
! " #$ %&' ( ) *
! " #$ %+ , -

' . &%" ) . - ' . / ! 0 1" ) / ' # / %) .
) #$ " ) . 2 3" ) 4 ) + %( 5 !

6789: ; <79= >>9 ?@@A ?=@ : BB@
10 %( ( . B@: =AC=D?

© Copyright by Institute of Envionmental Engineering of the Polish Academy of Sciences, Zabrze, Poland 2003 

! " #$ %&'( $ ) * #' + ) * # , #! &- + * . / " #* ! %&* . 0 1/ 2 %' + 3 &
0 4 5%6+ ' / 7 283 9 * &* . : + 3 ' : ( &' / " " / 6$%5

%6/ 64$.& 3 4 + 6#+ , / %5 5 ' + 1%#+ %&* . ' * ! $ ; #/ $ ' $4##
0 $! + * #90 5

.$1 #%$ 3 92 - + ' ; -$ <%$ ; -48 6=: #+ 64 "$1 * ! &-

! EFGHI JF / HKL<JKM<7A" 78<JKMFN5 FOHGPFQ8HR7M<FSTOSF J ) KLP7<UQ8HR
V89WHP<FPGUXTEF DNCYAB: ; WUGZ7TMKM

5HUS7PGT[ T7J8TNZP7V<GSFOHPNI HOLF<HN OHOPFLUGP7OLJ7>LH<H9

#$! . Q' ( ) * 1$2 ( %#) #$' - %#!0 1" ) 1' " /%' ( ) * ( ) %0( !.4 Q" ) ,.4 + ! /' "
,.4 ' " / $' %-1! # / ) * -' / $!.' ! .4 / ' / "!$24 " ) / $%) 1$' .' ' - %( ( %).

4 , "%. Q /$' 4 !-! Q' ) * Q! ( 1%1'

%< : BB: OLH TOVGU 7\ OLH JI >FKO7\ K7F8 I J<HI HOLF<H 8HFEFZH]J< . 76HI RHP:BBB̂ GVHO7 OLH GFI FZH
7\ V<GHPZP7V<G ZFT>J>H ]D@1' ^ SFT V<GHPOFEH<9 / LH >P7>HPOJHT 7\ T7J8TN>8F<OK76HPK7<GJOJ7<T F<G OLH
K7I >7TJOJ7< 7\ ZP7V<GSFOHP7< OLH FPHF 7\ F887OI H<OZFPGH< J< + _7K_FSHE SFT TOVGJHG9

* 7POLH J<6HTOJZFOJ7< T7J8T SHPH TFI >8HG \P7I OLH \7887SJ<Z GH>OLT[ BA: BN : BA=BNDBACB F<G
?BBA?: B KI 7\ C R7PHAL78HT̀ ZP7V<GSFOHPF<G>8F<OI FOHPJF8 ]OLVaF <HHG8HT̂ \P7I OLHTHTJOHT SHPH TFI >8HGNO779
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TJOHT9 / LH TOVGU TL7SHG F8T7 TOJ88LJZL K7<OH<O7\ I HOLF<H F<GOHOPFLUGP7OLJ7>LH<H J< ZP7V<GSFOHP9
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+ P7EV : BB: >PMH>P7SFGM7<7 RFGF<JF S>_USV SUKJHEV ZFMV MJHI <HZ7 ]Qd YB̂ NSTEVOHE FSFPJJ
ZFM7KJeZV fPHG<JHZ7 KJf<JH<JF D@1' N EOgPFI JF_F I JHaTKH S 8JTO7>FGMJH :BBB P9N<F S_FfKJS7fKJ Z8HRN TOF<
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4 7 RFGFX >7RPF<7 >PgREJ Z8HR7SH M7fI JV 7GSJHPOgS Z8HR7SUKL MZ_hR7E7fKJ BA: BN: BA=BNDBACB J
?BBA?: B KI 7PFM>PgREJ S7GU ZPV<O7SHa J I FOHPJF_V P7f8J<<HZ7 Oa9 7RVI FP_UKL JZJH_ i US7O<JEgS
TMI FPFZG7SUKL J M_7KJTOUKL9

! EOVF8<e 7KH<h MI JF< S fP7G7SJTEV Z8HR7SUI 7>FPO7 <F >FPFI HOPFKL >7fPHG<JKLNEOgPH V8HZ_U
MI JF<JH>7 7E7_7 GSV8HO<JI 7EPHTJH 7GSUTOe>JH<JF FSFPJJNOFEJKLNaFE[ 7GKMU< Z8HRNKF_E7SJOF MFSFPO7fj
TJFPEJNS_FfKJS7fKJ PHGVEKUa<HZ8HR J FEOUS<7fj GHLUGP7ZH<FM9

