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Abstract
Hydrothermal treatment (HTT) of sewage sludge (SS) with pig manure biochar (PMB) addition at 160–200 °C was conducted in
this study. The effects of PMB addition on the dewaterability of SS and the speciation evolution, leaching toxicity, and potential
ecological risk of heavy metals were investigated. The results showed that the solid contents of the filter cakes after adding PMB
increased from 20.24%, 24.03%, and 28.69% to 21.57%, 27.69%, and 32.91% at 160, 180, and 200 °C, respectively, compared
with traditional HTT of SS. Furthermore, PMB could reduce the bioavailable fractions of Cr, Ni, As, and Cd in the filter cakes
obtained at 160 and 180 °C compared with the theoretical value. The leaching toxicity of heavy metals in the filter cakes after
adding PMB decreased significantly at 160 and 180 °C and the potential ecological risk index (RI) declined from 62.13 and 44.83
to 55.93 and 42.11, respectively. The obtained filter cake had low potential ecological risk when used in the environment. The
mechanisms on the improvement of the dewaterability and heavy metals immobilization were related that PMB acted as the
skeleton builder providing the outflow path for free water and implanting heavy metals into SS structure. And the optimal results
were obtained at 180 °C during HTTof SSwith PMB addition. This work provides a novel and effective method for the treatment
of SS.

Keywords Sewage sludge . Hydrothermal treatment . Pigmanure biochar . Dewaterability . Heavymetals . Skeleton builder

Abbreviations
HTT Hydrothermal treatment
SS Sewage sludge
PMB Pig manure biochar
BCR European Community Bureau of Reference
F1 Exchangeable fraction
F2 Reducible fraction
F3 Oxidisable fraction
F4 Residual fraction

TCLP Toxicity characteristic leaching procedure

Introduction

Because of rapid economic development, large amounts of
sewage sludge (SS) are produced from wastewater treatment
plants. It has been reported that more than 30 million tons of
SS (with 80 wt% of moisture) are annually generated in China
(Zhang et al. 2017b). In general, the difficulty in low-cost
dewatering is a limiting factor for the further utilization of
SS owing to its special properties and structural stability (Li
et al. 2011;Mikkelsen 2003). On the other hand, the pollutants
in SS, especially heavy metals, are another tough problem
affecting the residual util ization from treated SS
(Antonkiewicz et al. 2018; Suanon et al. 2018). Therefore,
developing a proper method to enhance both dewaterability
and heavy metals immobilization is the most important step
for the treatment of SS.

At present, hydrothermal treatment (HTT) is a simple and
effective technique which is widely used to the treatment of
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solid waste with high moisture content (Li et al. 2018a; Yu
et al. 2014; Zhang et al. 2014). During HTT, the extracellular
polymeric substances are decomposed and the chemical bonds
of the cell wall are also destroyed to release and solubilize the
intracellular material into water phase (Appels et al. 2008).
The organic pollutants and microorganisms are also degraded
in the HTT process and the heavy metals may be immobilized
in the solid residue (Shi et al. 2013a;Weiner et al. 2013). After
HTT, the obtained residue has better dewaterability and stabi-
lization, and it can also be further treated and utilized by com-
bustion, pyrolysis, composting, land application (Chen et al.
2012; Hua et al. 2009; Wang et al. 2019; Yu et al. 2016).

