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Abstract Prior to the application of biochar as an agricultural
improver, attention should be paid to the potential introduction
of toxicants and resulting unintended impacts on the environ-
ment. In the present study, the concentrations of polycyclic
aromatic hydrocarbons (PAHs), heavy metals, and mineral
elements were determined in maize and sludge biochars pro-
duced at 100 °C increments between 200 and 700 °C. The
concentration ranges of total PAHs were 358–5,136 μg kg−1

in maize biochars and 179–70,385μg kg−1 in sludge biochars.
The total heavy metals were detected at the following concen-
trations (mg kg−1): Cu, 20.4–56.7; Zn, 59.7–133; Pb, 1.44–
3.50; Cd, <0.014; Cr, 8.08–21.4; Ni, 4.38–9.82 in maize
biochars and Cu, 149–202; Zn, 735–986; Pb, 54.7–74.2; Cd,
1.06–1.38; Cr, 180–247; Ni, 41.1–56.1 in sludge biochars.
The total concentrations of PAHs and heavy metals in all

maize biochars and most sludge biochars were below the
control standards of sludge for agricultural use in China, the
USA, and Europe. The leachable Mn concentrations in sludge
biochars produced at below 500 °C exceeded the groundwater
or drinking water standards of these countries. Overall, all the
maize biochars were acceptable for land application, but
sludge biochars generated at temperatures between 200 and
500 °C were unsuitable for application as soil amendments
due to their potential adverse effects on soil and groundwater
quality.
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Introduction

Biochar is a carbon-rich product of the thermal degradation of
organic materials in an oxygen-limited environment
(Lehmann et al. 2011). It has been shown that biochar can
contribute positively to the mitigation of climate change,
biomass waste management, and soil fertilization and reme-
diation (Keiluweit et al. 2012; Lehmann 2007). The positive
effects of biochars on soil fertility can be attributed to an
increase in the pH of acid soils, the supply of soil nutrients,
enhancement of soil nutrient retention, and improvement of
physical properties (Sohi et al. 2010; Van Zwieten et al. 2010).
In addition to these agronomical benefits, the potential envi-
ronmental benefits in terms of immobilization of both organic
contaminants and heavy metals have been highlighted recent-
ly. Biochar has a very high affinity and capacity for adsorbing
organic components in soils due to its large specific surface
area and rich nanoporosity. Pesticides have been shown to be
effectively immobilized by biomass-derived biochars added to
soils (Sheng et al. 2005). As a soil amendment, biochar may
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also reduce the availability of heavy metals (e.g., Cd, Ni, Pb,
and Cu) in soils via surface adsorption, complexation, and
precipitation (Cao et al. 2011; Uchimiya et al. 2010).

Despite the abovementioned benefits, biochars may be
formed with some contaminants during the pyrolysis process.
Polycyclic aromatic hydrocarbons (PAHs) are likely to be
formed during the pyrolysis process and are present in the
biochar matrix. Some studies have observedmeasurable quan-
tities of PAHs in biochars of different origins. The PAH
concentrations ranged from 3 to 16 mg kg−1 in wood biochars
(Brown et al. 2006), from 0.05 to 30.2 mg kg−1 in grass
biochars (Keiluweit et al. 2012), and from 0.07 to
45 mg kg−1 in biochars produced from dairy manures, crop
residues, sawdust, wood, and grass (Hale et al. 2012). It is
noteworthy that the feedstock sources may influence the na-
ture and extent of contaminants present in the final biochars,
especially when the biochars are produced from waste mate-
rials (e.g., solid waste, sewage sludge, or industrial waste)
(Kookana et al. 2011). However, to the best of our knowledge,
there has been no report on the formation and composition of
PAHs in sewage sludge-derived biochars or the evaluation of
the suitability of biochars for land application.

Metals can be concentrated in the biochars during pyroly-
sis. Koppolu et al. (2003) demonstrated the concentrations of
Cu, Zn, Ni, Cr, and Co increased by four to six times in char
relative to its feedstock. Singh et al. (2010) found high
amounts of Zn and Cu in biosolid-derived biochars. In addi-
tion, several studies have demonstrated the presence of other
trace elements (e.g., Pb, Cd, As,) in biochars (Cantrell et al.
2012; Hossain et al. 2011). Earlier studies on suitability as-
sessment of biochar as a soil amendment have always been
based on the total contaminant concentrations present in the
biochar (Cantrell et al. 2012; Freddo et al. 2012), but there is a
consensus that ecological and environmental risks are more
closely related to the bioavailable fractions or the mobility of
the contaminants. Until now, little attention has been given to
the measurement of bioavailable fractions of heavy metals in
biochars which can be taken up by plants and lead to bioac-
cumulation or phytotoxicity. Although application of biochar
can reduce the leaching of contaminants in soil (Cao et al.
2011), the heavy metals and mineral elements within biochars
may also be released into the soil solution and subsequently
leached through unsaturated soil or even into groundwater.
Yet, information on the leachability of biochar-borne metals
and minerals is still lacking.

To evaluate the potential impacts of biochar-borne contam-
inants on the quality of soil and groundwater, a range of
biochars was produced from corn stalks (agricultural waste)
and sewage sludge (municipal waste) at different pyrolysis
temperatures. The total concentrations of PAHs, heavy metals
and minerals, as well as the contents of plant available and
leachable elements present in the biochars were quantified and
compared with relevant guideline values or standards. Finally,

the suitability of maize and sludge biochars for land applica-
tion was assessed.

