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U D K  628 .477.1

B I O P L I N S K I  P O T E N C I J A L
K O M U N A L N O G O T P A D A  GR A D A  B A N J A  L U K A

el o i

Panev ropsk i univ erz itet A PE I R O N  B anj a L uk a,  Pere K rece 13 . B anj a L uk a,
B osna i H ercegov ina

Izvod:
Sv ij etsk a z aj ednica sv ak im danom uspostav lj a sv e nov ij e strategij e uprav lj anj a otpacima u 

i lu veo u v e re ikl e eku r i  irovi  i e e o  o l  o i  eri l  
ko e i o l e  i o u o uć o i  i kori i o. eškoće o e eđe  re v   
o re e vre e i  i r i  e o i  ko u l o  eć ili z a postroj enj a v isok e 
e olo i e u kl u  er io l i  r i  kv li e  ivo e re i e e i u i i 

raz log da nastav imo da se prema otpadu odnosimo k ao prirodnoj  k ategorij i. Da b i se 
eliminisale š tetnosti b io- gasa iz  deponij a k omunalnog o  eće e o re  i r e i 
u r e i e  uređ   o li v e e o i .

Ključne riječi : deponij a,  otplinj av anj e,  k omunalni otpad.

1. U v od

as olo i a te nolo i a da e ot no 
a ra o t rdn i da mi nismo s remni da 
o am ot ada i de oni a am enimo 
o mo ima se ndarna siro ina, ener ent  i 
eoma renta ilnim ostro en ima a 

re i la  is ori eni  siro ina i do ara. 
od man e  ro a s e i i ni  ot adni  

materi a a o e, a sada, ne osto e 
ra ionalna ili mo a r e en a ono no  

ori en a, da o e edimo i radn  
ose ni  de oa a n i o o odla an e do 

e ent alno  is ori en a.
ealnost  dana n i e nas e na 
rim en  etri osno na ro rams a 
odr a d elo an a  o lasti tretmana 

ono a to mi danas slo no na i amo 
r tim om nalnim ot adom

1. man en e ne oli ine ot ada 
( re enti a), to se realno la o mo e e  
danas osti i rim enom isti  te nolo i a, 

roi odn om isti  roi oda i istim 
sl ama.

2.Pono no ori en e se ndarni  
siro ina, to se mora osti i o timi a i om 

na re en a or ani a i e ri redni  
s e ata  o lasti ot a, sa l an a, 
rerade i rometa ot ada a neor ans o  
ori e la, ao i a irma i om rerade 

ot ada a or ans o  ori e la, a s e od 
slo ima e ednim i orisnim o i otn  

sredin .
3. na re en e ona no  tretmana 

ot ada a, to se  na im slo ima osti e 
rim enom e  osto e e a ons e 

re lati e  o lasti r ani ma i a tite 
i otne sredine.

4. ormiran e i os oso l a an e str ni  
om nalni  sl i a tretman s i  rsta 

ot ada a i istra i an e ro esa 
is ori a an a ot ada. s ons o ra ilo 
r o itni  l ds i  a edni a e ilo da s i 

o li i ot ada ima  s o  otre n  
ri ednost, a da to isto ra ilo danas oriste 
eml e sa ra i enom te ni om, 

te nolo om i e onoms om lt rom.

Na  i la a , o stana  i oslo ni s e  na 
s i ets om tr i t  limitiran e ored ostalo  
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i re ltatima s a o  ri redno  s e ta 
o edina no, ali i a edni e  elini o 
itan  s e nosti  ra l an  i 
rin a an  s i  rsta ot ada a.

Na  doneda n  realnost na e e s  inila 
smetl i ta“ o a smo o ali na ati 
rads i de oni ama“, er s , a i danas, na 

n ima a r a ala s o  t s i i s e 
se ndarne siro ine, e  o ira da li oti  
i  nasel a, a ri e, lani e, olni e ili i  

ar o a.

2. S truk tura otpada

t r i an e str t re ot ada e 
na na a ni i ola ni element ri 
t r i an  na ina ra l an a ot adom 2 .
tr t ra de ono ano  sme a rema 
oda ima om nalni  red e a Bi  mo e 

nam dati samo o irn  anti i a i  ali o  
i e  sas im do ol n  a na e 

o red el en e o red iman  n ni  
re enti ni  m era sana i e osto e i  

de oni a (ta ela .).

T ab ela 1. Struk tura otpada

rste ot ada

eml e 
ra i eni  
e onomi a( )

t ad U S A
( )

Na i rado i
Ban a a( )

metali 6.0 7.0 2.1

sta lo 8 6 4.5

lasti a 8 8 5.1

a ir 36 41 21.4

r ans i ot ad 24 25 53.4

stali ot ad 18 13 11.5

om nalni ot ad 100 100 100

e ndarne siro ine neor ans o  
ori e la,  ot ad  emal a sa ra i enom 

e onomi om est  0  ne te ine, 
 eml ama S AD sa 3 , do   str t ri 

ot ada rada Ban a a one est  sa 
23.2 . Ban a a ima relati no do ro 
ra i eno ret odno ra d a an e i 
sa l an e se ndarni  siro ina.

Posta l a se a t e  a ol im idom  
roi odn  ot ada i a me ani mima 
o ima i se sman ilo, a atim o ratilo i 

re i liralo to e mo e i e ot ada na 
e onoms i is lati  na in. Preostali ot ad 
mora iti tretiran a atim odlo en na na in 

o i minimi ira osl edi e o i otn  
sredin . lada e str t re mora  

re eti asni  od o ornost ro  

o e e en e oliti e, a onoda st a, 
standarda, sm erni a, odre i an e na nada 
a sl e otro a ima, ta si ili odsti a ni  

m era ind stri i a na re en e ra l an a 
ot adom.     

in eni a da na e i dio ot ada a na na im 
de oni ama ine ot a i or ans o  ori e la 

a e na otre  itne o timi a i e 
ona no  tretmana om nalno  ot ada, 
ao i rod ata o i nasta  ra radn om 
iomasa odlo eni   ti el  de oni e. 

2
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] 3 . N astanak  deponij sk og  plina
t adne materi e or ans o  ori e la 

ti el  de oni e odli e  slo enom ro es  
ra radn e i ro es  metans o  ren a.

Nasta an e io asa o in e o do o en  i 
om a to an  ot ada o  i e   

aero nim slo ima  ris st  a d a 
o i se  o ri enim i i enim slo e ima 

relati no r o is oristi. Dal e nasta an e 
de oni s o  lina ro esima ren a  

anaero nim slo ima mo e se od eliti  tri 
a e (sli a .)  

- iselo ren e sa emisi om C O 2 i H2, ali e  
metana,
-nesta ilno metans o ren e  ome se 

e e emisi a l endio sida, a ota i 
odoni a sta ili e ili i, do  se emisi a 

metana onsolid e  oli inama od 50-60
a remins i  ro enata io asa,

-sta ili a i a metans o  ren a  
anaero nim slo ima.

Slik a 1. k  e o i ki  li ov   ero o   r r o  kuć o  o   o l liš u

Pored metana i l endio sida de oni s i 
as sadr i ita  ni  materi a  tra o ima 

(dosad i  e istra eno stotin a ), od o i  e 
dosta otro ni  i an ero eni  (dio sini, 

rani, inil lorid, di lormetan, tol ol, 

enol i dr.).  de oni s i  as nasta e  i
ra ina, o a  mo e  sadr a ati  otro ne  

te e metale i ato ene li e (ta ela 2.).

             

3
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T ab ela 2 . v e o i ki  ov  ro e  ko e r i

S A S T A V

Metan ( C H4)
l en dio sid ( C O 2)

iseoni  ( O 2)
ot (N2)

odoni  (H2)
Ne-metans i l i o odi i
s arl i i or ans i sasto i

U  T R A GO V I M A
m oro odoni  (H2 )

Mirisi
r ans a edin en a lora
moni a
inil lorid

i mno i dr i

K O N C E N T R A C I J A  (% )

38 -58
30-48
1-2
2-10
0-1
< 1
=1

(m m3)
0-150
10-1000
0-8 00
0-100
0-15

d m do ni oa

o  s i  ti  tetni  ti a a na dra l e i 
o olin  a o elo se ri e ne oli o desetina 
odina  ra i enom s i et  sa 
ontrolisanim ot lin a an em i 

s al i an em sa l eno  de oni s o  asa
na a l ama. lede i lo i i ora   io e da 
se is oristi ener i a de oni s o  asa, r o 

S AD sedamdeseti  odina, a atim i  
ra i enim eml ama E ro e i ostat a 
s i eta .

od redne radn e i i an a ot ada, as 
se mo e ne samo ol e ne o i natno rani e 

oristiti.  N ema o  se o a alo, da se na 
mno im de oni ama o to an em 
s e i i irani  ro isa a radn , mo lo 
e s loatirati e  osli e ola odine 
is oristi e oli ine lina.

no tra an e st aran a asa  
de oni ama i nosi rema teorets im 

rora nima a 00 odina. Me tim, 
e onoms o ori en e mo e e samo a 
30 odina.

li ede i arametri s  od a nosti a 
alitet i antitet de oni s o  asa

- sadr a  la e mora iti e i od 30 , er e 
a  a teri s  ra radn  otre na oda, 

ao i od s i  iolo i  ro esa. s od 30  
sadr a a la e ot ad se ne ra ra e ne o 
se m mi i ira. a isno od rste ot ada i 
olo a a de oni a mo e iti orisno r no 
o en e ro edni  oda. adr a  la e 
e i od  ni e o ol an, er se od te 

sadr ine i l e oda ( re ora en e 
a a iteta ol a).

