
Waste Management 100 (2019) 182–190
Contents lists available at ScienceDirect

Waste Management

journal homepage: www.elsevier .com/ locate/wasman
Research on synergistically hydrothermal treatment of municipal solid
waste incineration fly ash and sewage sludge
https://doi.org/10.1016/j.wasman.2019.09.006
0956-053X/� 2019 Elsevier Ltd. All rights reserved.

Abbreviations: MSW, municipal solid waste; IFA, incineration fly ash; MSS,
municipal sewage sludge; HTT, hydrothermal treatment; L/S, liquid to solid ratio;
HMs, heavy metals; POPs, persistent organic pollutants; CFB, circulating fluidized
bed; APC, air pollutant control; CST, capillary suction time; IC, ion chromatography;
ICP-MS, inductively coupled plasma mass spectrometry; TCLP, toxicity character-
istic leaching procedures; COD, chemical oxygen demand.
⇑ Corresponding author at: Institute of Urban Environment, Chinese Academy of

Sciences, Xiamen 361021, China.
E-mail address: yinwang@iue.ac.cn (Y. Wang).
Zhan Chen a,b, Guangwei Yu a, Yin Wang a,⇑, Xuejiao Liu a, Xingdong Wang a

aCAS Key Laboratory of Urban Pollutant Conversion, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen 361021, China
bUniversity of Chinese Academy of Sciences, Beijing 100049, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 2 June 2019
Revised 2 September 2019
Accepted 6 September 2019

Keywords:
IFA
Sludge dewatering
HTT
Chlorine migration
HM immobilization
To explore a feasible method of utilizing municipal solid waste incineration fly ash (IFA) rather than
releasing it into solidified landfill, in this work, IFA was pretreated by mixing it with municipal sewage
sludge (MSS) and applying hydrothermal treatment (HTT). The influences of the IFA dosage, HTT temper-
ature, HTT time, and liquid to solid ratio (L/S) on the dewatering, chlorine migration, solidification, and
leaching of heavy metals (HMs) in MSS were investigated. The results show that the synergistic effect
was obtained, IFA enhanced the dewatering of MSS and in return, MSS improved the release of chlorine
in IFA. The optimal pretreatment conditions were an IFA dosage of 5%, HTT temperature of 180 �C and
HTT time of 60 min. The moisture of the solid residue after HTT could be controlled below 40%. Under
a fixed IFA dosage, the chlorine content of the liquid could be reached almost 50% with increasing HTT
temperature, and the chlorine distribution exhibited a strong positive correlation with the L/S ratio
(R2 > 0.90). The migrating chlorine was mainly derived from its soluble state, which was controlled by
the HTT liquid volume. After the soluble chlorine was dissolved, bound chlorine compounds, such as
CaCl(OH), gradually neutralized and released chlorine into the liquid during HTT, and finally reached
an equilibrium as the L/S ratio continued to increase. In addition, during HTT, satisfactory HM immobi-
lization performance was achieved and the fraction of HMs, such as Cr, Ni, Cu and Zn, stabilized.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction the environment and human health, and is listed as a hazardous
Owing to its superiority in terms of mass and volume reduction,
and heat and electricity production (Pan et al., 2013), incineration
is gradually being applied to treat MSW worldwide. However, a
large amount of incineration fly ash (IFA) and bottom ash was pro-
duced in the process. Bottom ash, which can be applied without
treating or less treating (Jing et al., 2013), could be realized reuse.
For example, (Ashok et al., 2018) used bottom ash as catalytic sup-
port for biomass tar reforming, improving toluene conversion and
reducing coke formation. As IFA absorbs large amounts of soluble
salts(Yang et al., 2017), organic matters (POPs) (Weidemann and
Lundin, 2015) and toxic HMs (Youcai, 2017), it severely impacts
waste (HW18: a code of IFA). Therefore, it is vital that technologies
are developed for safely treating and disposing of IFA.

The current IFA treatment technologies include acid extraction
and separation (Tang et al., 2018), solidification and stabilization
(Qian et al., 2006), using it as a cement additive (Lederer et al.,
2017), and thermal treatment (Yin et al., 2013). However, there
may be some problems in practice. For example, acid washing pro-
duces a large amount of wastewater, solidification and stabiliza-
tion require the addition of a chemical reagent and cement, and
ash fusion requires more energy. As a cement additive, the existing
chlorine in IFA would decrease the strength of the material and
corrode equipment. Thus, further exploration of methods to
improve energy-saving and efficiency is required.

