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Abstract
Stabilized sewage sludge (SS) by fly ash (FA) and alkaline mine tailing as artificial soil, to be applied on the ecological rehabilitation
at mining junkyards, offers a potentially viable utilization of the industrial by-product, as well as solves the shortage of soil resource
in the mine area. An incubation experiment with different ratios of SS and FA was conducted to evaluate the solubility of ions and
trace elements from stabilized sewage sludge. Results showed that fly ash offset a decrease in pH value of sewage sludge. The pH
of (C) treatment (FA:SS = 1:1) was stable and tended to neutrality. The SO4 2− and Cl− concentrations of the solution in the mixture
were significantly decreased in the stabilized sewage sludge by alkaline fly ash and mine tailing, compared to the single SS treatment.
Stabilized sewage sludge by FA weakened the nitrification of total nitrogen from SS when the proportion of FA in the mixture was more
than 50%. The Cr, Ni, and Cu concentrations in the solution were gradually decreased and achieved a stable level after 22 days, for all
treatments over the duration of the incubation. Moreover stabilized sewage sludge by fly ash and/or mine tailing notably decreased the
trace metal solubility. The final Cr, Cu, and Ni concentrations in the solution for all mixtures of treatments were lower than 2.5, 15, and
50 µg/L, respectively.
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In China, mines, especially the dumping sites containing
mostly bedrocks and kingles, often locate in areas lacking soil resources. Many mine enterprises have to buy
the plowland soil to cover the barrier for rehabilitation.
However this method of buying nature soil has many
disadvantages, it not only wastes both manpower and
material resources, but also cannot solve the long-term
shortage of soil resource. At present, mine rehabilitation
is an important and urgent subject (Shen et al., 2004;
Campbell, 1998; Hu et al., 2002; Wang and Cai, 2006).
Fly ash is a byproduct of coal combustion, composed
of particulate matter. In China, 1.8 × 108 t fly ash (FA)
was produced each year for generation of electricity (Ben
and An, 2004). Land filling is the traditional method of
disposal for FA, however, the dual factors of increased
cost and stricter legislation have prompted research on
alternative methods of disposal or utilization of this waste
material (Abbott et al., 2001; Kriesel et al., 1994). Over
the last 25 years, numerous studies on the use of fly
ash as a soil amendment have been performed (Adriano
et al., 1980). Although the benefits of FA application to

soils have been reported, the potentially toxic elements are
more of a concern in the agricultural area (Carlson and
Adriano, 1993). Sewage sludge (SS) is a useful source
of organic matter and also a pool of slow-release of
essential nutrients (nitrogen, phosphorus, sulfur, and magnesium) and microorganisms. An organic waster product
mixed with fly ash has been proposed to increase the
macronutrient content in the mixture, even as it reduces
the odor and improves the handling properties of the
organic waste (Jackson and Miller, 2000; Belmonte et
al., 2006). Field trials utilizing mixtures of FA/organic
waste as fertilizers for maize produce yields comparable to
those produced by the conventional fertilization techniques
(Schumann, 1997). The results of potting plants show
that coal ash, reservoir sediments, and sewage sludge
mixed in proper proportions can greatly promote plant
growing and increase production obviously (Li et al.,
2001). Notwithstanding these factors, land application of
fly ash and sewage sludge, with heavy metals, is still a
matter that must be further investigated. Many researchers
have noted an increased availability of trace elements in fly
ash-amended soil (Tolle et al., 1983). Adriano et al. (1982)
have reported that cadmium uptake in sudan grass is from
sewage sludge application and they have found that Cd can
be reduced in the presence of fly ash. Although when a
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sewage sludge potting medium is mixed with fly ash, Cd,
Zn, and Mn uptake in tall wheat grass has been reduced.
Availability of heavy metals is mostly a function of
solubility, therefore, extracting a solution from the soil is
a reliable technique for assessing whether a trace element
is available for plant uptake or leaching. Trace element
availability from land application of a single FA or SS
is well documented (Lake et al., 1984; El-Mogazi et al.,
1988; Carlson and Adriano, 1993; Gibbs et al., 2006; Li et
al., 2001; Belmonte et al., 2006). However, few attempts
have been made to investigate trace element availability
from land application of FA/SS mixtures without natural
soil, and the feasibility of the mixtures used, for the
ecological remediation of the dumping site for mullock in
China.
The specific objectives of this article were to evaluate
the solubility of anions (SO4 2− , Cl− , NO3 − ) and trace
elements (Ni, Cr, Cu) from stabilized sewage sludge and
to assess the potential contamination of heavy metals. This
study will provide valuable information and data on the
application of these artificial soils to the mining areas.