- ste en i enosti ot ada e a an, a o i 
se e e ti no s ri e io la a  isi a  
ot adno ti elo. od iso e i enosti 
o ol a a se dost nost or ans i  ot ada 

mi roor ani mima, ta o da e to  
ra radn e e i asni i.
- or ans i dio e odl i a alitet  i 

antitet de oni s o  asa.   
ras olo i o  or ans o  l i a teorets i 
nasta e ,  m3 io lina. Po toni no  
ot ada s d elom or ans i  materi a od a 
40- 0  nasta e a 0 m3 de oni s o  
lina. 

4 . O tplinj av anj e deponij a 
Da i se eliminisale tetnosti 

io asa i  de oni a om nalno  ot ada i 
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omo ila o timalna meliori a i a i 
re lti a i a de oni a, odnosno o e edila 
a tita od mo i  e s lo i a i a tita 
i otne sredine ( dra l e l di, eml i te, 
a d , oda), name e se otre a i radn e 

i radn e sistema i re a a a ot lin a an e 
de oni a om nalno  ot ada, i to o 

rioritet
-sana i a osto e i  smetl i ta i de oni a i
-i radn a sanitarni  de oni a sa sistemom 
a ot lin a an e de oni s o  asa 3 .

Dosada n a is st a i re ltati e  
i ra eni  sistema a ot lin a an e 
de oni a ot r  da se o d e radi o 

ro ita ilnim in esti i ama o ima se 
isto remeno dosada n a de oni a ao i or 
tetnosti ret ara  res rs“ a roi odn  

ener i e. Elimini  se o asnosti o 
e ednost i dra l e l di, a na 
ol o ri rednim i r anim o r inama 

omo e roi odn a i ora a   
slo ima normalne i otne sredine, s e o 

na elima odr i o  ra o a i e olo e 
ra note enosti.

Pri sana i i osto e i  de oni a, a isno od 
antitati ni  i alitati ni  in eni a, 

rist a se rela nom r e en  
o a an em mre e e o oda a 

ot lin a an e na d ini olo ine do tre ine 
d ine ti ela de oni e o i se e e na 
entraln m n  stani  a isisa an e  

de oni s i  lino a. da de se de oni s i 
lin od odi do orioni a ili do 

termoener ets i  ostro en a.

Pret osta a da e lo a i a rads e 
de oni e t r ena ao o timalno rostorno 
i r anisti o r e en e r ane eline, 
name e o a e  da se t rdi edinst eno 
te ni o-te nolo o i rostorno r e en e 

o e e omo iti dire tn  n ionaln  
o e anost sistema  di el  sana i e i di el  

dal e i radn e i re en a sa remene 
de oni e omonalno  ot ada.

e do  se  slo ima o te  e onoms o  
o rani en a odla an e ot ada de 
r e a alo na de oni ama sme a ao 
na e tini o  o i i, i emo rin eni da 
na a rostorna i te ni o-te nolo a 
r e en a  laniramo i reali emo ta o da se 

 ot nosti mora eliminisati ilo o i 
o a ni o li  tetnosti na rela i i de oni a-
i otna sredina.

sno ni rin i i sa remeno on i irane 
de oni e om nalno  ot ada, a isno od 
on retni  slo a sredine, ost ar  se 
ot nom idroi ola i om ti ela de oni e  
il  s re a an a n eno  la en a 
od emnim, ro ednim i o r ins im 
odama ili atmos ers im ada inama, 

o timalnim ot lin a an em de oni s i  
lino a i  s re a an em emisi a tetni  
ol tanata  a d  i ostale res rse i otne 

sredine. 

Posli e a ti no  i e a od o o 30 odina 
de oni e se o i no at ara , ali se 
nasta l a enerisan e de oni s i  lino a i 
ro edni  oda. dr a an e osli e 
at aran a e o a e no a s e lo a i e d e 

se om nalni ot ad odla ao e  ret odne 
o rade. Bro ni s  rim eri d e se de oni e 
mora  ratiti  r o itno stan e ri e ili 
osli e at aran a, o  ne ati ni  ti a a 
o e ima  na i otn  sredin . 

erti alni se nari o i no montira  a 
sa l an e de oni s i  lino a na 
at orenim ili o n enim di elo ima 

de oni a . ni se mo  osta iti i na 
a ti nim de oni ama, ali se  tom sl a  
o lata nara mora do ra i ati  s lad  sa 
dodatnim nasi an em. B nari s  o i no 
ras ore eni  tro tasto  re et i ti s o  
me -ra ma a od o o 0 m. Pra ilo ra se 
e, minimalno edan nar na .000 m2

de oni e. D ina nara arira a isno od 
slo a terena, ali e i me  0 i  m
o i a eno.  D EP e t rdio 
ro e tni riteri  a en e nara, 
re or i en e  d ine de oni e 

ili en e do d ine ni oa ode, ira i 
li  ari ant  od o e d i e. Prom er 

en a e i me   m i 0,  m l i i 
o lat  nara od 0.  do 0.  m. lata se 
sasto i od i e i PE- D o a se sm e ta  
sredin  otine. d edne tre ine do d i e 
tre ine od dna o lata ima tore ili 
er ora i , a nar se ni r nim 
l n om i rt i na r  (n r. linom ili 

m l em) roti  rodiran a a d a. Na 
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r  o late nara ri r en e i la  asa 
o i e o reml en lastim entilom radi 
ontrole roto a i ot orom a m eren e 
ritis a imano  or a asa. la  e 
a ti en rat im etons im rstenom i 
re o lasto  entila s o en na la ni 

od. Na sli i 2. e s emats i ri a an 
ert alni nar a ot lin a an e stari  

de oni a.

Slik a 2 . V ertk alni b unar z a otplinj av anj e starih deponij a

a e onomi no ori en e de oni s o  lina tre a  iti is n eni sli ede i slo i

- minim m  milion metri i  tona om nalno  ot ada,
- minimalna d ina ot ada 0 m,
- lo a i a neda no at orena ili se o  oristi a do o  ot ada,
- osto i o r ins i o ro  ( ilo m l  ili eml a)
- i e od 00 mm i e odi n e. 

j j j k l a
a re na ri ednost de oni s o  lina ri li no e ola man a ne o od rirodno  asa 

(ta ela 3.).
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T ab ela 3 .O snov na sv oj stv a deponij sk og plina

S V O J S TV A DEP N J  
P LIN

P R IR O D NI 
P LIN

adr a  metana ( ol.) 40-60 8 2-8 5.4

a re na ri ednost 
( W m3)

4-6 9-11

elati na sto a 1.0 0.65

te i ometri s a otre a 
a d a a i aran e (m3 m3)

4.5-5.0 8 .6-9.9

Metans i ro 140 8 7-70

Wo e- ro  ( W m3) 5.57 12.4-15

 o led  ne i  s o sta a i aran a, 
de oni s i  lin e o ol ni i od rirodno  

lina, er ima man e o tere en e orioni a 
(Wo e- ro  man i) i e  darn  
ot ornost (metans i ro  e i) od rirodno  

lina. De oni s i lin se, ao i ot ad, 
smatra o no l i im ener entom.

i i na s ema ener ets o  is ori en a 
de oni s o  lina ri a ana e na sli i 3. 