As an emerging method, hydrothermal treatment (HTT) has
been applied successfully in methods of IFA disposal, particularly
detoxification (Xie et al., 2010) and solidification (Jin et al., 2012).
In (Hu et al., 2012) research, considerable high efficiencies of dioxin
decomposition and HMs stabilization in IFA were achieved during
HTT with a mixture of ferric sulphate and ferrous sulphate serviced
as the reactant. An investigation of the effect of HTT on HMs
in IFAs from a circulating fluidized bed (CFB) and stoker grate
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demonstrated that HM species become more stable after HTT, and
the content of HMs in leachate decreased (Jin et al., 2012). (Hu
et al., 2015) compared the effects of IFA and the acid washing of
IFA on HMs, and found that acid washing could improve the release
of HMs and the addition of ferric/ferrous or phosphate further sta-
bilized the following process. Many researchers have utilized water
washing to achieve a high chlorine removal rate from IFA, and the
liquid to solid ratio (L/S), washing retention time, and frequency
have been widely studied (Chen et al., 2016; Wang et al., 2010;
Yang et al., 2017). However, this process usually consumes a high
amount of clean water and produces large amounts of high-
salinity wastewater, causing issues in post-processing.

However, the production of MSS, the byproduct of wastewater
treatment plants, in China is rapidly increasing (Zhang et al.,
2017). Some of the difficulties faced in the disposal of MSS disposal
are its high moisture content and viscosity. Therefore, the dehydra-
tion of MSS has continued to be of great interest in recent years (Ye
et al., 2017). For example, (Qiao et al., 2010) reported a reduction in
the water content of dewatered cake from 80% to 50% with
hydrothermal conditioning at 170 �C. (Wang et al., 2014) also stud-
ied MSS dewatering using HTT coupled with mechanical expres-
sion, and suggested that the HTT temperature was a vital factor
and explained the dehydration mechanism from the perspective
of the structure of MSS cells. In addition, they also compared the
energy demand of thermal drying and electro-dewatering, and
concluded that HTT is an energy-saving dehydration process. To
further enhance dehydration and reduce the cost, chemicals, such
as alkaline solvents, have also been added to HTT (Li et al., 2017).
HTT could also immobilize the HMs in MSS. (Liu et al., 2018)
reported that HMs accumulate in hydrothermal residues, reducing
their content in leachate. (Wang et al., 2016a) also investigated the
HMs in hydrochar used as a soil conditioner and conducted an
environmental assessment, and found that HTT significantly miti-
gated the environmental risk of HMs.

The multiple components of IFA are beneficial to MSS dehydra-
tion, and the high moisture content of MSS can dissolve the haz-
ardous chlorines in IFA and significantly reduce the clean water
consumption. Moreover, this synergistic treatment process can fur-
ther decrease the environmental risk. (Zhang et al., 2011) mixed
97% MSS with different dosages of IFA for dewatering, and found
that pH and chlorine could promote MSS dehydration. (Hu et al.,
2018) used IFA and MSS to immobilize HMs via pyrolysis and also
achieved satisfactory HMs immobilization. However, no studies
have systematically investigated the synergistic chlorine migration
regularity in IFA and the dewatering behavior of MSS in the mixed
HTT system.

In this study, IFA mixed with MSS was pretreated by HTT to
explore a feasible method of utilizing IFA instead of sending it for
disposal in solidified landfill. IFA dosage was chosen as a key factor
because it would not only impact Cl distribution and migration,
also promote MSS dehydration during synergistically HTT of IFA
and MSS. Based on the prerequisite of the optimal IFA dosage,
the main process parameters - HTT temperature and HTT time
were chosen to investigate the influence on Cl migration, MSS
dehydration and HMs immobilization. For further study of the
migration regulation of Cl, the factor of L/S was also chosen and
systematically investigated, so as to provide some references in
future practically application.
2. Materials and methods

2.1. IFA and MSS samples

IFA samples were obtained from a stoker grate MSW incinera-
tion plant in Xiamen, which has a capacity of 800 ton d�1. The
incinerator is equipped with air pollutant control (APC) apparatus,
including a dry scrubber, an activated carbon injector, and a fabric
filter.

The MSS samples were obtained from a wastewater treatment
plant in Xiamen, China, which has a treatment capacity of
10.000 m3 d�1 and applies the oxidation-ditch process. The MSS
was been condensed by gravity and a belt filter before collection
and had a moisture content of 83.14%. The samples were stored
in a refrigerator at 4 �C before use.

The main components of the samples determined through ele-
mental and proximate analysis are listed in supplemental materi-
als (SM-Table 1). MSS had a higher moisture content of over 80%,
and the content of volatiles on a dry basis was also almost 50%,
indicating that the MSS contained large amounts of organic mat-
ters. Furthermore, according to the ultimate analysis, the carbon
content exceeded 25%. The contents of chlorine, sodium, and
potassium in the IFA were much higher than those in the MSS.
The higher chlorine content was due to the high contents of PVC
and kitchen waste in MSW, thus, some chloric compounds with a
low-boiling point condensed on the surface of the fly ash during
the APC process after incineration (Qi et al., 2018). Furthermore,
the calcium content was relatively large because calcium hydrox-
ide was used to absorb the acid gas in the flue gas.

