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Abstract

This study investigated the levels of persistent toxic substances, such as 16 polycyclic aromatic hydrocarbons (316PAHs) and
heavy metals (Cu, As, Cd, Zn, Pb, Ni, Mo, and Cr) in biochars produced from crop residues (walnut shell, corn cob, corn straw,
rice straw, and rice husk) at different heat treatment temperatures (HTTs, 250, 400, and 600 °C). The levels of >16PAHs in
different biochars were 0.47—7.11 mg kg ', with naphthalene and phenanthrene contributing the most. The $16PAHs had the
positive correlations with H/C and (O + N)/C, but had negative correlations with biochar surface areas. This finding indicates the
increasing hydrophobic 7t-7t interactions between the PAHs and the aromatic sheets of biochars and even the trapping of PAHs
within the micropores with the increase of HTTs. The levels of heavy metals in rice residue-derived biochars were significantly
higher than those in other biochars. The heavy metals had positive correlations with ash contents in the biochars, indicating the
enrichment of heavy metals in the ash. The potential ecological risks of PAHs and heavy metals (dosage: 1%, w/w; frequency: 1)
were minimal according to the risk quotient of negligible concentrations (RQncs: 2.50-47.40, << 800) and maximum permissible
concentrations (RQypcs: 0.02-0.48, << 1) for PAHs and the potential ecological risk indexes (PERI: 0.01-0.28, << 150) for
heavy metals.
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Introduction

The interest toward biochar as adsorbent and soil ameliorant
sharply increases in recent years because of not only its re-
newable, low cost, and sustainable nature but also its effective
removal and immobilization of various contaminants and im-
provement of soil fertility and crop yield (Hussain et al. 2016;
Rajapaksha et al. 2016). Although it makes a series of

Responsible editor: Hailong Wang

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-018-3280-8) contains supplementary
material, which is available to authorized users.

P4 Fengsong Zhang
zhangfs @igsnrr.ac.cn

College of Environment and Safety, Taiyuan University of Science
and Technology, Taiyuan 030024, Shanxi Province, China

Key Laboratory of Land Surface Pattern and Simulation, Chinese
Academy of Sciences, Institute of Geographic Sciences and Natural
Resources Research, Beijing 100101, China

advantages to environment and agriculture, it is indispensable
to emphasize that biochar also has drawbacks because of its
carrying various persistent toxic substances, especially poly-
cyclic aromatic hydrocarbons (PAHs) and heavy metals
(Hussain et al. 2016; Qiu et al. 2015). Studies have indicated
that the levels of PAHs and heavy metals vary in different
biochars and may considerably exceed the threshold values
of biosolids for land application (Hale et al. 2012; Zielinska
and Oleszczuk 2015). Therefore, persistent toxic substances
(e.g., PAHs and heavy metals) in biochars have been widely
concerned by researchers recently.

The PAHs in biochars are formed during the pyrolysis of
feedstocks, and their levels largely depend on the heat treat-
ment temperatures (HTTs) (Freddo et al. 2012; Hale et al.
2012; Keiluweit et al. 2012; Qiu et al. 2015). Additionally,
several studies indicated that the straw-derived biochars gen-
erally had higher levels of total PAHs than wood-derived bio-
chars (Keiluweit et al. 2012; Quilliam et al. 2013). Moreover,
the levels of total PAHs in biochars were generally higher than
in corresponding feedstocks (Hale et al. 2012; Keiluweit et al.
2012; Qiu et al. 2015). A recent study reported that biochar
application to soils for 3 years significantly raised the PAH
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levels as compared with untreated soil (Quilliam et al. 2013).
However, another study revealed that biochar addition to soils
for 2.5 years resulted in an increase of the total PAH levels at
first, and then the PAH levels decreased to a level character-
istic for the control soil (Ku$miez et al. 2016). It has been
reported that the yield and composition of PAHs in biochars
depends on many factors, such as feedstocks, pyrolysis tem-
peratures, residence time, and mineral content (Wang et al.
2017). Thus, it is necessary to understand the effect of feed-
stock and pyrolysis temperature on the formation of PAHs in
biochars.

