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Abstract

Background, Aims, and Scope. Reducing heavy metal solubility
and bioavailability in contaminated area without removing them
from the soil is one of the common practices in decreasing the
negative impacts on the environment and improving the soil
quality. Therefore, our aim was to study the effect of clay min-
erals: Na-bentonite, Ca-bentonite, and zeolite applied to a con-
taminated soil on immobilization of heavy metals, as well as on
some soil parameters related with microbial activity.

Methods. A soil derived from sewage sludge was incubated with
clay minerals of either Na-bentonite, Ca-bentonite, or zeolite
for 111 days (d). During the incubation experiment, concentra-
tions of water soluble Zn, Cd, Cu, and Ni were measured after
extraction of 2 g air-dry soil with 50 ml of H,O for 2 h. After
the water extraction, the soil sediment was extracted with 50 ml
of 1 M NH,NO, for 2 h to estimate the exchangeable amounts
of heavy metals. Furthermore, soil microbial respiration, mi-
crobial biomass C, C,r; mineralization, metabolic quotient
(qCO,), and inorganic N were also investigated.

Results and Discussion. Water extractable and exchangeable
forms of heavy metals were changed by incubation and addi-
tion of clay minerals. Incubation of soil without addition of
clay minerals (control) increased water extractable Cu by 12,
24 and 3.8% of initial content after 21, 62, and 111 d of incu-
bation, respectively. The water extractable Zn decreased by 9%
during 62 d of incubation and it tended to increase by 14% at
the end of the incubation, as compared with the initial soil. Water
extractable Cd decreased by 71, 66 and 33% of initial content,
and Ni decreased by 54, 70, and 58%, after 21, 62, and 111 d
of incubation, respectively. During the incubation experiment,
the exchangeable form of all tested metals was decreased by
incubation. The addition of clay minerals led to a significant
decrease in water soluble and exchangeable forms of heavy
metals during the incubation experiment, resulting in low metal
extractability. The reduction in metal extractability was greater
due to the addition of Na-bentonite or Ca-bentonite than that
due to the addition of zeolite. During the first 3 weeks after
addition of clay minerals, the studied biological parameters were
not affected. However, as incubation progressed, the addition
of Na- or Ca- bentonite led to a significant increase in soil respi-
ration, microbial biomass C, C,, mineralization, and inorganic
N; and a significant decrease in qCO,. This result is explained
by sorption of heavy metals on Na-bentonite and Ca-bentonite
and strong reduction of their toxicity.
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Conclusions. Our results clearly show that the addition of clay
minerals, especially of Na-bentonite and Ca-bentonite, decreased
the extractability of four metals during incubation. The decreased
metal extractability was accompanied by an increase of soil respi-
ration, C,, mineralization, microbial biomass C, and inorganic
N and a decrease of metabolic quotient (gCO,), showing positive
effect of clay mineral addition on soil biological parameters.

Recommendations and Outlook. The use of Na-bentonite and
Ca-bentonite is promising tool for reduction the extractability
and possible toxicity of heavy metals in sewage sludge-contami-
nated soil. Therefore, the soils polluted with heavy metals may
be ameliorated by addition of clay minerals, especially Na-ben-
tonite and Ca-bentonite.

Keywords: Bentonite; clay minerals; heavy metals; inorganic
N; metabolic quotient; microbial biomass C; organic matter min-
eralization; soil respiration; zeolite

