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Municipal solid waste incineration fly ash (referred to as the fly ash) presents an important environmental

problem in China today, but strategies for its treatment have yet to be widely studied and implemented.

The currently available methods for the dechlorination of fly ash are not sufficient, given the amounts of

fly ash produced each year. To increase the reuse fraction of fly ash as raw material for cement

production, we propose an improved dechlorination method. Specifically, fly ash was leached with the

hydrolysate of municipal solid waste leachate (HMSWL) to remove the water-insoluble chlorine. Three-

step HMSWL leaching removed 94.3% of the total chlorine in fly ash, much more than the 82.7% that

was removed through three-step ultrapure water (UW) leaching. X-ray diffraction indicated that three-

step UW leaching could remove Cl mainly in the forms of KCl, NaCl, CaClOH and AlOCl, whereas three-

step HMSWL leaching could further remove more water-insoluble Cl in the forms of AlOCl. In addition,

the experimental results further suggested that the low pH of HMSWL (4.9) contributed little to the

water-insoluble Cl removal, whereas the displacement of organic acid radicals (especially by the butyrate

radical) was the major cause of water-insoluble Cl removal. Therefore, HMSWL rich in butyrate radical

could be an ideal water substitute for fly ash dechlorination.
1. Introduction

It has been estimated that approximately 300 000 to 500 000
tonnes of municipal solid waste incineration y ash (referred to
as the y ash) are produced in China each year.1 It is therefore
crucial that y ash treatment strategies are established and
implemented. At present, y ash is mostly treated by cement
curing,2 chemical agent stabilisation,3 heat treatment,4 immer-
sion5 and bioleaching.6 Moreover, it is investigated as a prom-
ising raw material for cement production, because its
composition is similar to that of cement raw materials.4,7

However, the biggest problem with the utilisation of y ash in
cement kilns is its high chlorine (Cl) content (i.e. 2.9–33.9%).7–10

In general, total Cl in y ash can be divided into water-
soluble Cl and water-insoluble Cl. Water-soluble Cl mainly
exists in the form of CaCl2, KCl, NaCl and CaClOH,7,11
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accounting for about 59–93% of the total Cl in y ash.12 At
present, water-soluble Cl is mainly removed through water
leaching.13–15 However, the Cl content of the leached residue of
y ash is still 1–4%, even aer multistep water leaching, due to
the presence of water-insoluble Cl in y ash.16 In this context,
the additional fraction of y ash should not be higher than 0.5–
2.1% of the raw materials entering the cement kiln (according
to the Chinese standard HJ662-2013). Considering the current
issue of cement overcapacity, it would be difficult to recycle
a large amount of y ash. Therefore, it is necessary to develop
a deeper dechlorination technology.

Water-insoluble Cl in y ash mainly exists in the forms of
Friedel's salt (3CaO$Al2O3$CaCl2$10H2O) and AlOCl.7,12 Since
most chlorides have a low melting point, more than 52% of
water-insoluble Cl can be removed by calcining the water
leaching residue of y ash.17 However, the high processing cost
of leaching and calcining hinders the wide application of this
process. On the other hand, during the calcining of raw ash
without water leaching, the water-insoluble Cl content in the
ash remains relatively stable because Friedel's salt that is con-
tained in the ash is converted into calcium chloroaluminate
(11CaO$7Al2O3$CaCl2).18 In addition to the calcination method,
lowering the pH value of the leaching solvent is also benecial
for the removal of water-insoluble Cl.14 For instance, ash
dechlorination by adding sulphuric acid to reduce the pH of the
leaching solvent could remove most water-insoluble Cl,
reducing the Cl content in the residue to less than 0.1%.19
RSC Adv., 2020, 10, 26397–26406 | 26397
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Table 1 Physicochemical properties of fly ash

Parameters Value Parameters Value

pH 11.82 Total Cl (g g�1) 0.30
Moisture content (%) 0.90 Mn (mg g�1) 0.16
Loss on ignition (%) 5.57 Cr (mg g�1) 0.74
Surface area (m2 g�1) 17.07 As (mg g�1) 0.01
Pore volume (cm3 g�1) 0.03 Cu (mg g�1) 0.33
Average pore width (nm) 8.06 Pb (mg g�1) 0.50
Median pore width (nm) 1.44 Cd (mg g�1) 0.05
Water-soluble Cl (g g�1) 0.21 Zn (mg g�1) 0.93
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However, the high price of sulphuric acid has to be taken into
account in the application of this technology. Therefore, nding
a suitable acidic waste liquid is crucial to the reduction of the
dechlorination cost of y ash.