1 Materials and methods
1.1 Sampling
The mine spoil material (MT) was collected from the
Dagushan iron mine (123◦ 030 36.600 E and 41◦ 030 0300 N) in
Anshan City, Liaoning Province, China. FA used in this
study was obtained from a Power Plant of the Anshan
Steel Company and SS was from the North Waste Water
Treatment Facility located in Haicheng City, China. Fly
ash and mine tailing samples were air dried before being
mixed with the sewage sludge. The basic chemical properties of the fly ash, sewage sludge, and mine tailing were
determined as shown in Table 1.
The sewage sludge used in the experiment was composted outdoors for several days after collection. When the
water content of SS was 55%–60%, it was well mixed with
dry fly ash and mine tailing. Then the mixture materials
were air dried and ground to pass through a 2-mm sieve.
Mixtures of FA/SS were prepared at the ratios of 3:1 (A),
2:1 (B), 1:1 (C), and 0.5:1 (D), respectively; FA/SS/MT
were prepared at only one ratio of 2:1:1 (E). All treatments
of stabilized SS (called artificial soil) are listed in Table 2.

Table 2
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Artificial soils of sewage sludge (SS) mixed with mine tailing
(MT) and fly ash (FA) in weight proportions

Composition

Treatment of stabilized sewage sludge
A
B
C
D
E

Fly ash
Sewage sludge
Mine tailing

3
1
0

2
1
0

1
1
0

0.5
1
0

2
1
1

this moisture content throughout the incubation period,
on the day prior to every soil solution sampling. The
plastic buckets were open to the atmosphere (25°C), but
were strictly controlled to avoid any leaching. By this
approach, the authors minimized the effect of soil loss
during sampling, and thus were better able to keep each
treatment at an equivalent moisture content for the duration
of the study.
The soil solution was periodically extracted (on day
1, 5, 7, 15, 22, and 35) from the incubated treatments,
by centrifugation. One hundred grams of moist soil was
sampled from each plastic bucket and then put into a plastic
bottle and 10 ml of deionized water was added. Although
the artificial soil was at 17% moisture content, it was still
necessary to add a further 10 ml of deionized water to the
soil sample prior to centrifugation, to extract a sufficient
volume of the soil solution (approximately 3–4 ml from
100 g moist soil). Sufficient time was allowed for this
added water to percolate into the soil, because the soil
was still below field holding capacity and this was a rapid
process. The artificial soil was centrifuged at 3000 r/min
for 25 min. After centrifugation, the soil solution in the
bottle was filtered (0.22 µm). The solid cake collected on
the filter paper was carefully returned to the corresponding
bucket and remixed evenly with the remaining soil.
1.3 Chemicals and analytical methods
Aliquots of the filtered soil solution were taken for
measurement of organic carbon by TOC (GO-TOC 1000,
Germany). The anions of Cl− , NO3 − , SO4 2− , and cation of
NH4 + were determined by ion chromatography (IC1010,
China). Measurement of pH was made with a slurry
(1:1 soil/ H2 O) of the incubated soil. Cu, Ni, and Cr
contents in the artificial soil solutions were analyzed by
means of atomic absorption spectrophotometry (AA-6300,
Shimadzu, Japan).
1.4 Statistical analysis

1.2 Pot incubation experiment
One thousand grams of every dry artificial soil sample
was placed in a plastic bucket. The details of treatments
A, B, C, D, and E are listed in Table 2. Three replicates
were designed. All treatments were wet to the moisture
of 17% (W/W) by adding deionized water and re-wet to
Table 1

SPSS 12.0 statistical package was employed for statistical analysis. Analysis of variance was used to test for
significant differences in the trace element solubility in
individual treatments and interactive effects of the mixed
waste treatments.