To better improve the SS dewatering performance on the
basis of HTT, the investigations about the effects of alkali
additives have been performed by many researchers. Neyens
et al. (2003) investigated the influence of monovalent/divalent
cations (K+/Na+ and Ca2+/Mg2+) on the SS dewaterability and
confirmed that alkaline hydrothermal treatment using
Ca(OH)2 was the most efficient method in reducing the resid-
ual amount. Our previous study also confirmed that HTTwith
alkali addition was a practical method for SS dewatering due
to the destruction of cell walls by high alkalinity and the
bridge of bivalent cations with negative charges, and it was
verified by a pilot-scale research in the Tong’an wastewater
treatment plant, Xiamen (Li et al. 2017). Furthermore, alkaline
additives also affect heavy metals immobilization during HTT
on SS. Zhai et al. (2016) reported that alkaline condition pro-
moted the more stable transformation of heavy metals during
HTT. However, there are notable drawbacks of adding alkalis
during HTT such as the corrosion of equipment, changes of
product properties, and consumption of reagents. On the other
hand, Shi et al. (2013b) investigated the synergistic effect of
rice husk addition during HTT of SS and found that heavy
metals were redistributed, fixed in the mixed matrix, and
transferred from weakly bound state to stable state after
treatment. Zhai et al. (2014) found that the addition of sewage
sludge-based active carbon could decrease the risk of Cu and
Zn during HTT of SS. While, there are still few researches on
the effects of biomass or biochar on SS dewatering efficiency.
Therefore, it is important to develop another effective method
to achieve the dual effect of dewaterability enhancement and
heavy metals immobilization during HTT of SS.

Pig manure biochar (PMB) with good porous structure and
rich oxygen containing functional groups can be obtained
from the pyrolysis of pig manure (Tsai et al. 2012; Xu et al.
2014), and its promotion of heavy metals immobilization was
also verified in soil remediation (Wang et al. 2017). Hence,
adding PMB during HTT of SS may positively affect the
dewatering and heavy metals immobilization performance.
In this study, bench-scale experiments were conducted to in-
vestigate the effects of PMB addition on the dewaterability
during HTT of SS. The migration, speciation evolution, and
leaching toxicity of heavy metals were studied after HTT.

Furthermore, the potential ecological risk was also assessed
for further application.

Materials and methods

Materials

The raw SS with 83.09% of moisture in this study was obtain-
ed from the double effluent oxidation ditch process in a waste-
water treatment plant in Tong’an, Xiamen, Fujian Province,
China. The SS was stored in 4 °C before HTT. The used PMB
was obtained from pyrolysis of pig manure at 600 °C for
30 min in a rotary furnace under anaerobic atmosphere. The
PMB was sieved (less than 0.15 mm) after cooling down and
stored in a glass desiccator for further use. The physiochemi-
cal properties of the SS and PMB are shown in Table 1.

HTT experiments

All HTTexperiments were conducted in an electrically heated
autoclave with an inner volume of 1.0 L (Fig. 1). Every HTT
test was started by loading 500 g of raw SS or the mixture of
SS and PMB (mass ratio of 90%:10% on dry basis) and
100 mL of ultrapure water referred from the previous study
(Wang et al. 2016). After the autoclave was sealed, it was
heated to a pre-set temperature at a heating rate of 5 °C/min
and then maintained for 60 min. The sample inside was

Table 1 Physiochemical properties of SS and PMB

Parameter SS PMB

pH 8.67 9.66

Proximate analysis (wt%)a

Ash 46.55 55.54

Volatiles 48.07 12.34

Fixed carbon 5.38 32.12

Ultimate analysis (wt%)a

C 24.69 34.52

H 3.71 2.12

N 3.71 0.74

S 0.85 0.47

Ob 20.49 6.61

Heavy metal (mg·kg−1)a

Cr 6350.00 ± 112.69 111.24 ± 1.38

Ni 782.48 ± 12.45 66.35 ± 5.93

As 38.89 ± 0.70 29.54 ± 0.41

Cd 1.75 ± 0.29 0.95 ± 0.17

Pb 52.57 ± 1.33 ND

ND not detected
a On a dry basis
b O = 100 − (C +H +N + S +Ash)
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agitated by a stirrer at 200 revolutions per minute. The condi-
tions were designated as SS160, SS180, and SS200 for the
HTT of SS in 160, 180, and 200 °C, respectively. And, the
corresponding comparable conditions were designated as
SB160, SB180, and SB200 for the HTT of SS with PMB
addition under the above temperature, separately. After the
HTT test, the treated SS was centrifuged at 8000 r/min for
15 min. The filter cake was obtained after solid-liquid separa-
tion and stored at 4 °C for further analysis.