Material and methods

Preparation and characterization of biochars

Corn stalks were collected from a local farmland in Nanjing,
China and washed with tap water three times to remove soil
and dust. After air-drying for 2 days and subsequent oven-
drying for 48 h at 80 °C, the stalks were ground and then
passed through a 0.450-mm sieve. The sewage sludge, obtain-
ed from a wastewater treatment plant in Nanjing without any
digestion treatment, was air-dried and then ground to pass
through a 0.450-mm sieve.

Biochars were produced by slowly pyrolyzing the corn
stalks and sewage sludge in 100 °C increments across a
temperature range (200 to 700 °C) under oxygen-limited
conditions. Briefly, the feedstock was loaded into a ceramic
crucible and then placed into an electric quartz tube furnace.
The furnace was ramped at 5 °Cmin−1 to the desired pyrolysis
temperature and held for 6 h then cooled to room temperature.
Purified nitrogen (99.99 %) was purged into the quartz tube at
300 mL min−1 to maintain anoxic conditions during the entire
process. Triplicate batches were produced separately at each
desired temperature. Samples were then ground to pass a
0.154-mm sieve and stored in the desiccator prior to analysis.
Themaize and sludge biochar samples are hereafter referred to
as C200, C300, C400, C500, C600, C700, and S200, S300,
S400, S500, S600, S700, respectively, where the suffix num-
ber represents the pyrolysis temperature. The feedstocks of
corn stalks and sewage sludge are represented by C025 and
S025, respectively.

After each pyrolysis treatment, the biochar yield was cal-
culated by dividing the final weight of the char by the weight
of the feedstock. The pH and electrical conductivity (EC) of
the biochars were measured using a biochar-to-water ratio of
1:100 (w/v) (Cantrell et al. 2012). The suspension was then
agitated on a rotary shaker for 2 h at 200 rpm and filtered
before the measurement.

Quantification of PAHs in biochars

Biochar (0.20 g) together with anhydrous sodium sulfate
(0.20 g) was wrapped in a filter paper and placed in a
Soxhlet system. They were extracted with 80 mL acetone/n-
hexane mixture (1:1, v/v) at 70 °C for 24 h. The extraction
solvent was evaporated to almost dryness using rotary evap-
orator (500 mbar, 35 rpm, 40 °C) and then redissolved in
2.00 ml cyclohexane. One milliliter of cyclohexane was
cleaned up by a silica gel column and eluted with a 1:1
acetone/n-hexane mixture. About 4 ml eluent was collected
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and subsequently evaporated to dryness under a gentle stream
of purified nitrogen. It was then diluted to a constant volume
of 2.00 ml with acetonitrile.

A high performance liquid chromatograph equipped with
fluorescence and diode-array detectors (HPLC-FLD-DAD)
was used to determine the concentration of the 16 USEPA
priority PAHs, namely naphthalene (NAP), acenaphthylene
(ACY), acenaphthene (ACE), fluorene (FLU), phenanthrene
(PHE), anthracene (ANT), fluoranthene (FLA), pyrene
(PYR), benzo(a)anthracene (BaA), chrysene (CHR),
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF),
benzo(a)pyrene (BaP), dibenzo(a,h)anthracene (DahA),
benzo(g,hi)perylene (BghiP), and indeno(1,2,3-cd)pyrene
(InP). The analytical conditions were described in detail by
Huang et al. (2013). ACY was determined by DAD with a
detection limit of 2.3 μg L−1, and the remaining 15 PAHswere
quantified by FLD with a detection limit of 0.01–0.10 μg L−1.

Quantification of the total elements in biochars

Biochar (0.10 g) was placed in a 50-mL polytetrafluoroethylene
digestion crucible followed by addition of 8 mL of HNO3/HF
mixture (3:1, v/v). After cold digestion overnight, the mixture
was heated on a hotplate at 120 °C for 2 h and evaporated to
almost dryness at 180 °C. The residue was subsequently
digested with 10 mL HNO3/HClO4 mixture (1:1, v/v) at
180 °C until a clear solution was obtained. The solution
was evaporated at 220 °C until no white smoke was
emitted. The digested sample was dissolved with 0.5 %
HNO3 solution then filtered into a volumetric flask and
diluted to 50 mL. The concentrations of the elements
were determined by inductively coupled plasma-mass
spectrometry (ICP-MS) (USEPA 2007).

The relative enrichment factors (REF) of the heavy metals
and minerals in biochars were calculated by the equation
below (Hossain et al. 2011):

REF ¼ Elemental concentration in biochar

Elemental concentration in feedstock
� Biochar yield

100

Determination of bioavailable and leachable elements
in biochars

The diethylene triamine pentaacetic acid (DTPA) extraction
method is frequently used to estimate the bioavailability of
elements for plant uptake (Lindsay and Norvell 1978; Walter
et al. 2006). A synthetic precipitation leaching procedure
(SPLP) is proposed by the USEPA to evaluate the mobility
of inorganic compounds in soils and wastes (USEPA 1994). In
the present study, DTPA extraction was used to estimate the
concentrations of plant available elements in biochar, and the

SPLP method was adopted to evaluate the contents of leach-
able elements. DTPA extract consisted of 0.005 mol L−1

DTPA, 0.01 mol L−1 CaCl2, and 0.1 mol L−1 triethanolamine
(TEA) buffered at pH 7.30. The SPLP extraction was under-
taken by adding a H2SO4/HNO3 mixture (3:2, w/w) to deion-
ized water then the pHwas adjusted to 3.20 which represented
the lowest pH in the acid rain region of China (MEPPRC
2007). The experiment was conducted in a 50-mL polypro-
pylene tube by mixing 1.00 g of biochar with 20.0 mL of
DTPA or SPLP extraction. The DTPA-biochar mixture and
SPLP-biochar mixture were separately agitated on a rotary
shaker at 120 rpm for 2 h and at 30 rpm for 18 h, respectively,
then the extract was filtered and subsequently quantified by
ICP-MS (USEPA 2007).