Zn and Pb are more volatile than the other HMs (Nowak et al.,
2012), and first and second most abundant HMs in IFA. The content
of individual HMs in IFA decreased in the following order:
Zn > Pb > Cu > Cr > Cd > Ni. The HM contents of MSS greatly dif-
fered, with Cr, Cu, and Zn serving as the most abundant HMs, with
a total amount of almost 5,000 ppm. Specific information regarding
the HMs is listed in SM-Table 1.

2.2. HTT apparatus and procedures

All batch HTT experiments were conducted using a SUS316L
autoclave with a capacity of 1 L equipped with a central electrical
stirrer. For each experiment, certain amounts of MSS (raw or
dried), IFA, and deionized water were mixed thoroughly and added
to the reactor, and the L/S ratio of the mixture ranged from 3 to 12.
During HTT, the temperature was set to increase from 120 to
240 �C with a heating rate of 5 �C/min, and the holding time was
changed from 30 to 120 min by uninterrupted stirring. The pres-
sure varied with the temperature during the experiments. The
detailed experimental control parameters were presented in
Table 1 and univariate analysis method was used to optimize
HTT parameters. From No. 1 to No. 5, the effect of IFA dosage
was mainly investigated; from No. 6 to No. 10 the influence of
HTT temperature was explored; the effect of HTT time was showed
from No. 11 to No. 14. The experiments from No. 15 to No. 21 were
designed for explaining Cl migration regulation with L/S changing.

Following HTT, the autoclave was cooled to room temperature
using water. The products were transferred to a 1-L beaker, and
the capillary suction time (CST) of the mixtures was detected to
assess the dewatering performance. The mixture was then filtered
by vacuum filtration and the filter cake obtained was dried at
105 �C in an oven to measure the moisture content. After drying,
the residues were stored in a desiccator prior to further analysis.
The filtrate was filtered through a 0.22-lm filter membrane and
the pH of the filtrate was measured using a pH meter (Mettler
Toledo FE20). The filtrate was then stored in a refrigerator at 4 �C
for other analyses.

2.3. Analytical methods

2.3.1. Composition and structure analysis
The CHNS analysis of the MSS, IFA, and HTT residues was con-

ducted using an elemental analyzer (Analytik Jena multi� EA



Table 1
HTT conditions.

No. HTT temperature (oC) HTT time (min) L/S ratio (-) MSS (g) IFA (g) DI water (ml)

Raw Dried

1 180 60 – 500 – 0 100
2 180 60 – 500 – 15 100
3 180 60 – 500 – 25 100
4 180 60 – 500 – 35 100
5 180 60 – 500 – 50 100
6 120 60 1:4 500 – 25 100
7 150 60 1:4 500 – 25 100
8 180 60 1:4 500 – 25 100
9 210 60 1:4 500 – 25 100
10 240 60 1:4 500 – 25 100
11 180 30 1:4 500 – 25 100
12 180 60 1:4 500 – 25 100
13 180 90 1:4 500 – 25 100
14 180 120 1:4 500 – 25 100
15 180 60 1:3.2 500 – 25 0
16 180 60 1:4 500 – 25 100
17 180 60 1:6.4 250 – 12.5 200
18 180 60 1:8 250 – 12.5 300
19 180 60 1:8 – 20 5 200
20 180 60 1:10 – 20 5 250
21 180 60 1:12 – 20 5 300
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2000), the chemical composition of raw materials was determined
using an x-ray fluorescence spectrometer (XRF, S4-Explore, Bru-
ker), and the crystalline structure of the samples was determined
using an x-ray diffractometer (XRD, Rigaku Rotaflex). The program
parameters can be found in our previous report (Liu et al., 2019).
The functional groups of the hydrothermal residues were charac-
terized using their Fourier transform infrared (FTIR) spectra, and
the operation procedure for this was described in our previous
study (Wang et al., 2019).

2.3.2. Chlorine analysis
The chlorine content of the filtrate was measured using ion

chromatography (ICS---3000, America). The total chlorine content
of the samples was determined following a thermal method com-
bined with ion chromatography (IC, DIONEX, CS-2500). The total
amount of chlorine (Wi, lg/g) in the rawmaterial can be calculated
by Eq. (1).

Wi ¼ Ci � Vi � Di � 103

Mi
ði ¼ 1;2Þ ð1Þ

where i is 1 or 2 and represents the chlorine in MSS or IFA, respec-
tively; Ci is the concentration measured by IC, mg/L; Vi is the solu-
tion volume, L; Di expresses the dilution factor; and Mi is the weight
of the MSS or IFA, g.

The liquid distribution of chlorine after HTT was expressed as x
(%) and can be calculated by Eq. (2)

x ¼ Ct � Vt � Dt
P2

i¼1Wi �Mi

� 100% ð2Þ

where Ct is the chlorine concentration in the HTT liquid after the
experiment, mg/L; Vt is the volume of liquid, L; and Dt is the dilu-
tion factor.