Analysis of dewaterability

The improvement of the dewaterability can be verified from
the solid content of filter cake, which was obtained by drying
at 105 °C for 24 h (Wang et al. 2016). The drying property is
further used to characterize the dewatering effect of HTT. The
drying property was analyzed by drying at 75 °C; the mass
was recorded once hourly, and the result was presented as
change of the moisture content over the drying time (Cai
et al. 2017). To investigate PMB role in SS dewatering, the
particle size distributions of samples were measured by a laser
diffraction particle analyzer (Mastersizer 2000, UK) at a stir-
ring rate of 200 r/min and the microstructures of samples were
analyzed by scanning electron microscopy (SEM, S-4800,
Hitachi, Japan).

Analysis of heavy metals

The European Community Bureau of Reference (BCR) three-
step extraction procedure was widely used to analyze the

speciation of heavy metals (Zhang et al. 2017a). The detailed
extraction steps are as follows: exchangeable fraction (F1):
0.5 g of dry sample was mixed with 20 mL of 0.11 mol/L
acetic acid by shaking for 16 h (25 °C). Reducible fraction
(F2): the dry residue of F1 was mixed with 20 mL of
0.5 mol/L hydroxylamine hydrochloride by shaking for 16 h
(25 °C). Oxidizable fraction (F3): the dry residue of F2 was
mixed with 5 mL 30% hydrogen peroxide for 1 h at room
temperature and then another 5 mL of hydrogen peroxide
was added after digestion for 1 h at 85 °C. When the solution
was evaporated to near dried, the residue was mixed with
25 mL of 1 mol/L ammonium acetate by shaking for 16 h
(25 °C). The residual fraction (F4) and total concentration of
heavy metals in dry sample were extracted after digestion in
an acid mixture (HNO3–HClO4–HF, 5:5:2, v/v/v) (Li et al.
2018b). All extracted liquid samples were centrifuged, fil-
tered, and measured by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7500cx, USA) to obtain the
concentrations of Cr, Ni, As, Cd, and Pb. All measurements
were triplicated to guarantee veracity and average values were
applied.

The residual rate (R, %) of each heavy metal in the filter
cake was calculated with the following equation (Li et al.
2018b):

R ¼ C2 �M 2= C1 �M 1ð Þ � 100; ð1Þ

where C1 is the concentration of individual heavy metal in the
dry SS (mg/kg), M1 is the mass of the dry SS (kg), C2 is the
concentration of individual heavy metal in the dry filter cake
(mg/kg), and M2 is the mass of the dry filter cake (kg).

The leaching characteristics of heavy metals of SS and
filter cake were determined with the toxicity characteristic
leaching procedure (TCLP) recommended by the USEPA
(Wang et al. 2019). Leachable heavy metals were extracted
using a glacial acetic acid solution (pH = 2.88 and dry solid/
liquid ratio of 1:20) in a shaking incubator at 200 r/min for
18 h. All the extracted samples were centrifuged, filtered, and
then stored at 4 °C for further analysis by ICP-MS.

The assessment of the potential ecological risk has been
widely used to evaluate the bioavailability and environmental
risk of heavy metals, which can be calculated by the following
equations (Jin et al. 2016):

C f ¼ Ci=Cn ð2Þ
Er ¼ T r � C f ð3Þ
RI ¼ ∑Er ð4Þ
where Cf is the contamination factor of the individual heavy
metal; Ci and Cn are the potential mobile fractions (F1 + F2 +
F3) and stable fraction (F4) of the individual heavy metal,
respectively; Tr represents the toxicity response factor of the

Fig. 1 Schematic diagram of the experimental apparatus used for HTT (1.
HTT autoclave, 2. Electric heating device, 3. Agitator, 4. Pressure gauge,
5. Cooling water inlet, 6. Cooling water outlet, 7. Display and control
device 8. Nitrogen bottle)
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individual heavy metal and the order is Cd (30) > As (10) > Ni
(6) > Pb (5) > Cr (2); Er is the potential ecological risk index
for the individual heavy metal, and RI is the potential ecolog-
ical risk index of the SS or filter cake based on the addition of
the potential ecological risk index of each heavy metal.