Data analysis and graphical production

Results are expressed as the averages of the replicate analyses
with standard deviations. The one-way ANOVA with
Duncan’s multiple range test (p=0.05) was performed using
SPSS (Version 19) to determine the significant differences in
the concentrations of the contaminants in the maize biochars
and sludge biochars at different pyrolytic temperatures.
OriginPro 8 was used to produce the figures.

Results and discussion

General properties of biochars

An increase in pyrolysis temperature led to a decrease in the
yield of biochars (Table 1). The yield of both types of biochar
declined significantly from 200 to 300 °C, by 35.8 % for
maize biochar and 11.2 % for sludge biochar, and remained
relatively stable above 600 °C. The maximumweight loss was
observed at 700 °C, approximately 71 and 32 % of the initial
mass of corn stalks and sewage sludge, respectively. The
yields of sludge biochars were much higher than those of
maize biochars across the entire temperature range. The pH
of biochars was found to increase with increasing pyrolysis
temperature. The maize biochar was acidic when produced at
200 °C and shifted to alkaline above 300 °C. The pH values of
sludge biochars were less than 7 at temperatures below 500 °C
but sharply increased to above 10 from 600 to 700 °C. These
increases in pH values are mainly due to the enrichment of
carbonates at high pyrolysis temperature (Yuan et al. 2011),
and similar trend had also been demonstrated by Zheng et al.
(2013) and Hossain et al. (2011). The acidity and alkalinity of
biochar indicated its potential use as an amendment in alkaline
or acidic soil. Electrical conductivity (EC) is used as an
indicator of salinity. EC values in the maize biochars increased
with the pyrolysis temperature, and this trend is consistent
with the biochar produced from conocarpus wastes (Al-Wabel
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et al. 2013). However, the opposite trend was observed in
sludge biochars and similar results had been obtained by
Hossain et al. (2011). Overall, maize biochars had much larger
EC values than sludge biochars (by a factor of 16 at 700 °C),
indicating that maize biochars contained much more soluble
ions.

Total PAH concentrations in biochars

All biochar samples analyzed here contained measurable
quantities of PAHs varying with the feedstock and pyrolysis
temperature (Table 2). The total concentration of 16 USEPA
priority PAHs (denotedΣ16PAHs) inmaize biochar was low at
200 °C, reached a significant peak at 300 °C, then decreased
markedly from 400 to 700 °C. In contrast, the Σ16PAHs
concentrations in sludge biochar were low between 200 and
400 °C, increased significantly at 500 °C, then decreased
dramatically from 600 to 700 °C. The Σ16PAHs concentra-
tions spanned the ranges of 358–5,136 μg kg−1 in maize
biochars and 179–70,385 μg kg−1 in sludge biochars, falling
within the range of Σ16PAHs concentrations in other biochars
reported in the literature (Brown et al. 2006; Hale et al. 2012),
with the exception of a surprisingly high amount in S500.

In addition, the highest Σ16PAHs concentrations were ob-
served at 300 and 500 °C for maize and sludge biochars,
respectively, while the lowest concentrations were formed at
700 °C for both types of biochar. This observation disagrees
with the study of Sharma and Hajaligol (2003) in which large
amounts of PAHs were formed at temperatures higher than
700 °C. However, Brown et al. (2006) and Keiluweit et al.
(2012) demonstrated that the highest concentration of PAHs in
biochars was generated at a lower temperature between 400
and 500 °C, a result very similar to our findings.

Characterization of PAHs in biochars by ring size

The concentration and distribution of PAHs by ring size
largely depended upon the feedstock and pyrolytic

temperature. As shown in Fig. 1a, the maize biochar had a
low concentration (54.1 μg kg−1) of 2-ring PAH (NAP) at
200 °C. However, the content increased significantly from
300 to 500 °C with a range of 2,073–2,347 μg kg−1 and
markedly decreased between 600 and 700 °C. A similar trend
was observed for 3-ring PAHs (ACY, ACE, FLU, PHE, and
ANT) across the temperature range. The highest concentration
(1,378 μg kg−1) of 4-ring PAHs (FLA, PYR, BaA, and CHR)
was obtained at 300 °C then significantly decreased above
400 °C. Certain amounts of 5-ring (BbF, BkF, BaP, and DahA)
and 6-ring PAHs (BghiP and InP) were generated (110–
168and 50.0–59.9 μg kg−1 for 5-ring and 6-ring, respectively)
between 300 and 400 °C, but very low concentrations of these
PAHs were formed at other temperatures. Nakajima et al.
(2007) demonstrated that high pyrolysis temperatures
(>600 °C) resulted in a dominance of low-ring (2- and 3-
ring) PAHs in cypress, chestnut, and bamboo biochars. In
our study, however, the maize biochars produced at low
temperatures (<500 °C) contained higher amounts of low-
ring PAHs than those at high temperatures. This observation
is likely due to the volatilization of low-ring PAHs at high
temperatures.

