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a b s t r a c t

The content and speciation of heavy metals in composted sewage sludge is the main cause of negative
impacts on environment and health of animal and human. An aerobic composting procedure was con-
ducted to investigate the influences of some key parameters on phytotoxicity and speciation of Cu, Zn
and Pb during sewage sludge composting. The pH value reached the optimal range for development of
microorganisms, and content of organic matter (OM) and dissolved organic carbon (DOC) decreased with
the composting age. The total amounts of Cu, Zn and Pb were much lower in the final compost. The
results from sequential extraction procedure of heavy metals showed that composting process changed
the distribution of five fractions of Cu, Zn and Pb, and reduced the total contents and sum percentages
of four mobile fractions (exchangeable (EXCH), carbonate (CAR), reducible iron and manganese (FeM-
nOX), and organic matter bound (OMB)), indicating that the metal mobility and phytotoxicity decreased
after aerobic composting. The seed germination and root growth of Pakchoi (Brassica Chinensis L.) were
enhanced with composting age and reached the highest value at the end of compost. The decrease of

OM and DOC was significantly correlated to changes of metal distribution and germination index (GI) of
Pakchoi. Only for Cu in the compost, the GI could be predictable from the sum mobile metal fractions
(EXCH + CAR + FeMnOX + OMB) (R = −0.814*). For Zn and Pb, R value was significantly increased by use of
other components, such as pH, OM and DOC, which suggested that the transformation of heavy metal spe-
ciation and phytotoxicity of sewage sludge during an aerobic composting was rather strongly dependent
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on multiple components t

. Introduction

Land application of composted sewage sludge represents one of
he most cost-effective methods for treatment and final disposal of
ewage sludge, because the valuable components (N, P, K, organic
atter (OM) and other necessary nutrients for plant growth) in

table sludge can be recycled and the properties of soil can be
mproved [1–3]. Unfortunately, the presence of non-biodegradable
nd toxic heavy metals limits agricultural application of composted
ludge, which tends to accumulate along the food chains and bring
otential risks to animal and human [4].

Total heavy metal concentration is an important indicator of pol-

ution. It has been reported that total content of metals in sewage
ludge was about 0.5–4% (on a dry weight basis) [5]. However, heavy
etals associated with different fractions had different impacts

n the environment [6] and their phytotoxicity would connect to
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ome forms rather than the total concentration of metals [7]. The
equential chemical extraction procedures could provide an under-
tanding of chemical fractions of heavy metals and was useful for
redicting metal mobility, bioavailability and leaching rates [8].

Many researchers have focused on the heavy metal specia-
ion and phytotoxicity of composted sewage sludge or raw sludge
or agricultural use [9–13]. They found that heavy metals in the
oils amended by composted sludge presented the higher stability
nd lower bioavailability [14,15]. Walter et al. [12] suggested that
omposting procedure changed the mobility of heavy metals and
educed the phytotoxicity of sludge.

The composting process accelerates decomposition of organic
atter, especially in the stages with high temperature. Conse-

uently, the significant variation of properties in compost materials
ccurred within a relatively short period, such as moisture, pH,
mmonia, dissolved organic carbon and humus [16–20]. These

hanges could influence the distribution of heavy metal speciation
nd phytotoxic behavior of the compost materials. Some authors
ave studied the evolution of metal contents and fractions in the
omposting system [19–21]. However, the phytotoxicity of heavy
etals was ignored, and the contribution of heavy metals in mobile

http://www.sciencedirect.com/science/journal/03043894
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mailto:liang410@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.07.013


6 rdous

s
t

c
a
g
m
i

2

2

S
w
a
t
(
C
p
a
1
p
c
m
o
d
c
c

2

b
p
a
s
t
o
i
r
t
F
u
m
c
c
s
i

T
S

P

M
p
E
O
D
T
T
C
Z
P

2

t
s
h
s
2
e
5
f
f
m
H
i
r
p
f
6

b
t
d
p
t
t
h
m
c

2

t
t
c
c
m
h
s

C

w
d
d

72 M.-m. He et al. / Journal of Haza

peciation associated with other physicochemical parameters on
he phytotoxic behavior is also needed to evaluate.

