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Abstract

To evaluate the influences of sewage sludge-derived organic matters on metal sorption and on the resultant sludge loading estimates, a batch
experiment was conducted to compare the sorption of Ni, Cu and Pb in sewage sludge filtrates (1:20 sewage sludge to water) on eight soils and the
adsorption of metals in a reference solution which had the same matrix as the sewage sludge filtrate except dissolved organic material (henceforth
referred to as reference solution). Metal sorption could be well fitted by linear isotherm and the dissolved organic matter in sludge significantly
depressed the sorption (p <0.01). The main factor controlling sorption of Ni on different soils was dominated by soil cation exchange capacity
(CEC) and sorption of Cu and Pb was by soil organic matter (SOM). The parameters obtained from the sorption isotherm equations were then
used to estimate sludge loadings into the soils. When the sorption parameters derived from the reference solution were used for calculation, that is
the effect of dissolved organic matter was not considered, the calculated safe application rates are approximately 47.8, 51.4, 34.2, 31.3,21.7, 46.3,
187.1 and 27.6 t-sludge/ha for the Beijing, Jiangxi, Xiamen, Jilin, Guangdong, Wuhan, Gansu and Xinjiang soils, respectively. However, when
the sorption parameters derived from the dissolved organo-metallic complexes are used for calculation, the corresponding application rates are
reduced to approximately 6.0, 3.4, 1.9, 10.0, 6.3, 3.6, 7.3 and 3.5 t-sludge/ha, respectively. By this study we can get a conclusion that the effect of
sewage sludge derived dissolved organic matter on heavy metal sorption and soil properties should be considered in the course of regulating the
safe application rates of sewage sludge to soil.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction The fate of heavy metals in sewage sludge is mainly related
to their mobility in soil. A traditionally held view on the

Application of sewage sludge to agricultural soilisacommon  mobility of heavy metals in sewage sludge-amended soils is

practice because of low costs and recycling of nutrients achieved
[1]. However, this practice can pose a threat to environment and
the major concern arises from the fact that sewage sludge, espe-
cially those from the heavily urbanized and industrialized areas,
contains a relatively high concentration of heavy metals. Thus
application of sewage sludge to agricultural soil may result in
elevated concentrations of toxic metals, which may then threaten
ground water quality and lead to food chain contamination
[2,3].
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that the metals’ migration is insignificant and the metals tend to
remain in the site of input, i.e. in the topsoil [4—7]. However, in
several field-base experiments the apparent migration of heavy
metals to the deep was observed [8,9]. Furthermore, in column
leaching [10] and batch [11] experiments, it has been shown
that heavy metal ions may leach more easily in the presence of
sewage sludge than in its absence. They ascribed such elevated
mobility to the high contents of dissolved organic matter (DOM)
in sewage sludge. Due to its net negative charge at typical soil
pH, DOM generally moves very easily through soil system
[12]. On the other hand, DOM has the ability to form stable and
soluble complexes with heavy metals, which can be maintained
in soil solution and thereby transport in soil. Therefore, in
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order to elucidate the fate of heavy metals in sewage sludge in
the context of land application, it is necessary to understand
the influences of DOM derived from sewage sludge on heavy
metal adsorption. However, among the relevant researches
very limited investigated sorption of real sludge-borne heavy
metals.

In addition, metal sorption on soils is strongly related to soil
properties. Researches have shown that metal sorption by soils
increased with increasing the pH [13], organic matter [14,15],
cation exchange capacity [16], and the contents of iron and
manganese oxides. However, there is a lack of information con-
cerning the adsorption of sludge-borne heavy metals on different
soils [17]. To gain further insight into the behaviors of heavy
metals in sewage sludge after application to soil, we need to
investigate the influence of soil properties on the sorption of
sludge-borne heavy metals and, as to our knowledge, there is no
such information in literatures up to now.

