical industry than UN sanctions and NATO bomb-
ing together [4].

Therefore, the possible actors in the eventual inte-
gration of refining and petrochemical business in Serbia
are:

e JSC ,NIS“ Novi Sad (or abbreviated: NIS), form-
erly national oil company and today a joint stock com-
pany majority owned by “Gazprom Neft”. Its basic
business activities include the exploration, production
and processing of crude oil and gas, as well as the
supply of a wide portfolio of petroleum products. It
owns 2 refineries: Novi Sad and Pancevo. Petroleum
refinery near the town of Pancevo has capacity to
process 4.8 million tonnes per year of crude oil. In late
2012, NIS completed the first stage of Pancevo petro-
leum refinery modernization, which enabled the trans-
ition to the production of European-quality fuel, inc-
reased production of ,white derivatives”, and optimiz-
ation of energy consumption. NIS also has activities in
up-stream executing exploration and production of
natural gas and crude oil in north-Serbian region
(having advanced gas process plant located in Elemir).
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The only three petrochemical companies that “sur-

vived” privatization “Made in Serbia” are:
JSC “HIP-Petrohemija” Pancevo (or abbreviated:
HIPP) is the largest petrochemical company in Serbia
and organized as a joint stock company majority owned
by the state of Serbia. Production complex in Pancevo
was put into operation in 1979. It owns capacity to
produce around 250,000-350,000 t per year of petro-
chemical products: Ethylene as excess to needs of cap-
tive polyethylenes production, Propylene — “chemical
grade”, 1,3-butadiene as excess to SBR (styrene—
—butadiene rubber) needs, MTBE (methyl-tert-butyl-
ether), HDPE (high-density polyethylene), LDPE (low-
-density polyethylene), SBR, and around 100,000—
—200,000 tpy of by-products (pyrolytic gasoline,
pyrolytic fuel oil, raffinate Il) at production sites in
Pancevo (southern Vojvodina) and Elemir (central Voj-
vodina). HIPP also operates two plants to produce
HDPE pipes and fittings at location Luka Dunav, and
HDPE granules near town of Crepaja.

Major feedstock: naphtha, supplied by the NIS Refi-
nery Panéevo and/or imported. Major fuel: natural gas.

Current HIPP configuration and main interlinks with
NIS are described on Figure 2.

Development programs:

a) De-methanolisation of Raffinate Il for further up-
grade within HIPP (or possibly also in refining sector);
b) Co-cracking naphtha with LPG/n-butane; c) extrac-
tion of pentane and naphthalene from pyrogas and
PFO, the by-products of ethylene Plant; d) Increasing
the production capacity of HDPE from 90,000 to
110,000 tpy; e) Increasing the production capacity of
LDPE from 54,000 to 70,000 tpy (through eliminating of
bottlenecks); f) valorization of available ethylene and
propylene (and benzene produced in the the NIS Refi-
nery Pancevo) to another derivatives.
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Figure 2. Current interface between NIS and HIP-Petrohemija.

e JSC “Hipol” Odzaci, a joint stock company major-
ity owned by the state of Serbia. It is located on
production site near town of Odzaci (western Vojvo-
dina). Production complex was put into operation in
1983. It has capacity to produce 33,000 tpy polypro-
pylene, 300-400 tpy atactic polypropylene (APP) and
20,000-30,000 tpy propylene — “polymer grade” (as
excess to polypropylene plant’s needs). Company also
operates two distillation columns to process light
naphtha (C;—C¢ fraction) and produce 50,000 tpy LPG
and Cs—Cg residue for its partner.

e Major feedstocks: propylene - “chemical grade”
supplied by HIPP, propylene - “refinery grade” supplied
by NIS and/or imported and Light Naphtha supplied by
the company “Standard Gas”, from its production and
distribution center in the town of Odzaci. Major fuels:
fuel oil and wood pellets.

Development programs:

a) Revamp of a third column in the Light Naphtha
Distillation Plant (investment activity in progress which
will enlarge output capacity to around 80,000 tpy LPG);
b) Revamp of polypropylene plant, with enlarging of
the capacity to 50,000 tpy (by adding a third reactor
and a new 5 tph extruder); c) debottlenecking of pro-
pylene splitter; d) construction of special column for
distillation of Cs—C¢ fraction in order to separate pent-
ane and Cg, fraction; e) construction of facility to
produce oxidized APP.

Current “Hipol” configuration and proposed deve-
lopment are described on Figure 3.

JSC “Methanol-Acetic Acid Complex” Kikinda (or
abbreviated: MSK) is a joint stock company majority

owned by the Public Company “Srbijagas”. It is located
in the vicinity of the town of Kikinda (6 km to the south
of the Hungarian border and 25 km to the west of the
Romanian border). Production complex was put into
operation in 1987. It has capacity to produce 200,000
tpy methanol, 100,000 tpy acetic acid (glacial), and
220,000 tpy oxygen.

Major feedstocks: petrochemical complex in Kikinda
is originally designed to use domestic natural gas from
the neighboring gas-fields, but in practice it was always
consumed only imported Russian gas delivered by the
company “Gasprom Neft”. Major fuel: natural gas.

Development programs:

a) Polymeric emulsions plant to produce 20,000 tpy
homo-polymeric and co-polymeric emulsions of vinyl
acetate monomer (polyvinyl-acetates) and acrylates; b)
Partial replacement of imported natural gas* with
cheaper “sour gas“**; c) construction of the Cogener-
ation Plant for the combined production of steam, heat
and electricity; d) plant to produce 25,000 tpy ethyl
acetate and n-butyl acetate/isobutyl acetate; e) multi-
purpose process unit with capacity of 2,500 tpy for
production of low-tonnage acetate esters, and service
recovery of other oxygenated solvents; f) construction
of dimethyl ether (DME) Plant.

*Natural gas is used in “MSK” Kikinda both as a feedstock and
fuel.

**“Sour gas” is produced on gas-fields nearby Kikinda which
are operated by NIS. It is reach in CO,, and therefore has low
caloric value (not suitable for use as a fuel, but suitable for
acetic acid production).
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Figure 3. Current scheme of production processes in Hipol.

Current MSK configuration and proposed develop-
ment are described on Figure 4.

According to European standards, the petrochem-
ical companies HIPP and MSK belong to a category of
medium-sized enterprises. These two manufacturers
were lucky not to enter up to now into privatization
processes ,,Made in Serbia“. When HIPP and MSK oper-
ate continuously and with a high utilization of available
production capacities, and this will happen if stable
supply of naphtha (HIPP) and natural gas (MSK) is pro-
vided, these two petrochemical manufacturers are gen-
erally ranked among the top five domestic exporters.

The company "Hipol" could be considered as relati-
vely small manufacturer of basic chemical commod-
ities. What this company makes exceptional is the fact
that it is the only Serbian company in the field of base
chemistry that has passed the process of privatization
and still exists. And how difficult it was the best des-
cribes the business ,0dyssey” which had lasted almost
a decade including one cleavage of the company on its
base and the processing part, two sales, two termi-
nations of the privatization contract due to buyers’
failure to fulfill contractual obligations, and two trans-
formations into state ownership.

The only world-scale petrochemical capacity in Ser-
bia is facility to produce 100,000 tpy of glacial acetic
acid in MSK. The existing capacities to produce olefins,
aromatics, methanol, polyolefins (LDPE, HDPE and PP)
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and elastomers (SBR) in Serbia are of small size accord-
ing to the current economic standards. But maybe the
main weakness is a fact that the domestic petrochem-
ical manufacturers have not translated into industrial
practice any development initiative in the last 30 years
and have not introduced any significant capacity impro-
vement (only HDPE capacity was modified from 60,000
to 90,000 tpy). Therefore, the base petrochemicals
produced in Serbia today are internally converted into
more profitable derivatives at low percentage (excl.
ethylene and butadiene), almost as it was in the late
seventies of the previous century. A smaller part of
basic petrochemicals is sold in the country (as low pro-
fitable semi-finished goods), and the rest is exported
(very often to very remote destinations, which implies
a high share of transport costs in the selling price).
From the other side, an in accordance with Euro-
pean standards, the NIS-Petroleum Refinery Pancevo is
an industrial facility of medium-size. The percentage of
capacity utilization in this refinery is rather low, which
influences the cost of refined products, esp. fixed costs.
The process of recent modernization, significantly imp-
roved the competitive position of oil refinery in Pan-
Cevo. The structure of output streams was changed in
the direction of adjusting the structure of assortment
to market demands, and increase the share of higher-
value derivatives along with achieving quality in accord-
ance with European standards. On the other hand,
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Figure 4. Current products scheme of MSK and its development projects.

however, still remains some disadvantages, or better
say unused comparative advantages. Given the topic of
this paper, here we primarily meant the economically
inefficient use of some refinery's by-products or the
non-optimal use of synergies in the exchange (already
existing or technologically possible) of hydrocarbon
streams with neighboring petrochemical complex HIPP.

Current opporunities and future chances for refining-
petrochemical interface

All global analysts agree that today in Europe a
petrochemistry based on the pyrolysis of naphtha
economically cannot “survive” without valorizing all the
core products and by-products in an optimal way. “An
optimal way” is internal conversion of primary petro-
chemicals into profitable derivatives (polymers, elasto-
mers, resins, fibers, speciality chemicals,...) to the high-
est possible degree. Unfortunately, the largest domes-
tic petrochemical company, HIPP is just a rare example
of an European petrochemical manufacturer which
economically inefficiently uses a series of output
streams of its production system (propylene, pyrolysis
fuel oil, raffinate Il). All of these output streams can be
optimally valorized just within an integrated refinery—
—petrochemical system.

To these general weaknesses of the Serbian petro-
chemical industry, we can certainly add the low energy
efficiency and surplus of employees.

There are some weaknesses that are specific to an
individual company, such as unexplained fact that MSK
for twenty years as by rule had not worked in the
prosperous phases for the markets of methanol and
acetic acid, and had worked mainly during periods of
recession, when even the global leaders in production
of these two petrochemicals were running their plants
at a loss.

Almost all aforementioned weakness of refining and
petrochemical sector in Serbia, however, might be in a
way considered as drivers for the integration of refining
and petrochemical business at national level.

However, according to the ChemSystems [5] cat-
egorization of the refining-petrochemical integrations
achieved worldwide, the Serbian refining and petro-
chemical operators are currently integrated at level of
1% generation, e.g., through only the simplest commer-
cial relationships (sale or purchase of products and
by-products, and certain integration of utilities
between refinery and HIPP in very early stage), and
without any additional joint considerations regarding
finding the most optimal valorization of by-products or
integration of available hydrocarbon streams, and int-
roduction of new production processes based on that
synergetic potential.

The specificity of integration between refining and
petrochemical facilities in Serbia might be that not only
there is a significant number of existing and potentially
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possible links between hydrocarbon streams of the NIS-
Oil Refinery Pancevo, on the one hand, and the three
Serbian petrochemical companies, on the other hand,
but as well a fact that exchange of material flows exist
also between the individual chemical companies. This
applies not only to current state in exchanging of hyd-
rocarbon streams (propylene, methanol, MTBE, Cs—Cg
residuum) between Serbian petrochemical plants, but
also to the matrix of all possible links between the
material streams being generated by all the potential
actors of R-P Interface in Serbia and which in the future
might represent comparative advantage for the imple-
mentation of the several planned development prog-
rams.*

The main exchanged streams (or in future potent-
ially could be) are shown on Figure 5:

CURRENT INTERFACES

Methanol

* Py-gas (source of benzene and toluene).

* MTBE (possibly converted into ethyl-tert-butyl
ether) in future.

* De-methanolised raffinate Il (for further up-
grade in refining sector).

HIPP - NIS:

» Utilities and infrastructural services: existing
HIPP Energy Plant capacity utilisation and NIS CAPEX
optimisation; Waste Water Treatment Plant.

NIS = HIPOL:

* Propylene — ,chemical grade”.

HIPP - HIPOL:

* Propylene — ,chemical grade”.

HIPOL - NIS:

* Atactic Polypropylene (possible future use in
production of polymer modified bitumenes or abbre-

POSSIBLE FUTURE INTERRACES

MSK
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Figure 5. Refining—petrochemical Interface in Serbia: current and possible future integrations of hydrocarbon streams.

NIS - HIPP:

« Naphtha (preferably 70-105 'C fraction),
(preferably n-butane), fuel oil.

* Benzene (possible future option upon eventual
construction of the facility to produce ethylbenzene/
/styrene within HIPP, or some other derivative to be
defined).

* Propylene — ,refinery grade” (upon eventual
construction of C3-Splitter within HIPP to produce
propylene - ,polymer grade“, which is an option in
planning phase).

HIPP = NIS:

LPG

*The viability of these development programs is already
elaborated, or will be in the near future.
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viated PMBs, to be used in manufacturing of roofing
membranes.

HIPOL -> HIPP:
e (Cs—Cg residue (co-feedstock for pyrolysis in
Pancevo).

HIPP — HIPOL — NIS:

e Optimisation of propylene balance and market
value (through construction of the facility to produce
,polymer grade” propylene in HIPP or enlarging the PP
production capacity in ,HIPOL” or a construction a new
PP plant in Pancevo.

NIS = MSK:

» ,Sour gas” as feedstock for production of meth-
anol/acetic acid (future option for substitution of imp-
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orted natural gas by gas rich in CO, and produced by
NIS on the gas-fields nearby Kikinda).

MSK = NIS:

* DME for blending into LPG (possible future
option upon eventual construction of the facility to
produce DME from methanol within MSK).

MSK = HIPP:

e Methanol (for MTBE production in Elemir).

HIPP - MSK:

* Ethylene (possible future option upon eventual
construction of the facility to produce Vinyl Acetate
Monomer within ,,MSK*“).

It should be mentioned that on the long-term basis
there are a number of additional development con-
cepts based on RPI to be analyzed and evaluated.

Anyhow, what is stated in this paper clearly shows
that there is potential for achievement of positive syn-
ergies between Serbian actors in refining-petrochem-
ical integrations. Based on this potential and conduct-
ing all necessary cost-benefit analysis, the current not
so shiny situation regarding profitability of petroleum
refining and petrochemical business in Serbia might be
converted into positive direction. This goal requires
closer cooperation between all entities and their major
shareholders (keeping fair market related conditions
which takes into account product quatation and their
import/export parity and considering further increase
of installed capacities for selected products).

CONCLUSIONS

As it is today in almost all spheres of life, the main
motive for refining and petrochemical interface is pos-
sibility to enhance profit. Since refining-petrochemical
integration is no longer just a theoretical postulate, but
as business operation already has a serious history in
industrial practice and the corresponding results in
terms of enlarged profits, the critics are less and less.
Actually, they no longer have a question of whether
integration should be implemented, but only which
degree of integration is economically optimal.

It is a fact that each integrated system is the story
for itself, and it is also a fact that the domestic pet-
rochemical companies have a number of objective and
subjective weakness, but it is also a fact that so far in
Serbia up to now no one has conducted a comprehen-
sive CBA of synergies generated throughout integrating
refining and petrochemical business. The complexity of
task is increased by the fact that the viability of the RPI
in the specific case of Serbia must be calculated as a
mixture of economic and social (national) interests.

Namely, it is necessary to define the lowest common
denominator:

e for the purely economic interest of the majority
owner of the refinery business in Serbia, the Russian
company "Gazprom Neft",

e for the interests of foreign companies that are
seen as potential strategic partners (willing to extend
existing domestic petrochemical capacities, to develop
the brand new facilities to produce more sophisticated
petrochemical derivatives, and possibly to participate
on deeper implementation of Refining-Petrochemical
interface optimization), and

e for the interest of Serbian Government to keep
operational two economic backbones of national eco-
nomy.

It is a task that requires urgent implementation,
especially because all the predictions say that in the
period after the year 2016 the European petrochemical
industry is entering into a more prosperous phase.
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1ZVvOD

DA LI INTEGRISANJE RAFINERIJSKOG | PETROHEMIJSKOG BIZNISA PRUZA MOGUCNOST ZA RAZVOJ PETROHEMIJSKE

INDUSTRIJE U SRBUJI
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University of Chemistry and Technology (UCT), Prague, Czech Republic
*HIPOL a.d., OdZaci, Srbija

(Strucni rad)

Industrija prerade nafte i petrohemijska industrija posluju u otezanim uslo-
vima jo$ od pocetka devedesetih godina proslog veka. Posebno veliku eroziju
profitnih stopa su ova dva industrijska sektora dozivela tokom eskalacije globalne
ekonomske krize u 2008. i 2009. godini. Upravo u tom periodu, kao jednu od
mogucih solucija oporavka globalni analiticari pocinju da intenzivnije elaboriraju
benefite integrisanja rafinerijskog i petrohemijskog biznisa. Nedugo zatim svoju
buduénost u ovoj vrsti proizvodno-poslovnog povezivanja poc€inje da vidi sve vise i
vise naftnih rafinerija i petrohemijskih kompleksa. Ovaj rad evaluira dostignuti
nivo integrisanja rafinerijskog i petrohemijskog biznisa u Centralnoj i Jugoistocnoj
Evropi. Potom se u radu identifikuju aktuelne mogucnosti i buduée Sanse za
povezivanje ovakvog tipa u Srbiji. Odrzivost integrisanja medu potencijalnim
domadim akterima i isplativost svakog pojedinacnog povezivanja rafinerijskog i
petrohemijskog biznisa zavisi od mnogo faktora, te realizacija svakog integrisanog
sistema predstavlja slucaj za sebe i zahteva prethodno sprovodenje veoma ozbilj-
nih tehnoekonomskih analiza.
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Uticaj operacije koncanja prede na UV zastitni faktor pletenina od
konoplje

Ana A. Koci¢', Dusan M. Popovié?, Snezana B. Stankovi¢', Goran B. Popari¢’

"Univerzitet u Beogradu, Tehnolosko—metalurski fakultet, Beograd, Srbija
Univerzitet u Beogradu, Fizicki fakultet, Beograd, Srbija

Izvod

Cilj ovog rada bio je analiza uticaja operacije konéanja prede na UV zastitna svojstva
pletenina. U tu svrhu su, polazeéi od jednoZi¢ne i koncane prede od konoplje, u kontro-
lisanim uslovima proizvedene glatke DL pletenine. Buduéi da su ove pletenine najpod-
loZnije relaksacionim promenama, sproveden je postupak njihove mokre relaksacije. Eks-
perimentalno ili raCunski su odredena konstrukciona i fizicka svojstva pletenina, kao i
promene nastale posle njihove pune relaksacije. UV zastitna sposobnost suvo i mokro rel-
aksiranih pletenina je kvantitativno ocenjena pomoc¢u parametra UV zastitni faktor (UPF,
Ultraviolet Protection Factor) pletenina standardnim in vitro postupkom koji podrazumeva
spektrofotometrijsko ispitivanje transmisije UV radijacije. Cinjenica da se relaksiranoj ple-
tenini izradenoj od koncane konopljine prede pripisuju odlicna UV zastitna svojstva, uz
prednost u pogledu propustljivosti vazduha, ukazuje na potencijal koji operacija kon¢anja
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preda ima u oblasti komforne i zdrave letnje odece.

Kljucne reci: UV zastitni faktor, UV transmisija, pletenina, preda, koncanje, konoplja.