Municipal solid waste is usually piled up for 5–7 days before
incineration to reduce the moisture and improve the heat
value of the waste. Municipal solid waste leachate produced in
the process of garbage piling is acidic and rich in ammonium
nitrogen, COD, heavy metals, organic matters, etc.20–22 Tradi-
tionally, municipal solid waste leachate may be treated
through physical, chemical and/or biological methods.23,24

Aromatic organic compounds in municipal solid waste
leachate are extremely difficult to be biodegraded, resulting in
poor destruction efficiency of pollutants by conventional bio-
logical methods. High ammonium nitrogen (NH4

+–N)
concentration is another troublesome issue. Conventional
physical and chemical methods can effectively remove heavy
metals from municipal solid waste leachate, but they are
expensive, and multiple organic matters in municipal solid
waste leachate cannot be removed sufficiently at the same
time.25 Studies have shown that heavy metals and organics can
be removed from municipal solid waste leachate simulta-
neously by selecting suitable adsorbents for adsorption.26–28

Due to their obvious advantages of large specic surface area
and large production, using y ash could be an effective and
low-cost alternative approach.29

When y ash is dechlorinated through leaching with
municipal solid waste leachate, the following benets are ex-
pected. First, the dosage of water or acidic solvent used in the
dechlorination process of y ash is reduced. Second, the pH
values of the original liquid of the municipal solid waste
leachate (OMSWL) and the hydrolysate of the municipal solid
waste leachate (HMSWL) are expected to reach the level of
water-insoluble Cl removal. Therefore, the y ash dechlorina-
tion degree is higher.30 Finally, y ash can adsorb some
organic matter in municipal solid waste leachate, which is
benecial to the subsequent treatment of municipal solid
waste leachate.31–33 In this study, we compare the dechlorina-
tion effects of ultrapure water (UW), OMSWL and HMSWL on
y ash. The physicochemical property changes of the leaching
solvent before and aer the experiment and the changes of the
Cl forms in the mineral phase of y ash are also analysed. The
results of this study are expected to provide technical support
for the cooperative disposal of y ash and municipal solid
waste leachate.

2. Materials and methods
2.1. Experimental materials

The y ash used in this research was taken from a municipal
solid waste incineration plant in Beijing. The plant adopts
a mechanical grate incinerator design and uses Ca(OH)2 to
remove acid gases from ue gas. To obtain a representative
sample, the y ash generated from ve different batches was
collected from the discharged port of the bag lters. Six kilo-
grams y ash from each batch were then sampled randomly
with a shovel and mixed thoroughly. Totally 30 kg y ash were
26398 | RSC Adv., 2020, 10, 26397–26406
taken back to our laboratory. Aer grinding and homogenisa-
tion, the y ash was divided into small bags and sealed for
storage. The y ash used for the leaching experiments was taken
from the same bag. The physicochemical properties of y ash
are shown in Table 1. On the other hand, the OMSWL used for
the experiments was collected from a leachate storage tank in
the same municipal solid waste incineration plant as afore-
mentioned. The leachate storage tank was used to temporary
store the leachate generated from the rawmunicipal solid waste
during the dewatering stage. Totally 20 L OMSWL were taken
back to the laboratory and were in turn stored in a refrigerator at
�20 �C. The frozen OMSWL was thawed at 4 �C and shaken
homogenously before used.

Furthermore, in order to investigate the inuence of the pH
value of municipal solid waste leachate on the dechlorination
effect of y ash, HMSWL was also used as a leaching solvent of
y ash. The HMSWL preparation process was divided into two
steps: sludge acclimation and OMSWL hydrolysis. Sludge
acclimation was achieved as follows: anaerobic sludge was
taken from anaerobic digester at a biogas station in Shunyi
District, Beijing. The biogas station uses a medium-
temperature (37–38 �C) single-phase anaerobic fermentation
process, and the fermentation raw material is pig manure.
Totally 10 L of sludge were taken back to the laboratory for
acclimation. Aer natural sedimentation for 5 days, the
supernatant of the sludge was poured out. Glucose solution
was added to the remaining sludge substrate daily. The COD
load of the sludge was 10 g COD/(L d) and the HRT was 7
days.34 The sludge was acclimated at 35 � 1 �C under micro-
oxygen conditions.35 On the premise that the daily COD load
of the sludge remained unchanged, the volume of the glucose
solution added was reduced gradually, and the volume of the
OMSWL added was increased. Sludge acclimation was ach-
ieved when the pH value remained stable with further daily
addition of OMSWL to the sludge. OMSWL hydrolysis was
achieved as follows: OMSWL was continuously added into the
acclimatised sludge as described above, so that the COD load
of sludge remained 10 g COD/(L d) and the HRT was 7 days.
OMSWL was hydrolysed at 35 � 1 �C under micro-oxygen
conditions. When the pH dropped to 4.8–4.9 and remained
stable at that level, the obtained solution was the HMSWL
used in this study. The physicochemical properties of OMSWL
and HMSWL are shown in Table 2.
This journal is © The Royal Society of Chemistry 2020
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Table 2 Physicochemical properties of the leaching solvents before and after leaching experiments

Parameters UW UW I UW IIIa OMSWL OMSWL IIIa HMSWL HMSWL IIIa

pH (�) 6.57 12.32 — 5.81 — 4.90 —
TOC (g L�1) 0 0 0 25.92 15.59 20.72 11.68
CODCr (g L�1) 0 0 0 58.76 43.67 44.31 29.70
NH4