In the current study, an aerobic composting experiment was
onducted on sewage sludge to evaluate the changes of heavy met-
ls speciation and phytotoxic behavior in terms of Pakchoi seed
ermination. Meanwhile, the effects of some key parameters on
etal phytotoxicity and speciation during composting were also

nvestigated.

. Materials and methods

.1. Composting procedure

Dewatered anaerobically digested sewage sludge, collected from
ibao Wastewater Treatment Plant in Hangzhou, China, was mixed
ith sawdust as a bulking agent at 4:1 (w/w fresh weight) to obtain
water content of 60–70% and C/N ratio of 25. The composting reac-

or was cuboid and with inner dimension of 1.0 m × 0.8 m × 0.8 m
length × width × height). The mixture was composted for 42 days.
omposting process was controlled by a forced-aeration static
ile system and the air was supplied to the composting mass
t 50 L min−1 and 12 times per day (15 min with intermission of
05 min per time, totally 3 h per day). At the depth of 0.3 m, tem-
erature was monitored daily. Three phases were observed during
omposting: the mesophilic phase (32–50 ◦C, 0–4 days), the ther-
ophilic phase (50–65 ◦C, 5–21 days, the highest value appeared

n day 7) and the cooling phase (fall to room temperature, 22–42
ays). About 200 g sample was collected from 5 positions in the
omposting reactor on days 0, 4, 7, 14, 21, 28 and 42, and mixed for
hemical and biological testing by triplicate.

.2. Chemical analysis

The moisture content of fresh compost sample was determined
y oven-drying at 70 ± 5 ◦C [22]. The aqueous extracts of com-
ost were obtained by shaking at 200 rpm with distilled water
t a solid:water ratio of 1:10 (w/v) for 16 h at 20 ◦C. After the
uspension was centrifuged at 10,000 rpm for 20 min and filtered
hrough 0.45 �m membrane filter papers, the pH, EC and dissolved
rganic carbon (DOC) were determined by pH meter, conductiv-
ty meter and a total organic carbon analyzer (Apollo 9000, USA),
espectively. Concentration of organic matter was determined by
he Walkley and Black wet dichromate oxidation method [23].
or total N, the method of Kjeldahl digestion–distillation was
sed [24]. Total P was analyzed by the molybdenum blue color

ethod after H2SO4–HClO4 digestion [25]. Total Cu, Zn and Pb

oncentrations were analyzed by HF–HNO3–HClO4 digesting pro-
edures [26] and measured by AAS (Thermo Solar MKII-6). The
elected physicochemical properties of sewage sludge were listed
n Table 1.

able 1
elected physicochemical properties of sewage sludge

roperties Sewage sludge (SS)

oisture (%) 82.4 ± 3.5a

H 6.1 ± 0.07
lectrical conductivity (EC, ds m−1) 1.3 ± 0.1
rganic matter (%) 37.6 ± 1.4
issolved organic carbon (DOC, g kg−1) 10.0 ± 1.7
otal nitrogen (TN, g kg−1) 27.7 ± 0.9
otal phosphorus (TP, g kg−1) 15.4 ± 0.03
u (mg kg−1) 346.8 ± 10.6
n (mg kg−1) 3241.6 ± 52.9
b (mg kg−1) 194.6 ± 9.5

a The values are means ± standard deviations (n = 3).
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.3. Sequential extraction

Speciation of Cu, Zn and Pb in this study was conducted by using
he procedure of Tessier et al. [27], which was widely used in the
tudies on heavy metals in sludge [12,21,28,29]. Five fractions of
eavy metal were defined: (1) exchangeable (EXCH): 1 g air-dried
ample was extracted with 1.0 M MgCl2 at pH 7 with agitation at
20 rpm for 1 h at 25 ◦C; (2) carbonate (CAR): residue from (1) was
xtracted with 1.0 M NaOAc at pH 5 with agitation at 220 rpm for
h at 25 ◦C; (3) reducible iron and manganese (FeMnOX): residue

rom (2) was extracted with 0.04M NH2OHHCl in 25% HOAc (v/v)
or 6 h at 96 oC in water bath with occasional agitation; (4) organic

atter bound (OMB): residue from (3) was extracted with 0.02 M
NO3 and 30% H2O2 of pH 2 for 5 h at 85 oC, and then 3.2 M NH4OAc

n 20% HNO3 (v/v) was added and agitated for 0.5 h at 25 ◦C; (5)
esidual (RES): residue from (4) was digested by HF–HNO3–HClO4
rocedures [26]. After centrifugation and filtration, the supernatant
rom each extraction was analyzed by AAS (Thermo Solar MKII-
).