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

Poslednjih godina u javnosti se intenzivno govori o
pojavi ozonskih rupa i pojacanom sunéevom UV zra-
cenju. Zbog toga, iako je dobro poznat pozitivan ucinak
Covekovog izlaganja suncevim zracima kao Sto je pod-
sticanje stvaranja vitamina D i drugi terapeutski efekti,
pokazalo se da dugotrajno i nekontrolisano profesio-
nalno ili rekreativno izlaganje suncu izaziva izvesne
efekte Stetne po zdravlje. Najocigledniji kratkorocni
efekat prekomernog izlaganja suncevim zracima su
opekotine ili crvenilo na koZi (erythema). Hronicno
ostecenje kozZe izazvano UV zracima izaziva prerano
starenje koZe, benigne i maligne tumore na kozi. S
obzirom da u Isto¢noj i Juznoj Evropi u letnjim mese-
cima UV indeks mozZe biti na nivou vrednosti indeksa
zracenja u Australiji, zastita od UV zracenja je od velike
vaznosti za stanovnistvo, posebno za radnike na otvore-
nom prostoru, decu i omladinu. Pored prirodnih izvora
UV zracenja u svakodnevnom Zivotu su prisutni i ves-
tacki izvori UV zracenja kao Sto su razna osvetljenja
radnih prostora, industrijska elektri¢na praznjenja, svet-
le¢e reklame i sli¢no.

Smatra se da odeca obezbeduje najefikasniju UV
zastitu. Kolika ¢e biti zasStita koju odeca pruza zavisi od
mnogih parametara. U toku poslednje decenije radena
su brojna istrazivanja u pravcu definisanja odgovara-
jucih performansi odece kao barijere za UV radijaciju
(UVR) i utvrdeni su kljucni parametri odgovorni za efi-

Prepiska: S. Stankovi¢, Tehnolosko-metalurski fakultet, Karnegijeva 4,
11120, Beograd, Srbija.

E-posta: stankovic@tmf.bg.ac.rs

Rad primljen: 26. novembar, 2014

Rad prihvaéen: 13. februar, 2015

kasnost tekstilnih materijala u pogledu UVR zastite.
Rezultati ovih istraZivanja pokazali su da, pored dizajna
odece [1,2], sirovinski sastav, parametri prede, preple-
taj, povrSinska masa i debljina tekstilnih materijala
uslovljavaju nivo UV zastitne sposobnosti odevnog
predmeta [3—11]. Pored toga, pokazalo se da je sposob-
nost odece da blokira UVR uslovljena bojom, prime-
njenim postupcima dorade (beljenje, upotreba UV
apsorberaisl.) [12,13], i parametrima koji se odnose na
upotrebu odevnih predmeta kao Sto su koli¢ina vlage u
materijalu, istezanje materijala i postupci nege odevnih
predmeta [14-17].

Opste je prihvaceno da sinteticka vlakna pruzaju
bolju UV zastitu, medutim, treba imati u vidu cinjenicu
da tekstilni materijali izradeni od sintetickih vlakana
nisu komforni za noSenje u uslovima visokih spoljnih
temperatura (kada su visoke vrednosti UVR). Sa druge
strane, zahvaljujuéi odlicnim higijenskim svojstvima
tekstilni materijali na bazi celuloze su izuzetno kom-
forni za nosenje, posebno u letnjim mesecima. Gene-
ralno se smatra da celulozni tekstilni materijali ne pru-
Zaju visoku UV zastitu jer celulozna vlakna (pamuk, lan,
konoplja, viskoza) imaju mali kapacitet UV apsorpcije.
Ipak, potencijal ovih vlakana u pogledu UV zastite lezi u
¢injenici da ona u sebi sadrZe i do 30% prateéih mate-
rija (voskovi, pektin, lignin i pigmenti) koje se ponasaju
kao odli¢ni apsorberi UVR. U tom smislu, upotreba siro-
vih (nemodifikovanih) celuloznih vlakana za izradu
odevnih tekstilnih materijala dobija na znacaju. Dosa-
dasnja istraZzivanja UV zastitnih svojstava celuloznih
tekstilnih materijala uglavnom se odnose na pamuk
[18-20], sto je donekle i razumljivo kada se ima u vidu
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zastupljenost ovog vlakna na trziStu. Sa porastom inte-
resovanja za revitalizaciju vlakana konoplje u oblasti
visokokvalitetnih odevnih tekstilnih proizvoda, zahva-
ljujué¢i njihovim dobrim predispoziciama sa aspekta
toplotnog komfora [21], i imajuéi u vidu ozbiljan nedos-
tatak rezultata vezanih za UV zastitna svojstva tekstilnih
materijala od konoplje [22], namece se potreba analize
potencijala vlakana konoplje u pogledu sposobnosti UV
zastite.

Koncanjem prede (stru¢enjem i naknadnim upre-
denjem dve ili viSe jednoZi¢nih preda) modifikuje se
citav niz svojstava prede koja su znacajna za njenu dalju
upotrebu. Promene se najpre odnose na poboljSanje
mehanickih karakteristika, povecanje ravnomernosti,
voluminoznosti i abrazione otpornosti uz modifikovanje
geometrije povrSine prede. S obzirom na to da je naj-
¢es¢e smer upredanja koncane prede suprotan smeru
upredanja polaznih komponenata, jacina koncane
prede ne zavisi viSe od migracije vlakana i njihovog
upredanja, ve¢ samo od medusobnog upredanja kom-
ponenata jedne oko druge. Pored toga, skoro paralelan
polozaj vlakana u koncanoj predi doprinosi boljem
iskoris¢enju njihove jacine, ¢ime se poboljsavaju speci-
ficna jacina dobijenih sloZenih preda, njihova isteg-
ljivost i sposobnost oporavka od mehanickih napre-
zanja. Koncane prede imaju otvoreniju strukturu i bolju
pokrivnu sposobnost u tkaninama. Takode, redukcijom
jednosmernog torzionog napona smanjuje se neurav-
notezenost preda. Usled ublazavanja varijacije elas-
ticnih svojstava jednoZzicnih komponenata i varijacije
neravnomernosti debljine kombinovanjem vise niti
povecava se ravnomernost koncanih preda uz modi-
fikovanje njihovih estetskih svojstava [23].

Pored oskudnog broja istrazivanja efekata koje
struktura i svojstva prede imaju na UV zastitna svojstva
tekstilnih materijala [4,24-26], u naucnoj literaturi
nema podataka o potencijalu operacije koncanja preda
u tom smislu. Polaze¢i od navedenih Cinjenica, u okviru
ovog rada analizirana su UV zastitna svojstva glatkih DL
pletenina izradenih od jednozi¢ne ili kon¢ane prede od
konoplje. Kao mera efikasnosti ispitivanih pletenina u
pogledu UV zastite posluzio je parametar UV zastitni
faktor ili UPF (Ultraviolet Protection Factor), odreden in
vitro metodom.

Ispitivanje fizickih svojstava i UV zaStitne sposob-
nosti suvo relaksiranih DL pletenina od konoplje (bez
mehanickih i hemijskih tretmana koji bi promenili nji-
hovu strukturu ili strukturu preda) pojednostavljuje
ocenu efekta koncanja prede na svojstva pletenine.
Ipak, imajuci u vidu Cinjenicu da se tekstilni materijali
podvrgavaju mokrim obradama prilikom finalizacije
proizvoda, u okviru ovog istraZivanja pristupilo se pos-
tupku kvasenja pletenina i oceni UV zastitnih svojstava
nakon njihove mokre relaksacije.
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EKSPERIMENTALNI DEO

Materijal

U okviru ovog istrazivanja koris¢ena je preda od
konoplje (Linificio Canapificio Nazionale, Italy) sa nomi-
nalnom finoéom od 50 tex i nominalnom upredenoscu
od 400 uvoja po metru (Z pravac). Postupkom koncanja
tj. upredanjem dve jednoZi¢ne prede dobijena je kon-
¢ana preda od konoplje (konoplja/konoplja) nominalne
fino¢e 100 tex i nominalne upredenosti 310 uvoja po
metru (S pravac). Po zavrSetku koncanja, koncana
preda je podvrgnuta postupku relaksacije parenjem u
autoklavu u trajanju od 20 min na 80 °C i odlezavanju
najmanje 72 h u kondicioniranom uslovima (vlaznost
vazduha 6532% i temperatura 2012 °C), ¢ime se kon-
Cana preda oslobada od zaostalog torzionog napona.
Strukturne karakteristike jednozi¢ne i koncCane prede
od konoplje (konoplja/konoplja) prikazane su u tabeli 1.
Fakticke vrednosti fino¢e i upredenosti upotrebljenih
preda ispitivane su prema vaZzeé¢im SRPS standardima
[27,28], dok je precnik obe prede odreden upotrebom
mikroskopa Nikon SMZ800, i na osnovu 50 ocitavanja
odredena je srednja vrednost prec¢nika. Pomocu prec-
nika i finoce prede izraCunata je gustina preda. Faktor
pakovanja preda odreden je kao koli¢nik gustine preda
i gustine vlakana.

Tabela 1. Karakteristike preda od konoplje
Table 1. Characteristics of the hemp yarn

Svojstvo Konoplja Konoplja/Konoplja
Finoca, tex 47,8 95,6
Upredenost, m™ 370 297
Precnik, mm 0,22 0,41
Gustina, g-cm™ 1,258 0,721
Faktor pakovanja 0,84 0,48

Imajuci u vidu rastudi trend upotrebe pletenina za
izradu letnje odede, za potrebe ovog istrazivanja su od
jednozi¢ne i koncane konopljine prede proizvedene dve
varijante glatkih DL (desno-levih) pletenina. Prvi uzorak
pletenine je proizveden od dublirane jednozi¢ne prede
od konoplje (konoplja+konoplja, 2Cs), a drugi od kon-
Cane prede od konoplje (konoplja/konoplja, KCs). Na taj
nacin su dobijene pletenine istih konstrukcionih karak-
teristika, ¢ime je omoguceno njihovo poredenje. Nakon
izrade pletenine su podvrgnute obaveznoj tzv. suvoj
relaksaciji, odnosno odlezavanju u nezategnutom sta-
nju na ravnoj povrsini u kondicioniranim uslovima (vlaz-
nost vazduha 65+2% i temperatura 20+2 °C) u trajanju
od najmanje 72 h. Konstrukcione karakteristike ovih
glatkih pletenina prikazane su u tabeli 2.

S obzirom na to da su obe pletenine proizvedene na
istoj masini uz kontrolisane tehnoloske parametre, kon-
strukcione karakteristike ovih pletenina su veoma slic-
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ne. Uocene male razlike, kako ¢e kasnije biti objas-
njeno, pripisuju se izvesnim razlikama u strukturi upo-
trebljenih preda. Debljina pletenina odredena je prema
standardu SRPS EN ISO 5084 [29] a ostale konstruk-
cione karakteristike pletenina ispitivane su prema uobi-
¢ajenim procedurama [30]. Sema eksperimentalnog
materijala prikazana je na slici 1.

Tabela 2. Konstrukcione karakteristike suvo relaksiranih
glatkih pletenina od konoplje

Table 2. Construction characteristics of the dry relaxed plain
hemp knitted fabrics

. ._a . . b
Svojstvo Konoplja+Konoplja®, Konoplja/Konoplja®,

2Cs KCs
Gustina D, 13,7 12,0
cm™ D, 5,5 5,5
Povrsinska gustina 75,5 66,0
cm™
DuZina petlje, mm 5,0 5,3
Debljina, mm 0,916 0,926
Povr§inska masa 360,4 334,4
gm

°Dublirana preda od konoplje; ®koncana preda od konoplje

Jednokiéna preda
100%% konoplja

Dublirana preda Kontana preda

konoplja+konoplja konopljakonoplja
suva
relaksacija —

Delimitno relaksirana

DL pletenina
konopljakonoplja, KCs

Delimitno relaksirana
DL pletenina
konopljatkonoplja, 2Cs

kvaienje

Relaksirana
DL pletenina
konopljatkonoplja, 2Cs

Relaksirana
DL pletenina
konopljakonoplja, KCs

Slika 1. Sema eksperimentalnog materijala.
Figure 1. Design of the experimental material.

Metode ispitivanja

UV zastitna svojstva pletenina od konoplje, kvanti-
tativno iskazana kroz parametar UPF (UV zastitni fak-
tor) ispitivana su in vitro metodom prema evropskom
standardu EN 13758-1 [31]. Ova Siroko rasprostranjena
laboratorijska metoda podrazumeva merenje direktne i

difuzione UV transmisije upotrebom UV-Vis spektro-
fotometra u intervalu talasnih duZina od 290 do 400 nm
(UVB oblast od 290 do 315 nm i UVA oblast od 315 do
400 nm) u koracima od 5 nm. UPF se izraCunava kao
odnos srednje vrednosti koli¢éine UV zraCenja emito-
vanog UV izvorom i koli¢ine UV zracenja transmitovane
kroz uzorak tekstilnog materijala uz korekciju koja uzi-
ma u obzir razli¢itu biolosku delotvornost razlicitih
talasnih duzina u okviru intervala UV radijacije. Ova
korekcija je neophodna s obzirom da bioloska aktivnost
kracih talasnih duZina u okviru UVB intervala znatno
prevazilazi aktivnost UVA spektra. Koriséen je spektro-
fotometar UV/Vis/NIR Perkin-Elmer Lambda 9 (Perkin-
-Elmer, Boston, MA, USA). Ovaj uredaj je opremljen
integriSu¢om sferom u kojoj se prikupljaju UV zraci koji
kroz uzorak prolaze direktno ili difuzijom. Da bi se
umanjile greske pri merenju aktivira se odgovarajuci UV
transmisioni filter. Pomocu spektrofotometra su regis-
trovane talasne duZine od 290-400 nm u koracima od 5
nm. Merenje transmisije je vrSeno na uzorcima plete-
nina koji su normalno i u nezategnutom stanju pos-
tavljeni na izvor UV zraka, tako da je njihova prednja
strana okrenuta ka UV izvoru. Za svaku pleteninu je
vr$eno Cetiri merenja na osnovu kojih su izracunate
srednje vrednosti UVB, UVA i UVR transmisije, kao i
vrednosti UPF-a prema relaciji (1):

SPe(1)e(2)a1

_ A=290
UPF = —= (1)

S E(A)T(A)e(A)AL

A=290

gde je: E(A) — solarno zracenje (koli¢ina radijacije na
odredenoj povrini, W m™ nm™), &A) — relativna eri-
temalna spektralna efikasnost, AA — primenjeni korak
merenja u UV intervalu talasnih duzina (nm) i T(A) —
izmerena transmisija za talasnu duZinu A.

U svrhu analize UV zastitnih svojstava pletenina od
konoplje pristupilo se merenju propustljivosti vazduha i
izraCunavanju gustine i poroznosti pletenina. Propus-
tljivost vazduha pletenina je ispitivana pomocu digital-
nog uredaja NBFY (Ningbo Textile Instrument Factory,
China), prema standardu ASTM D737 [32]. Uzorak ple-
tenine se postavlja licem na gore na okrugli otvor (povr-
Sine 20 cmz) usisne glave aparata, i uz konstantni gra-
dijent pritiska (100 Pa) registruje se koli¢ina propus-
tenog vazduha u m> m™ min~". Propustljivost vazduha
pletenina od konoplje odredena je kao srednja vred-
nost pet merenja po uzorku pletenine. Gustina plete-
nine (zapreminska masa) & (kg m™) odredena je odno-
som njene povrsinske mase i debljine. Ukupna poroz-
nost pletenine P (%), definisana kao ukupna koli¢ina
vazduha u pletenini (pore izmedu preda i pore unutar
prede), izracunata je prema relaciji (2) [30]:
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p= 100—2100 (2)
o

gde je p (kg:-m~®) gustina vlakana. Gustina vlakana
konoplje iznosi 1500 kg-m_a.

Delimi¢no relaksirane (suva relaksacija) pletenine
od konoplje, €ija su strukturna i fizicka svojstva pret-
hodno bila definisana, podvrgnute su postupku mokre
relaksacije prema nesto izmenjenom standardnom pos-
tupku (SRPS F. S2.020, metoda E) [33]. Postupak relak-
sacije je sproveden kvasenjem uzoraka pletenine u
hladnoj vodi. Uzorak smesten izmedu dve staklene
ploce potapa se u destilovanu vodu temperature do 20
°C. Posle 2 h staticke relaksacije uzorak se cedi izmedu
upijajuée hartije da bi se odstranila suvisna voda i
ostavi da se susi na sobnoj temperaturi i vlaznosti, rasi-
rena na tankoj Zi¢anoj mrezi. Posle perioda kondicio-
niranja izracunava se procenat skupljanja S (%) plete-
nine prema relaciji (3) [34]:

$=100 LHOLVO _ LHlLV1 (3)
LHOLVO

gde su Ly i Ly — duZina epruvete (uzorka) u pravcu
redova i nizova pletenine pre kvasenja, a Ly; i Lyi -
duZina epruvete (uzorka) u pravcu redova i nizova ple-
tenine posle mokre relaksacije.

Prethodno opisane procedure ispitivanja pletenina
od konoplje (konstrukcione karakteristike, UPF, pro-
pustljivost vazduha, gustina i poroznost) ponovljene su
na uzorcima pletenina podvrgnutim mokroj relaksaciji.
Pored toga, definisana je geometrija (precnik, gustina i
faktor pakovanja) jednozi¢ne i koncane prede od ko-
noplje nakon mokre relaksacije pletenina.

Za statisticku analizu dobijenih rezultata koris¢en je
Sudent t-test, prema kome se u slucaju da je vrednost
statistike (p) manja od praga znacajnosti (& = 0,05)
odbacuje nulta hipoteza o jednakosti aritmetickih sre-
dina (srednjih vrednosti). Efekat mokre relaksacije ple-
tenina na UVR transmisiju statisticki je analiziran upo-
trebom t-testa uparenih uzoraka. Ovim testom se po-
rede srednje vrednosti dva uparena uzorka (transmisija
pre i posle kvasenja pletenine). Efekat je statisticki
potvrden u slucaju kada je vrednost statistike (p) manja
od zadatog praga znacajnosti (o= 0,05).

Makroporoznost (otvorena slobodna povrsina)
pletenina je kvalitativno ocenjena pomoc¢u SEM (Sca-
ning Electron Misroscopy) mikrofotografija (Jeol JSM-
-840A). Epruvete pletenina su prethodno bile prevu-
¢ene slojem zlata.

