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Heavy metals speciation and its bioavailability in sewage sludge
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Abstract

The presence of unstable heavy metals can influence the safe recycling of sewage sludge. Since the bioleaching effects
of heavy metals from pyrolysis residue were sparely studied, heavy metals speciation and its bioavailability in sewage
sludge pyrolysis residue (SSPR) were investigated in this study. Pyrolysis of sewage sludge, as well as bioleaching of SSPR,
was carried out successively. Besides, a four-stage sequential extraction, Community Bureau of Reference, was adopted
to analyze the heavy metals speciation in SSPR and its bioleaching residue. Results indicated that pyrolysis can enrich
the concentrations of Cu, Ni, Zn, and Pb in sewage sludge except for Cd. Different physical properties of heavy metals,
as well as the decrease in organics and moisture in sewage sludge, would result in the enrichment phenomena of heavy
metals in SSPR. Thus, the concentrations of Cu, Zn, and Ni in SSPR were higher than those of Cu, Zn, and Ni in sludge
standard for agricultural use. In addition, heavy metals in SSPR could be bioleached by Acidithiobacillus ferrooxidans which
is commonly grown in nature. Most of the remained heavy metals after bioleaching were distributed in F3 (oxidizable)
and F4 (residual) fractions, which meant the heavy metals in SSPR were further stabilized by Acidithiobacillus ferrooxidans.
Hence, the combination of pyrolysis and bioleaching can be used to stabilize heavy metals in sewage sludge, and the
concentrations of heavy metals in bioleaching residue can satisfy the sludge standard for agricultural use.
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1 Introduction [4]. Usually, other than inorganic and organic compo-

nents, sewage sludge contains a lot of pathogens which

With the growth of population and rapid urbanization, the
reclamation of wastewater has been treated in a standard-
ized way. As a by-product of wastewater treatment, sew-
age sludge is of a wide concerned for researchers since
it contains a large number of undigested inorganic and
organic components with high moisture content [1, 2].
The amount of sewage sludge generated in China has
exceeded 50 million tons, and 70% of them have not been
managed properly [3]. In addition, based on the existing
treatment methods of wastewater, the production of sew-
age sludge will reach more than 80 million tons in 2020

can endanger human health and the surrounding envi-
ronment [5]. A transfer or landfill of wet sewage sludge
produced by a simple dewatering process will cause the
migrations of pollutants both in the lateral and longitudi-
nal spaces.

The conventional treatment methods focused on the
reduction of sewage sludge, mainly including drying, land-
fill, and incineration [6-8]. A considerable portion of sew-
age sludge was addressed with the anaerobic digestion,
and the residues were applied to agriculture because of
their sufficient contents of N, P, and K [9]. However, high
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concentrations of heavy metals in sewage sludge can pol-
lute the groundwater, thus restricting the landfill applica-
tion of sewage sludge. New technologies for the reduction
of sewage sludge, as well as the resource reclamation of
sewage sludge by producing the stable products, have
been of concern in recent years. As an emerging tech-
nology, pyrolysis was frequently used to dispose sewage
sludge [10, 11]. In general, the products of pyrolysis con-
tain residue, pyrolytic oil, and pyrolysis gas. The optimiza-
tion of pyrolysis conditions such as heating rate, final tem-
perature, and retention time were widely investigated in
order to obtain the high quality of pyrolytic products [12].
Meanwhile, the characterization of pyrolytic products was
involved in the considerable researches [13, 14]. Besides,
sewage sludge was pyrolyzed with other biomasses in
order to produce the targeted pyrolysis residue with high
content of char [15, 16]. Furthermore, the applications of
sewage sludge pyrolysis residue (SSPR) were also investi-
gated extensively [17, 18]. Usually, SSPR was developed as
adsorbent, catalyst, soil conditioner, or fuel. As for the vari-
ations of heavy metals speciation, previous studies have
indicated that pyrolysis can accelerate the transformation
of heavy metals speciation from instability to stability to
some extent [19]. Toxicity characteristic leaching proce-
dure (TCLP) was selected to verify the variation tendency
of heavy metals speciation [20]. Considering the safety re-
utilization of SSPR, the bioavailability of heavy metals in
SSPR must be paid much attention. However, to the best
knowledge of the authors, there are no reports focusing
on the bioleaching of heavy metals from SSPR. Obviously,
the stabilization of heavy metals in SSPR can favor the re-
utilization of SSPR. Thus, measures should be adopted to
develop the further stabilization of heavy metals in SSPR.