Soil has a high binding capacity for heavy metals, which is
dependent on metal species and physiochemical properties of
the soil. In case DOM in sewage sludge decreases metal sorp-
tion, and thereby increases their mobility in soil, there might
be a greater potential for adverse impacts on the surround-
ing environment. The most direct and obvious impact is the
threat to ground water quality. Therefore, when we calculate
the sludge application rate to agriculture land, it is necessary
to consider the effects of DOM derived from sewage sludge
on heavy metal sorption and also of the soil physicochemical
properties.

The purpose of the present study, therefore, includes three
parts (1) to evaluate the effect of the dissolved organic matter
derived from sewage sludge on heavy metal sorption on soils
by comparing the sorption of heavy metals in sewage sludge
filtrate and the reference solutions which contained the same
concentration of trace heavy metals, major cation and anion
composition as the sewage sludge filtrates except DOM; (2) to
establish the relationship between the sorption of sludge-borne
heavy metals and soil physiochemical properties; and (3) to esti-
mate the sludge application rates to different soils by considering
the influence of the DOM derived from sludge on heavy metal
sorption.

2. Materials and methods
2.1. Sewage sludge

Sewage sludge sample was obtained from Gaobeidian
wastewater treatment works in Beijing, China. The sample was
air-dried, homogenized and ground to pass through 1 mm nylon
fiber sieve and was then stored in dark at 4 °C for subsequent
analysis and usage.

Sewage sludge was extracted with deionized water using a
solid to water ratio of 1:20 (w/v). The mixture was shaken on an
end-over-end shaker for 24 h at 22 4+ 2 °C. After centrifuged at
8000 rpm for 10 min the suspension was filtered through a 0.45-
pm cellulose nitrate membrane. Concentrations of Cu, Ni and
Pb were determined by inductively coupled plasma mass spec-
trometry (ICP-MS, PQ3, Fisons instruments, UK); the contents

Table 1
Characteristics of the experimental sewage sludge (water-extractable compo-
nent: 1:20 solid to water)

Ca (mg/L) 200.09
Mg (mg/L) 41.43
Al (pg/L) 45.23
Na (mg/L) 5.12

K (mg/L) 4.92
Cu (pg/L) 35.80
Zn (ng/L) 65.88
Ni (pg/L) 361.06
Mn (mg/L) 1.44
Fe (mg/L) 24.87
Pb (ng/L) 2.31
Cd (pg/L) 5.95
pH 7.19
NO3™ (mg/L) 356.90
Cl™ (mg/L) 18.99
PO43~ (mg/L) 85.48
F~ (mg/L) 41.49
S042- Not detected

of NO3~, F~, SO42~, PO43~ and Cl~ were analyzed by ion
chromatography (Dionex, Sunnyvale, CA, USA). The filtrate
was analyzed for pH (Orion 902A Ion-analyzer) and dissolved
organic carbon (DOC) by a total organic carbon autoanalyzer
(TOC-5000A; Shimadzu, Kyoto, Japan). Total carbon was deter-
mined using elemental analysis (EA, Vario EI, Elementar Co.,
Germany). DOC operational fractionation was carried out by the
method developed by Leenheer [18]. Cation exchange capacity
(CEC) was determined by the method of Rhoades [19]. Total
concentrations of Cu, Ni and Pb in sludge were determined by
ICP-MS after aquaregia digestion. Dissolved Cu, Niand Pb were
also determined by ICP-MS. The characteristics of the sludge
filtrate were listed in Table 1.

2.2. Soils

Eight topsoil samples (0-20 cm) were collected from differ-
ent provinces in China, which represent the typical Chinese soils
with different physical and chemical properties. Sy, Sz, S3, S4,
Ss, Se, S7 and Sg represent the eight soils from Beijing, Jiangxi,
Xiamen, Jilin, Guangdong, Wuhan, Gansu and Xinjiang, respec-
tively. Samples were dried under aerated condition and ground to
pass through 1 mm nylon fiber sieve, and stored for subsequent
analysis and usage.