REZULTATI | DISKUSUJA
Polazeci od cinjenice da je idealnu gustinu pako-

vanja prede (0,907) tesko dosticéi, gustina pakovanja
jednoZzi¢ne konopljine prede od 0,84 ukazuje na njenu
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kompaktnu strukturu, Sto je potvrdeno i vrednoScu
gustine prede (1,258 g-cm_?’) koja je za samo 16% manja
od gustine vlakna konoplje (1,5 g-cm_?’). Kompaktna
struktura ove prede objasnjava se smanjenom elastic-
noscéu i gipkosc¢u vlakana konoplje usled cega je uspo-
rena njihova migracija prilikom formiranja prede. Upre-
danjem dve jednozi¢ne prede od konoplje formira se
nova slozena (koncana) preda kod koje je neminovno
doslo do promene orijentacije vlakana usled sekun-
darnog upredanja (koncanja) u smeru suprotnom od
smera upredanja jednozicne komponente. Kao rezultat,
vlakna konoplje se delimi¢no raspredaju, odnosno do-
lazi do ,otvaranja“ strukture koncane prede, $to se
manifestuje kroz smanjenje faktora pakovanja i gustine
konc¢ane prede za oko 57% u odnosu na jednozicnu
komponentu (tabela 1). Kao posledica razlika u internoj
strukturi jednozi¢ne i koncane prede od konoplje, kod
DL pletenina izradenih od ovih preda uocene su izvesne
male razlike u povrsinskoj gustini (broj petlji na jedinici
povrsine pletenine), povrsinskoj masi, debljini i duzini
petlje. Manja povrsinska gustina petlji kod pletenine
izradene od koncane konopljine prede (KCs) posledica
je manje vertikalne gustine KCs pletenine (tabela 2).
Buduci da su obe pletenine proizvedene uz konstantne
parametre masine, razlicita vertikalna gustina pletenina
moze se jedino pripisati razli¢itoj savitljvosti jednozi¢ne
i koncane konopljine prede. Kako prilikom koncanja
dolazi do delimi¢nog raspredanja jednozi¢nih kompo-
nenata, pokretljivost vlakana u novonastaloj slozenoj
predi raste, Sto vodi ka povecanju savitljivosti prede.
Otuda je kod KCs pletenine doslo do povecanja duzine
petlje i debljine pletenine, i smanjenja vertikalne gus-
tine petlji. Usled veéeg broja petlji na jedinici povrsine
2Cs pletenine, veca je i njena povrsinska masa u pore-
denju sa KCs pleteninom.

Ispitivanje fizickih svojstava i UV zaStitne sposob-
nosti suvo relaksiranih DL pletenina od konoplje imalo
je za cilj da da pouzdanu ocenu efekta koncanja prede
na svojstva pletenine. Svaka mehanicka ili hemijska
dorada pletenina promenila bi strukturu i preda i ple-
tenina i eventualno maskirala efekat operacije koncanja
prede. Ipak, treba imati u vidu da se tzv. suvom relak-
sacijom pletenina samo delimi¢no relaksira, odnosno
oslobada se samo deo prisutnog napona u pletenini i
zaostalih torzionih sila u predi, dok se mokrom relak-
sacijom struktura pletenine gotovo u potpunosti relak-
sira uz veliku sklonost ka promeni svojih dimenzija.
Zbog toga se u okviru ovog istrazivanja pristupilo pos-
tupku kvasenja pletenina od konoplje, i praéenju pro-
mene njihove strukture i fizickih svojstava u svrhu oce-
ne uticaja relaksacionih procesa na UV zastitna svojstva
pletenina. lIzracunate vrednosti skupljanja pletenina
(relacija (3)) nakon mokre relaksacije iznose 11,9% za
2Cs pleteninu i 10,6% za KCs pleteninu. Treba ipak redi
da uocena razlika u procentu skupljanja ove dve plete-
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nine nije statisticki potvrdena [p(0,498) > {(0,05)]. Di-
menzionalne promene pletenina ukazuju na cinjenicu
da je u procesu mokre relaksacije doslo do skupljanja
kako jednozi¢ne tako i konc¢ane konopljine prede. To se
pripisuje velikom afinitetu vlakana konoplje prema
molekulima vode, odnosno njihovim hidrofilnim svoj-
stvima. Promene u vlaknu koje su nastale prilikom
apsorpcije vode dovele su do promene u gustini pako-
vanja vlakana u predi. Geometrija obe prede se pro-
menila, sto se manifestovalo blagim poveéanjem prec-
nika i smanjenjem gustine prede (tabela 3).

Tabela 3. Karakteristike preda od konoplje posle mokre
relaksacije

Table 3. Characteristics of the hemp yarns after wet
relaxation

Svojstvo Konoplja Konoplja/Konoplja
Pre¢nik, mm 0,23 0,45
Gustina, g-cm™ 1,151 0,601
Faktor pakovanja 0,77 0,40

Usled skupljanja prede doslo je do povecanja hori-
zontalne gustine petlji, odnosno doslo je do promene
oblika petlji, Sto se objasnjava distorzijom i izvijanjem
petlji u pravcu trec¢e dimenzije usled njihove teznje da
zauzmu ravnotezni oblik. To je dovelo do povecanja
povrsinske gustine petlji i debljine pletenina, zbog Cega
se povecava i povrSinska masa pletenina (tabela 4).
Promena oblika petlji u toku procesa relaksacije ple-
tenine kvasenjem, omogucena je dejstvom tecnosti
koja predstavlja odredeno sredstvo “podmazivanja”
tacaka preplitanja prede. Time se smanjuje povrsinski
koeficijent trenja segmenata prede, koja lakse klize u
tackama medusobnog kontakta.

Tabela 4. Konstrukcione karakteristike mokro relaksiranih
glatkih pletenina od konoplje

Table 4. Construction characteristics of the wet relaxed plain
hemp knitted fabrics

Konoplja+Konoplja, Konoplja/Konoplja,

Svojstvo 2Cs KCs
Gustina D, 13,6 12,0
cm™ D; 6,2 6,0
Pov2§inska gustina 84,3 72,0
cm

DuZina petlje, mm 5,2 5,2
Debljina, mm 0,929 0,933
Povrsinska masa 419,0 378,6
gm”

Promene u strukturi pletenina izazvane relaksa-
cionim procesima odrazile su se i na njihova fizicka
svojstva (gustina, poroznost i propustljivost vazduha).
Poroznost i gustina glatkih pletenina od konoplje posle
suve i mokre relaksacije prikazane su na slici 2. Kao

posledica manje gustine petlji, suvo relaksirana KCs
pletenina je okarakterisana vecim sadrzajem vazduha
(ve¢om porozno$éu i manjom gustinom) u odnosu na
2Cs pleteninu. Daljom relaksacijom pletenina kvase-
njem doslo je do povecanja gustine kod obe pletenine
usled povecanja njihove povrsinske mase, a kao posle-
dica povedanja gustine, smanjena je poroznost plete-
nina. Ipak, i posle mokre relaksacije KCs pletenina se
odlikuje ve¢om poroznoséu i manjom gustinom.
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Slika 2. Gustina i poroznost glatkih pletenina od konoplje
(2Cs — pletenina izradena od jednoZicne prede;

KCs — pletenina izradena od koncane prede)

Figure 2. Density and porosity of the plain hemp knitted
fabrics (2Cs — knitted fabric made from two assembled yarn;
KCs - knitted fabric made from two-folded yarn)

Vrednosti poroznosti glatkih pletenina od konoplje
date na slici 2 predstavljaju ukupnu poroznost, odnos-
no sadrzaj vazduha izmedu vlakana u predi i izmedu
segmenata prede u pletenini. Zbog toga se ovaj para-
metar ne mozZe uzeti kao pokazatelj distribucije vaz-
duha, odnosno pora u pleteninama, a Sto je od velike
vaznosti prilikom ocene potencijala pletenina u pogledu
UV zastitnih svojstava. Naime, poznato je da se trans-
misija UV zraCenja kroz tekstilne materijale desava u
najvecoj meri kroz otvorene pore izmedu preda (nas-
tale preplitanjem dva sistema Zica kod tkanina ili jed-
nog sistema Zica kod pletenina) ili makropore. SEM
mikrofotografije glatkih pletenina od konoplje posluzile
su za kvalitativhu ocenu njihove makroporoznosti pre
(slika 3ai b) i posle (slika 3c i d) mokre relaksacije. Lako
se uocCava veca ,otvorenost” pletenine izradene od
koncane konopljine prede, odnosno prisustvo vedcih
otvorenih povrsina izmedu nizova petlji, kako u slucaju
suve relaksacije (slika 3b) tako i u slu¢aju mokre relak-
sacije (slika 3d). ,Zatvorenija” struktura suvo relaksi-
rane 2Cs pletenine (slika 3a) postaje jos ociglednija
posle mokre relaksacije kada se makropore tesko uoca-
vaju, a susedni nizovi se dodiruju stranicama petlji (slika
3c).

Buduci da je propustljivost vazduha tekstilnih mate-
rijala, pored debljine, u najveéoj meri uslovljena poroz-
nos¢u, odnosno kako je dokazano, makroporoznoscu,
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Tmm

Slika 3. SEM mikrofotografije suvo relaksiranih 2Cs (a) i KCs (b), i mokro relaksiranih 2Cs (c) i KCs (d) glatkih pletenina od konoplje.
Figure 3. SEM microphotographs of the dry relaxed 2Cs (a) and KCs (b), and wet relaxed 2Cs (c) and KCs (d) plain hemp knitted

fabrics.

rezultati propustljivosti vazduha konopljinih pletenina u
okviru ovog rada su u odredenoj meri posmatrani kao
kvantitativna ocena njihove makroporoznosti. Takode,
imajuci u vidu ¢injenicu da propustljivost vazduha pred-
stavlja bitnu komponentu termofizioloskog komfora
tekstilnih materijala, dobijeni rezultati ukazali su na
potencijal pletenina u tom pogledu. Rezultati propust-
ljivosti vazduha prikazani su na slici 4. Pletenina izra-
dena od koncane konopljine prede okarakterisana je
vecom propustljivoséu vazduha u poredenju sa plete-
ninom izradenom od jednoZi¢ne konopljine prede, sto
je potvrdeno Student t-testom (p(0,016) < (0,05)).
Veéa povrSinska gustina petlji 2CS pletenine podra-
zumeva veci broj makropora na jedinici povrsine plete-
nine koje su, zbog toga, manjih dimenzija u odnosu na
KCs pleteninu (slika 3a i 3b). S obzirom da sa smanje-
njem veli¢ine pora raste otpor strujanju vazduha,
opada sposobnost propustanja vazduha 2CS pletenine.
Strukturne promene do kojih dolazi u toku mokre rel-
aksacije pletenina izazivaju smanjenje propustljivosti
vazduha. Sa povedanjem povrsinske gustine petlji i
povecanjem precnika jednoZicne i konc¢ane konopljine
prede, redukovna je veli¢ina makropora pa opada spo-
sobnost propustanja vazduha. Pri tome se KCs plete-
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nina i dalje odlikuje ve¢om propustljivoséu vazduha
[p(0,031) < (0,05)], Sto joj daje prednost nad 2Cs
pleteninom u pogledu termofizioloskog komfora.
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Slika 4. Propustljivost vazduha glatkih pletenina od konoplje.
Figure 4. Air permeability of the plain hemp knitted fabrics.

Procenat transmisije UVR kroz delimi¢no (suvo) rel-
aksirane 2Cs i KCs pletenine i izraCunate vrednosti UPF
dati su u tabeli 5. Imajudi u vidu interval debljine ispi-
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tivanih pletenina, odnosno vrednosti precnika preda od
kojih su pletenine proizvedene, u okviru ovog istrazi-
vanja poslo se od pretpostavke da upotrebljene prede
ne propustaju UVR. Zbog toga, uocene razlike u vred-
nostima UV transmisije pletenina od konoplje, koje su
statisticki potvrdene (p(2,58><10_58) < 10,05)), mogu se
pripisati njihovoj razli¢itoj ,otvorenosti“ strukture tj.
makroporoznosti. KCs pletenina, koja je okarakterisana
vecom makroporoznos¢u (manifestovano kroz vecu
propustljivost vazduha) u poredenju sa 2Cs pleteninom,
odlikuje se i ve¢om UVR transmisijom, odnosno nizom
vrednoséu UPF koja joj ne obezbeduju zadovoljavajuca
UV zastitna svojstva. Naime, prema standardu EN
13758-2 [35] tekstilni materijali sa UVR transmisijom
vecom od 5%, odnosno sa UPF vredno$¢u manjom od
20, ne obezbeduju dovoljnu UV zastitu. Prema vred-
nosti UV zastitnog faktora 2Cs pletenine, odnosno
prema vrednosti UVR transmisije (3,4-5,0%) [35], ova
pletenina se kategoriSe kao materijal sa dobrim UV
zastitnim svojstvima.

Tabela 5. UV zastitna svojstva suvo relaksiranih glatkih
pletenina od konoplje

Table 5. UV protection properties of the dry relaxed plain
hemp knitted fabrics

Konoplja+Konoplja, Konoplja/Konoplja,

Parametar 2Cs KCs
Transmisija UVA 4,123 5,936
% uvB 4,370 5,965
UVR 4,251 5,950
UPF 21,10 15,02
UPF klasifikacija Dobar -

Snizavanje sposobnosti propustanja vazduha posle
mokre relaksacije pletenina ukazalo je na smanjenje
njihove makroporoznosti, i potencijalno smanjenje UVA
i UVB transmisije, Sto su rezultati i potvrdili (tabela 6).
Uticaj mokre relaksacije pletenina na UVR transmisiju
potvrden je statistickom analizom (t-test uparenih
uzoraka) za 2Cs (p(1,74><10_42) < 0,05)) i KCs
(p(8,85><10'42) < 0,05)) pleteninu. Pored toga, poka-
zalo se da se posle mokre relaksacije UPF vrednost
povecala za 2,8 puta kod obe pletenine. Tako je 2Cs
pletenina i dalje okarakterisana ve¢com vredno3$éu UPF
u poredenju sa KCs pleteninom zahvaljujuci veéoj povr-
Sinskoj gustini petlji (tabela 4). To je potvrdeno testi-
ranjem znacajnosti razlike izmedu srednjih vrednosti
UVR transmisije ove dve pletenine (p(6,7x10™"°) <
< (0,05)). Imajuéi u vidu nisku vrednost gustine pako-
vanja konopljinih vlakana u koncanoj predi (0,4), ne
treba zanemariti mogucnost da se UVR transmisija
deSava u odredenoj meri i kroz konanu predu. Ipak,
najbitnija Cinjenica je da se strukturnom relaksacijom
obe pletenine UVA i UVB transmisija snizava ispod
2,5%, odnosno povecava se njihova UPF vrednost i dos-

tize prag 40. Time 2Cs i KCs pletenina sti¢u oznaku 40+,
i svrstavaju se u kategoriju materijala sa odli¢cnim UV
zastitnim svojstvima. Ova Cinjenica potvrduje potencijal
koji operacija koncanja prede ima u pogledu UV zastit-
nih svojstava, posebno ako se ima u vidu pozitivan efe-
kat koncanja na komfor tekstilnih materijala od konop-
lie [36].

Tabela 6. UV zastitna svojstva mokro relaksiranih glatkih
pletenina od konoplje

Table 6. UV protection properties of the wet relaxed plain
hemp knitted fabrics

Konoplja+Konoplja, Konoplja/Konoplja,

Parametar 2Cs KCs
Transmisija UVA 1,722 2,390
% UVB 1,719 2,386
UVR 1,721 2,388
UPF 59,77 59,77
UPF klasifikacija 40+ (odli¢an) 42,05

ZAKLJUCAK

U okviru ovog istrazivanja izvrSeno je poredenje
UVR transmisije i UV zastitnog faktora (UPF) glatkih
pletenina izradenih od jednozi¢ne ili koncane konop-
ljine prede u cilju utvrdivanja potencijala operacije kon-
Canja prede na UV zastitna svojstva pletenina. Ana-
liziran je uticaj operacije koncanja konopljine prede na
strukturu i fizicka svojstva (gustina, poroznost, propust-
ljivost vazduha) pletenina. Efekat koji operacija kon-
Canja prede ima na konstrukcione karakteristike ple-
tenina objasnjava se povecanom savitljivoséu koncane
prede, koja je posledica smanjenja gustine pakovanja
vlakana u novonastaloj sloZzenoj predi. Razlike u kon-
strukcionim karakteristikama glatkih pletenina od ko-
noplje uticale su na razli¢itu raspodelu pora, sto je
uslovilo njihova razli¢ita ,transportna svojstva“. Pored
vece poroznosti, pletenina izradena od koncane konop-
liine prede odlikuje se makroporama vecih dimenzija
koje su izazvale viSe vrednosti transmisije i nize vred-
nosti UV zastitnog faktora u poredenju sa pleteninom
izradenom od jednozZi¢ne konopljine prede. Strukturne
promene nastale tokom mokre relaksacije pletenina, uz
smanjenje ukupne poroznosti i makroporoznosti, pove-
¢avaju efikasnost UV zastite obe pletenine. Medutim,
pored Cinjenice da se pletenina izradena od koncane
prede, kada je relaksirana od unutrasnjih napona, odli-
kuje odliécnom UV zastithom sposobnoscu, treba imati u
vidu njenu vecu propustljivost vazduha koja joj daje
prednost sa aspekta termofizioloskog komfora. Moze
se reéi da su preliminarni rezultati ukazali na potencijal
koji operacija koncanja prede ima u pogledu UV zas-
titnih svojstava pletenina. Ipak, kako bi se dobile pre-
ciznije smernice u tom smislu, neophodna su dalja istra-
Zivanja uz prosirenje eksperimentalnog materijala u
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pravcu primene Sireg intervala sekundarnog upredanja
(koncanja) preda i konstrukcionih karakteristika plete-
nina.
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SUMMARY
INFLUENCE OF YARN FOLDING ON UV PROTECTION PROPERTIES OF HEMP KNITTED FABRICS
Ana A. Kociél, Dusan M. Popoviéz, SneZana B. Stankovic’l, Goran B. Poparic’:2

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

(Scientific paper)

In the last years the media have highlighted the damage of the ozone layer Keywords: UPF e UV Transmission e Knit-
and the resulting increase of ultraviolet radiation (UVR) reaching the Earth’s ted fabric @ Yarn e Folding ® Hemp
surface. Prolonged and repeated, both occupational and recreational, sun expo-
sure of the population causes some detrimental effects. Clothing is considered to
be one of the most important tools for UV protection. It is generally accepted that
synthetic fibres provide a high UV protection capability of textiles, while cellulose
fibres (cotton, linen, hemp, viscose) have a low UV absorption capacity. However,
natural pigments, pectin and waxes in natural cellulose fibers, and lignin in hemp
fibers, act as UV absorbers having a favorable effect on UPF of grey-state fabrics.
Bearing in mind the trend of reintroduction of hemp fibers as a source of eco-
friendly textiles, there is a serious lack of study about the potential of hemp
materials in terms of UV protection. Folded yarn is a complex yarn composed of
two or more component yarns arranged parallel and twisted together to make a
“new quality” yarn. Folding of yarns is an operation undertaken in order to modify
single-yarn properties to an appreciable degree. There are very few investigations
concerning the relationship between the yarn properties and UV protection
effectiveness of the fabric made therefrom. In addition, there is no any result in
the scientific literature about the influence of yarn folding on UV protection
properties of textile materials. Having this in mind, for our research the idea was
to evaluate the effect of yarn folding in this regard. The plain knitted fabrics
composed of single or two-folded hemp yarn were compared in terms of UV
protection properties. The Ultraviolet Protection Factor (UPF), as the quantitative
measurement of the material effectiveness to protect the human skin against
UVR, was determined for the textile materials by in vitro test method according to
the European standard EN 13758. The knitted fabrics construction and physical
properties were also determined. Bearing in mind that plain knitted fabrics are
particularly susceptible to relaxation, they were subjected to relaxation and
shrinkage by wetting process, and testing procedure was repeated on the water-
treated samples. The results obtained indicated that the folding operation influ-
ences UV protection properties of knitted fabrics through an influence on a loop
configuration, i.e. the fabric openness. Relaxation and shrinkage of the knitted
fabrics due to wet relaxation caused the reduction of macro-porosity increasing
the UPF of the knitted fabrics. Although the knitted fabric produced from single
hemp yarn was characterised by higher UPF, the UVR transmittance of the folded
hemp yarn knitted fabric after wet relaxation placed it in the “excellent UV pro-
tection category” (according to European Standard EN 13758-2). This fact
together with the better thermal comfort manifested itself in higher air perme-
ability, confirmed the potential of folding operation in terms of UV protection
properties of textile materials.
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Abstract

