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Abstract The purpose of this study was to determine the
leaching characteristics of heavy metals from artificial soils
composed of sewage sludge and fly ash. A leaching
experiment was carried out over a period of 90 days. The
leachates from artificial soils were collected every 15 days,
and the concentrations of cadmium, lead, copper, zinc,
chromium, and nickel in leachates were determined.
Results showed that pH values of the artificial soils
leachate were stable, ranging from 6.71 to 7.62 at the end
of the experiment. Except of the cadmium, the concentra-
tions of chromium, nickel, and copper in leachates of the
artificial soils reached a stable level at the end of the
experiment. The final concentrations of copper in leachates
varied from 27.1 to 127.5 pg L™, which was lower than
European threshold value for drinking water, (1,000 pg
L™"), while final nickel and chromium concentrations in
leachates exceeded the European threshold ones. Amorpha
fruticosa and Robina pseudoacacia grown in the artificial
soils had different effects on cadmium, nickel, chromium,
and copper leaching behavior. Amorpha fruticosa resulted
in higher Ni and Cu concentrations in leachates, while
Robina pseudoacacia enhanced leaching concentration
of Cr.
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Despite a principal contributor to the rapid economic growth,
the mining industry in China produced a large amount of
wasteland, damaged native vegetations and caused water pol-
lution and soil erosion as well as other environmental damages
(Shen et al. 2004). Remediation of mineland is one of the
pressing needs to be addressed for social and economic
development to be healthy and sustainable. However, mines
always locate in the mountainous areas, where the natural soil
resources is lack.

Fly ash (FA) is a by-product of combustion of coal. It is a
ferro-alumino-silicate mineral containing most of the essen-
tial elements (calcium, potassium, sodium, magnesium) for
the growth and development of the plant, but is deficient in
nitrogen and occasionally in available phosphorus (Carlson
and Adriano 1993). Sewage sludge (SS) is a source of organic
matter, a pool of slow-release essential nutrients (nitrogen,
phosphorus, sulphur and magnesium) and microorganisms
(Abbott et al. 2001). In view of high cost of disposal and
environmental management, utilization of FA/SS mixtures as
artificial soil in mine eco-remediation may be a viable option.
Additionally, previous studies demonstrated that nutrients
content of the artificial soil composed of FA and SS were up to
a high fertilizer level with available potassium being 762.66
mg kg™, available phosphorus being 375.83 mg kg~' and
available nitrogen being 109.7 mg kg~ (Zhang et al. 2008).
Field trails utilizing FA/organic waste mixtures as fertilizers
for maize (Zea mays L.) produced comparable yields to con-
ventional fertilization techniques (Schumann 1997).

However, fly ash and sewage sludge also contain high
concentrations of potentially toxic elements such as Cd, Ni,
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Cr, Pb, Cu and Zn (Brown et al. 2003). During disposal,
storage and land application phases, the residues from
sewage sludge and fly ash are subjected to leaching effects
of rain and part of the undesirable components in the
wastes may pollute both ground and surface waters
(Egiarte et al. 2006). These solid residues such as muni-
cipal sewage sludge and fly ash may be leached in high
concentrations of heavy metals surpassing the threshold for
drinking water standards, and in turn cause contamination
in drinking water sources. Different elements have differ-
ent leaching behaviors owing to their properties, pH of the
solution and leaching time. Egiarte et al. (2006) reported
that concentrations of Zn, Cd, Ni and Pb in leachates from
municipal sludge amended-soil never surpassed the Euro-
pean threshold values for drinking water, while Cr con-
centration in leachates was higher than the threshold
values. There is some evidence that surface application of
neutralized fly ash may reduce the concentrations of con-
taminants in leachate (Abbott et al. 2001; Brown et al.
2003).

Leaching characteristics of fly ash and sewage sludge
individual are well documented. However, little informa-
tion is available on the leachability of heavy metals from
FA/SS mixtures. The specific aims of this study were to
investigate the leaching behavior of Ni, Cu, Zn, Cd, Pb,
and Cr from artificial soils used for remediation of mine
tailings, and analyze the potential influence of the artificial
soils on ground water quality.