Different from PAHs, heavy metals are not formed during
the pyrolysis of feedstocks, but concentrated in the formed
biochars. During pyrolysis, although the heavy metals (e.g.,
Ni, Zn, Cr, Cu, Co, Cd, Pb) partitioned into the solid (biochar),
liquid (bio-oil), and gaseous phases (biogas), the major
amounts of them were enriched in the biochars, resulting in
their higher levels in the biochars as compared with their cor-
responding feedstocks (Devi and Saroha 2014; Zielinska and
Oleszczuk 2015). Furthermore, the heavy metal levels in the
biochars considerably varied depending on the feedstocks,
HTTs, and speciation of the heavy metals. For example, levels
of most heavy metals in the animal waste-derived biochars
were remarkably higher than those in the plant residue-
derived biochars (Qiu et al. 2015). It was also reported that
the levels of heavy metals in the sewage sludge-derived bio-
chars commonly considerably exceeded the threshold values
relating to biosolids for land application and posed potential
risk to ecosystems (Devi and Saroha 2014; Zielinska and
Oleszczuk 2015). Some studies indicated that HTTs had min-
imal effects upon the heavy metal levels in the biochars
(Freddo et al. 2012; Qiu et al. 2015). However, some others
revealed that with the increase of HTTs there was an increase
in the levels of Cr, Cu, Zn, and Pb, but a decrease in the level
of Cd owing to the volatilization of Cd to the gas stream at
higher temperatures (Devi and Saroha 2014; Zielinska and
Oleszczuk 2015). It should be noted that the application of
biochars to soils does not always decrease but increase the
bioavailability of heavy metals to organisms, such as plants
(Rizwan et al. 2016). A recent research revealed that the bio-
availability of heavy metals to the plant in biochar-amended
soils was significantly related to the heavy metal levels in the
biochars (Shen et al. 2016). Therefore, examination of heavy
metals in the biochars to assess the potential ecological risk
after conversion the biomass into biochars is crucial before
them being applied to soils.

The objectives of this study were (1) to examine the
effect of HTTs, feedstocks, and biochar properties on the
levels of PAHs and heavy metals in the biochars produced
from crop residues at different HTTs, and (2) to assess the
potential ecological risks of biochars produced from crop
residues for soil application in terms of PAHs and heavy
metals.
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Materials and methods
Biochar preparation and characterization

Biochars were produced from walnut shell (WS), corn cob
(CO), corn straw (CS), rice straw (RS), and rice husk (RH).
The CC, CS, and RS were cut to less than 3 cm before further
treatment. Each feedstock was washed and dried in an oven at
80 °C. For biochar production, the feedstocks were pyrolyzed
at 250 °C, 400 °C, and 600 °C, respectively, for 4 h in a muffle
under an oxygen-limited condition. The HTTs were raised to
the target values (250 °C, 400 °C, and 600 °C) at a ramp rate
of 15 °C min™". The biochars were then cooled to room tem-
perature inside the furnace. The prepared biochars were re-
ferred to as CS250, CS400, CS600, CC250, CC400, CC600,
RS250, RS400, RS600, RH250, RH400, RH600, WS250,
WS400, and WS600, respectively. Their corresponding feed-
stocks were accordingly named as CS0, CC0O, RS0, RHO,
WSO, respectively. The biochars and their corresponding feed-
stocks were milled to pass a 0.15-mm sieve for further
analyses.