De oni s i lin nasta e a o na a ti nim 
ta o i na na tenim odla ali tima ot ada 
o  d i ni  odina osli e n i o o  
at aran a. Me  i edenim i laniranim 
ostro en ima ener ets o  ori en a 

de oni s o  lina dominira  ener ane na 
odla ali tima sa roi odn om ele tri ne i 
to lotne ener i e  lins im motorima (o o 

 i edeni  o e ata).

i no se o rada lina sasto i od od a an a 
onden ata i is or e se lin aliteta od 

30- 0  C H4. o alna otre a lina mo e 
iti na esti i ili i an esti e (  li ini)  

ind stri s om, stam enom ili 
omer i alnom o e t  o em e otre na 

ener i a (n r. roi odn a are a ri a e ili 
entralno ri an e). Dr a e mo nost 
enerisan a ele tri ne ener i e, o a se 

mo e oristiti lo alno ili is or iti  
ele tro ri redn  mre . a ro e te 
ori en a de oni s i  lina a do i an e 

ener i e, o i a eni s  motori s n tra n im 
sa or e an em ( eli ine 30 do 2000 W)
i ili lins e t r ine ( 00 W do 0 MW).

o nema lo alno  orisni a 
de oni s o  lina do ra e o i a 
in e tiran e  e o od. e en e a t e a 
om rimiran e lino a na ritisa   
e o od i o rad  o standardima a 
e o ode. o e om le sni i i s l i 
ost a . Dost ne te nolo i e s  ritisna 

adsor i a s l enim mole larnim sitom, 
amini a no i en e i te ni a mem rane. 

 o om sl a  etri re er na orioni a s  
montirana na distri ti no  stani i, i  
n ima de oni s i lin i ara i e  ada 
do e do asto a  sistem  ori en a. P tem 
la ne sa irne i e i (d 0.2  m) lin se 
odi  om resors  stani , ladi i 
om rimira na 2.  ara. ona no, tem 

trans ortno  e o oda lin se dosta l a 
to lotno  stani i. o 0 m3  
de oni s o  lina is or e se s 
minimalno 30  C H4. a isno od C H4

on entra i e (30- 0 ) ener ets a 
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ri ednost de oni s o  lina arira od -
20 MJ m3. i rnosni sistem odi ra na o 
s im re idima  mre i .

Slik a 3 . er e ko i korišće e e o i ko  li

aču k jala
deponij sk og  plina

il  o e anali e e odrediti i nos 
oten i alne oli ine ele tri ne ener i e 

dost ne i  om nalno  rsto  ot ada.
Prema EP  ( nited tates En ironment 
Prote tion en y) e i asnost sistema a 
sa l an e de oni s o  lina i nosi 0-

0 , a na e e,  rim en  do re 
te nolo i e - . a o  anali  
s o ena e e i asnost sa l an a od 0 . 
o lotna mo  de oni s o  lina arira  
a isnosti od i ora  rani ama , - ,2 
W m3. s a a se ,  W m3. S a 

e i asno  sa l an a 0 , to lotnom 
rednosti od ,  W m3 i    
om nalno  rsto  ot ada, tre alo i se 
enerisati 0,  m3 de oni s o  lina (0,23 

m3  0, 0  0,  m3) ili 0,  W  (0,  m3

 , W m3) to om iolo o  ras ada 
om nalno  rsto  ot ada (20-2  odina).
ri ednost teorets o  ma sim ma i nosila 
i 0,3 m3 de oni s o  lina  ot ada (0,3  

m3  0, 0 = 0,3m3), ili ,  W (0,3 m3 x
, W m3  ,  W ), to om iolo o  

ras ada om nalno  rsto  ot ada.

5 .1.1 K onv erz ij a energ ij e
ori en e de oni s o  lina ao 

ori a a motore s n tra n im 
sa ore an em e na ra ireni i ost a  
n e o e ener ets e alori a i e. oriste i 
ret odne odat e, o o se mo e ri a ati 

na sli ede i na in
o s o imo da e oli ina enerisan a 

de oni s o  lina to om n e o o  
iolo o  ras ada  eriod  od 20 odina, 

0,23 m3  ot ada, i ra na i sa 0   
e i asno  sistema a sa l an e, 
do i amo da   ot ada eneri e
0,23 m3    0, 0  0,  m3  to om 20 
odina

 o o a sli edi da edna tona ot ada to om 
20 odina eneri e
0,  m3    000 = 18 4 m3

de oni s o  lina.
o ra namo sa oli inom od .000 tona 

o a redsta l a sada n i trend odla an a 
ot ada na de oni i  ami ima, da od to a 
0  redsta l a oli in  ot ada o a ne e
enerisati de oni s i lin, do i amo da i 

to om 20 odina odla an a ot ada imali 
oten i al enerisan a de oni s o  lina 

od
 m3 ×  8 1.000 t  0, 0  20 od. = 

2 .2 2.000 m3 eriod od 20 odina
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o i se ontrolom aliteta lina, 
motorima sa n tra n im sa ore an em 
sta ilo na ras ola an e 0  o e oli ine 
do i amo oli in  od
2 .2 2.000 m3  0, 0  2 . . 00 m3

 eriod  od 20 odina, i i ener ets i 
oten i al, a o ra namo sa to lotnom 
ri ednosti de oni s o  lina ,  W m3,

i nosi
214.617.600 m3  ,  W m3 =
1.0 0 0 .118 .0 16  k W h

to redsta l a ni ener ets i oten i al 
de ono ano  ot ada  eriod  od 20 
odina.

oli ina oten i alno  enerisan a 
de oni s o  lina o  i nosi
2 . . 00 m3 20 od 3  dana 2   
1.224  m3 / h de oni s o  lina

o i se mo e oristiti ao ori o  
motorima sa n tra n im sa or e an em. 

a na i sa ste enom is ori en a 

motora od 0, 0, i to lotnom ri ednosti 
de oni s o  lina od ,  W m3

do i emo da oten i alna sna a i tre ala 
i nositi
.22  m3   0, 0  ,  W m3  2.2 ,  
W  2,2 MW

Zaključak

ra l an e alitetom i otne sredine i s osta l an e e olo e ra note e na i  otre a i 
mo nosti o r en a, do ode nas do nemino nosti da se ot adne materi e mora  oristiti ili 

ao se ndarne siro ine ost om re i la e ili ao ener ets i res rs ost om ot no  
inten i no  ot lin a an a ti ela de oni e.

o  eml ama lani ama E ro s e ni e mo  sa ot nom renta ilno  da ot lin a a  
s o e de oni e, tada mi imamo o  i e ra lo a da is oristimo na e de oni e i da e identn  
tetnost o i otn  sredin  is oristimo a ri redni i dr t eni ra o .

Na rim er  re ionalne de oni e om nalno  ot ada ami i-Ban a a, e o a an 
ener ets i oten i al de ono ano  ot ada  eriod  od 20 odina ao i oli ina oten i alno  
enerisan a de oni s o  lina o .

e i  o ir da ro en ena oli ina ot ada o a e odlo ena na de oni i  ami ima i nosi 
o o . 00.000 tona, mo emo a l iti da s  i tren tni slo i a sa l an e i is ori en e
de oni s o  lina realni, ao i da  d nosti mo emo o e i ati i o e an e oli ina 
enerisan a de oni s o  lina sl ed o e an a oli ina ot ada o e e se odla ati na de oni i 
 ami ima.
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el o i

Pan- E uropean U niv ersity A PE I R O N  B anj a L uk a,  Pere K rece 13 . B anj a L uk a,
B osnia and  H erz egov ina

A bstract

T he w orld community  ev ery  day  estab lishes new er w aste management strategy  in   terms of a 
comprehensiv e recy cling of secondary  raw  materials and safe disposal of those materials that 
w e do not further ab le to use. T he difficulties of prov iding funds for the eq uipment of modern 
sanitary  landfills for municipal w aste facilities or high technology  in accordance w ith 
I nternational env ironmental q uality  standards should not b e a reason to continue to relate to 
w aste as a natural category . I n order to eliminate the dangers of b io- gas from municipal w aste 
landfills,  there is need for the construction and installation of eq uipment for landfill
degasification.

K ey w ords landfill,  degasification,  municipal w aste.
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Abstract
e s e t o  t is st dy is lass rod ed y mi ed metall r i al aste rom erroni el

rod tion, aimed or rt er rod tion o  lass- erami . ara teri ation o  aste materials 
in l des determination o  emi al and mineralo i al om osition and standard lea in  test. 

e aste materials ontain se eral ea y metals ( e, Ni, Mn, n, r) i  e eed t e a lied 
limits and an e otential a ard to t e soils. n t e ot er and, t e aste mi t re ontains 
s i ient amo nt o  lass- ormin  om onent - i 2. e om onents in t e aste mi t re 
aimed or lass rod tion ere in t e ratio as t ey are rod ed in t e e-Ni smelter ( lay 
as ele tro- rna e sla on erter sla   0 ). ermal ara teri ation o  t e lass as 

er ormed y means o  ot sta e mi ros o y ( M) and D  analysis, ere t e tem erat res 
o  sinterin , so tenin , smeltin  and rystalli ation ere determined. e res lts i li t t at 
ine- rystalline lass- erami  it  i  rystallinity an e o tained. tandard lea in  test as 

s o n t at t e on entration o  all ea y metals is ello  a lied limits or  to 00 times. 
s, t e rod ed lass is en ironmental sa ety rod t. 

