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The effects of temperature and CaO introduction on polycyclic aromatic hydrocarbons (PAHs) contents,
distribution patterns and toxicity of the products from hydrothermal carbonization (HTC) of swine man-
ure (SM) were investigated in this study for the first time. The results indicated that increasing temper-
ature decreased total PAHs content of the hydrochar, while the PAHs toxicity firstly decreased and then
increased during HTC of SM. For the aqueous product, the total PAHs content and toxicity gradually
decreased with increasing temperature. CaO introduction during HTC of SM significantly suppressed
the PAHs formation and promoted the transformation from higher molecular weight PAHs into lower
molecular weight PAHs in HTC products, resulting in the remarkably decreased content and toxicity of
PAHs. The lowest total PAHs content (1428.57 lg/kg) and TEQ value (21.33 lg/kg) of the hydrochar were
obtained by 15% CaO introduction at 200 �C and 180 �C, respectively, and compared to SM, they were
decreased by 73.73% and 79.51%, respectively. Moreover, 3-ring PAHs were the predominant PAHs in
HTC products regardless of CaO introduction. The present study demonstrated that CaO assisted HTC
at temperature lower than 220 �C was effective to reduce the total content and toxicity of PAHs in SM,
and the prepared hydrochar was a promising soil amendment in view of the elimination of PAHs toxicity.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Animal manure is the by-product of fast-growing animal pro-
duction, and its annual amount reaches 250 million tons in China
(Yang et al., 2017). Therefore, it is critically important to efficiently
dispose animal manure owing to the greenhouse gas emissions and
abundant pollutants such as heavy metals and antibiotics (Qian
et al., 2018; Tullo et al., 2019; Yin et al., 2016). At present, the
hydrochar production by hydrothermal carbonization (HTC) is
receiving more and more attention and it is considered as an alter-
native and cost-effective management and utilization approach of
animal manure (Han et al., 2016; Ro et al., 2017). In addition to the
low energy consumption and high efficiency (Guo et al., 2015), the
resultant hydrochar is a value-added and multifunctional material
with applications as adsorbent (Han et al., 2016, 2017), solid fuel
(Basso et al., 2016; Lang et al., 2019a, 2019b) and soil amendment
(Ro et al., 2016). In particular, the hydrochar used as soil amend-
ment is a research hotspot due to the improvement of soil fertility
and plant growth (Rillig et al., 2010; Rohrdanz et al., 2016). How-
ever, the hydrochar application was likely to pose some negative
effects on the germination and growth of plant, possibly ascribing
to the toxic substances (Busch et al., 2013; George et al., 2012).

In general, the toxic substances in the hydrochar include inor-
ganic heavy metals and organic contaminants such as polycyclic
aromatic hydrocarbons (PAHs) and dioxins (Wiedner et al.,
2013a, 2013b). Currently, the concern about toxic substances in
the hydrochar has aroused public attention, and numerous papers
have investigated the transformation behavior and potential risk of
heavy metals during HTC (Huang et al., 2018; Xu and Jiang, 2017;
Zhai et al., 2016), however, the organic contaminants in the hydro-
char are rarely available. In particular, PAHs, as a group of organic
contaminants with recalcitrant, cancerogenic and bioaccumulative
properties, extensively existed in soils, reaching as high as
3880 lg/kg in agricultural soils of eastern China (Sun et al.,
2017). The PAHs are known to be biodegradable in soils, while
the biodegradation rate was very low (Harmsen and Rietra,
2018). More importantly, these lipophilic PAHs are easily trans-
ported and accumulate in the living organisms, potentially bring-
ing about the malformation and cancer of humans (Zhang and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.wasman.2019.09.010&domain=pdf
https://doi.org/10.1016/j.wasman.2019.09.010
mailto:zgliu@rcees.ac.cn
mailto:wtjiao@rcees.ac.cn
https://doi.org/10.1016/j.wasman.2019.09.010
http://www.sciencedirect.com/science/journal/0956053X
http://www.elsevier.com/locate/wasman


Q. Lang et al. /Waste Management 100 (2019) 84–90 85
Chen, 2017). As a result, it is extremely critical to evaluate and
reduce the PAHs in the animal manure derived hydrochar to miti-
gate the potential negative effects prior to its application in soils.