2.3.3. Heavy metals analysis
The total amount of HMs in the residues and samples was mea-

sured by inductively coupled plasma mass spectrometry (ICP-MS,
XSERI, Thermo Scientific) after digestion in a mixed acid (HNO3:
HF: HClO4 = 5:5:2) system assisted by microwave power (EXCEL,
PreeKem).

Toxicity characteristic leaching procedures (TCLPs) were con-
ducted following US EPA standard 1990. First, 1 g of the dried resi-
due sample was ground to a size of less than 200 lm and was then
subsequently extracted using an acetic acid solution (pH 2.88) at a
L/S ratio of 20:1. Second, the mixture was shaken in a horizontal
oscillator for 18 ± 2 h at a speed of 200 rpm. Finally, the suspen-
sions were filtered through a 0.22-lm membrane and analyzed
by ICP-MS.

Furthermore, a three-step BCR sequential extraction procedure
was conducted to determine the distribution of HM species before
and after HTT. Four fractions were recognized: a sequential acid-
soluble/exchangeable fraction (F1), a reducible fraction (F2), an
oxidizable fraction (F3), and a residual fraction (F4). The specific
extraction procedure was described in our previous study (Wang
et al., 2016b).
2.4. Quality assurance and quality control

All measurements in our experiments were collected three
times, and the average values and error bars were utilized to
ensure.
3. Results and discussion

3.1. Dewatering performance of MSS during HTT

IFA contains some components effective in MSS dewatering,
such as calcium and chlorine compounds (Zhang et al., 2011).
Hence, a mixture of MSS and IFA underwent HTT, and the dewater-
ing behavior of MSS affected by IFA was investigated.

In this study, the HTT temperature and time were maintained at
180 �C and 60 min, respectively. Fig. 1 shows that adding IFA to
MSS improved MSS dehydration, as the moisture content of MSS
decreased with the IFA dosage. For example, when the percentage
of IFA was 5.0%, the moisture content of MSS after HHT decreased
from the initial value of 44.43–36.25%, and the capillary suction
time (CST) decreased from its initial value of 25.1–12.0 s. The cal-
cium hydroxide or calcium carbonate in IFA could destroy the cell
wall of MSS, freeing the binding water under alkaline conditions (Li
et al., 2017). Additionally, chlorine in IFA could cause microbe cells
to shrink and enhance the dewatering performance. However,
when the amount of added IFA was increased from 5% to 10%, there
was only a slight improvement in MSS dewatering. Moreover, the



Fig. 1. Effect of IFA dosage on MSS dewatering during HTT (T = 180 �C, t = 60 min).
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CST increased from 12.0 to 20.0 s, indicating that the filtration effi-
ciency decreased. Therefore, an IFAA dosage of 5% was chosen for
this work.

It has been reported that temperature is a key factor in HTT
(Kumar et al., 2018), as it determines the treatment efficiency
and cost. Furthermore, the HTT time influences the treatment
capacity. Thus, the effects of HTT temperature and time on MSS
dewatering are investigated in depth in this section.

Fig. 2a shows that the HHT temperature had significantly
affected MSS dewatering, particularly between 120 and 180 �C.
For example, when the temperature was 120 �C, the moisture con-
tent of MSS was 51.30%, while the moisture content decreased to
39.70% at a temperature of 180 �C. Correspondingly, the capillary
suction time (CST) decreased from its initial value of 988.2 s to
15.2 s. However, the moisture content of MSS slightly decreased
when the HHT temperature increased from 180 to 240 �C. This
could be explained by the disaggregation of sludge flocculates.
Generally, with an elevation in the reaction temperature during
HTT, the structures of microbe cells, including the hydrocarbons,
proteins, and lipase, are destroyed and the binding water in MSS
is released (Yu et al., 2014). This could also be indirectly verified
by the changes in the contents of the CHN elements in residues
and chemical oxygen demand (COD), which was detected using a
COD Rapid Tester (Tsinghua technical), in the liquid during HTT.
With an increase in the HTT temperature from 120 to 240 �C, the
contents of C, H, and N in the solid residues (SM Table 2) declined
from 21.44 to 17.98%, 3.51 to 1.99%, and 3.16 to 2.49%, respectively.
However, the COD in the HTT liquid increased from 28.89 to
42.31 g/L (SM Table 2).
Fig. 2. Effect of temperature and time on MSS dewatering d
The HTT time had no notable effect on MSS dewatering (Fig. 2b).
Even with an increase in the reaction time to 120 min, the moisture
content only slightly decreased from 40.14 to 38.23%. It was found
that the CST greatly decreased before 60 min, and then continued
to slightly decrease until 120 min. This could be due to the comple-
tion of the hydrothermal reaction within 60 min, and the release of
more free water. With a continuous increase in HTT time, refrac-
tory matter began to gradually degrade and the CST slowly
decreased after 90 min. Furthermore, a longer reaction time would
increase the energy input, decrease the treatment capacity, and
increase the running costs.

