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ABSTRACT

Soil fractionation studies of heavy metals can provide insight into their
solubility and chemical reactivity in terms of labile and non-labile pools of
these metals. The fractionation of cadmium (Cd), copper (Cu), nickel (Ni),
lead (Pb) and zinc (Zn) in domestic sewage sludge, soil, soil applied with
NH,SO, and soil applied with sewage sludge was studied after the first and
third maize cycles. The second cycle did not give significant yield results
because of the dry period during this cycle. The correlation between differ-
ent forms of heavy metals in the soil and content in maize grain was also
investigated. Fractionation of heavy metals in sewage sludge showed that
most soil metals were associated with the less soluble or non-labile soil
moieties (carbonate, Fe-Mn oxides, organic and residual fraction). The domi-
nant form of all heavy metals was the residual form (non-phytoavailable
form) except for Cu. Leaving the residual fraction aside, Cd and Pb were
dominant in exchangeable (labile pool) form, Ni in carbonate form and Zn in
Fe-Mn oxide form. For the untreated and treated soils, the residual fraction
was also the dominant fraction except for Cd and Pb. The organic form is the
dominant form for Cu in sludge treated soil. In general, the percentage of
water soluble content was less than 5%. Also, in general, there was no
significant difference between the different metal fractions of the inorganic
fertiliser treatment compared to the control, except for exchangeable Pb and
Zn associated with Fe-Mn oxide fraction. The addition of sewage sludge
tended to shift the solid phase forms of the metals away from the residual to
the Fe-Mn oxide form. Significant correlations were only obtained between
Cd content in maize grain and the organic forms in soil (n=30 , r =0.378 , and
p <0.05), Ni content in grain with total metal in the soil (n=30, r=0.406, p<0.05)
and between Cu content in maize grain and the carbonate, Fe-Mn oxide and
organic forms in soils (n=30, r= 0.475, p<0.01; n=30, r=0.539, p<0.01; and,
n=30, r=0.545, p<0.01, respectively).
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INTRODUCTION

Heavy metals in soils may be present in many forms. The fractionation of heavy
metals in sludge-treated soils is important in order to evaluate their behaviour in
the environment. Information on the distribution of these different chemical forms
of heavy metals in soils can provide insight into their solubility, chemical
reactivity, and the fractions that can serve as a pool of available forms for plant
uptake (Stumm and Morgan 1981). However, knowledge of the total content of
heavy metals present in soil only provides limited information on the mobility and
availability. ldentifying the chemical forms in which the metals are retained in
soil is helpful to predict their potential mobility to water sources, plant availability
and the amount of metal cycling through the food chain. Consequently, it is
necessary to evaluate the ecotoxicological potential of these elements in a more
accurate way. Compared to single extractants, multi-step extraction methods are
found to furnish relatively more detailed information about heavy metals specia-
tion in soils.

The application of sewage sludge to soils may alter the geochemical forms
or metal fractions, which, in turn, may affect its availability to plants. Sewage
sludge, with its organically bound nutrients and large fraction of organic matter,
builds soil integrity and feeds plants over a longer period of time. Hence, this
study was conducted to (i) investigate the different forms of Cd, Cu, Ni, Pb and
Zn in sewage sludge using different chemical extractants; (ii) investigate whether
there are any shifts in the metal fractions in soil applied with sewage sludge after
the first and third maize cycles using different chemical extractants; and (iii)
correlate between different forms of heavy metals in the soil with uptake by
sweet maize.

MATERIALS AND METHODS

Sewage Sludge and Soil Samples

Sewage sludge was collected from Indah Water Konsortium (IWK) Sdn. Bhd. treat-
ment plant at Taman Sri Gombak, Selangor. The sewage sludge was applied before
planting of the first, second and third crop cycles. The second cycle was excluded in
this study because of crop failure due to very dry weather. Soil samples used in this
study were taken from 0-20 cm depth after maize harvest, from the plots of three
treatments: T1- inorganic fertiliser (140 kg N/ha ammonium sulphate; T2- no inor-
ganic fertiliser and sludge application; and T3 - 28 t ha™* sewage sludge (560 kg N/
ha) with five replicates (for details, please refer to Part | of the paper ( Rosazlin et al.
2005).