+ PHMV8OFKJHFSFPJJ <FTOe>J_7 Z_gS<JHMFKLSJF<JHPgS<7SFZJ GU<FI JKM<HaS \FMJHZFM7SHaZ8HR9 + U<JEJRFGFX
S_FfKJS7fKJ J TE_FGVZ8HRSUEFMF_UNi HV8FO<JFaeKUTJhZFMT>7S7G7SF_SUTOe>JH<JHSFPV<EgS PHGVEKUa<UKL J MFE_gKH<JH
FEOUS<7fKJ I JEP7RJ787ZJKM<Ha J H<MUIFOUKM<Ha9 + FPV<EJ PHGVEKUa<H J <JHG7RgPO8H<V SUS7_F_U<HZFOUS<U S>_US
<F P7f8J<<7fj NK7 >PMHaFSJ_7 TJh S TEPFa<UKL >PMU>FGEFKL SU>FGF<JHI P7f8J< ]iUS7O<JEgS 9̂ ( OSJHPGM7<7 PgS<JHi
VOPMUI VaeKU TJh J STEFMVaeKU <F MF<JHKMUTMKMH<JH >7MJ7I I HOF<V J OHOPFLUGP7OJ7\H<V S S7GMJH ZPV<O7SHa9
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Z Zhddgh j IcX j 8i g Xl Ii a aj i 8l c hIhl g agIc

Z l hdkh j 8aa j IXZ i i Ihg XlIaj hIhZg i 8c

Z ahhdaZh j Ial j 8Xk l l 8ak XZ8kh hIhhi aIa

c hdZh j Ich j IZg X i j kIi l hIgj a ahi 8l

c Zhddgh j Iak j Ihl X aZc8j a h8hgc X8j

c l hdkh l IXh j Ial X kk8kk hIhZc mndIZ

c ahhdaZh l IXX l 8Xl X j aIXX hIhhk a8k

g hdZh j Ial j 8gZ X i khIkZ hIl kh ai ZIc

g Zhddgh j IZX j Igc X acX8hZ hIhgi #+8#

g l hdkh j IhX j Iak X ahkIl Z hIhZi i Il

g ahhdaZh j 8aZ j IcX X ahkIXj hIhhi aIa

i hdZh j 29 j IXZ l j Ikg accIkj h8hci j 8X

i Zhddgh l IXc l IXg i h8hi ach8l j hIhZX l 8md

i l hdkh j 8ah j 8cZ gc8Xh aZi 8ai hIhZi 5_:=; 

i ahhdaZh j 8ai j 8ZZ cZIZl # al Ica hIhhj #Imd

l hdZh j 8ac j Iak X aXa8kc h8hkg ak8k

l Zhddgh j IcX j 8gh X aj aIck hIhgj ah8i

l l hdkh l IXa l Il l X al XIj k hIhgZ XIg

l ahhdaZh l Ij a l Igg X aaX8l g hIhaj cIk

j hdZh i IXk i IZa ckIi c aki IZi h8hi j aZIj

j Zhddgh l IhX i 8gi cj Imdh aaj Ii a hIhgh XIh

j l hdkh l 8cX i IXc ZXIkZ aai Ick hIhgh i IX

j ahhdaZh l Ii cI l IZa chIki ahgIcmnd h8hhj aIi

o d?:E =D?CTD=?=I o d?= C?C;GFEQ



140 ! " #$%" &' ( ) * + , ) " -%" , ) . / 01 2$* 0. 3 " #456 )