+–N (g L�1) 0 0 0 1.64 1.43 1.20 1.20
NO3

�–N (g L�1) 0 0 0 0.13 0.10 0.10 0.09
NO2

�–N (mg L�1) 0 0 0 0.25 0.25 0.11 0.05
Cl�(g L�1) 0 20.65 24.82 4.57 31.45 3.93 32.26
Mn (mg L�1) 0 0 0 9.69 1.91 13.91 1.60
Cr (mg L�1) 0 0.11 0.02 0.20 0.06 0.33 0.13
As (mg L�1) 0 0.03 0.04 0.46 0.25 0.46 0.12
Cu (mg L�1) 0 0.11 0.35 1.28 20.56 0.75 27.37
Pb (mg L�1) 0 20.03 17.44 0.35 2.01 0.40 7.30
Cd (mg L�1) 0 0.02 0.01 0.01 0.31 0.01 0.70
Zn (mg L�1) 0 2.89 1.16 1.05 38.19 3.12 31.65
Lactic acid (mmol L�1) 0 0 0 27.98 26.52 266.50 251.18
Formic acid mmol L�1) 0 0 0 5.95 3.58 115.66 112.93
Acetic acid (mmol L�1) 0 0 0 0 0 52.62 7.35
Propionic acid (mmol L�1) 0 0 0 0 0 17.34 3.43
Isobutyric acid (mmol L�1) 0 0 0 1.78 0.55 7.91 0
Butyric acid (mmol L�1) 0 0 0 3.57 1.37 45.82 7.10
Isovaleric acid (mmol L�1) 0 0 0 0 0 7.73 0.26
Valeric acid (mmol L�1) 0 0 0 1.44 0.23 28.09 4.69
Hexanoic acid (mmol L�1) 0 0 0 5.08 2.34 58.66 9.18

a The properties of the leaching solvent were measured aer each leaching step, and the mean value of three-step leaching was presented.
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2.2. Experimental methods

The leaching experiments of y ash were carried out in a series
of 250 mL conical asks. In order to compare the dechlori-
nation effect of one-step and three-step leaching on y ash,
UW was rst used as the leaching solvent. The one-step
leaching experiment was conducted as follows: 15 g y ash
was weighed and placed in a conical ask, which was placed in
a shaker aer 150 mL UW was added. The temperature in the
shaker was adjusted to 37 �C, and the rotation speed was
adjusted to 200 rpm. Aer shaking for 3 h, the mixture was
poured into a centrifuge tube and centrifuged at 4000 rpm for
15 min. The supernatant was ltered with a nylon lter
membrane with a pore diameter of 0.45 mm to measure its Cl-
concentration, heavy metals concentrations, pH value and
other physicochemical properties. The remaining solid matter
in the centrifuge tube (referred to as the residue) was dried at
105 �C for 24 h before further measurement. Compared with
the one-step leaching experiment, the three-step leaching
experiment had the following differences: 50 mL UW was rst
mixed with 15 g y ash in the conical ask and shook for 1 h.
The suspension was then centrifuged, and the supernatant
was removed. Another fresh 50 mL UW was added into the
conical ask, and the shaking and centrifugation operations
were repeated. Finally, the last fresh 50 mL UWwas added, and
the shaking and centrifugation were repeated. The residue le
in the centrifuge tube aer the three steps of the leaching
process was dried at 105 �C for 24 h before measurement.
Comparing the dechlorination effects of the two leaching
methods, the method with better dechlorination effect was
This journal is © The Royal Society of Chemistry 2020
adopted. In this method, the y ash was leached by OMSWL
and HMSWL. The experiments were conducted three times, in
parallel, for replication, and the average values of the test
indices (e.g. pH, heavy metals, organic acids concentrations)
taken into account for the nal evaluation were obtained aer
discarding the outliers.
2.3. Analytical methods

The pH value of y ash was measured according to the Chinese
standard HJ962-2018. The moisture content and the loss on
ignition of y ash were measured using the gravimetric method.
Surface area, pore volume, average pore width and median pore
width were measured using fully automatic specic surface and
porosity analyzer (ASAP 2020, Micromeritics (Shanghai)
Instrument Co., Ltd.) Aer the y ash was treated according to
the Japanese standard JIS A1154-2003, the total Cl content was
measured using intelligent ion chromatograph (YC3000, Qing-
dao Allen Chromatography Technology Co., Ltd) and converted
into solid mass concentration. The water-soluble Cl content was
measured according to the method provided in Appendix F of
the Chinese standard GB5085.3-2007 (the solid-to-liquid ratio
was 1 : 16, and the ultrasonic extraction time was 30 min). The
y ash was digested with HCl, HNO3, HF and HClO4 according
to the Chinese standard HJ781-2016. Then, the heavy metals
concentrations were determined through atomic absorption
spectrometry (AA6860, Shimadzu International Trade Shanghai
Co., Ltd.). The mineral phase of the y ash before and aer
leaching was analysed using X-ray diffraction (XRD, LabX XRD-
6000, Shimadzu International Trade Shanghai Co., Ltd.).
RSC Adv., 2020, 10, 26397–26406 | 26399
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The relevant physicochemical indexes (TOC, CODCr, NH4
+–