Preparation of Soil Samples

In the laboratory, the soil samples were air-dried at room temperature. Each soil
sample was sieved through a 2-mm sieve. About 10 g of each sample was finely
ground to pass through the <250-mm sieve. The heavy metal concentrations
were determined using the atomic absorption spectrophotometer (AAS).
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Chemical Analyses

The extraction procedure was carried out using 30 mL centrifuge tubes. The
tubes were thoroughly cleaned and acid-washed (10% HCI) prior to use. The
method of the sequential extraction procedure used in this study was that of
Tessier et al. (1979) and followed by the modified version of Yang and Kimura
(1995) and Chlopecka et al. (1996) as put forward by Salas et al. (1998). The
five heavy metals (Cd, Cu, Ni, Pb and Zn) were partitioned into six operationally
defined fractions. The forms of heavy metals are water soluble, exchangeable,
carbonate bound, Fe-Mn oxides bound, organically bound and the residual form.
Water soluble and exchangeable fraction is the plant available fraction. Carbon-
ate, Fe-Mn oxides and organic fraction are considered as the “inactive’ and ‘non-
labile’ pool, which will become available if soil condition changes. The residual
fraction is part of the clay matrix and will not take part in the chemical reaction
in the soil. The reagents employed and chemical forms solubilised with 5 g
sample weights are listed below:

1. Water Soluble Fraction - extracted by adding 20 mL of distilled water to the
tube containing 5 g of air-dried soil and then shaken for 2 hours at room
temperature.

2. Exchangeable Fraction - extracted with 20 mL of 1.0 M magnesium chlo-
ride, followed by shaking for 2 hours at room temperature.

3. Carbonate Fraction - extracted with adding 20 mL of 1.0 M sodium acetate,
adjusted to pH 5.0 using acetic acid, followed by shaking for 2 hours at
room temperature.

4. Fe-Mn Oxides Fraction - residue from the carbonate fraction extraction was
extracted using 20 mL of 0.04 M hydroxylamine hydrochloride in 25% ace-
tic acid (v/v) for 8 hours at 65°C with occasional agitation.

5. Organic Fraction - residue obtained from the extraction of the Fe-Mn oxides
fraction was treated with 2 mL of 0.02 M nitric acid and 5 mL of 30%
hydrogen peroxide. Then, the solution was adjusted to pH 2 with nitric acid.
The mixture was heated up to 65°C for 5 hours with occasional agitation.
Three mL aliquot of 30% hydrogen peroxide was added and the mixture was
adjusted to pH 2 with nitric acid. Then, the sample was heated again to 65°C
for 7 hours with agitation. After cooling, 5 mL of 3.2 M ammonium acetate
in 20% (v/v) nitric acid was added and the resulting solution was diluted to
20 mL with distilled water and agitated continuously for 30 minutes at room
temperature.

6. Residual Fraction - final residue was transferred into a 250 mL beaker. Then,
50 mL aqua-regia (3:1 HCI : HNO,) was added and left to react overnight
after which the mixture was heated at 90°C for 2 hours, then made up to
100 mL.
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RESULTS AND DISCUSSION

Forms of Heavy Metals in Sewage Sludge
All the domestic sewage sludge contained varying amounts of Cd, Pb, Zn, Ni and
Cu. To understand the chemical form of the various metals in municipal sewage
sludge, one must first determine the form these metals exist as after wastewater
treatment processes. Each metal may be distributed between the soluble and
solid phase depending upon which complex equilibrium controls the wastewater
composition. However, in most cases, Cd, Pb, Zn, Ni and Cu have been found
to be predominantly associated with the solid phase in wastewater influents (Page
et al. 1981). The distribution of these metals among the various forms is depen-
dent on properties of the specific metal and the characteristics of the sludge. The
total metal concentrations in the Taman Sri Gombak sewage sludge sample were
2.68 mg kg* Cd, 73.29 mg kg* Pb, 2300 mg kg™ Zn, 23.61 mg kg* Ni and 116
mg kg* Cu. However, the total concentrations of heavy metals in sewage sludge
treated soil do not indicate the amounts that are available for plant uptake.
Overall, a higher percentage of all the heavy metals, except for Cu was
obtained in the residual forms (Fig. 1). Sequential chemical fractionation of the
sludge sample showed that extractable Cd occurred mainly in the residual form
(34%), followed by the exchangeable form (24%), as well as in the carbonate,
Fe-Mn oxides and organic form. Similarly, Pb occurred mainly in the residual
form (84 %), followed by exchangeable form (9%). According to Silviera and
Sommers (1977), higher exchangeable Pb was obtained in air-dried sewage sludge
than in wet sewage sludge. High Zn content in the residual form (43%) was
obtained and followed by Fe-Mn oxides (27%). As most of the Zn was adsorbed
on the surfaces of hydrous oxides of Fe and Al, they would probably co-precipi-
tate with these compounds during sewage treatment (Sommers, 1977). Nickel
occurred in the residual form (55%), followed by carbonate form (22%). Cop-
per (57%) occurred predominantly in the organic form. This is in agreement
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Fig. 1: Forms of Ni, Cd, Zn, Pb and Cu in sewage sludge
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with the previous findings (Emmerich et al. 1982) where the major forms of Cu
extracted were in the organically bound form. The order of Cu contents in the
fraction is organic>residual>Fe-Mn oxide. It is similar to that reported by
Schalscha et al. (1981) and is consistent with the known affinity of Cu for
organic matter ligands. Generally, the percentage of water-soluble metals in sludge
is approximately proportional to the total amount present (Fig. 1). This trend is
especially apparent for Zn (7%), Cu (2 %) and Ni (2%) in the sludge studied.
Water-soluble form of Cd and Pb made up only 1% of the total metal present as
they might be attached to negatively-charged exchange sites or through relatively
weak adsorption, and it is anticipated that this fraction would tend to be propor-
tional to the total metal content present. Thus, the distribution of the metals in
the sludge is variable, and this influences their behaviour after application to the
soil.

