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Abstract. Mixture of fly ash (FA) and sewage sludge (SS) has been used as substrates to plant vegetables 
and turf grasses. Most studies chemically analyzed physiochemical properties of leachates from FA/SS 
mixtures, but did not considered the effects of plants growing on leaching properties, and the toxicity of 
leachates on aquatic animals were not well understood. In the present study, FA and SS were mixed in 
different ratios and then used to cultivate Zoysia matrella and Cynodon dactylon. After one month, these 
artificial soils were irrigated with water and leachates were collected for three months. Chemical analyses 
revealed that, although the heavy metal concentrations of FA and SS almost conformed to the relevant 
national standards, the levels of Cr, Zn, Cd, Pb and Cu in leachates still exceeded the limits in the Chinese 
Standard of Surface Water Quality, displaying potential environmental hazards. The effects of leachates on 
reproduction of Daphnia magna were evaluated and the results showed that leachates from high proportion 
of FA or SS would both negatively affect D. magna, demonstrating an environmental risk. However, 
leachates from mixture with FA: SS ratio from 1: 2 to 1: 6 did not significantly affect D. magna. Overall, 
the present results suggested that applications of FA/SS mixtures as artificial soil potentially contaminated 
aquatic environments and should be monitored carefully. 

1 Introduction  
Treatment of sewage sludge (SS) is a major problem 
worldwide, which is produced in large amount daily. 
Due to limited space in rural area, landfilling becomes an 
impractical method to deal with SS. The utilization of 
sewage sludge in agriculture is an alternative way, 
because SS generally contains organic matters (such as N, 
P and K) and relatively lower level of essential elements 
(such as Ca, S and Mg) [1]. Fly ash (FA) is a combustion 
product of coals and contains most essential elements 
(Ca, K, Na, Mg), but is deficient in N and other organic 
matters [2]. Thus, mixture of FA and SS would contain 
both organic matters and essential elements, which is a 
suitable artificial soil for plant growth.  

One shortcoming of FA/SS artificial soil in 
agriculture is the high level of heavy metals [3-5] and 
organic pollutants [6]. The leaching of FA/SS mixture 
might cause secondary pollution to aquatic environments 
and soils [7]. Thus, cultivation of food plants on these 
areas is not a good idea, since metal pollutants might 
transfer from soil to animals and then endanger human 
body [8]. Cultivation of non-food plants could avoid this 
problem, such as turf grasses. However, the potential 
pollution of leachate to aquatic environments should not 
be ignored.  

Leaching characteristics of FA/SS mixtures have 
been well chemically analyzed at different conditions [9-

13], but the leaching properties of FA/SS mixtures with 
plants growing on were not well investigated. Well 
known, the species and concentrations of heavy metals in 
leachate varied among sources of FA and SS. However, 
chemical analysis alone could not accurately evaluate the 
toxicity of leachate, since potential interactions 
(synergistic or antagonistic effects) might exist among 
various heavy metals and organic pollutants [14]. Tests 
using living aquatic organisms are required to completely 
assess the environmental hazards of leachate from FA/SS 
mixture.  

The present study aimed to access the 
physiochemical properties and toxicity of leachate from 
FA/SS mixture. FA and SS were mixed in different ratios, 
which were then used to plant turf grasses (Zoysia 
matrella and Cynodon dactylon). Natural rainfall was 
mimicked to collect leachate from FA/SS mixture. The 
concentration of heavy metals in leachate and the effects 
of leachate on reproduction of the aquatic organism 
Daphnia magna were investigated. These esult would be 
useful to environmentally evaluate the application of 
FA/SS mixture as artificial soil. 

2 Experimental materials and methods 

2.1. Preparation of artificial soil 
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SS and FA was collected from the Waste Water 
Treatment Plant of Zhujiaqiao (Wuhu, China) and the 
coal power plant of Wanwei Group (Wuhu, China), 
respectively. Both of them were air-dried (19-26℃) for 
28 days and sieved using a 2-mm sieve. FA and SS were 
mixed in 1:1, 1:2, 1:4, and 1:6 as four treatments. 
Meanwhile, pure SS was also included. 

