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Speciation and fractionation of heavy metals in soil experimentally
contaminated with Pb, Cd, Cu and Zn together and effects on
soil negative surface charge
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Abstract: Speciation and [ractionation of heavy metals in soil subsamples experimentally loaded with Ph, Cd, Cu and Zn in erthogonal design
was investigated by sequential extraction, and operationally defined as water-soluble and exchangeable( SE) , weakly specific adsorbed( WSA ),
Fe and Mn oxides-bound( OX ) and organic-bound{ ORG) . The results showed that fractions of heavy metals in the soil subsamples depended on
their speciation. About 90% of Cd and 75% of Zn existed in soil subsamples in the SE fraction. Lead and Cu existed in soil subsamples as
SE, WSA and OX fractions simultaneously, although SE was still the major fraction. Organic-bound heavy metals were not clearly apparent in
all the soil subsamples. The concenlralion of some heavy metal fractions in soil subsamples showed the good correlalion with ionic impulsion of
soil, especially for the SE fraction. Cominuous saturatien of soil subsamples with 0. 20 mol/L NI, Cl, which is the first step for determination
of the negative surface charge of soil by the ion retention method, resulted in desorption of certain heavy metals from the soil . It was found that
the percentage desorption of heavy metals from soil subsamples depended greatly on pH, the composilion and original heavy metal content of the
soil subsamples. However. most of the heavy metals in the soil subsamples were still be retained after multiple saturation. Compared with the
parent soil, the negative surface charge of soil subsamples loaded with heavy metals did not show difference significantly from that of the parent
ane by statistical analysis. lleavy metas existed in the soil subsamples mainly as exchangeable and precipitated simullaneously .
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Introduction

Almost all soil physical and chemical processes, for example ionic adsorption, chemical oxidation and
reduction reactions, flocculation and dissolution of colloids occurred at the surlaces of soil constiluents. On
the one hand, these processes are dominated by surface properties of seils directly or indirectly (Yu,
1996) . On the other hand, they also influence the surface properties of soils. Thus, study of interaction
processes between pollutants and soils can be important for exploring mechanisms of chemical migration and
conversion in soils.

Studies on the effects of pollutants on seil surface properties have been reported. Tt was found thal
specific adsorbed heavy metals in soil decreased the zero point of charge(ZPC) of the soil (Stoop, 1980) .
For example, adsorption of Pb’" and Cd** in hematite decreased the ZPC of hematite markedly, and the
effect of Pb*" was greater than that of Cd** (Leckie, 1974) . The ZPC of r-Al, O, decreased by 2 pH units
in the presence of Pb*" ( Xiong, 1990). One possible explanation for these results is that specific adsorbed
heavy metals in soils or minerals accumulated in the Stern layers, and correspondingly increased the
positive surface charge of the soil. Meanwhile, more OH™ ions need io enter this layer to cquilibrate the
increasing posilive surface charge of the soil. Thus, more H™ at low pH appeared in the outer Stern layer
to keep electron neutrality of the double electric layer. However, most of these studies have concentrated
on metal oxides and clay minerals, and not on soils or soil colloids( Breenwsma, 1973; Huang, 1981;
James, 1981).

Zhang and Zhao{Zhang, 1988) studied the charge characteristics of variable charge soils as affected
by surface properties of the soil and specific adsorption of ions. Treatment of the clay fraction of laterite

with phosphate or silica resulted in an increase in negalive surface charge and a decrease in posilive surface
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charge, with a corresponding lowering of pH, value and isoelectric point(1EP) . Sun{Sun, 1993) studied
the change in surface charge of soils by addition of 360 mg/kg Zn. It was found that Zn adsorption in red
soil decreased the negative surface charge of soil and increased positive surface charge compared with that
in the absence of 7Zn.

In practice, soils are usually contaminaled wilh more than one pollulant, leading to complicaled and
potentially serious environment pollution{ Chen, 1996; Zhou, 1999). Il may therefore be instructive to
study multiple pollution rather than single pollutant in order to understand the behavior of pollutants in the
field .