Cellulases are industrially important enzymes with a potential to convert cellulose into fer-
mentable sugars. Novel bacterial isolate Paenibacillus sp. CKS1 was tested for cellulase
activity and the optimal conditions for carboxymethyl cellulase (CMCase) production were
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culture after 3 days of incubation at 30 °C. Cellobiose and yeast extract was the optimal
source of carbon and nitrogen for induction of CMCase activity. In addition, with initial pH
7 of the medium and 40 ml of working volume in 500 ml culture flasks with shaking at 150
rpm, the maximum CMCase activity in a crude culture supernatant reached value of
0.532+0.006 U/ml. For crude CMCase, optimal temperature was 50 °C and optimal pH 4.8,
respectively. HPLC analysis confirmed the bacterium is capable to hydrolise CMC to glucose

and other soluble sugars.
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Cellulose is the most abundant natural biopolymer
on Earth and the most dominant component of
agricultural waste [1]. Cellulosic biomass is a renewable
and an abundant resource that can be used for pro-
duction of biofuels and animal feed [1,2]. Because of its
potential applications in industry, microbial conversion
of cellulose into simple sugars or bioethanol has rec-
eived excessive attention in the past decades [3,4].
Active research on cellulases began in the early 1950s
and lead to an increasing application of cellulases in
biotechnological processes in various industries inc-
luding food, brewery and wine, animal feed, textile and
laundry, pulp and paper, and agriculture [5]. The major
source of cellulases are microorganisms that produce
these enzymes while growing on cellulosic materials
[5,6]. Cellulase is a family of at least 3 groups of enz-
ymes, endo-(1,4)-4D-glucanase (EC 3.2.1.4), exo-(1,4)-
-fD-glucanase (EC 3.2.1.91), and fglucosidases (EC
3.2.1.21), that hydrolyze cellulose while the mechanism
of enzymatic activity differs between the different enz-
yme classes: endoglucanases (carboxymethyl cellul-
ases), exoglucanases (avicelases) and B-glucosidases
[5-7]. Endoglucanases cut the amorphous cellulose
polysaccharide chain at random internal sites and gen-
erate oligosaccharides of various lengths [1]. Exoglu-
canases are active on the reducing or non-reducing
ends of the cellulose polysaccharide chains and liberate
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either glucose or cellobiose as major products [1].
[Glucosidases hydrolyze soluble cellodextrins and cel-
lobiose to glucose and act on the non-reducing ends
[1]. Most cellulases are secreted by microbial strains
belonging to fungi, or bacterial strains within the Bacilli
and Actinomycetes classes although fungal cellulases
have been studied the most [3]. Nevertheless, the
studying of bacterial ceullulases is very promising since
isolation, screening and selection have enabled the dis-
covery of numerous novel cellulase-producing bacteria
from a wide variety of environments [8]. The aim of this
study was to select a cellulolytic strain from a culture
collection of bacterial soil isolates. A Paenibacillus
strain has been identified as a potent producer of cel-
lulases as it has shown a notable cellulolytic activity on
carboxymethyl cellulose (CMC) agar plate. The con-
ditions that enabled maximal carboxymethyl cellulase
(CMCase) production were optimized with emphasis of
the following parameters: passaging of the culture,
incubation time, carbon and nitrogen source, medium
pH, medium volume/surface ratio and aeration. Finally,
the crude CMCase was characterized for the optimal
temperature and pH.

MATERIAL AND METHODS

Microorganism and chemicals

The microorganism was isolated from the soil
sample and screened for cellulase production and iden-
tified based on the following characteristics: Gram
stain, aerobic growth, morphological characteristics of
colonies and bacterial cells, spore formation, appear-
ance and shape. Identification of the strain was done
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by 16S rRNA encoding gene (ARB database, gene
accession number KP715850).

Chemicals used for preparation of cultivation media
were purchased from Torlak Institute of Immunology
and Virology (Belgrade, Serbia) except for the casein
hydrolisate that was purchased from Fluka. CMC and
cellobiose was purchased from Sigma, Avicel from
Merck and Croscarmellose-Na from J. Rettenmaier &
Sohne.

Screening for cellulase producing bacteria

Screening for cellulase producing bacteria was
performed by growing bacterial strains on CMC agar
plates (per liter: CMC 1 g, yeast extract 3 g, K;HPO,3 g,
KH,PO, 1 g, MgS0O, 0.5 g and agar 6 g). An overnight
bacterial culture was performed in a liquid CMC
medium (the same composition as CMC agar medium
without addition of agar). A 4% of bacterial culture was
inoculated into fresh CMC liquid medium and incub-
ated for 24 h on 30 °C, with shaking at 150 rpm. After
overnight growth, 5 pl of liquid bacterial culture was
spot plated on CMC agar plates. After incubation for
24-48 h at 30 °C, plates were flooded with Gram’s
iodine (2.0 g KI and 1.0 g iodine in 300 ml distilled
water) for 3 to 5 min. Clear zones appearing around
growing bacterial colonies indicated cellulose hydro-
lysis [9].

Enzyme assay for CMCase

Carboxymethyl cellulase (CMCase) activity was
measured by reduction of 3,5-dinitrosalicylic acid (DNS)
in the presence of glucose released by enzymatic hyd-
rolysis of cellulose according to the method of Miiller
[10]. CMCase activity was determined as follows: 500 pl
of enzyme solution (crude bacterial supernatant) was
added in test tubes with 500 pl of 1 % CMC in 0.1 M
acetate buffer at pH 4.80 and incubated at 50 °C for 30
min in a rotary shaker with rotation speed of 150 rpm.
After incubation, 1 ml DNS reagent was added. The
reaction mixture was boiled for 5 min in a water bath.
After cooling at room temperature 5 ml of distilled
water was added to each tube and absorbance of the
solution was measured at 540 nm on spectrophoto-
meter (Ultrospec 3300 pro Amersham Bioscience).
CMCase activity was determined by using a calibration
curve for glucose. One unit of CMCase activity was
defined as the amount of enzyme that released 1 pmol
of glucose equivalent per minute. All assays were car-
ried out in triplicate, while the results are presented as
mean value with given standard deviation.

Effect of temperature and pH on CMCase activity

The optimal temperature and pH of crude enzyme
was determined using the following procedure: the
crude enzyme (bacterial supernatant) was incubated
with 1 % CMC in 0.1 M acetate buffer pH 4.80 for 30
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min at temperatures between 30 and 70 °C with steps
of 10 °C. After incubation, the CMCase activity was
measured using the method of Miiller [10]. To deter-
mine the optimum pH of the enzyme, the crude enz-
yme was mixed with substrates prepared in following
buffer solutions: 100 mM citrate buffer (pH 3.0, 4.0 and
4.8), 100 mM sodium phosphate buffer (pH 6.0 and
7.0), 100 mM Tris—HCI (pH 8.0 and 9.0) and incubated
at the optimum temperature of 50 °C for 30 min.
CMCase activity was measured according to the
method of Miller [10]. The maximum CMCase activity
obtained at different temperatures and pH was con-
sidered to be 100%.

Influence of various factors on CMCase production

CMCase production was measured in liquid non-
optimized medium composed by mixing CMC 5.0 g/I,
yeast extract 3.0 g/l, KH,PO, 4.0g/l, Na,HPO, 4.0g/l,
MgS0,-7H,0 0.2g/l, CaCl,-2H,0 0.001g/l and FeSO,4-7H,0
0.004 g/I. The pH of the medium was adjusted to 7
before autoclaving. After sterilization at 121 °C for 20
min, a 4% of an overnight bacterial culture was inocul-
ated into fresh medium in a rotary shaker with mixing
speed of 150 rpm at 30 °C. The culture medium was
centrifuged at 6000g for 15 min to remove the cells.
The crude cell-free supernatant (pH 5.15) was analyzed
for CMCase activity.

The influence of the following parameters on the
crude enzyme activty were tested: bacterial passaging,
incubation time, pH of the growth medium, various
carbon sources, concentration of the optimal carbon
source, various nitrogen sources, concentration of the
optimal nitrogen source and different medium volumes
and agitation speeds.

Influence of the bacterial passaging on CMCase
production

The effect of the bacterial culture passaging on
CMCase production was examinated by measuring
CMCase activity after transfering the bacterial culture
every 24 h into fresh medium (passaging) which con-
tained CMC as an inducer for CMCase production. Each
passage was monitored for CMCase activity for 4 days.

Influence of the incubation time on CMCase
production

The effect of incubation time on CMCase product-
ion was investigated by taking samples every 24 h, for
five days, and CMCase activity was determinated.

Influence of the pH of the growth medium on CMCase
production

The effect of initial pH of the growth medium was
examinated by adjusting the pH of the medium to 4, 5,
6, 7, 8, 9 and 10 with 1 M NaOH or 1 M HCI before
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autoclaving. CMCase activity was determinated on a
third day of incubation.

Influence of the different carbon sources on CMCase
production

Different carbon sources including CMC, Avicel, cel-
lobiose and crosscarmellose were added to the growth
medium in concentration of 2.5 g/l to evaluate the
effect on the CMCase production. For the optimal car-
bon source (cellobiose), influence of different concen-
trations (1.5, 2.5, 5.0, 6.0 and 7.0 g/l) on CMCase
production was examined.

Influence of the different nitrogen sources on CMCase
production

Different nitrogen sources: yeast extract, tripton,
meat extract and NH;NO; were added to the growth
medium in concentration of 3 g/I. The influence of dif-
ferent cocentrations(2.0, 3.0, 4.0, 5.0, 6.0 and 7.0 g/l)
of the optimal nitrogen source (yeast extract) on
CMCase production was measured.

Influence of different medium volumes (surface/
/volume ratio) and agitation speeds on CMCase
production

The effect of different working medium volumes 40,
100 and 150 ml in 500 ml flask (surface/volume ratio
78.5/40; 78.5/100 and 78.5/150) with shaking speed at
150 rpm during fermentation was investigated for
CMCase production. Finally, the effect of different agi-
tation speeds 100, 120 and 150 rpm on CMC-ase pro-
duction at a constant working volume of 40 ml in 500
ml flask was investigated.

HPLC analyses of the CMC hydrolysis

The CMC hydrolysis product, obtained from opti-
mized medium with maximum CMCase activity, was
analyzed by high performance liquid chromatography
(HPLC). 5.0 ml of enzyme solution (crude bacterial
supernatant) was incubated at 50 °C with 5.0 ml of 1%
(w/V) CMC in 0.1 M acetate buffer (pH 4.80) in a rotary
shaker with rotation speed of 150 rpm. After 30 min,
hydrolysis was stopped by boiling the sample for 5 min.
The sample was then filtered through a 0.22 um mem-
brane filter.

For quantitative analysis of the obtained sample,
the Dionex Ultimate 3000 Thermo Scientific (Waltham,
USA) HPLC system was used. A carbohydrate column
(Hyper REZ XP Carbohydrate Ca**, 300 mmx7.7 mm,
8um) on 80 °C was employed. Water (HPLC grade, JT
Baker (USA)) was used as sole mobile phase with an
elution rate 0.6 ml/min during the analysis. Detection
was performed by Rl detector (RefractoMax 520, ERC,
Germany). All data acquisition and processing was done
using Chromeleon Software. The separated hydrolysis

products were identified by comparison with glucose
standard.

Statistical analysis

Mean values of various experiments were com-
pared by the analysis of variance. All statistical analyses
were performed using the Origin Pro 8 software.

RESULTS AND DISCUSSION

Screening for cellulase producing microorganism

Screening for cellulase production was tested on
CMC agar plate by the appearance of a halo around the
bacterial colony. Based on physiological characteristics,
optimal temperature for growth of the strain was 30
°C, thus this temperature was used for incubation. The
strain with cellulolytic activity was identified as mem-
ber of the Paenibacillus genus based on the following
characteristics: Gram positive reaction, aerobic growth,
spore formation with characteristic ellipsoidal spores
that were larger than the viable cells. The bacterial
strain with cellulolytic activity designated as Paeni-
bacillus sp. CKS1 was identified as Paenibacillus chitino-
lyticus based on the almost full-length 16S rRNA gene
sequence. The sequence was deposited to the GeneBank
database under accession number KP715850.

CMCase production

Cellulase systems consist of endoglucanase, exoglu-
canase, and fglucosidase and the synergy of all these
enzymes makes hydrolysis of cellulose to glucose pos-
sible [11]. CMC is an example of an amorphous cel-
lulose and is generally used as a substrate for the study
of endoglucanases or CMCases [12]. In our study, the
most potent cellulolytic isolate strain Paenibacillus sp.
CKS1 was grown on amorphous cellulose (CMC). The
strain P.chitinolyticus CKS1 showed greater catalytic
affinity for CMC, so the cellulases secreted by this iso-
late could be categorized as endoglucanase or CMCases.

Subculturing (passaging) of an microorganism in a
medium of essentially the same composition as that
employed for final culture showed to be an effective
way to enhance a desired property [13]. Particularly for
large enzyme complexes, such as cellulases, such adap-
tation of a microorganism is expected to enhance enz-
yme synthesis. In contrast to this expectation, Beckord
et al. [14] found that one subculture to a medium
similar to the final culture medium had a beneficial
effect, while subculturing more than once had no sig-
nificant influence on the production of enzyme. In
order to define if the adaptation of the microorganism
to the specific cultivation medium had an impact on
CMCase activity, the influence of passaging of bacterial
culture was examinated. The results showed that
CMCase activity increased with culture passaging and
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with the incubation time (Figure 1). The highest
CMCase activity was detected at the third passage and
at the third day of incubation (0.197+0.019 U/ml).
CMCase activity increased with culture passaging and
the highest CMCase activity was detected at the third
passage, thus third passage was applied to all further
experiments. In further tests the second passage was
used as inoculum for further investigation of CMCase
production. With regard to CMCase activity, which inc-
reased with culture passaging, the highest CMCase
activity was detected at the third passage, thus third
passage was applied to all further experiments.

When testing the influence of incubation time on
the CMCase activity it was determined that the highest
CMCase production was obtained after three days of
incubation (Figure 2). After this period CMCase pro-
duction decreased. The decrease of CMCase activity
could be a consequence of changed conditions in the
medium (pH change, production of inhibiting bypro-
ducts), or due to the depletion of nutrients in the fer-
mentation medium as seen for other bacterial strains
[15]. The timing of the optimal CMCase production is a
strain dependent characteristic. Some cellulolytic
Paenibacillus sp. had the optimal CMCase production
as shorter as 24 h (Paenibacillus sp. P118 [16]) or
similar to our strain P.chitinolyticus CKS1 of about 72 h
(Paenibacillus tarimensis L88 [17] and Paenibacillus sp.
ME-271 60 h [18]). In general, the increase in the
enzyme activity during the incubation period depends
on the culture characteristics and growth rate of sel-
ected microorganism. Paenibacillus sp. CKS1 produced
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CMCase during the earlier stage of fermentations, in a
late exponential phase (data not shown), while the
maximum CMCase production was achieved in the late
stationary phase.
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Figure 2. CMCase activity for the strain CKS1 during 5 days of
incubation on 30 °C at 150 rpom with 40 ml of working volume
in 500 ml flask.

It is well established that initial pH of the bacterial
growth medium has an effect on the availability of
certain metabolites and ions and influences the per-
meability of the cell membrane [4]. Our results also
showed that the pH of the growth medium was an
important factor affecting the CMCase activities. The
optimum pH of the growth medium for maximum pro-
duction of CMCase for the strain CKS1 was 7.0 (Figure 3).

w
~

Time, day

Figure 1. The influence of passaging culture on CMCase activity. A 4% of bacterial culture was inoculated in each passage for four

days at 30 C at 150 rpm.
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Figure 3. Effect of initial pH of the growth medium on CMCase
production for the strain CKS1 on 30 °C at 150 rpm with 40 m|
of working volume in 500 ml flask.

Similar to other parameters, various Paenibacillus
sp. strains show the optimal CMCase activity under
different medium acidity conditions. Some other spe-
cies produce the highest levels of CMCase at neutral pH
including P. curdlanolyticus B-6 (isolate from an anaer-
obic digester fed with pineapple wastes) and P. cam-

0.45 -
0.40 4

0.354

0.204
0.154

0.104

CMCase activity, U/ml

0.05 4

0.00-
CMC  Avicel cellobiose croscarmellose

@)

0.6+

CMCase activity, U/ml

yeast extracttripton meat extract NH4NO3

©

pinasensis BL-11 (isolate from black liquor) [19,20],
while others perform the best under alkali conditions
such as P. terrae ME27-1 (pH 8) (isolate from soil
sample from the subtropical region of China) [18], or
acidic conditions such as Paenibacillus polymyxa an
isolate from degrading citrus peel (pH 5.5) [21].

Generally, production of cellulases was shown to be
inducible and was affected by the nature of the carbo-
hydrate used in fermentation as a carbon source. Dif-
ferent commercial substrates have been used as ind-
ucers of CMCase production by Penibacillus sp. CKS1
(Figure 4a). According to this results it appeared that
Paenibacillus sp. CKS1 produced the largest amount of
CMCase (0.326+0.011 U/ml) while growing on cello-
biose, although it produced CMCase on all tested sub-
strates (Figure 4a). Mandels [22] and Paul [23] also
reported that cellobiose is a good cellulase inducer for
fungi and Bacillus sp. [24-26] but for some other Paeni-
bacillus sp. the most potent inducer of the CMCase
activity was CMC [18,27,28]. The tested Paenibacillus
sp. CKS1 is the first reported Paenibacillus sp. for which
cellobise is better inducer of CMCase production than
CMC itself.

Cellobiose had the inducing effects in the concen-
tration range of 1.5-7 g/l (Figure 4b). With cellobiose
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Figure 4. Effect of carbon and nitrogen sources on CMCase production by the strain CKS1 for 3 days of incubation. a) Different
carbon sources: CMC, Avicel, cellobiose and croscarmellose, respectively. b) The concentration of cellobiose. c) Different nitrogen
sources: yeast extract, tripton, meat extract and NH,NO;, respectively. d) The concentration of yeast extract.
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concentration of 5 g/l the maximum CMCase activity
(0.483+0.010 U/ml) was achieved. Further increase of
the concentration leads to a slight decrease in CMCase
activity.