N, NO3
�–N, NO2

�–N) of the leaching solvent were measured
according to the Chinese standards HJ501-2009, GB11914-89,
GB7479-87, HJ/T346-2007, GB7493-87. The concentrations of
lactic acid and formic acid in the leaching solvent were
measured using a high-performance liquid chromatograph (LC-
20AT, Shimadzu International Trade Shanghai Co., Ltd.)
equipped with an SH1011 chromatographic column. The
concentrations of acetic acid, propionic acid, isobutyric acid,
butyric acid, isovaleric acid, valeric acid and hexanoic acid in
the leaching solvent were measured using a high-performance
gas chromatograph (GC-2010 plus, Shimadzu International
Trade Shanghai Co., Ltd.) equipped with a hydrogen ame
ionisation detector and a 30 m capillary column DB-FFAP (i.d.
0.53 mm; 125–3237; Agilent Technologies).
3. Results
3.1. Dechlorination effect and mass reduction of y ash
under different leaching solvents

Generally, the dechlorination effect of the y ash may affect by
multiple factors, such as temperature, the solid-to-liquid ratio
in the leaching process, the pH value of the leaching solvent.13–15

In our preliminary experiments, we explored these optimum
leaching parameters for the specic y ash used. In brief, the
investigated temperatures were 15, 25, 35, 37, 45 and 55 �C,
respectively, whereas the trial solid–liquid ratio were 1 : 2, 1 : 3,
1 : 5, 1 : 8, 1 : 10, 1 : 15, 1 : 20, respectively. The leaching time
we examined were 30, 60, 90, 120, 240, 480 minutes, respec-
tively. The experimental data (data not shown) revealed that Cl
removal rate increased with the increase of temperature, solid–
liquid ratio and leaching time. The Cl removal rate exceeded
80% when the leaching temperature, solid–liquid ratio and the
leaching time were 37 �C, 1 : 10 and 60 minutes, respectively
and it did not increased signicantly with further rising
temperature, solid–liquid ratio and the prolonging leaching
Fig. 1 Cl removal rate and Cl content in residue. (a) Dechlorination effec
after the leaching experiments. “Cl removal rate (%)” refers to the percent

26400 | RSC Adv., 2020, 10, 26397–26406
time. Therefore, we used these leaching parameters to conduct
the following experiments.

In present study, we explore the inuence of different
leaching solvents with different physicochemical properties (pH
value, organic acids, etc.) on the y ash dechlorination. The total
Cl, water-soluble Cl and water-insoluble Cl contents are 0.30 g
g�1

y ash, 0.21 g g�1
y ash and 0.09 g g�1

y ash, respectively,
and the water-soluble Cl quantity accounts for 70% of the total
Cl quantity. The dechlorination effect of these three leaching
solvents on the y ash can be observed in Fig. 1(a). When UW is
used as the leaching solvent, Cl removal rate through one-step
leaching and three-step leaching is 68.7% and 82.7%, respec-
tively. Aer three-step leaching, some water-insoluble Cl in the
y ash is removed, so the dechlorination effect of three-step
leaching is better than that of one-step leaching. In view of
this, three-step leaching is adopted for both OMSWL and
HMSWL. As shown in Fig. 1(a), in three-step leaching, more Cl
is removed when the initial pH is lower; specically, 82.7%,
89.7% and 94.3% of the total Cl quantity are removed by UW,
OMSWL and HMSWL, respectively. Furthermore, Cl removal
through three-step OMSWL leaching (OMSWL III) and three-
step HMSWL leaching (HMSWL III) is 8.5% and 14.1%
higher, respectively, than the Cl removal through three-step UW
leaching (UW III) and 30.6% and 37.4% higher, respectively,
than the Cl removal through one-step UW leaching (UW I).
Water-insoluble Cl removal through UW III, OMSWL III and
HMSWL III accounts for 42.2%, 65.5% and 81.1% of the water-
insoluble Cl quantity, respectively.

Aer the leaching experiment with different leaching
solvents, the y ash mass is reduced, as shown in Fig. 1(b). The
Cl content in the residue of y ash is determined by the Cl
quantity in the residue and the total quantity of the residue. As
can be seen from Fig. 1(a), the Cl quantity removed in UW I, UW
III, OMSWL III and HMSWL III is 0.206, 0.248, 0.269 and 0.283 g
g�1

y ash, respectively. The total Cl content is 0.30 g g�1
y ash.

Therefore, the Cl content in the residue is 0.094, 0.052, 0.031
t of different leaching solvents on fly ash; (b) mass reduction of fly ash
age of the Cl leached by different leaching solvents to total Cl in fly ash.