Introduction

Disposal of sewage sludge to land can be beneficial because
it contains plant nutrients (especially N and P) and organic
matter. However, sewage sludge-applied heavy metals ad-
versely affect biological and biochemical functions in soil
(Flieflbach 1994, Moreno et al. 1999, Chander and Brookes
1993). It is evident that heavy metals introduced with com-
post or sewage sludge caused the accumulation of soil or-
ganic matter (SOM) and decreased the turnover rate of or-
ganic matter, presumably because of inhibitory effects on
microbial biomass (Leita et al. 1999, 1995, Chander et al.
1995, Chander and Brookes 1991). Moreno et al. (1999)
found that the addition of cadmium-contaminated sewage
sludge compost to the soil decreased microbial biomass C
and stimulated the metabolic activity of the microbial bio-
mass. The toxicity of heavy metals depends mainly on their
bioavailability, and therefore on their chemical forms in both
organic and inorganic matrices (Leita et al. 1999). The
soluble and exchangeable fractions of heavy metals are the
most important pools regarding toxicity and bioavailability
of heavy metals. Thus, it is very important to reduce metal
solubility and bioavailability in contaminated soils. In situ
immobilization of HM in contaminated soil is one of the
common practices reducing the negative impacts on the en-
vironment and improving the quality of contaminated soils
(Oste et al. 2002). Welp (1999) reported that the sorption
and immobilization of toxic metals in soil is an effective
detoxification process and thus an essential part of the buffer
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capacity of soil. Immobilization of heavy metals caused an
increase in basal respiration, litter decomposition, and mi-
crobial activity (Kiikild et al. 2001). There are several ways
for immobilization of heavy metals in soil. Many additives
have been screened for their potential to immobilize heavy
metals in soil (Oste et al. 2002, Mench et al. 1998). The
additives must obviously possess a high binding capacity,
but they should not impair soil structure, fertility, and nutri-
ent availability. Immobilization could be carried out by add-
ing natural and synthetic chemical additives such as alka-
line materials, phosphate minerals, iron and manganese
oxides, aluminosilicates or coal fly ashes (Mench et al. 1998).
Due to their very large specific surface area, clay minerals
are the most promising materials interacting with a big vari-
ety of contaminants (Prost and Yaron 2001).

Therefore, the aim of this work was to study the effect of
clay minerals: Na-bentonite, Ca-bentonite, and zeolite ap-
plied to sewage sludge-contaminated soil on water extract-
able and exchangeable forms of heavy metals (Zn, Cd, Cu,
and Ni), as well as on soil respiration, soil organic matter
mineralization, microbial biomass C, metabolic quotient
(gCO,) and the release of inorganic N.

1 Material and Methods
1.1 Soil characteristics

Soil samples were collected from a site located 15 km north-
east of Stuttgart, in the southwest of Germany, where sew-
age sludge was deposited 50 years ago. According to FAO-
UNESCO (1997), the soil type is an Urbic Anthrosol. The
German name for this soil type is Reduktosol (Lehmann et
al. 2000). The soil samples were taken from the 15- to 35-cm
layer, corresponding to Ah2 horizon. X-ray diffraction analy-
sis to determine the soil clay minerals was performed using
a Siemens Instrument (D-500) with Cu-Kao radiation (Zarei
et al. 2001). In the clay fraction, poorly crystalline clay min-
erals of kaolinite, illite, and vermiculite/smectite were de-
tected. This soil had a high content of C,, and CaCOj; and
a very high content of heavy metals (Table 1). The soil was
air-dried and sieved to pass through a 2-mm sieve before the
experiment and chemical analysis.

Table 1: Physico-chemical properties of soil derived from sewage sludge
Properties [
Particle size distribution [%]

Value

Sand 42
Silt 40
Clay 18
Chemical properties
pH 7.0
CaCOs, % 8.9
Organic C, % 13.3
Total N, % 1.7
Total heavy metal content [mg kg™
Zn 4500
Cd 77
Cu 2000
Ni 442
Pb 1650
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1.2 Soil additives

Three clay minerals of Na-bentonite, Ca-bentonite, and zeo-
lite (Fa. KO Minerals GmbH, 45772 Marl) were used as
additives to the soil as treatments. Na-bentonite and Ca-
bentonite used in this study are composed of clay minerals
of the smectite group, mostly montmorillonite (62-70%).
Ca-bentonite with smectites that are predominantly occu-
pied with Ca?*-ions originated from Bavarian mines. Na-
bentonite with smectites whose initial composition of alka-
line-earth-cations has been replaced with Na-ions in a
technical process (alkali-activation). Clinoptilolite (zeolite)
is the most abundant naturally occurring zeolite consisting
of hydrated aluminosilicate with alkali and alkaline earth
cations in three-dimensional crystal structure. Zeolite is com-
posed of clay minerals of clinoptilolite (80%), montmorillo-
nite (10%), and feldspar (5%).