Before characterization, both biochars and feedstocks was
washed with 0.1 M HCI to remove some soluble salts, carbon-
ates, and dissolved organic matter, followed by being flushed
until neutral pH with ionized water, and subsequently oven-
dried and milled (Sun et al. 2013). After pre-treatment, the
element composition (C, H, and N) of biochars and feedstocks
was determined with an elemental analyzer (Flash EA 1112)
via complete combustion. Ash content was measured by
heating the biochars and feedstocks in a muffle at 750 °C for
4 h. The oxygen content was calculated from the mass differ-
ence. The N,-BET surface areas (SA) were determined by an
ASAP-2020 surface area analyzer (Micromeritics Instrument
Corporation, USA).

Extraction and quantification PAHs

In the present study, 16 PAHs were determined, including
naphthalene (Nap; 2-ring), acenaphthene (Ace; 3-ring),
acenaphtylene (Acy; 3-ring), fluorine (Flu; 3-ring), phenan-
threne (Phe; 3-ring), anthracene (Ant; 3-ring), fluoranthene
(Fla; 4-ring), pyrene (Pyr; 4-ring), chrysene (Chr; 4-ring),
benzo[a]anthracene (BaA; 4-ring), benzo[b]fluoranthene
(BbF; 5-ring), benzo[k]fluoranthene (BkF; 5-ring), benzo[a]-
pyrene (BaP; 5-ring), dibenz[a,s]anthracene (DahA; 5-ring),
indeno[1,2,3-cd]pyrene (IcdP; 6-ring), and benzo[ghi]-
perylene (BghiP; 6-ring). The total PAHs were extracted with
Soxhlet using acetone/cyclohexane (1:1, v/v) for 36 h
(4 cycles h™') (Fabbri et al. 2013). The PAHs in all extracts
were analyzed with a Shimadzu GCMS-2010 Plus apparatus
equipped with a RTX-5MS capillary column (30 m x
0.32 mm x 1 um) in the selective ion monitoring mode. The
mass spectrometer was operated under electron ionization
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(70 eV). High-purity He was used as carrier gas at a flow rate
of 1.0 mL min~'. The temperature program was as follows:
initial temperature of 65 °C, held for 2 min, increased at a rate
of 5 °C min"! to 290 °C, and then maintained for 20 min.
Finally, 1 uL of the extract was injected in the splitless mode.
More details can be found in the Supplementary Information.

Extraction and quantification of heavy metals

The heavy metals were extracted using an automatic digestion
apparatus (ST-60, Polytech Instrument Ltd., Beijing, China).
The target heavy metals, including Cu, Mo, As, Cd, Pb, Cr,
Ni, and Zn were analyzed via ICP-AES (SPECTRO ARCOS
EOP, SPECTRO Analytical Instruments GmbH). More details
can be found in the Supplementary Information.

Models for assess the potential ecosystem risk
of PAHs and heavy metals

The application amount of biochar as the soil amendment and
contaminant adsorbent into soil was generally around or lower
than 1% (w/w) (Hussain et al. 2016; Rizwan et al. 2016). In the
present study, the potential ecological risk of PAHs and heavy
metals caused by biochars after application into soil was
assessed based on 1% application rate per year. To date, no
models and reference quality values exist for the ecological
risk assessment of PAHs and heavy metals in biochars; thus,
the methods for soil were used.

To assess the potential ecosystem risk of PAHs caused by
biochars, the risk quotient of negligible concentration (RQycs)
and maximum permissible concentration (RQypcs) Was calcu-
lated using the Egs. (1) and (2), respectively (Cao et al. 2010):

RQnes = CPAHS/ Cqv(nes) (1)

RQuipcs = CPAHS/ Cav(mpcs) (2)

where Coynes) and Covaupcs) are the quality values of the
NCs and MPCs of PAHs in the medium, respectively.

The potential ecological risk index (PERI) is used to assess
the degree of heavy metal pollution in soil according to their
toxicity and response of the environment (Hakanson 1980).
This index as shown in Eq. (3) was introduced to assess the
potential ecological risk of heavy metals in biochars after ap-
plication into soil.

