
!"#$%&'( )* '+&%")+,'+-!. /")-'#-%)+
!"#$%01, )#$")+2 3")4)0%(5!
vol. 67 89: 1 pp. ;7<== 2001 

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

. !"#$%&'() *$ +,-)&).)/ "0 1,2&%",3/,)45 1,'&,//%&,' "0 )(/ 6"5&-( 7849/3$ "0 :8&/,8/-; <4*%=/; 6"54,9
4,9 <4>?49 @4%"9"A$ /01 B--"5&C->&8( D E$94A,&8)A"F G)"/?4A; 6"54,9 HIIJ

42+!,%#( )* $'!&2 ,'-!.( .'!#$%+>
*"), ()%.( 0%-$ ('0!>' (.14>' !44%-%)+

#?'(@!0! ")(%5<41.'0(5!A ,%")(@!0 ,%5(?-!
23/4567/89 :; <=:>5? @AB/6 :; CB68A $D6;BE5 !6:85E8/:3? F5=B680538 :; GB785 B3H GB785IB856 JB3BK50538?

D>1 <>57LB ()? )M*&M( <=:>5

N59I:6H7O 75IBK5 7>DHK5? A5B49 058B>7? H93B0/E7 :; >5BEA/3K1

42+!,%5! @1>)0!+%! ,'-!.% #%BC5%#$
? >.'D +!0)C)+2#$ )(!4!,% 3#%'5)02,%

@5>50 =6:IBHP:39EA QBHBR Q9S: :L65T>53/5 PBK6:U53/B H>B K>5Q? IVH =:HP/5039EA / 6:T>/3?
WBL/5 0:U5 =:I:H:IBX 3BI:U53/5 :7BHB0/ P 05EAB3/EP3:*Q/:>:K/EP35W :EP97PEPB>3/ TE/5LVI
: I9HBW3:TE/ 3:0/3B>35W ), OOO 03YH1 !6VQ9 K>5Q =:Q6B3: P K:7=:HB678IB 6:>3:*IB6P9I35K:1
F:TI/BHEP53/5 PI/ZPB35 P SDK:IB3/50 PB3/5EP97PEP5R =6:IBHP:3: I >/P90586BEA P !@[ \P :H]
=S9I50 IVH =6P57/ZL:I9EA^1

_3B>/P:IB35 :7BH9 7=5S3/BWZ PB6VI3: I PBL657/5 EA50/P0D? WBL / Q/:>:K// I90:K/ 78BI/B35
:7BH:0 =6P5P3BEP:390 H: 6:>3/EP5K: I9L:6P978B3/B1 <HE/5L/ P >/P90586VI =: +? -, / () 89K:H]
3/BEA 790D>:IB35K: SDK:IB3/B :=BHB0/ B80:7;569EP390/ EAB6BL8569PDWZ 7/` I EPB7/5 QBHBR
P0/53390 =a \853H53EWB IP6:78:IB^? =6P5I:H3:TE/Z 5>5L86:>/89EP3Z \853H53EWB 7=BHL:IB^ :6BP
:Q3/UBWZEZ 7/` 3/5P3BEP3/5 PBIB68:TE/Z 058B>/ E/`UL/EA1 !6P5=6:IBHP:35 ;6BLEW:3:IB3/5 058B>/ E/`U]
L/EA I :7BHBEA TE/5L:I9EA 058:HZ 75LI53E9W35W 5L786BLEW/ EA50/EP35W I9LBPBS:? U5 I978`=DWZ :35
KSVI3/5 I =:78BE/ PI/ZPLVI 86DH3: DIB>3/BWZE9EA 7/` H: 6:P8I:6D K>5Q:I5K: \;6BLEW5 III, %&A &E:
_3B>/PB 75LI53E9W35W 5L786BLEW/ EA50/EP35W =6P5=6:IBHP:3B I K>5Q/5 P PBB=>/L:IB390 :7BH50
TE/5L:I90 =: () 89K:H3/BEA 78:7:IB3/B 790D>:IB39EA HBI5L :=BHVI I9LBPBSB =:H:Q3Z 853]
H53EW` I978`=:IB3/B 058B>/ E/`UL/EA WBL I 7B09EA :7BHBEA? =6P9 EP90 7D0B69EP3B PBIB68:TX /EA
I5 ;6BLEWBEA I-III I93:7/SB :H -+?,b H>B @6 H: ))?+b H>B c31 !:P:78BSB />:TX 058B>/ PI/ZPB3B
Q9SB KSVI3/5 P ;6BLEWZ [? EBSL:I/E/5 3/5H:78`=3Z H>B 6:T>/31

