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Hydrothermal treatment (HT) is one of the efficient approaches for upgrading municipal solid waste
(MSW). In the present study, emission characteristics of polycyclic aromatic hydrocarbons (PAHs) from
hydrothermally treated municipal solid waste (H-MSW) combustion alone and H-MSW/coal co-
combustion were investigated at different temperatures. The results showed that for all fuel combustion,
the majority of PAHs were 3- or 4-ring PAHs. In addition, flue gas had the highest yields of PAHs followed
by fly ash and bottom ash, while the ring number of dominated PAHs in fly ash was higher than those in
flue gas and bottom ash. Compared to MSW, H-MSW combustion generated less PAHs at the value of
1131.95–7649.24 lg/g. The blending of H-MSW and coal reduced total PAH emissions and positive inter-
actions were observed between H-MSW and coal during co-combustion. The toxicity equivalent quantity
(TEQ) values of the PAHs from combustion were in the order MSW > H-MSW > H-MSW/coal, which was
consistent with the total PAH emissions. The present study illustrated that significant reduction of PAH
emissions and toxicity from combustion could be achieved by HT and the blending of H-MSW and coal.
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1. Introduction

About 1.7–1.9 billion metric tons of municipal solid waste
(MSW) is generated each year in the world [1]. Therefore, the dis-
posal of municipal solid waste (MSW) is emerging to be the most
urgent and important task because of the ever-increasing quanti-
ties and the harmfulness on environment and health, especially
for developing countries [2–4]. The most common disposal method
of MSW is landfilling in the world due to the low technical require-
ments [1]. However, landfill suffers from serious secondary pollu-
tion, such as pollution of air, ground water and soil. In addition,
the lack of land resource also restricts the application of landfilling.
Recently, MSW incineration has received considerable attention as
a promising method for effective energy recovery, significant vol-
ume reduction (by up to 70% in weight and 90% in volume) and
high degree detoxicity [5,6]. However, high moisture content,
low calorific value and heterogeneous nature are the main draw-
backs associated with the incineration of MSW and as a result,
MSW combustion has low energy efficiency and relatively high
pollutant emissions [7]. Therefore, pre-treatment is needed to
homogenize raw MSW and improve its fuel property prior to
combustion.

Hydrothermal treatment (HT), as a pre-treatment process, has
been widely applied for upgrading of biomass waste, especially
for high moisture content of biomass feedstock [8–10]. Compared
to pyrolysis pretreatment, HT exhibits low energy consumption
and high conversion efficiency owing to obviating the drying pro-
cess and conducting at low temperature [11,12]. To date, numer-
ous studies have been reported about HT process on upgrading
of lignocellulosic biomass but limited studies are available about
HT of MSW. Lu et al. investigated fuel quality and combustion
behavior of hydrothermally treated MSW (H-MSW) and the results
showed that HT improved fuel property of MSW, such as lowered
moisture content, homogenized shapes and increased energy den-
sity [7]. Similarly, it was reported that the heating value of MSW
was improved by HT through high formation of fixed carbon
[13]. Apart from HT, co-combustion of MSW and coal is another
effective and economical option, which can not only increase the
calorific value but also buffer the impact of the variable qualities
of MSW on combustion process [14]. With the increasing fuel qual-
ity of H-MSW, further improved combustion behaviors are
expected during co-combustion of H-MSW and coal compared to
MSW and coal co-combustion. Muthuraman et al. studied the co-
combustion behavior of H-MSW and low rank coal using thermo-
gravimetric analysis and the results showed that the blending of
H-MSW and coal had improved ignition characteristics and
reduced unburned carbon compared to low rank coal [15]. Addi-
tionally, nitrogen evolution during co-combustion of H-MSW and
coal in a bubbling fluidized bed was investigated, indicating that
30% of H-MSW addition lowered the formation of NO and N2O
[16]. Similarly, lower CO emission was achieved by 20% H-MSW
addition to coal during combustion in a lab-scale fluidized bed
reactor [17].