This journal is © The Royal Society of Chemistry 2020
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and 0.017 g g�1
y ash, respectively. As can be seen from

Fig. 1(b), for 15 g y ash, the residue quantity aer leaching with
UW I, UW III, OMSWL III and HMSWL III is 10.01, 10.48, 9.89
and 9.37 g, respectively. Therefore, the Cl content in the residue
(i.e. the ratio of the Cl quantity in the residue to the total
quantity of the residue) aer leaching with UW I, UW III,
OMSWL III and HMSWL III is 14.1%, 7.4%, 4.7% and 2.7%,
respectively.
3.2. Changes of organic matter and nitrogen in leaching
solvent

Aer sludge is added to OMSWL, the degradable organic matter
in OMSWL is hydrolysed into ethanol and organic acids, such as
lactic acid, formic acid and acetic acid. According to the
different types of organic matter mainly produced in the
hydrolysis process, hydrolysis can be divided into ethanol
hydrolysis, mixed acid hydrolysis and butyric acid hydrolysis.
These take place in the pH value ranges of 4.0–4.5, 4.5–5.5 and
5.5–6.5, respectively.36–38 The pH value of HMSWL in this study
is nally stabilised around 4.9 at the end of OMSWL hydrolysis
process, so OMSWL passes through mixed acid hydrolysis and
Fig. 2 Reduction of organic acids in leaching solvents.

Table 3 The ratios of the reduced contents of specific organic acid to
OMSWL and HMSWL

Leaching step

Specic organic acid reduction to total organic acid

Lactic Formic Acetic Propionic

OMSWL III-1 14.68 14.95 0.00 0.00
OMSWL III-2 17.56 26.78 0.00 0.00
OMSWL III-3 1.21 28.52 0.00 0.00
OMSWL III-Ta 13.00 21.17 0.00 0.00
HMSWL III-1 11.05 2.18 20.86 6.86
HMSWL III-2 5.28 0.70 23.14 7.17
HMSWL III-3 5.67 1.03 22.66 6.31
HMSWL III-Ta 7.50 1.34 22.17 6.81

a ‘-T’ refers to the ratio of the reduced contents of specic organic acid
experiment.

This journal is © The Royal Society of Chemistry 2020
becomes HMSWL. The concentrations of organic acids in
OMSWL and HMSWL are shown in Table 2. The ve acids with
the highest concentrations in OMSWL are lactic acid, formic
acid, hexanoic acid, butyric acid and isobutyric acid (in
decreasing concentration order). The ve acids with the highest
concentrations in HMSWL are lactic acid, formic acid, hexanoic
acid, acetic acid and butyric acid (in decreasing concentration
order).

The reduction of the organic acid content in OMSWL and
HMSWL during the leaching experiments is shown in Fig. 2.
The ratios of the reductions in the contents of specic organic
acid to the reductions in the contents of total organic acids in
each leaching step of OMSWL and HMSWL is shown in Table 3.
For 1 g y ash, the reduction in the total organic acids
concentration (i.e. the sum of lactic acid, formic acid, acetic
acid, propionic acid, isobutyric acid, butyric acid, isovaleric
acid, valeric acid and hexanoic acid) at each leaching step is 1 >
2 > 3. Aer the three-step leaching, the reduced content of total
organic acids in OMSWL is 0.11 mmol g�1

y ash, accounting
for 23.91% of the content of total organic acids in OMSWL
(0.46 mmol g�1

y ash). The acids with the highestest reduction
the reduced content of total organic acids in each leaching step of

reduction (%)

Isobutyric Butyric Isovaleric Valeric Hexanoic

10.53 21.19 0.00 8.52 30.12
8.34 17.86 0.00 13.95 15.52

16.29 18.48 0.00 11.72 23.79
10.95 19.65 0.00 10.80 24.43
3.53 18.05 3.45 10.81 23.22
3.70 19.37 3.62 11.96 25.06
4.52 19.63 3.97 11.70 24.51
3.87 18.96 3.66 11.46 24.23

to the reduced content of total organic acids aer three-step leaching
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Fig. 3 X-ray diffraction spectrum of original fly ash and leaching
residue. RUW I, RUW III, ROMSWL III and RHMSWL III, respectively,
represent the residue of the fly ash washed by UW I, UW III, OMSWL III
and HMSWL III.
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are hexanoic acid, formic acid and butyric acid, accounting for
24.43%, 21.17% and 19.65% of the reduced content of total
organic acids in OMSWL, respectively. Aer three-step leaching,
the reduced content of total organic acids in HMSWL is
2.04 mmol g�1

y ash, accounting for 34.00% of the content of
total organic acids in HMSWL (6.00 mmol g�1

y ash). The acids
with the greatest reduction are hexanoic acid, acetic acid and
butyric acid, accounting for 24.23%, 22.17% and 18.96% of the
reduced content of total organic acids in HMSWL, respectively.
Therefore, the concentration of organic acid in the leaching
solvent is not necessarily proportional to the reduced content in
the experimental process. For example, lactic acid is the organic
acid with the highest molar concentration in OMSWL and
HMSWL (61.09% and 44.39%, respectively), but the cumulative
reduced content of lactic acid only accounts for 13.00% and
7.50% of the cumulative reduced content of total organic acids
in OMSWL and HMSWL, respectively, aer three-step leaching.