Keywords : ly as , ele tri  rna e sla , on erter sla , lass, lass- erami

1. I ntroduction

Dis osal or sta ili ation o  aste 
materials rom metall r i al ind stry s  
as sla s, d st, ydrometall r i al y-
rod ts et ., is not an easy tas  e a se o  

t e om le  om osition and i  ontent 
o  re lated ea y metals as ell as 
di erent lo al ir mstan es. ten, 
re o ery o  some metal an not e 
e onomi  e i ient or t e re o ery 

ro ed re rod e ne  aste. Dis osal o  
aste ontainin  ea y metals an e 
a ardo s to en ironment. itri i ation o  
a ardo s astes, i.e. trans ormation o  
aste materials to lass an e onsidered

as an en ironmentally om ati le 
sta ili ation ro ess. t is onsidered as an 

ltimate met od or immo ili ation 
a ardo s astes, e a se d rin  lass 

meltin , t e arm l elements are 
emi ally onded in a d ra le amor o s 

net or  -3 . is  si ni i antly red es 
t eir sol ility and, in addition, drasti ally 
de reases aste in ol me. n t e ot er 
and, de endin  on t e om osition, it  

or it o t any additi es, t e aste- ased 
lass an e trans ormed to lass- erami  
it  ro erties om ara le or etter t an 

ommer ial ones. is is ill strated y 
n mero s resear es o sed on sin  sla s 
ori inated rom iron and steel rod tion 
or rod tion o  lass or lass- erami  -

10 . e resear  o  aramano  and o-
or ers as dire ted on rod tion o  lass 

and lass erami  rom y- rod ts 
ori inated rom in  and o er 

ydrometall r i al rod tion 1-15 . All 
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t ese st dies i li t ood emi al, 
ysi al and me ani al ro erties o  t e 

rod ed lass or lass- erami , lose or 
e en etter t an t ose rod ed rom ir in 
ra  materials. Besides te ni al and 
e onomi  e e ts, t is ro te o  ro essin  
metall r i al aste materials as s o n as 
en ironmental e i ient. ordin  to 

ario s standard lea in  tests 6 , t e 
lass and lass- erami  rod ts ased on 

metall r i al aste, are en ironmental
riendly materials. 

e aim o  t is st dy is itri i ation o solid 
aste rom erroni el smeltin  lant, s  

as d st, sla  rom ele tro- rna e and 
on erter sla . ara teri ation o  aste 

materials and rod ed lass is dire ted to 
estimate t eir ossi ility or rt er 
rod tion o  lass- erami  as ell as to 

determine t eir en ironmental im a t.

2. E x perimental

D st (D), ele tro- rna e sla  (E ) 
and on erter sla  ( ) rom erroni el 
smeltin  lant in . Ma edonia, ere sed 
as a ra  material or lass rod tion. eir 
ann al rod tion is in ratio D E   

0 . e ontent o  di erent ty e o  
aste as in t is ratio it in t e aste 

mi t re aimed or itri i ation. 

emi al om osition o  t e aste 
materials as determined y -ray 
l ores en e ( ) s e trometer (Model 

  00). Mineralo i al analysis 
as arried o t y -ray di ra tion met od 
sin  P ili s AP D 15 di ra tometer, 

o eratin  at -radiation. D i ra tion 
data ere olle ted at a onstant rate o  
0.02o s 1 o er an an le ran e o  2   5– 90o.

o determine en ironmental im a t o  t e 
aste materials, standard lea in  test –

P ( o i ity C ara teristi  Lea in  
P ro ed re) as er ormed. o n in a le 
 are t e lea in  test onditions. 
on entrations o  ea y metals a ter testin  
ere meas red y atomi  a sor tion 

s e tros o y ( ) sin  t e 
instr mentation Per in Elmer AA400.  

T ab le 1. L eaching conditions according to T C L P test

ol ent C H3C O O H
pH 5

ol me o  t e sol tion 2 L
Wei t o  solid ase 00 

s l ratio  20
ntensity 30 r m

D ration 2  

o orre t t e ontent o  M  and r2O 3 in 
t e aste mi t re (WM), standard lass 
( ) o der as added in ratio WM   

3. Waste materials and t e standard lass 
ere omo eni ed and melted in am er 
rna e at 0oC or  . 

ermal ara teristi s o  t e rod ed 
lass ere st died y means o  ot sta e 

mi ros o y ( M) and di erential t ermal 
analysis (D ).  lass sam le as 
o ser ed in eatin  mi ros o e M  
HS M L. e sam le as eated rom 
am ient to 300oC it eatin  rate o
1o min– 1.

D rin  t e eatin  red tion o  dimensions 
and ara teristi  tem erat res ere 

re orded. D  meas rements ere 
er ormed sin  a Per in Elmer P Y R IS
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Diamond ermo ra imetri Di erential 
ermal naly er. T e st died material 

as eated in t e tem erat re inter al o  
25oC ÷ 1100o  y eatin  rate o  20oC min 1

air atmos ere.

e lass sam le as nder oin  on 
standard P lea in  test. e test 
onditions are t e same as in re io s ase 

s o n in a le .

3 . R esults and discussion

emi al om osition o  t e aste 
materials is s o n in a le 2. ll aste 
materials a e i  amo nt o  e, 
es e ially on erter sla  ( ). o, t ese

astes o ld e sed or e e tra tion, t, 
t ere is not smelter or iron rod tion in , 
Ma edonia. nly in t e d st Ni ontent is 
a ro riate to e ret rned in t e e-Ni 

rod tion ro ess. nn al rod tion o  
t ese aste materials is 02.000 t d st, 
1.135.000 t sla  rom ele tro- rna e and 

0 .000 t on erter sla . e ratio o  t eir 
rod tion is a ro imately D E   

0 . n t e ot er and, t e d st and sla  
rom ele tro- rna e ontain i  eno  

i 2 - lass ormin  om onent. lso, t e 
aste mi t re as a ro riate ontent o  
i 2 ( . ) or lass ormin . B t, M  

and r2O 3 is i  in t e aste mi t re ( .  
and 2.2  res e ti ely) and an a se 
s ontaneo s n ontrolled rystalli ation. 
C r2O 3 is not sol le in t e lass, ile in 
lo er amo nt an im ro e t e n leation 
d rin  trans ormation o  lass to lass-
erami . s, t e om osition o  t e aste 

mi t re s o ld e orre ted in order to 
red e t e ontent o  M  and r2O 3. For 
t is r ose standard lass ( ) as added 
in t e aste mi t re in ratio WM   3. 

T ab le 2 . C omposition ( w t% )  of dust ( D) ,  slag from electro- furnace ( E FS) ,  conv erter slag ( C S) ,  w aste 
mix ture ( W M )  in ratio D: E FS: C S =  1: 10 : 1,  standard glass and ov erall glass mix ture in ratio W M : SG  

=  7 : 3

tem D E C S WM M
i 2 37.5 53 1.9 47.8 71.4 55

M 14.5 16.9 6.2 15.9 3.3 12.1
C aO 2.3 2.4 15.9 3.5 9.8 5.4
Al2O 3 1.8 2 0.3 1.9 0.6 1.5
C r2O 3 1 2.5 0.7 2.2 1.5
C oO 0.1 0.1 0.1 0.1 0.1
Ni 2.7 0.1 0.45 0.3 0.2

e2O 3 30 14 60 19 13.3
e 9 19 9 6.5

Na2O 13.3 4
K 2O 1.3 0.4
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e aste mi t re as ell as t e o erall 
lass mi t re is iron-ri . t is similar to a

ty i al nat ral etr r i al ra  material -
asalt ro  , , ontainin  ty i ally 

10–  t  iron o ides and it is 
ara teri ed y i  emi al d ra ility 

and ood resistan e to a rasion and 
orrosion. 

e ri  ases in lass- erami , also ty i al 
or aste-deri ed lasses, a e een s o n 

to im art n tional ro erties to t e inal 
rod ts . s ma neti , ele tri al and 

t ermal ro erties o  lass – erami s an e 
altered y ontrollin  t e rystalline ase 
on entrations, rystallisation ineti  

st dies o  iron ri  sili ate aste deri ed 
lass- erami  are im ortant or o timisin  
n tional ro erties , 2 . 

