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ABSTRACT: To investigate the distribution of heavy metals and their morphological transformation during sludge
treatment, sludge was conditioned by the persulfate method and combined with papermaking sludge. The removal
rates, distribution and morphological transformation of the heavy metals Cd, Cr, Cu, Pb and Zn were analyzed. The
results showed that the concentrations of heavy metals in residual sludge were all reduced to different degrees after
persulfate conditioning. The Zn removal rate was highest, reaching 33.90%. After compound conditioning, the heavy
metal removal rate was reduced, mainly because of the heavy metals contained in papermaking sludge. Heavy metal
removal followed the order Zn > Cu > Cr > Pb > Cd. After compound conditioning, heavy metals were mainly
concentrated in the filter cake; Cd and Zn mainly occurred in unstable forms and Cr, Cu, and Pb in stable forms.
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INTRODUCTION

Sludge is the solid, semi-solid, and liquid waste pro-
duced in the process of urban sewage treatment [1].
It generally contains large amounts of organic matter,
refractory substances, and heavy metals, as well as,
high numbers of pathogenic microorganisms, parasite
eggs [2–4]. Inadequate treatment results in risks to
human health and causes secondary environmental
pollution. The sludge contains large amounts of nitro-
gen, phosphorus, and other nutrients and can therefore
be used as fertilizer and soil conditioner after com-
posting [5]. However, the heavy metals in the sludge
may form complexes with other substances and cause
serious pollution [6] or may threaten human health by
enrichment in the food chain [7]. For example, the
“pain sickness” [8] in Japan in the early 20th century
was caused by the heavy metal cadmium, whereas lead
affects the central and peripheral nervous system, the
cardiovascular system, and the reproductive system,
among others [9]; excessive lead levels have also
be linked to a lower intelligence in children and to
hyperactivity disorder [10].

The main methods for the removal of heavy
metals in sludge are bioleaching [11–14], chemical
method [15], pyrolysis [16, 17], and electrokinetic
remediation [18, 19]. Xiong et al [20] studied the
migration of heavy metals during electric dehydration
and found that heavy metals were basically retained in
the mud cake after electric dehydration; in addition,
heavy metal migration mainly depended on the forms
of heavy metals. Zhang et al [21] studied the effect
of persulfate on the removal of heavy metals; the Pb,

Zn, Cu, and Cd removal rates from sludge reached
more than 60%. In another experiment, Qi et al [22]
bioleached municipal sludge with Thiobacillus subtilis
oxide and obtained Cu, Zn, Ni, and Cr removal rates
of 55.97%, 47.66%, 26.10%, and 2.10%, respectively.
The transformation of heavy metals in sludge resource
use and energy conversion are crucial, and numerous
studies [23–25] have shown that the bioavailability
of heavy metals in sludge mainly depends on the
distribution of the heavy metal forms.

In this context, it is particularly important to study
the morphological distribution of heavy metals during
sludge conditioning. According to the five-step extrac-
tion method proposed by Tessier et al [26], heavy metal
forms can be divided into exchangeable, carbonate-
bound, iron-manganese oxide-bound, organic-bound,
and residue forms. Among them organic-bound and
residue forms are stable in sediments and more stable
under natural conditions, are not easily absorbed by
plants and not easily released, and have little effect on
the food chain. The stability follows the order: residue
form > organic-bound form > iron-manganese oxide-
bound form > carbonate-bound form > exchangeable
form [27].

At present, sludge conditioning is mostly per-
formed using the advanced oxidation technology and
skeleton construction. At first, extracellular polymeric
substances (EPS) are cracked, generating free radi-
cals with strong oxidation performance and thereby
releasing water from inside the cells and removing
heavy metals [28]. However, using this approach, the
system can easily collapse and block the water channel
during sludge dewatering. In papermaking sludge, fine
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fibers, CaCO3, kaolin, and other substances can be used
as skeleton for the formation of a rigid structure in
the filter cake, to build a water channel, to reduce
the compressibility of the filter cake, and to improve
sludge dewatering. In this study, persulfate from
papermaking sludge was used for sludge regulation,
and the distribution relationship and morphological
distribution of the heavy metals Cu, Zn, Pb, Cd, and
Cr during compound conditioning were investigated
to provide a scientific basis for sludge reduction and
resource reuse.