PERI= 3 E,/ =T,/ x C/ = T,/ Cs’/cf (3)
i=1 "

where Cf’f is the pollution index of the heavy metal i; C,’ is the

average concentration of heavy metal 7 in the soil samples; C,’

is the evaluation reference value of the heavy metal i; 7, ,i is the

toxic response factor of the heavy metal 7; E,” is the potential

ecological risk of the heavy metal i; PERI is the potential

heavy metal ecological risk index and the sum of the individ-
ual heavy metal potential ecological risk. The values of C,’
(mg kg ") and 7}’ for heavy metals were previously reported
(Devi and Saroha 2014; Hakanson 1980).

Statistical analysis

Differences between independent samples were analyzed by
one-way ANOVA using IBM SPSS Statistics 19. Tukey’s post
hoc test was used for the mean comparisons. Statistical signif-
icance was determined at a 95% confidence interval with the
significance level at 0.05.

Results and discussion
PAHs in the biochars and corresponding feedstocks

Figure 1 presents the levels of >16PAHs in the biochars and
their feedstocks. The 316PAHs in the feedstocks ranged from
0.27 to 1.09 mg kg', which were increased by 25-92% in
their corresponding biochars (0.47-7.11 mg kg ' with the
exception of CS600 and RS600), indicating the formation of
PAHs during the pyrolysis. The 316PAHs in the biochars
depending on the feedstocks decreased as RS> CS>CC>
WS, although the difference was not significant for the bio-
chars produced at 400 and 600 °C (p > 0.05). It is interesting to
note that this variation is in consistent with the variation of the
ash contents in the biochars in terms of feedstocks (Table S1).
A recent study reported that the high mineral content in bio-
char was responsible for the depolymerization of organic mat-
ter, which facilitated the high production of PAHs (Qiu et al.
2015). Although there was the absent correlation between
>16PAHs and ash contents in the biochars (Fig. 2a), the pos-
itive correlation between X 16PAHs in the biochars under a
given HTT and their ash contents was observed (Fig. S1),
indicating the positive role of minerals in the formation of
some PAHs (Qiu et al. 2015).

The concentrations of 316PAHs in the biochars produced
at 250 °C were significantly higher than those in other bio-
chars and feedstocks (p < 0.01, Fig. 1). This finding disagreed
with previous studies, where the maximum occurred between
350 and 550 °C (Hale et al. 2012; Keiluweit et al. 2012; Qiu
et al. 2015). This difference was presumably attributed to the
different oxygen contents in the reactors because the Nap but
not Phe that contributed the most to the PAHs in the biochars
produced at low HTTs (e.g., 250 °C) (Qiu et al. 2015).
Another reason was the removal of PAHs from biochars via
volatilization to gas phase, since the boiling point tempera-
tures of the analyzed PAHs cover the range from 96.2
(ACE) to 530 °C (IcdP) (Zielinska and Oleszczuk 2015).
With the increase of HTTs from 400 to 600 °C, the concen-
trations of X 16PAHs in biochars decreased, but the

@ Springer



33210

Environ Sci Pollut Res (2018) 25:33207-33215

d de

A7- Z/’

o g

7

4 6 .

2n ’ .

c % 7

g 5 ’ .

= 7 “ %

7 ’ 0

= 7 0 2

S 44 % % %

5 . . .

23] b ? é ?

1 2 . % .

. % 7 ) Z

S % . ) a /

7 Z Z 2

© é a 2?? g
14 7 % w40 %%

7 a 7w ﬁé// W/’é

Z a W a a7 9 Y 7 v
2238 5238 3888 §ZsS
zZ=z2 O 0O |SRCRE) [~ -2

Fig. 1 Levels of X 16PAHs concentrations (mg kg ') in biochars
produced from walnut shell (WS), corn cob (CC), corn stem (CS), and
rice straw (RS) at 250 °C (WS250, CC250, CS250, RS250), 400 °C
(WS400, CC400, CS400, RS400), and 600 °C (WS600, CC600,
CS600, RS600) and their corresponding feedstocks (WS0, CCO0, CSO0,
RSO0). Different lowercase letters indicate significant difference among
the samples (p <0.05)

differences were not significant (p > 0.05, Fig. 1). There were
also no significant differences between the concentrations of
> 16PAHSs in the feedstocks and biochars produced at 400 and
600 °C (p >0.05, Fig. 1).