Soil pH was measured at 1:10 (w:v) soil:water solution ratio.
Organic matter content was determined according to the method
of Nelson [20]. Dissolved organic carbon was determined by the
total organic carbon analyzer after shaking 1 g of soil in 10 mL
deionized water for 24 h, centrifuging (4000 rpm) and filtering
through a 0.45-pm cellulose nitrate membrane. Soil CEC, total
carbon, Cu, Ni, Pb, dissolved Cu, Ni and Pb in the soils were
determined by the same method as for the sewage sludge. Soil
texture was obtained by Laser Particle Analyzer after destroying
the organic matter by 30% H, O, and dispersing the aggregates in
the soil by sodium hexametaphosphate [21]. All measurements
were conducted in triplicates.
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2.3. Sorption isotherms

2.3.1. Preparation of filtrate and reference solutions

The filtrate was obtained by extracting from the sludge with
deionized water using a solid to water ratio of 1:20 (w:v).
This mixture was shaken on an end-over-end shaker for 24 h
at 22 £2°C. After centrifuged at 8000 rpm for 10min, the
supernatant was filtered through a 0.45-pum cellulose nitrate
membrane, evaporated in a rotary evaporator at 50 £2°C to
20% of its initial volume, and five concentrations in the range
of 0-179 pg/L for Cu, 0-1805 pg/L for Ni and 0-16 pg/L for
Pb prepared by dilution.

In order to exam the influence of the sludge derived DOM
in metal adsorption, a “reference solution” was prepared by dis-
solving the constituents containing the following cations and
anions Cu, Ni, Pb, Cd, Zn, Ca, Mg, K, Na, Fe, Mn, Al, NO3 ™,
F~, PO43~, Cl~ and the finial concentrations of them were as
same as in the sludge filtrate. Later this solution was adjusted to
the same pH and ionic strength as the filtrate. Therefore, the ref-
erence solution contained the same composition as the sewage
sludge filtrates but no DOM in it.

2.3.2. Sorption experiment

Sorption isotherms were obtained by a batch technique
whereby 1 g soil was shaken with 10 mL equilibrating solution
for 24 h and centrifuged at 8000 rpm for 10 min. The supernatant
was filtered through a 0.45-pm cellulose nitrate membrane and
then the concentrations of Cu, Ni and Pb in the filtrates were
determined. The equilibrating solution represents a concentra-
tion of Cu, Ni and Pb (0-2 mg/L) in the sewage sludge filtrate
or reference solution.

2.3.3. Adsorption fitting by equations

Relationships between the amount of Cu, Ni or Pb sorbed
on the soils (Cs, ng/kg) and the equilibrium concentrations of
heavy metals (Cj, pg/L) were fitted by linear isotherm. In the
equation of Cs = KC,, K is distribution coefficient, representing
the relative sorption affinity. The K values were then used to
assess the effects of the DOM in sludge on metal sorption on
soil and the sludge loading rates to soil.

2.4. Calculation of sludge application rate

The sorption isotherm parameters obtained from the sorption
equations were used for the calculation. First, the equilibrium
concentration (Cy,) in the sorption equation Cy = KC, was substi-
tuted by the allowable concentrations, which were adopted based
on the criteria specified in the WHO Water-Drinking Quality
Guidelines [22] and are 0.02 mg/L for Ni, 2 mg/L for Cu and
0.01 mg/L for Pb, respectively. The amount of Ni, Cu and Pb
sorbed by soils was then calculated. The sorbed amount of Ni,
Cu and Pb, which was considered as the allowable metal load-
ing, was expressed on a kg/ha basis using soil bulk density and
a particular depth of soil (i.e. the A-horizon, 0-20 cm, of the
study soil). Then the sludge application rate was obtained by
converting the sorbed amount of heavy metals (choosing the
lowest one among Ni, Cu and Pb) to the application amount of

sludge according to the heavy metal contents in sewage sludge,
that is, the sorbed amount of heavy metal being divided by its
proportion in the sewage sludge.