The relationship between PAH composition and tempera-
ture were remarkably similar in sludge biochars (Fig. 1b). The
contents of 2-ring to 6-ring PAHs gradually increased between
200 and 400 °C and reached their significant peak at 500 °C
then decreased dramatically from 600 to 700 °C. The PAH
concentrations decreased in the order 3-ring>4-ring>2-ring>
5-ring>6-ring at all pyrolysis temperatures except 500 and
700 °C. Notably, the contents of high-ring (4- to 6-ring) PAHs
in the sludge feedstock (S025) were significantly higher
than those in sludge-derived biochars (except S500). It
has been shown that both PAH formation and volatiliza-
tion occur during the pyrolysis process and the PAHs can
be found in the gaseous phase, bio-crudes, and residue
chars (Mastral and Callén 2000; Pittman et al. 2012;
Singh et al. 2010). In the present study, it is speculated
that the volatilization of high-ring PAHs was greater than

Table 1 Yield, pH, and electrical conductivity (EC) of biochars

200 °C 300 °C 400 °C 500 °C 600 °C 700 °C

Corn stalk derived biochar

Yield (%) 70.9±0.4 aa 35.1±0.3 b 34.3±0.4 b 31.7±0.2 c 30.3±1.0 d 29.2±0.3 d

pH 6.54±0.03 c 9.37±0.30 b 9.98±0.10 a 10.07±0.07 a 10.00±0.01 a 10.28±0.08 a

EC (μs cm−1) 1,090±2 f 1,505±4 e 1,892±4 d 1,920±6 c 2,555±7 b 2,685±7 a

Sewage sludge-derived biochar

Yield (%) 93.3±0.4 a 82.1±0.7 b 74.7±0.6 c 73.9±1.8 c 70.5±0.2 d 68.5±0.6 d

pH 5.59±0.09 e 5.80±0.11 de 5.99±0.05 d 6.44±0.13 c 10.05±0.06 b 10.51±0.06 a

EC (μs cm−1) 477±4 a 428±2 b 419±1 c 365±1 d 301±2 e 166±3 f

a Different letters indicate significant differences within a row
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the formation of these compounds at all pyrolysis tem-
peratures except 500 °C. However, further research is
required on the mass balance of PAHs in the biochar,
bio-oil, and gaseous phases.

Allowable concentration of PAHs in biochars

Both from legislative and environmental standpoints, it is
unacceptable to apply PAH-containing soil amendments as

Table 2 Concentrations of polycyclic aromatic hydrocarbons in biochars across the temperature range (μg kg−1)

PAH 25 °C 200 °C 300 °C 400 °C 500 °C 600 °C 700 °C

Corn stalk-derived biochar

NAP <1.60a 54.1±11.0 bb 2,073±617 a 2,201±284 a 2,347±709 a 118±30 b 69.7±16.0 b

ACY <46.0 <46.0 <46.0 47.7±4.2 b 224±43 a 61.2±12.7 b <46.0

ACE <1.00 77.2±1.6 c 128±9 b 130±8 b 328±40 a 94.9±11.8 bc 73.2±9.0 c

FLU <0.20 51.8±12.3 b 624±129 a 73.3±14.2 b 29.5±4.9 b 25.3±6.9 b 12.7±1.8 b

PHE <0.40 226±63 bc 578±114 a 336±49 b 159±41 c 138±28 cd 121±22 cd

ANT <0.20 <0.20 129±18 a 53.9±2.5 b <0.20 <0.20 <0.20

FLA <2.00 64.8±9.4 c 209±28 a 132±28 b 40.1±1.6 cd 33.6±1.1 cde 20.9±1.1 de

PYR <0.40 234±14 b 297±29 a 158±17 c 57.4±6.4 d 46.1±8.4 d 25.2±3.3 de

BaA <0.40 19.7±7.1 c 360±83 a 134±24 b 36.2±7.9 c 24.4±3.6 c 20.8±3.3 c

CHR <0.40 22.2±4.8 d 511±26 a 157±16 b 54.8±1.3 c 25.7±4.8 d 12.1±1.0 d

BbF <1.80 <1.80 69.1±13.9 a 41.8±11.9 b <1.80 <1.80 <1.80

BkF <0.20 <0.20 7.23±0.64 a 5.04±0.44 b <0.20 <0.20 <0.20

BaP <0.20 4.58±0.38 cd 84.7±0.5 a 63.2±9.3 b 10.3±0.7 c 1.80±0.30 cd 2.12±0.39 cd