According to Tessier, the fraction of EXCH is readily influenced
y changes of ionic composition in the liquid; CAR is susceptible
o pH variations; FeMnOX is unstable in reductive conditions; OMB
ecomposes and changes under the oxidizing conditions; and RES
ermanently fixed in crystal lattice and not enter the food chain. In
he normal conditions, fractions of EXCH and CAR mainly represent
he heavy metal mobility in the short-term. During the composting,
owever, all of the fractions except RES make contributions to the
etal mobility and bioavailability due to the rapid evolutions of

ompost properties.

.4. Pseudo values of heavy metals

Since volatilization of gases and leaching of liquids following
he decomposition and mineralization procedures of organic mat-
er during composting, the Cu, Zn and Pb were concentrated in the
ompost mass [30]. To correct this excessive part of heavy metal
ontents during composting, all concentration values were nor-
alized by the moisture content. The corrected pseudo values of

eavy metals were evaluated using following formula as described
imilarly by Amir et al. [19]:

p = Ca × (1 − m0)
1 − mt

(mg kg−1) (1)

here Ca is the actually measured value of heavy metals (mg kg−1

ry compost); m0 is moisture content in the compost sample of 0
ay; mt is the moisture content at each sampling time (0, 4, 7, 14,
1, 28 and 42 days).

.5. Germination test for the pakchoi seeds

The germination assay was tested using Pakchoi (Brassica Chi-
ensis L.) seed, which has a quick growth rate (harvest in about 2
onths from sowing) and was popular to be used as a phytotoxic

ndicator to evaluate environmental risk of soil contamination by
etals [31].
Compost extracts (three replicates for each sample) were

repared by shaking fresh samples with distilled water at a
olid:water = 1:10 (w/v) for 1 h. The suspensions were then cen-
rifuged, filtered and kept at 4 ◦C before testing. For germination
ests, 5 mL of each extract were dispensed into a sterilized Petri-

ish, which was lined with a filter paper. 50 seeds of Pakchoi were
laced in one dish and incubated at 25 ◦C in the dark for 3 days.
istilled water was used as the control. Treatments were evalu-
ted by counting the number of germinated seeds and measuring
he length of the root. The percentage of relative seed germination
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Table 2
pH values, organic matter contents (OM), and dissolved organic carbon (DOC) con-
centrations during sewage sludge composting

Time (day) pH OM (%) DOC (g kg−1 DW)

0 7.1 ± 0.1abb 65.2 ± 2.2a 14.0 ± 1.3a
4 7.0 ± 0.1b 62.2 ± 0.0ab 13.6 ± 0.5a
7 7.9 ± 0.2a 60.1 ± 2.7b 9.9 ± 0.7b

14 7.3 ± 0.1b 56.5 ± 1.4bc 10.1 ± 0.4b
21 7.0 ± 0.1b 55.6 ± 3.9c 8.6 ± 0.4c
28 6.9 ± 0.6b 52.7 ± 2.0c 6.0 ± 0.6d
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2 6.8 ± 0.3b 47.0 ± 0.9d 3.5 ± 0.2e

a The values are means ± standard deviations (n = 3).
b Means with the same letter in a column are not different at P < 0.05 (LSD test).

RSG), relative root growth (RRG) and germination index (GI) were
alculated according to the following formula [32,33]:

SG(%) = number of seeds germinated in sample extract
number of seeds germinated in control

× 100

(2)

RG(%) = root length in sample extract
root length in control

× 100 (3)

I = RSG × RRG
100

(4)

.6. Statistical analysis

All results were presented as the average of three replicates. Cor-
elation (Pearson correlation) and linear regression analysis were
erformed by SPSS Version 12.0 for windows.

. Results

.1. Changes of key parameters during composting

The pH of compost decreased slightly during the mesophilic
hase, but increased to the maximum value (pH 7.9) on the day
(Table 2). Then, pH fell gradually to 6.8 in the final compost,
hich was in the range of optimum environment for microor-

anism. The decline of pH might be due to decomposition of
rganic matter, the release of ammonia or the nitrifying process
34].