Results and discussions

Effects of HTT with PMB addition on the SS
dewatering

Effects of HTT with PMB addition on the solid content are
shown in Fig. 2a. The solid content of the raw SS after cen-
trifugation was low with 18.48%, which indicates that water is
difficult to flow out from SS flocs. After HTT, the solid con-
tent of filter cake increased remarkably with the rise of tem-
perature because the extracellular polymeric substances are
thoroughly decomposed and the internal bound water is re-
leased at high temperature (Neyens et al. 2004; Yu et al. 2014).
And also, the solid contents of the filter cakes after adding
PMB increased from 20.24%, 24.03%, and 28.69% to

21.57%, 27.69%, and 32.91% at 160, 180, and 200 °C, re-
spectively, compared with the HTT without PMB addition.
This shows that PMBhas a positive effect on the improvement
of SS dewaterability during HTT and the higher solid content
of filter cake also facilitates its subsequent disposal. In partic-
ular, the solid content of the filter cake obtained under SB180
was very close to that obtained under SS200. Considering the
energy conservation, 180 °C is a suitable HTT temperature for
the SS dewatering.

The effects of HTTwith PMB addition on the drying prop-
erty are shown in Fig. 2b. If the physical and chemical prop-
erties of flocs in SS are thoroughly disrupted, the filter cake
will present a short drying time. The drying time of the raw SS
after centrifugation was as long as 27 h, which presents the
difficulty in removal of water. The drying time of the filter
cake shortened continuously with elevating HTT temperature
because the HTT at high temperature and high pressure can
break cells and cause a shift from bound water to free water
(Cai et al. 2017). Compared with the HTT without PMB ad-
dition, the drying times after adding PMB further decreased
from 26, 19, and 16 h to 23, 16, and 11 h at 160, 180, and
200 °C, separately. These results are in accordance with the
analysis of solid content, which proves that adding PMB dur-
ing HTTof SS can reduce the drying time of the filter cake and
present better dewatering effect.

PMB role in the SS dewatering

The particle size distributions of SS and treated SS are pre-
sented in Fig. 3. The diameter of the soluble colloidal matter in
SS was large and distributed mainly in 20–100 μm. After
HTT, the particles larger than 800 μm disappeared and the
particles smaller than 1 μm appeared. The distribution trend
of particle size moved to the left and d(0.5) decreased from
53.756 μm to 17.283–24.277 μm. It can be concluded that the
large particles are degraded into smaller particles after HTT

Fig. 2 a Solid contents and b drying curves of SS and the filter cakes
obtained under different HTT conditions Fig. 3 Particle size distributions of SS and treated SS
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(Li et al. 2017). However, the particles between 200 and
300 μm in the treated SS under SB200 showed the high pro-
portion due to Maillard reaction to generate Amadori com-
pounds and melanoidins (Chevalier et al . 2001).
Additionally, the particle size in the treated SS became larger
after adding PMB at 160 °C, and the d(0.5) increased from
19.931 to 21.144 μm. The particle size became smaller after
adding PMB at 180 and 200 °C, and the d(0.5) decreased from
24.277 and 17.739μm to 20.170 and 17.283μm, respectively.

It may be explained that PMB acts as a skeleton builder to
embed into SS structure at low temperature and this structure
is collapsed at high temperature so that the dewaterability of
SS is improved (Wu et al. 2016).

