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Abstract
Purpose Acidic soils exhibit high trace element availability
compared to neutral pH soils, and thus, when trace metals
are added (e.g. due to sewage sludge application), measures
should be taken to reduce their mobility. In this experiment,
we tested two such methods, liming and zeolite addition.
The aim was to measure the availability, in ryegrass
(Lolium perenne L.), of heavy metals (Cu and Zn) added
to soil with sewage sludge in both acidic and limed soil.
Materials and methods Thus, in this pot experiment, we
used a soil at two pH values (original soil at pH 3.56 and
limed to 6.5), two rates of sewage sludge (0 and 50 Mg ha−1)
and three rates of zeolite (0, 2 and 5 Mg ha–1, referred to as
Z-0, Z-1 and Z-2, respectively).
Results and discussion We found that metal concentrations
in plant decreased significantly with liming but zeolite did
not further reduce metal levels. In metal extractions with
DTPA, zeolite additions reduced metal concentrations. In
the second sampling time (on day 100), metal levels were
significantly reduced at Z-0 and Z-1 compared to day 50,
but at Z-2, metals were either only slightly reduced or even
unchanged.

Conclusions We concluded that zeolite hindered metals
from being strongly and irreversibly bound onto soil
colloids. Zeolite at Z-2 kept metal availability relatively
high over time, while metal availability at Z-0 and Z-1 was
being reduced due to liming.

Keywords Acidic soil . Heavy metals . Zeolite

1 Introduction

Although sewage sludge may have beneficial effects to low
organic matter content soils, such as those typically found
in Greece, sludge-borne trace elements may adversely
affect crop growth. This contamination risk further
increases in acidic soils, which, contrary to what would
be expected in the warm and dry Mediterranean climate
(described as xeric according to soil taxonomy), account for
c. 15% of the total land in Greece (Koukoulakis and
Papadopoulos 2007, p. 30). In acidic soils, problems such
as high trace element availability (which, in metal enriched
soils, may constitute major health risk), Al toxicity to plant
roots and low concentrations of nutrient base cations are
factors that may dramatically diminish crop production.
Thus, measures reducing metal availability such as liming
are necessary. Liming tends to force the exchange of Al
polymers from clay interlayer surfaces for added Ca2+ and
to cause their subsequent precipitation as insoluble Al
(OH)3, which reduces total acidity and increases soil
cation-exchange capacity (CEC). Another measure may
be the addition of zeolite (Gheshlaghi et al. 2008), a
porous tectosilicate mineral with reported CEC up to
400 cmolc kg−1 (Essington 2004, p. 55), which is
abundant in various provinces in Greece. Zeolite may
function both as physical trap for contaminants (encaging
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heavy metal ionic species into its microscopic caves) and
as chemically active negative-charged surface, electrostat-
ically binding soil solution metal cations. However, the
effect of the combination of both liming and zeolite
application on metal availability is not yet well under-
stood; For example, it has been reported that zeolite
increases N uptake efficiency and thus plant biomass
(Kavoosi 2007). This may cause, contrary to the expected
availability reduction, an increase in sludge-borne trace
element uptake with increased application of zeolite in
limed soils. Thus, the aim of this study was to examine the
role of liming and zeolite application in an acidic soil in
sludge-added Cu and Zn availability to ryegrass.

2 Materials and methods

An acidic (pH 3.56) sandy loam (13% clay, 74% sand),
with 1.18% organic C was obtained from Lepti, North
Evros, Greece. The soil contained total concentrations of
22.10 mg Cu kg−1 and 32.38 mg Zn kg−1 (methods are
explained below). The soil sample was air dried, sieved
through a 2-mm sieve and measured for particle size
distribution (with Bouyoucos hydrometer), pH (1:2.5
H2O), organic matter (wet oxidation), according to Rowell
(1994) and total Cu and Zn concentrations with aqua regia
(3-hour digestion with 3:1 concentrated HCl:HNO3)
according to Ure (1995). Sewage sludge, collected from
the wastewater treatment plant of Orestiada, Evros, which
anaerobically treats municipal wastes, was air dried (while a
portion of it was heated at 105°C for the determination of its
water content), sieved through a 1-mm sieve and analysed for
total Cu and Zn concentrations and organic matter with the
same methods as those mentioned above. Zeolite was a
clinoptilolite (Ca1.5K1.4Mg0.6Na0.5Al6.2Si29.8O72·20H2O),
with CEC 226 cmolc kg

−1.
One portion of the obtained soil was mixed with

liming material (calcitic marble quarry tailings) consist-
ing of 80% of CaCO3, at 72 mmolc CaCO3 kg−1 soil
(equivalent to 5.76 Mg CaCO3 ha−1, assuming a bulk
density of 1.4 g cm−3, a typical value for the sandy loam
we sampled, and depth of incorporation 15 cm). Soil pH
with this addition was corrected to the value of 6.5, as was
predetermined in a preliminary 1-week incubation test in
mixtures of the studied soil with increasing quantities of
added lime.