DahA <0.80 <0.80 6.86±1.40 a <0.80 <0.80 <0.80 <0.80

BghiP <1.00 5.95±0.64 c 52.9±5.9 a 26.5±1.0 b 2.32±0.37 cd 1.88±0.08 cd <1.00

InP <0.40 1.50±0.18 c 7.05±0.91 b 23.5±3.2 a 1.81±0.11 c 1.49±0.14 c <0.40

∑11PAHs
c – 666±101 bc 2,057±331 a 989±141 b 629±95 bc 343±56 cd 255±38 d

∑16PAHs
d – 762±125 c 5,136±1,079 a 3,582±471 b 3,291±856 b 572±106 c 358±66 c

Sewage sludge-derived biochar

NAP 100±12 b 259±45 b 375±63 b 543±78 b 25,416±4,145 a 256±39 b 90.4±23.1 b

ACY 80.6±19.4 c 248±46 b 283±46 b 349±36 b 1,834±240 a 310±55 b <46.0

ACE 58.0±6.8 bc 118±17 bc 170±10 bc 196±19 b 3,004±276 a 105±7 bc 30.1±0.7 c

FLU 106±15 b 91.0±16.0 b 150±21 b 160±27 b 17,625±2,231 a 31.2±6.4 b 2.73±0.55 b

PHE 328±51 b 255±33 b 284±46 b 530±101 b 15,155±2,077 a 180±39 b 38.9±7.0 b

ANT 66.8±3.6 b 1.32±0.23 c 27.1±2.0 bc 46.1±4.2 bc 2,648±128 a <0.20 <0.20

FLA 391±16 b 69.9±1.9 de 103±15 cd 109±6 c 742±68 a 64.3±8.9 e 4.27±0.80 f

PYR 370±18 b 107±16 c 119±25 c 130±21 c 692±54 a 136±23 c 5.88±0.79 d

BaA 365±27 b 126±22 d 177±28 cd 208±43 c 841±127 a 55.8±8.3 e 2.68±0.42 e

CHR 339±11 c 251±20 d 363±9 bc 419±17 b 1,653±137 a 67.9±3.5 e 3.35±0.28 e

BbF 205±12 b 49.5±9.1 d 62.1±8.4 d 95.9±14.1 c 235±36 a 11.6±1.5 e <1.80

BkF 122±7 a 32.2±3.0 d 34.3±6.9 d 42.4±3.9 c 69.4±2.8 b <0.20 <0.20

BaP 258±6 b 21.3±3.2 e 65.9±5.8 d 84.7±4.3 c 285±22 a 4.64±0.77 f 0.35±0.05 f

DahA 24.4±1.1 b 1.89±0.38 de 20.2±2.4 c 27.1±4.2 b 41.9±6.7 a 5.79±0.56 d <0.80

BghiP 192±8 a 4.13±0.56 e 11.1±1.2 d 19.0±1.5 c 68.7±9.7 b 5.53±1.16 de <1.00

InP 335±9 a 8.74±1.71 e 15.3±1.5 d 34.3±3.5 c 76.7±4.3 b 6.09±0.17 e 0.43±0.05 f

∑11PAHs 2,363±149 b 757±101 b 1,015±60 b 1,402±201 b 37,953±4,782 a 545±87 b 82.9±10.0 b

∑16PAHs 3,339±223 b 1,644±234 b 2,260±207 b 2,994±384 b 70,385±9,565 a 1,241±115 b 179±38 b

aDetectable concentration below the detection limit, value indicates the detection limit of the instrument multiplied by the sample dilution factor
b Different letters indicate significant differences within a row
c Sum of 11 PAH constituents in sludge administrated by the USEPA and European Communities
d Sum of 16 USEPA priority PAHs
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they may pose a threat to the environment. However, until
now, no countries have regulations regarding the application
of biochar to soil. In many respects, the application of biochar
as a soil fertilizer is similar to using sewage sludge for agri-
cultural improvement (Freddo et al. 2012), and technical
guidance on soil application of sewage sludge already exists
in China, the USA, and Europe. The maximum permissible
concentration (MPC) for PAHs in sludge is 6,000 μg kg−1

according to the USEPA and European Communities (EC
2003; USEPA 2002). These PAHs are the sum of 11 constit-
uents (denotedΣ11PAHs), comprising ACE, FLU, PHE, FLA,
PYR, BbF, BjF, BkF, BaP, BghiP, and InP. The MPC of BaP
has been established separately due to its high toxicity and the
values are 3,000, 1,100, and 1,500 μg kg−1 in China, Belgium,
and France, respectively (EC 2001; PRC 1984).

With the exception of S500, the concentrations ofΣ11PAHs
and BaP in both maize and sludge biochars fell below these
MPC values (Table 2), indicating that the biochars may be
acceptable as soil amendments as far as PAHs are concerned.

Special attention should be paid to the sludge biochar pro-
duced at 500 °C in which the Σ11PAHs concentration greatly
exceeded the MPC by a factor of 6.3, and soil application of
this biochar is unacceptable.

Recently, soil microorganisms, fauna, and plant roots have
been found to be influenced by biochar additions (Lehmann
et al. 2011). Yet, no evidence exists so far for potential adverse
effects on soil biota with respect to the biochar-borne PAHs,
and further studies are still needed on this topic.

Moreover, little is known about the mobility and leachabil-
ity of PAHs within biochars. Hale et al. (2012) found that the
total PAH concentrations ranged from 0.07 to 45 mg kg−1 in
biochars, but the bioavailable PAHs (extracted with supercrit-
ical water) were <10.0 ng L−1, much lower than the drinking
water standards of 100 ng L−1 (sum of BbF, BkF, BghiP, and
InP) in European countries and 200 ng L−1 (BaP) in the USA
(CEC 1998; USEPA 2009). Based on the existing study and
considering strong adsorption of PAHs by biochars, the levels
of PAHs in groundwater leached from biochars may be ac-
ceptable. However, further investigation is needed to confirm
this, especially for the sludge-derived biochars with high
contents of total PAHs.

Potential impact of biochar on PAHs source apportionment

Biochar as an amendment may also mislead the source appor-
tionment of PAHs in soil due to the specific composition of
biochar-borne PAHs. Based on the formation mechanisms,
PAHs can be classified as pyrogenic and petrogenic PAHs.
Pyrogenic PAHs are formed as a consequence of incomplete
combustion whereas petrogenic PAHs are derived mainly
from crude oil and its refined products (Doong and Lin
2004). Determining the possible sources of PAHs in the
environment is necessary to understand the reasons of
their presence and can provide valuable information for
pollution abatement. Source diagnostic ratios such as
fluoranthene to pyrene (FLA/PYR) and phenanthrene to
anthracene (PHE/ANT) are extensively employed to dis-
tinguish the pyrogenic from petrogenic sources of PAHs
in soil and sediment systems. PAHs are probably related
to pyrogenic origin as the ratio of FLA/PYR >1 or PHE/
ANT <10, while PAHs are most likely attributed to
petrogenic sources if FLA/PYR <1 or PHE/ANT >10
(Doong and Lin 2004; Lima et al. 2005; Savinov et al.
2003; Yang 2000).

In our study, the ratios of FLA/PYR and PHE/ANT in
biochars (except S500, C300, and C400) ranged from 0.28
to 0.87 and from 10.5 to 2,258, respectively; therefore, PAHs
in these biochars were theoretically classified as petrogenic
(Fig. 2). This finding indicates that land application of maize
or sludge biochars may mislead the traditional source appor-
tionment of PAHs in soils.