Regarding the influence of the different nitrogen
sources, it was determined that yeast extract is the
most stimulative for CMCase production as growth of
the strain on the medium containing yeast extract led
to CMCase activity of up to 0.517+0.006 U/ml (Figure
4c). The optimal concentration of the yeast extract in
the medium was 5 g/I (Figure 4d) thereby providing a
0.532+0.006 U/ml of CMCase activity. Yeast extract is
the main nutritional supplement which serves as a rich
source of amino acids, vitamins, nitrogen and carbon
for bacterial growth [29]. Based on our results, it is
evident that Paenibacillus sp. CKS1 prefers organic nit-
rogen sources for growth and enzyme production.
When growing on medium that contained inorganic
nitrogen source, NH;NO3, Paenibacillus sp. CKS1 strain
produced notably lower amount of CMCase compared
to the used organic sources of nitrogen (Figure 4c). Our
results are in line with previous reports for the majority
of cellulolytic Paenibacillus strains [17,20,28] although
some strains are able to produce CMCases in large
guantities while growing in presence of inorganic nitro-
gen [19,27,30].

Oxygen in the medium may have great influence on
the production of metabolites and enzymes, including
extracellular enzymes [31]. CMCase production was
significantly affected by medium volume since all tests
were done in the same type of flasks and the medium
volume had a direct effect on the surface/volume ratio.
Given that surface/volume ration and the aeration area
is relatively decreased when larger volumes are used
for bacterial growth, we evaluated the influence of
medium volume on CMCase production for our strain
Paenibacillus sp. CKS1. The highest CMCase production

CMCase activity, U/ml
o o o =
38} W EN W
1 1 1 1

=
—
L

0.0 -

was achieved when the culture medium volume was 40
ml in 500 ml volume flasks. Increasing the volume of
media leads to significant decrease of the enzyme acti-
vity (Figure 5). The strain CKS1 grows under strictly
aerobic conditions and any reduction in oxygen level
leads to a decrease of the CMCase production.

Furthermore, agitation had a significant influence
on the CMCase production. When the strain was grown
under stationary conditions, the CMCase activity was
under the detection level of the applied methodology
(data not shown). The CMCase activity did not change
significantly when agitation speed changed in the range
from 120 to 150rpm.

The literature data available on the production of
cellulase by Paenibacillus sp. are difficult to compare
with each other due to different growing conditions of
microorganisms, different substrates, ways the results
of enzymatic activity is interpreted. Also, CMCase from
the strain CKS1 are from crude, not purified culture
supernatant which may have influence on a lower value
of enzyme activity. Nevertheless, our results indicated
that relatively higher aeration surface had a stimulative
effect on CMCase activity of Paenibacillus sp. CKS1 indi-
cating the positive effect of oxygen on the CMCase
production and activity.

Effect of temperature and pH on CMCase activity

The influence of temperature on CMCase activity
produced by the Paenibacillus sp. CKS1 was examined
at various temperatures ranging from 30 to 70 °C at pH
4.8. Optimal temperature for CMCase activity was 50
°C at pH 4.8 (Figure 6a).

The optimal temperature for other CMCases pro-
duced by Paenibacillus strains is close to or slightly
higher than the one determined for our strain as it
values 50 °C for Paenibacillus terrae ME27-1 [18], 55 °C
for P. cookii SS-24 [32], 60 °C for Paenibacillus sp. B39A

HH

A

C

B

Figure 5. Effects of different medium volume (filled square) and agitation speeds (opensquare) on CMCase production from Paeni-
bacillus sp. CKS1. The cultures were carried out at different working volumes in 500 ml flasks: A) 40; B) 100 and C) 150ml; with
shaking at 150 rpm. The effect of agitation speeds: A) 100; B) 120 and C) 150 rpm on CMCase production was performed in a

constant working volume (40 ml).
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and Paenibacillus elgii [30,33] and 65 °C for P. barci-
nonensis CMCase [28].
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Figure 6. Effect of a) temperature and b) pH on CMCase
activity.
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The optimal pH for CMCase activity of Paenibacillus
CKS 1 was 4.8 (Figure 6b) therefore the tested CMCase
can be considered as acidophilic enzyme. This feature is
in contrast to the majority of CMCases reported in the
literature, since these enzymes typically favor neutral
or alkaline conditions [18,20,33,34] although there are
exception like P. polymyxa that shows optimal activity
at slightly acidic conditions of pH 5.5 [21].

Hydrolysis products of CMCase

Paenibacillus sp. CKS1 CMCase hydrolyzed CMC to
form glucose and a number of oligosaccharides assum-
ing cellobiose, cellotriose, cellotetraose (Figure 7). In
addition to these small molecules, some complex com-
ponents, most likely larger oligosaccharide residues
seem to be present in the hydrolysate. The presence of
glucose and other olighosaharides indicates the exist-
ence of the enzyme complex of Paenibacillus sp. CKS1
which is responsible for degradation of CMC. The form-
ation of glucose and cellobiose suggests the sequential
action of endoglucanase and exoglucanase [35]. Many
cellulases have been reported to show both endo- and
exo-glucanase activities [12,20,30,36]. Paenibacillus sp.
CKS1 could hydrolyse cellulose, amorphous-CMC and
microcrystalline cellulose-Avicel (data not shown) sug-
gesting that it produces both endo- and exo-glucanase.
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Figure 7. HPLC analysis of hydrolysis CMC.
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CONCLUSION

In this study, we have identified three novel Paeni-
bacillus strains as potent cellulolytic bacteria. Among
them, Paenibacillus sp. CKS1 showed the highest cellu-
lolytic potential. Culture conditions were optimized to
enable the highest CMCase production by this strain.
HPLC analysis confirmed the degradation of CMC into
glucose and other oligosaccharides. Paenibacillus sp.
CKS1 is a novel candidate for the CMCase production
facilitating its potential use in industrial applications.
Due to its acidophilic nature (pH 4.8) and relatively
good tolerance to high temperatures, our CMCase
might be a useful enzyme for industrial applications
such as animal feed industry, clarification of fruit juices,
biofuels production or in stonewashing and biopolish-
ing in jeans industry.
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1ZVvOD

PRODUKCIJA KARBOKSIMETIL CELULAZA POMOCU SOJA Paenibacillus SP.

Katarina R. Mihajlovski, Sladana Z. Davidovi¢, Milica B. Carevi¢, Neda R. Radovanovié, Slavica S. Siler-Marinkovi¢,
Mirjana D. Rajilié-Stojanovi¢, Suzana I. Dimitrijevi¢-Brankovic¢

Univerzitet u Beogradu, Tehnolosko-metalurski fakultet, Katedra za biohemijsko inZenjerstvo i biotehnologiju,
Karnegijeva 4, 11000 Beograd, Srbija

(Naucni rad)

Celulaze su enzimi koji katalizuju hidrolizu £1,4-glikozidne veze u molekulu Kljuéne reci: Paenibacillus sp. e Celuloza
celuloze. Spadaju u veoma vaznu grupu enzima koje se koriste u razli¢itim sferama e Karboksimetil celulaza e Produkcija e
industrije. Najvazniji enzimski proces je hidroliza biljne biomase pomocu celulaza Optimalni uslovi

u cilju dobijanja glukoze koja se moze koristiti direktno kao proizvod za Zivotinjsku
i humanu primenu ili kao polazna sirovina za proizvodnju alkohola, aminokiselina,
organskih kiselina, biogoriva i mnogih drugih korisnih proizvoda. U prehrambenoj
industriji se celulaze uglavnom koriste u pekarstvu, u proizvodnji voéa i povr¢a,
piva i sokova. Takode, se koriste u industriji deterdZenata. Paenibacillus sp. pred-
stavlja Gram pozitivne, aerobne i endosporoformirajué¢e bakterije. Znacajan broj
Paenibacillus vrsta su od industrijskog kao i poljoprivrednog znacaja zbog sposob-
nosti degradacije sloZenih ugljovodonika i produkcije razlic¢itih enzima celulaza,
amilaza, hitinaza. S tim u vezi, ispitivana je mogucnost produkcije enzima celulaze
iz soja Paenibacillus sp. Ispitivanje celuloliticke aktivnosti vrSeno ja kvalitativno i
kvantitativno. Tokom kvalitativnog ispitivanja na karboksimetil celuloznoj agarnoj
podlozi, kao najbolji producent celulaza, medju ispitivanim sojevim, pokazao se
soj CKS1. U radu su odredeni optimalni uslovi za produkciju karboksimetil celulaza
ukljucujudi efekat pasaZiranja ispitivane kulture, vreme inkubacije, izvori ugljenika
i azota, uticaj pocetnog pH, kao i uticaj zapremiene mediuma i brzine mesanja na
produkciju karboksimetil celulaza. Najveca aktivnost karboksiemtil celulaze dobi-
jena je u tre¢em pasazu nakon 72 h pri temperaturi od 30 °C. Kao jedini izvor
ugljenika kori$¢ena je celobioza (5 g/l) a kao izvor azota kvaséev ekstrakt (5 g/l).
Takode, podesavanjem pocetnog pH podloge na 7 i koris¢enjem 40 ml radne
zapremine podloge u erlenmajeru od 500 ml, na tresilici sa 150 rpm, postiZe se
maksimalna karboksimetil celulazna aktivnost od 0.532+0.006 U/ml. Na ovakav
nacin dobijena sirova karboksimetil celulaza pokazuje maksimum svoje aktivnosti
pri temperature od 50 °Ci pH 4.8. HPLC analizom krajnjih produkta hidrolize CMC
utvrdeno je prisustvo glukoze i ostalih oligosaharida. Soj CKS1 moZe nadi primenu
u industrijskoj proizvodniji karboksimetil celulaza kao i u proizvodnji bioetanola.
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Izvod

U savremenoj farmaceutskoj analizi neke farmaceutski aktivne supstance studije forsirane
degradacije imaju veliki znacaj jer se iz njih moZe dobiti veliki broj znacajnih posataka o
stabilnosti leka. U ovom radu, opisano je ispitivane stabilnosti olopatadin-hidrohlorida pod
utcajem stres agenasa a u cilju dobijanja podataka o njegovoj stabilnosti. Za pracenje
ponasanja olopatadin-hidrohlorida primenjena je metoda te¢ne hromatografije hidrofilnih
interakcija (eng. Hidrophilic Interaction Liquid Chromatography — HILIC). Olopatadin-hidro-
hlorid izloZzen je dejstvu kiseline, baze, povisene temperature i oksidacionog sredstva, a
stepen degradacije pracen je u definisanim vremenskim intervalima. Takode, odredena je i
kinetika degradacije u cilju sticanja boljeg uvida u stabilnost supstance i njen mehanizam
razgradnje. Definisani su red reakcije, konstanta brzine reakcije i poluvreme degradacije
nakon izlaganja dejstvu kiseline, baze i oksidacionog sredstva.

Kljucne reci: olopatadin-hidrohlorid; studije forsirane degradacije; kinetika degradacije; tec¢na
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hromatografija hidrofilnih interakcija.
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Studije forsirane degradacije ili stres studije spro-
vode se u cilju ispitivanja osnovne hemijske stabilnosti
aktivne farmaceutske supstance i farmaceutskog dozi-
ranog oblika [1]. Ove studije izvode se pod uslovima
koji su drasticniji od uslova propisanih za ubrzane stu-
dije stabilnosti (temperatura 40 °C, relativna vlaznost
75%). Na osnovu studija forsirane degradacije dobijaju
se informacije o moguéim degradacionim putevima i
mehanizmu degradacije aktivne supstance u kratkom
vremenskom intervalu, kao i o predlozenom degrada-
cionom profilu [2]. Takode, omogucavaju identifikaciju i
karakterizaciju degradacionih proizvoda koji se spon-
tano mogu javiti tokom sinteze, proizvodnje, upotrebe i
Cuvanja leka [3]. Nastali proizvod moze biti srodna sup-
stanca aktivnoj supstanci ili ekscipijensima, ili moze
nastati kao rezultat interakcije izmedu aktivne sup-
stance ili ekscipijenasa.

Osnovni cilj studija forsirane degradacije je dobi-
janje uzoraka koji sadrze degradacione proizvode u
koncentraciji od 5 do 20% [4]. Degradacija ispod 5% ne
uzima se u razmatranje, jer se smatra da veoma male
koli¢éine degradacionih proizvoda nastalih pod stres
uslovima, ne bi nastale pod preporucenim uslovima
Cuvanja aktivne supstance ili gotovog proizvoda. S
druge strane, degradacija preko 20% ne dovodi do

Prepiska: B.S. Janci¢-Stojanovi¢, Univerzitet u Beogradu — Farmaceut-
ski fakultet, Katedra za analitiku lekova,Vojvode Stepe 450, Beograd,
Srbija.

E-posta: jancic.stojanovic@pharmacy.bg.ac.rs

Rad primljen: 4. april, 2015

Rad prihvaéen: 9. jul, 2015

pouzdanog definisanja degradacionog profila. Takode,
korisne su i za potvrdu specificnosti metode tokom
razvoja, optimizacije i validacije analitickih metoda za
pracenje stabilnosti (eng. Stability Indicating Method)
[5-8].

Uprkos znacaju studija forsirane degradacije u svim
fazama farmaceutskog razvoja, vazece smernice koje se
odnose na ove studije veoma su uopstene. U Q1A (R2)
smernici Medunarodne konferencije za harmonizaciju
(eng. International Conference on Harmonisation —
ICH), navodi se da se studije sprovode na jednoj seriji
lekovite supstance ili gotovog proizvoda, u cvrstom
obliku, odnosno, u obliku rastvora ili suspenzije. Prepo-
ruka je da se izvode pod slede¢im uslovima: povisena
temperatura (za oko 10 °C viSa od temperature kod
ubrzanih studija stabilnosti, tj. 50 °C, odnosno 60 °C),
povecana relativna vlaznost (75% i vise), hidroliza u
Sirokom opsegu pH vrednosti, fotoliza i oksidacija [9].
Studije fotostabilnosti integralni su deo stres testova i
detaljno su opisane u ICH Q1B smernici. Fotoliza se
izvodi izlaganjem leka kombinaciji bele svetlosti, UV i
fluorescentnih lampi ili koriS¢enjem halogenih ili kse-
non lampi [10]. Medutim, pomenute smernice ne obez-
beduju dovoljno informacija o strategiji i principima
sprovodenja stres testova, odnosno, ne specificiraju
opseg pH vrednosti, kao ni temperaturni opseg i spe-
cificna oksidaciona sredstva [11].

Cilj ovog rada je izvodenje studija forsirane degra-
dacije na olopatadin-hidrohloridu i pracenje nastalih
proizvoda degradacije metodom tecne hromatografije
hidrofilnih interakcija (eng. Hidrophilic Interaction
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Liquid Chromatography — HILIC) opisanom u radu [12].
Pored toga, cilj je bio i odredivanje kinetika degradacije
kako bi se izracunale odgovarajué¢e konstante brzine i
poluvremena razgradnje u kiseloj, baznoj sredini, kao i
nakon izlaganja oksidacionom sredstvu. Tumacenje
parametara kinetike reakcije degradacije olakSava razu-
mevanje mehanizma degradacije i sticanje boljeg uvida
u stabilnost ispitivane supstance [13,14].

Olopatadin-hidrohlorid ((112)-11-(3-(dimetilamino)-
propiliden]-6,11-dihidrodibenzo[b,e]oksepin-2-il)siréet-
na kiselina-hidrohlorid je antialergijski lek sa bifaznim
dejstvom (selektivni inhibitor histaminskih H; receptora
i stabilizator mastocita), koji se koristi u terapiji alergij-
skog konjuktivitisa [15]. Struktura analiziranog jedinje-
nja prikazana je na slici 1.

HCI
CH:CH:N(CHs):

Slika 1. Hemijska struktura analizirane supstance.
Figure 1. Chemical structure of the analyzed substance.

Olopatadin-hidrohlorid je oficinalan u USP/NF far-
makopeji, koja za odredivanje aktivne farmaceutske
supstance i srodnih supstanci propisuje metodu rev-
ersno-fazne tecne hromatografije (eng. Reverse Phase
High Performance Liquid Chromatography — RP-HPLC)
[16].

Olopatadine in bulk i u kapima za ocCi odredivan je
UV-Vis spektroskopskom metodom (eng. Ultraviolet-
Visible Spectroscopy) [17] ili jon-par HPLC metodom
[18]. Dalje, derivativna spektroskopska metoda opisana
je za odredivanje supstance u farmaceutskim doziranim
oblicima [19]. U tabletama, odredivanje je vrseno izo-
kratskom RP-HPLC i HPTLC metodom (eng. High Perfor-
mance Thin Layer Chromatography) [20,21]. Kvantita-
tivna analiza aktivne supstance u formulaciji i studije
forsirane degradacije izvedene su i primenom RP-HPLC
metode za pracenje stabilnosti [22]. Identifikacija i
karakterizacija Cetiri degradaciona proizvoda ((11E)-11-
(3-(dimetilamino)propiliden)-6,11-dihidrodibenz[b,e]-
oksepin-2-il)siréetna kiselina, ((92)-9-(3-(dimetilamino)-
propiliden)-9H-fluoren-7-il)siréetna  kiselina  metil-
-((122)-11-(3-(dimetilamino)propiliden)-6,11-dihidrodi-
benz[b,e]oksepin-2-il)acetat i metil-((11E)-11-(3-(dime-
tilamino)propiliden]-6,11-dihidrodibenz[b,e]oksepin-2-
-il)acetat dobijena pod stres uslovima postignuta je LC-
-MS/TOF (eng. Liquid Chromatography-Mass Spectro-
metry/ Time-of-Flight) tehnikom [23]. N-oksid, kao
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proizvod termalne i oksidativne degradacije, identifi-
kovan je UHPLC metodom (eng. Ultra High Perfor-
mance Liguid Chromatography) nakon sterilizacije kapi
za o€i toplotom i filtracijom [24]. U humanoj plazmi
odredivanje koncentracije leka i njegovih metabolita
vrieno je LC metodom sa masenom detekcijom [25,26].

Pregled literature pokazao je da stabilnost olopa-
tadin-hidrohlorida nije jo$ uvek dovoljno proucena, kao
i da u dosadasnjoj literaturi nije opisana primena HILIC
metode za pracenje stepena degradacije ispitivanog
jedinjenja pod stres uslovima.

EKSPERIMENTALNI DEO

Hromatografski uslovi

Eksperimenti su izvedeni na hromatografskom sis-
temu Waters Breeze, koji se sastoji od Waters 1525
binarne HPLC pumpe, Waters 2487 UV/Vis DAD det-
ektora i Breeze Software Windows XP za prikupljanje i
obradu podataka. Hromatografska analiza uradena je
na Betasil Cyano (100 mmx4,6 mm, 5 um veliéine Ces-
tica) koloni, sa mobilnom fazom koja se sastoji od ace-
tonitrila i vodenog rastvora amonijum-acetata 5 mM
(¢ija je pH vrednost podesena na 4,50 glacijalnom sir-
¢etnom kiselinom), u odnosu 85:15 V/V. Pripremljena
mobilna faza je deaerizovana i profiltrirana kroz
membranski filter Alltec (Loceren, Belgium), velicine
pora 0,45 um. Temperatura kolone podesena je na 30
°C, a brzina protoka mobilne faze na 1 mL min .
Volumen injektovanja bio je 20 uL, a talasna duZina
detekcije 257 nm [12].

Reagensi

Za pripremu mobilne faze i rastvora korisc¢eni su
reagensi HPLC Cistoce:acetonitril (SIGMA, St.Louis, MO,
USA), amonijum-acetat (J.T.Baker, Holandija), glacijalna
sircetna kiselina (Zorka Pharma, Srbija) i voda HPLC
kvaliteta (Simplicity 185 sistem, Milipore, Nemacka).