Basic physicochemical properties of the compositions

OM (%)

Available N (mg/kg)

Olsen P (mg/kg)

Available K (mg/kg)

pH

Cu (mg/kg)

Cr (mg/kg)

Ni (mg/kg)

Coal fly ash
Sewage sludge
Mine tailing

2.66
36.69
0.54

0.55
216.71
3.15

115.92
324.33
70.28

169.49
1,531.43
312.24

10.88
7.65
8.71

77.42
192.33
0.39

29.44
124.88
89.08

281.64
33.18
19.96
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2 Results and discussion
2.1 Change of pH in soil solution
High application rate of the municipal sewage sludge on
land remediation resulted in environmental contamination
of many major and trace elements, such as, Cu, Cr, Ni,
S, N, and so on. A lot of research have focused on the
total content and transformation of heavy metals in soil.
However, the total number of elements does not actually
reflect the availability or solubility of these elements in the
mixtures. In this study, the artificial soil solution pH, and
Cr, Ni, Cu, SO4 2− , Cl− , NH4 + , and NO3 − concentrations
were evaluated through a 35-d incubation experiment.
The change of pH in artificial soil solution could
alter soil properties, such as, surface charges, electrical
conductivity or organisms in the soil. All these effects
could result in changes in the form and solubility of
elements. Fig.1 shows the soil solution pH of the SS-only
treatment rapidly declined, falling from 7.39 to 6.27 in the
incubation, consistent with the liberation of protons during
nitrification (Sumner, 1991). However, the pH of the FAonly treatment increased from 7.8 to 8.8, keeping higher
than all treatments during incubation, probably because
of the low sulfur content of coal and the presence of
hydroxides and carbonates of calcium and magnesium
(Abbott et al., 2001). Soil solution pH of iron mine tailing
was close to neutral (7.16–7.68). One of the potentially
beneficial attributes of alkaline FA mixed with organic

waste as an artificial soil was that the liming effect of the
FA could offset decreases in soil pH caused by the decomposition of organic waste (Jackson and Miller, 2000).
The ameliorating effect of FA on the soil acidifying nature
of organic wastes was observed, and the pH of FA/SS
mixtures increased with the ratio of FA increasing. During
the incubation, the artificial soil solution pH decreased
slightly. The finial pH of mixture treatments were much
higher than those of sewage sludge, the sequence was FA
(8.80) > A (8.13) > MT (7.68) > B (7.66) > E (7.46) > C
(7.24) > D (6.99) > SS (6.27). It suggested that FA/SS/MT
mixtures had a stable and neutral soil solution pH, which
was suitable for plants growth in mine areas.
2.2 Sulfate and chloride in artificial soil solution
Water soluble salts, such as, SO4 2− , Cl− , NO3 − , and so
on, are a cause of worry, as they not only induce salinity
stress to the growing plants, but can also leach out and
contaminate the soil and groundwater. On the other hand,
some of the salts can affect the mobility and bioavailability
of heavy metals by binding with them (Egiarte et al.,
2006).
Figure 2 shows the SO4 2− and Cl− concentration in artificial soil solution, respectively. Sulfate has been identified
as the most prevalent anion in coal fly ash leachates (EPRI,
1987). However, the characteristics and compositions of
FA and SS in different areas are greatly dissimilar (Li et
al., 2001; Belmonte et al., 2006).
In this study, it was found that the solution concentration of SO4 2− for FA, which collected from Anshan
City (China) was significantly lower than that of SS, and
was lower than 200 mg/L after 7 days (Fig.2a). This
was probably because of the low sulfur content of coal
used in Anshan, China (Ben and An, 2004). The soluble
SO4 2− concentration of mine tailing was similar to the
FA treatment and was low (< 200 mg/L) throughout
the duration of the incubation experiment. However, the
highest SO4 2− concentration appeared in the solution of the
SS treatment. Added fly ash and mine tailing to municipal
sewage sludge resulted in a decrease in soluble SO4 2− .
Moreover, with a decrease of fly ash in artificial soil, the
soluble SO4 2− concentration increased. For example the
D treatment (the ratio of FA to SS was 0.5:1) exhibited