2.2  Cultivation of turf grasses 

Two plant species, Z. matrella and C. dactylon, were 
employed in the present study as independent treatments. 
In each polypropylene container (20×15 cm), 1 kg of 
artificial soil was placed at the bottom (Figure 1). Then, 
seeds were sowed and kept in a greenhouse at 25±2℃. 
At the first month, the moisture of soil was maintained at 
50%-70% to ensure that no liquid was leached. 
Afterwards, each treatment was irrigated with 3.0 L of 
demonized water (pH was 6.5-7.5) each month, 
according to the local annual average rainfall 
(approximately 1.2 cm in Wuhu city). Leachates were 
collected using bottles. The leaching process was kept 
for 3 months and all leachates from the same treatment 
was pooled as one sample. All samples were filtered 
through 0.45 μm polycarbonate membrane filters and 
stored at 4℃. 

.  

Figure 1. The sketch of planting and leaching equipment 

2.3 Chemical analysis of artificial soil and 
leachates 

The pH value and concentrations of Cd, Ni, Cu, Zn, Cr 
and Pb in SS, FA and leachates were determined using 
ICP-MS (Perkin-Elmer/Sciex Elan 9000, USA). 

2.4 Chronic toxicity of leachate on reproduction 
of D. magna 

D. magna was obtained from the Chinese Center for 
Disease Control and Prevention (Beijing, China) and 
then clonally cultured under controlled laboratory 
conditions (light: dark =16 h: 8 h, 20±1 ℃) for more 

than one month. Culture medium [15] was changed twice 
a week and D. magna was fed with the green algae 
Scenedesmus obliquus at 2.0×106 cells/mL daily. S. 
obliquus was grown in a semi-continuous culture using 
HB-4 medium [16] renewed daily at 50% and 
concentrated by centrifugation before use. The effects of 
leachates on reproduction of D. magna were assessed in 
a semi-static test according to the OECD standard 
protocol [17]. The tests were performed in 10 mL glass 
beakers containing 5 mL of test solution. Each beaker 
contained one animal, which was repeated for 20 times. 
D. magna was fed with 2.0×106 algae cells per animal 
daily. Each day, the original animal was carefully 
transferred to new beaker with fresh test solution; the 
newly hatched animals were counted and discarded. The 
experiments were continued for 21 days.  

Time of the first pregnancy and the first brood, 
number of offspring in the first brood and average 
number of offspring per brood were calculated. The 
intrinsic rate of population increase was calculated 
according to Lotka [18] using the formula ∑lxmxe

－rx=1, 
where x means time, lx and mx is the age-specific 
survivorship and the age-specific fecundity at age x, 
respectively. 

2.5 Statistical analysis 

Data were expressed as mean ± standard deviation (SD), 
and were analyzed using one-way analysis of variance 
(ANOVA) and SNK tests to detect differences among 
treatments. Differences were considered significant at P
< 0.05. All the statistical analyses were performed using
SPSS 22.0 (SPSS Co., Chicago, IL, USA). 

3 Results and discussion 

3.1 Chemical analysis 

The heavy metal concentrations of FA and SS are 
presented in Table 1.  

Table 1. Heavy metal concentrations in fly ash and sewage 
sludge (mg/kg of dry basis). 

Heavy 
metal 

pH Cd Ni Cu Zn Cr Pb

Fly ash 11.2 3.5 67.2 133 110 34 166

Sewage 
sludge 

7.5 12.2 112 226 840 189 62

Compared with the threshed values in national 
standards (Table 2), the concentrations of heavy metals 
in SS were lower than the limited standards in USA 
(EPA 503 Biosolids Rule, 1993), EEC (86/278/EEC, 
2000) and China (GB 4284-84) of SS for agricultural 
application, expect that the concentration of Zn (840 
mg/kg) was little higher than the limited value (500 
mg/kg). The concentrations of heavy metals in FA were 
all lower than the limited value in the Chinese Control 
Standards for Pollutants in Fly ash for Agriculture Use 
(GB 8173-87, China). These results suggested that the 
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materials used in the present study nearly conformed to 
the national standards, which could represent general 

situation in reality. 

Table 2. Threshold values of heavy metals in sludge and fly ash for agriculture and garden plants (mg/kg dry mater).  