At present, only a few papers reported the PAHs formation and
distribution during HTC of waste biomass (Erdogan et al., 2015; Li
et al., 2017; Liu et al., 2018; Mihajlović et al., 2018; Peng et al.,
2017). For instance, it was reported that with increasing tempera-
ture from 180 to 260 �C, the total PAHs content in the hydrochar
from sewage sludge gradually decreased from 3736 to 2808 lg/
kg (Li et al., 2017), whereas it showed an obvious uptrend in the
hydrochar from municipal solid waste (Peng et al., 2017). Different
from the hydrochars derived from sewage sludge and municipal
solid waste, no PAHs were detected in the hydrochar from HTC
of orange pomace in the range of 175 to 260 �C (Erdogan et al.,
2015). As for the aqueous product from HTC of sewage sludge,
the total PAHs content first increased from 2.755 to 2.974 lg/mL
and then decreased to 1.961 lg/mL as the temperature increased
from 180 to 260 �C (Li et al., 2017). Moreover, the distribution pat-
tern of PAHs in waste biomass was significantly changed by HTC (Li
et al., 2017; Peng et al., 2017). For instance, it was found that the
predominant PAHs changed from 4-ring PAHs in municipal solid
waste to 3-ring PAHs in the corresponding hydrochar (Peng et al.,
2017). In consideration of previous results, it can be concluded that
PAHs formation and distribution during HTC was extremely com-
plex and closely associated with the feedstock and HTC conditions.

The hydrochar derived from HTC of animal manure has the
potential application towards soil improvement, therefore, the
content and toxicity of PAHs in the hydrochar should be investi-
gated and reduced prior to soil application to realize its safe uti-
lization. To date, there is no available information about the
PAHs formation and distribution during HTC of animal manure.
In addition, previous study indicated that CaO was a beneficial
additive for PAHs reduction during thermochemical conversion of
waste biomass (Qin et al., 2017). Herein, the principal objective
of this study was to innovatively investigate the PAHs content, dis-
tribution and toxicity in the hydrochar and aqueous product from
HTC of animal manure with (without) CaO introduction. The ulti-
mate goal was to seek for a useful and efficient approach for soil
application of animal manure.
2. Material and methods

2.1. Material

The swine manure (SM) was adopted as the representative ani-
mal manure in this study, and it was taken from Beilangzhong bio-
gas plant located in Shunyi District, Beijing, China. After drying at
60 �C for 24 h, it was crushed, passed through a 100-mesh sieve
and finally stored in a desiccator for use.
2.2. HTC of SM

In each run, dried SM (7 g) with a specific amount of CaO (0, 5,
10 and 15% on a dry basis of SM, respectively) was mixed with dis-
tilled water (28 mL) in a 100-mL stainless autoclave. The autoclave
was heated to 180, 200 and 220 �C for 10 h based on previous
experiments (Cai et al., 2016; Dai et al., 2017; Gao et al., 2016),
respectively, and then quickly quenched to room temperature.
The mixture was separated by centrifugation at 10,000 rpm for
15 min, and the resultant hydrochar was dried at 60 �C for 24 h
and then sieved through 100 meshes prior to further analysis.
The aqueous product was stored in a glass vial for further analysis.
The hydrochar and aqueous product were labelled as H-X-Y and A-
X-Y, respectively, of which X and Y referred to HTC temperature
and CaO introduction ratio, respectively. The detailed characteriza-
tion of the hydrochar can be found in previously published paper
(Lang et al., 2019a, 2019b).
2.3. PAHs determination

The 16 priority PAHs regulated by U.S. Environmental Protec-
tion Agency (USEPA) are listed in Supplementary material
(Table S1), and they are classified into 2-ring PAH (Naphalene,
Nap), 3-ring PAH (Acenaphthylene, Acy; Acenaphthene, Ace; Fluo-
rene, Flu; Phenanthrene, Phe; Anthracene, Ant), 4-ring PAH (Fluo-
ranthene, Fla; Pyrene, Pyr; Benz[a]anthracene, BaA; Chrysene,
Chr), 5-ring PAH (Benzo[b]fluoranthene, BbF; Benzo[k]fluoran-
thene, BkF; Benzo[a]pyrene, BaP; Dibenz[ah] anthracene, DaA)
and 6-ring PAH (Indenol[1,2,3-c,d]pyrene, IcP; Benzo[ghi]perylene,
BgP).

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.wasman.2019.09.
010.