The organic matter was biodegraded and transformed to the
teadier and hydrated fractions in the process of composting [35].
he OM content decreased gradually from 65.2% to 47.0% during
ludge composting (Table 2). Similarly, compost DOC fell from 14.0
o 3.5 g kg−1, although a slight increase occurred during the ther-

ophilic stage. This conformed to the results of Inbar et al. [36]
nd Zheng et al. [20] for composting of cattle manure and sewage
ludge, respectively.

.2. Heavy metal speciation during composting

The total amounts of Cu, Zn and Pb decreased remarkably during
he initial 21 days of composting (Fig. 1b, d, f). This was probably due
o the higher leaching rate of soluble metals during the mesophilic
nd thermophilic stages. After thermophilic phase, changes of total
etals tended to be steady. According to the limitation of pollu-

ants for agricultural use of China [37], the concentrations of Cu
nd Pb were within “clean” concentrations (in the soil of pH <6.5:

u 250 mg kg−1; Pb 300 mg kg−1), which indicated the lower risk
f mature compost for land application.

The exchangeable and carbonate Cu only accounted for the
mall parts of total Cu. Their concentrations increased, although
decrease tendency appeared during thermophilic phase (Fig. 1a).

n
t
r
t
f
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he maximum increasing percents of EXCH-Cu and CAR-Cu were
.26% and 1.10%, respectively, which occurred in the cooling and
hermophilic stages, respectively (Fig. 2a). Both of FeMnOX-Cu and
MB-Cu dropped sharply during initial 21 days, and then leveled off

n the remainder composting period (Fig. 1a and b). The relative per-
entage of Fe–Mn oxide and organic matter bound Cu also declined,
specially during thermophilic stage (Fig. 2a). These results indi-
ated that composting process transformed FeMnOX and OMB
ractions of Cu into the more extractible fractions of EXCH-Cu and
AR-Cu. The residual Cu was almost stable (95.0 ± 4.0 mg kg−1) in
he whole process (Fig. 1b), and its relative percent increased from
7.46% in the initial compost to 48.68% in the final compost. OMB-
u and RES-Cu accounted for the most predominant speciation
hroughout sludge composting.

The contents of EXCH-Zn and CAR-Zn increased in the
esophilic phase and then tended to remain constant (Fig. 1c).

he relative percentages of EXCH-Zn and CAR-Zn, respectively,
ncreased 6.82% and 9.06% during mesophilic and thermophilic
hases (Fig. 2b). Conversely, FeMnOX-Zn declined rapidly from
68.9 mg kg−1 (28.59% of initial total Zn) to 302.3 mg kg−1 (16.15%
f final total Zn) during mesophilic and thermophilic stages, and
ept steadily at about 300 mg kg−1 in the cooling stage (Figs. 1c
nd 2b). This decreasing trend led dominant fraction of Zn shifted
rom FeMnOX-Zn in the initial compost to CAR-Zn in the final com-
ost. Comparatively, the concentrations of OMB-Zn declined more
ardily during composting, and its relative percentage fell from
5.58% to 18.21% (Figs. 1d and 2b). The concentration of RES-Zn fluc-
uated slightly and reached the lowest level (357.5 mg kg−1) in the
nal compost (Fig. 1d). The relative percent of residual Zn increased
.38% during mesophilic and thermophilic phases but decreased
.07% in the cooling stage.

There was a significant decrease in exchangeable Pb during the
nitial 7 days (Fig. 1e). The content of EXCH-Pb increased during the
ater thermophilic stage, but dropped again in the cooling period.
he variation percentage of EXCH-Pb was larger than other frac-
ions, which declined from 12.43% in the initial compost to 6.91% in
he final compost (Fig. 2c). CAR-Pb increased slightly and reached
he maximum content (10.24 mg kg−1) at the end of composting.
he concentrations and relative percent of FeMnOX-Pb decreased
uring thermophilic stage and then leveled off. The change of OMB-
b was not substantial during sludge composting, and only an
ncrease of 0.93% in the mesophilic phase could be distinctly found
n the relative percentage of OMB-Pb (Figs. 1f and 2c). Residual Pb,

hich accounted for the majority of total Pb, decreased slightly but
ts percentage climbed from 67.28% to 70.92% during the compost-
ng process.