Solution SO4 2− (a) and Cl− (b) concentration in artificial soil.
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Fig. 1 Soil solution pH. A–E: artificial soil treatments; SS: sewage
sludge; FA: fly ash; MT: mine tailing.
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the highest concentrations of SO4 2− in all the artificial
soil treatments. Sulfate concentration for artificial soil
treatments gradually declined during the 15 d incubation,
and then slightly increased and achieved a stable level
by the end of the incubation. Fly ash comprised of very
fine particles, usually containing silica (SiO2 ), magnesium
oxides (MgO), calcium oxides (CaO), and small quantities
of other oxides (Rodriguez, 1996). When sewage sludge
was mixed with fly ash, the high SO4 2− concentration of
SS was declined by the reaction of CaO, MgO with SO4 2−
forming CaSO4 , and MgSO4 . In addition, under alkaline
conditions, many trace elements complexes with SO4 2−
or decreased organic anions contributed to a decrease in
soluble SO4 2− (Jackson and Miller, 2000).
Soil solution Cl− concentration for SS treatment decreased slowly during the 22 d incubation, and reached a
constant level after 22 d (Fig.2b). It could be because of
an increase in the anion exchange capacity of the soil as a
result of the pH decrease in the period of 1–22 d. Except
for the SS treatment, the solution Cl− concentrations for
FA, MT, and mixtures were stable and did not obviously
change over the duration of the incubation, especially for
FA and MT treatments. The soluble Cl− was lower than 10
mg/L in all treatments. The solution Cl− concentration in
the five artificial soil treatments were lower than those in
the SS treatment, but were not significantly different from
each other by the end of the experiment. There were no
significant differences in the final solution of SO4 2− and
Cl− concentrations among the five artificial soil treatments
(Fig.2), which indicated that fly ash application had little
effect on the concentration of sulfate and chloride in the
solution.
2.3 Nitrate in artificial soil solution

sludge is quite complex and varied in many alternative pathways, which probably include mineralization,
nitrification, immobilization, fixation, plant uptake, denitrification, and volatilization, however, only volatilization
and denitrification can be considered as direct removal
from the soil and ground water supplies (Sommers et al.,
1979; Harris et al., 1984; Li et al., 2003). From Fig.3a,
it was found that solution NH4 + concentration in sewage
sludge and mixtures rose significantly for the period of
1–5 d, and then decreased. After incubation for 22 d,
the NH4 + kept at a stable level, although the solution
NH4 + for FA was always low (< 40 mg/L) during the
incubation. This was consistent with the general view
that coal fly ash was a poor source of N, and most N
is volatilized during coal combustion, and residual N is
present in the refractory organic compounds (Carlson and
Adrian, 1993). From Fig.3b, after 7 days there was an order
of magnitude increase in solution NO3 − concentrations in
SS and D treatment. This increase probably corresponded
to the decrease in soil solution NH4 + observed after this
time, because nitrification could oxidize NH4 + to NO3 − .
Solution NO3 − concentrations reached the highest levels
in the SS and D treatments, representing 53% and 62% of
nitrification of total N loading from the SS, respectively,
but that of other artificial soils (A, B, C, and E) were
significantly lower than SS. It indicated that mixing FA
with the stabilized sewage sludge could weaken the nitrification of total N from SS when the proportion of FA in
the mixture was more than 50%. However, the nitrification
in the D treatment was greater than in the SS. Similar high
nitrification rates, however, have been reported for other
incubation studies. For example, mineralization rates of
42%–85% of total organic N were reported for 15 poultry
litters mixed with a Cowarts sandy loam (Gordillo and
Cabrera, 1997). Nitrification of total Nitrogen loading from

Fig. 3

Solution NH4 + (a), NO3 − (b) concentration in artificial soil.
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The fate of nitrogen (N) in the soil amended by sewage
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fly ash/poultry litter and poultry litter reached 50% and
73%, respectively (Jackson and Miller, 2000).
Nitrogen in the form of nitrate (NO3 − ) is mobile and
readily leaches from sludge. Furthermore, nitrate leaching from sludge-amended soils may have concentrations
greater than the acceptable levels in water (Sommers et al.,
1979; Harris et al., 1984). Mixing fly ash and alkaline mine
tailing could decrease the nitrification effectively and also
decrease the volatilization of nitrogen.
2.4 Cr, Ni, and Cu in artificial soil solution