The 16 PAHs in SM and the hydrochars were determined
according to a previous study (Peng et al., 2017). Specifically, the
PAHs in solid samples were extracted with dichloromethane
(DCM) in a Soxhlet extractor for 24 h. The surrogate standards
(Nap-d8, Ace-d10, Phe-d10 and Perylene-d12) were spiked into the
solid sample prior to Soxhlet extraction to determine the recover-
ies of PAHs. After Soxhlet extraction, appropriately 15 mL of n-
hexane was added to replace DCM using a rotary evaporator, and
then it was reconcentrated to 1 mL. The packed silica column filled
with silica gel particles (12 cm), aluminum oxide (6 cm) and anhy-
drous sodium sulfate (1 cm) from bottom to top was used to
remove the impurities from the concentrated extraction with
15 mL of n-hexane and 70 mL of mixed solvent (n-hexane and
DCM, v:v = 7:3). Subsequently, the eluent collected from the mixed
solvent was concentrated to near dryness under a gentle nitrogen
stream, and finally diluted to 1 mL with n-hexane for PAHs analy-
sis. As for the 16 PAHs in the aqueous product, they were extracted
with DCM for three times in a separatory funnel. After extraction
for 20 min, the organic layers in the bottom were collected, and
treated according to the abovementioned procedure.

The 16 PAHs were identified and quantified by gas
chromatography-mass spectrometry (GC-MS, GC model Agilent
6890 and MS model 5793) equipped with a DB-5MS column
(30 m � 0.25 mm internal diameter, 0.25 lm film thickness), and
helium was employed as the carrier gas (1 mL/min). The initial
GC oven temperature was 50 �C for 2 min, and then it was heated
to the final temperature of 300 �C at 6 �C/min and maintained for
5 min. The injector temperature was kept at 280 �C with splitless
injection (1 lL). Each analysis in this study was performed in trip-
licate for consistency, and the results were presented with the
mean value ± standard deviation. The recoveries of surrogate stan-
dards in this study ranged from 72.38% to 114.16%.
3. Results and discussion

3.1. Effect of HTC temperature on PAHs

3.1.1. PAHs content and distribution pattern in SM and HTC products
without CaO introduction

Tables 1 and 2 display the content of individual PAHs in SM, the
hydrochars and the aqueous products, respectively. Table 1
showed that the 16 PAHs were all present in SM, and the total con-
tent was 5437.90 lg/kg. The total PAHs content in SM was much
higher than that in municipal solid waste (2181.16 lg/kg) (Peng
et al., 2017), while significantly lower than that in sewage sludge
(54,720 lg/kg) (Liu et al., 2018). In view of individual PAHs, Phe
of 2943.61 lg/kg was the most abundant PAHs in SM, accounting
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Table 1
Individual and total PAHs contents (lg/kg) in SM and the hydrochars from HTC of SM.

PAH
content
(lg/kg,
db%)