2.5. Statistical analysis

Statistical analysis was performed by using Microsoft-Excel,
Statistical Product and Service Solutions (SPSS) 12.0, Origin
7.0, and the geochemical speciation model MINTEQAII [23].
The data represent means calculated from three replicates. A
least significant difference test (LSD-test) was employed for
comparison of changes at p <0.05.

Forward stepwise multivariate regression was used to derive
best-fit models of metal adsorption by different soils and soil
properties. The variance inflation factor (VIF), the condition
indices and the regression coefficient variance-decomposition
matrix were also considered to diagnose the colinearity between
independent variables. Colinearity becomes an issue when val-
ues of VIF exceed 2.0.

3. Results
3.1. Sludge, sludge filtrate and soils characteristics

The pH of the sewage sludge was 7.19. The total concen-
trations of Cu, Ni and Pb were 189.86, 27.24 and 8.90 mg/kg,
respectively, which were lower than the average metal contents
in the sewage sludge in China [24]. The sludge sample con-
tained 53.4% organic matter, 24.9 g/kg DOC and 1.3 cmol/kg
CEC. Speciation of Ni, Cu and Pb in the sludge filtrate obtained
by the model MINTEQAII [23] showed that they were present
mainly as dissolved organic metallic complexes with 98.93%
for Ni, 99.96% for Cu, and 99.98% for Pb, respectively.

The physical and chemical properties of the soils used in this
study varied widely (Table 2). The soil pH ranged from 5.01
to 7.40, the CEC ranged from 5.1 to 41.2 cmol/kg, the soil OM
contents varied from 1.55 to 4.41% and the DOC was from 274
to 740 mg/kg. All these soils can be considered as uncontami-
nated soils [25]. According to the particle size distribution, the
Xinjiang soil was sandy-loam; the Gansu and Wuhan soils were
belong to silt-loam; the Beijing soil was loam; the Jilin and Xia-
men soils were clay-loam; the Jiangxi and Guangdong soils were
clay. Soil classification was given in Table 2.

3.2. Sorption isotherms

Figs. 1-3 represent the sorption data for Cu, Ni and Pb on
the soils. We can apparently see much lower sorptions of Cu,
Ni and Pb in the filtrates than the corresponding values for the
reference solutions on all the soils. By comparing the fitness
parameters obtained by linear, Langmiur and Freundlich equa-
tions, we found the linear equation was effective to provide a
good fitness for the metals in both the filtrate and the refer-
ence. Therefore, the relationship between the amount of metals
sorbed by the soils and the equilibrium concentrations in solution
was fitted by linear equation Cs = KCj,. Satisfied fitting results
obtained by linear equation could be ascribed to the low metal
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Table 2
Characteristics of the experimental soils (water-extractable component: 1:10 soil to water)
Property Soil
Si S> S3 S4 Ss Se S; Sg

Classification Alfisols Ultisol Ultisol Alfisols Oxisol Alfisols Aridisols Aridisols
Dissolved Cu (pg/kg) 246.3 23.8 87.1 74.1 118.1 66.2 52.4 193.8
Dissolved Ni (pg/kg) 267.6 245.5 253.6 245.4 423.1 1212.5 807.7 813.1
Dissolved Pb (pg/kg) 34.8 2.0 325 8.2 20.2 36.1 16.3 47.7
pH 7.04 5.01 6.25 5.87 5.12 6.70 6.60 7.40
DOC (mg/kg) 369.3 309.9 290.4 368.7 319.2 274.0 370.0 740.0
CEC (cmol/kg) 15.7 14.2 5.1 14.0 14.1 22.8 41.2 38.4
OM (%) 2.33 1.53 1.81 441 1.56 1.59 1.66 1.55
Texture