Cr concentration in the FA-only treatment was notably
higher than that in the SS-only treatment (Fig.4a). Stabilized sewage sludge by fly ash significantly decreased
the soluble Cr concentration in artificial soils when compared with the FA treatment. The initial (on day 1) Cr
concentrations for all mixtures were lower than 20 µg/L,
whereas, those of the FA treatment were 151.04 µg/L.
During incubation, solution Cr concentration gradually
declined and achieved a constant level after 7 d, with the
finial solution Cr concentrations for all mixtures being
lower than 0.5 µg/L, except in the case of the E treatment
(2.06 µg/L), where they were significantly below the EU
drinking water threshold of 50 µg/L (Schumann, 1997).
The results indicated that mixing FA with SS notably affected and declined the solubility of chromium in artificial
soil solution.
Chromium exists in two possible oxidation states in
soils: Cr(III) and Cr(VI). As a trivalent cation, it has a
strong affinity for negatively charged ions and collides in
soils and it is therefore relatively immobile and nontoxic
in these environments (McGrath, 1995; Fendorf, 1995).
Moreover, sewage sludge has been reported to contain
mainly Cr(III), either bound to organic compounds or as
an inorganic precipitate (Milacic and Stupar, 1995). In
contrast, Cr(VI) is more soluble, mobile, bioavailable, and
toxic, and its presence is favored under highly oxidizing
conditions or in the presence of Mn oxides (Guertion
et al., 2005). Adding sewage sludge to fly ash increases
the organic matter content, whereas, decreases the pH
of mixtures. Under this condition, the abundant organic
matter and colloids will tend to reduce any Cr(VI) in
fly ash, if present (Bartlett and Kimble, 1976; Bolan and
Duraisamy, 2003). Thus, Cr is probably present as Cr(III)
and, as such, it must have been relatively immobile in
FA/SS/MT mixtures. The result is in agreement with the
report of Abbott et al. (2001), which stated that greater
than 90% of the total Cr was found in the immobile fraction
for a fly ash-organic wastes amended soil.
Nickel solubility over the duration of the incubation
experiment had a decreased trend (Fig.4b). In the period of
1–7 d, it had significantly declined and then changed only
gradually. In all treatments, solution Ni concentration for
FA-only treatment was the highest. In addition, stabilized
sewage sludge notably decreased the soluble Ni by the
end of the incubation experiment. The result was not in
accordance with the report that Ni was shifted to more
available forms in sludge-amended soils (Lake et al.,
1984). It was probably that the mixtures used in this study
were fly ash mixed with wet sewage sludge (water content
around 60%) and then air-dried. During the air drying and
incubation process, the soluble Ni in the fly ash combined
with the organic or colloid matter of the sewage sludge.
Final Ni concentrations of the solution in the mixtures
ranged from 9.33 to 46.67 µg/L, which was near the EU
drinking water threshold of 20 µg/L (Schumann, 1997).
Solution Cu concentration in the FA treatment was lower
than 7 µg/L during the incubation (Fig.4c), in spite of
the total Cu content in FA being 77.42 mg/kg (Table 1).
Stabilized sewage sludge notably declined the solubility of
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Fig. 4 Solution Cr (a), Ni (b), and Cu (c) concentrations in artificial soil.
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The mobility, bioavailability, and related ecotoxicity of
trace metals depend strongly on their specific chemical
forms or ways of binding rather than their total content
(Fuentes et al., 2006). Therefore, the analysis of soluble
Cr, Ni, and Cu from municipal sewage sludge and fly ash
is essential for assessing the bioavailability (Umesh and
Gupta, 1998). The original hypothesis of this research was
that mixing alkaline fly ash (pH 10.88) and mine tailing
(pH 8.71) with organic waste might stabilize and affect
the solubility of these heavy metals from SS because of
changes in the mixture chemistry.
Soil solution Cr, Ni, and Cu are shown in Fig.4. Solution
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Cu. The initial solution Cu concentration for all mixtures
was three times lower than those of the SS-only treatment
(175.9 µg/L). Except FA treatment, soil solution Cu concentration in all other treatments decreased and achieved
a constant level after 22 d. The solution Cu concentration
for all mixtures ranged from 49.88 to 1.86 µg/L, and was
always below the EU drinking water threshold of 2 mg/L
(Schumann, 1997). By contrast, solution Cu concentration
in all the artificial soil treatments (mixing FA, MT with
SS) was much lower, and was presumably a function of the
decreased carbon solubility observed for these treatments,
in comparison with the SS treatment (Fig.4c). Complexation with dissolved organic carbon is acknowledged as a
mechanism that enhances Cu solubility in the absence of
complexation, Cu is strongly bound by variably charged
surfaces in soils at pH >5.5 (Baker and Senft, 1995; Sara
et al., 1996). Therefore, as decomposition of dissolved
organic matter occurred during the course of the incubation
experiment, the adsorption processes became the dominant
control on Cu solubility. Other reasons for the decrease
of soluble Cu in the FA/SS/MT mixtures could be the
presence of high concentrations of other metals such as
Ca, Mg, Al, and Fe in fly ash, which compete for organic
ligands with Cu, or the formation of complexes with
inorganic ligands such as SO4 2− (Egiarte et al., 2006),
abundant in these soil solutions (Fig.1).
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