The objective of this study was to investigate the varia-
tions of heavy metals speciation in sewage sludge before
and after pyrolysis and to explore the bioavailability of
heavy metals in SSPR by using Acidithiobacillus ferroox-
idans. Sludge standard for agricultural use (GB4284-2018)
was selected as the reference in this investigation [21]. Fur-
thermore, the relationship of heavy metals speciation and
its bioavailability in SSPR was also investigated.

2 Materials and methods
2.1 Source and characteristic of sewage sludge

Sewage sludge used in this study was collected from the
Xiongda municipal wastewater treatment plant in Guang-
dong, China. After collection, the sample was oven-dried at
105 °C to a constant weight. An 100-mesh sewage sludge
was obtained through the crushing and sieving processes.
A basic analysis of sewage sludge was performed, and the
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results are shown in Table 1. The content of volatile in sew-
age sludge was higher than that of other substances. In
addition, Cu, Zn, Ni, Cd, and Pb also existed in the selected
sewage sludge.

Before pyrolysis, thermogravimetric (TG) analysis of
sewage sludge was carried out in a TG analyzer (TGA4000).
Sewage sludge was heated from 50 to 900 °C with the
heating rate of 20 °C/min in a nitrogen atmosphere.
Thermogravimetric-differential thermal gravity (TG-DTG)
curves of the selected sewage sludge are shown in Fig. 1.
The results of TG analysis indicated that the moisture and
volatile losses of sewage sludge separately happened at
100-150 °C and 150-550 °C, while the coke transformation
happened at 550-900 °C. For exploring the variations of
heavy metals speciation and its bioavailability in sewage
sludge before and after pyrolysis, 700 °C was selected as
the pyrolysis temperature because of the stabilization of
its products and energy saving.

According to the result of TG analysis, pyrolysis was car-
ried out with the condition listed as follows: final tempera-
ture 700 °C, heating rate 20 °C/min, retention time 30 min,
and nitrogen flow rate 500 ml/min. 10.0000 g of dried and
sieved sewage sludge was placed into a tube furnace with
a selected pyrolysis condition. Prior to the next use, the
obtained pyrolysis residue was collected and kept in a
closed vessel at room temperature.

2.2 Sequential extractions of heavy metals

BCR (Community Bureau of Reference) sequential extrac-
tion method has been frequently adopted to investigate
the heavy metals speciation in sewage sludge [22]. Usu-
ally, there are four fractions presented in the heavy met-
als speciation, including exchangeable and acid-soluble
fraction (F1), reducible fraction (F2), oxidizable fraction
(F3), and residual fraction (F4). The sequential extractions
of heavy metals both from sewage sludge and SSPR were
carried out as described below. 1.000 g of dried sewage
sludge was applied for BCR sequential extraction by mix-
ing 40 ml of 0.11 M CH;COOH at room temperature for
16 h firstly. Then the suspension and residue were sepa-
rated by using a centrifuge with the condition of 3000 rpm
and 20 min. The obtained suspension was analyzed to get
the F1 content of various heavy metals. The obtained resi-
due was extracted through the addition of 40 ml of 0.5 M
NH,OH-HCl, and the reaction time was 16 h. Similarly, the
suspension and residue were also separated by using a
centrifuge with the condition of 3000 rpm and 20 min.
Then the obtained suspension was analyzed to get the
F2 content of various heavy metals. The procedure of F3
fraction was relatively different from the two fractions said
above. The residue obtained from F2 was firstly digested
by 10 ml of 8.8 M H,0, for 1 h and evaporated to 3 ml in
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Table 1 Constituents of sewage sludge

Zn (mg/kg) Ni (mg/kg) Cd (mg/kg) Pb (mg/kg)

Cu (mg/kqg)

Fixed carbon (%)

Moisture (%)

Volatile (%)

Ash (%)

pH

Constituents

2761.21 375.60 1.89 48.66

2749.03

38.77

2.81

29.43

28.99

7.50

Sewage sludge

water bath at 85 °C. Then 10 ml of 8.8 M H,0, was added
to react again. After this step, the residue was treated with
50 ml of 1.0 M CH;COONH, for 16 h, and the suspension
and residue were also separated by using a centrifuge
with the condition of 3000 rpm and 20 min. Finally, the
obtained suspension was analyzed to get the F3 content of
various heavy metals. The residual fraction of heavy metals
was carried out with the mixture of various acids (HNO/
HCI/HF/HCIO, = 1:3:2:2), and the suspension was detected
to calculate the F4 content of various heavy metals.