Clay (%) 232 45.6 29.6 38.6 26.5 38.1 18.7 10.8

Silt (%) 44.7 235 33.7 28.1 513 28.6 55.7 34.1

Sand (%) 32.1 30.9 36.7 334 222 334 25.6 552

concentrations in filtrate and reference solution. The filtrate Cu,
Ni and Pb concentrations were 35.8—179.0, 361.06-1805.3 and
2.31-11.55 pg/L, respectively, and the metal concentrations in
the reference solution were in the similar ranges. The equation
parameters are given in Table 3. The ratio of the constant val-
ues K for the reference solution to K; for the filtrate ranged
from 2.5 to 8.0, 2.5 to 10.3 and 3.4 to 25.6 for Ni, Cu and Pb,
respectively. It suggests that DOM significantly decreased Ni,
Cu and Pb sorption affinity on all the soils (p <0.01). A compar-
ison among the elements showed that the average ratio varied in

Table 3
Parameters of the linear equations for the sorption of Ni, Cu and Pb in the filtrate
and reference solution

Reference Filtrate Ki/K»
K R? K> R?

Sy 20.11 0.996 3.65 0.868 8.0

S 20.63 0.992 5.39 0.989 3.5

S3 29.87 0.991 6.21 0.999 4.8

. Sy 22.45 0.950 7.05 0.992 3.2
Ni Ss 24.32 0.971 9.68 0.940 2.5
Se 28.20 0.995 5.37 0.923 53

S7 131.79 0.906 26.04 0.915 5.1

Sg 91.42 0.991 25.00 0.959 3.7

S 29.11 0.985 4.80 0.979 6.1

S 22.44 0.969 2.74 0.984 8.2

S3 22.04 0.995 7.54 0.940 2.9

Sy 54.38 0.984 18.56 0.993 2.9

Cu Ss 13.98 0.961 5.56 0.984 2.5
Se 10.18 0.986 0.98 0.956 10.3

S7 37.11 0.927 3.98 0.924 9.3

Sg 34.88 0.939 4.39 0.968 7.9

Si 81.95 0.990 13.17 0.979 6.2

S 22.71 0.954 491 0.974 4.6

S3 23.33 0.989 2.10 0.967 11.1

Pb S4 130.49 0.971 17.56 0.965 7.4
Ss 7.90 0.982 2.30 0.980 34

Se 27.38 0.980 1.33 0.992 20.6

S7 68.12 0.966 2.66 0.981 25.6

Sg 10.03 0.988 1.27 0.968 7.9

the following descending order: Pb>* > Cu?* > Ni**. Among the
soils, the ratios were higher for soils S¢ (Wuhan) and S;7 (Gansu)
than the corresponding values for the other soils.

3.3. Influence of soil properties on sorption of Ni, Cu and
Pb

Sorptions of Ni, Cu and Pb were different among the soils.
Therefore, relationship between the sorption parameters and soil
properties was described by stepwise multiple linear regression.
The variables were pH, CEC, OM, DOC, clay content and the
dependent variable was the sorption constant K, which repre-
sents the sorption affinity.

The regression equations obtained are listed in Table 4. The
sorption constant K was correlated with CEC for Ni and with
OM for Pb and Cu. Such differences could contribute to the
different complexing ability between the metals of Ni and Pb
or Cu to soil clays and soil organic matters. In most cases
same dependent variables were adapted into the regression equa-
tions for the heavy metals in the filtrate and reference solutions,
indicating sorption of these metals in filtrates and reference
solutions was dependent on the same soil physicochemical
properties.

3.4. Sludge application rates

In order to investigate the effect of decreased Ni, Cu and
Pb sorption on the sludge application due to the interactions

Table 4

Relationship between the metal sorption and the soil properties

Metal Equation R?

Ni (filtrate) M =0.640[CEC] —2.186 0.803
Ni (reference) M=2926[CEC] —13.314 0.815
Cu (filtrate) M=5.088[OM] —4.386 0.866
Cu (reference) M=12.979[OM] +0.555[CEC] — 10.130 0.813
Pb (filtrate) M=5.628[OM] — 5.902 0.802
Pb (reference) M =38.985[OM] — 34.986 0.759

The probability level of p <0.05.