We further investigate the changes in the other physico-
chemical properties of the leaching solvent during the experi-
ment, in order to provide data supporting the treatment of
waste liquids aer leaching y ash. As shown in Table 2, the
concentrations of TOC, CODCr, NH4

+–N, NO3
�–N and NO2

�–N
in HMSWL decrease compared with OMSWL, which is mainly
due to dilution caused by anaerobic sludge added in the
hydrolysis process of OMSWL. Due to the adsorption of y ash,
the concentrations of TOC, CODCr, NH4

+–N and NO3
�–N in

OMSWL aer the leaching experiment decrease by 39.8%,
25.7%, 12.8% and 23.1%, respectively, whereas the concentra-
tion of NO2

�–N remains unchanged. Similarly, the concentra-
tions of TOC, CODCr, NO3

�–N and NO2
�–N in HMSWL aer the

leaching experiment decrease by 43.6%, 33.0%, 10.0% and
54.5%, respectively, whereas the concentration of NH4

+–N
remains unchanged.

4. Discussion
4.1. Changes of mineral phase in y ash and the leaching
residue

In order to explore the Cl removal mechanism in y ash
leaching using different solvents, XRD is used to analyse the
mineral phases in y ash before and aer leaching. In the XRD
spectrum, the relative abundance of a substance in y ash is
determined by the quantity of the substance and the total
quantity of y ash. As can be seen from Fig. 3, water-soluble Cl
in y ash mainly exists in the forms of KCl, NaCl and CaClOH,
whereas water-insoluble Cl mainly exists in the forms of AlOCl
(y ash of Fig. 3). These Cl forms are similar with those met in
y ash collected in a bag lter with the injection of Ca(OH)2 for
acid gas removal.7,12 As can be seen from y ash, RUW I and
RUW III of Fig. 3, most of the water-soluble Cl can be removed
by UW (i.e. KCl, NaCl, CaClOH). Although the relative abun-
dances of KCl and NaCl in RUW III are higher than that in RUW
I (i.e. at 28.3� and 31.7�), the quantity of RUW III is higher than
that of RUW I. So we couldn't conrm if KCl and NaCl removed
more by UW III than by UW I. Compared with y ash, the
relative abundance of water-insoluble Cl–AlOCl in RUW I and
RUW III increase, which may be due to a decrease in the
26402 | RSC Adv., 2020, 10, 26397–26406
quantity of RUW I and RUW III (Fig. 1(b)). According to the
result presented in Fig. 1(a), 42.2% of water-insoluble Cl can be
removed by UW III, that is to say, 42.2% of AlOCl can be
removed by UW III. In addition, the XRD spectrum shows that
the higher quantity of RUW III than the quantity of RUW I is
mainly due to an increase in the Ca(OH)2 content. This increase
may be due to the following chemical reactions during
leaching:1

2CaClOH / CaO$CaCl2 + H2O (1)

CaO$CaCl2 + 5H2O / Ca(OH)2 + CaCl2$4H2O (2)

Compared with UW III, more Cl can be removed by OMSWL
III (Fig. 1(a)), whereas the quantity of ROMSWL III is lower than
that of RUW III (Fig. 1(b)). Based on the XRD spectrum (RUW III
and ROMSWL III of Fig. 3), the further decrease in the quantity
of ROMSWL III and Cl contained therein is mainly due to the
dissolution of water-soluble Cl (KCl, NaCl) and inorganic salts
(Ca(OH)2) (because their relative abundances decrease or even
become zero). We couldn't conrm the quantity relationship of
AlOCl between ROMSWL III and RUW III in their XRD spec-
trum. However, according to the result presented in Fig. 1(a),
42.2% and 65.5% of water-insoluble Cl can be removed by UW
III and OMSWL III. Therefore, more AlOCl removed by OMSWL
III than by UW III also contributes the decrease in the quantity
of ROMSWL III and Cl contained therein.

In addition, the residue quantity and the Cl quantity con-
tained therein can be further reduced by HMSWL III compared
with OMSWL III (Fig. 1(b)). It is worth noting that compared
with OMSWL III, the reduction rate of the residue quantity is
lower than that of the Cl quantity removed by HMSWL III (i.e.
the Cl content in the residue decreases, Fig. 1(b)). As shown for
RHMSWL III and ROMSWL III of Fig. 3, the XRD spectrum of
ROMSWL III is similar to that of RHMSWL III, we also couldn't
conrm the quantity relationship of AlOCl between them.
However, according to the result presented in Fig. 1, 81.1% and
65.5% of water-insoluble Cl can be removed by HMSWL III and
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The pH change of leaching solvents before and after leaching
experiment.

Fig. 5 Reductions in the contents of total organic acids and additional
removed Cl (compared with UW III-1, 2 and 3 leaching) in each
leaching step by OMSWL and HMSWL solvents. ‘-T’ refers to change of
substances (i.e. Cl and total organic acids) after three-step leaching
experiments.
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OMSWL III, that is to say, more AlOCl can be removed by
HMSWL III than by OMSWL III.