The objective of the effects of heavy metals applied 10 soil on their fractions and soil surface charge
was investigated . The relationship between the fractions of heavy metals and their total contenls in soil
subsamples, reflected by ionic impulsion, was examined.

1 Materials and methods
1.1 Preparation of soil suhsamples spiked with Pb, Cd, Cu and Zn

Brown forest soil sampled from Taian, Shandong Province, was air dried, crushed, and passed
through a 20-mesh screen. The main physical and chemical properties were analyzed using routine methods
{ Agrochemistry Commission, 1983). The total Cu, Zn, Pb and Cd of seil is 19.8 mg/kg, 45.2 mg/kg,
21.5 mglkg and 0.04 mg/kg, respectively. The CEC of seil is 130.4 mmol/kg. Its organic maller content

Table 1 Concentrations of heavy metals in soil subsamples and pH value is 0.57% and 5.28, respectively,
supplemented with lead, cadmium, copper and zinc in Soil subsamples, artificially amended with
orthogonal design Pb, Cd, Cu and Zn, were prepared by the
Sample No. Cu, mgrke Pb, mg/kg  Zn. mgfkg Cd, mg/kg following procedure. Soil(300 g) was weighed into
8l 0 0 0 0 plastic tubes, and then different volumes of Cd,
52 0 0 230 10 Ph, Cu and Zn stock solulions as metal chloride
:: g 3(;0 580 ?g were added. The soil water was maintained ai field
s5 0 300 250 20 capacity . The samples were incubaied for 3 months
36 a 100 S0 O and dried, crushed, passed through a 60-mesh
57 0 600 ¢ 20 screen, and  stored for  further wuse. The
58 0 600 50 0 concentrations of heavy metals added in \hese soil
» N 600 200 o subsamples are shown in Table 1.
510 200 0 250 0 .
§11 200 o o0 0 1.2 Reagents and analysis of heavy metals
512 200 0 0 20 and NH,
513 200 300 250 10 All chemicals used in the experiments were of
Sl4 200 300 500 20 analylical grade, and deionized water was used to
§15 200 300 0 0 prepare all solutions. Analysis of heavy metals was
::: zgg :{0)2 2(5):; 2(:] carmied oul using a Hitachi 180 - B0 alemic
<18 200 00 o 0 absorption spectropholometer. NH,; was determined
s1Y LK 0 500 0 by distilling the resulting NH,; solution from 4
520 400 0 0 10 repeated saturation with 1.0 mol/L KNO, in 20%
:z; E 320 2;3 Tg NaOH firstly and then collecting the distillale in a
«3 400 300 0 20 conical flask and titrating using 0.01 meol/L HCI.
s24 400 3HK) 250 0 The standard deviation for soil NH, determination
$25 400 600 500 20 was 5.41% .
26 00 b 0 0 1.3 Heavy metal fractions in soil subsamples
527 400 600 250 10

Two grams of each soil subsample was placed
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in a 100 ml plastic tube and 20 ml of different extractants were added sequentially to exiract heavy metals.
The method was previously deseribed by Tu(Tu, 2000) . When the soil subsamples were extracted initially
using 0.5 mol/L. Mg(NO, ), (pH 7.0) and shaken continuously for 2h at 25°C , the resulting concentrations
of heavy metals in the supernaiant were defined as the water soluble and exchangeabie{SE) fraction. When
the residues were then extracted with 0.5 mol/L NaAc-HAc (pH 5.0) at 25°C and shaken for 2Zh, the
heavy melals in the supematant was considered to be the weakly specific adsorbed (WSA) fraction after
subtracting the residue of the SE fraction. Subscquent extraction with 0.175 mol/L {(NH,),C, 0, + 0.10
mol/L. H,C, 0, at 85C with UV irmadiation for 2h gave the Fe and Mn oxides-bound (OX) fraction after
subtracting the residue of the WSA fraction. Finally the organic-bound (ORG) fraction was obtained by
extracting the resulting soil residues with 5 ml of 30% H,0, and 3 ml of 0.02 mol/L HNO,. The heavy
metals remaining in the soil residues were regarded as the residual fraction.
1.4 Determination of soil negative surface charges