Then, in both the original acidic and the limed soil, we
produced the following mixtures: In 750 g of soil, we added
the obtained sludge (which contained 147 mg Cu kg−1 and
487 mg Zn kg−1) at 50 Mg ha−1, equal to 17.86 g dry matter
sludge per 750-g soil or 23.80 g sludge kg−1 soil, assuming,
as previously, a bulk density of 1.4 g cm−3 and 15 cm of
incorporation depth at field scale. As a result of the sludge

addition, total (i.e. aqua regia digested) metal concentra-
tions increased to 25.60 mg kg−1 for Cu and 43.98 mg kg−1

for Zn in the mixtures. As for zeolite, in the low application
treatment, we added 0.72 g to the 750-g soil equal to 0.95 g
zeolite kg−1 soil (2 Mg ha−1, according to the previous
assumptions), and in the high application treatment, we
added 2.38 g zeolite kg−1 soil (5 Mg ha−1). The
experimental design more particularly was as follows:

Α1: Acidic control soil (no additions),
Α2: Acidic soil + sewage sludge at 50 Mg ha−1 with no
zeolite (Z-0),
Α3: Acidic soil + sewage sludge at 50 Mg ha−1 +
zeolite at 2 Mg ha−1 (Z-1),
Α4: Acidic soil + sewage sludge at 50 Mg ha−1 +
zeolite at 5 Mg ha−1 (Z-2),
L1: Limed control soil (no additions other than lime),
L2: Limed soil + sewage sludge at 50 Mg ha−1 with no
zeolite (Z-0),
L3: Limed soil + sewage sludge at 50 Mg ha−1 +
zeolite at 2 Mg ha−1 (Z-2), and
L4: Limed soil + sewage sludge at 50 Mg ha−1 +
zeolite at 5 Mg ha−1 (Z-2).

The treatments were replicated three times, placed in
1.5-L pots, watered to 67% of their water-holding capacity
and left to equilibrate for 4 weeks. After that period, the
pots were sown with 1 g of ryegrass (Lolium perenne L.)
seeds and placed in a greenhouse at 20–22°C. On days 50
and 100 after sowing (after day 50, ryegrass was left to re-
grow, so both plant samples were obtained from the same
pot), ryegrass aerial biomass was harvested, washed with
deionized water, put in pre-weighed paper bags and placed
in an oven at 70°C for 48 hours. The biomass was recorded,
and plant samples were ground to fine pounder. For the
extraction of Cu and Zn, 0.5 g of the ground samples were
weighed into porcelain crucibles, heated in a furnace at
500°C for 5 hours and then extracted with 20 mL 20% HCl.
In certain treatments, plant yields were lower than 0.5 g,
thus, for these samples, we used 0.1 g of ground material
for the metal analyses. Soils were also sampled on days 50
and 100 and analysed for pH and diethylene triamine
pentaacetic acid (DTPA)-extractable metals (according to
Rowell 1994). Soil and plant extracts and digests were
analysed in an atomic absorption spectrometer (Varian,
SpectrAA-400 Plus, Australia). We also calculated the
transfer coefficients, Tc, of metals as follows:

Tc ¼ metal uptake in treatment�metal uptake in controlð Þ
=kilograms of added metal per pot;

where metal uptake (in milligrams of metals per pot) is the
product of metal concentration in plant (in milligrams per
kilogram plant) and plant yield (in grams of plant per pot).
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The experimental data were analysed for multi-factorial
ANOVA [factor A being all eight combinations of pH,
sludge and zeolite (A1-A4 and L1-L4), and factor B being
time], and the method used to discriminate among the
means was the Fisher’s least significant difference (LSD)
procedure for a level of 95% (p<0.05). The statistical
package used was Statgraphics Plus 2.1. Error bars in the
figures represent the standard error of the three replicates of
each reported average value. Different letters in the figures
indicate significant differences (at p<0.05) within each
sampling time, while asterisks indicate significant differ-
ences across sampling times when same treatments are
compared.

3 Results

3.1 Plant yields

Plant yield increased significantly with liming even in the
control on day 50 and yield was further enhanced in the
sludge treatments, but there were no differences with added
zeolite (Fig. 1A). On day 100, acidic and limed controls had
similar yields (the limed decreased over time from 0.90 to
0.52 g, LSDtime=0.34, p<0.05), but there were differences
in the sludged treatments between the limed and the acidic
soils (the limed were higher, see Fig. 1B).