MATERIALS AND METHODS

Experimental materials

The municipal sludge used in this study was excess
sludge from a sewage treatment plant concentration
tank in Xi’an, Shaanxi Province. The papermaking
sludge was taken from the primary settling tank of a
papermaking wastewater treatment plant in Shaanxi
Province and contained small amounts paper fibers
used for skeleton construction. Prior to use, the sludge
was stored in a freezer at 4 °C. Table 1 shows the basic
properties of the two sludge types at room temperature
(20–25 °C).

Table 1 Basic properties of the two experimental sludge
types.

Sludge type Water pH Organic SRF/1012 CST
content (%) matter (%) (m/kg) (s)

Municipal 96.5 6.8 58.56 20.14 159
Papermaking 98.1 6.9 36.30 – –

SRF = specific resistance of filtration; CST = capillary
suction time.

Reagents

The agents used for deep dewatering included persul-
phate (K2S2O8) and ferrous sulphate (FeSO4-7 H2O),
which were of analytical grade and provided by
Tianjin Damao Chemical Reagent Co., China. The
reagents used for heavy metal determination and
the extraction of heavy metal forms were perchloric
acid (HClO4), nitric acid (HNO3), hydrogen peroxide
(H2O2, 30%), sodium acetate (NaOAc), and glacial
acetic acid (HOAc), all of which were of analytical
grade and obtained from Sinopharm Group Chemical
Reagent Co., China.

Experimental methods

We placed 100 ml of raw municipal sludge in a 250 ml
beaker, which was mounted on six-link mechanical
agitator (JJ-4A, Changzhou Wan He Instrument Man-
ufacturing Co., Ltd., China); different conditioning
methods were adopted. The specific scheme is shown
in Table 2. The conditioned sludge was dewatered
using a suction filtration device, the filtrate and filter

cake of the dewatered sludge were used for digestion,
and the contents of various heavy metals were deter-
mined. The dosage of fixed PDS (peroxydisulfate) was
30 mg/g DS (dry solid), that of FeSO4 was 60 mg/g DS,
and that of papermaking sludge was 100 mg/g DS. The
reaction time was 10 min, and the initial pH was the
original pH of the municipal sludge.

Analytical methods

The concentrations of heavy metals were determined
according to the Monitoring and Analysis of Water
and Wastewater (4th edn) [29], using inductively-
coupled plasma emission spectrometry speciation (ICP-
AES; American Thermoelectric icap6300, Shanghai
Gold Casting Instrument Co., Ltd., China) for Cu,
Zn, Pb, Cd, and Cr based on the five-step extraction
method of Tessier et al [26].

RESULTS AND DISCUSSION

Effects of different conditioning methods on heavy
metal concentration

The impact of municipal sludge, papermaking sludge,
and the different conditioning methods on the con-
centration of five heavy metals in sludge are shown
in Table 3. It was found that the levels of Zn in
municipal sludge was highest, followed by Cu, Pb, Cr,
and Cd, whereas the Zn content in papermaking sludge
was highest, followed by Cr. This is because in China,
pipelines are mainly galvanized [30], and the Zn in
the pipeline enters the sewage treatment plant. In the
follow-up treatment, Zn migrates to the sludge.

As seen in Table 3, the total metals in the sludge
were removed to different degrees after persulfate
conditioning. The highest removal effect was obtained
for Zn, with a removal rate of 33.90%, followed by
Cu with 26.65%. The heavy metals Zn Cu, and Cd
mainly exist in the sludge system in an unstable form,
and the redox potential of sulfate radicals produced
after persulfate activation is E0 = 2.50–3.10 eV [26].
When oxidizing the unstable heavy metals to achieve
removal, the Cd removal rate was close to zero, which
may be due to the low content of Cd. Both Pb and Cr
existed mainly in a stable form in the sludge system,
and were not easily dissolved, resulting in low removal
rates of 9.63% and 9.27%, respectively. The effect
of compound conditioning on the removal of heavy
metals in sludge was lower than that of the use of
persulfate alone, except for the removal of Zn and Cu,
where removal rates of 29.24% and 5.89%, respec-
tively, were obtained. However, the contents of Cd, Cr,
and Pb were slightly higher than those in the original
sludge, most likely because the papermaking sludge
itself contained heavy metals; the amounts followed
the order Zn > Cu > Cr > Pb > Cd. In addition, the
contents of Cd, Cr, and Pb in the municipal sludge were
lower.
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Table 2 Sludge conditioning plan.