.3. Phytotoxicity assay

The germination test was usually used to evaluate the compost
aturity and phytotoxicity of biowaste materials [38]. This index

ad been proved to be a more sensitive parameter to illuminate
oth low toxicity affecting root growth and high toxicity affecting
ermination [39].

The seed germination and root growth of Pakchoi was highly
nhibited by the compost in the mesophilic stage, indicating that
mmature sewage sludge would cause phytotoxic effects to the
lant (Fig. 3). During the thermophilic period, relative germina-
ion rate (RSG) and root elongation (RRG) climbed rapidly from
.66% and 12.21% to 67.58% and 73.05%, respectively. The germi-

ation index increased gradually in the cooling phase and reached
he maximum value in the final compost extracts (Fig. 3). These
esults reflected that the phytotoxicity of compost bulk reduced and
he beneficial effects on Pakchoi were more and more remarkable
ollowing the composting process.
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. Discussion

.1. Influences on transformation of metal speciation during
ludge composting

The composting process changed the distribution of five frac-
ions of Cu, Zn and Pb, and reduced the total concentrations and
um percentages of four mobile fractions (EXCH, CAR, FeMnOX,
nd OMB), suggesting that the metal mobility and phytotox-
city decreased after aerobic composting. For Cu and Zn, the
roportions of FeMnOX and OMB fractions decreased, while the
ercents of EXCH, CAR and RES fractions increased, especially
uring the mesophilic and thermophilic periods. The evolution

endency of Pb speciation was different from Cu and Zn. The rel-
tive percentages of EXCH-Pb and FeMnOX-Pb decreased, while
he proportions of CAR-Pb, OM-Pb and RES-Pb increased. Pb is
nown to be not readily detected in the mobile forms and is
referentially bound to the residual fraction [40]. In contrast, Cu

A
c
u
(
[

Fig. 1. Changes of Cu, Zn, and Pb speciation (EXCH-M, CAR-M, FeMnOX-M, OMB-M a
Materials 163 (2009) 671–677

nd Zn prefer to bind with exchangeable and carbonate fractions
ollowing the formation of humic substances during composting
rocess.

The pH values had no significant effects on transformation of
etal speciation in our study (Table 3). Some authors reported that

H was a factor which could influence the evolution of metal dis-
ribution during composting [20,21]. Other authors, however, also
id not find the relationships between pH and transformation of
eavy metals in the process of compost [17,19]. The diverse results
ight depend on the different raw materials or different durations

f compost. For example, Liu et al. [21] only conducted 288 h of
ludge compost at a sampling interval of 24 h, and the compost
ulk was always in the acid condition; while Hsu and Lo [17] and

mir et al. [19] did the composting for more than 100 days, and
ompost samples were neutral or alkaline. In our study, the pH val-
es of compost were shown in the neutral or alkaline conditions
Table 2) and compost duration was much longer than Zheng et al.
20] and Liu et al. [21].

nd RES-M) and total concentrations (T-M) during sewage sludge composting.
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The evolutions of CAR-Cu, FeMnOX-Cu, OMB-Cu and sum of four
obile fractions presented significant correlations to the decrease

f OM and DOC (Table 3). Residual Cu was positively related to OM,
ut had no remarkable relationship with DOC. No correlations were
ound between EXCH-Cu and OM or DOC. For Zn, the decrease of
M and DOC did not significantly correlate to increase of EXCH-Zn
nd CAR-Zn (Table 3). However, FeMnOX-Zn, OMB-Zn, RES-Zn and
um of four mobile fractions showed remarkable relationships with
M and DOC. Unlike Cu and Zn, EXCH-Pb and CAR-Pb have more
ffinity for OM and DOC (Table 3). However, the decrease of OMB-
b, RES-Pb and sum of four mobile fractions did not relate to the
ecline of OM and DOC. Our results were inconsistent with those of
mir et al. [19] and Liu et al. [21], who found the significant correla-
ions between easily extractable fractions (exchangeable fraction,
r fractions with extractant of water-soluble or KNO3) of Cu and
n and organic matter contents. For exchangeable or water-soluble
b, they did not find the correlations with organic matter. The
xchangeable or water-soluble fractions of metals could easily leach

ig. 2. Variations of relative percentage in Cu, Zn and Pb speciation (EXCH, CAR, FeM-
OX, OMB and RES) during mesophilic, thermophilic and cooling phases of sewage
ludge composting.
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ig. 3. Changes of the percentage of relative seed germination (RSG), relative root
rowth (RRG) and germination index (GI) during sewage sludge composting.