$D00B69

dA5 K:B> :; 8A5 78DH9 IB7 8: H58560/35 8A5 6/7L =:75H 8: 7:/>? K6:D3HIB856 B3H =>B387 Q9 8A5
B==>/EB8/:3 :; 75IBK5 7>DHK5 ;6:0 B 05EAB3/EB>*Q/:>:K/EB> IB785IB856 865B80538 =>B38 :; 3:0/3B>
EB=BE/89 :; ), OOO 03YH1 B7 ;568/>/P561 $:/> 7B0=>57 I565 E:>>5E85H ;6:0 B3 BK6/ED>8D6B> B3H 45K58BQ>5
=6:HDE8/:3 ;B601 dA5 >5BEA/3K 5e=56/0538 IB7 EB66/5H :D8 /3 !@[ >/P9058567 \I/8A =56E:>B8/:3
IB856 :D8>58^1

G/8A 657=5E8 8: 8A5 EA50/7869 B3H Q/:>:K9? 8A5 B3B>9P5H 7>DHK5 05587 8A5 78B3HB6H7 758 D= ;:6
7>DHK5 D75H ;:6 BK6/ED>8D6B> =D6=:7571 _;856 +? -, B3H () I55L7 :; 7/0D>B85H >5BEA/3K I/8A B863:*



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

456789: 587:959;<;9=>1 ;67 ?7:67<;7 @8=A ?9BCA7;784 46=D7E :6<>F74 9> 5G H9>:87<49>F ;7>E7>:CI1
7?7:;8=?C;9: :=>EJ:;9K9;C HE7:87<49>F ;7>E7>:CI <4 D7?? <4 4?9F6;?C ?=D789>F :=>;7>; =@ 67<KC A7;<?4L
G7<KC A7;<? 457:9<;9=> 9> 47D<F7 4?JEF7 46=D7E ;6<; ;67C =::J8 9> @=8A4 =@ :=A5=J>E4 45<89>F?C
87?7<4<M?7 ;= ;67 4=9? 4=?J;9=> H@8<:;9=>4 +++1 +N1 NIL 367 <><?C494 =@ 47OJ7>;9<? :67A9:<? 7P;8<:;9=>
:<8897E =J; 9> 4=9? D9;6 <55?97E 47D<F7 4?JEF71 <@;78 QR D77S4 ;87<;A7>; D9;6 49AJ?<;7E <;A=456789:
587:959;<;9=> E=474 46=D7E 49A9?<8 67<KC A7;<? =::J887>:7 ;7>E7>:C <4 9> ;67 :<47 =@ 5J87 4?JEF7L
367 ;=;<? 67<KC A7;<? :=>;7>; 9> @8<:;9=>4 +-+++ <A=J>;7E @8=A T!1UV @=8 "8 ;= RR1!V @=8 #>L
367 87A<9>9>F :=>;7>; =@ 67<KC A7;<?4 D<4 M<49:<??C M=J>E D9;6 @8<:;9=> N1 D69:6 94 :=A5?7;7?C
J><K<9?<M?7 @=8 5?<>;4L

+W3)*./"3+*W

%7D<F7 4?JEF7 94 < 58=EJ:; =@ ;67 A7:6<>9:<?1 M9=?=F9:<? <>E 56C49:=-:67X
A9:<? ;87<;A7>; =@ E=A74;9: 47D<F71 9>EJ4;89<? 7@@9J7>;1 <F89:J?;J8<? D<4;7D<;78
<>E 4;=8A-D<;78L
+> Y=?<>E1 <558=P9A<;7?C T Z A9??9=> ;=>4 =@ 47D<F7 4?JEF7 94 F7>78<;7E

C7<8?CL '; ;67 6CE8<;9=> ?7K7? =@ [! V1 ;67 A7>;9=>7E K=?JA7 94 <> 7OJ9K<?7>; =@
<558=PL \R] ;6=J4<>E ;=>4 =@ E8C A<44 578 C7<8L