ordin  to D analysis ( i . ), iron is 
resent as ematite ( e2O 3, i.e. e3+ orm) 

and as non-stoi iometri  mi ed o ide it  
, n and r ( 0.5 n0.5C r1.1 e0.9O 4) in 

t e d st. e similar a earan e o  iron is 
in sla  o  ele tro- rna e – non-
stoi iometri  mi ed sili ate ( orsterite) 
and non-stoi iometri  e3+ o ide –
ma emite. on erter sla  ontains e3+ as 
ematite and al i m iron o ide ( a e2O 4), 
e2+ as estite and mi ed e3+ and e2+

o ide – a netite ( e3O 4). e lass 
ormin  om onent – i 2 is resent as 

re o ide art  and sili ates it  ot er 
metals, mainly it  M  and a. ordin  
to t e e ontent and a earan e, it is 

e e ted to rod e lass similar to asalt 
ased one . 

e res lts o  t e P test, arried o t on 
t e aste materials and rod ed lass are 
s mmari ed in a le 3. ere are se eral 
metals i  e eed t e a lied limits and 
an e otential a ard to en ironment i  

t e aste materials o ld e dis osed at 
land ill. Ni, Mn, n, s and  are 
a ardo s om onents in t e d st, in t e 

ele tri - rna e sla  are e, Ni and Mn, 
ile in on erter sla  are e, Ni and r. 

on entration o  e and Ni are to ar rom 
t e a lied limits. 

ne o  ossi le and e e ti e o tions to 
immo ili e ea y metals is to a t re t em 
in lass matri  a ter itri i ation o  aste 
materials. o, ne t ste  in t is resear  as 

itri i ation o  mi t re o  aste materials 
and standard lass. o ens re 
trans ormation o  t e mi t re in li id state, 
itri i ation as er ormed at 0o  or  
o r. ter oolin  at am ient tem erat re, 

t e rod ed lass as nder one to 
t ermal in esti ations. 
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Figure 1. X R D spectra of the w aste materials

Hot-stage microscopy is an analytical 
technique which combines the best 
properties of microscopy and thermal 
analysis to enable the characteriz ation of the 
physical properties of materials as a 
function of temperature. D uring the 
measurements, video and pictures of the 
sample were recorded with registered 
reduction of dimensions. Also, a diagram 
temperature – change of dimensions ( % ) 
was constructed and determined 
temperatures of sintering, softening and 

melting were determined ( Fig. 2). P roduced 
glass shows high stability of dimensions 
and shape during the heating. The sintering 
occurs at high temperature ( 1167oC ) at very 
short interval and practically this material 
does not sinter. At sintering temperature 
reduction of dimension is very low. 
Lowering of dimensions to 78 .25%  of 
starting ones reaches at softening 
temperature at 1222oC , but the shape is still 
stable. Forming of half-sphere occurs at 
1245oC  and melting point is 1251oC .
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is is relati ely lo  meltin  oint, i  
ontri tes to more e onomi ally e i ient 
ro ess o  itri i ation o  aste ased lass.

e M res lts, o tained y ressed lass 
o ders, i li t t at t e sinterin  met od 

is not a ro riated or t e in esti ated 
lass, e a se t e traditional lo -

tem erat re densi i ation is totally 
in i ited y intensi e rystalli ation. 

T ab le 3 . C oncentration of heav y  metals in the solution after T C L P test
D,

m dm – 3
E ,

m dm – 3
C S ,

m dm – 3
lass,

m dm – 3
lied limits, 

m dm – 3

e 1 202 1155 0.416 2
Ni , 2.7 19.2 0.311 2
C o 0.4 0.14 1.1 <  0.005 2

d <  0.005 <  0.005 <  0.005 <  0.005 0.02
0.15 0.093 0.07 0.011 0.1

Mn 4.7 14.6 1.5 <  0.005 2
P 0.026 0.031 0.08 6 0.017 0.2

n 3.6 0.29 0.42 < 0.005 2
C r 0.22 1.1 2.9 <  0.005 2

0.020 0.038 0.023 0.023
As 1.2 0.011 0.18 0.009 5

Figure 2 . C hange of dimensions as function of heating temperature registered b y  H SM

n order to determine o  and at i  
tem erat re t e st died lass rystalli e,
D  analysis as er ormed at 
tem erat re re ion rom am ient to 00oC

y eatin  rate o  20oC min 1.
rystalli ation o  t e aste ased lass 

o rs at 00o . e s a e and t e intensity 
o  ea  indi ate intensi e l  
rystalli ation.  e re io sly er orm 

n leation o  lass it  retention o  eatin  
at 0o  or  o r, t e tem erat re o  
rystalli ation s i ts to lo er tem erat re 

o  o , ile t e intensity o  t e l  
rystalli ation in reases. is oints o t 

t at t e aste ased lass is a ro riate or 
rod tion o  lass- erami  and an e 
er ormed y t o-sta e ro ess  irstly 
eatin  at 0oC to er orm n leation and 
rystal ro t  at oC . 

interin  oC

.

o tenin  222oC

78 .25

al -s ere  245oC
45.6

34.75
Meltin  251oC

em erat re

D
im

en
si

on
s, 
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t t e same time, t e reliminary D  and 
density res lts demonstrate t at t is 
om osition a e ood trend or l  

n leation, i in  ossi ility to o tain 
material it  ine rystalline str t re at 
lo  tem erat res and s ort times. 

Figure 3 . DT A  curv es of the studied w aste b ased glass:  non- nucleated ( line 1)  and nucleated at 6 5 0 oC
( line 2 )

P test o  t e rod ed lass as 
er ormed, in order to e al ate t e 

en ironmental im a t. e res lts o  P 
test are i en in a le 3. e res lts s o  

t e itri i ation ro ed re is s ess l and 
t at t e o tained lass demonstrates i  

emi al d ra ility, orres ondin  to an 
inert material.  

C onclusion

ordin  to t e o tained res lts rom t is st dy, e an dra  se eral on l sions
Waste materials rom erroni el rod tion ro ess ontain om onents i  are otential 

a ard to en ironment.
Waste materials ontain lass- ormin  om onents eno , so t ey are a ro riate or 
itri i ation and rt er trans ormation o  t e rod ed lass to lass erami .

P test o  t e rod ed aste ased lass as s o n t at it is en ironmental riendly, i.e. 
t e amo nt o  all ea y metals in t e lea ate is ar elo  t e a lied limits. 

e rod ed aste ased lass as s o n ery s ort inter al o  sinterin  at i  tem erat re 
( o ) and lo  meltin  oint, i  oint o t on its e onomi al e i ient rod tion at lo er 
tem erat res. 

e rod ed lass s o ed intensi e l  rystalli ation at 00o  it o t re io s n leation. 
N leation at 0oC or  o r de reased t e rystalli ation tem erat re to o , as ell as 
in reased t e intensity o  t e l  rystalli ation. is o ers ossi ility or e i ient t o-sta e 

rod tion o  lass- erami  rom t e st died lass  st sta e o  n leation at 0o  and 2nd ste  
rystalli ation at oC .  

em erat re, oC

ea
t 

lo
 E

nd
o 

, m

1

2
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D E T E R M I N I N G GR A P H E N E  L A Y E R S  N U M B E R  A N D  N - L A Y E R  
R E GI O N  C O V E R A GE  B Y X R D  D A T A D I S T R I B U T I O N  M O D E L

Beti AND O NO V I , nita D N , le sandar PE , Peri a P N ,
le sandar D M

Faculty  of T echnology  and M etallurgy ,  SS C y ril and M ethodius U niv ersity ,  Sk opj e,  M acedonia
b eti@ tmf.uk im.edu.mk

Abstract
A model onsistin  o  an e ation i  in l des ra ene t i ness distri tion is sed to 
al late t eoreti al 002 D ea  intensities. n analysis as er ormed on ra ene sam les 
rod ed y t o di erent ele tro emi al ro ed res  ele trolysis in a eo s ele trolyte and 

ele trolysis in molten salts, ot  sin  re erse an e o  t e a lied otential. T e model a lied 
to t e orres ondin  2 inter al ena les o tainin  t eoreti al r es t at e i it ittin  it  a 
s i ient a ra y to t e D intensities r es o  t e st died ra ene sam les. e em loyed 
e ation arameters ma e it ossi le to al late t e n-layer ra ene re ions o era e o  t e 
ra ene sam les, and t e a era e al e or n m er o  ra ene layers. es lts o  t e analysis are 

in a reement it  t e al lated n m er o  ra ene layers rom aman s e tra - ea  osition 
al es, and indi ate t at ra ene sam les are e -layered.

Key words: ra ene, ele tro emi al rod tion, D analysis, layers.

1. I ntroduction

ra ene is 2D ildin  nit o  all ide-
ariety ar on allotro es, a in  ni e and 

e oti  ro erties lar ely d e to its str t re. 
ra ene an e rod ed y many ays 

s  as me ani al e oliation o  ra ite, 
emi al a or de osition ( D) o  ar on 

earin  ases on t e s r a e o  o er ilms 
3 , ttin  o en nanot es 4 .