According to the above results, a temperature of 180 �C and
time of 60 min are satisfactory HTT conditions for MSS dewatering
under the synergistic treatment of IFA and MSS.
3.2. Distribution of chlorine during HTT

3.2.1. Effects of HTT temperature and time on chlorine migration
The chlorine in IFA accounts for a large proportion of the ash

and can corrode equipment or participate in the transformation
of dioxin. Thus, the chlorine migration regularity during the syner-
gistic HTT of IFA and MSS needs to be explored and the optimal
parameters for chlorine control in practice must be determined.

First, the primary forms of chlorine in IFA and MSS were con-
firmed by XRD, which could be found in supplemental materials
(SM-Fig. 1). It shows that the main forms of chlorine in IFA
included KCl, NaCl, and CaCl(OH), which were in conformance in
a previous report (Zhu et al., 2008). However, they also reported
that some insoluble forms of chlorine, such as Friedel’s salt, exist
in IFA, which differed to our results (SM-Fig. 1a). The content of
insoluble chlorine in our materials may have been relatively low
and no notable peak was observed. No clear peak indicating the
presence of chlorine compounds was observed in the XRD pattern
of MSS (SM-Fig. 1b). This might because the chlorine content of
MSS was significantly lower than that in IFA. Therefore, it was
not detected by XRD. Another explanation for this is that the chlo-
rine in MSS combines with mineral, therefore, the soluble chlorine
was mainly derived from IFA during the synergistic HTT of IFA and
MSS.

The effects of HTT temperature and time on chlorine migration
between the solid residue and liquid phase were then investigated.

Fig. 3a shows that the chlorine dissolved into the liquid phase
increased as the HTT temperature increased to 210 �C. For exam-
ple, at a temperature of 120 �C, the chlorine content of the HTT liq-
uid phase was only 21.41%, while it increased to almost 47.80% at
210 �C. This can be explained as follows. First, with an increase in
HTT temperature, the hydrothermal reaction becomes intense and
uring HTT (a, t = 60 min, IFA = 5%; b, T = 180 , IFA = 5%).



Fig. 3. Distribution of chlorine in the HTT liquid and solid residue under different conditions (a, t = 60 min, IFA = 5%; b, T = 180 �C, IFA = 5%).
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the dewatering efficiency is enhanced, leading to an increase in the
volume of HTT liquid, causing more of the soluble chlorines, such
as KCl, NaCl, and CaCl2, in IFA to dissolve into the liquid phase, as
described in Eqs (3)–(5). Second, organic acid (R-COOH) accumu-
lated as the experimental temperature increased due to the
increase in the number of microbial cells in the MSS, resulting in
the neutralization of some persistent chlorine compounds, such
as CaCl(OH), by these acidic compounds, further promoting the
migration of chloric compounds into the HTT liquid, as expressed
by Eq. (6).

NaCl sð Þ þ H2O ! NaCl aqð Þ ð3Þ
KCl sð Þ þ H2O ! KCl aqð Þ ð4Þ

Fig. 4. XRD patterns during the synergistic HTT of IFA and MSS under different
temperatures. (t = 60 min, IFA = 5%).
CaCl2 sð Þ þ H2O ! CaCl2 aqð Þ ð5Þ
CaCl OHð Þ þ R � COOH aqð Þ ! RCOO� CaþH2O lð Þ þ Cl� ð6Þ
OH� þ R � COOHðaqÞ ! RCOO� þH2OðlÞ ð7Þ
CaðOHÞ2 sð Þ þ CO2 gð Þ ! CaCO3 sð Þ þH2OðlÞ ð8Þ
However, HTT time did not greatly influence the distribution of

chlorine between the liquid and solid phase under a constant HTT
temperature of 180 �C (Fig. 3b). Therefore, the HTT time might not
be the main factor affecting the process of chlorine migration.

To verify the above discussion, the XRD patterns of the solid
residues after HTT were compared. As shown in Fig. 4, the peaks
of soluble salts, such as CaCl2 and KCl, appeared to disappear com-
pletely in the XRD patterns as the HTT temperature increased.
However, the peak indicating the presence of NaCl still existed in
the patterns of the residues, even after treatment at 240 �C. This
might be because the amount of NaCl in IFA was much higher than
that of KCl and CaCl2 (SM-Table 1), and the volume of liquid phase
after HTT was not sufficient to completely dissolve all of the NaCl.
However, the peaks of Ca(OH)2 and CaCl(OH) in the XRD patterns
of raw MSS and IFA disappeared after HTT. (Berge et al., 2011)
reported that, apart from the production of organic acid, decar-
boxylation would also occur with an increase in temperature
increase during MSS HTT. All of these processes would consume
OH�, as described by Eqs. (7) and (8). Therefore, the OH� functional
group in the mixture of MSS and IFA disappeared after HTT. This
can also explain the decrease in the pH of the HTT liquid from
9.65–8.95 during HTT (SM-Table 2). However, above 210 �C, the
pH increased slightly due to the release of ammonia in protein.
3.2.2. Effect of L/S ratio on chlorine migration
The above discussion shows that the volume of HTT liquid

affected the soluble chlorine compounds. When the HTT liquid vol-
ume was lower, the proportion of chlorine in the liquid phase was
smaller, while the concentration of chlorine was higher. This would
also pose a significant risk of corrosion to the hydrothermal equip-
ment. Therefore, the effects of the L/S ratios during the synergistic
HTT of IFA and MSS, including raw MSS and dried MSS, were
explored. The L/S ratio ranged from 3.2:1 to 8:1 for raw MSS, and
8:1 to 12:1 for dried MSS. The detailed experimental parameters
are listed in Table 1 and the chlorine migration regulations are pre-
sented in Fig. 5.