Polycyclic aromatic hydrocarbons (PAHs), mainly emitted from
the pyrolysis or incomplete combustion of fuel, is a global environ-
mental issue due to the carcinogenicity, teratogenicity and muta-
genicity [18–20]. Nowadays, the PAH emissions standards are
increasingly getting strict around the world to reduce their envi-
ronmental impacts. Therefore, the formation mechanisms of PAHs
during coal and MSW combustion alone have been extensively
studied. For instance, Shen et al. reported PAH emissions from five
coals combustion and the results showed that among the exam-
ined factors, the PAH emissions were closely related to the mois-
ture and volatile matter content of the coal [19]. The distribution
of PAHs in gaseous and particulate phases from coal combustion
using a coal-stove was investigated and it was found that 95% of
the total PAHs were in gaseous phase [21]. In addition, PAHs in bot-
tom ashes from MSW incinerator were analyzed and the results
showed that 3- and 4-ring PAHs were dominated in all samples
[22]. Zhang et al. determined PAH contents in fly ash from MSW
incinerator where 3- and 4-ring PAHs were the main constituents
of PAHs [23]. However, to our best knowledge, there is no system-
atic study on the emission, distribution and toxicity of PAHs from
H-MSW combustion alone and H-MSW/coal co-combustion.

With the increasing importance of HT, understanding emission
and distribution of PAHs from H-MSW combustion is urgent for its
large-scale application. Therefore, the objective of this study aimed
to (1) determine the emission, distribution and toxicity of PAHs in
bottom ash, fly ash and flue gas during H-MSW combustion, (2)
investigate the effect of HT on PAH emissions during MSW com-
bustion and (3) examine the effect of the blending of H-MSW
and coal on PAH emissions during co-combustion. The ultimate
goal of the present study was to realize the effective and clean
energy recovery from MSW.
2. Materials and methods

2.1. Materials

In this study, bituminous coal was obtained from a coal mine in
Inner Mongolia, China. The simulated MSW sample was chosen in
the present study and its composition can be found in our previous
study [24]. Briefly, MSW was comprised of food residue (64.93 wt.
%), wood waste (1.48 wt.%), paper (12.94 wt.%), textiles (3.11 wt.%),
and PVC (15.07 wt.%). All samples were dried in an oven at 105 �C
for 24 h before use.

HT of MSW was carried out in a laboratory semi-batch 2.5-L
autoclave reactor. The mixture of MSW and deionizer water (1:3
mass basis) was loaded into the reactor, and the reactor was sealed
and heated to 200 �C. After remaining for 30 min, the reactor was
cooled rapidly to room temperature. The mixture was separated
by vacuum filtration and the solid product (H-MSW) was dried in
oven at 105 �C for 24 h. The H-MSW/coal blend was prepared using
coal weight fraction of 75%. The metal contents of coal and H-MSW
were determined by inductively coupled plasma-optical emission
spectroscopy (ICP-OES). Around 0.1 g of dry sample was digested
in mixed acids (4 ml 65% HNO3, 4 ml 30% H2O2, 2 ml 70% HClO4

and 4 ml 48% HF) at 170 �C for 12 h. The digestion liquid was evap-
orated to near dryness and then dissolved in 1:1 HNO3 for ICP-OES
analysis. The elementary analyzer (a Vario MACRO cube Elemental
Analyzer) was used to determine the ultimate analysis of the sam-
ples. Proximate analysis was obtained according to standard GB/
T212-2008. Table 1 illustrates proximate analysis, ultimate analy-
sis and metal contents of the coal and H-MSW.
2.2. PAHs sampling and analysis

The laboratory scale fixed-bed tubular quartz reactor (an inter-
nal diameter of 55 mm and a length of 1000 mm) was applied for
combustion experiments in this study. When the reactor was
heated to the desired temperature, the fuel sample (around 1 g)
placed in the quartz boat was inserted into the center zone of reac-
tor. The fuel was combusted at the desired temperature for 30 min
with air flow rate of 500 ml/min. Quartz fiber filters (QFFs) was
used to collect fly ash. The PAHs in flue gas was determined by
adsorption method. The adsorption apparatus were composed of
a glass holder filled with XAD-2 and two bottles of dichloro-
methane (DCM), which were placed in ice baths. The residue in
quartz boat was collected as bottom ash. After complete
combustion and cooling down to room temperature, QFFs, XAD-
2, absorption liquid and the bottom ash were analyzed for PAHs.
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Fig. 1. Effect of combustion temperature on total PAH emissions from coal, MSW
and H-MSW combustion alone and H-MSW/coal co-combustion.