The probability level of p <0.05.
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Fig. 1. Sorption isotherms of Ni by soils determined by equilibration with sludge filtrate (CJ) and the reference solution (H).

between DOC and the heavy metals, application rates calculated
on the basis of the filtrate sorption parameters were compared
with those of the reference solution (Table 5). The rates without
considering dissolved organo-metallic complexes were much
higher than those with the influence of such complexes consid-

ered. If dissolved organo-metallic complexes were considered
in the calculation, the rates of approximate 6.0, 3.4, 1.9, 10.0,
6.3,3.6,7.3 and 3.5 t-sludge/ha were recommended for S; (Bei-
jing), So (Jiangxi), S3 (Xiamen), S4 (Jilin), S5 (Guangdong),
S¢ (Wuhan), S7 (Gansu) and Sg (Xinjiang), respectively. How-
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Fig. 2. Sorption isotherms of Cu by soils determined by equilibration with sludge filtrate ((J) and the reference solution (H).

ever, if the influence of such complexes were not considered (by
using the sorption parameters derived from the reference solu-
tion), much greater application rates of approximate 47.8, 51.4,
34.2,31.3,21.7,46.3, 187.1 and 27.6 t-sludge/ha were obtained
for S; (Beijing), S» (Jiangxi), S3 (Xiamen), S4 (Jilin), Ss
(Guangdong), S¢ (Wuhan), S7 (Gansu) and Sg (Xinjiang) soils,
respectively.

4. Discussion

The sewage sludge filtrate has a relatively high content of
dissolved organic carbon (1245.6 mg/L), of which 53% was
within the hydrophilic DOC fraction. The large proportion of
hydrophilic DOC could contribute to the composting processes.
It was reported that hydrophilic DOC fraction mainly consists



X. Liu et al. / Journal of Hazardous Materials 149 (2007) 399407 405

0.55
51
0.44
0.334

0.22

Sorbed (umol/kg)

0.11+

0.00
0.000

0.005 0010 0015 0020 0025

Aqueous (umol/L)
0.4 i
- 53

0.3

0.2

Sorbed (umol/kg)

0.1

0.0 T T T T ]
0.00 0.01 0.02 0.03 0.04 0.05

Aqueous ( umol/L)

0.34

0.24

0.14

Sorbed (umol/kg)

0.0 T T T T ]
0.00 0.01 0.02 0.03 0.04 0.05

Aqueous (umol/L)

0.57 f
041 &
031

0.21

Sorbed (umol/kg)

017 /=

0.00 0.01 0.02 0.03 0.04
Aqueous (umol/L)

0.4

0.3

0.2

Sorbed (umol/kg)

0.1

0.0 T T T
0.00 0.01 0.02 0.03 0.04

Aqueous (umol/L)

0.6+
Sy

0.44

0.24

Sorbed (umol/kg)

0.0
0.000

T T T T
0.005 0.010 0.015 0.020

Aqueous (umol/L)

0.5
0.4 1
0.3

0.24

Sorbed (umol/kg)

0.1

0.0 T T T T r
0.00 0.01 0.02 0.03 0.04 0.05

Aqueous ( umol/L)

0.37 |
* SS

0.2

0.11 :

0. ‘ ‘ - . \
0.00 0.01 0.02 0.03 0.04 0.05
Aqueous (umol/L)

Sorbed (umol/kg)
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of simple organic acids, polypydroxy phenols, carbohyfrates,
amino acids and amino sugars [26] and these compounds favored
the formation of dissolved organo-metallic complexes. The
MINTEQAII speciation results showed that the majority of fil-
trate Ni, Cu and Pb was present as dissolved organo-metallic
complexes. The formation of organic complexes, therefore,
should be the major contribution to the significant decrease in the

sorption of Ni, Cu and Pb as evidenced by the sorption isotherms
(Figs. 1-3) and sorption constants obtained (Table 3).
Equations in Table 4 verified that sorption of metals was
described by the soil SOM for Cu and Pb and CEC for Ni.
Soil organic matter can not only provide sorption sites for met-
als directly, but also combine with soil minerals and increase
the sorption sites [27]. Stevenson [28] has reported that since
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Table 5
Estimated environmentally safe sorbed Ni, Cu and Pb concentrations, metal
loadings, and sludge application rates