1.3 Incubation experiment set-up

Each clay mineral (0.5 g) was added to 25 g soil. The soil~
clay mineral mixtures were put in glass vessels (250 ml).
Distilled water was added to each soil mixture to bring it to
70% of water retention capacity. A soil without addition of
clay minerals was incubated as control. Small vials with 5 ml
of 1 M NaOH solution were placed in vessels to trap CO,.
The NaOH solution in the vials was changed after 10, 15,
21, 30, 39, 45, 54, 62, 74, 83, 95, and 111 d. After the
addition of NaOH, the vessels were closed air tight and in-
cubated 111 d at 35°C. This temperature was chosen, be-
cause optimal temperature for microbial activity ranges from
20 to 35°C (Scheffer and Schachtschabel 2002).

1.4 Analyses

Soil pH was measured with a glass electrode using a soil-to-
0.01 M CaCl, ratio of 1:2.5. Total soil C and N were meas-
ured by a LECO 2000 CN analyser. The inorganic carbon
was determined using a Scheibler apparatus (carbonates were
dissolved with 10% HCI and the volume of released CO,
was measured). The carbonate concentrations were calcu-
lated using the universal Gas Law (Schlichting et al. 1995).
Soil organic carbon was calculated as differences between
total carbon and inorganic carbon. The soil texture was de-
termined by a pipette method (Schlichting et al. 1995). The
total content of Zn, Cd, Cu and Ni was determined by aqua
regia microwave digestion method. Microwave digestion was
performed using 10 ml of aqua regia with a nine-stage pro-
gramme; microwave power ranged from 0 to 750 watt, tem-
perature ranged from 70 to 105°C, and digestion time for
30 min. Heavy metal concentrations were determined by
atomic-absorption spectrometry (AAS Perkin Elmer 3100).
To validate the method for accuracy and precision, certified
reference materials were analysed for each element.

1.4.1 Determination of water-soluble and exchangeable forms
of heavy metals

After 21, 62, and 111 d of incubation, the soil was destruc-
tively sampled, concentrations of water soluble Zn, Cd, Cu,
and Ni were measured after extraction of 2 g air-dry soil
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with 50 ml of H,O for 2 h. After the water extraction, the
soil sediment was extracted with 50 ml of 1 M NH,NO, for
2 h to estimate the exchangeable amounts of heavy metals
(Schlichting et al. 1995). Heavy metal content in the filtered
solution was analysed by AAS. The concentrations of sum of
the water extractable and 1 M ammonium nitrate-extractable
metal were calculated as percent of total metal content.

1.4.2 Estimation of soil microbial biomass C

Soil microbial biomass C was measured after 21, 62, and
111 d by a fumigation-extraction method (Vance et al. 1987).
In this technique, three replicates of each treatment were
fumigated with ethanol-free chloroform for 24 h at 25°C.
Following this, the soil samples were extracted with 0.5 M
K,S0, for 30 min. Three replicates of non-fumigated soil
samples were extracted similarly. The extracted C was de-
termined by dichromate oxidation at 100°C (2 ml of extrac-
tion + 1.5 ml 15M H,SO, + 1.5 ml saturated aqueous solu-
tion of X,Cr,0,). The residual K,Cr,0, was determined
photometrically at 565 nm {Kuzyakov, 1997). The calibra-
tion of the extracted C measurements was carried using glu-
cose. Microbial biomass C was calculated as Ec/k-factor, where
Ec is organic C extracted from fumigated soils minus or-
ganic C extracted from non-fumigated soils and the k-fac-
tor= 0.45 (Jorgensen 1996, Wu et al. 1990).

1.4.3 Determination of soil respiration

CO, evolved during the incubation was trapped in 1 M
NaOH and the excess of NaOH was titrated with 0.1 M
HCl after addition of BaCl, (Black 1965). Soil microbial res-
piration was expressed as mg CO,-C released per day and
gram of soil (Moreno et al. 1999). Mineralized C,,, was cal-
culated as cumulative CO,-evolution (% of total organic C)
(Leifeld et al. 2002). The specific respiration activity (GCO,)
was expressed as the production of CO,-C per unit biomass
C and time (Anderson and Domsch 1978).

1.4.4 Determination of soil inorganic N

Soil inorganic N (NH,-N and NO;-N) in 0.02 M CaCl, ex-
tracts (1:4 soil-to-solution ratio) from all treatments was
determined using an autoanalyser (Fa. Scalar).