Ele tro emi al a roa  is a ro en lo -
ost met od or a i -yield rod tion o  
ra ene.

De endin  on t e rod tion ro ed re, 
ra ene an e rod ed as a mi t re o  

monolayers, i-layers and m ltilayers (3– 10 
monolayers) in orm o  la es or lat s eets 
5 .

erein, an D attern aro nd a ra ene 
002 ea  as sed or layer n m er non-
ni orm distri tion determination or 
ra ene sam les o tained y t o di erent 

ele tro emi al ro ed res  ele trolysis in 
a eo s ele trolyte and ele trolysis in molten 
salts, ot  sin  re erse otential.
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2. M odel that prov ides calculation of  g raphene thick ness distribution by X R D  data

The X R D  pattern was analyz ed by using the 
following Equation 1 that uses Laue functions 
which includes graphene thickness 

distribution and certain parameters, hence
X R D  intensities of the curves were calculated 
thereof:  [ 6]

2

0

22 )(~
=

N

j

ij k a
j

jefF β

( 1)

where F is a structure factor, N is the number 
of graphene layer, )(f  is an atomic 
scattering factor which varies from 6.00 to 
6.15 e/ atom with incident radiation ranging 
from 2 to 433 K eV , /)sin4( jj dk a = ,

where jd  is a lattice spacing between j th and 
( j -1)th layer, is an angle between the 
incident ray and the scattering planes, is a 

wavelength of X -ray, and jβ is an occupancy 
of j th graphene layer. The value of jβ is 
between 0 and 1. The employed equation 
parameters jβ make it possible to calculate 
the n-layer graphene regions coverage of the 
graphene samples produced by the two 
electrochemical procedures.

2.1. Graphene produced by electrolysis in molten salts and model (1)

Two graphene samples produced by 
electrolysis in molten salts are considered and 

discussed herein:  graphene sample 2G and 
graphene sample x.

 

                                                         

Figure 1. a)  T E M  images of 2 G  graphene sheets; b )  Diffraction pattern of 
image

U sing Eq. ( 1), X R D  intensities of the curves
in Fig. 2 are calculated as further discussed.
The three red lines are calculated curves from 

the Eq. 1 for 1jβ , which suggests that the 
number of graphene layers has a distribution.
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Figure 2 . N on uniform multilay er distrib ution curv e for Sample 2 G  calculated from E q .( 1)

The broadest red dotted line in Fig. 2 is 
calculated curve for ideally distributed 
monolayer graphene, the light red line which 
is narrower than the monolayer graphene line, 
but broader than the green experimental 
curve, is calculated curve for a non uniform 
distribution of graphene layers number for a 
9-layered graphene. The dark red line is 
calculated curve for a non uniform 
distribution of graphene layers number for a
multi-layered graphene, which exhibits a 
good fitting to the experimental curve, as it is 
symmetrical and the correlation coefficient is

98 6.0=ρ . According to its jβ parameters, 
the coverages of n-layer graphene regions are 
calculated as in Table 1 a).

Apparently, the dominant structure is few-
layered, and the average value for number of 
graphene 2G layers is calculated as NGL=2.8 7 
for the dominant structure and NGL=5.16 for 
the overall structure.
In Fig.3 a), there are calculated theoretical 
curves from Eq. 1 presented in red, for 
graphene sample x, and the experimental 
curve x in green. In Fig 3 b), there is part of 
the R aman spectrum for sample x, showing 
off its C -peak. Its position NC )(P os  is 
directly connected to the graphene layers 
number N , and it varies with N as in the 
formula:  [ 7]

 
 
 

=
N

C N cos12)(P os  

where 318 Nm108.12= is the interlayer coupling, and 
2

27 Akg106.7=
o

is the graphene 
mass per unit area.

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0

Cal ( i deally  di st ri b u t ed
m onolay er grap h ene)
Cal ( non u ni f orm  9  lay er
di st ri b u t i on)
Cal ( non u ni f orm  m u lt i lay er
di st ri b u t i on)
2 G
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Figure 3 . a)  N on uniform multilay er distrib ution curv e for Sample x  calculated from E q .1;  
b )  C - peak  position in R aman spectrum for graphene sample x

According to the analysis of the X R D  002 peak, the n layer region coverages are as in Table 1 b).

T ab le 1. a)  C ov erages of n- lay er 2 G  graphene regions
b )  C ov erages of n- lay er x  graphene regions

a) M onolayer region coverage ~  35% b) M onolayer region coverage ~  18 .75%
2-3 layers region coverage ~  5-10% 2 layers region coverage ~  21.25%
5-6 layers region coverage ~  5% 3 layers region coverage ~   3.75%
7-8  layers region coverage ~  5% 4-6 layers region coverage ~   2.5%
9-10 layers region coverage ~  5% 7-8  layers region coverage ~   2.5%
>  10 layers region coverage < 20% 9-10 layers region coverage ~   1.25%

>  10 layers region coverage < 25%

The average value for number of graphene x
layers is calculated as NGL=2.4 for the 
dominant structure and NGL=7.43 for the 
overall structure.

According to the C -peak position, the number 
of graphene x layers for sample x is N=2.54.

2.2. Graphene produced by electrolysis in aqueous electrolyte and model (1)

Graphene samples 4 and 10 produced by electrolysis in aqueous solution, using reverse 
potential, are considered herein and analyz ed.

a) )
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Figure 4 . a)  T E M  images of Sample 4  graphene sheets;            b )  Diffraction pattern of image

The three blue lines in Fig. 5 are calculated curves from the Eq. 1 for 1jβ , which suggests that 
the number of graphene layers has a distribution.

Figure 5 . N on uniform multilay er distrib ution curv e for Sample 4  calculated from E q .1

The broadest blue dotted line in Fig. 5 is 
calculated curve for uniformly distributed 
monolayer graphene, the light blue line which 
is narrower than the monolayer graphene line, 
but broader than the green experimental curve 
4, is calculated curve for a non uniform 
distribution of graphene layers number for a 
3-layered graphene. The dark blue line is 
calculated curve for a non uniform 
distribution of graphene layers number for a 
multi-layered graphene. There is a noticeable
discrepancy with the experimental curve due to its 
asymmetry. However, as the correlation 
coefficient is 92.0=ρ , it provides an additional 
insight into n-layer graphene regions share, and 
the results are in agreement with the results

obtained by other methods. According to its jβ
parameters, the coverages of n-layer 
graphene regions are calculated as in Table 2 
a).
According to these calculations, the dominant 
structure is few-layered, and the average 
value for number of sample 4 graphene layers 
is calculated as NGL=2.57 for the dominant 
graphene structure and NGL=4.25 for the 
overall graphene structure.
In Fig. 6 the three blue lines are calculated 
curves from the Eq. 1 for 1jβ , which again 
suggests that the number of graphene layers 
has a distribution.

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0

Cal ( u ni f orm ly  di st ri b u t ed
m onolay er grap h ene)
Cal ( non u ni f orm  3 - lay er
di st ri b u t i on)
E x p eri m ent al c u rve 4

Cal ( non u ni f orm  m u lt i lay er
di st ri b u t i on)
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Figure 6 . N on uniform multilay er distrib ution curv e for Sample 4  calculated from E q .1

e roadest l e dotted line is al lated 
r e or ni ormly distri ted monolayer 

ra ene, t e li t l e line i  is 
narro er t an t e monolayer ra ene line, 

t roader t an t e reen e erimental r e 
0, is al lated r e or a non ni orm 

distri tion o  ra ene layers n m er or a 
3-layered ra ene. e dar  l e line is 

al lated r e or a non ni orm 
distri tion o  ra ene layers n m er or a 
m lti-layered ra ene it  a orrelation 
oe i ient 93.0=ρ , and a ordin  to its jβ
arameters, t e o era es o  n-layer 
ra ene re ions are al lated as in a le 2 
).

T ab le 2 . a)  C ov erages of n- lay er graphene sample 4  regions
b )  C ov erages of n- lay er graphene sample 10  regions

a) Monolayer re ion o era e  0 ) Monolayer re ion o era e ~ 30-3
2 layers re ion o era e  0 3-  layers re ion o era e ~ 5- 0
3-  layers re ion o era e  5-  layers re ion o era e ~ 5- 0
7- 0 layers re ion o era e  7- 0 layers re ion o era e ~ 5- 0

 0 layers re ion o era e < 0  0 layers re ion o era e < 0

e dominant str t re is e -layered, and 
t e a era e al e or n m er o  sam le 0 
ra ene layers is al lated as N 3. 3 or 

t e dominant ra ene str t re and N =5.6 
or t e o erall ra ene str t re.