Experiment no. Sludge sample Conditioning method

1 Papermaking sludge Stirring for 5 min
2 Municipal sludge Stirring for 5 min
3 Papermaking sludge conditioning Municipal sludge → stirring 5 min → papermaking sludge →

stirring 10 min
4 Persulfate conditioning Municipal sludge → stirring 5 min → potassium persulfate →

stirring 5 min→ ferrous sulfate→ stirring 10 min
5 Compound conditioning Municipal sludge → stirring 5 min → papermaking sludge →

stirring 10 min → potassium persulfate → stirring 5 min →
ferrous sulfate→ stirring 10 min

Table 3 Heavy metal concentrations in the different experi-
ments.

Experiment Cd Cr (mg/kg) Cu Pb Zn
no. (mg/kg) (mg/kg) (mg/kg) (mg/kg)

1 8.20 148.15 100.79 67.99 616.93
2 2.91 68.52 76.46 33.66 515.87
3 4.76 101.85 86.45 44.60 531.22
4 2.91 62.17 56.08 30.42 341.01
5 4.23 76.72 71.96 40.21 365.01

Effects of different conditioning methods on heavy
metal distribution

Fig. 1 shows the distribution of the five heavy metals
in the filtrate and the filter cake as a result of the
different conditioning methods. The distribution of
heavy metals in filtrate and filter cake was similar
before and after conditioning, and heavy metals are
mainly distributed in the filter cake [31]. According
to the previous study, the larger the distribution of the
metal in the filter cake, the less likely that metal is to
migrate with the filtrate [18]. The heavy metals Cd, Cr,
Cu, Pb, and Zn in the raw mud accounted for 15.38%,
35.86%, 19.15%, 30.32%, and 27.96%, respectively,
of the total amount in the filtrate. After persulfate
conditioning, the levels were 9.54%, 15.83%, 4.74%,
10.32%, and 8.26%, respectively. The main reason
was that the Cu could combine with strong organic
ligands to form stable compounds and was fixed in
the filter cake; Pb forms a lead sulfate precipitate with
SO2–

4 present in the system, which cannot easily be
morphologically conversed.

After compound conditioning, the proportions of
the five heavy metals in the filtrate were 3.16%, 6.76%,
0.88%, 1.73%, and 1.66%, mainly because the distri-
bution of heavy metals in papermaking sludge in filter
cake exceeded 99%, except for Cr, which would have
a certain effect on the distribution of heavy metals in
the original sludge after compound conditioning [32].
The concentrations of heavy metals in the dewatered
sludge filtrate were reduced, thereby minimizing the
load of wastewater treatment plants in practical ap-
plications. However, most of the heavy metals occur
in the filter cake, which has an impact on the use of

the sludge, and further research on the treatment and
disposal of heavy metals in filter cake is needed.

Effects of different conditioning methods on heavy
metal morphology

The environmental risk posed by heavy metals does not
only depend on their total content but is also closely
related to the form in which they are present [33, 34].
Fig. 2 shows the distribution of the five heavy metal
forms in sludge by different conditioning methods. The
percentages of the residual state of four heavy metals
(Cu, Cr, Cd, Pb) in sludge increased to varying degrees.