1.5 Quality control

Quality control was achieved by analysing reference mate-
rials independently prepared from the standards, especially
for determination of heavy metals, total N, total C, and pH.
The accuracy of the methods was verified by subjecting stand-
ard reference material to the overall analytical procedures.
The chemicals used were purchased from E. Merck (A.R.,
99.9%). The used vessels were washed with 30% HNO,,
then rinsed three times with deionised water and dried in an
oven. All stages of sample preparation, analysis, and meas-
uring were carried out in a clean environment.
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1.6 Statistical analysis

Differences among treatments were tested by separate two-
way ANOVAs and subsequent post-hoc comparisons of
means (LSD test, at P=0.05). Furthermore, simple correla-
tion was used to establish the relationships between water
extractable or exchangeable forms of heavy metals and bio-
logical parameters at the end of the incubation.

2 Results and Discussion

2.1 Effect of incubation time and clay minerals addition on
extractability of heavy metals

The water extractable and exchangeable forms of heavy
metals were changed by incubation and addition of clay
minerals. For all the treatments, water extractable Cd and
Ni concentrations decreased significantly during the first 3
weeks of incubation (Fig. 1). In the untreated soil (control),
water extractable Cd decreased by 71, 66 and 33% of ini-
tial content, and Ni decreased by 54, 70, and 58% of initial
content, after 21, 62, and 111 d of incubation, respectively.
The reduction in water extractable Cd and Ni concentra-
tions can be explained by their retention by soil organic
matter and calcium carbonate (El-Bassam and Stithmeier
1978, Tyler and McBride 1982, McBride et al. 2000). Sew-
age sludge constituents also can lower Cd activity in soil
solution via complexing by soluble ligands or colloidal sur-
faces (Bell et al. 1991). Gray et al. (1998) reported that soil
organic matter was important in controlling Cd sorption
and desorption. Our results showed that the rate of de-
crease of water extractable Cd tended to decline, as incu-
bation time progressed; mainly due to formation of soluble
Cd-organic associations over the time of incubation. Neal
and Sposito (1986) found that soil sorption of Cd was re-
duced by the formation of soluble-organic associations in
the aqueous solution.

In contrast, water extractable Cu in the untreated soil in-
creased and it did not change much with time. The results
showed that water extractable Cu increased by about 12,
24, 3.8% of initial content after 21, 62, and 111 d of incu-
bation, respectively. While, water extractable Zn decreased
by about 1.5% at 21 d and 9% at 62 d, but it increased by
about 14% of initial content at 111 d. Thus, it did not also
change much with time. These increases in water extract-
able Zn (at 111 d) and Cu (especially up to 62 d) may be
explained by dissolved organic matter, which promoted the
dissolution of Cu and Zn by building organic complexes.
Almas et al. (2000) found that addition of organic matter
increased the solubility of Zn by the formation of organo-
metallic complexes. In this study, the increase in water ex-
tractable Cu tended to decrease at the end of the incuba-
tion. This result is attributed to the tendency of soluble Cu
to bind with organic matter or solid phase materials. Or-
ganic matter in soluble and insoluble forms plays contrast-
ing roles in controlling total soluble Cu, and other metals
as well. Tyler and McBride (1982) reported that Cu has a
great tendency to form more strongly covalent bonds to
organic ligands.
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Fig. 1: Changes in water extractable heavy metals after clay mineral addition during the incubation experiment. Mean + SE; where absent, bars fall

within symbols

The results indicated that the exchangeable form of all tested
metals was reduced by incubation in all treatments (data
not shown). During the first 3 weeks of incubation, in un-
treated soil, the exchangeable form of heavy metals decreased
by 21% for Zn, by 38% for Cd, by 23% for Cu, and by
46% for Ni as compared with initial soil. After that, these
decreases of exchangeable metals changed very little or al-
most remained constant up to the end of the incubation.