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0

Cal ( U ni f orm ly  di st ri b u t ed
m onolay er grap h ene
Cal ( N on u ni f orm  3 - lay er
di st ri b u t i on)
E x p eri m ent al c u rve 1 0

Cal ( non u ni f orm
m u lt i lay er di st ri b u t i on)
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3 . C onclusions

ere are se eral lear on l sions to e dra n rom t e re edin  analysis. e model t at is 
sed ro ides an additional insi t into ra ene sam les n-layer o an ies and t ere ore 
o era es it  a s i ient a ra y. o e er, a limitation to t is model t at s o ld not e 

disre arded is t e a t t at in eneral ase ra ene s eets i  are s e t o  resear  may a e 
layer str t re t at aries a ross t e st died sam le and en e an asymmetri al 002 D ea . 
E erimental 002 D ea s i  are i ly asymmetri al are in on enient to e analy ed y 
t is model, and t ere ore ade ate alterations to t e model s o ld e onsidered and resear ed. 

e res lts rele ant to ra ene sam les rod ed y ele trolysis in a eo s ele trolyte and y 
ele trolysis in molten salts, ot  sin  re erse an e o  t e a lied otential, i  ere st died 
and analy ed erein sin  t is model, are in a ordan e it  ot er met ods res lts, and a e 
s o n t at t ese ra ene sam les are e -layered. 

A ck now ledg ment:  is st dy as done it in t e P  Pro e t ost-e e ti e sensors, 
intero era le it  international e istin  o ean o ser in  systems, to meet E oli ies 
re irements  (Pro e t re eren e ) and t e Pro e t “ esear  and de elo ment o  ne  
nanostr t red sensors aimed or rote tion and de elo ment o  en ironment and nat re  inan ed 

y Ministry o  en ironment ysi al lannin  o  . Ma edonia.
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Abstract
e lo al ind strial de elo ment re ires an a ro riate de elo ment o  reen ro esses 

it  ero im a t on t e en ironment and ll ener y e i ien y in order to ro ide s staina le 
de elo ment o  o r so ieties. en e, a s staina le ro ess desi n is a ma or allen e on 
ea  ste  o  t e ro ess. o ild a desi n o  a aste ater treatment lant it ero im a t 
on t e en ironment, s ita le sol tion needs to e em loyed or t e sta ili ed sl d e. is 

a er ill ma e a re ie  o  t e ro ess sim lations done to resent t e alternati e sol tions 
or sta ili ed sl d e dis osals, as t e in ineration and a ri lt re ses are. Pro ess sim lation 
ill resent a tool or desi nin  and analy in  o  t e ro ess models. ta ili ed sl d e 

om osition de endin , in ineration ill e osen as a model or ener y o tainin  ro ess, 
or sta ili ed sl d e ill e sed or a ri lt re r oses. ta ili ed sl d e ill e o tained 
rom t e WW P “ D  in o e, i  om ine ind strial and m ni i al aste ater 

treatment.

Key words : en ironmental ro ess desi n, aste ater sl d e treatment, erPro Desi ner, 
in ineration

I ntroduction
D rin  ro ess de elo ment, 

ro ess sim lation so t are is sed to 
er orm material and ener y alan es, 

estimate t e si e o  e i ment, al late 
demand or tilities as a n tion o  time, 
asses t e en ironmental im a t, et . Wit  
t e rt er e ansion o  t e li  se a e 
system in ity o  o e and t e e ansion 

o  ad an ed treatment, it is redi ted t at 
amo nt o  sl d e enerated, ele tri  o er
and ener y ons m tion and t e 
reen o se as emission le els ill 

in rease. o meet t ese allen es t e ne  
te nolo ies m st e de elo ed and 
introd ed as a ro ram t at is romotin  
emission red tion meas res. 

e r ose o  t is st dy as to de elo  a 
sim lated ro ess s eme t at ill ollo  

*  lisi o ya oo. om  one   3   3  33  a  3  2 30  3
 

 t e sim lated ro ess s eme or 
remodelin  o  t e aste ater treatment 
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lant “ D  in o e or treatment o  
aste ater rom om ined so r es. 
ttention as een o sed on t e se a e 

sl d e t at as een treated y in ineration 
ntil t e resent, and t e ro ess s eme 

as desi ned to o timi e t e ener y 
on ersion and minimi e t e remained 
n sed ener y rom t e in ineration 
ro ess  to no  to a sa le ener y. 

M aterials and methods
e lo  s eet is de elo ed y 

ttin  to et er t e re ired nit 
ro ed res, and oinin  t em it  material 
lo  streams. is ro ess starts it  
ontin o s e l ent eed stream, i  

re resent t e a ti ated sl d e rom t e lant 
or se ondary aste ater treatment “ D 

 in o e. is stream is 
ara teri ed it  sl d e lo  o  3.  m3 ,

enerated y 0 m3  o  treated 
aste ater. l d e as ontent o   

solids and  ater. Detailed sl d e non 
olatile ontent is s o ed elo  in a le , 

and a le 2 ( ).
e irst ste  in ro ess s eme is 

sta ili in  t e a ti ated sl d e rod ed as 
y rod t rom t e “ D  o e 
aste ater treatment lant.  ta ili in  
ro ess is startin  it  sl d e de aterin  in 

di ester P-  D - 0  s o ed in 
Fi re , ere  o  t e ater is 
e a orated sin  air i  an e re 

eated sin  eat rom t e in inerator. 
en, sl d e is assin  t ro  t e elt 

ilter ress P - 3  B - 101 ere solid 
on entration o  t e sl d e is in reasin  
rom 3  to 0 . ese t o e i ments

are or in  ontin o sly. No  sta ili ed 
sl d e in t is orm is trans erred sin  
ele ator P - 0  BE- 101 to t e to  o  t e 

in ineration o en P -  N - 101. n start
 t is e i ment is sin  el to start t e 

sl d e in ineration, and in o r desi n ase 
ro ane is sed. n ineration is eld at 

950  it  30  e ess o  o y en and 
sin  ro ane as a start  el, i re 2.

ter in ineration l e as is enerated at 
tem erat re o  0  ontainin   o  as  

arti les. as y lone P - 2  - 101 is t e 
ne t ro ed re ere set oint o  0  o  
t e as  arti les ill e settled do n, and 

it  t e as  rom t e o en are dis ar ed. 
rt er, l e as eat is e an ed it  

s ell and t e eat e an ers P -2, 3  -
0 , 02 (2, 3). tim m eat e an in  
ill e rt er e amined sin  ro ess 

sim lations. t t e end o  t e ro ess, l e 
as is leaned rom t e l and 2, and 

t e remainin  as  arti les as ell sin  
ele trostati  re i itation and Na( )2

a sor tion ro ess (3- ).
e e it l e as tem erat re is set  at 

950 , and e ess o y en at 30 . ese 
in inerator arameters are im ortant or 
al lation o  t e e ess eat rod ed y 

amo nt o  sl d e in inerated. n t e ne t 
i re is s o n l e as tem erat re ers s 

e ess eat de enden e, o tained rom 
se eral ro ess sim lations (2, 3)

R esults and discussion
rom t e sim lation re ort e a e 

lear ie  o  t e res lts or t e material 
alan es or ea  material om onent in t e 

system, total material alan es, and 
material alan es or ea  lo  se arately 

and in total. lso eat e an ers ere 
o timi ed, re ardin  t e e an e area, 
amo nt o  ater or oolin  and ot ater 
e it eat s o n in a le 3.
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ter t e sim lations ere done, or t e 
standard sta ili ed sl d e eed o tained 
rom t e aste ater treatment lant at “ D 

 o e, ro ess sim lator as 
o erated in al lated mode, and o timal 
si e o  eat e an ers as al lated, and 
t e o timal amo nt o  old ater as ell , 

a le 3. rt er, or onstant eat 
e an in  area and onstant si e o  
e i ment, o timal amo nt o  old ater, 
o timal eat e an e area, and ma im m 
sta ili ed sl d e eed as a ie ed.
From t e i re , and i re s o ed

elo , or o timal eat e an e area or 

serial onne tion o  eat e an ers an e 
onsidered 2  m2 and 3 00  s ly o  
old ater and or arallel onne tion o  t e 
eat e an ers o timal eat e an in  

area an e onsidered 3  m2 and old 
ater s ly o  3 00 . n t is ase e it 

tem erat re o  t e l e as a ter t e eat 
e an ers is 20 , om arin  it  t e 
serial e an ers ere e it tem erat re o  
as is 0 C . n t e ollo in  Ta le 4 is 

des ri ed t e material alan es o  t e aste 
streams. 