Because of the formation of PAHs during the pyrolysis of
biochars, concentrations of PAHs in biochars were related to
pyrolysis conditions (Hale et al. 2012; Qiu et al. 2015). The
properties of biochars has remarkable influence on the sorp-
tion of PAHs (Sun et al. 2013), which could influence the
extractability of PAHs. Thus, in order to figure out the mech-
anisms underlying the impact of biochar properties on extract-
able PAHs, it is necessary to examine the variation of PAHs

concentrations with the properties of biochars. The signifi-
cantly positive correlation between X16PAHs and H/C
(p <0.01, Fig. 2b) indicates that the greater carbonization de-
gree of biochars results in the lower levels of X16PAHs
(Fig. 1). The greater carbonization degree of biochars indi-
cates that the more aromatic carbon and less aliphatic carbon
in the biochars, leading to more micropore structures in the
biochars (Zhang et al. 2016). Furthermore, the significantly
positive correlation between 3X16PAHs and (O + N)/C (p <
0.01, Fig. 2¢) indicates that hydrophobic interaction facilitates
the bonding of PAHs to biochars. The concentration of
3 16PAHs exponentially declined with SA of biochars
(Fig. 2d), further indicating that the trapping of PAHs within
the micropores could result in the decrease of extractable
PAHs. Thus, the stronger PAH sorption by biochars produced
at higher HTTs via 7t-7t interactions between the aromatic
sheets of biochars and planar aromatic PAHs and the trapping
of PAHs within the micropores caused the decline of extract-
able PAHs (Qiu et al. 2015).

As shown in Fig. S2, the low molecular weight PAHs (2-
and 3-ring PAHSs) in both feedstocks and biochars were sig-
nificantly more abundant (p < 0.05) than the high molecular
weight PAHs (4-, 5-, and 6-ring PAHs). The abundance of
PAHs with different rings in the feedstocks and the biochars
produced at 250 and 400 °C generally decreased as 2-ring > 3-
ring > 4-ring > 5-ring > 6-ring. Among the biochars produced
at 600 °C, the 3-ring PAHs were significantly more abundant
(p <0.01) than the 2- and 4-ring PAHs, whereas the 5- and 6-
ring PAHs were not detectable.

The significantly positive correlation between the propor-
tion of 2-ring PAH (Nap) and H/C (p <0.01, Fig. 3) indicates
that Nap is easy to be formed at lower HTTs (Keiluweit et al.
2012). This was attributed to that the initial organic matter in

Fig. 2 Variation of X16PAHs 8 8
(mg kg ™) with biochar properties (a) ® (b) ®
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Fig. 3 Pearson’s correlations proportion of PAHs with different benzene
rings (%) and H/C of biochars

the feedstocks degraded to small unstable radicals at lower
HTTs, and then they combined into non-substituted and ther-
modynamically more stable native hydrocarbons with low
molecular mass, such as Nap (Zielinska and Oleszczuk
2015). By contrast, the significantly negative correlations be-
tween the proportions of 3-/4-ring PAHs and H/C (p<0.01/
p<0.05, Fig. 3) indicate that larger molecules of PAHs are
formed with the increase of carbonization degree (Qiu et al.
2015; Zielinska and Oleszczuk 2015). The 3-ring PAHs, such
as Phe and Ant, are produced the most at 500 °C and serve as
precursors for the 4- and 5-ring segments of pyrolytic PAHs
(Keiluweit et al. 2012). This explained the reason for the dom-
inant 3-ring PAHs in the biochars produced at 600 °C (Fig. 3),
with the highest contribution from Phe (Fig. S3). There was
the absent correlation between the proportion of 5-ring PAHs
and H/C (Fig. 3), which might be due to no detection of them
in some biochars.