The water soluble and exchangeable heavy metals are a very
important pool regarding their toxicity, lability, and
bicavailability. Before incubation, the initial percent of to-
tal metal content extracted by H,O and 1 M NH,NO, was
1.13, 1.96, 2.88, 5.26% of total content, for Zn, Cd, Cu,
and Ni, respectively (Table 2). In untreated soil (control),
this initial percent of all tested metals was decreased by in-
cubation. This interpreted that incubation of sewage sludge
soil caused a reduction in extractability of heavy merals.
This reduction in metal extractability may be attributed, in
part, to the neutral pH, the presence of free calcium carbon-
ate, and in part to the high organic matter content. This
result concurs with that of McBride et al. (2000), who found
that strong retention of heavy metals occurred in sewage
sludge soil, which has a high organic matter and lime con-
tent. Ong and Bisque (1968) explained the phenomena of
metal reduction by the fact that humic substances behave as
negatively charged colloids, which may be coagulated by
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the electrolytes. Another phenomenon is that after the re-
lease of heavy metals from the sewage sludge they react
chemically with the soil so that metal toxicity declines with
time (Lewin and Beckett 1980).

The decrease of water extractable and exchangeable forms
of heavy metals in the soil treated with clay minerals was
greater than without clay minerals. This result indicates that
the water soluble and exchangeable forms of heavy metals
were redistributed to other forms by clay mineral addition
during the incubation experiment. As compared with un-
treated soil, the addition of clay minerals led to a significant
decrease in water extractable (14% to 75%) and exchange-
able (12% to 42%) forms of heavy metals. The highest re-
duction was due to the addition of Na- or Ca-bentonite,
especially for water soluble forms of heavy metal (see Fig. 1).
For example, addition of clay minerals decreased water ex-
tractable heavy metals at the end of the incubation as fol-
lows: Zn decreased by 51, 48, and 14%, Cd by 75, 68, and
25%, Cuby 57, 69 and 17, and Ni by 59, 63, and 29% for
Na-bentonite, Ca-bentonite, and zeolite, as compared with
untreated soil, respectively. While, addition of clay minerals
decreased the exchangeable Zn by 31, 27, and 19%, Cd by
22,23, and 16%, Cu by 40,42, and 16%, and Ni by 27, 28,
and 20% for Na-bentonite, Ca-bentonite, and zeolite, as
compared with untreated soil, respectively (data not shown
for exchangeable metals).
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Table 2: Effect of clay minerals on the extractability of heavy metals (sum of water soluble and exchangeable metal concentration during the incuba-
tion experiment)

Control

0.92

0.94 0.87
Na-bentonite - 0.73 0.70 0.58
Ca-bentonite — 0.72 0.70 0.62
Zeolite - 0.90 0.74 0.76
LSD (P=0.05) 0.13 0.13 0.10

Control

1.96 1.12 1.17 1.33
Na-bentonite — 1.04 0.97 0.94
Ca-bentonite - 1.05 1.01 0.94
Zeolite - 1.04 1.07 1.10
LSD (P=0.05) NS 0.15 0.31

T - : = T 7 -

Control 2.88 2.40 2.49 2.22
Na-bentonite - 2.21 2.0 1.24
Ca-bentonite - 2.05 1.91 1.13
Zeolite - 2.26 2.36 1.86

LSD (P=0.05)

Control

5.26 2.74 2.38
Na-bentonite - 2.43 2.08 1.53
Ca-bentonite — 2.25 2.04 1.49
Zeolite - 2.62 2.09 1.81
LSD (P=0.05) 0.28 0.20 0.32

NS: Not significant

In general, the lowest percent of total metal content extracted
by H,O and NH,NO; was found in the soil treated with
either Na-bentonite or Ca-bentonite during the incubation
experiment (see Table 1). This result suggests that Na-ben-
tonite and Ca-bentonite have a strong effect on decrease of
metal extractability more than zeolite. This could be ex-
plained by high contents of the clay minerals in montmorillo-
nite. Ca-bentonite and Na-bentonite have a higher propor-
tion of montmorillonite (62-70%) than for zeolite (10%).
Bentonites are known as good adsorbents for heavy metals
(Tiller et al. 1984; Stockmeyer and Kruse, 1991).