2.3 Bioleaching of SSPR

The bacteria applied in this study were isolated from Dex-
ing copper mine, China, and it was identified as Acidith-
jobacillus ferrooxidans [23]. The culture medium of Acid-
ithiobacillus ferrooxidans was composed of the following
(g/L): (NH,),S0O, 3.0, K,HPO, 0.5, KCl 0.1, MgSO,-7H,0 0.5,
Ca(NO;), 0.01, FeSO,-7H,0 44.7. The pH of this culture
medium was adjusted to 2.0 by using H,SO,. All reagents
described above were of analytical grade.

The bioleaching procedure of SSPR was listed as fol-
lows. 1.00 g of SSPR was placed into 150-ml conical flask
with 50 ml culture medium.Then 10% of the inocula were
added into the 150-ml conical flask, and a control group
without bacteria was also set. Similarly, the remaining
leaching procedure of this control group was the same
compared to the experimental group with bacteria. The
culture condition was set at 130 rpm, 30 °C, and sampling
was conducted at the third day. Prior to the next detection,
a filtration process was carried out to obtain the superna-
tant. Meanwhile, the bioleaching experiment said above
was totally repeated for 3 times.

2.4 Analytical methods

The heavy metals ions produced by the bioleaching pro-
cess were analyzed by inductively coupled plasma optical
emission spectrometer (ICP-OES, ICAP7000). TG analyzer
was used to confirm the condition of pyrolysis. All data
obtained from the instrumental analysis were handled
with Excel 2016, and the graphs existed in this study were
drawn by using Origin 8.0.

3 Results and discussion
3.1 Analysis of heavy metals speciation

Table 2 shows the concentrations of heavy metals in SSPR
and their standards for agricultural use (GB4284-2018).
The concentrations of Cu, Zn, Ni, and Pb in SSPR were
increased at different levels when compared to those in
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sewage sludge (shown in Table 1), while the concentration
of Cd was decreased. In addition, the concentrations of Cu,
Zn, and Ni in SSPR were greatly higher than those of Cu,
Zn, and Ni in sludge standard for agricultural use which
was promulgated in 2018. Meanwhile, the concentrations
of Cd and Pb in SSPR were less than those of Cd and Pb
in sludge standard for agricultural use. The enrichment fac-
tors of heavy metals after the pyrolysis of sewage sludge
(concentration ratios of heavy metals between SSPR and

raw sewage sludge) are shown in Fig. 2. In general, most
of heavy metals in sewage sludge such as Cu, Pb, Zn, and
Ni were enriched after pyrolysis. This phenomenon indi-
cated that pyrolysis can concentrate the concentrations
of Cu, Zn, Ni, and Pb except for Cd. The order of enrich-
ment factors was: Pb >Cu > Ni>Zn. Results indicated that
the concentration of Pb in SSPR was more than 3.0 times
higher than that of Pb in sewage sludge, while the con-
centrations of Cu, Ni, and Zn in SSPR were approximately

Fig. 1 TG-DTG curves of TG/% DTG(%/min)
sewage sludge in a nitrogen o1
atmosphere (heating rate:
20 °C/min, nitrogen flow rate:
500 ml/min) 400
—-0.1
-4-02
-4-0.3
T T T T T T T T T T ' T T T T T -0.4
100 200 300 400 500 600 700 800 900
Temperature/°C
Table 2 Concentrations of Constituents Cu (mg/kg) Zn (mg/kg) Ni (mg/kg) Cd (mg/kg) Pb (mg/kg)
heavy metals in SSPR and their
standards for agricultural use SSPR 4131.88 2790.09 456.68 0.76 154.80
GB4284-2018 <500 <1200 <100 <3 <300
Fig.2 Enrichment factors of 3.5 -
heavy metals after sewage
sludge pyrolysis 1 Pb v
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1.0~ 1.5 times higher than those of Cu, Ni, and Zn in sew-
age sludge. However, the enrichment factor of Cd was less
than 0.5, which meant the concentration of Cd in SSPR was
less than that of Cd in sewage sludge accordingly.