Table 1
Ultimate analysis, proximate analysis and metal contents of H-MSW and coal.

H-MSW Coal

Ultimate analysis (%, daf)
C 49.19 66.41
H 6.36 3.84
N 2.06 0.74
S 0.33 0.48
Oa 42.06 28.53

Proximate analysis (%, db)
Volatile matter 88.21 26.43
Ash 1.61 11.67
Fixed carbon 10.18 61.90

Metal content (lg/g, db)
Na 988.05 1183.25
K 1000.98 1800.95
Mg 265.98 516.00
Ca 4614.33 7168.85
Al 326.18 6897.80
Pb 8.00 14.88

a By difference.

Table 2
The 16 priority PAHs and the corresponding retention times with GC–MS.

Ring
number

Individual PAHs Abbreviations Target-
ion

Retention
time (min)

TEF

2 Napthalene Nap 128 13.49 0.001

3 Acenaphthylene Acy 152 19.62 0.001
Acenapthene Ace 152 20.34 0.001
Fluorene Flu 166 22.36 0.001
Phenanthrene Phe 178 26.00 0.001
Anthracene Ant 178 26.30 0.010

4 Fluoranthene Fla 202 30.79 0.001
Pyrene Pyr 202 31.62 0.001
Benz[a]anthracene BaA 228 36.40 0.100
Chrysene Chr 228 36.51 0.010

5 Benzo[b]fluoranthene BbF 252 40.33 0.100
Benzo[k]fluoranthene BkF 252 40.40 0.100
Benzo[a]pyrene BaP 252 41.36 1.000
Dibenz[ah]anthracene DaA 278 45.01 1.000

6 Indeno[1,2,3-c,d]pyrene IcP 276 44.87 0.100
Benzo[ghi]perylene BgP 276 45.71 0.010
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The XAD-2 and absorption liquid were spiked with surrogate
standard solution and then extracted in a Soxhlet extractor. The
extraction was performed with DCM as the extraction solvent for
24 h. Then the solvent DCM was replaced by hexane (about
15 ml) and concentrated to 1 ml by a rotary evaporator. The con-
centrated extract was cleaned up using the silica column (filled
with anhydrous sodium sulfate, aluminum oxide and silica gel par-
ticles from top to bottom) eluting with hexane and then a mixed
solvent (n-hexane and DCM 7:3 (v/v), 70 ml). The mixed eluate
was concentrated to nearly dryness by ultra-pure nitrogen after
it was concentrated by a rotary evaporator. Subsequently, the
eluate was diluted by n-hexane to 1 ml for GC–MS analysis. The
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Fig. 2. The individual PAHs, ring number of the PAHs, percentages of LMW, MMW
and HMW PAHs and TEQ values from H-MSW combustion.
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bottom ash and QFFs were extracted, cleaned and concentrated as
the process of the XAD-2 and absorption liquid.

GC–MS (GC model Agilent 6890 and MS model 5793) equipped
with a DB-5MS Agilent column (30 m � 0.25 mm i.d., 0.25 lm film
thickness) was used for identification and quantification of PAHs.
The injector temperature was 280 �C and the detector temperature
was 300 �C. The injection volume was 1 ll and the GC oven tem-
perature was programmed from 50 �C to 300 �C at 6 �C/min, with
an initial hold of 2 min at 50 �C and a final hold of 5 min at
300 �C. The 16 priority PAHs characterized by US EPA were listed
in Table 2, which were identified by comparing retention time
using an external standard.