Priprema rastvora za izvodenje studija forisrane
degradacije

Za hromatografsku analizu koriS¢en je radni stan-
dard olopatadin-hidrohlorida (Enaltec Labs, Indija). Os-
novni rastvor (c = 1 mg mL™) pripremljen je u mobilnoj
fazi navedenoj kod eksperimentalnih uslova. Radni ras-
tvori (c = 100 pg mL™") pripremljeni su razblazivanjem
odgovaraju¢im stres agensima. Kao stres agensi koris-
¢eni su 0,5 i 1 M natrijum-hidroksid, 0,5, 0,1 i 0,01 M
hlorovodonicna kiselina, kao i 3, 15 i 30% rastvori vodo-
nik-peroksida.

Degradacija na povisenoj temperaturi pracena je
zagrevanjem vodenog rastvora na temperaturi od 60
°C. Neposredno nakon dodatka stres agenasa, odnosno
u nultom minutu pod opisanim hromatografskim uslo-
vima radjena je analiza. Degradacija svih uzoraka pra-
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¢ena je u definisanim vremenskim intervalima a koncen-
tracija olopatadin-hidrohlorida nakon izlaganja stres
agensima odredenja je poredenjem sa rastvorom stan-
darda olopatadin-hidrohlorida koncentracije 100 pg mL™.

REZULTATI | DISKUSIJA

U ovom radu opisano je ispitivanje stabilnosti olo-
patadin-hidrohlorida nakon izlaganja rastvora aktivne
supstance stres agensima prema propisu ICH Q1 (R2)
smernice [9]. Olopatadin-hidrohlorid tretitan je razlici-
tim stres agensima, kao $to su kiselina, baza, oksida-
ciono sredstvo i poviSena temperatura. Stepen degra-
dacije pod uticajem razlicitih stres agenasa pracen je
HILIC metodom [12].

HILIC metoda predstavlja alternativni tip te¢ne hro-
matografije pod visokim pritiskom koja primenjuje po-
larne stacionarne faze (kolone od dCiste silike i hemijski
modifikovane derivatizovane silika kolone), kao i mo-
bilne faze sa visokim procentom organskom rastvaraca
(najcesée acetonitril u koncentraciji > 70%) i malim ude-
lom polarnog rastvarada (>2,5%) [27]. Vodena faza
uglavnom uklju¢uje dodatak pufera, pre svega amo-
nijum-acetata i amonijum-formijata, koji smanjuju ele-
ktrostaticku interakciju izmedu naelektrisanog analita i
deprotonovanih silanolnih grupa na povrsini stacionar-
ne faze. HILIC se smatra tehnikom izbora za analizu
nenaelektrisanih visoko polarnih hidrofilnih i amfifilnih
supstanci, kao i baznih lekova, ugljenih hidrata i brojnih
naelektrisanih i neutralnih supstanci [28]. Mehanizmi
razdvajanja u HILIC su veoma kompleksni i podrazu-
mevaju kombinaciju particije i adsorpcije analita, kao i
jonske interakcije analita sa negativno naelektrisanim
silanilnim grupama [29]. Kako je ponasanje olopatadin-
hidrohlorida u HILIC-u opisano u referenci [12], oceki-
vano je da se u posmatranom sistemu mogu pratiti
degradacioni proizvodi razli¢ite polarnosti i time dobiti
novi podaci o stabilnosti olopatadin-hidrohlorida. U
ovom istrazivanju, olopatadin-hidrohlorid najpre je tre-
tiran bazom, odnosno 0,5 i 1 M NaOH. Tokom 72 sata
tretiranje olopatadin-hidrohlorida sa 0,5 M NaOH nije
dovelo do znacajne degradacije.Dodatak jaCe baze, 1 M
NaOH, nije uticao je na povecanje degradacije. Dobijeni
rezultati pokazuju da se olopatadin-hidrohlorid u nul-
tom minutu razgradio 2,07%, nakon 24 h 2,72%, nakon
48 h 3,55% u odnosu pocetnu koncentraciju. Smatra se

da degradacija manja od 5% nije reprezentativna i da
ovi degradacioni proizvodi neée nastati u redovnim stu-
dijama stabilnosti pri preporu¢enim uslovima ¢uvanja
[4]. Moze se zakljuciti da olopatadin-hidrohlorid stabi-
lan u baznoj sredini.

U sledecoj fazi ispitan je uticaj povecanja tempera-
ture na stabilnost olopatadin-hidrohlorida. Zagreva-
njem vodenog rastvora na 60 °C pokazano je da ne do-
lazi do razgradnje pod dejstvom povisene temperature,
odnosno da je ispitivana supstanca termostabilna. U
definisanim vremenskim intervalima (0 h, 15 min, 1, 2 i
3 h), nije doslo do promene, odnosno, smanjenja kon-
centracija analita.

Hidroliza u kiseloj sredini sa 0,5 M HCI pokazala je
potpunu degradaciju u nultom minutu, pa je analiza
ponovljena sa manjim koncentracijama ove kiseline.
Tretiranje sa slabijom 0,1 M HCl dovelo je do znacajnog
smanjenja koncentracije analita, te se moZe pretpos-
taviti izrazita nestabilnost analita u kiseloj sredini. Kon-
centracija se trenutno smanjila za 34%, nakon 15 min
za 39%, 1 h za 46,6%, a nakon 2 h za 48,3%. Nakon 24 h
procenat degradacije bio je 61,3% u odnosu na inici-
jalnu koncentraciju. Tretiranje sa slabijom kiselinom,
0,01 M HClI, dovelo je do reprezentativne i manje inten-
zivne degradacije ispitivanog analita. U definisanim vre-
menskim intervalima (0 h, 15 min, 1 i 2 h) smanjenje
koncentracije olopatadin-hidrohlorida bilo je manje od
10% u odnosu na inicijalnu koncentraciju. Nakon 24 i 48
h procenat degradacije nije se znacajno povecavao.

Dodatkom oksidacionog sredstva H,0, u nizim kon-
centracijama (3 i 15%), olopatadin-hidrohlorid je ostao
relativno stabilan. Medutim, vec¢a koncentracija vodo-
nik-peroksida od 30% dovela je do intenzivnije degra-
dacije. Supstanca se u nultom minutu razgradila 0,76%,
nakon 1 h nije doslo do znacajne razgradnje, ali nakon
48 h procenat razgradnje bio je 7,55. Prikaz rezultata
studija forsirane degradacije dat je u tabeli 1.

Rezultati stres studija pokazuju da je olopatadin-
-hidrohlorid stabilan u baznoj sredini, kao i pod dejs-
tvom poviSene temperature (60 °C). S druge strane,
hidroliza u kiseloj sredini i oksidacija u prisustvu visoke
koncentracije vodonik peroksida ukazuju na relativnu
nestabilnost supstance u prisustvu pomenutih stres
agenasa. Odabrani hromatogrami olopatadin-hidrohlo-
rida dobijeni nakon izlaganja razli¢itim stres agensima
prikazani su na slici 2.

Tabela 1. Pregled rezultata studija forsirane degradacije (stepen degradacije, %)
Table 1. Summary of results of stress degradation studies (degradation degree, %)

Vreme degradacije, h

Agens

0 0,25 1 2 3 24 48
1 M NaOH 2,07 2,26 2,49 2,65 - 2,72 3,55
0,1 M HCI 34,0 39,0 46,6 48,3 - 61,3 -
0,01 M HCI 4,97 6,34 7,22 9,50 - 10,16 10,23
30% H,0, 0,76 1,39 3,08 5,07 5,41 5,52 7,55
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Slika 2. Odabrani hromatogrami olopatadin-hidrohlorida dobijeni nakon izlaganja razlicitim stres agensima; A. Hromatogram
standarda olopatadin-hidrohlorida (c = 100 ug mL™); B. Hromatogram uzorka nakon tretitanja olopatadin-hidrohlorida sa 1 M
NaOH; C. Hromatogram uzorka nakon zagrevanja vodenog rastvora olopatadin-hidrohlorida na 60 °C; D. Hromatogram uzorka
nakon tretitanja olopatadin-hidrohlorida sa 0,1 M HCl; E. Hromatogram uzorka nakon tretitanja olopatadin-hidrohlorida sa

0,01 M HCI; F. Hromatogram uzorka nakon tretitanja olopatadin-hidrohlorida sa 30% H,0,.

Figure 2. Selected chromatograms of the olopatadine HCI after exposure to a different stress agents; A. Chromatogram of olopata-
dine HCl standard (c = 100 ug mL™ ); B. Chromatogram of the sample after treatment olopatadine HCl with 1 M NaOH; C. Chromato-
gram of the sample after heating an aqueous solution olopatadine HCl at 60 °C; D. Chromatogram of the sample after treatment
olopatadine hydrochloride with 0,1 M HCI; E. Chromatogram of the sample after treatment olopatadine hydrochloride with 0,01 M
HCI; F. Chromatogram of the sample after treatment olopatadine hydrochloride with 30% H,0,.

Na osnovu prilozenih hromatograma moze se za-
kljuciti da je HILIC metoda uspesno primenjena za pra-
¢enje stabilnosti olopatadin-hidrohlorida pod uticajem
razlicitih stres agenasa. Takode, moze se zakljuciti da se
pod uticajem 0,1 M HCI (slika 2D) dobija degradacioni
proizvod (retenciono vreme = 10 min) koji ne nastaje
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pod ostalim stres uslovima. Pozicija pika na hromato-
gramu (eluiranje nakon olopatadin-hidrohlorida) uka-
zuje da je degradacioni proizvod vece polarnosti jer u
HILIC povecanje polarnosti dovodi do duzeg zadrza-
vanja analita u koloni.
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Naime, u sistemu reverznih faza kada je analit vece
polarnosti krace se zadrzava u koloni i eluira se ranije
$to u zavisnosti od prirode analita moze voditi nereten-
cionom ponasanju ¢ime se znacajno otezava identifiko-
vanje novog pika. Upravo u ovome se i ogleda prednost
primenjene HILIC metode jer zbog razlic¢itih mehani-
zama u odnosu na najc¢esée primenjivani reverzno-fazni
sistem omogucava kasnije eluiranje polarnih struktura
te se nedvosmisleno moze ukazati na postojanje novog
entiteta u hromatografskom sistemu sto je od poseb-
nog znacaja u izvodenju stres studija.

U nastavku istraZivanja odredena je kinetika reak-
cije degradacije kako bi se doneo konacan zakljucak o
ponasanju i degradacionom profilu olopatadin-hidro-
hlorida. Cilj je bio razumevanje mehanizma degradacije,
kao i predvidanje brzine reakcije degradacije i poluvre-
mena degradacije. Tok reakcija degradacije zavisi od
rastvaraca, koncentracije reaktanata, temperature i pH
vrednosti. Red reakcije opisuje zavisnost brzine reakcije
od koncentracije reaktanata. Lekovite supstance uglav-
nom se razlazu po principu reakcija nultog, prvog ili
pseudo-prvog reda. Medutim, mogu biti zastupljeni i
sloZeniji mehanizmi degradacije, odnosno reakcije viseg
reda [30]. Brzina reakcije odreduje se na osnovu brzine
smanjenja koncentracije reaktanata ili brzine porasta
koncentracije proizvoda reakcije. Za opisivanje reakcija
koristi se zakon brzine reakcije, koji moze imati dife-
rencijalni i integralni oblik Sto je opisano u literaturi
[14,30], a nacin odredivanja reda reakcije dat je u rado-
vima [31,32]. Kao konacan podatak izraCunava se kons-
tanta brzine reakcije [33—-35].

U ovom radu, kinetika degradacije olopatadin-hid-
rohlorida odredena je u kiseloj i baznoj sredini, kao i
nakon izlaganja oksidacionom sredstvu. Definisani vre-
menski intervali i dobijeni rezultati prikazani su u tabe-
lama od 2 do 5.

Tabela 2. Kinetika degradacije olopatadin-hidrohlorida nakon
izlaganja 1 M NaOH

Table 2. Degradation kinetics of the olopatadine hydrochlo-
ride degradation after exposure to a 1 M NaOH

Vreme, h c/ mM Inc 1/c

0 0,289141 -1,24084 3,458520
0,25 0,281805 -1,26654  3,548553
1 0,289836 —-1,23844  3,450227
3 0,286052 —1,25158 3,495868
24 0,281232 -1,26857 3,555783
48 0,278904 -1,27689 3,585463

Koeficijent korelacije (r) 0,763281 0,7656 0,7680

Na osnovu najvisih vrednosti koeficijenata korela-
cije, pokazano je da su kisela, bazna i oksidativna degra-
dacija reakcije drugog reda.

lako promena koncentracije sa vremenom pruza
detaljan opis brzine reakcije, pozeljno je definisati i jed-

nostavnu meru brzine reakcije, odnosno poluvreme
reakcije. Poluvreme reakcije predstavlja ono vreme za
koje se pocetna koncentracija reagujuée supstance
smanji na polovinu, i Sto je reakcija brza, poluvreme
reakcije je kraée [30]. Za reakciju prvog reda poluvreme
reakcije ne zavisi od koncentracije, dok je za reakciju
drugog reda obrnuto proporcionalno pocetnoj koncen-
traciji reaktanta.Vrednosti konstanti brzina degradacije
i poluvremena reakcija, izraCunatih na osnovu prikaza-
nih jednacina, predstavljeni su u tabeli 6.

Tabela 3. Kinetika degradacije olopatadin-hidrohlorida nakon
izlaganja 0,1 M HCI

Table 3. Degradation kinetics of the olopatadine hydrochlo-
ride degradation after exposure to a 0.1 M HCI

Vreme, h c/ mM Inc 1/c

0 0,172523 -1,75722  5,796329
0,25 0,154454 -1,86786 6,47442
1 0,139529 -1,96948 7,166969
2 0,135062 —2,00202 7,404007
24 0,101241 -2,29025 9,877421

Koeficijent korelacije (r)  0,8665 0,8228 0,9391

Tabela 4. Kinetika degradacije olopatadin-hidrohlorida nakon
izlaganja 0,01 M HCI

Table 4. Degradation kinetics of the olopatadine hydrochlo-
ride degradation after exposure to a 0.01 M HCI

Vreme, h c/ mM Inc 1/c

0 0,252369 -1,37054 3,977488
0,25 0,250506 -1,38427 3,991920
1 0,248151 -1,39372 4,029804
2 0,242071 -1,41852 4,131019
24 0,240298 -1,42587 4,161499
48 0,240097 -1,42671 4,164983

Koeficijent korelacije (r)  0,7172 0,7200 0,7228

Tabela 5. Kinetika degradacije olopatadin-hidrohlorida nakon
izlaganja 30% H,0,

Table 5. Degradation kinetics of the olopatadine hydrochlo-
ride degradation after exposure to a 30% H,0,

Vreme, h c/mM Inc 1/c

0 0,293641  -1,2254 3,405519
0,25 0,28956 -1,23939 3,453516
1 0,284596 -1,25668 3,513753
2 0,27875 -1,27744  3,587443
3 0,277757 -1,28101 3,600269
24 0,277426  —1,2822 3,604565
48 0,271469 -1,30391 3,683662

Koeficijent korelacije (r)  0,7287 0,7351 0,7415

Na osnovu dobijenih poluvremena reakcije, zaklju-
¢eno je da je degradacija u kiseloj sredini sa 0,1 M HCI
najbrza reakcija (t;, = 41,4 h), dok je degradacija u
baznoj sredini najsporija reakcija (t;/, = 1572 h). Na ovaj
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Tabela 6. Vrednosti konstanti brzina degradacije i poluvremena degradacije; [A,] — pocetna koncentracija
Table 6. The values of degradation rate constants and half-lives

Parametar 1 M NaOH 0,1 M HCI 0,01 M HCI 30% H,0,
Konstanta brzine degradacije, k/ mM™ h™ 0,0022 0,1399 0,0035 0,0039
Poluvreme degradacije t;/, = 1/k[Aq] (h) 1572 41,4 1132.1 873,2

nacin, potvrdena je velika stabilnost olopatadin-hidro-
hlorida u baznoj sredini. S druge strane, olopatadin-
-hidrohlorid najosetljiviji je na prisustvo kiseline 0,1 M
HCI. Kisela degradacija sa jacom kiselinom 0,1 M HCI
znatno je brza reakcija od kisele degradacije sa slabijom
kiselinom 0,01 M HCI. Takode, hidroliza u kiseloj sredini
sa 0,1 M HCl znacajno je brza reakcija i od reakcije oksi-
dacije u prisustvu 30% H,0,, odnosno analit je znatno
stabilniji na oksidaciju nego na prisustvo kiseline.

ZAKLJUCAK

U ovom radu opisano je pracenje degradacije olo-
patadin-hidrohlorida pod uticajem razli¢itih stres age-
nasa HILIC metodom. Na osnovu navedenih ispitivanja i
dobijenih rezultata, pokazano je da je olopatadin-hidro-
hlorid stabilan u baznoj sredini tj da tretiranje sa 1 M
natrijum-hidroksidom u trajanju od 48 h daje degrada-
ciju od svega 3,55%. Takode, studije forsirane degra-
dacije potvrdile su da je olopatadin-hidrohlorid stabilan
na temperaturi od 60 °C, kao i pod dejstvom nizZih kon-
centracija oksidacionog sredstva dok se pri visokim
(30% vodonik-peroksida) razlaZze za 7,55% ako je izloZen
48 h. Nasuprot tome, olopatadin-hidrohlorid je nestabi-
lan pod dejstvom kiseline (visSe od 60 %za 24 hsa 0,1 M
HCIl). Pokazano je da se HILIC metodom uspesno moze
pratiti degradacija olopatadin-hidrohlorida. Takode,
odredena je kinetika degradacije idobijeno je da su
kisela, bazna i oksidativna degradacija reakcije drugog
reda. Na osnovu izraunatih poluvremena degradacije
zaklju¢eno je da je kisela degradacija najbrza reakcija,
dok je bazna degradacija najsporija reakcija. Takode,
definisanje parametara kinetike reakcije pruza drago-
cene informacije o njegovom degradacionom profilu i
omogucdava predvidanje mehanizma degradacije. Ova-
kvo ponasanje olopatadin-hidrohlorida pruza moguc-
nost za dodatna i opseZnija ispitivanja njegove stabil-
nosti, kao i identifikaciju degradacionih proizvoda i
puteva degradacije.
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(Scientific paper)

The purpose of the present research was to conduct stress degradation stu- Keywords: Olopatadine hydrochloride e
dies on the olopatadine hydrochloride, an antiallergic drug, using the hydrophilic Forced degradation studies e Degrad-
interaction liquid chromatography (HILIC). HILIC requires the utilization of polar ation kinetics e Hydrophilic interaction
and moderately polar stationary phases and aqueous-organic mobile phase usu- liquid chromatography

ally containing more than 70% of organic solvent. In this study, olopatadine hyd-
rochloride was subjected to acid and base hydrolysis, oxidation and thermolytic
degradation in order to estimate its stability under different stress conditions
recommended by ICHQ1A (R2) guideline. Degree of degradation was followed by
HILIC method. The chromatographic conditions were: column Betasil Cyano (100
mmx4.6 mm, 5 um particle size), mobile phase consisted of acetonitrile and
ammonium acetate 5 mM (pH adjusted to 4.50) in ratio 85:15 V/V, flow rate was
1 mLmin™}, column temperature was set at 30 °C and detection was performed at
257 nm. Results obtained for stress studies indicated that olopatadine hydro-
chloride underwent transformation under acidic and oxidative (30% hydrogen
peroxyde) conditions showing high degree of degradation. Furthermore, it was
found that olopatadine hydrochloride is relatively stable when exposed to ther-
mal (60 °C) and basic (1 M NaOH) conditions. Therewith, kinetics of degradation
reaction was determined with an aim to define the corresponding reaction rate
constants and half-lives. Firstly, the order of the reaction was evaluated experi-
mentally using the integral method. Based on the calculated values of the correl-
ation coefficients, it was shown that the acidic, basic and oxidative degradation
are the second-order reaction. High stability under basic conditions was achieved
on the basis of the great degradation half-life values. Also, it has been verified
that acidic degradation is the fastest reaction.
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Abstract

Bottled waters were analyzed for different chemical parameters and activity concentra-
tions of radionuclides. The hydrocarbonate ion was dominant in all samples, while the
major cation composition was a combination of Ca—Mg—Na ions. Physicochemical proper-
ties of bottled water samples are influenced by underlying geology. The sum of trace
element concentrations varied from 79.7 to 9349.7 ug/I. The dietary reference intake (DRI)
system was applied and contributions of some essential elements were calculated accord-
ing to age group and gender. Hierarchical cluster analysis (HCA) grouped bottled water
samples into four clusters based on the similarities of the groundwater quality and essen-
tial elements concentrations. The origin of radioactivity is natural and could be traced to
minerals in felsic igneous rocks. Two brands exhibited elevated beta activity (1.087+0.134
Bq/l; 1.242+0.146 Bq/I). Effective doses were found to be below the reference level of 0.1
mSv/yr.
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According to new data, the production of bottled
water in Serbia is threatened by the economic crisis as
well as the good quality of the tap water in the country
[1]. However, data available from the past years
showed that the consumption of bottled water was
increasing rapidly [2,3]. Due to the importance of drink-
ing water for human health, their quality must be care-
fully and systematically controlled [4].