Materials and Methods

The mine spoil material was collected from an abandoned
iron mine (Dagushan mine). The exact location of the site
is 123°03'36.6"E and 41°03'03"N. Fly ash (FA) used in this
study was collected from a Power Plant of Anshan Steel
Company, and sewage sludge (digested sludge) (SS) came
from the Anshan North Waste Water Treatment and
Haicheng Sewage Treatment Works. Fly ash and mine
spoil material samples were air-dried before mixed with
sewage sludge. The sewage sludge used in this experiment
was composted outdoors for several days after being col-
lected. When the moisture of SS was 55-60%, it was well
mixed with dry fly ash. Then the mixture materials were

air-dried, placed to pass through a 2-mm sieve and deter-
mined for the basic physicochemical properties. Three
artificial soil treatments signed T1, T2 and T3 were
selected for the leaching experiment based on previous
experiments (Zhang et al. 2007).

The leaching experiment was conducted in the labora-
tory. Five thousand grams of mine waste rocks was first
placed in each of the eighteen polypropylene containers
with leaching ports in the bottom (40 x 35 cm). Then
three thousand grams of the artificial soil samples were
placed on the mine tailing rocks. Plants of Robina
pseudoacacia and Amorpha fruticosa were planted in the
artificial soil, and the treatments planted with Robina
pseudoacacia were signed Tlr, T2r, T3r, and treatments
planted with Amorpha fruticosa were signed T1la, T2a, T3a
on 2 April, 2009, respectively. Three individual plants were
planted in each artificial soil treatment, and three replicate
were designed.

The experiment was carried out at room temperature
(23-25°C). Every 15 days, the treatments were irrigated
with 80 L deionized water according to the annual rainfall
in Anshan city (700-800 mm), and pH of the deionized
water was adjusted to 6.5-7.5 by HCI and NaOH prior to
irrigate. Leaching collection device used in the experiment
to collect leachate samples for trace elements analysis was
plastic bottle. The plastic bottle was washed, brushed,
rinsed with distilled water, and soaked in 20% nitric acid
(Merck) for 24 h; then it was rinsed several times with
de-ionized water and sealed into double black plastic bags.
Then the leachate was collected to determine. The exper-
imental design is shown in Table 1 and Fig. 1.

After researchers collected the leachates of artificial
soils, all the samples were filtered through a 0.45-pm
polycarbonate micropore membrane filter prior to analyses
and stored at 4°C.

Results and Discussion

The leachate pH of artificial soil treatments showed slight
change during the experimental period of 90 days
(Fig. 2a). However, the pH of FA/SS mixtures increased
with an increase application ratio of FA, and it was
observed that FA has amelioration effect on the artificial

Table 1 Artificial soils

(TI-T3) of sewage sludge Composition Treatments

mixed with fly ash in weight Tlr T3r Tla T2a T3a
proportions

FA 2 0.5 2 1 0.5

SS 1 1 1 1 1

Plant Robina Robina Robina Amorpha  Amorpha  Amorpha

pseudoacacia

pseudoacacia

pseudoacacia  fruticosa  fruticosa  fruticosa
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Fig. 1 The sketch of leaching test

soil acidifying nature. The leachates pH of artificial soil
Tlr,a (FA:SS = 2:1) remained the highest value, whereas
T3r,a (FA:SS = 0.5:1) remained the lowest during the
90 days leaching experiment. By the end of the experi-
ment, the leachates pH value of the 6 artificial soil treat-
ments occurred in the order: TIr (7.62) > Tla
(7.50) > T2a (7.11) > T2r (6.83) > T3a (6.80) > T3r
(6.71). The final pH values of these artificial soils were
close to an idea value for most crops growth (Feng et al.
2006). Fly ash contains a high level of lime and has a high
pH value ranging from 10 to 12, occasionally even higher,
and can substitute lime in reducing sewage sludge acidity
when applied on the eco-remediation at mining areas
(Wang et al. 2007). However, the influence of different
plants on the leachate pH value was not distinct from this
paper.

In Table 2 the analytical results of total content deter-
mination of mine tailing background levels were summa-
rized. It showed that Cd background level of mine spoil
area was only 0.074 mg kg~'. The municipal sludge and
fly ash used in the study contained 3.71 and 0.66 mg kg™
of Cd (Zhang et al. 2008), respectively, which were lower
than China quality guideline values (10 mg kg™") used as
standards for urban waste application. It is commonly

Table 2 Mine tailing background levels of heavy metals

Items Cd Cu Zn Ni Cr
mgkg™' mgkg' mgkg! mgkg' mgkg
Mine tailing  0.074 38.64 59.12 66.78 122.42
background
levels

accepted that the toxicity and mobility of heavy metals in
soils depend not only on the total concentration, but also on
their specific chemical form, the metal properties, envi-
ronmental factors, soil properties like pH, organic matter
content and type, redox conditions, and root exudates act-
ing as chelates (Rodriguez et al. 2009).