Fig. 1 Concentrations of PAHs by ring size in maize biochars (a) and
sludge feedstock and sludge biochars (b). Different letters indicate sig-
nificant differences within biochars produced at different temperatures
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Total concentrations of heavy metals and mineral elements
in biochars

Heavy metals and mineral elements were concentrated in both
maize and sludge-derived biochars (Tables 3 and Online
Resource Table 1). The concentrations of all elements in the
biochars were higher than those in their feedstocks with the
exception of Cd in S700. Specifically, the amounts of Cu, Pb,
and Ni inmaize biochars gradually increased between 200 and
600 °C then decreased at 700 °C. The contents of heavy
metals (except Cd and Ni) in sludge biochars were found to
increase with increasing pyrolysis temperature. The concen-
trations of all mineral elements increased with increasing
pyrolysis temperature for both types of biochars. The concen-
trations of all heavy metals and mineral elements (except K) in
sludge biochars were much higher than those in maize bio-
chars, indicating that the amounts of these elements are
strongly dependent upon the feedstock material.

Elements with a lower relative enrichment factor (REF) in
biochars indicate higher volatility. As shown in Table 3, Cd in
S700 demonstrated significant volatility, and its concentration
was the lowest among all the sludge biochars. Vaporization of
Cd has been reported during the pyrolysis of contaminated
plants, livestock wastes, and wastewater sludge at tempera-
tures as low as 300 °C (Cantrell et al. 2012; Hossain et al.
2011; Lievens et al. 2008). Other elements (e.g., Cu, Zn, Pb,
Ni, Na, Fe, Mn) also demonstrated a certain degree of vola-
tility in our study. They might be lost in vapor and bio-oil
phases during pyrolysis. Further investigations are required to
understand the fate and transformation mechanisms of ele-
ments in the biochar production process.

Bioavailable concentrations of heavy metals and mineral
elements in biochars

DTPA-extractable concentrations of heavy metals in most
biochars were lower than those in the original feedstocks

(Table 4). The pyrolysis process appeared to reduce the bio-
availability of many elements, especially at lower tempera-
tures. However, the DTPA-extractable concentrations in bio-
chars produced at high temperatures were found to exceed
those in their feedstocks, e.g., Pb, Cr, and Ni in C500 and
C600 and Cd in S700. This observation was not unusual
because biochars generated at high temperature (>500 °C)
had significantly higher total concentrations of heavy metals
compared with their mother materials (Table 3), which may
contribute to higher DTPA-extractable metals. However, the
extractable proportions of plant available heavy metals in
most biochars were lower than those in their feedstocks
(Online Resource Table 2), indicating that the bioavailability
decreased under pyrolysis conditions.

The contents of plant available mineral elements in many
biochars largely exceeded those in their source materials
(Online Resource Table 3). For instance, maize biochars pro-
duced at 300 to 700 °C showed a high availability of Mn and
sludge biochars generated at 700 °C had higher concentrations
of available Fe. These minerals are important for plant growth
and application of these biochars may help to increase soil
fertility.

Leachability of heavy metals and mineral elements in biochars

The leachability of heavy metals in both types of bio-
char as indicated by the SPLP test was significantly
lower than those in their feedstocks and decreased with
increasing pyrolysis temperature, with the sole excep-
tions of Cr in maize biochars and Cd in sludge biochars
(Table 5). Considering the biochars had a stronger en-
richment of heavy metals at higher temperatures
(Table 3), the leachability of these elements was largely
reduced at high temperatures. This was likely due to the
fact that biochars produced at high temperature had
higher pH values (Table 1) which may greatly reduce
the solubility of heavy metals. Similarly, Kloss et al.
(2012) demonstrated that pyrolysis temperature had a
strong effect on water extractable heavy metals in bio-
chars. The pH values of spruce wood-derived biochars
increased with pyrolysis temperature, but the water ex-
tractable concentrations of Cu and Ni (Pb and Cd were
below the detection limit) decreased with increasing
temperature.

Most leachable mineral elements in biochars were found to
decrease in concentration with increasing temperature (Online
Resource Table 4). Interestingly, SPLP-extractable cations,
especially K, Na, Ca, and Mg, in the maize biochars increased
with temperature, but the opposite trend was observed in
sludge biochars. The SPLP results were in agreement with
the EC data listed in Table 1 which show that maize biochars
had much higher EC values than sludge biochars.

Fig. 2 PAH cross plots for the ratios of FLA/PYR vs. PHE/ANT
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Table 4 Concentrations of plant available heavy metals in DTPA extracts (μg L−1)