The microstructures of SS, PMB, and the filter cakes ob-
tained under different HTT conditions are shown in Fig. 4.
The surface of raw SS was compact and less porous. There
were rod-like structure and several pores in the surface of
PMB. The compact structure in the surface of filter cake

Fig. 4 Microstructures of SS (a),
PMB (b), and the filter cakes
obtained under SS160 (c), SB160
(d), SS180 (e), SB180 (f), SS200
(g), and SB200 (h)
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obtained under the HTT of SS was gradually broken and col-
lapsed with the rise of temperature. However, the surface of
the filter cake obtained at 200 °C formed large sheet structure
due to pyrogenation at high temperature. After adding PMB,
the surfaces of filter cakes (Fig. 4d, f, and h) presented more
small cracks and pores compared with those of the HTTwith-
out PMB addition (Fig. 4c, e, and g). These results imply that
PMB are implanted into the SS residue during HTT.
Considering on the changes of particle size distribution and
microstructure, we can conclude that the cracks and pores in
filter cake are formed because PMB acted as a skeleton builder
which can transmit the acting force to the SS internal parts,
provide the outflow path for free water, and enhance the
dewaterability of SS (Liu et al. 2013).

The distribution and speciation of heavy metals

Effect of PMB addition on the distribution of heavy metals

Table 2 presents the concentrations of heavy metals in the
filter cakes obtained under different HTTconditions. The con-
centrations of heavy metals in the raw SS were described as
follows: Cr > Ni > Pb > As > Cd, and Cr occurs at high con-
centration, which was closely related to sewage. The concen-
trations of heavymetals in the filter cake showed an increasing
trend after HTT. This enrichment can be attributed to that the
organic matters in SS are degraded, and the heavy metals
bound to the organic matter are released and co-precipitated
with the residue matrix during HTT (Wang et al. 2019).
Compared with the HTT without PMB addition, the concen-
trations of Cr, Ni, As, and Pb in the filter cake slightly went
down after adding PMB because the concentrations of heavy
metals in PMB are low. Additionally, the concentration of Cd
in the filter cake had no significant change.

The residual rates of heavy metals in Fig. 5 show that the
heavy metals were mostly accumulated in the filter cake after
HTT and the change of the residual rate of individual heavy
metal differed depending on the HTT temperature and heavy
metal speciation (Huang and Yuan 2016). The similar result

was made by other researchers (Leng et al. 2014; Shi et al.
2013a; Wang et al. 2016). The residual rates of Cr, Ni, As, and
Pb in the filter cake after adding PMB remarkably increased
compared with the HTTwithout PMB addition, which can be
explained that PMB adsorbs part unbonded heavymetals from
liquid phase by the complexation with ionized hydroxyl-O
groups and the precipitation with CO3

2− and/or PO4
3− (Xu

et al. 2013a; Xu et al. 2013b). Additionally, the residual rates
of high toxic Cd increased to over 95% after adding PMB at
160 and 180 °C. To further find the effect of PMB addition,
the speciation distributions of heavy metals will be compre-
hensively investigated based on the relation to the bioavail-
ability and ecotoxicity (Huang and Yuan 2016).

Effects of PMB addition on the speciation of heavy metals

According to the BCRmethod, the speciation of heavy metals
is apportioned into four fractions. F1 is adsorbed on the parti-
cle surface or in the form of carbonates, and F2 is the combi-
nation of iron and manganese oxides. F1 + F2 are recognized
as bioavailable fraction because it is easily adsorbed by plants
or the water system (Ščančar et al. 2000). F3 is a form of metal

Table 2 Concentrations of heavy
metals in the filter cakes obtained
under different HTT conditions

Conditions Heavy metal (mg/kg, dry)