ut with H2O during composting; on the other hand, these forms
ould be transformed from other fractions following the decom-
osition of organic matters. It is difficult to determine how much
he leaching and transformation, respectively, account for the over-
ll variations, so that there are diverse results on the most easily
xtractible speciation. However, in our study, changes of EXCH-Cu
uring later thermophilic and cooling stages of sludge composting
ere significantly correlated to decrease of OM (R = −0.902**) and
OC (R = −0.975**), and EXCH-Zn in the thermophilic phase was

elated to OM (R = 0.775*) and DOC (R = −0.817*). For other frac-
ions, the results were similar to those of Amir et al. [19] and Liu et
l. [21].

.2. Influences on metal phytotoxicity during sludge composting

The seed germination and root growth of Pakchoi significantly
ncreased with composting age and reached the highest value at
he end of compost (RSG = 92.3%, RRG = 101.7% and GI = 93.9%), indi-

ating the lowest phytotoxicity existed in the final compost. As
eported by Zucconi et al. [39], the compost was phytotoxic-free
hen GI values were higher than 80%. However, results about GI

hould be carefully used on the agricultural application. If the com-
osts with a GI of about 95% are applied to agricultural land, it could

able 3
inear correlation coefficients (R) of heavy metals speciation with pH, organic matter
ontents (OM), and dissolved organic carbon concentrations (DOC) during sewage
ludge composting

pH OM DOC

u
EXCH 0.040 −0.517 −0.606
CAR −0.353 −0.836* −0.769*

FeMnOX 0.322 0.925** 0.929**

OMB 0.221 0.926** 0.919**

RES 0.589 0.763* 0.703
EXCH + CAR + FeMnOX + OMB 0.224 0.923** 0.916**

n
EXCH 0.211 −0.650 −0.671
CAR 0.194 −0.373 −0.323
FeMnOX 0.189 0.865* 0.841*

OMB 0.621 0.854* 0.778*

RES 0.183 0.869* 0.848*

EXCH + CAR + FeMnOX + OMB 0.304 0.818* 0.798*

b
EXCH −0.013 0.816* 0.822*

CAR −0.420 −0.923** −0.965**

FeMnOX 0.233 0.898** 0.907**

OMB 0.013 0.517 0.407
RES 0.652 0.722 0.598
EXCH + CAR + FeMnOX + OMB −0.035 0.717 0.686

*and **): Statistically significant at the probability level 0.05 and 0.01, respectively
2-tailed).
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Table 4
Linear correlation coefficients (R) of relative seed germination (RSG), relative
root growth (RRG) and germination index (GI) with pH, organic matter contents
(OM), dissolved organic carbon concentrations (DOC), and sum of mobile fractions
(EXCH + CAR + FeMnOX + OMB) during sewage sludge composting

pH OM DOC EXCH + CAR + FeMnOX + OMB

Cu Zn Pb

RSG −0.569 −0.942** −0.941** −0.896** −0.815* −0.688
RRG −0.551 −0.971** −0.946** −0.924** −0.741* −0.706
G
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I −0.643 −0.940** −0.938** −0.814* −0.629 −0.513

*and **): Statistically significant at the probability level 0.05 and 0.01 level, respec-
ively (2-tailed).

till lead the negative effects on seed germination and plant growth.
herefore, it’s better to prolong the compost maturation duration
o further decline the negative effects.

To determine if and how the key parameters affect the compost
hytotoxicity, the linear regression analysis of Pakchoi germination
ssay with pH, OM, DOC, and sum of mobile metal fractions were
nalyzed (Tables 4 and 5).