According to the method described previously ( Schofield, 1949), soi) subsamples were continuously
equilibrated four times using 0.20 mol/L. NH,Cl with a soil-to-solution ratio of 5:1 at 3 different pH
values, until NH, did not change in the soil solution. After the fourth equilibration with 0.2 mel/1,
NH,Cl, the centrifuge tubes were weighed, and NH, content in the supernatant was analyzed
simultaneously which will be used to subtract the residue of NH; remaining in the centrifuged soil. The
soil subsamples were then equilibrated with 1.0 mol/L KNO, four times to replace NH adsorbed in the
soils. The resulting supernatant was collected in a 250 ml conical flask, and concentrations of NH,  were
determined . Negative surface charges of soil subsamples were obtained according to the quantity of NH{
adsorbed in the soil subsamples. All experimental data are the average of two replicates. The
concentrations of heavy metals in the centrifuged solutions of Sample No. 25 were determined as example to
examine the exchange rale of heavy metals and ammonium.
2 Results and discussion
1.1 Heavy metal fractions in soil subsamples loaded with Pb. Cd, Cu and Zn

During artificial conlamination of Ph, Cd, Cu and Zn into soil, the heavy melals will react with the
surfaces of soil solids and be simulianeously relained in the soil by physical and chemical processes

( Darmawan, 1999). According to sequential

5 = 100
extraction, the results indicate that different % = CA(10) g:‘é %0 ;zz:((szos({))))
initial levels of heavy metals gave different = G Cdi20) E"\o,(,o
patterns  of meital fractions. Moreover, the g éé 40
pallern of (ractions was differenl cven at the g EE 2%
same initial concentrations. Thus, the pattern E S’ &=
of each heavy metal fractions was influenced by SE WsA OX ORGSUM & SB WSA OX ORG sumM
the other heavy metals present. 5
The mean value and standard deviation of 5 1'% f;f’, 1o
each heavy metal specialion in 9 soil %9\" 80 m Cu(200) E:g 280 m (Pb300)
subsamples al the same initial concentration was i -é 60 £ Culdo0) é é 60 a (Pb600)
calculated and the percentage content ol heavy ;é 40 ;E 4
metal speciation in soil subsamples are shown in E% 20 I % 20
Fig.1. These clearly indicate that Cd and Zn ;_5 0 : = o
SE WSA OX ORG SUM. SE WSA OX ORG SUM
exisied mainily in the SE fraction. However,
hesides SE as one of major fractions of Pb and Fig.1 Fractions of heavy metals in seil subsarples{ % )

Cu in soil subsamples, their WSA and 00X
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fractions was also very obvious, which was in contract to Cd and Zn. ORG fractions of all four heawy
metuls was low. This may have been due to the high content of heavy metals added into the scil with only
a small soil organie matter content {Q.57% ). In addition, SE fractions and the sum of SE, WSA and 0X
one for Zn, Pb and Cu in high initial levels were higher than that in low initial levels in the soil

subsamples. This effect was not noted for Cd, perhaps because of its readily mebility in soils.