In the raw mud, Cd mainly occurred in the form of
a relatively stable residual form and an organic combi-
nation, accounting for 28.30% and 31.45% of the total
amount, respectively. The proportion of the exchange-
able form was 7.86%; after persulfate conditioning,
the proportion of the exchangeable form increased,
accounting for 12.67% of the total. The proportion
of the iron-manganese oxide-bound form increased
from 13.52% to 50.66% of the original sludge. After
compound conditioning, the proportion of the residual
form further decreased to 3.11%, whereas that of
the carbonate-bound form increased from 18.87% to
54.12%. The Cd in the raw mud mainly occurs in a
stable valence state, and after conditioning, Cd tends
to be in an unstable valence state, mainly because the
strong oxidizing SO2–

4 produced during conditioning
can oxidize Cd from a more stable form to an un-
stable form. The morphological distribution of Cd in
sludge with different properties in different regions
also varies [35].

In raw mud, Cr mainly occurs in stable form,
mostly as a residue, and organic combination, and
an iron-manganese oxide-bound form; these forms
accounted for more than 80% of the total, whereas
the percentage of the exchangeable form was only
7.74%. The proportion of persulfate conditioning was
83.73%, among them, the proportion of the residual
form increased to 31.38%. After compound condition-
ing, the proportion of the residual form was 34.53%,
less than 20% of the exchangeable and the carbonate
bound forms, most likely because Cr occurred in the
sludge mainly in a stable form and could not easily be
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Fig. 1 Distribution of heavy metals in sludge as a result of different conditioning methods: (a) Cd; (b) Cr; (c) Cu; (d) Zn;
(e) Pb.
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Fig. 2 Influence of heavy metal forms in sludge of different conditioning methods: (a) Cd; (b) Cr; (c) Cu; (d) Pb; (e) Zn.
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dissolved.
Before and after conditioning, the main form of Cu

was the organic-bound form, accounting for 43.51% in
raw mud. With persulfate conditioning, it increased to
60.26%. After compound conditioning, it still occupied
about 60%, and the proportion of the residual form in-
creased slightly, from 10.44% to 19.35% of the sludge.
This is because Cu can bind to organic ligands in the
sludge, causing it to shift to an organic-bound form and
form a more stable compound.

The iron-manganese oxide-bound form, the
organic-bound form, and the residual form were three
stable forms of heavy metals. The Pb was 65.85%
more stable in raw mud, and the proportion of the
carbonate-bound form was 25.45%. After persulfate
conditioning, the proportion of the more stable form
increased to 85.96%; that of the organic-bound form
increased from 12.26% to 38.98% of raw mud, and
that of the carbonate-bound form decreased to 8.53%.
After compound conditioning, the proportion of Pb in
the more stable form did not change significantly, but
the organic-bound form further increased to 45.26%.
The main reason is that the existence of SO2–

4 in
the conditioning process facilitates Pb precipitation,
resulting in a more stable form of Pb in the sludge.

In raw mud, Zn mainly occurred as carbonate-
bound form and iron-manganese oxide-bound form,
accounting for 30.56% and 40.21% of the total, re-
spectively; the proportion of the residual form was
17.71%. After persulfate conditioning, the proportion
of the carbonate-bound form decreased to 23.25%, and
that of the exchangeable form increased from 4.19%
to 12.02% of raw mud. In contrast, the proportions of
the other three forms did not change significantly, and
after compound conditioning, the residual form de-
creased from 17.71% to 5.09% of the original sludge,
and the iron-manganese oxide-bound form increased
to 50.76%. The underlying cause is that Zn mainly
occurs in an unstable form in sludge and can easily be
oxidized and dissolved during conditioning.

CONCLUSION

After sulfate conditioning, the Cr, Cu, Pb, and Zn re-
moval rates were 9.27%, 26.65%, 9.63% and 33.90%,
respectively, whereas after compound conditioning,
the removal rates somehow decreased. This can be
explained by the inherent contents of heavy metals in
papermaking sludge, which will have a certain impact
on heavy metals in municipal sludge; heavy metal
removal followed the order Zn > Cu > Cr > Pb > Cd.
After conditioning, the forms of heavy metals in sludge
changed, albeit in varying degrees; Cd and Zn tended
to be unstable, whereas Cr, Cu, and Pb tended to be
stable. The heavy metals were mainly concentrated in
the filter cake, which has an impact of the use of sludge
as a resource, making it necessary to improve heavy
metal removal from the filter cake.
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