3.2 Soil pH

Liming was successful, as it increased pH to the target
value of 6.5 (Fig. 2). It is noteworthy that on day 50 in the
acidic treatment, sludge increased pH compared to the
control, while in the limed treatment, it decreased pH
significantly.

3.3 Metal concentrations in plants

Due to the low total Cu soil levels, plant Cu concentration
did not decrease with liming in the control on day 50
(Fig. 3A). In the sludged acidic soil, Cu concentration
increased compared to control, but did not change with
zeolite, while in the limed soil, only Z-2 was different (i.e.
higher) than the control. On day 100 (see Fig. 3B), Cu
concentration in the limed control plants decreased signif-
icantly from day 50 (LSDtime=0.327, p<0.05). In the
sludged soils on day 100, the differences in Cu concen-
trations between the limed and the acidic treatments were
not significant, similar to day 50. Also, on day 100 in the
acidic treatments, only Cu concentration at Z-2 was higher
than the control because Z-0 and Z-1 decreased over time,
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while plant Cu concentration at Z-2 was retained high.
Plant Zn concentration on day 50 in the sludged acidic soil
was significantly reduced at Z-2 compared to Z-0 and Z-1
(Fig. 4A), while in the limed soil, there were no zeolite
effects. On day 100, plant Zn concentration in all studied
treatments (except for the acidic control) decreased signif-
icantly compared to day 50 (LSDtime=1.074, p<0.05, see
Fig. 4B).

3.4 DTPA-extractable metals

As in the case of plant Cu concentration, on day 50, DTPA-
extractable Cu did not decrease with liming in the control,
but in the sludged acidic soil, Z-2 was lower compared to
Z-0. Extractable Cu at Z-2 was even reduced back to the
unamended control (Fig. 5A). Over time, extractable Cu
decreased at Z-0 and Z-1, but at Z-2, it increased (in the
acidic soil from 0.46 to 0.60 mg kg−1 and in the limed from
0.48 to 0.64 mg kg−1, LSDtime=0.032, p<0.05, see
Fig. 5B). In DTPA-extractable Zn, similar to Cu, Z-2 in
the acidic soil was significantly lower than Z-0, while in the
limed soil, there was no zeolite effect (day 50, Fig. 6A).
Over time, extractable Zn was greatly reduced in the sludge
treatments (LSDtime=0.117, p<0.05, see Fig. 6B).

3.5 Transfer coefficients

Although on day 50 the acidic soil Cu Tc values seem to be
higher than the limed soil values, the differences are not
significant (Fig. 7). On day 100, increasing zeolite
applications led to increasing Cu Tc values in the acidic
soil, while in the limed treatment, the differences were not
significant. Due to this unexpected increasing Tc trend, at
Z-2, the differences between day 50 and day 100 were
eliminated. This increasing trend in the acidic soil was also
observed for Zn on day 100.

4 Discussion

Plant yield, as expected, increased with sludge due to added
N. At Z-1 and Z-2 in the acidic soil, yields were retained
relatively high on day 100, close to the yields recorded on
day 50, probably due to better N economy (i.e. slower
release of NH4–N from sludge, as also suggested by Ahmed
et al. 2008), while at Z-0, yields decreased over time. This
indicates that even at highly acidic problem soils, zeolite,
although it does not directly increase yield, may improve
growth conditions.

Sludge also altered pH within the two pH treatments (i.e.
it increased pH in the acidic soil and reduced pH in the
limed). A possible reason for that may be the nitrification of
sludge-added NH4–N, a process with a known acidifying
effect. Slight acidification of circum-neutral pH soils due to
sludge-added NH4–N was also found by Stamatiadis et al.
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(1999). Nitrification is inhibited at very low pH values,
such as those at control (as also agreed by Ste-Marie and
Pare 1999). Thus, in the lime-sludged soils, nitrification
occurred (slightly lowering pH), while in the acidic sludged
soils, it did not (thus, NH4–N remained in soil and, as a
base cation, slightly increased pH).