+ 789:; < 8=>9; ?@A: =1 ; BC8= D@EBFG<H@D I J=K<= D D@: <; 9 D@?<=; 9 I 7L9 MN=B7: 9O
PI 87: <?L@H@7; B@D: PQR N<; 8PP8I 7: <LNCD1 EL?L=I CJ: <= 7=8PKPD@?S1 ?P GPBD<=8>L<H@
G787N=B8@PL: 7?LP: = D GPK87: @?S G8CK; 7?ST + D789:; 7?S : <=>PKP89BJ=: 91A7; N<7HP BP
N<=AE?= K=LGPQ8=>: <PGP D@?<=;9 N=B7: 9 >P I J=K@1D Q8P>PD<E; 9 I J=KPD@N : 7EBUGPD7H7
; PJ=A: P 8=>9; ?A7 7LPB7: CD1 BJ=:; CD N7: I 7: 9 < V=J7L71WPEWP87: CD < E<78?L7: CD17 G! I J=K@
8PEHP XYZT5: 7J7LHP BP EDPA= P>K<?<= D ?=?S7?S NP8WPJPI <?L: @?S K7>7: @?S G8CK=;
G8PW<JPD@?ST $N D@VEL= A=EBEBD<=8>LP: = G! I J=K@B@N K78>L<=A 8=>9; ?@A: = D789: ; <
< : <=>PBJ=: <=: <= I J=K@L7<EB: <7H@X[ ZT * >GPD<7>7 B=N9 GP>D@VELP: 7 7; B@D: PQR
=: L@N7B@?L: 7T( 7>7: <7 GPL<PN9 7; B@D: PQ?< >=S@>8PI =: 7L I J=KPD@?S D@; 7L7H@1 V=A=EB
P: 7 : 7D=B; <J; 7: 7Q?<=87L@D@VEL7 D G8CK; 7?S: 7AK78>L<=A: 787VP: @?S: 7 L7: <=?L@EL?L7: <=
D GP8CD: 7: <9 >PG8CK; < ; P: B8PJ: =A11* \ M07KT ] O1I >L<= : <= K@HPDGH@D9L7: <=?L@EL?L=: <7T

0=EBDI ( 78J=BB7 X] Z: <=D@; 7L7HPK=?: PQ?<E<78?L; CD D G8CK; 7?SI J=KPD@?S1A=>: 7;V=
: 7J=V@DL<FRGP> 9D7I UW7; B1 V= D@?<=; I 7L9 N<7HN<=AE?= KJ<E; P GCHBP878P; 9 D?L=Q: <=A
MJ<EBPG7> ]^ ^^O17 PK=?: @EB7: P>K<=I 7P> E@B97?A<: 7I 8PN7>L=: <7 L7: <=?L@EL?L=_ I 7LPD@?S
K=LGPQ8=>: <PGP7D78<<T

57<EB: <7H7 7D78<7 EGPDP>PD7H7 I HCD: <= L7?SD<7: <= 8CD: PD7I <>@: 7N<?L: =AD W7L<=
I 7LPD=AI J=K@1 L7B=N 7; B97J: 7 P?=: 7LN<7: D Q8P>PD<E;9 I J=KPD@NNPV=D@HF?L: <=PG<=87R
E<U: 7 G787N=B87?SGPQ8=>: <?S1; BC8= NPI H@9J=? LN<7: <= GPB7; >H9I <N P; 8=E<=1EL?L=I CJ: <=1
V= G8PKJ=N >PB@?L@L7: <=?L@EL?L=: <7 D W7L<= I 7LPD=AT

+ PG<E@D7: @N G8L@G7>;9 L7<EB: <7H@D789: ; <9B89>: <7AF?=9E9D7: <= N=B7: 9 L I J=K@̀
- L7>78:<=: <=- B87D:<; <E@EB=N ; P8L=:<PD@B87D 9B89>: <7AF9D7J: <7: <=N=B7: 91GP: <=D7V

LN: <=AELP: 7A=EBD@N<7: 7 I 7LPD7GPN<U>L@I J=KF17 GPD<=B8L=N 7BNPEW=8@?L: @Na
- D789:; <7: 7=8PKPD=LD<FL7: =L : <=>PKP8=N BJ=: 9 D GPD<=B8L9I J=KPD@N 9B89>: <7AF

9BJ=: <7: <=N=B7: 9 G8L=LK7; B=8<= N=B7: PB8PWPD=P87L: <B8@W<; 7?@A: = M: 7B987J: @G8P?=E
9E9D7: <7 N=B7: 9 L I J=KOa

- 9V@B; PD7: <= 8PJ: = I J=K < LD<FL7: = L B@N EGP87>@?L: = : 7DPV=: <=1 EL?L=I CJ: <=
: 7DPV=: <= 7LPBPD=1 <: S<K<B9A= 9BJ=: <=: <= N=B7: 9 D I J=K<= : 7 >8P>L= N<; 8PK<PJPb
I <?L: =AXcdZa

- : <E; 7 B=NG=87B987GPD<=B8L7 <I89: B9D P;8=E<=1; <=>@: 7EBFG<HD@?<=; I 7L919B89>: <7H@
9D7J: <7: <= N=B7: 9 < G8L=D<=B8L7: <= I J=K@P87L EBD78L7H@; P8L@EB: = D789: ; < >P
7>EP8G?A<L7: <=?L@EL?L=: <7 : 7 L<78:7?SI J=K@a