The pH value did not significantly related to the Pakchoi ger-
ination and root growth (Table 4), which varied from the data of

im et al. [41]. This might be due to the usage of different com-
ost curing progresses. However, similar to Kim et al. [41], the
hanges of Pakchoi germination and root growth were highly cor-
elated to progressive degradation of OM and DOC (Table 4). The
rganic matter and dissolved organic carbon during composting
ere important factors in compost maturity [42,43] and controlling
hytotoxicity of compost [20,44]. The ethylene oxide, short-chain
liphatic acids and various phenolic compounds, which are pro-
uced during the decomposition of organic matter and presented

n dissolved organic matter, were identified as the phytotoxic agents
nd might suppress seed germination [45,46]. Once these materials
isappeared, plant growth was markedly enhanced.

The Pakchoi seed germination (RSG) and root growth rate
RRG) had the significantly negative correlations with sum mobile
ractions (EXCH + CAR + FeMnOX + OMB) of Cu and Zn, but no rela-
ionship was found with Pb (Table 4). The germination index,

hich was used to evaluate the phytotoxicity of compost, could

nly be estimated by overall mobile fractions of Cu (R = −0.814*,
ables 4 and 5). For Zn and Pb, the R-values were significantly
ncreased by utilizing other components, such as pH, OM and DOC

able 5
ata on the linear regression analysis for germination index (GI) in relation to the

um of mobile fractions (EXCH + CAR + FeMnOX + OMB) of Cu, Zn and Pb, and other
ey parameters (pH, organic matter content (OM), and dissolved organic carbon
DOC))

inear regression analysis R

I = −1.268Cu(EXCH + CAR + FeMnOX + OMB) + 192.856 0.814*

I = −1.099Cu(EXCH + CAR + FeMnOX + OMB) − 49.56pH
+ 524.619

0.914*

I = 0.57Cu(EXCH + CAR + FeMnOX + OMB) − 0.812OM + 426.481 0.950**

I = 0.112Cu(EXCH + CAR + FeMnOX + OMB) − 36.109pH − 9.03DOC
+ 362.358

0.997***

I = −0.170Zn(EXCH + CAR + FeMnOX + OMB) + 308.529 0.629
I = −0.143Zn(EXCH + CAR + FeMnOX + OMB) − 44.037pH + 578.83 0.925*

I = 0.11Zn(EXCH + CAR + FeMnOX + OMB) − 36.849pH − 8.807DOC
+ 362.311

0.997***

I = −5.674Pb(EXCH + CAR + FeMnOX + OMB) + 241.237 0.570
I = 3.052Pb(EXCH + CAR + FeMnOX + OMB) − 11.969DOC + 35.626 0.959**

I = 2.785Pb(EXCH + CAR + FeMnOX + OMB) − 13.196pH − 0.698OM
+ 425.055

0.978*

I = 0.80Pb(EXCH + CAR + FeMnOX + OMB) − 34.132pH
−9.04DOC + 333.237

0.998***

*, ** and ***): Statistically significant at the probability level 0.05, 0.01, and 0.001
evels, respectively (2-tailed).

[

[

[

[

[

[
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Table 5). Although the neutral or alkaline conditions (pH >7.0) in
ur research did not significantly influence mobility and bioavail-
bility of heavy metals, the pH still could enhance the phytotoxicity
f metals as an accessorial factor. Decomposition of organic mat-
er and dissolved organic carbon could decrease organic hazardous
gents of compost; meanwhile, it reduced mobility of heavy metals
nd consequently decreased the phytotoxic behavior. Additionally,
OC can form stable and soluble complexes with heavy metals, so

hat the risks of heavy metals in the compost on plant might be
eakened with the decomposition or leaching of DOC [16].

These results confirmed that the evaluation of metal phyto-
oxicity during sewage sludge composting was dependent on the

ultiple components, besides the mobile metal fractions, rather
han the single element. In arriving at a meaningful model for
ssessment of influences on heavy metal phytotoxicity and spe-
iation during composting, the knowledge about heavy metals
ssociated with other physicochemical properties is important.

In summary, decomposition of organic matter during com-
osting was the most important accessorial factor to influence
hytotoxicity and speciation of heavy metals. From an agricultural
oint of view, therefore, decomposition degree of organic matter
uring composting should be paid particular attentions. Addition-
lly, the land application of stable sewage sludge with high OM
r DOC content needs long-term field studies to determine their
otential toxicity and minimize the negative environmental effects.
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