All experiments were replicated at least three times to make
sure that the results were reproducibility and precision.
Naphthalene-d8, perylene-d12, acenaphthene-d10 and
phenanthrene-d10 were added as surrogates and the recovery effi-
ciencies were 100 ± 28% in the present study.
3. Results and discussion

We have reported the PAH emissions from MSW and coal com-
bustion within the temperature range of 500–900 �C [24]. The pre-
sent study focused on the comparative evaluation of PAH
emissions from H-MSW andMSW combustion alone, and the influ-
ence of the blending of H-MSW and coal on PAHs formation during
co-combustion.
3.1. PAH emissions during H-MSW combustion

Combustion temperature is the most important factor affecting
the PAH emissions during fuel combustion. The effect of tempera-
ture on PAH emissions was investigated from H-MSW combustion
and the results were shown in Fig. 1. The bell-shaped curve of total
PAHs was observed during H-MSW combustion. The total PAHs
were in the range of 1131.96–7649.24 lg/g at the examined
temperature range and had peak yield at 800 �C. This emission
behavior of PAHs was very similar to the emission behavior of lig-
nite combustion [25]. The similarity indicated that HT improved
fuel quality of MSW and the fuel property of H-MSW resembled
lignite. This observation was in agreement with the previous
reports that the biochars derived from HT of biomass feedstock
Table 3
The distribution of PAHs in flue gas, fly ash and bottom ash from H-MSW combustion at

PAHs Distribution Combustion temperatu

500 �C

2-ring PAHs Flue gas (lg/g) 50.59
Fly ash (lg/g) 0.32
Bottom ash (lg/g) 0.32

3-ring PAHs Flue gas (lg/g) 745.71
Fly ash (lg/g) 47.39
Bottom ash (lg/g) 1.12

4-ring PAHs Flue gas (lg/g) 46.27
Fly ash (lg/g) 174.05
Bottom ash (lg/g) 0.50

5-ring PAHs Flue gas (lg/g) 3.54
Fly ash (lg/g) 48.86
Bottom ash (lg/g) 0.13

6-ring PAHs Flue gas (lg/g) 0.84
Fly ash (lg/g) 12.23
Bottom ash (lg/g) 0.06

Total PAHs Flue gas (lg/g) 846.95
Fly ash (lg/g) 282.85
Bottom ash (lg/g) 2.13
have similar fuel quality with lignite [8,9]. PAH emissions dramat-
ically increased with the increasing temperature from 600 �C to
800 �C while a significant decrease in PAH emissions occurred at
900 �C. This could be ascribed to the formation and emission mech-
anisms of PAHs. In general, some low molecular PAHs in H-MSW
are connected to H-MSW matrix by weak bonds: hydrogen bonds
and Van Der Waals forces. An increase in temperature is accompa-
nied by an increase in the breakage of weak bonds leading to the
liberation of small molecular PAHs. Meanwhile, the formation
enthalpies of 16 PAHs are all positive indicating that the forma-
tions of PAHs are endothermic reactions. Therefore, the increasing
temperature promotes the formation of PAHs. In addition, an
increase of the cyclization and condensation of free radicals with
increasing temperature generates more PAHs [25]. All above for-
mation mechanisms are favorable for the increased PAH emissions
with increasing temperature. However, when the temperature was
above 800 �C, the structure of H-MSW was broke and the pore
structure of the H-MSW was enhanced leading to more air intro-
duced from the H-MSW combustion. Therefore, PAH emissions
decreased as a result of thermal decomposition and enhanced com-
plete oxidation reaction of H-MSW compared to the combustion at
low temperature. In other words, the shift from PAH information
reactions to decomposition reactions was the major reason for
the decrease of PAHs at the temperature higher than 800 �C.