There was a great difference in the migration efficiency of chlo-
rine in IFA with different forms of MSS. Generally, the percentage
of chlorine in the liquid phase was higher for IFA and dried MSS
than that for IFA and raw MSS, even with the same L/S ratio. For
the IFA and raw MSS system, the efficiency of chlorine transforma-
tion from the solid phase to the liquid phase almost increased lin-
early with the L/S ratio. For example, the percentage of chlorine in
the liquid phase after HHT increased from 40 to 60% when the L/S
ratio changed from 3.2:1 to 8:1. As the soluble salt content was too
high, such as Na and Cl, the limited solution would become satu-
rated very rapidly at a low L/S ratio. As the L/S ratio increased,
more HTT liquid would be produced, causing these soluble com-
pounds to continue to dissolve. Therefore, the migration efficiency
of chlorine between the solid and liquid phases was controlled by
the volume of liquid.

A slow variation tendency for chlorine transformation was
achieved during the synergistic HTT of IFA and dried MSS. The per-
centage of chlorine in the liquid phase increased from 65 to 70% as



Fig. 5. Effect of L/S ratio on chlorine migration during the synergistic HTT of IFA and
different forms of MSS (T = 180 �C; t = 60 min; MSS/IFA ratio = 4/1, dry weight).
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the L/S ratio changed from 8:1 to 12:1. This might be due to the fol-
lowing reasons. The water was in a free state in this system, caus-
ing thorough mixing and contact between the IFA and MSS. The
soluble chlorine on the surface of the IFA particles rapidly dis-
solved at the beginning of HTT (Kirby and Rimstidt, 1994). After
this, chlorine enters a bonded state, forming compounds such as
CaCl(OH) or Friedel’s salt, and would react or neutralize as the syn-
ergistic HTT continued, gradually migrating into the liquid phase.
This could be verified by FTIR, which involved subtracting the
background and correcting the baseline (SM-Fig. 2). From the
change in transmittance, it was found that, at the wavenumber
of 3500 cm�1, the number of AOH functional groups slightly
increased with the L/S ratio. This may be related to chlorine con-
version, as the chlorine was replaced by hydroxyl and released into
the liquid under a higher L/S ratio during synergistic HTT. (Chen
et al., 2012) stated that, at a L/S ratio of 10:1, water-flushing can
almost completely remove water-soluble chloride (97% chloride
removal efficiency). Furthermore, (Zhu et al., 2009) reported that
the insoluble Friedel’s salt was slowly released during IFA washing.
From the above analysis, it could be concluded that chlorine migra-
tion might be mainly limited by the presence of its insoluble form
in this system.

Finally, the univariate linear regression equation was fitted
using the experimental data under different L/S ratios. Fig. 6 shows,
regardless of the form of MSS, synergistic HTT exhibited good lin-
earity for chlorine conversion, as both R2 values exceeded 0.90.
Based on the regulation of chlorine migration, we could speculate
that, for the synergistic HTT of IFA and raw MSS, the efficiency of
chlorine migration in the HTT liquid would increase with a contin-
uous increase in the L/S ratio; once the soluble chlorine dissolved
completely at a certain L/S ratio, the insoluble chlorine compounds,
such as CaCl(OH) or Friedel’s salt, would be neutralized and
released, eventually reaching an equilibrium at a higher L/S ratio
(L/S � 20).

In summary, the L/S ratio greatly affected chlorine migration
during the synergistic HTT of IFA and MSS in this system. However,
increasing the amount of the liquid solution would increase the
consumption of clean water and the production of wastewater,
which would increase the burden on subsequent wastewater treat-
ment. In this study, a L/S ratio of 6.4 (including the water bonded in
the MSS) could achieve satisfactory chlorine removal during the
synergistic HTT of IFA and raw MSS with low clean water con-
sumption. Therefore, in practice, all factors should be comprehen-
sively considered.
3.3. Distribution and leaching of HMs

Similar to chlorine, the content and leaching of HMs in the
dewatered residue would also affect its subsequent reuse after
the synergistic HTT of IFA and MSS. Therefore, the immobilization
and distribution of HMs are investigated in the following discus-
sion. As the contents or toxicity of Cr, Ni, Cu, Zn, Cd, and Pb were
highest, they were selected as the target HMs.