- GP;8@D7 Q: <=I 9 GP 7D78<< : 7 PKEL78L= L7: <=?L@EL?LP: @N 8CD: <=V : <= EG8L@A7H7
D@N<7: <= I 7LPD=A1?P NPI HP >PG8PD7>L<R>P>9V=I P : 7I 8PN7>L=: <7 N=B7: 9T

0=EB : 7 ; 7B=I P8<= 8=>Pe I J=K DI ( 78J=BB7 X] Z D@; 7L7H1 V= D I J=K7?S K7>7: @?S
D@EBUGPD7H@D789: ; <8=>9; ?@A: =T

f=>: P?L=Q: <=17: 7J<L@GPNP?: <?L= G8CK=; I J=KPD@?S: <=D@; 7L7H@<: : @?SG8L@?L@: 1
; BC8= NPI H@K@N<=RDGH@D : 7 D789: ; <D=I =B7?A<8PQJ<: T , BD<=8>LP: P1V= G8L=DP>: <?BDP
=J=; B8PJ<B@?L: =DP>: @?S=; EB87; BCD I J=K K@HP?S787; B=8@EB@?L: = >J7 I 89: BCD P 9L<78:<=: <9
G<7E; CD1 L D@; J9?L=: <=N =D=: B97J: =I P L7EPJ=: <71 EGPDP>PD7: =I P : GT : 7>N<=8:@N
: 7DPV=: <=N J9KL7K<=I 7N<L<NPD=I P9B8L@N7: <7 G8L@J=I H=AA=L>: <- B7K=J7 ] T

, ; H7> ?S=N<?L: @K7>7: @?S I J=K 8CD: <=V : <= P>K<=I 7HP> E; H7>9 I J=K : <=L7: <=?L@b
EL?LP: @?SD P>: <=E<=: <9 >P N=B7J<T57D78BPQ?<N=B7J<?<UV; <?SD WP8N7?S G8L@ED7A7J: @?S
>J7 8PQJ<: K@H@KJ<E; <= L7D78BPQ?<PN B@?S ; PNGP: =: BCD D I J=K7?S P E; H7>L<= G<7E; CD1 BAT
KJ<E; <= D78BPQ?<PN BH7 I =P?S=N<?L: =I P- B7K=J7 YT

* L: 7?L7: = L7D78BPQ?< DP>: P8PLG9EL?L7J: @?S WP8N N=B7J<D I J=K7?S1 B7; V= K@H@
?S787; B=8@EB@?L: = >J7 I J=K : <=L7: <=?L@EL?LP: @?SN=B7J7N<?<UV; <N<M07KTYOT



! " #$ %& ' ( $ ) * #' + ) * # , #! &- + * . / " #* ! %&* . 0 ( / 1 # ' + 2 & 0 34 %5+ ' / 6777 141 

589: ;8 <7 ! 8= 8>?@AB C8?= @>@DEFGDHD8;I JHK = = @LDM: M : NG?>8K@= 8I JHK = 2 5O$ P: ?8;MHMQRNMHK @>8D
H8CN@= M?8 D8= 8>?@AB >?QHM = 98L8I JHK S;: 98HK

5K: H@I ?: I ? @TG@;F9;: MI = 8?: > 8I L 2 5O$ U: V?>8H?89;: K: 8WJ P: ?8;G 8I L H@I ?: I ? @T?@?8;
P : >HF>J MI MI W: G?MS8?: L G@M;G

0 CQ9@U
! 8=8>?@AB!" #$ C8?= @ * 8CN@U

%> N@AB
!"#$%&#' #( )*+' , -

! 8=8>?@ABT@I F E>DJG=8X8;I JHK
wita 

E>Y9NM E@9>8I M8
- " . #/0

* @I ?: I ?@T2 Z5TZ$ W:V?>8H?89;: K: 8WJP:?8;G
#( - ( !1

%@ 2 : E?K @T
* @I ?:I ?@TG@;F9;: MI

[I MSNS\ ]
?@A % . S

water 2" !3 & 5@?8;
&( 3 $4 &( 3 $)/* 5

63 54789 #U;S
&' $ (

! I * F :; )5 Fe < * ! I * F * L ) * &$ SNS\]
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_^Ù̂ = + = = + = + + X =

` f ^Uc^ = = = X = = k k k =

d^^Ud_^ X \ = = = = + = X =

0-20 ^bd_ Il. I. 2.62 d^f 7̂ ^ ^bf ^ ^bf _ ^b̂ _ <0,02 0,22 +
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