Fig. 2 shows the percentages of individual PAHs from H-MSW
combustion. As evidenced in Fig. 2, Ant had a maximum yield of
50.87% and 42.72% at 500 �C and 600 �C, respectively, compared
to 18.26% and 13.67% for Phe. Fla yields peaked at 700 �C and
800 �C at the value of 29.87% and 40.13%, respectively. At tempera-
ture 900 �C, Phe was the most prevalent PAH compound from
H-MSW combustion. Among the 16 individual PAHs from H-MSW
combustion, 3-ring PAHs were the most dominant PAHs at low
temperatures of 500 �C and 600 �C, while 4-ring PAHs were the
majority at temperature from 700 �C to 900 �C. On the basis of the
ring number, PAHs are classified as low molecular weight PAHs
(LMW, 2- and 3-ring PAHs), middle molecular weight PAHs
(MMW, 4-ring PAHs) and high molecular weight PAHs (HMW, 5-
and 6-ring PAHs). The percentages of LMW, MMW and HMW PAHs
from H-MSW combustion were listed in Fig. 2. It could be seen that
the percentages of LMW PAHs were about 74.69% and 66.09% of
total PAHs at 500 �C and 600 �C, respectively, and at temperature
higher than 600 �C, MMW PAHs accounted for the majority of total
different temperatures.

re

600 �C 700 �C 800 �C 900 �C

124.38 337.95 792.81 52.91
0.79 0.17 17.61 0.17
0.05 0.03 0.06 2.21

834.29 489.11 225.52 1133.73
17.05 3.37 7.44 5.15
0.79 0.66 0.89 0.98

80.67 3759.38 5094.44 1775.11
315.40 94.08 76.73 64.02
0.91 0.39 0.57 0.35

6.78 406.89 587.67 323.57
76.08 319.35 393.69 151.16
0.19 0.44 0.71 0.11

2.28 98.63 191.19 88.32
19.05 92.15 259.73 126.64
0.13 0.39 0.17 0.06

1048.40 5091.97 6891.63 3373.64
428.37 509.12 755.19 347.14
2.07 1.91 2.41 3.71
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Fig. 3. The individual PAHs, ring number of the PAHs, percentages of LMW, MMW
and HMW PAHs and TEQ values from H-MSW/coal co-combustion.
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PAHs (68.78%, 67.61% and 49.39% at 700 �C, 800 �C and 900 �C,
respectively). The percentages of LMW PAHs decreased with an
increase of temperatures in the range of 500–800 �C and then
increased when the temperature was further increased to 900 �C.
Conversely, the MMW and HMW PAHs firstly increased and then
decreased with the increasing temperature.

Besides total PAH emissions, the toxicity of PAHs is also one of
key concerns. Generally, the higher ring number and molecular
weight the higher toxicity of the PAHs [26]. The toxicity of PAHs
from H-MSW combustion was investigated and the toxic equiva-
lent factor (TEF) by taking BaP as a toxic benchmark was shown
in Table 2. The toxicity equivalent quantity (TEQ) reflects the tox-
icity of PAHs and is calculated by Eq. (1):

TEQ ¼
X

ðTEFi � YieldiÞ ð1Þ

where i represents the individual PAH compound.
The TEQ values at different temperatures were illustrated in

Fig. 2. As shown in Fig. 2, the TEQ values firstly increased with
the increasing temperature to reach a maximum of 304.16 lg
TEQ/g at 800 �C, and then decreased to 252.13 lg TEQ/g at
900 �C, closely following the trends of total PAH emissions. It
should be pointed out that Ant, Fla and Phe accounted for the
majority of 16 PAHs while Bap contributed most to TEQ values at
most examined temperatures (shown in Fig. S1A).

The distribution of total PAHs in flue gas, fly ash and bottom ash
is critical for modeling of future emissions and ash disposal. There-
fore, the distribution of PAHs in flue gas, fly ash and bottom ash
from H-MSW combustion were determined (listed in Table 3).
The results showed that most PAHs generated were present in flue
gas, which was at least 2 times higher than that in fly ash and more
than 2 orders of magnitude than that in bottom ash, respectively.
For example, the yield of PAHs in flue gas, fly ash and bottom
ash was 6891.64 lg/g, 755.19 lg/g and 2.41 lg/g at 800 �C, respec-
tively. On the basis of ring number, fly ash contained high high-
ring PAHs compare to flue gas and bottom ash, indicating that high
molecular PAHs tended to accumulate on the fly ash in comparison
with flue gas and bottom ash.