Biochar Cu Zn Pb Cd Cr Ni

C025 195±7 aa 105±7 a 2.65±0.78 d 1.45±0.07 a 7.50±0.71 bc 14.0±1.4 cd

C200 30.0±2.8 e 35.0±4.2 e 1.95±0.35 d 0.45±0.07 c 3.00±1.41 d 6.50±2.12 d

C300 75.5±6.4 d 73.0±2.8 c 6.15±0.21 c 0.75±0.07 b 6.00±1.41 cd 15.0±4.2 c

C400 104±16 c 88.5±3.5 b 7.35±0.35 b 0.55±0.07 c 7.00±1.41 bc 25.0±4.2 b

C500 170±14 b 115±7 a 9.50±0.71 a 0.45±0.07 c 11.5±2.1 a 32.5±3.5 a

C600 117±12 c 66.0±4.2 c 5.95±0.35 c 0.40±0.14 c 10.0±1.4 ab 23.0±2.8 b

C700 104±8 c 51.0±2.8 d 5.00±0.28 c 0.15±0.07 d 8.50±0.71 abc 13.5±2.1 cd

S025 700±28 a 3,565±92 a 390±14 a 7.80±0.14 b 9.00±1.41 a 135±7 a

S200 29.5±3.5 f 220±14 e 49.5±10.6 cd 0.30±0.14 f 8.00±1.41 a 14.0±1.4 e

S300 45.5±3.5 f 280±14 de 48.0±4.2 d 0.45±0.07 f 11.0±1.4 a 20.5±2.1 de

S400 115±7 e 335±21 d 39.0±4.2 de 1.40±0.28 e 10.0±1.4 a 23.0±1.4 d

S500 205±7 d 385±7 d 27.5±0.7 e 2.30±0.14 d 9.00±2.83 a 25.0±1.4 d

S600 295±21 c 635±64 c 67.0±2.8 c 5.90±0.42 c 8.50±0.71 a 37.0±2.8 c

S700 365±21 b 970±28 b 115±7 b 10.5±0.7 a 8.00±1.41 a 46.5±0.7 b

a Different letters indicate lsignificant differences within one biochar type

Table 3 Concentrations of heavy metals in feedstocks and biochars and the maximum permissible concentrations (MPC) in sludge (mg kg−1)

Cu Zn Pb Cd Cr Ni

Concentrations in feedstocks and biochars

C025 18.1±0.4 ca 48.4±0.7 d 1.12±0.05 d <0.014b 6.34±0.07 f 3.38±0.24 b

C200 20.4±0.3 (0.80) cc 59.7±1.0 (0.87) d 1.44±0.02 (0.91) c <0.014 8.08±0.63 (0.90) e 4.38±0.18 (0.92) b

C300 40.2±7.4 (0.78) b 98.4±5.5 (0.71) c 3.04±0.04 (0.95) b <0.014 15.6±0.2 (0.87) d 8.57±0.74 (0.89) a

C400 42.8±0.7 (0.81) b 98.6±5.2 (0.70) c 3.24±0.14 (0.99) b <0.014 17.2±0.6 (0.93) c 8.69±0.61 (0.88) a

C500 56.4±1.6 (0.99) a 110±9 (0.72) bc 3.50±0.10 (0.99) a <0.014 18.0±0.7 (0.90) c 9.46±0.18 (0.88) a

C600 56.7±3.3 (0.95) a 120±4 (0.75) ab 3.50±0.12 (0.94) a <0.014 20.0±0.7 (0.96) b 9.82±0.17 (0.88) a

C700 55.3±2.4 (0.89) a 133±17 (0.80) a 3.24±0.10 (0.84) b <0.014 21.4±0.5 (0.98) a 9.57±1.08 (0.82) a

S025 143±0.5 f 698±30 d 51.1±6.5 c 1.03±0.01 c 173±3 c 42.0±2.5 b

S200 149±0.4 (0.97) e 735±9 (0.98) d 54.7±0.2 (1.00) c 1.06±0.003 (0.96) c 180±6 (0.97) c 41.1±2.7 (0.91) b

S300 172±3 (0.98) d 804±25 (0.95) c 61.0±4.6 (0.98) bc 1.21±0.03 (0.96) b 211±13 (1.00) b 51.0±0.6 (0.99) a

S400 186±2 (0.97) c 896±2 (0.96) b 67.4±6.2 (0.99) ab 1.38±0.04 (1.00) a 231±12 (1.00) ab 54.3±1.8 (0.96) a

S500 193±3 (1.00) b 887±49 (0.94) b 67.9±2.6 (0.98) ab 1.38±0.03 (0.99) a 233±8 (1.00) ab 55.1±0.04 (0.97) a

S600 198±4 (0.97) ab 976±20 (0.99) a 69.1±1.6 (0.95) ab 1.19±0.03 (0.82) b 239±15 (0.98) ab 56.1±3.4 (0.94) a

S700 202±2 (0.97) a 986±20 (0.97) a 74.2±1.6 (0.99) a 0.69±0.06 (0.46) d 247±18 (0.98) a 55.2±1.9 (0.90) a

Maximum permissible concentrations (MPC) in sludge

Chinese Ad 250 500 300 5 600 100

Chinese Be 500 1,000 1,000 20 1,000 200

USf 1,500 2,800 300 39 1,200 420

Europeang 1,000 2,500 750 20 300

aDifferent letters indicate significant differences within one biochar type
bDetectable concentration below the detection limit, value indicates the detection limit of the instrument multiplied by the sample dilution factor
c Relative enrichment factor (REF) is listed in parentheses
d Control standard for sludge used in acid agricultural soils in China (PRC 1984)
e Control standard for sludge used in neutral and alkaline agricultural soils in China (PRC 1984)
f Limit of pollutant concentration in sludge for agricultural use in the USA (USEPA 1993)
g Lowest limit of pollutant concentration in sludge for agricultural use in Europe (CEC 1986)
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Allowable concentrations of heavy metals and mineral
elements in biochars

To evaluate the suitability of biochars for land application, the
heavy metal concentrations in biochars were compared with
their respective maximum permissible concentrations (MPC)
in sewage sludge for agricultural use in China, the USA, and
Europe (CEC 1986; PRC 1984; USEPA 1993). With regard to
maize biochars, the total concentrations of all heavy metals
reported here were far below their respectiveMPC in sludge in
these countries (Table 3) which implies that the short term
application of biochars would not lead to unacceptable metal
accumulation in soil. With respect to sludge biochars, concen-
trations of Cu, Pb, Cd, Cr and Ni were lower than their
respective MPC values. Moreover, Zn was the only element
that exceeded the Chinese MPC for acid agricultural soils
(Table 3). However, Zn concentrations fell below the MPC
for neutral and alkaline agricultural soils, indicating their
potential for application under specific conditions.