Liming, although expected to cause a significant
decrease in metal concentrations in plant and soil (as
reported by many, e.g. Sukreeyapongse et al. 2002), caused
a slight (non-significant) decrease in most cases and a
significant decrease in only five cases. However, zeolite
exhibited a behaviour at Z-2 contrary to the expected:
Increasing zeolite on day 100 did not depress Cu concen-
trations in plant, it rather enhanced the difference from the
unsludged control to a significant level in the acidic
treatment. It also helped plant Cu concentration in the
acidic soil to be retained relatively high on day 100
compared to day 50 (the zeolite effect at Z-2 will be
discussed in the next paragraph), while plant Cu concen-
tration decreased over time in all the other sludged
treatments. There are two possible reasons for the reduction
of plant metals over time at Z-0 and Z-1. First, the decrease
is probably connected with the similar decrease over time
observed in the limed control in plant yields. This means
that less rigorous plant growth may have resulted in lower
metal plant concentrations. This connection was quantita-
tively assessed with regression analyses, where we found a
significant relationship between yield and plant Zn concen-
tration (R2=0.648, at p<0.001) and between yield and plant

Cu concentration (R2=0.433, p<0.01). The relationship of
metal concentrations in plants and yield was also recog-
nised by Goecke et al. (2011), who found that Cu
concentration in L. perenne was higher in pots exhibiting
better plant growth. Second, the reduction over time may
also indicate a possible depletion of metals from soil
available pools. DTPA extractions confirmed a reduction of
metals over time (with the exception of Cu at Z-2, which
increased significantly over time, an effect that will be
discussed in the next paragraph). It is noteworthy that on
day 100 the DTPA-extractable Cu had no differences
between any of the treatments, contrary to the findings in
plant Cu, indicating that either the DTPA did not very
successfully predict Cu concentrations in plants or that the
differences observed in plant Cu were mainly due to growth
variations. This was confirmed by the non-significant
correlations between soil-extractable Cu and plant Cu
concentrations (R2=0.094, p=0.524). DTPA-extractable
Zn, on the other hand, more successfully predicted plant
Zn levels, as also revealed by the significant correlation
between the two (R2=0.835, p<0.001).

Our findings on Tc confirmed the observed trends in
plant- and DTPA-extracted metals at Z-2, i.e. that zeolite
protected the metals from being reduced over time. Sludge-
added metals are reported to be considerably less mobile in
soil than metals derived from inorganic sources, due to the
binding capacity of organic phases also added to soil with
sludge application. For example, Stietiya and Wang (2011)
found that 75% of Cu and 8% of Zn were bound onto
organic phases and that with organic matter oxidation the
percentages fall to <10% for Cu and <3% for Zn. Apart
from the presence of sludge-borne organic chelates, the role
of inorganic colloids has also been recognised, especially
some time (months or years) after the last application of an
organic waste (when, as reported by Benke et al. 2008, it is
expected that waste-added organic matter will have been
decomposed to a great extent). Metals have the tendency to
be diffused with time into less mobile (i.e. less accessible
for plant uptake) soil pools due to their irreversible binding
and their gradually increasing electrostatic attraction to non-
exchangeable inorganic soil colloid sites. These inorganic
phases tend to suppress the availability of sludge-added
metals even within a matter of a few weeks. This relatively
fast availability decrease over time occurs even more in the
case of immobile (strongly bound) metals like Cu, as
reported by Sanchez-Martin et al. (2007), who found a
significant decrease of soluble and exchangeable Cu and its
subsequent transfer into non-available soil pools within
6 months. Also, this decrease over time occurs especially
when metal loads in sludge are low (as is the case with the
sludge used in this study) because low sludge metal
concentrations have low metal availability potential, as
suggested by Smith (2009). (Thus, the observed metal
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availability reduction at Z-0 and Z-1 over time was not
unexpected.) However, added zeolite at Z-2 seemed to
make this expected metal “availability reduction” process
considerably slower than in the non- or the low-zeolite
treatments. We suggest two possible reasons for that. First,
zeolite may have released back to the soil solution metals
derived from sludge, initially sorbed onto it. We propose that
because it has been reported in the literature that significant
amounts of added metals to zeolite systems may be desorbed
back to solution. For example, Hamidpour et al. (2010) in a
batch test studied desorption and found that up to 40% of
added Cd, a metal with chemical behaviour very similar to
Zn, was desorbed from zeolite. In our work, this effect was
much more evident (and thus significant) in the high zeolite
treatment compared to Z-0 and Z-1, presumably due to
higher zeolite content in the soil. Second, zeolite may have
bound the studied metals less efficiently than indigenous soil
colloid clay surfaces. This was also suggested by Usman et
al. (2005), who, in a 120-day incubation experiment in soil
mixtures, found that added zeolite caused only a very minor
reduction in Cu and Zn availability (assessed in that study
with H2O extractions) compared to added bentonite, a typical
naturally occurring soil clay mineral.

5 Conclusions

Zeolite retained Cu and Zn not as strongly as there would
be expected and less efficiently than soil colloid surfaces.
Thus, the added zeolite kept metal availability unchanged
on day 100 compared to day 50, while at the same time Cu
and Zn in the Z-0 and Z-1 treatments were being reduced,
especially in the acidic treatments.
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