Sample

SM H-180–0 H-180–5 H-180–10 H-180–15 H-200–0 H-200–5 H-200–10 H-200–15 H-220–0 H-220–5 H-220–10 H-220–15

Nap 83.06 ± 1.54 142.09 ± 4.69 68.63 ± 0.93 35.15 ± 1.04 3.68 ± 0.12 113.33 ± 4.42 93.15 ± 1.96 56.85 ± 1.71 62.17 ± 2.05 181.06 ± 6.79 108.20 ± 4.44 86.71 ± 2.82 48.25 ± 0.63
Acy 5.78 ± 0.17 8.63 ± 0.32 7.51 ± 0.10 2.67 ± 0.08 1.06 ± 0.03 6.51 ± 0.20 7.16 ± 0.19 6.61 ± 0.18 5.56 ± 0.21 10.07 ± 0.24 5.72 ± 0.19 6.01 ± 0.20 4.21 ± 0.08
Ace 72.87 ± 2.51 94.15 ± 1.18 86.76 ± 1.17 77.60 ± 3.03 56.48 ± 2.17 79.60 ± 1.11 84.66 ± 2.62 78.56 ± 2.47 68.77 ± 3.03 105.06 ± 2.00 87.47 ± 1.71 79.88 ± 1.52 68.52 ± 1.58
Flu 450.83 ± 16.46 590.01 ± 9.74 518.11 ± 6.99 439.92 ± 15.40 249.74 ± 8.99 541.36 ± 8.93 481.54 ± 17.33 426.31 ± 10.02 386.31 ± 10.62 621.47 ± 20.20 505.89 ± 18.72 481.20 ± 21.17 346.48 ± 9.70
Phe 2943.61 ± 76.53 4140.53 ± 113.86 3414.60 ± 46.10 2058.94 ± 22.65 1465.32 ± 24.18 2199.27 ± 51.68 830.31 ± 34.04 218.67 ± 3.50 147.34 ± 2.43 275.39 ± 4.54 319.30 ± 12.13 210.28 ± 5.05 158.89 ± 5.24
Ant 178.22 ± 5.35 297.19 ± 8.62 162.90 ± 2.20 129.49 ± 5.76 98.89 ± 2.27 178.38 ± 6.24 145.00 ± 4.57 118.16 ± 4.02 147.34 ± 1.62 275.39 ± 5.92 208.07 ± 3.54 211.04 ± 7.18 158.89 ± 6.20
Fla 227.65 ± 3.76 569.67 ± 17.94 473.20 ± 6.39 369.09 ± 11.26 239.30 ± 6.94 348.37 ± 9.41 375.36 ± 9.95 333.12 ± 8.49 300.54 ± 10.37 470.21 ± 13.17 375.97 ± 4.51 357.19 ± 9.29 366.16 ± 12.63
Pyr 287.75 ± 9.50 421.43 ± 10.33 315.05 ± 4.25 210.05 ± 3.99 135.52 ± 4.27 174.28 ± 6.01 206.05 ± 4.95 200.97 ± 3.72 153.24 ± 2.15 237.90 ± 4.40 199.69 ± 4.99 186.20 ± 5.87 183.33 ± 3.12
BaA 86.18 ± 2.33 101.19 ± 3.59 110.88 ± 1.50 66.17 ± 1.39 33.84 ± 0.85 31.48 ± 0.39 27.21 ± 0.79 18.77 ± 0.70 15.02 ± 0.27 14.31 ± 0.20 12.03 ± 0.28 11.82 ± 0.29 15.50 ± 0.40
Chr 696.96 ± 25.09 786.75 ± 32.26 264.76 ± 3.58 86.29 ± 1.64 71.29 ± 2.21 27.22 ± 0.59 20.71 ± 0.69 10.32 ± 0.27 8.26 ± 0.19 7.99 ± 0.28 6.72 ± 0.13 6.59 ± 0.23 8.65 ± 0.19
BbF 132.98 ± 5.52 199.32 ± 2.89 142.86 ± 1.93 59.30 ± 1.42 27.32 ± 0.53 53.65 ± 1.39 25.63 ± 0.60 10.80 ± 0.31 3.66 ± 0.13 35.31 ± 1.01 18.98 ± 0.46 11.12 ± 0.33 3.18 ± 0.05
BkF 11.97 ± 0.41 17.30 ± 0.44 8.80 ± 0.12 8.07 ± 0.32 4.46 ± 0.10 9.93 ± 0.32 6.49 ± 0.23 5.40 ± 0.18 1.83 ± 0.06 17.66 ± 0.57 9.49 ± 0.16 5.56 ± 0.21 4.18 ± 0.07
BaP 17.46 ± 0.33 46.45 ± 0.63 13.45 ± 0.18 4.15 ± 0.12 2.87 ± 0.09 24.89 ± 0.58 13.20 ± 0.44 5.05 ± 0.11 1.71 ± 0.04 36.66 ± 0.70 17.00 ± 0.65 6.16 ± 0.22 4.41 ± 0.18
DaA 35.59 ± 0.37 78.53 ± 1.45 48.83 ± 0.66 22.54 ± 0.43 7.40 ± 0.14 63.98 ± 1.66 9.05 ± 0.34 8.31 ± 0.17 12.37 ± 0.24 91.52 ± 2.79 68.92 ± 3.00 73.39 ± 0.99 79.07 ± 2.97
IcP 144.82 ± 5.79 535.68 ± 15.00 366.29 ± 4.94 50.43 ± 0.68 4.80 ± 0.13 376.80 ± 16.01 195.49 ± 5.67 143.23 ± 2.72 87.67 ± 3.95 748.45 ± 26.20 323.42 ± 14.55 285.01 ± 10.83 204.46 ± 6.34
BgP 62.16 ± 1.52 153.27 ± 2.91 106.55 ± 1.44 29.22 ± 1.01 16.87 ± 0.22 141.07 ± 4.44 87.41 ± 2.62 52.67 ± 1.55 26.79 ± 0.70 199.21 ± 4.48 117.73 ± 1.47 81.71 ± 3.02 61.09 ± 1.86
Total content 5437.90 ± 184.89 8182.21 ± 151.37 6109.17 ± 238.26 3649.08 ± 114.95 2418.83 ± 62.89 4370.11 ± 155.14 2608.43 ± 32.61 1693.80 ± 74.53 1428.57 ± 27.86 3327.65 ± 49.91 2384.60 ± 73.92 2099.87 ± 79.79 1715.27 ± 50.60

Table 2
Individual and total PAHs contents (lg/L) in the aqueous products from HTC of SM.