As a direct comparison, PAH emissions from MSW combustion
showed that the bell-shaped curve peaked at 700 �C while the coal
combustion showed an ‘‘increasing slope-type” shape (total PAH
yields from MSW and coal combustion alone were also shown in
Fig. 1 for comparison) [24]. It was worthy to note that PAH yields
from MSW combustion reached the maximum value at low tem-
perature, followed by H-MSW and coal. According to Table 1 and
the previous study, the carbon contents of fuel samples were in
the order coal > H-MSW > MSW (66.41%, 49.19% and 42.95%,
respectively). Therefore, the trend of total PAH yields was consis-
tent with the report by Achten and Hofman that the peak of PAH
yields shifted from low temperature to high or changed from the
bell-shaped curve to a increasing slope-shaped curve with the
increasing carbon content and aromatization [19].

Compared to MSW, H-MSW generated low yields of PAHs at
examined temperatures, except for 500 �C (1111.28 lg/g from
MSW combustion and 1131.96 lg/g from H-MSW combustion,
respectively). The results were mainly related to the decrease of
plastics and metal contents in H-MSW. It was reported that metals
such as Na and Pb increased the formation of PAHs during combus-
tion [26]. When MSW was pretreated by HT, some inorganic com-
ponents originated in MSW released into water, resulting in
decreasing metal contents of H-MSW [27]. Therefore, the
decreased metal contents in part contributed to the decreased
PAH yields. Moreover, plastics combustion generated more PAH
yields compared to other MSW components [28]. During HT, the
plastic underwent degradation and the decreased plastic content
was also helpful to decrease PAH yields [29].
In the case of the toxicity of PAHs, TEQ values fromH-MSWcom-
bustion were lower than that from MSW combustion
(60.33–304.16 lg TEQ/g for H-MSW and 62.12–1199.91 lg TEQ/g
for MSW from 600 �C to 900 �C, respectively), except at 500 �C
(40.84 lg TEQ/g for H-MSW and 18.29 lg TEQ/g for MSW, respec-
tively). Basedon theaboveanalysis, significantdecreaseof theyields
and toxicity of PAHswas achievedbyHTofMSWbefore combustion.

3.2. PAH emissions during H-MSW/coal co-combustion

As shown in Fig. 1, the yield of total PAHs generated from
H-MSW/coal co-combustion firstly increased until the temperature
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reached 800 �C and then decreased with further increased temper-
ature up to 900 �C. Compared to coal andH-MSWcombustion alone,
the low yields of total PAHs from H-MSW/coal co-combustion were
observed at all examined temperatures, suggesting that
co-combustion was an efficient way to reduce PAH emissions.

Fig. 3 presents the percentages of individual PAHs from
H-MSW/coal combustion. The results showed that Nap and Phe
accounted for the majority of 16 PAHs at 500 �C and 600 �C.
However, the yields of Ant peaked at the temperature range of
700–900 �C. As shown in Fig. 3, the yield of 2-ring PAHs exhibited
the maximum at 500 �C while 3-ring PAHs were prevalent at the
temperature from 600 �C to 900 �C. Compared to H-MSW combus-
tion, a shift of the dominated ring PAHs towards low ring PAHs was
observed from H-MSW/coal co-combustion. On the basis of the
percentages of LMW, MMW and HMW PAHs, the LMW PAHs were
predominantly at examined temperatures with the range of 50.23–
78.69% of total PAHs, which was higher than that from H-MSW
combustion. Compared to coal combustion, the percentages of
LMW PAHs from H-MSW/coal co-combustion were low and the
percentages of HMW PAHs were high, except for 900 �C. However,
the yields of total PAHs from H-MSW/coal co-combustion were sig-
nificantly lower than that from coal combustion. Therefore, lower
toxicity of PAHs generated from co-combustion was expected than
that from coal combustion alone.

The TEQ values were calculated to investigate the toxicity of
PAHs from H-MSW/coal co-combustion (shown in Fig. 3). The
TEQ values were in the range of 2.31–50.31 lg TEQ/g, which were
significantly lower than that from H-MSW combustion and coal
combustion alone (except for that at 700 �C). In addition, it can
be seen that although Nap, Phe and Ant were most abundant of
total PAHs, BaP, BaA and BaF contributed most for TEQ values from
H-MSW/coal co-combustion (shown in Fig. S1B).