$K78C C7<8 <M=J; \]] >7D?C :=>4;8J:;7E D<4;7D<;78 ;87<;A7>; 5?<>;4 <87
5J; ;= =578<;9=>1 D69?7 <M=J; =>7 ;6=J4<>E 94 4;9?? J>E78 :=>4;8J:;9=>L *578<X
;9=> =@ < D<4;7D<;78 ;87<;A7>; 5?<>; 94 :?=47?C 87?<;7E ;= ;67 >7:7449;C =@
6<>E?9>F ;67 F7>78<;7E 4?JEF7 9> <> <558=589<;7 A<>>78L )7:7>;?C1 < 49F>9@9:<>;
<EK<>:7A7>; 9> ;67 E7K7?=5A7>; =@ 47D<F7 4?JEF7 ;87<;A7>; ;7:6>=?=F974 6<4
M77> =M478K7EL W7K78;67?7441 ;67 58=M?7A =@ 9;4 4<@7 J;9?9B<;9=> 94 4;9?? <> =57>
OJ74;9=>L $@@7:;9K7 4=?J;9=>4 ;= <EE8744 ;694 58=M?7A <87 7K7> A=87 E9@@9:J?; ;=
@9>E <4 ;67 K=?JA7 =@ ;67 F7>78<;7E 47D<F7 4?JEF7 4C4;7A<;9:<??C 9>:87<474
D69?7 9;4 OJ<?9;C E=74 >=; <?D<C4 A77; ;67 87OJ987A7>;4 =@ ;67 7>K98=>A7>;<?
58=;7:;9=> ^T1 Q1 R1 [_L

W7<8?C Q]V =@ ;67 AJ>9:95<? <>E 9>EJ4;89<? D<4;7D<;78 ;87<;A7>; 5?<>;4
E945=47 ;6798 4?JEF7 => E94:6<8F9>F =8 ?<>E@9?? 49;74 <>E =>?C @7D @<:9?9;974 @=??=D
;67 @=8A<??C 87FJ?<;7E 47D<F7 4?JEF7 A<><F7A7>; 58=:7EJ874 ^T]_L

)<;9=><? J;9?9B<;9=> =@ 47D<F7 4?JEF7 46=J?E :=>4;9;J;7 ;67 M<49: 589>:95?7
=@ 4?JEF7 A<><F7A7>; 9> < D<4;7D<;78 ;87<;A7>; @<:9?9;C <4 ;67 >JAM78 =@
M<889784 9> ;67 E945=4<? <>E 4;=8<F7 =@ 4?JEF7 :=>;9>J=J4?C 9>:87<474L
367 :=>;7>; =@ =8F<>9: A<;;78 <>E >J;897>;4 9> 4?JEF7 `J4;9@974 9;4 4J9;<M9?9;C

@=8 <F8=;7:6>9:<? 5J85=474L G=D7K781 47D<F7 4?JEF7 A<C <?4= :=>;<9> 6<B<8X
E=J4 4JM4;<>:74 H7LFL 67<KC A7;<?4I1 49F>9@9:<>; <A=J>;4 =@ 5<;6=F7>9: M<:;789<1
K98J4741 58=;=B=<>41 5<8<49;74 7;:L1 <>E ;=P9: =8F<>9: :=A5=J>E4 H7LFL 574;9:9E741
5=?C:6?=89><;7E M9567>C?4IL '?? =@ ;67 A7>;9=>7E 6<B<8E=J4 @<:;=84 <87 9AX
57E9A7>;4 ;= J;9?9B7 ;67 47D<F7 4?JEF7 9> < ><;J8<? D<C1 7457:9<??C @=8 <F89:J?X
;J8<? 5J85=474L .J7 ;= ;6<; 87<4=>1 D69?7 E7K7?=59>F 7@@7:;9K7 A7;6=E4 @=8
4?JEF7 4;<M9?9B<;9=> <>E E76CE8<;9=>1 7@@=8;4 46=J?E M7 A<E7 ;= 87EJ:7 ;67
K=?JA7 =@ F7>78<;7E 4?JEF7 <>E ;67 :=>;7>; =@ 6<B<8E=J4 4JM4;<>:74 9> 9;L

+> Y=?<>E ;67 9>K74;9F<;9=>4 =@ 47D<F7 4?JEF7 58=578;974 D787 =>?C 9>9;9<;7E
9> A9E U]a4L "=A5?7P 4;JE974 =@ ;67 :67A9:<? <>E 56C49:<? 58=578;974 =@ 4?JEF7



DYNAMICS OF HEAVY METALS LEACHING FROM SOILS .. 89 

from the viewpoint of its natural utilization have been carried out and are still 
ongoing in a number of scientific centers across the country 

Sewage sludge and sludge compost mixed with other organic waste (wood 
chips, bark, green waste) can be applied for the following purposes: 
- reclamation of waste land and brownfields; 
- organic fertilization of soils in agricultural areas, forests (tree nurseries, 

wood production), in towns and cities (e.g. green areas) industrial sites, com­ 
munication areas and in a number of other biologically active lands; 
- land improvement. 
The type of sludge, its sort and chemical composition decide upon its 

utilization option. Beside the basic criterion i.e. the content of heavy metals, 
sludge composition analysis must consider also such issues as the content of 
agriculturally utilizable components, sanitary and microbiological parameters, 
type of arable land on which the sludge is to be added as well as type of crops. 
Appropriately prepared, safe sewage sludge applied as compost or component 
of fertilizing mixtures could become a competitive product for mineral and 
organic fertilizers, which in some cases may negatively affect the environment 
and in particular water environment. 