£ e £ o 2.2 Effect of ionic impulsion on content of
g 2
8 oy 4507 #. +°| each heavy metal fractions in soil
= w200t e sZa00r . .
o . & E 83500 . 8 subsamples
ZE150F + SE S = 300} o WSA -
3¢ . g‘)ﬁ‘{,A 25 2500« OX As shown in Fig. 1, the pattern of heavy
TS 1007 ¢ . Ed 200 T .
o8 A NG 150l metal speciation in the soil subsamples was
=8 soF . 2 & 100t . L
oW -t g” 120_ . influenced by olher coexisling heavy metals.
€ N s \ g ' ®ER R . L
£ % 26 40 60 %0 g 00 20 40 60 g0 Romero!{ Bomera, 1987 ) previously used ionic
5 Igni¢ impulsion “ Ionic impulsion . . . . 1 tn
= - impulsion using the expression [ = .\LJC'
2 2 5 400'—_—_'7 . . . .
Sa gl e 1 2 350l . with ¢, being the concentrations in mg/kg and n
@ 16 =] ou300_ R . Sy
SE 14 :§200 A being the oxidation number of the relevant
=% 12|} +SE - [+ SE . . .
82 }(2), ° WSA 2 =250} 0 WSA considered metals to reflect their environmental
S5 g 0X 2 50} OX bekavi
<4 o ﬁglt}o‘ o e e ehavior.
2 ;' T & sol e, Although the pallern of fractions of each
x T v W on o @ * .
E 0 6(: < B %o 80 heavy metal among the soil subsamples was
© ! ¢ & . ) i

Ionic impulsion 3 Tonic impulsion different, the dependence of some heavy metal

) X fractions on  ionic impulsion gave good
Fig.2  Dependence of content of heavy metal fractions at the same

high initial concenteation i joric impulsion correlations, suggesting that jonic impulsion
wds an lmportant parameter 1o express the
combined pollution of the soil.

Fig. 2 shows the dependence of content of heavy melal fractions at the same high initial concentration
on lonic impulsion as examples. The resulls indicated that the SE fractions of Cd and Zn in soil increased
with increasing ionic impulsion. Thus, ionic impulsion was an important factor influencing the SE fractions
of Zn and Cd. However, the changes in the Zn and €d’s WSA and OX fractoins with ionic impulsion were
less clear. Lead and Cu existed in soil in three clear fractions, namely SE, WS3A and OX. Similar to Zn
and Cd, their SE fractions also increased with increasing ionic impulsion, and other fractions of Pb and Cu
did not show obvious changes with ionic impulsion, even when ionic impulsion was significantly different.
It can therefore be concluded that the different treatment mostly influenced the SE fraction of the heavy
metals .

The dependence of the heavy metal SE fractions on ionic impulsion were examined by linear regression

and correlation as lollows;

Pb: SE = 1.05837 + 259.72 n=9,r=0.7389, p < 0.02, (1)
Cd: SE = 0.01577 + 17.03 n =9, r=0.6461, p < 0.05, (2)
Cu: SE = 0.2434] + 166.49 n =9, r=0.6345, p < 0.05, (3)
Zn: SE = 0.73137 + 389.03 n=9,r=04758, p > 0.1. (4)

2.3 Effects of heavy metals on soil negative surface charge

Addilion of heavy metals to soil may change the soil suface charge(Stoop, 1980; Sun, 1993). In
general , these changes occur mainly due to the specific adsorption of heavy metals 1o soil or soil colloids.
For a constant charge soil, the specific adsorption capacity for heavy metals is smaller than that for a

constant potential soil( Yu, 1996) . However, most natural soils include not only constant charge surfaces
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but also constant potential surfaces. As shown above, heavy metals, especially Pb and Cu, existed in the
soil subsamples mostly as WSA and OX fractions. Therefore, it is interesting to examine soil surface
charges and correlate them with the speciation of the heavy metals.

The negalive surface charge of the parent soil was

150

compated with that of the soil subsamples at three diffcremt

ol values. The average value of all soil subsamples wus 1204

almost equal to that of the parent soil as shown in Fig. 3.
The coefficient of varialion of the negative surface charges or
among of 27 soil subsarples were 2.57%, 2.70% and

2.88% at pll 3.00, 5.33 and 6.95, respectively, and

60

-[Negative surface charge of soil], mmol/kg

30 *SNCSO
did not exceed the standard variation of NH, determination OSNCS
in soils of 5.41% . This indicates thal the change in soil oH 3.00 DH 533 pI1695
negative surface charge was small when Lhe soil subsamples
Fig. 3 The negative surface charge of soil

were loaded with heavy metals . subsamples at different pH values

Specific and nonspecific adsorption of heavy metals  SNESO is the negative surface change of the parent
oceurs in soil . Specific adsarption of heavy metals in soil is  soils SNCS is the average negative surface charge of
mainly due to reaction of the first hydraled cations with 2l soil subsamples
hydroxyl soi] surfaces, and results in an increase in the soil negative surface charge ( Yu, 1996).
Nonspecific adserption is usually caused by jonic exchange. No change in negalive charge was observed
during this process.