In summary, when UW is used as the y ash leaching solvent,
most of the water-soluble Cl (i.e. KCl, NaCl, CaClOH) in the y
ash can be removed. When OMSWL and HMSWL are used as
Table 4 The ratios of the reductions in the contents of specific organic ac
1, 2 and 3 leaching; mmol g�1

fly ash) in each leaching step by OMSWL

Leaching step

Specic organic acid reduction to additional Cl remo

Lactic Formic Acetic Propionic

OMSWL III-1 14.51 14.77 0 0
OMSWL III-2 2.45 3.74 0 0
OMSWL III-3 0.09 2.21 0 0
OMSWL III-Ta 2.51 4.09 0 0
HMSWL III-1 16.00 3.16 30.23 9.94
HMSWL III-2 12.86 1.71 56.40 17.47
HMSWL III-3 18.27 3.32 73.04 20.34
HMSWL III-Ta 15.49 2.76 45.79 14.07

a ‘-T’ refers to the ratio of the reductions in the contents of specic organ

This journal is © The Royal Society of Chemistry 2020
leaching solvents, all the water-soluble Cl and some water-
insoluble Cl (AlOCl) can be removed. Dechlorination is
improved mainly due to the physicochemical properties (anion
concentration, pH value, etc.) of OMSWL and HMSWL. The pH
value and anion concentration in the leaching solvent can affect
the dissolution of salts and the displacement of Cl� in y ash.
Therefore, the key to further improving y ash dechlorination
through leaching is to explore the relationship between the pH
value, the anion concentration of the leaching solvent and the
Cl content removed from y ash.

4.2. Inuence of organic acid concentration and types on the
dechlorination of y ash

The difference in the dechlorination effect among UW, OMSWL
and HMSWL is mainly caused by the difference of the pH value
and the types and concentration of organic acids. Fly ash is rich
in metal oxides, so when it is leached using a leaching solvent,
the H+ in the leaching solvent rst reacts with the metal oxides
in y ash, generating metal ions and water molecules. As is
shown in Fig. 4, aer three-step leaching, the pH values of the
three leaching waste liquids are all higher than 9, that is to say,
the concentration of H+ in the liquid is far less than the
concentration of OH�. Therefore, the H+ in the three leaching
solvents has mainly reacted with metal oxides, playing a limited
role in the removal of water-insoluble Cl from y ash.

In the experiments conducted here, the concentration of
organic acids contained in OMSWL and HMSWL decrease due
to adsorption by y ash or displacement of acid radicals with
Cl�. When y ash is leached with OMSWL III (Fig. 5), the
reduced total organic acid content aer each leaching step is
lower than the Cl removed by OMSWL (compared with UW III-1,
2 and 3 leaching; mmol g�1

y ash). This indicates that the
greater water-insoluble Cl removal by OMSWL than UW is due
to the displacement of organic acid radicals and other anions
(SO4

2�, S2
�, etc.) in OMSWL. When y ash is leached with

HMSWL III (Fig. 5), the reduced total organic acid content aer
each leaching step is greater than the Cl removed by HMSWL
(compared with UW III-1, 2 and 3 leaching; mmol g�1

y ash).
Considering that the other anions contained in HMSWL are the
same as those in OMSWL, the dechlorination improvement in
ids (mmol g�1
fly ash) to additional removed Cl (compared with UW III-

and HMSWL solvents

val (%)

Isobutyric Butyric Isovaleric Valeric Hexanoic

10.41 20.94 0 8.42 29.77
1.16 2.49 0 1.95 2.17
1.26 1.43 0 0.91 1.84
2.12 3.80 0 2.09 4.72
5.11 26.16 5.00 15.66 33.64
9.02 47.20 8.83 29.14 61.08

14.57 63.25 12.81 37.70 78.98
8.00 39.16 7.56 23.68 50.04

ic acids to additional removed Cl aer three-step leaching experiment.
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Fig. 6 Dechlorination effects of pure acetic acid, butyric acid and
hexanoic acid under different concentrations. “Cl removal rate (%)”
refers to the percentage of the Cl leached by different organic acids to
total Cl in fly ash.
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HMSWL is mainly due to the displacement of organic acid
radicals contained in HMSWL. As shown in Table 4, the ratios of
the reductions in the contents of specic organic acids (mmol
g�1

y ash) to the additional removed Cl (compared with UW III-
1, 2 and 3 leaching; mmol g�1

y ash) in each leaching step by
OMSWL are all smaller than 30%, so it is difficult to distinguish
the inuence of organic acids types and concentrations on the
y ash dechlorination. However, when y ash is leached by
HMSWL III, the ratio of the reductions in the contents of total
organic acids (mmol g�1

y ash) to the additional removed Cl
(compared with UW III-1, 2 and 3 leaching; mmol g�1

y ash)
aer the three steps of leaching by HMSWL (mmol g�1

y ash) is
206.5%, with acetic acid, butyric acid and hexanoic acid
accounting for the larger proportions. Therefore, these may be
the main acids providing acid radicals to displace water-
insoluble Cl.