The distribution of PAHs in flue gas, fly ash and bottom ash dur-
ing H-MSW/coal co-combustion was shown in Table 4. The flue gas
had the highest yields of PAHs, followed by fly ash and bottom ash
at all examined temperatures. This trend was very similar to the
trend of coal and H-MSW combustion alone. However, compared
to coal and H-MSW, the PAH yields during co-combustion in flue
gas, fly ash and bottom ash were remarkably decreased at most
examined temperatures. When ring number was taken into
account, 2-ring PAHs were most abundant in flue gas at 500 �C
and 3-ring PAHs were the dominant PAHs at the temperature from
Table 4
The distribution of PAHs in flue gas, fly ash and bottom ash from H-MSW/coal co-combus

PAHs Distribution Combustion tempera

500 �C

2-ring PAHs Flue gas (lg/g) 34.71
Fly ash (lg/g) 0.06
Bottom ash (lg/g) 2.13

3-ring PAHs Flue gas (lg/g) 31.93
Fly ash (lg/g) 1.84
Bottom ash (lg/g) 1.59

4-ring PAHs Flue gas (lg/g) 8.31
Fly ash (lg/g) 16.00
Bottom ash (lg/g) 0.34

5-ring PAHs Flue gas (lg/g) 1.52
Fly ash (lg/g) 11.23
Bottom ash (lg/g) 0.12

6-ring PAHs Flue gas (lg/g) 0.26
Fly ash (lg/g) 0.12
Bottom ash (lg/g) 0.11

Total PAHs Flue gas (lg/g) 76.74
Fly ash (lg/g) 29.24
Bottom ash (lg/g) 4.30
600 �C to 900 �C. As for fly ash, 4-ring PAHs accounted for the
majority of total PAHs at the temperature from 500 �C to 700 �C
while 5-ring PAHs and 3-ring PAHs peaked at 800 �C and 900 �C,
respectively. In the case of bottom ash, 2-ring PAHs was dominant
at 500 �C and 600 �C, and the yields of 3-ring PAHs exhibited the
maximum yields from 700 �C to 900 �C. The above analysis showed
that the ring number of dominated PAHs in fly ash were higher
than those in flue gas and bottom ash from H-MSW/coal co-
combustion.

3.3. Effect of coal addition to H-MSW on PAH emissions

Hypothetically, there was no interaction between H-MSW and
coal during co-combustion and then the theoretical values of total
PAH yields can be calculated by following equations:

YieldBlend ¼ YieldCoal � 0:75þ YieldH-MSW � 0:25 ð2Þ
The theoretical PAH yields were summarized in Fig. 1 and the

results showed that the theoretical values of total PAHs were in
the range of 418.73–3829.05 lg/g, which were much higher than
experimental values. For example, the theoretical value was
3643.84 lg/g at 900 �C, which was 10 times higher than the exper-
imental value (341.35 lg/g). As expected, the PAH yields in flue
gas, fly ash and bottom ash of experimental values were all lower
than those of theoretical values at examined temperatures (shown
in Tables 4 and S1).

The theoretical percentages of LMW, MMW and HMW PAHs
were illustrated in Table S1. Compared to theoretical values, the
experimental percentages of LMW PAHs increased up to 22.94%,
13.42% and 28.50% at 700 �C, 800 �C and 900 �C, respectively. How-
ever, it was interesting to note that the percentages of HMW PAHs
of experimental values were higher than that of theoretical values
at temperatures range of 500–800 �C with the maximum difference
of 19.33% at 800 �C. While compared to theoretical value at 900 �C,
the decreased experimental HMW percentage indicated that high
combustion temperature was helpful to reduce the formation of
the highly toxic high-ring PAHs. The decreased PAHs from co-
combustion were mainly ascribed to the enhanced complete com-
bustion caused by the pore structure of H-MSW. As shown in Fig. 4,
compared to smooth surface of coal, the surface of H-MSW was
much rough and substantial amount of pore existed. The porous
structure of H-MSW made air easily access to inner structure of
tion at different temperatures.