SM-Table 2 indicates that the HMs in the residues tended to
accumulate as HTT proceeded and the temperature increased from
120 to 240 �C. For example, the content of Cr was 3885 mg/kg at
120 �C, which increased to 4950 mg/kg at 240 �C, an increase of
approximately 1000 mg/kg. Furthermore, the content of Ni
increased from 573 to 734 mg/kg with the same increase in tem-
perature. After HTT, the total amount of Cu had increased by
approximately 1350 mg/kg, and the increase in the content of Zn
was highest, with an increment of approximately 2000 mg/kg. As
the contents of Cd and Pb in MSS were small, after the synergistic
HTT of IFA and MSS, they were diluted and their contents were
smaller than those in IFA. Their contents exhibited relatively small
increments of 8 and 138 mg/kg, respectively. These changes could
be ascribed to mass reduction. As IFA contains a high amount of
soluble compounds, they would migrate into the liquid phase dur-
ing synergistic HTT and the organic substances in MSS would
decompose.

The variations in the total amounts of HMs with changes in HTT
time were smaller than the variations with changes in HTT temper-
ature. For example, when the HTT time increased from 30 to
120 min, the total amounts of Cr, Ni, Cu, Zn, Cd, and Pb increased
by approximately 500, 130, 1300, 320, 6, and 30 mg/kg, respec-
tively. Furthermore, there were no changes in the solid contents
of the HTT products. Thus, the effect of HTT time on the accumula-
tion of HMs was indistinctive during the synergistic HTT of IFA and
MSS.

As large amounts of HMs accumulated in solid residues after
HTT, their leaching behaviors were measured (Table 2) and the
results show that the leaching contents of most of the HMs, includ-
ing Cr, Cu, Zn, and Cd, decreased with increasing HTT temperature,
which is consistent with the results of other studies (Huang and
Yuan, 2016). Specifically, the leaching content of Cr reduced from
15 to 4.6 mg/kg when the HTT temperature increased from 120
to 240 �C. The contents of Cu and Cd decreased by 0.52 and
1.15 mg/kg within the range of HTT temperature, while that off
Zn decreased by over 100 mg/kg due to the migration of its soluble
state. However, the behavior of Ni appeared to be irregular; the
leaching content increased with HTT temperature. For example,
the leaching content increased from 60 to 76 mg/kg with an
increase in HTT temperature from 120 to 240 �C. This is likely
related to its mobility during synergistic HTT. Nevertheless, HTT
time had little influence on the leaching contents of the HMs, as
the variations in the amounts of the HMs were within 5 mg/kg,
excluding those for Zn and Ni.

To further investigate the reason for the variation in HM leach-
ing behaviors under different HTT temperatures, their fractions
were extracted using the modified BCR technique (Fig. 6). Based
on the difference in the weights of the HMs between IFA and
MSS, three groups were classified. The first group contained Cr,
Cu, and Ni, the contents of which were smaller in IFA than those
in MSS. Thus, the migration of the HMs in this group largely relied
on MSS. Specifically, fractions F3 and F4 accounted for 99% of the
content of Cr in MSS, and 75% in IFA. After synergistic HTT, frac-
tions F3 and F4 were still present. Therefore, the addition of IFA
did not affect the species of these HMs in MSS, but their forms in
IFA were diluted or immobilized. The distribution of Cu in MSS
was similar to that of Cr. The percentages of F1 and F2 were below
5%, while F3 occupied a large share of Cu. However, in IFA, only



Fig. 6. Speciation of HMs under different temperatures (L/S = 1:4) (t = 60 min, MSS/IFA = 4/1, dry basis).

Table 2
Leaching concentrations in residues before and after HTT.

Samples Cr (mg kg�1) Ni (mg kg�1) Cu (mg kg�1) Zn (mg kg�1) Cd (mg kg�1) Pb (mg kg�1)

IFA 4.31 ± 0.46 0.34 ± 0.02 1.47 ± 0.35 8.10 ± 0.02 0.63 ± 0.16 39.46 ± 2.35
MSS 17.22 ± 1.87 141.63 ± 14.43 6.56 ± 0.07 441.23 ± 0.19 0.38 ± 0.05 2.36 ± 0.10
120–60* 15.39 ± 0.73 60.18 ± 2.57 7.46 ± 0.39 192.14 ± 0.20 2.21 ± 0.21 0.95 ± 0.12
150–60 13.14 ± 0.64 67.66 ± 0.48 6.99 ± 0.28 172.59 ± 0.09 1.94 ± 0.01 ND
180–60 7.85 ± 0.43 61.52 ± 0.44 6.82 ± 0.21 156.31 ± 0.07 1.83 ± 0.00 ND
210–60 5.98 ± 0.03 73.84 ± 0.83 7.01 ± 1.01 106.89 ± 0.17 1.20 ± 0.04 ND
240–60 4.62 ± 0.19 76.39 ± 2.31 6.94 ± 0.30 74.70 ± 0.11 1.06 ± 0.05 ND
180–30 10.09 ± 0.99 62.42 ± 1.45 7.14 ± 3.25 157.10 ± 5.46 1.87 ± 0.01 ND
180–60 7.85 ± 0.43 61.52 ± 0.44 6.82 ± 0.21 156.31 ± 0.07 1.83 ± 0.00 ND
180–90 7.07 ± 0.57 69.24 ± 0.57 6.43 ± 0.14 153.72 ± 14.76 1.76 ± 0.08 ND
180–120 6.87 ± 0.55 69.13 ± 5.52 6.59 ± 0.73 139.50 ± 5.89 1.75 ± 0.05 ND