PAH
content
(lg/L)

Sample

A-180–0 A-180–5 A-180–10 A-180–15 A-200–0 A-200–5 A-200–10 A-200–15 A-220–0 A-220–5 A-220–10 A-220–15

Nap 45.14 ± 1.74 31.86 ± 1.23 24.35 ± 0.94 36.08 ± 1.39 24.51 ± 0.94 26.00 ± 1.00 33.03 ± 1.27 17.25 ± 0.66 58.26 ± 2.24 43.53 ± 1.68 40.94 ± 1.58 22.15 ± 0.85
Acy 0.03 ± 0.00 0.22 ± 0.01 0.19 ± 0.01 0.09 ± 0.00 0.18 ± 0.01 0.13 ± 0.00 0.09 ± 0.00 0.06 ± 0.00 0.21 ± 0.01 0.15 ± 0.01 0.12 ± 0.00 0.03 ± 0.00
Ace 28.66 ± 1.10 21.20 ± 0.82 20.31 ± 0.78 11.57 ± 0.45 25.03 ± 0.96 20.11 ± 0.77 12.99 ± 0.50 9.34 ± 0.36 29.69 ± 1.14 21.86 ± 0.84 20.66 ± 0.80 19.71 ± 0.76
Flu 115.19 ± 4.43 95.40 ± 3.67 74.87 ± 2.88 66.30 ± 2.55 111.78 ± 4.30 96.09 ± 3.70 83.88 ± 3.23 63.57 ± 2.45 96.48 ± 3.71 85.84 ± 3.31 79.58 ± 3.06 61.74 ± 2.38
Phe 717.53 ± 27.62 656.01 ± 25.26 391.86 ± 15.09 249.23 ± 9.60 447.14 ± 17.21 373.61 ± 14.38 239.80 ± 9.23 127.90 ± 4.92 310.20 ± 11.94 196.40 ± 7.56 63.60 ± 2.45 27.96 ± 1.08
Ant 200.78 ± 7.73 125.95 ± 4.85 76.63 ± 2.95 45.53 ± 1.75 175.70 ± 6.76 100.90 ± 3.88 50.98 ± 1.96 41.95 ± 1.62 188.20 ± 7.25 127.55 ± 4.91 95.65 ± 3.68 75.90 ± 2.92
Fla 120.28 ± 4.63 96.11 ± 3.70 71.77 ± 2.76 30.65 ± 1.18 117.98 ± 4.54 82.25 ± 3.17 58.47 ± 2.25 36.80 ± 1.42 120.47 ± 4.64 86.40 ± 3.33 77.80 ± 3.00 62.03 ± 2.39
Pyr 89.92 ± 3.46 63.08 ± 2.43 49.93 ± 1.92 43.09 ± 1.66 82.24 ± 3.17 75.85 ± 2.92 60.57 ± 2.33 55.19 ± 2.12 43.47 ± 1.67 47.36 ± 1.82 39.08 ± 1.50 41.83 ± 1.61
BaA 22.46 ± 0.86 14.31 ± 0.55 8.83 ± 0.34 6.86 ± 0.26 24.87 ± 0.96 15.44 ± 0.59 9.42 ± 0.36 6.32 ± 0.24 20.52 ± 0.79 16.61 ± 0.64 8.92 ± 0.34 4.21 ± 0.16
Chr 460.77 ± 17.74 171.93 ± 6.62 72.01 ± 2.77 45.85 ± 1.77 294.85 ± 11.35 194.21 ± 7.48 83.90 ± 3.23 36.32 ± 1.40 258.15 ± 9.94 190.16 ± 7.32 75.20 ± 2.90 36.95 ± 1.42
BbF 1.91 ± 0.07 1.42 ± 0.05 0.75 ± 0.03 0.09 ± 0.00 2.23 ± 0.09 1.78 ± 0.07 1.23 ± 0.05 1.31 ± 0.05 2.99 ± 0.11 1.97 ± 0.08 1.26 ± 0.05 0.72 ± 0.03
BkF 0.90 ± 0.03 0.53 ± 0.02 0.28 ± 0.01 0.23 ± 0.01 1.18 ± 0.05 1.03 ± 0.04 0.80 ± 0.03 0.30 ± 0.01 1.33 ± 0.05 0.93 ± 0.04 0.33 ± 0.01 0.28 ± 0.01
BaP 6.02 ± 0.23 3.01 ± 0.12 2.54 ± 0.10 1.90 ± 0.07 3.73 ± 0.14 2.24 ± 0.09 1.49 ± 0.06 1.49 ± 0.06 6.13 ± 0.24 3.07 ± 0.12 2.32 ± 0.09 1.27 ± 0.05
DaA 13.75 ± 0.53 4.58 ± 0.18 4.39 ± 0.17 4.19 ± 0.16 23.53 ± 0.91 15.94 ± 0.61 5.31 ± 0.20 5.31 ± 0.20 26.90 ± 1.04 20.68 ± 0.80 16.37 ± 0.63 10.34 ± 0.40
IcP 21.80 ± 0.84 14.53 ± 0.56 9.28 ± 0.36 7.27 ± 0.28 16.06 ± 0.62 5.35 ± 0.21 2.44 ± 0.09 1.22 ± 0.05 120.61 ± 4.64 101.10 ± 3.89 27.57 ± 1.06 9.19 ± 0.35
BgP 2.75 ± 0.11 1.57 ± 0.06 1.25 ± 0.05 0.57 ± 0.02 3.36 ± 1.13 1.62 ± 0.06 1.17 ± 0.05 0.92 ± 0.04 4.41 ± 0.17 3.30 ± 0.13 2.67 ± 0.10 0.67 ± 0.03
Total content 1847.89 ± 57.28 1301.70 ± 47.22 809.23 ± 21.67 549.49 ± 13.75 1354.37 ± 57.24 1012.54 ± 36.99 645.58 ± 20.00 405.26 ± 12.77 1288.01 ± 53.32 946.91 ± 32.99 552.08 ± 16.52 374.97 ± 6.64
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Fig. 1. Distribution patterns of PAHs with different ring numbers in (a) SM and the
hydrochars; (b) the aqueous products.
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for 54.13% of the total PAHs, followed by Chr (696.96 lg/kg) and
Flu (450.83 lg/kg), and Acy had the lowest content with the value
of 5.78 lg/kg.