2.2 Effect of incubation time and clay minerals addition on soil

microbial respiration, organic C mineralization, microbial
biomass C, metabolic quotient, and N mineralization

Soil microbial respiration is expressed as mg CO,-C released
per day and gram of soil and is a useful index for measuring
soil microbial activity (Moreno et al. 1999). For all treat-
ments, soil microbial respiration decreased with incubation
time (Fig. 2). This result suggests that the easily biodegrad-
able pool of organic C was gradually exhausted with time.
During the first month of incubation, there were no signifi-
cant differences in the effects of all treatments on soil mi-
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Fig. 2: Effect of clay mineral addition on soil micrabial respiration (mg CO,¢ g-' soil day-') during the incubation experiment. Mean + SE; where absent,

bars fall within symbols
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crobial respiration. As incubation time increased, however,
the addition of Na- or Ca-bentonite led to a significant in-
crease in the soil microbial respiration compared with un-
treated soil. At the end of the incubation, the values of soil
microbial respiration amounted to 0.035 (control), 0.047
(with addition of Na- or Ca-bentonite), and 0.036 mg CO,-
C g soil day! (with addition of zeolite). Soil basal respira-
tion is a widely used parameter to monitor microbial activ-
ity and soil organic matter break down (Pascual et al. 1999).
Our results suggest that the increased soil microbial respira-
tion, in soil treated with Na-or Ca-bentonite, was reflected
as increased C,,, mineralization. During the incubation, the
cumulative C,,, mineralized amounted to 7.24 (control), 7.99
(with addition of Na-benonite), 8.25 (with addition of Ca-
bentonite), and 7.43% of total organic C (with addition of
zeolite) (data not shown). Addition of bentonites increased
microbial respiration and then organic matter mineraliza-
tion, because it reduced the availability of heavy metals to
soil microorganisms. This result concurs with Kiikild et al.
(2001), who reported that immobilization of heavy metals
caused an increase in basal respiration, litter decomposition,
and microbial activity.

The soil microbial biomass was used as a sensitive indicator
of changing soil conditions (Leita et al. 1999). The control
soil initially contained about 16.2 mg biomass C g C,.
For all treatments, microbial biomass C increased during
the first 3 weeks of incubation, as compared to the initial
soil. After day 21, microbial biomass C decreased with in-
cubation time (Fig 3). This result indicates greater availabil-
ity of the mineralizable material at the beginning and
stabilization of sludge organic matter with increase of incu-
bation time {Pascual et al. 1997). During the first 3 weeks of
incubation, there were no significant differences in the ef-
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Fig. 3: Changes in microbial biomass C after clay minerals addition dur-
ing the incubation experiment. Mean + SE; where absent, bars fall within
symbols

fects of all treatments on the microbial biomass C levels.
However, after 62 and 111 d of incubation, the addition of
Ca-bentonite or Na-bentonite increased microbial biomass
C significantly compared to untreated soil (control). Addi-
tion of zeolite increased microbial biomass C significantly
only at the end of the incubation compared with untreated
soil (control). It was observed that there were no significant
effects on biomass C between Ca-bentonite and Na-ben-
tonite, but the significant differences were found between
bentonites and zeolite at 62 and 111 d of incubation. At day
21, microbial biomass C values were 18.5 (control), 19.2
(with addition of Na-bentonite), 18.6 (with addition of Ca-
bentonite) and 17.9 mg g! C,, (with addition of zeolite). At
the end of the incubation (111 d), they were 6.7, 14, 15 and
9 mg g C,,,, respectively. At the end of the incubation, clay
mineral application increased the microbial biomass C con-
tent in soil about 53% for Na-bentonite, 55% for Ca-ben-
tonite, and 28% for zeolite, as compared to untreated soil.
The higher values of biomass C in soil treated with Na- or Ca-
bentonite are due to decreased microbial toxicity of metals.

The metabolic quotient (qCO,) is a relationship between
soil respiration and microbial biomass C and is expressed as
mg CO,-C h-pg1biomass C (Anderson and Domsch 1978).
The qCO, can be used as a marker of the environmental
stress of the microbial population (Anderson and Domsch
1993, Moreno et al. 1999). Our results showed that qCO,
was higher in untreated soil (control) than in soil treated
with clay minerals as incubation progressed (Table 3). The
higher values of qCO, at the end of the experiment in the
control were due to the lower values of microbial biomass
C than in soil treated with clay minerals. The lower values of
microbial biomass C and thus the higher values of the qCO,
found in control at the end of the incubation are also related
to the high availability of heavy metals (Leita et al. 1999).