Both natural utilization and disposal of sludge are forms of its discharge to 
soil or on its surface. The impact, which the sludge may cause to the environ­ 
ment, depends to a large degree on the site characteristics and method of sludge 
discharge to the soil. 

The following factors should be considered when making a decision on the 
application of sewage sludge to a specific site: 

depth of aquifer; 
distance from surface waters; 
land slope; 
soil permeability; 
soil pH; 
capacity of the soil sorption complex; 
depth of the bed rock under the land surface and its type. 

The soil forming and fertilizing properties of sewage sludge depend first of all 
on the content of organic matter, biogens and microelements. Higher content of 
fertilizing components occurs in non-dehydrated sewage sludge. In general, to 
the mineral fertilizing components the following are categorized: nitrogen, phos­ 
phorus, potassium, calcium, magnesium, manganese, iron, sulfur, boron, zinc, 
copper, molybdenum and cobalt. The group of toxic mineral components comp­ 
rises: cadmium, mercury, chromium, nickel, arsenic, as well as zinc, copper, 
cobalt, boron and molybdenum when occur in excessive concentrations [11, 12]. 

In the countries where the natural resources economy has been taken under 
appropriate management, sewage sludge contains less heavy metals due to the 
fact that wastewater with excessive concentration of heavy metals cannot be 
discharged to the sewage system i.e. to the treatment plant. It can be expected 
that similar policy will be enforced in Poland [6]. 
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CHEMICAL AND PHYSICAL PROPERTIES OF THE ANALYZED SOIL 

Based on the above presented data (Table 3) it can be stated that the 
content of copper, zinc, cadmium, chromium, nickel and lead in the analyzed 
soil falls under the low values of contents permissible in the case of sludge 
application for agricultural purposes. 

Table 3. Total heavy metal content in soil 

Cd Cr Cu Ni Pb Zn 
Total heavy metal content in the 0.22 7.6 4.6 1.94 13.2 33 
analyzed soil [mg/kg] 

Table 4. Soil pH and electrical conductivity 
-· Determination Content 
Soil pH before analysis H20 7.31 

IN KC! 6.83 

Electrical conductivity [µS/cm] 81.8 

The analyzed soil is characterized by very low electrical conductivity 
81.8 µS/ cm and the pH of 6.83 in lN KCI. These parameters allow categori­ 
zing the soil as slightly alkaline (Table 4). 

LECHEA TE ANALYSIS 

The pH of the lecheate increased from 6.6 to 8.7 between the 6th and 18th 
week of the experiment (Fig. 1). Permissible pH values for wastewater dischar­ 
ged to water and soil are 6.5-9.0 pH [7]. 

o lysimeter I -- lysimeter li _,.__ 1ysimeter Ill 

: ~ =========--=---=-________e--=--=--=;~-=--=-;~~~~- •• ~. ;;a,;~~ •• ~~~-;.,~~-=--;.•_~-:-_-=-~-='---c'!_-=-~-=-~~•'!_~-j: 
7.2 :=====------_-_-.W~--------------- (!) 6.3 

~ 5.4 
> 4.5 +------------------------· ------·----------------- --. 
~ 3.6 t----------------------------------- 

27 +------- 
1.8 
0.9 --------------------------------j 
O.O ~--------------~------------; 

------------------------; 

2 4 6 8 10 12 14 16 18 20 22 24 
[weeks] 

simulated time of lysimeters pouring 

Fig. 1. Changes of lecheate pH during the experiment 

Specific electrolytic conductivity in the analyzed lecheate (Fig. 2) showed 
decreasing tendency. The examined lecheate was characterized by specific elect­ 
rolytic conductivity in the range of 2.450 (6th week) to 0.637 (24th week) mS/cm 
(lysimeter I); 1.473 to 0.616 mS/cm (lysimeter II); and 2.080 (6th week) to 0.712 
(24th week) mS/cm in lysimeter III. This parameter, however, is not standar- 
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During the whole experiment period only trace amounts ( <0.002 mg/dm!
"

of cadmium were determined. 
The above presented data shows that in the case of soils with sewage sludge 

application, heavy metals weakly bound with soil solid fraction are leached as 
first by atmospheric precipitation. These are (in the descending order): Zn, Cr 
and Pb, Cu and Ni. Data from chemical sequential extraction of soil with 
sludge application after 24 weeks of leaching is shown in Figure 4. 