It was noted that the total PAHs content in the hydrochar dras-
tically decreased from 8182.21 to 3327.65 lg/kg with increasing
temperature from 180 to 220 �C, and it was mainly attributed to
the higher decomposition rate than synthesis rate of PAHs. In addi-
tion, compared to SM, the total PAHs content in H-180-0
(8182.21 lg/kg) was considerably increased by 50.47%. For the
aqueous product, the total PAHs content also showed an obvious
decrease from 1847.89 to 1288.01 lg/L as temperature increased.
By comparison, the total PAHs contents in HTC products in the pre-
sent study were much lower than those from HTC of sewage sludge
(Li et al., 2017). Previous study indicated that increasing tempera-
ture accelerated the decomposition of organic compounds to gen-
erate PAHs precursors such as benzene and phenol via Diels-Alder
reaction during HTC, and finally promoted the PAHs formation
(Gong et al., 2016), and it could account for the higher PAHs con-
tent in H-180-0 and H-200-0 than SM. Additionally, the transfer
of PAHs with relatively low boiling point temperature into the
gas product was likely to occur with increasing temperature
(Gong et al., 2016), possibly resulting in the gradually decreased
total PAHs content in HTC products.

In view of individual PAHs, Tables 1 and 2 indicated that
increasing temperature increased the contents of some PAHs espe-
cially for IcP, which increased from 535.68 to 748.45 lg/kg in the
hydrochar and 21.80 to 120.61 lg/L in the aqueous product. It
was observed that Phe was the most abundant PAHs species in
HTC products except for H-220-0 in which IcP contributed to the
largest percentage of total PAHs (22.49%), while the contents of
PAHs including Acy, BkF and BaP were relatively very low in HTC
products.

Fig. 1 presents the contents of PAHs with different ring number
in SM and HTC products. Obviously, 3-ring and 4-ring PAHs were
the predominant PAHs in SM, accounting for 67.15% and 23.88%,
respectively, while 2-ring, 5-ring and 6-ring PAHs were present
at very low contents. Similar results were found in sewage sludge
(Li et al., 2017; Peng et al., 2017). It was noted that with increasing
temperature, the changes of PAHs content with different ring num-
ber in the hydrochar and aqueous product were similar. For
instance, the content of 3-ring PAHs in the hydrochar significantly
decreased from 5130.51 to 1287.38 lg/kg as temperature
increased from 180 to 220 �C, while the contents of other PAHs ini-
tially decreased, and then increased. The content of 3-ring PAHs
also reduced from 1062.18 lg/L in A-180-0 to 624.78 lg/L in A-
220-0. Besides, 3-ring PAHs accounted for the largest percentage
of total PAHs in HTC products, however, increasing temperature
resulted in the decreased percentage from 62.70% and 57.48% to
38.69% and 48.51% in the hydrochar and aqueous product, respec-
tively. In contrast, the content of 6-ring PAHs in H-220-0 and A-
220-0 reached as high as 947.66 lg/kg and 125.02 lg/L, accounting
for 28.48% and 9.71% of the total PAHs content, respectively. The
mutual transformation of PAHs during HTC could possibly serve
as an explanation for this observation. The increased temperature
was likely to result in the transformation of lower molecular PAHs
into higher molecular PAHs owing to the naphthalene zigzag reac-
tion and the decomposition of higher molecular PAHs into lower
molecular PAHs (Li et al., 2017). As a consequence, HTC tempera-
ture not only influenced the PAHs content but also changed the
PAHs distribution pattern during HTC.