Considering the potential forms of heavy metals com-
pounds in sewage sludge and their physical properties,
the concentrations of heavy metals can be changed
in different ranges. Obviously, heavy metals in sewage
sludge have different melting and boiling points because
of their different compositions, such as oxides, chlorides,
sulfates, sulfides, and carbonates [24]. In addition, organics
and moisture in sewage sludge will be decomposed and
evaporated during pyrolysis process. The pyrolysis process
will lead to the decrease in organics and moisture in sew-
age sludge. Thus, the concentrations of heavy metals are
widely increased in SSPR. Therefore, the potential forms
of heavy metals compounds in sewage sludge and their
physical properties, as well as the decrease in organics and
moisture in SSPR, result in the different enrichment factors
of heavy metals in SSPR.

The distributions of heavy metals fractions both in
sewage sludge and SSPR are shown in Fig. 3. Comparing
the chemical speciations of Zn and Ni in sewage sludge
and SSPR, the variation tendencies of Zn and Ni were the
same. These demonstrated that the distributions in F1
and F2 fractions in SSPR were decreased when compared
to these in sewage sludge. Meanwhile, the distributions
of F3 and F4 fractions were increased. In addition, the
variation tendencies of Cu and Pb were almost the same.

Fig.3 Distributions of heavy 1.00 —
metals fractions in sewage
sludge and SSPR
0.75
=
=
= 0.50
S
o
e
(=9
0.25 —
0.00 —

For Cu and Pb, the distributions of F1 and F4 fractions in
SSPR were increased when compared to these in sewage
sludge, while the distributions of F2 and F3 fractions were
decreased. Due to the low melting and boiling points, the
variation tendency of Cd was quite different when com-
pared to other heavy metals. For Cd, there was no F2 and
F4 fractions existed in SSPR, and the F1 fraction in SSPR
was increased when compared to that in sewage sludge,
while the F2 and F3 fractions were both decreased. In gen-
eral, pyrolysis can accelerate the stabilization of Cu, Ni, Zn,
and Pb in sewage sludge except for Cd.

For different types of sludge such as municipal sludge,
paper mill sludge, and sewage sludge, the distributions of
heavy metals speciation were quite different [10]. Due to
the high temperature of pyrolysis, the organics and mois-
ture will be decomposed and evaporated. Thus, the heavy
metals speciation will be changed subsequently. In gen-
eral, due to the integrative actions of acid rain and domes-
tic sewage, sewage sludge contains a certain amount of
I, 50,2, and NO,™. Furthermore, research indicated that
the presence of anions such as CI~, SO,2~, and NO;™ will
affect the variations of heavy metals speciation in sewage
sludge [25].

3.2 Bioavailability of heavy metals in SSPR
Usually, TCLP is chosen to evaluate the migration of heavy

metals in samples, such as soil, ore, and sludge. There is
no exception for the pyrolysis residue, and reports have

%n Cu Ni «Cd Plb %n Cu Ni «Cd Plb
Sludge SSPR
o bl A
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already investigated that some heavy metals in pyrolysis
residue will be leached through TCLP process [26, 27].
These results indicated that using pyrolysis residue as a
raw material is not safe without any measures to elimi-
nate the heavy metals inside. Considering the wide dis-
tributions of Acidithiobacillus ferrooxidans in nature, as
well as the frequent investigations to the recycling of
SSPR, the effects of Acidithiobacillus ferrooxidans on the
heavy metals in SSPR are very important. Figure 4 shows
the leaching rates of heavy metals in SSPR at the third day
of reaction with and without bacteria. The leaching rates
of Cu, Zn, Ni, Pb, and Cd were quite different. For Cu and
Zn, nearly 70% of them were bioleached under the action
of Acidithiobacillus ferrooxidans, while less than 20% and
10% were leached without Acidithiobacillus ferrooxidans,
respectively. As for Ni, Pb, and Cd, nearly 25%, 15%, and
35%, respectively, were bioleached from SSPR under the
action of Acidithiobacillus ferrooxidans, while only 5%, 2%,
and 10%, respectively, were leached without Acidithioba-
cillus ferrooxidans. These phenomena indicated that heavy
metals in SSPR can still be bioleached by Acidithiobacillus

ferrooxidans, and the environmental risks of heavy metals
in SSPR should be taken into consideration, especially for
the recycling process of SSPR.