Cr Ni As Cd Pb

SS 6350.00 ± 112.69 782.48 ± 12.45 38.89 ± 0.70 1.75 ± 0.29 52.57 ± 1.33

SS160 6839.65 ± 645.16 808.11 ± 80.17 39.75 ± 3.56 1.93 ± 0.16 56.77 ± 2.54

SB160 6398.78 ± 289.73 773.31 ± 42.60 39.69 ± 2.52 2.08 ± 0.28 53.36 ± 2.55

SS180 7123.03 ± 195.28 828.61 ± 21.02 42.19 ± 1.61 2.18 ± 0.20 61.15 ± 2.64

SB180 6683.29 ± 290.13 779.82 ± 28.61 40.32 ± 0.97 2.20 ± 0.25 56.75 ± 2.90

SS200 8472.10 ± 377.84 963.14 ± 34.42 44.02 ± 0.84 2.38 ± 0.11 72.83 ± 2.29

SB200 7107.67 ± 226.30 843.36 ± 20.65 40.05 ± 1.37 1.86 ± 0.09 67.08 ± 3.78

Fig. 5 Residual rates of heavy metals in the filter cakes obtained under
different HTT conditions
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sulfides or metal combined with organic matters, and F4 is
recognized as stable fraction due to the combination with sil-
icate minerals (Fuentes et al. 2008).

The speciation distributions of heavy metals in the raw SS
and filter cakes obtained under different HTT conditions are
shown in Fig. 6a. After HTTof SSwith PMB, the F4 of Cr, Ni,
As, and Cd in the filter cake remarkably increased compared
with the raw SS and the F4 of Pb was 100%. In the case of Cr,
the main speciation was F3 in SS and F3 was transferred to F4
after HTT of SS with PMB. When the temperature rose up
from 160 to 200 °C, the F4 of Cr increased from 52.70 to
84.40%. For Ni, the F1 + F2 in SS was high and reached up
to 48.45%. The F1 + F2 of Ni in the filter cake decreased and

F4 remarkably increased after HTT of SS with PMB. The F4
of Ni rose up from 15.13 to 23.12% with the increase of
temperature. The As was transferred from F1 + F2 to F3 +
F4 after HTTof SS with PMB and the F4 of As increased from
83.47 to 86.77–88.21% in the filter cake compared with the
raw SS. In case of Cd, the F1 + F2 in SS was high and reached
up to 45.71% and the F1 + F2 of Cd in the filter cake remark-
ably decreased and F4 increased from 36.57% in SS to 60.75–
61.06% in the filter cake after HTT of SS with PMB. These
observations imply a positive effect of the HTT of SS with
PMB on the immobilization of heavy metals.

Figure 6a also shows that PMB could promote notably the
immobilization of Cr in the filter cake. The F4 of Cr in the
filter cakes after adding PMB increased from 46.94%,
61.84%, and 80.23% to 52.70%, 69.00%, and 84.40% at
160, 180, and 200 °C, respectively, compared with the HTT
without PMB addition. Additionally, the addition of PMB
during HTT of SS promoted the immobilization of Ni, Cd,
and As at the low HTT temperature. Under the HTT at
160 °C, the F1 + F2 of Ni, As, and Cd in the filter cake after
adding PMB dropped from 37.03%, 11.20%, and 31.09% to
34.00%, 10.51%, and 28.37%, respectively, and the F4 rose
from 14.89%, 87.27%, and 55.44% to 15.13%, 88.21%, and
61.06%, respectively. Under the HTTat 180 °C, the F1 + F2 of
Ni, As, and Cd in the filter cake after adding PMB decreased
from 36.74%, 12.14%, and 30.73% to 31.23%, 10.79%, and
28.18%, respectively, and the F4 increased from 21.62%,
86.75%, and 59.63% to 22.57%, 87.85%, and 60.91%, re-
spectively. In short, PMB has a positive effect on the

Fig. 6 Effects of PMB addition on the speciation of heavy metals during HTT of SS: speciation distributions of heavy metals (a), differences between
theoretical and experimental values about the speciation of heavy metals (b)

Fig. 6 continued.
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immobilization of heavy metals during HTT and the heavy
metals are transferred from the F1 + F2 into the more stable
F4.