The control soil initially contained 1.33 g inorganic N kg-!
soil. After 21 d of incubation, this initial value of inorganic
N decreased, but not significantly in all treatments (Table 4).
After that, the inorganic N content of all treatments began
to steadily increase until the end of the experiment; mainly
due to mineralization of soil organic matter (SOM) and sub-
sequent release of inorganic N. At 21 and 62 d of incuba-
tion, no significant differences were found between all treat-
ments in inorganic N. However, after 111 d of incubation,
addition of Na-bentonite or Ca-bentonite increased signifi-
cantly amounts of inorganic N compared to untreated soil
(control) and addition of zeolite. At the end of the incuba-
tion, amounts of inorganic N increased by about 1.8 and
2.2 and 0.35 g N kg! soil for Na-bentonite, Ca-bentonite,

Table 3: Changes in the metabolic quotient (qCO,) after clay mineral addition during the incubation experiment

Treatments Incubation time (days) LSD (P=0.05)
21d 62 d 111d

Control 2.16 1.54 1.67 0.42

Na-bentonite 2.15 1.35 1.03 0.13

Ca-bentonite 2.15 1.40 0.99 0.14

Zeolite 2.19 1.45 1.24 0.19

LSD (P=0.05) NS NS 0.32

NS: Not significant
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Tablg 4: VCan es in the amounts of inorganic N in soil after clay mineral addition during the incubation experiment

i G

Control 0.90 1.84 3.06 0.73
Na-bentonite 1.09 219 4.89 0.84
Ca-bentonite 0.99 2.34 5.25 0.97
Zeolite 1.15 2.06 3.28 0.91
LSD (P=0.05) NS NS 0.97

NS: Not significant

Table 5: Simple correlation coefficient (r) between water extractable or exchangeable forms of heavy metals and biological parameters at the end of

the incubation
Bio {

Soil respiration -0.74 —0284 l
Mineralized Cyyq -0.92 -0.92
Biomass C -0.80 -0.78
qCO2 0.80 0.77
Inorganic N ~0.86 -0.81

NS: Not significant

and zeolite, respectively. The extractability of heavy metals
in soil treated with Na-bentonite or Ca-bentonite was less
than that in untreated soil and in soil treated with zeolite.
This result is related to higher amounts of inorganic N in
soil treated with Na-bentonite and Ca-bentonite. N miner-
alization is very sensitive to heavy metal pollution (Liang
and Tabatabai 1977, 1978).

2.3 Relationships between water extractable or exchangeable
forms of heavy metals and biological parameters at the end
of the incubation

Simple correlation coefficient (r) between water extractable
or exchangeable forms of heavy metals and biological pa-
rameters are reported in Table 5. The results suggest that
the water extractable or exchangeable forms of metals were
negatively related with soil respiration, C,,, mineralized,
biomass C, and inorganic N. However, they were positively
related with metabolic quotient (qCO,). This result indicated
that the immobilization of water soluble and exchangeable
forms of toxic metals in soil, due to the addition of bentonites,
is an effective detoxification process. Any of the studied bio-
logical parameters may be used as a biomarker to measure
metal toxicity. Among the studied metals, the exchangeable
Cd was not significantly related with C,, mineralization,
qCO,, and inorganic N. Moreover, the exchangeable Ni was
not significantly related with inorganic N.

3 Conclusions

An addition of Na-bentonite or Ca-bentonite decreased the
extractability of heavy metals during incubation. The de-
creased metal extractability over the time of incubation was
reflected as increased soil respiration, C,,, mineralization,

JSS - J Soils & Sediments 5 (4) 2005

microbial biomass C, and inorganic N and as decreased
metabolic quotient (qCO,), as compared to untreated soil
and addition of zeolite. The use of Na-bentonite and Ca-
bentonite is a promising tool for a reduction of the extract-
ability and possibly toxicity of heavy metals in sewage sludge-
contaminated soil. Therefore, the soils polluted with heavy
metals may be ameliorated by addition of Na-bentonite and
Ca-bentonite.
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