The molecular weight of PAHs was associated with their behav-
iors in the environment including solubility, degradability and
bioaccumulation (Wiedner et al., 2013a). Based on the molecular
weight, the 16 PAHs are classified into low molecular weight
(LMW) PAHs (2-ring and 3-ring PAHs, including Nap, Acy, Ace,
Flu, Phe and Ant), middle molecular weight (MMW) PAHs (4-ring
PAHs, including Fla, Pyr, BaA and Chr) and high molecular weight
(HMW) PAHs (5-ring and 6-ring PAHs, including BbF, BkF, BaP,
DaA, IcP and BgP) (Devi and Saroha, 2015). The percentage varia-
tions of LMW, MMW and HMW PAHs as a function of HTC temper-
ature are presented in Fig. 2. It was observed that the LMW PAHs
were most abundant in SM (68.67%), the hydrochars (44.13–
71.36%) and aqueous products (53.03–59.92%), followed by the
MMW PAHs except for H-200-0. In addition, increasing tempera-
ture resulted in the increased percentage of HMW PAHs along with
the decreased percentage of LMW PAHs in HTC products, while the
percentage of MMW PAHs kept relatively constant especially in
aqueous products (34.36–38.39%). An earlier study found the sim-
ilar observation (Peng et al., 2017). This observation suggested that
high temperature contributed to the formation of HMW PAHs dur-
ing HTC, possibly attributing to the high activation energy needed
for PAHs formation with increasing PAHs size (Sharma and
Hajaligol, 2003).

3.1.2. PAHs toxicity of SM and HTC products without CaO introduction
In addition to the total PAHs content, the toxic equivalent quan-

tity (TEQ) is commonly used to assess the toxicity of PAHs, and the
TEQ value is calculated by the following equations (Devi and
Saroha, 2015):

TEQ i ¼ contenti � TEFi ð1Þ



Fig. 3. TEQ values and percentages of individual PAHs (% total) in (a) SM and the
hydrochars; (b) the aqueous products.

Fig. 2. Percentages of PAHs with different molecular weights in (a) SM and the
hydrochars; (b) the aqueous products.
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TEQ ¼
X

TEQi ð2Þ

where the contenti represents the content of individual PAHs; TEFi
and TEQi refer to the toxic equivalent factor and toxic equivalency
of individual PAHs, respectively.

The TEQ values of all samples and corresponding percentages of
individual PAHs are presented in Fig. 3. It was found that the TEQ
values of H-180-0, H-200-0 and H-220-0 were 228.67, 142.98 and
216.48 lg/kg, respectively, and they were increased by 119.68%,
37.36% and 107.97% in comparison to SM, respectively. This obser-
vation indicated that HTC of individual SM increased the toxicity of
the hydrochar. Unlike the gradually decreased total PAHs content
with increasing temperature from 180 to 220 �C, the TEQ value of
the hydrochar initially decreased and then increased. Moreover,
the TEQ value of the aqueous product showed an upward trend
as temperature increased, reaching 32.23, 37.24 and 52.75 lg/L
of A-180-0, A-200-0 and A-220-0, respectively, suggesting the
increased toxicity. It was observed that DaA contributed to the
highest percentage of TEQ value of SM (34.19%), the hydrochars
(34.34–44.75%) and aqueous products (42.66–63.19%). Besides,
BaP and IcP also contributed to relatively high percentages of the
TEQ values of SM and HTC products, while the PAHs including
NaP, Acy, Phe and Flu with relatively low ring number showed
low toxicity. For the hydrochars and aqueous products, the differ-
ent trends of TEQ values with increasing temperature were mainly
attributed to the different contents and TEF values of individual
PAHs. For instance, the higher contents of 5-ring and 6-ring PAHs
with relatively high TEF values of H-220-0 than H-200-0 resulted
in the higher TEQ value.