This study used the synergistic strength (η) to express the
influence of PMB on the speciation of heavy metal during the
HTT of SS. When η < 0%, adding PMB can promote the im-
mobilization of heavy metal. When η > 0%, PMB can activate
the speciation of heavy metal. The η value and the theoretical-
ly calculated value of the F1 + F2 were described as follows:

η ¼ FSB–FSB−cal:ð Þ=FSB−cal:; ð5Þ
FSB−cal: ¼ 90%FSS þ 10%FPMB ð6Þ
where FSB is the experimental value of the F1 + F2 for indi-
vidual heavy metal in the filter cake after HTT of SS with
PMB; FSB-cal. is the theoretical calculating value of the F1 +
F2 for individual heavy metal in the filter cake after HTTof SS
with PMB; FSS or FPMB are the experimental value of the F1 +
F2 for individual heavy metal in the filter cake after HTTof SS
or PMB; 90% and 10% are the mixed ratio of SS and PMB on
a dry basis. The results are presented in Fig. 6b. The η values
of Cr, Ni, As, and Cd were lower than 0% at 160 and 180 °C
and the η values of Ni and As were higher than 0% at 200 °C.
The η value of Pb was always 0% because it exists in the filter
cake as F4. Therefore, 180 °C is the most suitable HTT tem-
perature for promoting the immobilization of heavy metals
during HTT of SS by adding PMB according to η value. The
possible mechanisms for the immobilization of heavy metals
by PMB addition can be summed up as shown in Fig. 7.
Firstly, the unstable heavy metals in SS are dissolved under
HTTcondition; secondly, the dissolved heavy metals combine
with PMB via precipitation, ion exchange, and electrostatic
attraction (Ahmad et al. 2014; Zhu et al. 2017); finally, these
heavy metals are implanted into the SS structure together with

PMB as a skeleton builder (Dou et al. 2017; Shi et al. 2013b).
However, the water that contained higher H+ and OH− ion
concentrations with elevating HTT temperature can be an ef-
fective medium for acid- and base-catalyzed reactions based
on PMB to activate heavy metal, which results in the increase
of the F1 + F2 of Ni and As at 200 °C compared with the
theoretical value (Zhai et al. 2014).

Leaching toxicity and potential ecological risk
assessment of heavy metals

Leaching toxicity

Table 3 shows the leaching concentrations of heavy metals in
the filter cakes for TCLP tests. The leaching concentrations of
Cr, Ni, As, Cd, and Pb in the SS were 1.768, 14.067, 0.218,
0.008, and 0.035 mg/L, respectively, and the leaching concen-
tration of Ni was approximately 2.81 times of the threshold
value. After HTT of SS with PMB, the leaching concentra-
tions of Cr, Ni, As, and Pb in the filter cake decreased signif-
icantly and reached to 0.460–0.940, 8.372–9.358, 0.147–
0.178 mg/L, and undetectable amounts, respectively. The
leaching concentration of Cd had unobvious change.
Moreover, the leaching concentrations of Cr, Ni, and As in
the filter cakes after adding PMB reduced at 160 and 180 °C
compared with the HTT without PMB addition. In particular,
the leaching concentrations of heavy metals in the filter cake
were lowest at 180 °C and the leaching concentrations of Cr,
Ni, and As decreased by 27.90%, 19.81%, and 10.37%, which
indicates that the addition of PMB leads to the reduction of the
leaching toxicity and environment risk of heavy metals in the
filter cake and 180 °C can be used as an optimization condi-
tion for further application.

Fig. 7 Heavy metals
immobilization mechanisms
during HTT of SS with PMB
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Potential ecological risk assessment

Based on the potential ecological risk assessment method, Cf,
Er, and RI of heavy metals and indices for ecological risk
assessment are shown in Table 4. The RI of SS was 122.10,
mainly due to the contributions of Ni (63.87) and Cd (52.03)
and their potential ecological risks reached to moderate levels.
After HTT of SS with PMB, the Er of Ni and Cd in the filter
cake declined to 19.95–33.66 and 19.13–19.38, respectively,
and the potential ecological risks of these heavy metals
reached to low levels. Accordingly, the RI of the filter cake
was 41.23–55.93 and decreased with elevating HTT temper-
ature. This presents that the filter cake has a very low potential
ecological risk when used in the environment. Furthermore,
the RI of heavy metals in the filter cakes after adding PMB

decreased from 62.13 and 44.83 to 55.93 and 42.22 at 160 and
180 °C, respectively, but the result was opposite at 200 °C
compared with the HTTwithout PMB addition. These results
are consistent with the conclusions about the speciation distri-
butions and leaching toxicity of heavy metals.