In the y ash leaching experimental system, the decrease of
organic acid concentration may be due to adsorption by y ash
or displacement of acid radicals with Cl. In order to explore
further the contribution of acetic acid, butyric acid and hex-
anoic acid to the dechlorination process, y ash was leached
with different concentrations of these three pure acids (the
Table 5 Heavy metals and Cl contents of the leaching residues of fly ash

Standard and washed
residues

Indexes

Mn
(mg g�1)

Cr
(mg g�1)

As
(mg g�1)

Cu
(mg g�1)

Pb
(mg

HJ662-2013 3320 320 4280 7920 1590
FLY ASH 160 745 15 335 500
RUW I 160 744 15 334 300
RUW III 160 745 15 331 326
ROMSWL III 238 746 17 142 483
RHMSWL III 283 747 18 69 431

a “Maximum addition fraction” refers to the maximum addition fraction
assuming that the main raw materials for cement kiln are chloride-free.

26404 | RSC Adv., 2020, 10, 26397–26406
highest concentration is close to their concentration in
HMSWL) by one-step leaching. As can be seen in Fig. 6, the Cl
content removed from y ash increases with the concentration
of butyric acid and acetic acid, and the dechlorination effect of
butyric acid is greater than that of acetic acid. However, the Cl
content removed in y ash decreases with increasing hexanoic
acid concentration, which means that hexanoic acid has the
smallest effect on the dechlorination of y ash. The results
showed that compared with UW and OMSWL, be mainly due to
the displacement of the water-insoluble Cl in y ash by the
butyrate radical contained in HMSWL. Due to the long carbon
chain of hexanoic acid (which is in contact with the moisture
layer when the concentration is higher), the decrease of the
concentration of hexanoic acid in HMSWL aer the leaching
experiment may be caused by adsorption of y ash.

4.3. Potential disposal scheme for the y ash leaching
residue and Cl-containing leaching solvents

As aforementioned, the y ash is a promising raw material for
cement production once the Cl can be sufficiently removed. The
heavy metals and Cl content in leaching residues and their
regulation in Chinese standard (HJ662-2013) can be found in
Table 5. According to the regulation of Cl in standard HJ662-
2013, the maximum addition fraction of RHMSWL III to the
total raw materials entering the cement kiln is 1.5%, assuming
that the main rawmaterials for cement kiln are chloride-free. In
this context, the heavy metals contents of RHMSWL III can fully
meet the corresponding regulation for raw materials of cement
kiln in standard HJ662-2013. In addition, the organic matters
adsorbed by the residue of HMSWL III can be transformed into
CO2 in cement kiln. Therefore, utilization as raw material for
cement kiln could be a promising destination for the y ash
leaching residue.

Disposal of Cl-containing wasted leaching solvents is
considered ‘the last-mile problem’ for the application of this
technology. As shown in Table 2, the concentrations of heavy
metals and Cl in leaching solvents aer leaching experiments
are considerably high. Therefore, it could not be treated by the
conventional biological wastewater treatment method. In
current study, we propose a potential disposal scheme for Cl-
containing leaching solvents. Firstly, to remove the heavy
and standard (HJ662-2013) for raw material entering the cement kiln

g�1)
Cd
(mg g�1)

Zn
(mg g�1)

Cl
(wt%) Maximum addition fractiona (%)

40 37 760 0.04 —
50 930 30.1 0.13
50 901 14.1 0.28
50 918 7.4 0.54
47 559 4.7 0.86
43 645 2.7 1.50

of washing residue to the total raw materials entering the cement kiln,

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03113e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 5
:0

7:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
metals, chemical precipitation (e.g. carbonate coprecipitation)
method is recommended; secondly, the remaining liquid was
subjected to evaporation and crystallization step. The crys-
talized salts is mainly consisted by Cl salts, which can be further
puried and recycled. Alternatively, the wasted leaching
solvents aer heavy metals removal can also be treated by
electrolysis. In this scenario, the Cl� can be transformed into
Cl2 for reuse; nally, the remaining waste liquid with little heavy
metals, Cl salts and high concentration of organic matters can
be further treated by the traditional biological treatment
methods. However, the feasibility and economic efficiency of
the disposal schemes need to be further evaluated before eld
implementation.

5. Conclusion

In this study, HMSWL was employed to leach y ash. The results
revealed that three-step HMSWL leaching removed 94.3% of the
total Cl of y ash, which was higher than that achieved through
three-step UW leaching. The X-ray diffraction analysis results
indicated that three-step UW leaching could remove water-
soluble Cl in the forms of KCl, NaCl, CaClOH and some
water-insoluble Cl in the forms of AlOCl, whereas three-step
HMSWL leaching can further eliminate more water-insoluble
Cl as well, in the forms of AlOCl. The data analysis further
suggested that the displacement effects of organic acid radicals
(especially that by the butyrate radical) were the major cause of
water-insoluble Cl removal.

Abbreviations
OMSWL
This journal is ©
Original liquid of the municipal solid waste
leachate
HMSWL
 Hydrolysate of the municipal solid waste leachate

UW
 Ultrapure water

OMSWL III
 Three-step OMSWL leaching

HMSWL III
 Three-step HMSWL leaching

UW III
 Three-step UW leaching

UW I
 One-step UW leaching

ROMSWL
III
Residue of the y ash washed by OMSWL III
RHMSWL
III
Residue of the y ash washed by HMSWL III
RUW III
 Residue of the y ash washed by UW III

RUW I
 Residue of the y ash washed by UW I
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