Fourteen mineral elements have been established
as essential for good health; these elements in com-
bined form affect bone and membrane structure (Ca, P,
Mg and F), water and electrolyte balance (Na, K and Cl),
metabolic catalysis (Zn, Cu, Se, Mg, Mn and Mo), oxy-
gen binding (Fe), and hormone functions (I and Cr) [5].
The chemical composition of natural mineral water
depends on many factors, including the mineralogy/
/lithology of the aquifer, residence time of the water,
amount of solids and trace elements which can be sol-
uble under appropriate pH and redox conditions [6-9].

In the last few years many studies have been
focused on the hydrogeochemical properties of bottled
waters [2,10-15], on the chemical composition of
bottled waters and its health effects [16-18] and also
on the radiation dose estimations in various water
samples [19-21]. In Serbia, the quality of bottled
waters was the subject of only several studies
[2,4,14,22,23].
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This study covered a wide range of major and trace
elements, and also investigated the natural radioact-
ivity of bottled waters. The goal of the research was to
examine the potential contribution of bottled waters to
essential elements intake and exposure to ionizing
radiation.

METHODS

Study area

The study area was the Republic of Serbia which is
located in South-eastern Europe, occupying an area of
88.361 km’. Serbia is consisted of very complex geo-
logical units, as part of the Central Balkan Peninsula.
The geological framework comprises several geotec-
tonic units [24]: Carpatho—Balkanides composite ter-
rane (CBCT), Serbo—Macedonian composite terrane
(SMCT), Vardar zone (VZ), Jadar Block terrane (JBT),
Drina—lvanjica terrane (DIT), Dinaridic ophiolite belt
terrane (DOBT) and External Dinarides (ED), Fig. 1.

CBCT extends through eastern Serbia and repre-
sents lower Palaeozoic units which are merged before
the Upper Permian [25]. Mesozoic limestone and dolo-
mite are the most important aquifer, in this region,
with more than 1000 m thickness. SMCT is a crystalline
basement which occupies the central part of the ter-
ritory of Serbia. It is composed of very thick Proterozoic
metamorphic rocks: gneiss, micaceous shale, various
types of schist, marble, quartzite, granitoid rocks, and
igneous rocks. Deep reverse faults constitute the
boundary with other geotectonic units [14]. VZ is repre-
sented by a composite assemblage of continental and

347



M.D. CUK et al.: THE QUALITY OF BOTTLED WATERS IN SERBIA

Hem. ind. 70 (3) 347-358 (2016)

s Pannonian
Basin
©

Ol

e .
Fruska Gora Mt

Legend
® Brand 1-15
—— Tectonic boundaries

Quartar deposits
Neogene sediments
Carbonated rocks
[ Volcanic rocks
E#7% Plutonic rocks
? == Ophiolite and serpentinite rocks
z I Flysch
Crystaline rocks

Schematic geotectonic units (Karamata and Krsti¢, 1996):

JBT — Jadar Block Terrane;VZCT —Vardar Zone Composite Terrane;
DOBT - Dinaride Ophiolite Belt Terrane; DIT — Drina-Ivanjica Terrane;
SMCT- Serbo-Macedonian Composite Terrane;
CBCT - Carpatho-Balkanides Composite Terrane.

Figure 1. Simplified geological map of Serbia showing the distribution of major rock types.

oceanic units, intruded by Oligocene to Pliocene calc-
-alkaline magmatic rocks [26]. The continental units are
characterized by a Paleozoic basement covered by Mid-
dle to Late Triassic, mainly carbonate, sequences,
whereas the oceanic units are represented by Jurassic
ophiolites. In addition, slices of Late Jurassic melange
and Late Cretaceous turbidite are also recognized. On
the whole, the Vardar zone is regarded as a suture zone
developed after the collision between Eurasia and
Adria [27]. JBT is an exotic block of the Earth’s crust,
thought to be derived from further west [28] and is
highly correlative with the Dinaride — South Alpine belt.
This unit is bounded by deep fault zones and tectonic
melanges. DIT occupies the western part of territory of
Serbia, where there are large masses of ultrabasic rocks
and serpentinites. At the south—east, it has a boundary
with the Ophiolite Belt which is mostly covered by
Triassic limestone. The north—west part of the terrane
is covered by Eocene deposits [24]. DOBT is character-
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ized by ophiolites ranging in age from Triassic to Juras-
sic, which are regarded as representative of the oceanic
basin. This nappe includes a stack of ophiolitic units
overlying a sub-ophiolitic melange [29]. Ophiolite inc-
ludes terrigenous sedimentary rocks, minor cherts and
limestones, together with basalts, diabases, various
gabbros and ultramafic rocks [24,30,31]. ED is large
tectono—stratigraphic unit, composed of Jurassic to
Late Cretaceous clastic and carbonate sequences, up to
4000-5000 m thickness [32]. The Pannonian basin (PB)
rests on thrust sheets of the Inner Carpathian foldbelt
in northern and central areas and, to the south, on
those of the Dinarides and Vardar Zone. During the
Tertiary period, largely clay and sand sediments were
deposited within the basin, whose thickness in the
north—east is greater than 2500 m [33]. Neotectonic
movements formed the horsts of Fruska Gora Mt. (a
part of the VZ) and VrSac Mountains constructed of
crystalline schist and granite (part of the SMCT).
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Sampling and laboratory methods

During 2012, 15 different bottled water samples
were purchased from local markets. The selected
brands are the most commonly produced. Locations of
groundwater sources are presented in Fig. 1. Major
cations (Ca, K, Mg and Na) in the groundwater samples
were measured by inductively-coupled plasma optical
emission spectrometry (ICP-OES). Major anions were
determined by ion chromatography (Dionex ICS—3000
DC). Trace elements were analyzed by HR—-ICP/MS high
resolution magnetic sector ICP/MS using a Finnegan
Mat Element 2 instrument for 57 elements. To test the
accuracy and precision of the method, NIST® 1643e
“Trace Elements in Water” SRM was analysed and com-
pared to the certificate values.

Gross alpha and beta activities were examined with
the procedures recommended by iso 9696 water
quality — measurement of gross alpha activity in non-
-saline water, thick source method, and ISO 9697 water
quality — measurement of gross activity in non-saline
water [34,35]. Gamma spectrometry analysis was
undertaken following the procedure of I1SO 10703
water quality — determination of the activity concen-
tration of radionuclides by high resolution gamma-ray
spectrometry [36]. Gross alpha/beta activity measure-
ments were made on a low level a,fproportional
counter PIC-WPC-9550 (Protean Instrument Corpor-
ation), featuring efficiencies of 31% for alpha radiation
and 44% for beta radiation, using the reference mat-
erials ***Am and *°Sr. Gamma activity was determined
by gamma-spectrometry measurements using a HP Ge
detector with relative efficiency of 25% and energy res-
olution of 1.85 keV (1332.5 keV *°Co). The calibration
was made using an AMERSHAM standard in a Marinelli
beaker.

Calculation of dietary reference intake

The dietary reference intakes (DR/) are a set of ref-
erence values for vitamins, minerals, and other nut-
rients important to human health established by the
Institute of Medicine (IOM) of the U.S. National Acad-
emy of Sciences. DRI system includes the recom-
mended dietary allowance (RDA), adequate intake (Al)
and tolerable upper intake level (UL), and it is used to
calculate contributions of the elements essential for
human health according to age group and gender [37].

Calculations were done according to the formula:

1oo0mMVv
RDA

DRI =

(1)

where M is element concentration (mg/l); V is water
consumption according to age group and gender (L/d)
(Table 1); RDA — RDA/AI/UL (mg/d), Table 1. An RDA is
an average daily dietary intake level; sufficient to meet
the nutrient requirements of nearly all (97-98%)

healthy individuals in a group. If sufficient scientific
evidence is not available to establish an RDA, an Al is
usually developed. UL is the highest level of daily nut-
rient intake that is likely to pose no risk of adverse
health effects to almost all individuals in the general
population [37].

Hierarchical cluster analysis (HCA)

Cluster analysis is a multivariate method which aims
to classify a sample of objects on the basis of a set of
measured variables into a number of different groups
such that similar subjects are placed in the same group.
Squared Euclidean distances were chosen to measure
similarity/dissimilarity among the variables while Ward’s
linkage method was chosen to link initial clusters
resulting from the initial clustering steps. Finally, the
result of this statistical method is a graphical represent-
ation of individual groups (dendrogram) [38,39].

Estimation of annual effective doses

. L. 226 228
The annual radiation doses from ““Ra, ““Ra and

U in the bottled water samples have been calculated
using the Recommended Adequate Intakes for water
(Table 1) [40], together with the measured radioactivity
concentrations and the radiation dose coefficients for
ingestion [41].

The formula used for this purpose is:

238

D = VxA**®Raxh(g)**°Ra + VxA**®Ra xh(g)**°Ra +

VxA®U xh(g)u (2)
where V is water consumption according to age group
and gender (Table 1); A*°Ra, A”*®Ra and A”*®U are act-
ivity concentrations of radionuclides (Bg/l); h(g)**°Ra =
= 4.9x10" Sv/Bq, h(g)**®Ra = 6.9x10” Sv/Bq, h(g)**’U =
= 4.5x107° Sv/Bq are dose coefficients for radionuclides.

RESULTS AND DISCUSSION

Water quality: major hydrochemistry, trace elements,
compliance with regulations

The major chemical composition of bottled water
samples is shown in Table 2. Total dissolved solids (TDS)
ranged from 56 to 3400 mg/l with a median of 464
mg/l. pH values ranged from 6.37 to 7.93, while CO,
concentrations ranged from 7.48 to 1621 mg/I.

The Schoeller diagram was used for a comparative
view of bottled water quality (Fig. 2). The hydrocarbo-
nate ion was dominant in all the samples. Low—miner-
alized water samples (TDS < 1000 mg/l) had a prepon-
derance of Ca and Mg ions, while CO, rich waters (CO,
> 250 mg/l) had a preponderance of Na ions. CO, rich
waters are associated with different regional geolog-
ical-structural features and related to granite intrusions
and volcanic rocks [42]. Bottled water samples 7, 10,
11, 12 and 15 had the highest TDS levels and CO, con-
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Table 1. Recommended dietary allowances/adequate intakes/tolerable upper intake levels (mg/d) for children, adolescents, adults,

pregnant and lactating females (IOM 2004)

Water obtained from

Age group drinks per day (L) Ca Cu Fe Mg Mo Se Zn Cr Mn K Na cl B
Children 1-3y 0.9 700 034 7 80 0.017 0.02 3 0.011 1.2 3000 1000 1500 3
Children 4-8vy 1.2 1000 0.44 10 130 0.022 0.03 5 0.015 1.2 3800 1200 1900
Boys 9-13y 1.8 1300 0.7 8 240 0.034 0.04 8 0.025 1.9 4500 1500 2300 11
Girls 9-13y 1.6 1300 0.7 8 240 0.034 0.04 8 0.021 1.6 4500 1500 2300 11
Boys 14-18 2.6 1300 0.89 11 410 0.043 0.055 11 0.035 2.2 4700 1500 2300 17
Girls 14-18y 1.8 1300 0.89 15 360 0.043 0.055 9 0.024 1.6 4700 1500 2300 17
Adults Men>19y 3 1000 0.9 8 410 0.045 0.055 11 0.033 2.3 4700 1375 2100 20
Women >19y 2.2 1000 0.9 13 320 0.045 0.055 8 0.022 1.8 4700 1375 2100 20
Females Pregnant 19-50y 2.3 1000 1 27 355 0.05 0.06 11 0.03 2 4700 1500 2300 20
Lactating 19-50y 3.1 1000 1.3 9 315 0.05 0.07 12 0.045 2.6 5100 1500 2300 20
Table 2. Basic chemical composition (mg/l) and aquifer lithology of bottled waters in Serbia
Brand Aquifer lithology pH Ca Mg Na K HCO3 SO, cl TDS CO,
Deluvial deposits 7.93 10 0.91 2.7 1 42.7 5.4 1 56 7.48
Crystalline rocks dated  7.65 22.26 8.37 1091 0.753 109 12 8.2 146 76.56
Precambrian or Lower
Paleozoic
3 Neogene sediments 7.2 86 50 33.11 1.19 561 9 10 420 36
Sandstones and granite 7.1 50.46 6 19.32 1.84 189 25 13 221 98
sand
5 Alluvial aquifers 7.06 37.24 8.75 23 2 165 21 14.9 232 33
comprised of gravels and
sands
6 Serpentinite and 7.4 66.7 42.8 4.1 0.877 398.3 17.9 2.1 319 30.8
limestone/dolomitic
limestones
7 Dolomitic limestones 7 144 36.4 286 28 1329 14 7.2 1175 1499.52
Neogene sediments 7.25 72 28.75 130.7 2.5 578.3 0.35 87.67 603 219
9 Limestones 7.4 70 15 10 15 300 20 6 422.5 20
10 Granitoid rocks 6.5 85.4 20.6 1216 52 3290 173 54.1 3400.8 1621
11 Granitoid rocks 6.94 55 11.56 1230 52.8 3100 181 55 3100 1496
12 Granitoid rocks 6.37 84.1 23 930 20.5 3050 174 32 2705 1296
13 Neogene sediments 7.2 26.8 27.63 99.59 0.7 470 5.3 1.2 631 208
14 Neogene sediments 7.85 24.31 22.98 400.3 4.33 774.6 0.35 282.9 1123 203
15 Serpentinite and 7.62 72.14 5836  324.2 3.56 1232 31.6 18.16 1200 599.28

Paleozoic shales

centrations, thus pH values of these brands are slightly
acidic to nearly neutral (pH 6.37-6.94). These waters
are found in areas of large tectonic faults, in SMCT and
VZ units, while low-mineralized waters originated from
aquifers present in different geological units (Table 2).
Groundwaters enriched in Na and Cl, captured from
Neogene sediments in the Pannonian Basin, with a long
residence time in aquifer are marked as “mature
groundwater” (Fig. 2).
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To evaluate the quality of the bottled waters in
Serbia, 66 parameters are summarized in Table 3 with
the appropriate regulation standards. The sum of trace
element concentrations varied from 79.7 to 9349.7 pg/|
with few elements significantly below 1 pg/l, namely
some of elements of the rare earth group, Th, Ta and
Ag. The widest range in trace element concentrations
was found for Cs, Ge, Rb, Tl, Cr, B, Mn, Zn, Zr, Nd, La
and Ce.



M.D. CUK et al.: THE QUALITY OF BOTTLED WATERS IN SERBIA

Hem. ind. 70 (3) 347-358 (2016)

10000.0

1000.0

100.0

mg/L

10.0

0.1

------- mature groundwater
—-low-mineralized water
— CO, rich water

Ca Mg Na Cl

Figure 2. Schoeller diagram of major chemical composition.

Table 3 shows that most samples comply with
guidelines. Exceptions include three samples that
exceeded national requirements for bottled water.
Brand 12 had an elevated concentration of As (10.9
ug/l), Brand 7 an elevated concentration of Fe (238.77
pg/l), and Brand 5 showed an elevated Se concen-
tration (13.97 ug/l).

Toxic elements, such as Cd, Cr, Hg and Pb occur at
very low concentrations, mostly below the detection
limits in the sampled bottled waters.

Applying the dietary reference intakes

The calculated values of DRI for bottled water
samples according to age group and gender are pre-
sented in Table 4. With regard to mineral intake for
children and adults, some waters contribute signific-
antly to the DRIs for Ca (Brand 7: 28.8% for children
and 44.64% for adults), Mg (Brand 15: 65.66 and
58.36%), Na (Brand 11: 147 and 254.2 %), B (Brand 12:
142 and 109.9 %), Cr (Brand 3: 99.8 and 106.1 %), Se
(Brand 5: 62.8 and 61.87 %), Mo (Brand 7: 21.5 and 22
%) and Cl (Brand 14: 32 and 38.13 %).

Ingestion of Brands 10 and 11 exceeds the maxi-
mum recommended daily intake of Na in all groups (up
to 246%) and Brand 12 for boys, girls (14-18 years) and
adults. Ingestion of Brand 12 exceeds the tolerable
upper intake level for B for children (up to 213%), men
(106%) and lactating females (109.8%). Cr may have a
significant contribution especially in Brand 3 (106.7% of
daily intake of Cr for women). Other essential micro-
component elements (Cu, K, Mn, Fe and Zn) have a
contribution to DRI less than 5.1%, in all considered
groups.

S04 HCOs

Hierarchical cluster analysis (HCA)

HCA was used to identify natural groupings in a
dataset according to chemical similarity of the samples.
Water quality parameters (pH, CO, content, major cat-
ions — Ca, Mg, Na and K, major anions — HCO;, Cl, SO,
and other essential elements — Cr, Cu, B, Mn, Mo, Fe
and Zn) are selected as variables for HCA. Bottled
waters are subdivided into four clusters (C1-C4, Fig. 3).
Cluster 1 is characterized by low-mineralized water
samples (TDS: 56—631 mg/l), with pH values greater
than 7. Ca and Mg are dominant cations in this group,
which make the greatest contribution to DRIs: 2.67% Ca
for children (4-8 years) to 21.7% Ca for lactating
females and 3% Mg for girls (14-18 years) to 31.08%
Mg for children (1-3 years). Other essential elements in
C1 have a contribution of less than 5%. Cluster 2 inc-
ludes Brands 8 and 14, originating from PB, which are
enriched with Na and Cl ions. This composition is a con-
sequence of water filtration through sediments formed
in marine or lake marine conditions. DRI contribution of
Na in C2 is 11.76-82.73% and Cl is 5.2-38.1% (lower
value refers to children of 1-3 years, and upper value
to lactating females).