As shown in Fig. 3, leachates Cd concentrations
remained relatively constant at first, but then declined.
After the third leaching cycle, there was an order of
magnitude increase in Cd concentrations, resulting in a
pulse that abated after cycle 4, with the highest leachates
Cd concentrations ranging from 21 to 27 pg L™". Subse-
quently, leaching Cd from artificial soil-amended mine
tailing rapidly decreased. It was reported that from pH
range 4-6 and up to pH 11, the cadmium solutions were
composed from positive charged ions (Cd**, CdOH,
Cd,(OH)*™") as well as neutral species (Cd(OH)Y) while the
high acidic solution was composed from single Cu*" and
Cd** cations (Peng et al. 2009). Similarly, Leviminzi and
Petruzzelli (1984) noted that when pH decreased from 6.4
to 4.8, more cadmium was released. In our studies, the pH
value for all leachates ranged from 6.26 to 7.62. Under this
condition, the cadmium was easily precipitated as their
insoluble hydroxides. In addition, the final leachates Cd
concentrations from artificial soil treatments varied from
2.99 to 12.69 pg L', which were near to the EU drinking
water threshold of 10 pg L' (Schumann 1997).

From Fig. 4, it was found that leachates Cr concentra-
tions had a small increase at first. Then they declined
towards the lowest point at the third leaching cycle.

Fig. 2 The pH of leachate from 7.8
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However, after cycle 3, there was an order of magnitude
increase in Cr concentrations, suggesting that the soluble
Cr in artificial soil or mine tailing rocks was first combined
with some complexing ligands, but this combination was
transient and unstable. Long time kinetic adsorption—
desorption experiments also showed that metal freshly
associated with particles presents less stability and higher
potential transformation than those associated for a long
time (Peng et al. 2009).

During the leaching experiment, leachates Cr concen-
trations from treatments T(1-3)r with Robina pseudoacacia
growth were always higher than those for the treatments
T(1-3)a with Amorpha fruticosa growth, with values for
T3r treatment being the highest (342.0 ug L™') at the end
of the experiment. Therefore, it seems that plant species
might influence the leaching characteristic of heavy metals
from artificial soil due to rhizosphere environment, phy-
toextraction, accumulation and other elements. Yang et al.
(2005) reported that the metal contents, pH, CEC, water
content, organic substances and other elements in the rhi-
zosphere affected the bioavailability and plant uptake of

100

time/d

heavy metals from the soils; in turn, it might affect the
leaching concentration of Cr.

Chromium may exist as either cationic Cr*" or the anion
chromate, Croi_. While chromate (Cr(VI)) is the more
mobile Cr species, it is also a strong oxidizing agent, and is
likely to be reduced to Cr(IIl) in the presence of soil
organic matter (Lake et al. 1984; Egiarte et al. 2006).
Solubility of Cr(IIl) is pH dependent, and at pH > 5.5
complete precipitation of this species is expected; however,
complexing organic ligands may enhance Cr(III) solubility
at pH values when precipitation would otherwise be pre-
dicted. Thus, changes in the Eh/pH of a soil system can
affect redox transformations of Cr species and adsorption
to certain solid phases can also affect such redox reactions
(Jackson and Miller 2000; Peng et al. 2009).

After the fifth leaching circle, the concentrations of Cr in
leachates tended to be constant, and the balance concen-
trations were in the following order: T3r (342.0 nug
LY >T2r (313.0 ug L™") > Tla (301.5 pg L") > Tlr
(2975 pg L™ > T2a (295.0 pg L™') > T3a (288.0 pg
LY. The high concentrations of Cr in leachates will also

@ Springer
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be transported to the surface and ground water during the
application to mine areas.

Leachates Ni concentrations from all artificial soils
significantly increased during the first several days (Fig. 5).
This is probably due to the OM degradation and the acid
volatile sulfide oxidation. The pH of the leachates
decreased from 6.67-7.61 to 6.26-7.18 (Fig. 2a), which
resulted in Ni being released from artificial soil or/and
mine tailing rock into leachates (Bonnissel-Gissinger et al.
1998; Peng et al. 2009). Thereafter, the concentrations of
Ni in leachates sharply declined and reached the lowest
point at the fourth leaching circle. Then they slightly
increased and became a stable level at the end of the
leaching experiment. The lowest Ni concentrations from
artificial soil treatments ranged from 11.3 £ 0.12 to
34.3 £ 1.64 pg L™, which were near to the EU drinking
water threshold of 20 pg L™" (Schumann 1997).