3.2. Effect of CaO introduction on PAHs

3.2.1. PAHs content and distribution pattern in HTC products with CaO
introduction

Tables 1 and 2 indicated that the presence of CaO during HTC of
SM led to the remarkable reduction of total PAHs content of HTC
products along with the decreased contents of individual PAHs.
For instance, the content of Phe decreased from 2199.27 lg/kg of
H-200-0 to 147.34 lg/kg in H-200-15. Moreover, in comparison
to H-200-0, the total PAHs contents in H-200-5, H-200-10 and H-
200-15 were decreased by 40.31%, 61.24% and 67.31%, respectively.
By CaO assisted HTC, the lowest total PAHs content from was
1428.57 lg/kg in H-200-15, which was substantially decreased
by 73.73% in contrast with SM (1428.57 lg/kg), and A-220-15
had the lowest total PAHs content (374.97 lg/L) among all the
aqueous products. The phenols and phenolic compounds with
acidity were regarded as important precursors for the formation
of LMW PAHs (Zhang et al., 2011), therefore, it was speculated that
the increased pH resulting from CaO introduction during HTC
reduced the PAHs precursors, and thus suppressed the PAHs for-
mation. Similarly, a previous study reported that high pH remark-
ably inhibited the PAHs formation during sewage sludge
gasification in supercritical water (Gong et al., 2016). As for the cat-
alytic effect of CaO during HTC, it was difficult to determine due to
the complex HTC process.
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From Fig. 1, it was noted that for the products from CaO assisted
HTC, the contents of PAHs with different ring number substantially
decreased with increasing CaO amount, and 3-ring PAHs were the
most dominant PAHs species, followed by 4-ring PAHs. Fig. 2
showed that LMW PAHs in the hydrochars and aqueous products
from CaO assisted HTC accounted for 45.78–77.52% and 50.20–
74.40%, respectively. In addition, the percentage variations of
LMW, MMW and HMW PAHs during CaO assisted HTC changed
with HTC temperature. For instance, the percentage of LMW PAHs
gradually increased from 64.44% in H-180-0 to 77.52% in H-180-15,
however, it showed an obvious decrease from 71.36% in H-200-0 to
57.22% in H-200-15. It was noteworthy that CaO introduction sig-
nificantly reduced the percentage of HMW PAHs in HTC products
irrespective of HTC temperature. For example, in contrast to H-
180-0, the percentages of HMW PAHs in H-180-5, H-180-10 and
H-180-15 were greatly reduced by 10.74%, 62.21% and 79.09%,
respectively. The reduction of HMW PAHs in the hydrochar was
of a great significance, because PAHs with higher molecular weight
generally have stronger sorption tendency and potential bioaccu-
mulation in soils (Wiedner et al., 2013a), and some of them are
non-biodegradable (Chibwe et al., 2017).

3.2.2. PAHs toxicity of HTC products with CaO introduction
Fig. 3 indicated that the TEQ values of the hydrochars and aque-

ous products from CaO assisted HTC were in the ranges of 21.33–
135.39 lg/kg and 8.82–32.23 lg/L, respectively, and more intro-
duced CaO led to the lower TEQ values of HTC products. In compar-
ison to SM, the lowest TEQ value of the hydrochar from CaO
assisted HTC (21.33 lg/kg of H-180-15) was decreased by
79.51%. Meanwhile, the lowest TEQ value of the aqueous product
was found to be 8.82 lg/L of A-200-15. The reduced TEQ values
suggested the significantly decreased toxicity of the products from
HTC of SM with CaO introduction. As evidenced in Fig. 3, DaA had
the highest toxicity in the products from CaO assisted HTC except
for H-220-5 and H-220-10, of which IcP had the highest toxicity
with the percentages of 37.35% and 41.74%, respectively. Conse-
quently, the presence of CaO during HTC of SM greatly contributed
to the toxicity reduction of the hydrochars and aqueous products,
favoring their further utilization.

4. Conclusions

The contents, distribution patterns and toxicity of 16 priority
PAHs in the hydrochars and aqueous products from HTC of SM
were firstly investigated. The increasing temperature decreased
the total PAHs contents in the hydrochars and aqueous products.
In addition, CaO introduction during HTC of SM significantly sup-
pressed the PAHs formation and transformed the higher molecular
weight PAHs into lower molecular weight PAHs, resulting in the
decreased PAHs content and toxicity. The 3-ring PAHs were the
predominant PAHs in the hydrochars and aqueous products from
HTC of SM. The lowest TEQ values of PAHs were 21.33 lg/kg of
H-180-15 and 8.82 lg/L of A-200-15 by CaO assisted HTC, respec-
tively. This study demonstrated that CaO assisted HTC of SM
offered a promising approach to suppress formation of PAHs and
mitigate the toxicity, benefiting further value-added utilization of
the SM-derived hydrochar.
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