In terms of the individual PAHs (Fig. S3), Nap was the most
abundant compound in all of the biochars and the feedstocks
(except for the more abundant Phe in WS600 and RS600 and
Acy in CS600), with its levels ranging from 0.15 to
5.83 mg kg ! for the biochars and from 0.23 to 0.94 mg kg "
for the feedstocks. The second most abundant compound in all
of the biochars (except for CC250) and feedstocks was Phe
(0.06-0.38 mg kg ' for biochars and 0.04-0.09 mg kg ' for
feedstocks), which was followed by Flu, Ace, Fla., Pyr, and
Acy. The levels of Nap and other compounds in all of the
biochars (except for those produced at 600 °C) and feedstocks
showed significant differences (p < 0.05) regardless of the feed-
stocks and HTTs. The heaviest PAHs (e.g., DahA, IcdP, and
BghiP) were not detectable in the studied biochars.

Heavy metals in the biochars and corresponding
feedstocks

Figure 4 shows the levels of heavy metals in the biochars and
their corresponding feedstocks. The levels of heavy metals in

the biochars were distinctly dependent on their levels in the
corresponding feedstocks. Previous researches demonstrated
that the levels of heavy metals in the feedstocks could mirror
the heavy metal contamination in the sampling sites. The rel-
atively high levels of Zn, Cr, and Cu in the biochars irrespec-
tive of feedstock suggest their relatively heavy pollution in
their sampling area. The significantly higher heavy metal
levels in the RS and RH biochars were in agreement with their
high levels in the corresponding feedstocks.

The levels of heavy metals in the biochars in ascending
order were Cd (0.003-0.27 mg kgfl), Ni (0.14-
1.73 mg kg "), Mo (0.09-2.80 mg kg '), Pb (0.15—
2.93 mg kg™"), As (0-13.92 mg kg™ "), Cu (2.41—
19.15 mg kg "), Cr (1.42-51.85 mg kg "), and Zn (4.91—
173.50 mg kg "), which were generally higher than in the
corresponding feedstocks (Fig. 4). Of these heavy metals, only
Ni was found at a similar level in the biochars (except for
RH600) and their corresponding feedstocks (p > 0.05).
Arsenic was not detected in the WS, CC, CS, and their bio-
chars, while its levels in the RS and RH biochars significantly
increased by 7-75% as compared with their feedstocks
(p <0.05). The remaining heavy metals in the biochars gener-
ally significantly increased by 11-95% as compared with their
feedstocks (p <0.05), except for Cr in the WS and CS bio-
chars and Pb and Cd in the WS and CC biochars (p > 0.05).
The RS and RH biochars exhibited high levels of heavy
metals as compared with other biochars (with the exception
of Cu in RH and its biochars), which was in consistent with
their high levels in RS and RH.

With respect to the HTTs, Koppolu et al. (2003) reported
that the levels of heavy metals in biochars significantly in-
creased, whereas Freddo et al. (2012) revealed that the HTTs
exerted negligible influence on the heavy metals in the bio-
chars. However, in the present study, the levels of heavy
metals in the biochars increased with the increase of HTTs
depending on both metal properties and feedstocks (Fig. 4).
The levels of Cd and Ni in the biochars produced at higher
HTTs were relative low as compared with those in the bio-
chars produced at lower HTTs. Similar results were also re-
ported by others (Devi and Saroha 2014; Zielinska and
Oleszczuk 2016). This was attributed to that Ni and Cd could
volatilize to the gas stream at higher HTTs (Devi and Saroha
2014). However, the levels of Cu in the biochars from all
feedstocks (except for CC600) significantly increased with
the increase of HTTs (p < 0.05). Except for Cd, the remaining
heavy metals in the RS and RH biochars significantly in-
creased with the increase of HTTs (except for RH400,
p<0.05). This could be explained by the following reasons:
firstly, during the pyrolysis, both hemicellulose and cellulose
in the plants rapidly decomposed at relatively low HTTs (230—
400 °C), and lignin decomposed over a wider HTT range
(160-900 °C) (Keiluweit et al. 2010). The decomposition of
organic matter in the plant with the increase of HTTs released
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the heavy metals bound to the organic matter and precipitated
in the biochar matrix (Devi and Saroha 2014; Qiu et al. 2015).
Secondly, the weight loss of the heavy metals was lower than
the organic matter during pyrolysis, resulting in their enrich-
ment in the biochar matrix (Devi and Saroha 2014). In con-
trast, the HTTs exerted no or just a slight effect on the levels of
heavy metals in the WS, CC, or CS biochars (except for Cu).