The concentrations of each heavy metal speciation in
bioleaching residue and their standards for agricultural
use are shown in Table 3. As for Cu, Zn, and Pb, there was
no distributions in F1 and F2 fractions, while there were
relatively low distributions in F3 and F4 fractions. In fact,
the F3 and F4 fractions are relatively stable. Therefore,
even though the Cu distributions in F3 and F4 fractions
were higher than those of Cu in sludge standard for agri-
cultural use, the environmental risk of Cu in the bioleach-
ing residue was extremely low. Although the distribution
of Cd in F1 fraction was still present, the concentration of
this fraction was lower than that of Cd in sludge stand-
ard for agricultural use. For Ni, the distributions in F2, F3,
and F4 existed, but the concentrations of F2 and F4 frac-
tions were lower than those of Ni in sludge standard for
agricultural use. In addition, the F3 fraction was relatively
stable, so even though the distribution of Ni in F3 fraction

Fig.4 Leaching rates of heavy 80 —
metals from SSPR at the third
day of reaction with and with- i
out bacteria 70 - I with bacteria
1 [ without bacteria
60
— 50 -
E\i
P -
S 40
on
g T
=
2 30
Q
— 4
20
10 5
0 -
Cu 7n Ni Pb Cd
Table3 Concentrations of Constituents Cu (mg/kg) Zn (mg/kg) Ni (mg/kg) Cd (mg/kg) Pb (mg/kg)
each heavy metal speciation in
bioleaching residue and their Bioleaching residue
standards for agricultural use F1 _ _ _ 018 _
F2 - - 45.67 - -
F3 619.78 279.00 23291 0.31 -
F4 70242 558.02 63.94 - 95.98
GB4284-2018 <500 <1200 <100 <3 <300
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exceeded the standard described before, the environmen-
tal risk of Ni was negligible.

In general, the results of the leaching rates of heavy
metals were related to the heavy metals speciation in
SSPR. As shown in Fig. 3, most of heavy metals in sewage
sludge were stabilized through pyrolysis process, espe-
cially for Zn, Cu, Ni, and Pb. This result could explain the
phenomenon shown in Fig. 4. Previous studies have inves-
tigated that Acidithiobacillus ferrooxidans can oxidize Fe?*
to Fe3* in the culture medium and produce H* to create a
acidic environment simultaneously [28, 29]. As described
before, F1 represents the exchangeable and acid-soluble
fraction, and F2 represents the reducible fraction. The F1
and F2 fractions of heavy metals were relatively unstable.
Combining the information shown in Table 3, the F1 and
F2 fractions of heavy metals in SSPR were removed fur-
thest by using Acidithiobacillus ferrooxidans. The heavy
metals presented in the bioleaching residue were satisfied
with the sludge standard for agricultural use.

4 Conclusions

Pyrolysis can enrich the concentrations of Cu, Ni, Zn, and
Pb in sewage sludge except for Cd. The decrease in organ-
ics and moisture in sewage sludge, as well as the physical
properties of heavy metals, would result in the enrichment
phenomena of heavy metals in SSPR. The concentrations
of Cu, Zn, and Ni in SSPR were higher than those of Cu, Zn,
and Niin sludge standard for agricultural use. In addition,
heavy metals in SSPR can be bioleached by using Acidith-
iobacillus ferrooxidans which is commonly grown in nature.
Most of the remained heavy metals were distributed in
F3 and F4 fractions, which meant the heavy metals were
further stabilized by Acidithiobacillus ferrooxidans. There-
fore, the combination of pyrolysis and bioleaching can be
used to stabilize heavy metals in sewage sludge, and the
concentrations of heavy metals in the bioleaching residue
can fulfill the sludge standard for agricultural use.
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