In Cluster 3 (Brands 3, 6, 7 and 15) Mg concentra-
tions have a significant contribution to the DRIs: 18.2%
Mg (in girls 14-18 years group) — 65.66% Mg (in child-
ren 1-3 years group). Ca ingestion from these waters is
also important: 8% (for children 4-8 years of age) to
46.4% (lactating females). Mg concentrations are rel-
ated to water circulation through an aquifer formed at
the contact of serpentinite and Triassic limestone/dolo-
mitic limestones or Paleozoic shales. Elevated CO, con-
centrations enhance the solubility of Ca and Mg carbo-
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Table 3. Summary of the 66 parameters measured in the bottled waters in Serbia

Detection

Official Gazette of Serbia EU Directive

Parameter Unit limit Min Max  Median and Montenegro 53/05 2003/40/EC Brand above national standards
Ca mg/l  0.05 10 144 66.7

Mg mg/l  0.05 0.91 58.36 22.98

Na mg/l  0.05 2.7 1230  99.59

K mg/l  0.05 0.7 52.8 2.5

HCO; mg/l  0.05 42.7 3290 561

SO, mg/l  0.05 0.35 181 14.4

cl mg/l  0.05 1 282.9 13

pH - 6.37 7.93 7.2

DS mg/I - 56 3400 420

Ag ug/l  0.002 <0.002 0.0038 0.0038

Al ug/l 0.5 <0.5 8.47 3.69 200

As ug/l 0.02 <0.1 10.91 0.75 10 10 Brand 12
B ug/l 0.1 3.32 7087.75 149.45

Ba pg/l  0.01 0.86 191.25 55.66 1000
Be pg/l 0.001 <0.001 0.013 0.0038

Bi ug/l  0.001 <0.001 0.031 0.0075

Cd ug/l  0.001 <0.005 0.26 0.029 3 3
Ce ug/l  0.001 <0.001 0.59 0.015

Co ug/l  0.001 <0.001 0.081 0.02

Cr ug/l 0.01 <0.01 12.05 0.075 50 50
Cs ug/l  0.001 <0.001 118.04 0.27

Cu pg/l  0.05 <0.05 12.06 0.86 2000 1000
Dy pg/l  0.0005 0.0005 0.017 0.002

Er pg/l 0.00005 0.00032 0.011 0.00096

Eu pg/l 0.00005 0.00253 0.079 0.023

Fe ug/l 1 <1 238.77 7.47 200 Brand 7
Ga ug/l  0.001 <0.001 0.012 0.0025

Gd pg/l 0.00005 <0.00005 0.016 0.0002

Ge ug/l  0.001 <0.001 16.2 0.21

Hf pg/l 0.00005 <0.00005 0.007 0.0002

Hg ug/l  0.05 <0.05 <3 - 1 1
Ho pg/l 0.00001 0.00001 0.002 0.0003

In pg/l 0.0001 0.0034 <0.0185 -

La ug/l  0.001 <0.001 0.66 0.012

Li ug/l 0.05 1.51 985 13.82

Lu pg/l 0.00005 <0.0005 0.003 0.001

Mn ug/l 0.05 <0.05 39.5 1.5 50 500
Mo pg/l 0.005 <0.005 355  0.26

Nb pg/l 0.0001 <0.0001 0.005 0.00034

Nd pg/l 0.0001 <0.0001 0.086 0.003

Ni ug/l 0.05 <0.05 1.49 0.23 20 20
Pb ug/l  0.005 <0.005 0.78 0.19 10 10
Pr ug/l 0.00005 <0.00005 0.025 0.00087

Rb pg/l 0.005  <0.005 253.98 1.22

Re pg/l 0.0001 0.0004 0.16 0.026

Sb pg/l  0.001 0.029 2.2 0.59 5 5
Sc ug/l 0.01 <0.01 0.35 0.038

Se ug/l 5 <5 13.97 9.6 10 10 Brand 5
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Table 3. Continued

Detection

Official Gazette of Serbia EU Directive
and Montenegro 53/05 2003/40/EC

Brand above national standards

Parameter Unit limit Min Max  Median
Si mg/l  0.03 0.3 415 13
Sm pg/l  0.0005 <0.0005 0.017 0.002
Sn ug/l  0.01 <0.01 0.35 0.14
Sr ug/l  0.01 20.45 1490 475.03
Ta pg/l  0.0005 <0.0005 0.0025 0.0023
Tb pg/l 0.00002 <0.00002 0.0045 0.00075
Te ug/l  0.001 <0.001 0.23 0.0075
Th pg/l 0.00002 <0.00002 0.0014 0.000075
Ti ug/l  0.01 <0.01 0.64 0.038
Tl pg/l 0.0001 <0.0001 0.31 0.0008
Tm pg/l 0.0001 <0.0001 0.0014 0.00038
U ug/l 0.0001 0.0072 3.45 0.1
\Y ug/l  0.001 0.0065 4.45 0.20
w ug/l  0.001 <0.001 0.49 0.1
Y pg/l 0.0005 <0.0005 0.093 0.013
Yb pg/l 0.00005 <0.00005 0.009 0.00075
Zn ug/l 0.5 <0.5 360.8 15.2
Zr ug/l  0.001 <0.001 1.11 0.0375

Table 4. Dietary reference intakes (DRI): essential elements from bottled water samples

Age group RDA [/ % All % UL/ %
Ca Mg Cu Fe Mo Se Zn Cr Mn Na K cl B
Children 1-3y Min 1.29 1.02 0.08 0.00 0.07 23.54 001 1.44 0.12 024 0.02 006 0.10
Max 18.51 65.66 3.19 0.16 18.80 62.87 0.36 98.62 2.91 110.70 1.58 16.97 212.63
Median  7.07 21.36 032 0.02 2.02 43.20 004 417 050 6.64 006 0.69 4.03
4-8y Min 1.2 0.84 0.08 0.00 0.07 20.92 001 1.40 0.13 0.27 002 0.06 0.07
Max 17.28 53.87 3.29 0.14 19.37 55.89 0.29 96.43 3.10 123.00 1.67 17.87 141.76
Median  6.60 17.53 0.33 0.01 2.09 38.40 0.03 4.08 0.53 7.38 0.06 073 2.69
Boys Min 1.38 0.68 0.07 0.01 0.07 2354 001 126 0.6 0.32 0.2 008 0.05
9-13y Max 19.94 43.77 3.10 0.27 18.80 62.87 0.27 86.79 3.67 147.60 2.11 22.14 115.98
Median  7.62 14.24 031 0.03 2.02 43.20 0.03 367 063 886 008 090 220
Girls Min 1.23 061 0.07 001 0.06 2092 0.01 1.34 016 029 0.02 007 0.05
9-13y Max 17.72 3891 2.76 0.24 16.71 55.89 0.24 91.84 3.88 131.20 1.88 19.68 115.98
Median  6.77 12.66 0.27 0.02 1.80 38.40 0.02 3.89 066 7.87 0.07 0.80 220
Boys Min 2.00 0.58 0.08 0.01 0.08 2472 0.01 145 0.22 047 0.03 011 0.05
14-18y  Max 28.80 37.01 3.52 0.29 21.47 66.05 0.29 99.88 5.11 213.20 2.92 31.98 108.40
Median  11.00 12.04 035 0.03 2.31 45.39 0.03 423 0.87 832 011 130 2.05
Girls Min 138 0.46 0.06 000 0.05 17.12 0.01 1.32 019 032 0.02 008 0.05
14-18y Max 19.94 29.18 2.44 0.14 14.87 45.73 0.24 90.40 4.36 147.60 2.02 22.14 108.40
Median  7.62 9.50 0.24 0.01 1.60 31.42 0.02 3.83 0.74 886 0.07 090 2.05
Adults Men Min 3.00 0.65 0.10 0.01 0.08 2853 0.01 150 0.22 0.54 0.03 0.13 0.05
Max 43.20 41.69 4.02 0.45 23.68 76.21 0.33 103.32 506 246.00 3.37 36.90 106.32
Median  16.50 13.56 0.40 0.05 2.55 52.37 0.03 437 0.86 1476 0.12 150 2.01
Women  Min 220 0.63 0.07 0.00 006 2092 001 154 0.20 040 002 0.10 0.04
Max 31.68 40.12 2.95 0.15 17.36 55.89 0.33 106.07 4.74 180.40 2.47 27.06 77.97
Median  12.10 13.06 0.29 0.01 1.87 38.40 0.03 4.49 0.81 10.82 0.09 1.10 1.48
Pregnant  Min 230 0.60 0.07 0.00 0.06 2005 0.01 134 0.9 041 0.02 0.10 0.04
Max 33.12 38.35 2.77 0.10 16.34 53.56 0.25 92.41 4.46 188.60 2.58 28.29 81.51
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Table 4. Continued

RDA |/ % Al % UL/ %
Age group
Ca Mg Cu Fe Mo Se Zn Cr Mn Na K cl B
Adults Pregnant  Median 12.65 12.48 0.28 0.01 1.76 36.80 0.03 391 0.76 11.32 0.09 1.15 1.54
Lactating  Min 3.10 091 0.07 0.01 0.08 23.16 0.01 121 0.20 0.56 0.03 0.13 0.05
Max 4464 58.36 2.88 0.42 22.02 61.87 0.31 83.04 4.62 254.20 3.21 38.13 109.86
Median 17.05 18.99 0.29 0.04 2.37 4252 0.03 351 0.79 1525 0.12 1.55 2.08
Dendrogram using Ward Linkage
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Figure 3. HCA dendrogram of bottled waters.

nates, and consequently, increase Ca/Mg concentra-
tions in the groundwater, in the case of Brands 7 and
15. Brand 3 is specific by a high contribution to the Cr
intake (83% in lactating females — 106% for women)
and Mg concentrations (25% for girls 14-18 years of
age to 56.26% for children 1-3 years of age). Cluster 4
included Brands 10, 11 and 12, which belong to
NaHCO;-water type and which originated from aquifers
in granitoid rocks. They are characterized by elevated
concentrations of dissolved solids and CO, concentra-
tions. The contribution of Na in C4 is 83.7% for children
(1-3 years) to 192.2% in lactating females, while the
contribution of B is 78% for women to 212.6% for
children (1-3 years of age).

Radioactivity of bottled waters and annual effective
doses

Exposure to ionizing radiation is expressed by the
effective dose which is estimated for human beings to
be, on average, 2.5 mSv/year from natural radiation
[41,43]. In general, water consumption is a minor
source of radionuclide intake compared to food [44].
The guideline value for drinking water requires that the
total estimated dose per year from all radionuclides,
excluding the dose from “°K should not exceed 0.1 mSv
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(K is an essential element, absorbed mainly from ing-
ested food and “°K does not accumulate in the body)
[43,45].

The radioactivity in groundwater comes mainly
from radionuclides of the natural decay chains 28 and
232Th, and *K in soil and bedrock. Some radionuclides
can dissolve easily in water, depending on the mineral-
ogical and geochemical composition of rock, redox
conditions and the residence time of ground water in
bedrock, as a result of the reaction of the ground water
with soil and bedrock [46]. To gain insight into the
radioactive properties of bottled waters of Serbia,
radionuclide activity concentrations of 238U, 228Ra, 2%Ra
and “°K were examined.

Summary statistics for gross alpha and beta acti-
vities and activity concentrations of 238U, 226Ra, 228Ra
and K are presented in Table 5. With respect to water
quality standards [43,47] bottled waters showed that
no brand exceeded the guidance level for alpha acti-
vity. Two brands exhibited elevated beta activity (Brand
10: 1.0870.134 Bq/l; Brand 11: 1.242%0.146 Bq/l),
measured in samples whose composition was formed
in contact with granitoid rocks or circulation through
the granites.
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Table 5. Gross alpha and beta activities and gamma spectrometry findings in 15 bottled water samples (Bq/l)

Value a B O 228pa 238 226Ra
Min 0.018+0.01 0.018+0.003 0.025+0.001 <0.01 <0.05 <0.01
Max 0.3+0.037 1.242+0.146 1.27%0.07 <0.1 <0.8 0.12
Median 0.04 0.103 0.15 0.04 0.1 0.02
Guidance level (Official Gazette of RS, 2011.) 0.5 1 - 0.2 3 0.49
Guidance level (WHO, 2011.) 0.5 1 - 1 10 1

Alpha and beta activities correlated very well with
the TDS (R” = 0.945 and 0.629, respectively), significant
at P < 0.01. *K was also significantly correlated with
gross beta activity (R* = 0.982, Fig. 4), which may
indicate that B-radioactivity originates from K which is
present in felsic igneous rocks.

Calculations of the effective doses based on Eq. (2)
for the 15 bottled water samples showed that all
effective doses were below the recommended limit of
0.1 mSv/yr (Fig. 5).

Consequently, all samples of bottled water com-
plied with quality standards for bottled water, such
that these waters may be consumed on a daily basis.
The largest doses are observed in CO, rich waters,
especially for lactating females and men, groups that
have the highest water intake.

CONCLUSION

The results obtained in this study show that Serbian
bottled waters are rich in various trace and ultra-trace
elements. All samples comply with European standards
for bottled waters, while three samples exceeded nat-
ional requirements (Fe, As and Se). The majority of
bottled waters have a preponderance of a combination
of Ca—Mg—Na-HCO;, while more mature mineral
waters of the Na—CI-HCO; type are found in sediments
formed in marine or lake marine conditions. A wide
range of TDS values (56—3400 mg/l) were found in bot-
tled water samples.

Several conclusions can be made from the methods
applied:

— Ca, Mg, Na, B, Cr, Se, Mo and Cl intake from
selected commercially available bottled waters may be
appreciably high, while other essential elements intake
(Cu, K, Mn, Fe, Zn) contributes less than 5.1% to DRIs in
all considered groups.

— The highest potential contributions of low-min-
eralized bottled waters to RDA is for Ca (up to 21.7%)
and Mg (up to 31.08%) ingestion, which are major
components of the given bottled waters (TDS: 56-631
mg/l, pH > 7).

— Mature groundwaters enriched with Na and Cl
concentrations, have a DRI contribution of Na 11.76—
—82.73% and Cl 5.2-38.1% (the lower value refers to
children 1-3 years of age, while the upper value refers
to lactating females).

— Mg intake from waters related to serpentinite
rocks or limestone/dolomitic limestones amounts
18.2% Mg for girls (14—-18 years of age) to 65.66% Ca
for children (1-3 years of age).

— CO, rich waters from granitic rock aquifers
(Brands 10-12) were particularly enriched with Na and
B ions. Consumption of such water (according to
recommended adequate water intake) exceeds the
maximum RDA or UL of these elements.

— Alpha and beta activities correlated very well
with the TDS. Brands 10 and 11 (from granitoid rocks)
with elevated concentrations of dissolved solids, regis-
tered the highest beta activity.

— The calculated effective doses were below the
recommended limit of 0.1 mSv/yr, therefore these
waters may be consumed on a daily basis.
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Figure 4. Correlation diagrams of the alpha activity vs. TDS, beta activity vs. TDS, and beta activity vs.

40 K.

355



M.D. CUK et al.: THE QUALITY OF BOTTLED WATERS IN SERBIA

Hem. ind. 70 (3) 347-358 (2016)

Brand

[]Children 1 -3 years

T
00 02 04

[IChildren 4 -8 years
EiBoys 9 - 13 years
[#] Girls 9 - 13 years
[1Boys 14 - 18 years
[1Girls 14 - 18 years
= Man
Il Woman
& Pregnant
[l Lactating

©

>

X

[ 1]

[T}

c

o

2

2

L]

(7]

o

o

[

L

'_

T |
.08 10

Calculated annual doses (mSv/year)

Figure 5. Sum of calculated annual effective doses (mSv/year) by age and gender groups.

Taking all these facts into consideration, mineral
waters can be a significant source of essential elements
for human health. In the case of waters with high TDS
levels, reduced amounts of water intake are preferred
because daily intake of certain elements can be above
the recommended levels.
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1ZVvOD

HIDROGEOHEMIJSKI PRISTUP PROCENE KVALITETA ODABRANIH FLASIRANIH VODA U SRBIJI

Marina D. Cuk, Maja M. Todorovi¢, Jovana D. Si$ovi¢, Jana S. Strbacki, Jakov S. Andrijasevié, Petar J. Papi¢

Univerzitet u Beogradu, Rudarsko—geoloski fakultet, Busina 7, 11000 Beograd, Srbija

(Naucni rad)

Za potrebe izrade ovog rada odabrano je 15 uzoraka flasiranih voda sa doma-
Ceg trzista u kojima su odredene koncentracije makro i mikro elemenata i aktivne
koncentracije radionuklida. Cilj rada je bio da se ispita kvalitet voda i da se izra-
¢una potencijalni unos esencijalnih elemenata konzumiranjem flasiranih voda.
Hidrokarbonantni jon je dominantan u svim uzorcima, dok katjonski sastav Cini
kombinacija Ca—Mg—Na jona. Analizirane vode pripadaju slabo kiselim do blago
alkalnim vodama (vrednost pH indeksa 6,37-7,93). Suma koncentracija mikroele-
menta u uzorcima varira od 79,7 do 9349,7 pg/I. Koris¢enjem dijetetskog referent-
nog unosa (DRI) izraunat je doprinos odredenih esencijalnih elemenata prema
starosnim grupama, na osnovu konzumiranja preporucenog dnevnog unosa flasi-
ranih voda. Unos Ca, Mg, Na, B, Cr, Se, Mo i Cl iz flasiranih voda moZe da bude
znacajno visok, dok ostali elementi (Cu, K, Mn, Fe and Zn) imaju niske dijetetske
unose u svim razmatranim grupama. Kao statisticka metoda koriséena je hije-
rarhijska klaster analiza (HCA) kako bi se izvrsilo grupisanje veéeg broja podataka
u manje grupe prema hemijskoj slicnosti uzoraka. Koriséeni su parametri kvaliteta
vode (pH, sadrZaj CO,, glavni katjoni — Ca, Mg, Na, K, glavni anjoni — HCO3, Cl, SO, i
drugi esencijalni elementi — Cr, Cu, B, Mn, Mo, Fe, Zn) kao varijable za ovu analizu.
HCA je grupisala uzorke flaSiranih voda u Cetiri klastera na osnovu ¢ega je razma-
trana veza esencijalnih elemenata sa geoloskim uslovima. Dva uzorka flasiranih
voda su pokazala poviSenu beta aktivnost (1.087+0.134 Bq/I i 1.242+0.146 Bq/l),
medutim utvrdeno je da su sve efektivne doze ispod referentnog nivoa od 0,1
mSv/god.
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Kljucne reci: Flasirane vode e Dijetetski
referentni unos e Esencijalni elementi o
Hijerarhijska klaster analiza e Prirodna
radioaktivnost e Srbija e Kvalitet voda
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