C onclusion
Pro ess sim lation so t are an 

lay an im ortant role d rin  ro ess 
de elo ment, and an si ni i antly ma e 
t e ro ress aster. Be a se o  t e nat re o  
t e om ination o  t e ro ess o  
in ineration and not resent o  ea y metals 
or any ot er to i  om onents, t ere is no 
need o  addin  o  additional ilters it  
s e ial ara teristi s or l e as leanin .

rom t e sim lations done e a e 
o tained an o timal e an in  area or t e 
oolin  o  t e l e as and o tainin  a lean 

ener y it  minimi in  ener y loses. t 
t e end e a e sim lated one reen ener y 
ro ess i  an e rt er o timi ed or 

t e t re needs. rt er t e as  rom t e 
in ineration an e sed or re eneration o  
t e metals ontained. tim m eat 
e an e area is o tained or t e lo er 

al e at t e lo er amo nt o  old ater t at 
need to e sed or oolin  o  t e streams, 
and o tim m al e or t e old ater is 
o tained at a al e or amo nt t at ill 
e an e more eat.

T ab le 1. Sludge non- v olatile content percent

l d e non olatile ontent ( )
Al C a e K M Na
0, 2 , 2, 0,02 0,2 0,0

T ab le 2 . Sludge non- v olatile content mass concentration

l d e non olatile ontent (m )
As B a d C r i Mn Ni P P V n
< 10 120 < 1 32 103 1 90 22 775 57 7 232
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Figure 1. SuperPro Designer scheme of the sludge incineration process
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Figure 2 . I ncineration procedure simulation w indow  w ith set up points

Figure 3 . E x cess heat dependence of ex it flue gas 

T ab le 3 . H eat ex changers main parameters,  simulated v alues
l d e lo   

eat  e an in  area , 0  m2

antity o  old ater 
s lied  tem erat re

1 m3 ;  20º C

antity o  eated ater;
tem erat re

1m3 ; 18 2 º C

tili ation o  l e as eat 61
l e as antity  tem erat re 0, 2  m3 ; 1000 º C
eat trans er oe i ient 

(s e i ied or in ineration l e 
as)

100 Watt m2K

Ex
ce

ss
 h

ea
t (

kJ
/k

g 
sl

ud
ge

)

F lu e gas Tem peratu re ⁰C

Ex cess h eat
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Figure 4 . O ptimal amount of cold w ater and optimal heat ex change area

Figure 5 . O ptimal amount of cold w ater and optimal heat ex change area

T ab le 4 . Simulated v alues of composition of ash and aq ueous w aste produced

tream eo s Waste
om onent lo  rate ( ) Mass om  ( ) on . 
s 0.00004 0.0006 0.000025
a ydro ide 16.26015 10.0166 10.602511
a loride 2.51176 1.5473 1.6378 06

C aS O 4 12.97966 7.9957 8 .463450
y en 9.04513 5.5720 5.8 97921

Water 121.53557 74.8 68 4 79.2478 75
HC l 0.00145 0.0001 0.000765

s  stream (at 000 )
37.53

Fi
na

l f
lu

e 
ga

s 
te

m
pe

ra
tu

re
 (⁰
C)

A m ou nt of  cold w ater (kg/ h )

F lu e gas tem peratu re vs.  am ou nt of  
cooling w ater S eri al

c onnec t e
d H eat
area

P arallel
c onnec t e
d H eat
area

He
at

 e
xc

ha
ng

e 
ar

ea
(m

2)

A m ou nt of  cold w ater (kg/ h )

H eat ex ch anging area vs.  am ou nt 
of  cooling w ater

S eri al
c onnec t e
d.  F i nal
f lu e gas
t em p

P arallel
c onnec t e
d F i nal
f lu e gas
t em p
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Centar za ekotoksikološka ispitivanja Podgorica DOO (CETI) je osnovala Vlada Crne Gore za 
vršenje poslova ispitivanja svih segmenata životne sredine: vazduha, vode, mora, zemljišta, 
flore i faune, klimatskih promjena, jonizuju eg i nejonizuju eg zra enja, buke i vibracije, izrade 
posebnih toksikoloških studija, analiza i programa za potrebe državnih organa, 
nau noistraživa kih ustanova, privrede i gra ana, kao i poslova kontrole zdravstvene 
ispravnosti životnih namirnica i predmeta opšte upotrebe.  

CETI vrši: 
- ekotoksikološka i ispitivanja kvaliteta (fizi ko-hemijska ispitivanja i ispitivanje sadržaja 

radionuklida) svih segmenata životne sredine (vode, vazduha, zemljišta, sedimenta, 
mora...); 

- kategorizaciju otpada; 
- ispitivanje otpadnih gasova - emisija; 
- ispitivanje radona; 
- snimanje „nultog“ stanja potrebnog za izrade studija lokacija i elaborata o procjeni uticaja 

na životnu sredinu; 
- izradu toksikoloških studija, analiza i programa za potrebe državnih organa, 

nau noistraživa kih ustanova, privrednih društava i drugih subjekata; 
- dozimetrijska mjerenja, osiguranje i kontrola kvaliteta (QA/QC); 
- kontrolu i izdavanje sertifikata za promet roba (hrane i predmeta opšte upotrebe) u uvozu, 

izvozu i proizvodnji;  
- ispitivanje radne sredine (komfor-mikroklimatski uslovi, hemijske i fizi ke štetnosti); 
- ispitivanje buke i vibracije u radnoj i životnoj sredini; 
- pripremu i izradu akta o procjeni profesionalnih rizika zaposlenih sa predlogom mjera za 

njihovo otklanjanje. 

.
CETI je institucija koja pored visoke stru nosti posjeduje i višegodišnje iskustvo u djelatnosti 
ekotoksikoloških ispitivanja svih segmenata životne sredine. Od osnivanja je postigao da svoju 
djelatnost proširi po obimu, vrsti ispitivanja, broju analiza što je rezultiralo i širenjem liste 
klijenata tj. korisnika usluga. Danas može da ponudi široki spektar analiza koje se rade po 
savremenim, svjetski priznatim metodama i sa najkvalitetnijom i najpouzdanijom 
laboratorijskom opremom. 

Temelj uspjeha ujedno i prednost CETI jeste angažman svih zaposlenih, spremnost na nove 
izazove, a sve sa ciljem ostvarivanja zajedni ke vizije – da CETI bude institucija prepoznata, u 
regionu i šire po stru nosti, pouzdanosti analiza, uvijek raspoloživa na tržištu uz konkurentne 
cijene.

Tokom 17 godina uspješnog poslovanja najzna ajniji klijenti CETI su: Elektroprivreda Crne Gore, 
Kombinat aluminijuma, Termoelektrana Pljevlja, Luka Bar, Brodogradilište Bijela,  Agencija za 
zaštitu životne sredine, Bemax, Cerovo, Porto Montenegro, Tradeunique, Okov, Nivel i dr.  



 

 
                            d.o.o. 

Tel: 020/234-703 
Fax: 020/234–300 
Mob: 069/311-673 

E-mail: darkov@ac.me 

 
 
 

 
 O preduzeću 

Preduzeće „MEDIX“ d.o.o. Podgorica osnovano je u oktobru 1998. godine.  
Zapošljava 4 radnika koji su u stalnom radnom odnosu, a u honorarnom odnosu ima 
15-tak radnika.  

 Djelatnost 

Osnovna djelatnost preduzeća je izrada Elaborata procjene uticaja na životnu sredinu, 
Strateških procjena uticaja, Studija izvodljivosti i Projekata iz oblasti životne sredine. 
 
U svom dugogodišnjem radu ovo preduzeće je uradilo preko 500 Elaborata procjene 
uticaja, kao i značajan broj Strateških procjena uticaja i Studija izvodljivosti.  
 
Preduzeće okuplja veliki broj stručnjaka iz različitih oblasti koji za pojedine poslove 
čine multidisciplinarni tim. Svi angažovani stručnjaci imaju veliko iskustvo u 
izvršavanju poslova iz oblasti životne sredine, tako da je ovo preduzeće jedno od 
vodećih u pružanju usluga koje se odnose na sferu njegove djelatnosti. 
 
Osim saradnje sa domaćim institucijama i preduzećima, jedan dio aktivnosti 
preduzeća je vezan i za saradnju sa inostranim partnerima koji se bave problemima 
životne sredine.  


 Osposobljenost

Preduzeće „Medix“ je u svakom pogledu osposobljeno za obavljanje svoje 
djelatnosti.





Vlada Martinovića 55
81000 Podgorica
Kontakt tel.: +382 69 311 673
e-mail: cdzm@ac.me
Žiro račun: 550-2855-54
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