Forms of Heavy Metals in Soil, Soil Applied with NH,SO,, and Soil Applied with
Sewage Sludge

Table 1 shows the mean total heavy metals under investigation for the different
treatments after the first and third maize cycles. Application of sewage sludge
resulted in an increase in metal concentrations of the soil. The mean pH of the
soil for the control treatment was 5.37 after the first maize cycle, increasing to
5.79 in the third cycle. For the soil applied with NH,SO,, the mean pH was 4.96
after the first cycle, remaining the same after the third cycle. Application of
NH,SO, resulted in increased soil acidity. This might have an effect on the water

TABLE 1
Mean total concentration of heavy metals (n=5) for the different
treatments after the first and third maize cycle

Treatment Cycle Cd Cu Ni Pb Zn
mg kg™

T1 - Inorganic After 1st 0.60 7.96 9.20 18.04 12.44

fertiliser ( NH,SO,) maize cycle
After 3rd 1.24  6.56 10.04 21.40 15.00
maize cycle

T2- control After 1st 0.64 7.82 9.76 20.52 13.68
maize cycle
After 3rd 1.24 7.04 10.48 21.40 14.65
maize cycle

T3- 560kg N/ha

sewage sludge After 1st 0.72 7.72 8.60 18.28 16.24
maize cycle
After 3rd 2.19 9.52 11.12 24.04 33.00
maize cycle
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soluble and exchangeable fraction, which can be seen for Pb. There also seemed
to be higher amounts of Zn associated with Fe-Mn oxide fraction in the inorganic
fertiliser treatment compared to the control. Otherwise, in general, there is no
significant difference between the different metal fractions of the inorganic
fertiliser treatment compared to the control. Application of sewage sludge re-
sulted in a slight increase in soil pH from 5.68 (first cycle) to 5.86 (third cycle).

Cadmium

For Cd, the increased application rates of sewage sludge increased its content in
the soil in both the water soluble and exchangeable forms, whereas the residual
forms had decreased (Fig. 2a). However, there was no difference in the ex-
changeable form of the first cycle (38%) and third cycle (37 %) treated with
sewage sludge. According to Brummer (1986), the exchangeable form can be
categorised as mobile and can be used to estimate the total available heavy metals.

Cd content was also high in the carbonate form. There was a significant
difference (p<0.05) between the two cycles treated with sewage sludge. The
usage of sewage sludge may have influenced the increase in Cd associated with
the carbonate fraction in the soil. However, no significant differences between
the treatments were found in the percentage of Cd associated with the carbonate
fraction and the range was 21 — 24 %. Chlopecka (1993) showed that Cd added
to soil as carbonate is relatively mobile in acidic conditions and within a few
years or less, may change to the exchangeable form.

Lowest Cd content was found in the organic form. As Cd is loosely bound
to organic matter, it could have been extracted at the first level of extraction.
This is consistent with the low adsorption constant of Cd to organic matter and
provides evidence that Cd does not appear to form strong organic complexes
(Sposito et al. 1982; Keefer et al. 1984). Salas et al. (1998) reported a low
presence of Cd in the soil organic matter of Tanashi series which was treated
with sewage sludge. In an acid soil, organic matter and sesquioxides are impor-
tant in controlling the solubility of Cd (Kabata-Pendias and Pendias 2002).

The exchangeable Cd was the dominant form in the sewage sludge. Further-
more, Cd was also dominant in exchangeable form in soils applied with sewage
sludge. More Cd was in the exchangeable form than in the oxidised form, in
which Cd was adsorbed on the surface of the clay and easily released (Hickey
and Kittrick 1984; Tuin and Tels 1990). There was a significant difference (p<0.05)
in exchangeable form between the inorganic fertiliser treatment and the control.
Most of the soluble Cd might have shifted to other fractions and increased the
percentage of exchangeable Cd. However, there was no geochemical change
from sludge to soil amended with sludge between the first and third cycles. It
also means that Cd is more easily available for plant uptake.

Copper
Overall, addition of the sludge increased with significant changes in all forms
except for the residual fractions (Fig. 2b). A higher percentage of Cu in the
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Fig. 2 (a-e): Forms of Cd, Cu, Ni, Pb and Zn in soil after first (C1) and
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