! #$%#&' ( (#$%)))*+, - - (#$%#&' (.. / #$%)*+, (0 (..#$%)*+, 0

24 
1-

C: 
o - 2

------ -·--·-----~------ ----------···-------------~ 

-----------·-·-----------~ --------- 

$3
~- 15 
a.,~ 

/ $' - 1
8 45 6 7

899999:.+
;

$3
<"
=

!

>? Zn 39 N Fb 

Fig. 4. Heavy metal fractions in soil with sludge application after 24 weeks of simulated washing 
with atmospheric precipitation 

The loads of contaminants [mg/kg] washed out from the soil with sludge 
application (Table 5, 6) were calculated according to the following formula: 
, @= c*v/mp, where: m.; - mass of the substance washed out from the soil 
[mg/kg]; c - concentration of the washed out substance in the eluat 
[mg/dm3

]; v - total eluat volume [dm3
]; mP - soil mass [kg]. 

Table 5. Total heavy metal contents in lecheate [mg/dm!
A@

load of the washed out contaminants [mg/kg] 

Cu Zn Cd Cr Ni Pb 

mg/dm ' 
m .. mg/dm3 ,44 $' BCD, E

m.., 
mg/dm ' 

m., 
mg/dm! m., 

mg/dm3 m,.. 
[mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] 

8 week 0.08 0.005 0.475 0.031 <0.002 Nd. 0.04 0.003 0.04 0.003 0.17 O.Ol I 

16 
0.024 0.005 0.130 0.028 <0.002 Nd. 0.009 0.002 0.022 0.005 0.042 week 0.009 

24 
0.019 0.004 0.129 0.027 <0.002 Nd. 0.007 0.001 0.02 

week 
0.004 0.028 0.006 

Total 0.014 0.086 Nd. 0.006 0.012 0.026 

Per. 
Stand. 0.5 2 O.I 0.5 2 0.5 

[8] 
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Table 8. pH and electrical conductivity of soil with sewage sludge appli cation 
after the completion of the experiment 

Determination Content 

pH H10 7.36 
lN KC! 6.59 

Electrical conductivity [µS/cm] 74.1 

leaching (due to the washed out metal load) resulted in the reduction of Cr, Cu, Pb 
and Zn by approx. 10%, Ni by approx. 40%, while Cd did not wash out at all . 

Qualitative heavy metal analysis allowed identifying metal bindings and 
forecasting the changes occurring in the soil environment after sludge applica­ 
tion and leaching with rainwater. 

Based on the performed investigations (Fig. 4), the following was stated: 
Fraction I - chromium - 13.5% and nickel - 12.9%, were bound in the 

highest amounts, then copper - 10.9%, lead - 8.9% and Zn - 6.9% of the 
total metal content in fractions I- V. 

Fraction II - the determined amounts of nickel and copper were, respec­ 
tively: 9.8 and 5.75% of the total element content, while the content of chro­ 
mium, lead and zinc did not exceed 2% of their total content. 

Fraction III - with this fraction mainly zinc - 36.2%, lead - 18.1 % and 
copper - 15.45% were bound, and nickel and chromium in smaller amount, 
respectively: 8.2 and 3.2% of the total element value for fractions I - V. 

Fraction IV - lead and copper were bound each in: 21.1 %, and nickel, 
chromium and zinc: 18,6-17,6-15,1 % of the total contents of these metals. 

Fraction V - chromium was bound in 63.8%, nickel - 50.5%, lead - 
50.0%, copper - 46.7% and zinc - 40.1 % of their total contents. 

Only trace amounts ( < 0,22 mg/dm 3) of cadmium were determined throug­ 
hout the experiment period. 

Data from the sequential extraction of heavy metals showed that in the first 
rate the following metals are released from the soil with sludge application: 
chromium, nickel and copper bound mainly in the exchangeable fraction (I), 
nickel and copper in the carbonate fraction (II ) and zinc, lead and copper 
with iron and manganese oxides (III ). The analysis showed also, that the 
highest content values of the above mentioned metals are bound in fraction V 
(40-63.8% of the total element content). This means that their availability for 
plants is rather limited. 

CONCLUSIONS 

1. The analyzed sewage sludge meets chemical and biological standards [8] 
set up for sludge applied for agricultural purposes. 

2. Metal speciation by sequential extraction of the analyzed sewage sludge 
is an additional criterion to decide upon its application for agricultural use. In 
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