The amounts of Ni leached from artificial soils Ta(1-3),
with the exception of the second leaching circle, were
consistently greater than those from artificial soils Tr(1-3).
The balance Ni concentrations in leachates were found in
the order of T3a (183 ug Lfl) >T2a (1753 pg
L™ > Tla (1573 pg L") > T3r (150.3 pg L") > T2r
(130 pg L™ > T1r (90 pg L") at the end of the leaching
experiment. This suggested that compared to Robina
pseudoacacia, Amorpha fruticosa grown in artificial soil, it
may result in higher Ni concentration in leachates. The
influence of plant comprises of two tiers, one by plants
themselves and the other by the root colonizing microbes,
which degrades the toxic compounds to further non-toxic
metabolites. Ni concentrations in leachates increased gen-
erally with increased SS rate. This is similar to the results
reported by Lake et al. (1984), who noted that Ni shifted to
more available forms in sludge-amended soils. Many
documents have focused on the ability of plants to uptake
and accumulate of heavy metals (Rodriguez et al. 2009),
but few studies were carried out to investigate the influence

of different plants on the leaching characteristic of heavy
metals. This study revealed that plants affected the leach-
ates concentration for heavy metals from artificial soil. But
the mechanism would be complicated, and we will go
further in the study of leachates characteristic about plants
and other factors.

As shown in Fig. 6, the leachates Cu concentrations
from artificial soil treatments reached the peak at the sec-
ond leaching circle. Treatment T3a exhibited the largest
leachate Cu concentration (597 pg L™"), which was much
higher than those from other treatments, while treatment
T3r exhibited the lowest leachates Cu concentration
(57.6 pg Lfl). Choi et al. (2002) have reported that the
element in the ash particles was mainly associated with the
surface and these surface-associated fractions might dom-
inate the leachate chemistry at the early stages. Complex-
ation with dissolved organic carbon is acknowledged as a
mechanism that enhances Cu solubility and in the absence
of complexation, Cu is strongly bound by variably charged
surfaces in soils at pH > 5.5 (Jackson and Miller 2000).

After the second leaching circle, the leachates Cu con-
centrations from artificial soil-amend mine rocks sharply
declined and rapidly reached a steady state. During the
experiment, leachates Cu concentrations ranged from 1.6 to
597.0 ng L', and the balance Cu concentration in leach-
ates was decreased in the order of T2a (127.5 pg
L™ >T3a (773 pg L™ > T3r (69.15 ug L™") > T2r
(56.95 ug L™ > T1a (30.8 ug L™") > Tir (27.1 pg L.
In spite of the municipal sludge and fly ash used in the
study contained 192.33 and 77.42 mgkg ' of Cu,
respectively (Zhang et al. 2008), and local mine back-
ground Cu content was 38.64 mg kg~' (Table 2), the
leachates Cu concentrations were far below the European
drinking water threshold of 2,000 pg L™' and the China
drinking water threshold of 1,000 pug L~' (Schumann
1997; GB5749-85 1986). This suggests poor correlation
between Cu leachability and total Cu concentrations in the

Fig. 5 Nickel concentrations in 400
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Fig. 6 Copper concentrations in leachates from artificial soil treatments

artificial soils. Little Zn was leached from the artificial soils
(<0.001 mg L™"). This is probably because the precipita-
tion may occur at high Zn concentrations and at high pH
values.

The leachate pH of all artificial soil treatments showed
slight change during the 90 days leaching experiment, with
the final pH values ranging from 6.71 to 7.62, which were
suitable for plant growth. The concentrations of Cr, Ni, and
Cu in leachates from artificial soils got to a steady state by
the end of the experiment. With the exception of Cu, the
concentrations of Cd, Ni and Cr were near to or surpassed
the European drinking water threshold. The plants Amor-
pha fruticosa and Robina pseudoacacia grown in the arti-
ficial soils had different effects on heavy metal leaching
concentrations: Amorpha fruticosa might resulted in higher
Ni and Cu concentrations in leachates, while Robina
pseudoacacia enhanced leaching Cr concentration. In sum,
high Cr, Ni and Cd concentrations in leachates will also be
transported to the surface and ground water. Some mea-
sures should be taken to reduce the concentrations of heavy
metals in leachates before these artificial soils are used for
remediation of mine tailings. More research is recom-
mended to investigate the overall effects of plant growth on
heavy metal movement from mine tailing.
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