Heavy 
metals 

USEPA503 
Biosolids 
Rule 
sludge) 

86/278/EEC 
Directive 
(sludge) 

GB 4284-84 in China 
sludge* for agriculture 

GBT23486-2009 in 
China 
sludge* for garden plants

GB 8173-87 in China  
fly ash* 

Cd 85 20–40 5(pH＜6.5), 20  
(pH≥6.5)

5(pH＜6.5), 20  
(pH≥6.5)

5(pH＜6.5), 10 
(pH≥6.5) 

Ni 420 300–400 100 (pH＜6.5), 200 
(pH≥6.5) 

100 (pH＜6.5), 200 
(pH≥6.5) 

200 (pH＜6.5), 300 
(pH≥6.5) 

Cu 4300 1000–1750 250 (pH＜6.5), 500 
(pH≥6.5) 

800 (pH＜6.5), 1500 
(pH≥6.5) 

250 (pH＜6.5), 500 
(pH≥6.5) 

Zn 7500 2500–4000 500 (pH＜6.5), 1000 
(pH≥6.5) 

2000(pH＜6.5), 4000 
(pH≥6.5) 

no covered 

Cr 3000 1000–1500 600 (pH＜6.5), 1000 
(pH≥6.5) 

600 (pH＜6.5), 1000 
(pH≥6.5) 

250 (pH＜6.5), 500 
(pH≥6.5) 

Pb 840 750–1200 300 (pH＜6.5), 1000 
(pH≥6.5) 

300 (pH＜6.5), 1000 
(pH≥6.5) 

250 (pH＜6.5＝, 500 
(pH≥6.5) 

* pH＜6.5, used in acidic soil; pH≥6.5, used in neutral or alkaline soil. 
 

Along with the increasing ratio of FA in artificial soil, 
pH value of leachate increased, which should be 
attributed to the higher pH value of FA than SS (Fig. 2). 
Mixture of FA and SS at ratio from 1: 2 to 1: 6 showed 
almost neutral pH, which should be less harmful to 

plants. The concentration of Cr, Zn, Ni, Cd and Cu in 
leachates increased with the increasing ratio of SS, 
probably since the levels of these elements were higher 
in SS than FA. The reverse was also true for Pb (Fig. 2). 

 

Figure 2. pH and concentration of heavy metals in leachates from mixture of fly ash (FA) and sewage sludge (SS) after cultivation of 
C. dactylon and Z. matrella. 
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As the Chinese Standard of Surface Water Quality 
(GB3838-2002) requested, the upper limit of Cr, Zn, Cd, 
Pb and Cu level in surface water was 0.1 mg/L, 2.0 mg/L, 
0.01 mg/L, 0.1 mg/L and 1.0 mg/L, respectively. 
Although the level of Cr in both FA and SS did not 
exceed the relevant national standards, the level of Cr in 
leachates of FA/SS was still higher than the limited value 
for surface water. Well known, Cr is a typical toxic 
element and can seriously negatively affect animals and 
human body. High level of Cr in leachate would pollute 
nearby aquatic environments. Thus, application of FA/SS 
mixture might raise environmental concerns, which 
should be monitored carefully.  

It was reported that plant species might influence the 
leaching characteristics of heavy metals from artificial 
soil. For example, Cr concentration in leachates from 
treatments with Robina pseudoacacia growth was always 
higher than those from treatments with Amorpha 
fruticose [4]. In the present study, the pH value and 
concentrations of Cr, Ni, Cd and Pb were similar in 
leachates between treatments with C. dactylon and Z.
matrella, suggesting that these two species might not 
differ in absorption of these elements. In comparison, the 
level of Zn in leachates was higher and the level of Cu 
was lower in treatments with Z. matrella than that with C.
dactylon. These results suggested that Z. matrella and C.
dactylon might have different ability in Zn and Cu 
absorption. Another possibility was that cultivation of 
turf grass might affect the solubility of Cr. Cr exists in 
environments in diverse forms, such as Cr3+ and Cr6+. 
Under common environmental conditions of pH and Eh, 
Cr3+ is less soluble than Cr6+ [19]. However, 
complexation with organic ligands might enhance Cr3+ 
solubility, and changes in Eh or pH could affect redox 

transformations of different species of Cr, and adsorption 
to certain solid phases would also affect such redox 
reactions [20, 21]. To the best of our knowledge, there 
was no reports comparing the ability of heavy metal 
absorption and the status of Cr between treatments with 
Z. matrella and C. dactylon. These viewpoints should be 
further investigated in future. 