All of the heavy metals studied had no obvious correlations
with H/C ratios of biochars (Table S2). There were also no
obvious correlations between heavy metals and (O + N)/C ra-
tios of biochars as well as between heavy metals and SAs of
biochars (Table S2). These results indicate that biochar car-
bonization degree, polar functional groups, and surface area
had little influence on the enrichment of heavy metals in the
biochars. However, it is noteworthy to note that significantly
positive correlations between heavy metals and ash contents
of biochars were observed (p < 0.01, Fig. 5), indicating heavy
metals in the biochars mainly enriched in the ash matrix dur-

ing pyrolysis.
Assessing the potential ecological risk of biochars

Comparing with PAHs and heavy metals in other biosolids
and their relevant legal threshold

The levels of ©16PAHs in this study (0.47-7.16 mg kg ')
were within the range of levels for other previously reported
slow-pyrolysis biochars (Freddo et al. 2012; Hale et al. 2012,
Hilber et al. 2012; Keiluweit et al. 2012; Qiu et al. 2015).
These levels were generally comparable to and occasionally
lower than their previously reported levels in background soil,
some sewage sludge, and compost (Freddo et al. 2012;
Keiluweit et al. 2012). The levels of >16PAHs in biochars
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were significantly lower than the maximum acceptable PAH
levels in biochars of 16 mg kg™ ' as recommended by
International Biochar Initiative. This sole threshold of PAHs
in biochars has been recommended if the biochar is to be sold
and marked to possess desirable properties (Hale et al. 2012).
Further comparison with the environmental quality standards
for PAHs in soil indicated that the levels of X16PAHs in the
studied biochars were generally lower than the threshold of
PAHs for soil in Norway (8 mg kg™ ') and other European
countries (5-50 mg kg ') (supporting information from Hale
et al. 2012). The BaP levels in the biochars (0—0.07 mg kgfl)
were several orders of magnitude lower than threshold of BaP
for soil in Canada (0.6 mg kg '), Denmark (3 mg kg '),
Germany (2-10 mg kg™ '), Norway (0.5 mg kg "), UK
(0.15 mg kg "), other European countries (0.1-7.5 mg kg ),
and the USA (1.1-1.8 mg kg ") (supporting information from
Hale et al. 2012). The conversion of plant residues into bio-
chars under high HTT (e.g., 600 °C) decreased the bioavail-
able PAHs as compared to the feedstocks, and thus the poten-
tial ecological risk of biochars in terms of PAHs. Similar result
also reported by a previous study (Zielinska and Oleszczuk
2016).