Ni Cu Pb
Reference  Filtrate  Reference  Filtrate  Reference  Filtrate
Sorbed metal concentration (pg/kg)
Sy 582.2 73.0 58,220 30,620 819.5 355.8
S2 626.2 41.8 44,880 5,480 227.1 49.1
S3 597.4 23.8 44,080 15,080 233.30 21.0
S4 381.6 121.6 108,760 37,120  1304.9 175.6
Ss  1071.0 131.8 27,960 1,460 79.0 23.0
Se 564.0 107.4 20,240 1,760 273.8 13.3
S7 26358 520.8 74,220 7,960 681.2 26.6
Sg  1828.6 500.0 69,760 8,780 100.3 12.7
Metal loading (kg/ha)
N 1.31 0.16  131.00 68.90 1.84 0.80
S 1.41 0.09  100.98 12.33 0.51 0.11
S3 1.34 0.05 99.18 33.93 0.52 0.05
S4 0.86 0.27 24471 83.52 2.94 0.40
Ss 2.41 030 6291 3.29 0.18 0.05
Se 1.27 024 4554 3.96 0.62 0.03
S7 5.93 1.17  167.00 17.91 1.53 0.06
Sg 4.11 1.13  156.96 19.76 0.23 0.03
Sludge application rate (t/ha)
N 47.8 6.0 686.3 361.0 225.1 97.8
S2 51.4 34 529.1 64.6 62.4 13.5
S3 49.1 1.9 519.6 177.8 64.1 5.8
S4 313 10.0 1282.1 437.6 358.5 48.2
Ss 87.9 10.8 329.6 17.2 21.7 6.3
Se 46.3 8.8 238.6 20.8 75.2 3.6
S7 2164 42.8 874.9 93.8 187.1 7.3
Sg 150.2 41.1 822.4 103.5 27.6 35

SOM was tightly bound to clay minerals and its reactive sites
were likely to be occupied by divalent ions. On the other hand,
SOM has a large number of negative charges on their surface,
thus it attracts cation elements and also contributes to a higher
CEC. The CEC is an index of the capacity to exchange cations
with the soil solution. It affects the ability of soil to adsorb and
retain cations and heavy metals. Previous study [29] showed
soil texture affected heavy metal mobility because clay has nega-
tively charged functional groups to which the positively charged
divalent heavy metals could be bound. However, in this study,
the clay contents did not appear as a variable in the regression
equations between metal adsorption and the soil properties. One
possibility could be the soil properties being changed concomi-
tantly [30] and, therefore, the contribution of clay contents was
reflected by other properties, such as the CEC. The contents of
DOC in soils were very low comparing with the DOC in sewage
sludge filtrate; therefore, its effect was insignificant.

China guideline (GB42-84) sets limits for the Ni, Cu and Pb
contents of land-applied sewage sludge, as well as the annual
maximum land application quantities. These application quan-
tities are primarily based on phyto-toxicological aspects. It is
widely accepted that sorption is an important process control-
ling mobility and thereby transportation of heavy metals in soil
[31,32]. More appropriate sludge application estimates may be
obtained from site-specific sorption information [33]. It might
be possible, at least for comparison purposes, to estimate sewage

sludge land application rate by using sorption isotherm param-
eters. Sludge application rates calculated without considering
the effects of the sludge-derived DOM were much higher than
the values with such consideration, which gives us a hint that
the influence of sludge derived DOM should be considered as
an important factor in sludge application calculation. The real
sludge application risk was certainly determined by many other
factors except for the sludge matrix and soil properties, such
as land usage, microbial activity and plant root-soil interactions
[34-37]. The complicated influences make it difficult to set a
real limit for sludge application and scientists continue making
efforts with different consideration.
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