3.2 Chronic toxicity of leachates  

Assessment of chronic toxicity using D. magna is an 
ordinary method to evaluate environmental risk of 
pollutants [22]. In the present study, reproduction of D. 
magna was assessed for 21 days in response to 
treatments with leachates in Table 3. No mortality 
occurred in all the treatments during the experimental 
process, demonstrating that leachates of FA/SS mixture 
did not show high toxicity to D. magna.  

After cultivation with either C. dactylon or Z.
matrella, treatments with leachates from SS significantly 
elongated time of first pregnancy and time of first brood 
in comparison to the control, suggesting that 
development of D. magna was inhibited. Meanwhile, 
number of offspring in first brood and number of 
offspring per brood were both reduced, suggesting 
inhibitive effects of SS leachate on reproduction of D.
magna. These results together might lead to the 
significantly lower intrinsic rate of population increase in 
treatments with SS leachate. Obviously, leachate of SS 
displayed significantly inhibitive effects on development 
and reproduction of D. magna, which might be resulted 
from the higher level of heavy metals (Cr, Zn, Ni, Cd 
and Cu) in SS leachate (Fig. 2).  

 

Table 3. Reproduction parameters of D. magna exposed to leachates. Treatments represent the ratio of FA to SS in artificial soils. * 
means significantly different from the control (P < 0.05) 

Treatments Time of first 
pregnancy  

(day) 

Time of first 
brood  
(day) 

No. of offspring in first 
brood  
(ind.) 

No. of offspring/brood 
(ind.) 

Intrinsic rate of 
population increase 

(/day) 
C. dactylon 

Control 8.70±1.02 10.15±1.23 6.22±1.01 6.61±1.03 0.332±0.221 
1:1 6.81±0.23* 8.36±1.03* 7.27±1.00 6.25±0.73 0.295±0.028* 
1:2 8.86±1.26 10.40±0.13 6.29±0.12 6.41±0.30 0.333±0.111 
1:4 8.55±1.43 11.67±1.31 5.92±1.55 6.67±1.07 0.359±0.115 
1:6 8.42±0.41 9.72±0.36 6.25±0.121 6.43±1.29 0.323±0.264 
SS 11.63±1.19* 13.49±0.72* 3.29±0.49* 4.42±0.418* 0.255±0.227* 

Z. matrella 
Control 7.41±1.32 9.89±1.00 7.10±1.21 8.29±1.14 0.342±0.021 

1:1 6.47±0.63* 8.16±0.43* 7.47±1.10 7.71±0.24 0.3115±0.116 
1:2 8.55±1.13 10.32±1.10 7.91±1.61 7.72±1.22 0.335±0.023 
1:4 7.66±1.35 10.10±0.93 7.20±0.82 8.23±0.30 0.354±0.132 
1:6 7.22±1.10 9.82±0.32 6.91±1.14 7.87±0.97 0.339±0.015 
SS 8.92±0.44* 11.26±1.03* 6.27±1.10* 6.25±0.73* 0.263±0.012* 
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In both cultivations of C. dactylon and Z. matrella, 
treatments with leachate from FA/SS with the ratio of 1: 
1 significantly shortened time of first pregnancy and time 
of first brood, compared with the control, but not affect 
the reproductive parameters. Moreover, after cultivation 
of C. dactylon, treatment with leachate from FA/SS with 
the ratio of 1: 1 significantly decreased intrinsic rate of 
population increase of D. magna, compared with the 
control, displaying toxic effects to D. magna. These 
results suggested that leachate of FA/SS mixture with 
high proportion of FA might also intoxicate aquatic 
animals.  

4 Conclusions 
Although heavy metal concentrations of FA and SS 
conformed to the relevant national standards, when the 
mixture of FA and SS was used as artificial soil to plant 
C. dactylon and Z. matrella, the heavy metal 
concentrations in leachates still exceeded the limits in 
Chinese Surface Water Quality, demonstrating potential 
environmental hazards. Moreover, the leachates from 
FA/SS mixture with high proportion of either FA or SS 
would negatively affect production of D. magna.  
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