Conclusions

PMB addition notably promoted the SS dewaterability during
HTT. The solid content of filter cake after adding PMB in-
creased and the drying time decreased compared with the
HTTwithout PMB addition. Additionally, PMB could reduce
the bioavailable fractions of Cr, Ni, As, and Cd in the filter
cakes obtained at 160 and 180 °C compared with the

Table 3 Leaching concentrations
of heavy metals in the filter cakes
for TCLP tests

Conditions Heavy metal (mg/L)

Cr Ni As Cd Pb

SS 1.768 ± 0.081 14.067 ± 0.657 0.218 ± 0.011 0.008 ± 0.001 0.035 ± 0.005

SS160 0.852 ± 0.025 10.656 ± 0.051 0.150 ± 0.006 0.004 ± 0.000 ND

SB160 0.841 ± 0.046 9.337 ± 0.088 0.148 ± 0.005 0.004 ± 0.000 ND

SS180 0.638 ± 0.014 10.440 ± 0.370 0.164 ± 0.009 0.006 ± 0.000 ND

SB180 0.460 ± 0.013 8.372 ± 0.285 0.147 ± 0.005 0.004 ± 0.000 ND

SS200 0.824 ± 0.022 10.188 ± 0.214 0.170 ± 0.003 0.006 ± 0.000 ND

SB200 0.940 ± 0.019 9.358 ± 0.094 0.178 ± 0.005 0.008 ± 0.000 ND

Threshold valuesa 5 5 5 1 5

ND not detected
a Threshold values given by the USEPA: 40 CFR 261, 1993 ed

Table 4 Cf, Er, and RI of heavy metals and indices for ecological risk assessment

Items Cf Er RI

Cr Ni As Cd Pb Cr Ni As Cd Pb

SS 2.07 10.65 0.20 1.73 0.01 4.14 63.87 1.98 52.03 0.07 122.10

SS160 1.13 5.72 0.15 0.8 0.00 2.26 34.29 1.46 24.11 0.00 62.13

SB160 0.90 5.61 0.13 0.64 0.00 1.79 33.66 1.34 19.13 0.00 55.93

SS180 0.62 3.63 0.15 0.68 0.00 1.23 21.76 1.53 20.31 0.00 44.83

SB180 0.50 3.43 0.14 0.64 0.00 1.01 20.58 1.38 19.25 0.00 42.22

SS200 0.25 3.19 0.15 0.56 0.00 0.49 19.12 1.54 16.67 0.00 37.81

SB200 0.18 3.33 0.15 0.65 0.00 0.37 19.95 1.53 19.38 0.00 41.23

Cf Heavy metals contamination Er Potential ecological risk RI SS/filter cake contamination

Cf ≤ 1 Clean Er ≤ 40 Low RI ≤ 150 Low

1 <Cf ≤ 3 Low 40 <Er ≤ 80 Moderate 150 < RI ≤ 300 Moderate

3 <Cf ≤ 6 Moderate 80 < Er ≤ 160 Considerate 300 < RI ≤ 600 Considerate

6 <Cf ≤ 9 Considerate 160 < Er ≤ 320 High RI > 600 High

Cf > 9 High Er > 320 Very high
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theoretical value. The leaching toxicity and RI of heavy metals
after adding PMB decreased significantly at 160 and 180 °C.
The obtained filter cake had very low potential ecological risk
when used in the environment. To sum up, 180 °C is the
optimal temperature for the enhancement of dewatering and
the immobilization of heavy metals during HTT of SS with
PMB addition because PMB acted as the skeleton builder can
provide the outflow path for free water and implant heavy
metals into SS structure. This work provides a useful process
for the treatment of SS with high moisture and heavy metals
concentrations.
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