GB5085.3-2007
Standard 15.00 5.00 100.00 100.00 1.00 5.00

* , 120–60: HTT temperature and HTT time, respectively. ND: no detection
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fraction F2 accounted for a proportion of over 50%. After synergistic
HTT, F3 and F4 were predominant, accounting for over 98% of the
Cu. Therefore, HTT shifted the content of Cu from F2 to F3 and
F4, enhancing the immobilization of HMs. Finally, for Ni, the shares
of fractions F1 and F2 in MSS exceeded 50%, but the share of F3
gradually increased as HTT proceeded. This is because Ni is a good
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organic ligand, and entered organic bonds after the HTT of MSS
(Wang et al., 2019).

The second group included Pb and Cd, which mainly originated
from IFA. For Pb, the proportions of F1 and F2 in IFA were high,
approaching 20%. After HTT, Pb stabilized, mainly existing as F4,
which accounted for over 98% of Pb, even at a low HTT tempera-
ture. Therefore, MSS improved the immobilization of Pb during
HTT. This might be due to the following. As HTT proceeded, the car-
bon dioxide produced from the MSS and the Pb in IFA reacted with
and immobilized Pb. The percentages of F1 and F2 in Cd were
almost 80% in IFA and 20% in MSS. Thus, the leaching content of
Cd was high in raw IFA. After HTT, the fractions of F1 and F2
decreased to 40% at 120 �C and fell below 10% at 240 �C. Mean-
while, the fractions of F3 and F4 increased, indicating that the
amount of released Cd decreased after HTT.

The third group was Zn, which was affected by both MSS and
IFA as it exhibited the smallest weight difference between MSS
and IFA. Fraction F1 fraction accounted for 20% of the Zn in MSS,
while F1 and F2 accounted for almost 50%. However, in IFA, F1
was very small and F2 accounted for 50%. After HTT, Zn migrated
from F1, F2, and F3 to F4. This result was in accordance with a pre-
vious report (Zhai et al., 2016), that stated that the alkaline reac-
tion environment during the HTT of MSS could improve the
retention and immobilization of HMs in the hydrochar. As IFA
has high alkalinity, the immobilization of HMs was enhanced.

In summary, HTT exhibited a good HM immobilization effi-
ciency during the synergistic treatment of IFA and MSS, as HMs
were transformed from a soluble state into a stable form. Under
HTT conditions of 240 �C and 60 min, most HMs, excluding Ni
and Cd, met the leaching standards of HMs in GB5085.3-2007. If
the total amount of HMs is considered, the environment could be
impacted. Necessary measures should be taken for the post-
treatment extraction and reuse of residue in practice.
4. Conclusion

Experiments were conducted on the synergistic HTT of IFA and
MSS with variations in the treatment parameters, including the
dosage of IFA, HTT temperature, HTT time, and solid to liquid ratio.
The dehydration of MSS, chlorine migration of IFA, and HMs immo-
bilization in the system were analyzed and the show that adding
IFA could create a high pH and calcic environment, promoting
the degradation of MSS microbes and enhancing the MSS dewater-
ing efficiency. Under an IFA dosage of 5%, the ideal HTT conditions
are a temperature of 180 �C and time of 60 min, which would con-
trol the moisture content within 40%.

The HTT temperature and L/S played important roles in regulat-
ing the migration of chlorine during the synergistic HTT of IFA and
MSS. Under a fixed IFA dosage, as the temperature increased, the
percentage of chlorine in the liquid phase increased. Within a lim-
ited scope, the L/S ratio has a strong positive correlation with the
process of chlorine migration (R2 > 0.90) with both raw or dried
MSS. The conversion of chlorine included two steps during the
co-HTT of IFA and MSS. First, chlorine was mainly derived from
the soluble state, which was controlled by the volume of HTT liq-
uid. Following this, bound forms of chlorine, such as CaCl(OH),
gradually neutralized and released into the liquid phase as HTT
proceeded. In our experiments, it could achieve good chlorine
removal with low clean water consumption.

In addition, the HMs were analyzed before and after the co-HTT
of IFA and MSS. The addition of IFA enhanced the accumulation of
HMs in MSS and improved their immobilization after HTT. As the
total amount of HMs in the residue was still high, necessary mea-
sures should be taken for post-treatment extraction and reuse.
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