ture

600 �C 700 �C 800 �C 900 �C

33.79 41.45 27.91 7.63
1.13 1.13 0.51 0.12
1.81 0.52 0.03 0.04

51.24 109.25 165.17 248.79
3.40 3.65 2.93 11.08
1.26 1.12 0.61 0.94

24.03 35.47 30.71 63.62
6.12 49.75 29.49 1.83
0.59 0.43 0.45 0.70

4.09 7.92 5.35 4.83
2.88 39.27 98.31 1.43
0.24 1.13 0.13 0.09

0.71 0.11 0.11 0.13
0.23 0.29 30.68 0.08
0.12 0.15 0.10 0.04

113.86 194.19 229.24 324.99
13.76 94.09 161.92 14.54
4.03 3.37 1.32 1.81



Fig. 4. The SEM images of coal (A) and H-MSW (B).
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the blend during H-MSW/coal co-combustion, and resulted in
enhanced relatively complete combustion suppressing the forma-
tion of PAHs.

The theoretical TEQ values were also calculated by Eq. (1) and
they were in the range of 12.96–164.99 lg TEQ/g (shown in
Table S2). The experimental TEQ values were lower than those of
theoretical values, indicating that the blending of coal and
H-MSW reduced the toxicity of PAHs from respective individual
combustion. The difference between theoretical and experimental
PAHs suggested that the interactions between H-MSW and
coal occurred during their co-combustion.
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Fig. 5. The deviations between theoretical and experimental values of total PAHs
(A) and TEQ values (B) from H-MSW/coal co-combustion.
In order to further compare the effect of the blending of coal
and H-MSW on PAH emissions, the percent change for the differ-
ence (PCD) between experimental and theoretical PAH yields was
calculated by the following equation [30]:

PCD ð%Þ ¼ Experimental yield� Theoretical yield
Theoretical yield

� 100 ð3Þ

Fig. 5 presents the PCD values of total PAHs and TEQ values
from H-MSW/coal co-combustion at different temperatures. The
negative PCD values confirmed that co-combustion of coal and
H-MSW decreased the yields of PAHs and reduced the toxicity of
PAHs. In addition, PCD absolute values increased with the increase
of temperatures from 500 �C to 900 �C (in the range of 73.66–
90.63%) implying that the higher temperatures favored the interac-
tions between H-MSW and coal (shown in Fig. 5A). Fig. 5B illus-
trates that the PCD absolute values of TEQ were in the range of
66.18–96.37%. Compared to total PAH yields, the PCD absolute val-
ues of TEQ were high, except at 800 �C suggesting that the blending
of coal and H-MSW was more efficient to reduce the toxicity of
PAHs than the yields. It was worthy to note that for the toxicity
of PAHs, the interaction was not proportionately to the combustion
temperature, revealing the complex nature of interactions. Based
on the above results, reduced total emissions and toxicity of PAHs
were achieved from HT of MSW and H-MSW/coal co-combustion.

4. Conclusions

The generation, distribution and toxicity of 16 priority PAHs
were determined from H-MSW combustion alone and H-MSW/
coal co-combustion at different temperatures. As for all samples,
the 3- and 4-ring PAHs were the dominant PAHs and the most
PAHs were present in the flue gas, followed by fly ash and bottom
ash at most examined temperatures. Compared to MSW combus-
tion, the total yields of PAHs from H-MSW combustion were low
and the total TEQ values significantly reduced, especially at high
temperatures. The total PAH emissions and the fraction of toxic
high ring PAHs were further reduced by H-MSW/coal co-
combustion. Significant interaction occurred between H-MSW
and coal during co-combustion and the positive interactions are
beneficial to decrease the yields and toxicity of the PAHs. The pre-
sent study demonstrated that environmental benefits of suppress-
ing PAHs formation and reducing PAHs toxicity can be achieved by
hydrothermal carbonization of MSW prior to MSW combustion for
energy generation.
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