Because the negative surface charges of these soil subsamples did not exhibit observable change, the
adsarption of heavy metals in soils mainly as ionic exchange can be depicted as follows:

M+ H,0- — MOH™ + H', {s5)
MOH +-S - (OH); — ——- S - (OH)(OMOH)™ + H*. (6)

According to experimental results described above, only part of heavy metals SE fractions were
desorbed by 0.5 mol/L. Mg(NQ, ), , and this is inconsistent with the present resulis, Thus, the desorption
percentage of heavy metals from soil subsamples during their equilibration with 0.2 mel/EL NH, C1, the first
step to determine surfuce charge of soil by the ion retention method, was studied in advance to understand
the effect of heavy metals on soil negative surface charge. Sample No. 25(Cu: 400 mg/kg; Pb: 600 mg/
kg; Zn: 500 mg/kg; Cd: 20 mg/kg) was chosen as typical subsample to study the percentage desorption of
heavy metals from soil by this solution.

Table 2 shows the percentage desorption of heavy metals from soil subsamples at two pH values.
Desorption percent of heavy metals from soil decreased continuously from the first occasion to the fourth.
Moreover, the extraction pereent for the first occasion was far greater than that for the last. Different heavy
metals also had their desorption patlem, and the order was Cd > Zn > Pb > Cu. Furthermore, pH also
influenced the desorption rate of heavy metals from the soil subsamples, in which increasing pH resulted in
a decrease in desorption percent of heavy metals. One plausible explanation is that high pH increased the
negative surface charge of the soils and correspondingly increased the adsorption capacity of soils for heavy
metals. It is important to note that most heavy metals loaded in soil subsamples were retained in soil after
the continuous exchanges with 0.2 mol/L NH, Cl.

Previous studies have shown thal the precipitation of heavy metals occurred in scil { Farrach, 1979).
Thus , with such high levels of heavy metals and high pH values in this experiment, heavy metal precipitation
may have been one of the major processes in soil, resulting in an absence of influence on soil negative

surface charge. The corresponding reactions in¢luded in these soil subsamples may be expressed as follows:
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M** 4+ H,0—= MOH" + H', (7)
MOH" + H,0— M(OH), + H*, (8)
M(OH), +- S - (OH);, —>-5- (OH) M(OH),. (9)

Table 2 Repeated extraction of heayy metals from soil subsamples with 0.20 mol/L. NH, Cl

Heavy metal pH The first, % The second, % The third, % The fourth, % Sum, %
Cd 5.40 90.30 4.10 <(.01 =0.01 94.40
46.80 70.60 5.50 =0.01 = 0.0l 76,30

Ph 5.40 11.09 5,11 3,42 2.04 21.36
680 2.93 1.06 0.92 0.71 5.62

Cu 5.40 5.05 2.38 1.77 1.10 10.30
6.80 1.21 0.46 .64 0.41 2.72

Zn 5.40 35.9n §.43 3.60 1.53 52.46
6.80 23.10 3.43 0.80 0.32 27.64

3 Summary

Fach kind of heavy metal showed a dilferent patiern of [raction by the operational definition. The SE
fraction was the major form of Zn and Cd, and SE, WSA and OX together were the main forms of Ph and
Cu. The relationship between heavy metal fraction and ionic impulsion was satisfactorily deseribed.

Soil subsamples loaded with heavy metals have no clear influence on the negative surface charge of
soil, and this is ascribed to the presence of heavy metals mainly in exchangeable and precipitation forms in

these soil subsamples.
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