Notably, the MPC of heavy metals in sewage sludge is
dependent on the assumed annual application rate and allow-
able application year. For instance, the Chinese MPC is based
on 30 t ha−1 for 20 consecutive years, but the US MPC is
assumed to be 10 t ha−1 for 100 consecutive years. Glaser et al.

(2002) summarized that adding biochar at 0.5 to 135 t ha−1

could increase plant growth and crop yields. Therefore, spe-
cial attention should be paid to the agronomic practice if the
annual application rate is >30 or 10 t ha−1 when applying the
Chinese or US MPC.

The total heavy metal concentrations in biochar are useful
as an overall pollution indicator, but the environmental impact
always depends on the bioavailability and leachability of
metals within biochars. Although the production of biochars
largely reduced the amounts of DTPA-extractable heavy
metals (Table 4), so far, no guideline values are available for
evaluation of potential phytotoxicity based on DTPA-
extractable concentrations. Future work is needed to quantify
the available metals in biochars and to link this to the actual
phytotoxic effects.

Inorganic contaminants within biochars may enter the
groundwater via leaching. As shown in Table 5, concentra-
tions of leachable heavy metals in all biochars were far below
the groundwater or drinking water standards in China, the
USA, and Europe (CEC 1998; PRC 1993; USEPA 2009),
implying that application of biochars to the surface soil is
unlikely to have an adverse impact on soluble metals in the
groundwater. With respect to leachable minerals, only Mn in
sludge biochars generated at low temperatures (200–500 °C)

Table 5 Concentrations of leachable heavy metals in SPLP extracts and the standards of groundwater or drinking water (μg L−1)

Cu Zn Pb Cd Cr Ni

Concentrations of feedstocks and biochars

C025 195±7 aa 105±7 a 1.40±0.02 a 1.00±0.01 a 5.00±2.83 a 10.2±2.6 a

C200 35.5±3.5 b 37.0±2.8 b 0.55±0.07 b 0.054±0.003 b 4.50±0.71 a 4.00±0.28 b

C300 15.0±1.4 c 19.5±6.4 c 0.40±0.14 bc 0.042±0.001 c 5.50±2.12 a 2.40±0.71 b

C400 11.5±0.7 cd 8.50±0.71 d 0.35±0.07 bc 0.037±0.003 d 6.50±2.12 a 2.25±0.49 b

C500 7.65±0.21 cde 4.00±0.02 d 0.30±0.14 c 0.031±0.002 e 6.00±2.83 a 2.15±1.20 b

C600 5.15±0.35 de 3.50±0.71 d 0.30±0.01 c 0.024±0.001 f 7.00±1.41 a 1.95±0.35 b

C700 3.40±1.27 e 2.50±0.71 d 0.25±0.07 c 0.019±0.001 g 8.00±0.03 a 1.85±0.78 b

S025 115±7 a 148±3 a 1.35±0.07 a 0.20±0.01 a 12.5±0.7 a 69.5±2.1 a

S200 26.0±4.2 b 43.5±2.1 b 0.95±0.07 b 0.070±0.002 c 6.50±0.71 b 13.0±1.4 b

S300 12.5±2.1 c 19.0±2.8 c 0.70±0.02 c 0.056±0.007 d 6.00±1.41 b 7.45±2.05 c

S400 11.5±0.7 c 15.5±0.7 cd 0.50±0.14 d 0.057±0.001 d 6.50±2.12 b 6.50±2.12 c

S500 10.8±1.8 c 12.5±0.7 de 0.40±0.03 de 0.052±0.003 d 5.50±0.71 b 5.70±1.84 cd

S600 5.70±0.57 c 10.5±0.7 e 0.25±0.07 ef 0.069±0.005 c 5.00±1.41 b 4.00±1.41 cd

S700 4.30±1.13 c 8.50±0.71 e 0.20±0.01 f 0.089±0.004 b 5.50±3.54 b 1.90±0.14 d

Standard of groundwater or drinking water

Chineseb 1,000 1,000 50 10 50

USc 1,300 5,000 15 5 100

Europeand 2,000 10 5 50 20

aDifferent letters indicate significant differences within one biochar type
bGrade III quality standard of groundwater for protecting human health in China (PRC 1993)
cMaximum contaminant level (MCL) allowed in drinking water in the USA (USEPA 2009)
d Quality of water intended for human consumption in Europe (CEC 1998)
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exceeded the groundwater/drinking water quality standards
(Online Resource Table 4). Considering that the vadose zone
can act as a buffer between surface soil and groundwater, the
chances that Mn represents an unacceptable risk to ground-
water quality are low. However, to obtain a conservative
result, it is assumed that the location of the biochar was at or
near the groundwater table and the pollutants could directly
leach into the groundwater. Although manganese was classi-
fied as the pollutants in non-enforceable guidelines according
to the USEPA and European Communities (CEC 1998;
USEPA 2009), appropriate groundwater monitoring is still
recommended to avoid any potential risk to human health.

Conclusion

Biochars can be produced from various feedstocks with the
generation of organic compounds and the concentration of
inorganic constituents. Therefore, the potential introduction of
biochar-borne contaminants needs careful consideration be-
fore soil application of biochars can commence. In the present
study, the amounts of total PAHs and heavy metals in all
maize biochars and most sludge biochars (except PAHs in
S500) were below the maximum permissible concentrations
for land application. The concentrations of leachable elements
in all maize biochars fell below the groundwater or drinking
water standards. However, manganese in some sludge bio-
chars (S200–S500) might potentially affect groundwater qual-
ity. Maize biochar may be a suitable soil amendment, but
application of sludge biochar should be evaluated carefully
to avoid potential negative environmental impacts.
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