The comparison of heavy metals with those in biosolids
reported by literature and their legal threshold in China is
given in Table 1. The levels of heavy metals in biochars (ex-
cept for sewage sludge biochar) were commonly lower than in
the sewage sludge and the compost. The heavy metals in pres-
ent study were lower than the biochars derived from other
sources (e.g., sewage sludge and animal waste, Table 1). The
heavy metals in the sewage sludge- and animal waste-derived
biochars were generally higher than those in the plant residue-
derived biochars, which could be responsible for the higher
heavy metal levels in their feedstocks (Qiu et al. 2015;
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Zielinska and Oleszczuk 2016). The levels of heavy metals in
the sewage sludges and their biochars (Table 1) frequently
exceeded the grade II standard values (pH < 6.5) for heavy
metals in soil according to the Environmental Quality
Standard for Soil (GB15618-1995) of China and occasionally
exceeded the standard values (pH < 6.5) for sludge based on
the Control Standards for Pollutants in Sludges from
Agricultural Use (GB4284-1984). By contrast, the heavy
metals in plant residue-derived biochars (Table 1) seldom
exceeded the soil standard values (grade II, GB15618-1995)
and were significantly lower than the maximum permissible
concentration for sludge (GB4284-1984).

Potential ecological risk assessment of PAHs and heavy
metals in the biochars after field application

The mean values of RQycs and RQypc for individual PAHs
and X 16PAHs are listed in Table S3. The RQncs and RQuypcs
values for 316PAHs in biochars were 2.50-47.40 and 0.02—
0.48, respectively, which were higher than the RQycs and
RQmpcs values for 216PAHSs in their corresponding feed-
stocks with their values of 1.63—7.24 and 0.01-0.07, respec-
tively. Additionally, both RQc; values for >16PAHs signif-
icantly decreased when HTTs increased from 250 to > 400 °C
(p <0.05), indicating the decrease of ecological risk of bio-
chars in terms of PAHs. However, there were no significant
differences between RQycs values for X 16PAHs in feedstocks
and their biochars produced at 400 and 600 °C (p >0.05).
Regarding RQypcs values for X16PAHs, there were no sig-
nificant differences between biochars and their corresponding
feedstocks (p > 0.05, with exception of Nap in biochars pro-
duced at 250 °C). In fact, the RQncs and RQypcs values for
>16PAHs in all biochars were over one order of magnitude
lower than 800 and 1.00, respectively, thereby indicating the

Ash (%) Ash (%)

low ecological risk of all studied biochars (Cao et al. 2010).
The RQncs and RQypcs for individual PAHs in the biochars
were generally higher than the RQycs and RQypcs for indi-
vidual PAHs in their corresponding feedstocks with exception
of RQupcs for Nap in the biochars produced at 600 °C. Both
RQncs and RQypc; values for individual PAHs also generally
decreased with the increase of HTTs. The RQys values for
Nap in the biochars and their corresponding feedstocks were
higher than 1.0, with the exception of WS0, ES600, CS600,
and RS600. The RQypcs values for Nap were significantly
lower than 1.0. These results indicate the low risk of Nap in
both biochars and their corresponding feedstocks. The RQycs
values for Acy, Ace, and Flu in biochars produced at 250 °C
were commonly higher than 1.0, but their RQypcs values
were over one order of magnitude lower than 1.0, indicating
their low ecological risk. The RQncs =0 or RQnes < 1.0 and
RQupcs =0 or RQppes < 1.0 for other individual PAHs in all
biochars, suggesting their free or relatively low risk.
Collectively, there is relatively low potential ecological risk
in terms of PAHs after the conversion of crop residues into
biochars for environmental and agricultural application.

The E,' and PERI for heavy metals are listed in Table S4.
The E,’ values for individual heavy metals in biochars and
their corresponding feedstocks were <0.03 for Cu, <0.16
for Cd, <0.09 for As, <0.01 for Pb and Ni, <0.02 for Cr
and Zn. The PERI values of heavy metals in the biochars
and their corresponding feedstocks were 0.01-0.28 and
0.02-0.12, respectively. For a given feedstock and its bio-
chars, there were no significant differences for both E and
PERI values. However, the PERI values of heavy metals in RS
and RS biochars were significantly higher than other biochars
and feedstocks (p < 0.05). The results revealed that the E,’ for
individual heavy metals and the PERI for heavy metals in all
biochars were generally more than two orders of magnitude
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