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a  b  s  t  r  a  c  t

A  method  for  the  determination  of  the  16 USEPA  polycyclic  aromatic  hydrocarbons  (PAHs)  in  biochar
and  biochar  amended  soil  was  developed.  Samples  were  Soxhlet  extracted  with  an  acetone/cyclohexane
(1:1)  solvent  mixture,  and  PAHs  were  analyzed  by  GC–MS  after  silica  gel  clean-up.  In a  comparative
study  based  on  reflux  extraction,  the  Soxhlet  solvent  system  acetone/cyclohexane  exhibited  a higher
extraction  efficiency  of  low  molecular  weight  PAHs  (e.g.  naphthalene)  than  toluene  or  dichloromethane.
Utilizing  a reference  biochar,  this  Soxhlet  method  possessed  a  67–88%  recovery  of  spiked  deuterated
PAHs  (acenaphthene,  phenenthrene,  and  chrysene),  analytical  precision  (as assessed  by relative  standard
deviations)  between  5 and  18%,  and a limit  of detection  in  the  0.01–0.4  ng  g−1 range.  The  method  was
successfully  validated  through  the  analysis  of  a certified  soil  material,  and  was  capable  to quantify  total
PAHs following  biochar  addition  at 1%  (w/w).  The  concentration  of the  16  USEPA-PAHs  along  with the  15
EU-PAHs  (priority  hazardous  substances  in food)  was  determined  in  a  suite  of  currently  available  biochars
for agricultural  field  applications,  which  were  derived  from  a variety  of parent  materials  and  pyrolysis
conditions.  The  total  PAH levels  ranged  between  1.2–19  �g g−1 and 0.2–5  �g g−1 interval  for  USEPA  and
EU PAHs,  respectively.  Specifically,  benzo[a]pyrene  ranged  between  0.01  and 0.67  �g  g−1 across  these
various  biochars.  Considering  an application  of 20–60  t biochar  ha−1, the degree  of  PAH  contamination
will be  dependent  on both  the  presence  of  background  PAHs  in  soil and  the  sorbed  concentrations  of
PAHs  on  the  biochar.  Our  data,  along  with  PAH levels  determined  in  other  studies,  suggest  that  biochars
produced  by  slow  pyrolysis  from  woody  biomass  possess  the  lowest  level  of  sorbed  PAHs  (<10  �g g−1).

© 2012  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Biochar is a co-product from biomass pyrolysis that is targeted
as a material with applications in environmental and agricultural
management, as well as a vehicle for carbon sequestration [1,2]. As
the interest toward biochar is steeply growing, safety procedures
for ensuring human health and preservation of the environment
are imperative. Polycyclic aromatic hydrocarbons (PAHs) are well
known carcinogenic and persistent pollutants that are ubiquitous in
the environment. PAHs are formed during the pyrolysis of biomass
[3] and their occurrence in biochar [4–9] along with its possibly
released into the environment need to be addressed. PAH produc-
tion has also been confirmed during the production of charcoal by
pyrolysis [10,11] and natural wildfires [12]. Human exposure of
PAHs might occur through different pathways, such as inhalation
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of particles generated during synthesis, handling and field appli-
cations of biochar or the ingestion of fruit/vegetables grown in
biochar amended soil. Therefore, determining the content of PAHs
in biochar is of utmost importance to establish risk assessment of
biochar usage.

The worldwide distribution of PAHs in soils span over five orders
of magnitude and is related to source (atmospheric input) and
sorption ability of soil organic matter and black carbon [13]. The
inclusion of carbonaceous residues in soil could increase PAHs sorp-
tion on humic matter [14–17] and biochar [18,19]. In this respect,
soil application of biochar might represent a source and/or a sink
of PAHs. All these aspects need to be considered when dealing with
the origin of PAHs in soil amended with biochar.

A reliable methodology of PAH analysis is a first requisite toward
risk assessment. Recent studies have examined the content of PAHs
in biochar [4,5,7]. These results have provided a comprehensive
picture on the levels and availability of PAHs in biochar [4], the
influence of pyrolysis temperature [7], as well as critical aspects
of validation [5]. Analytical methods described in these studies
have utilized toluene as the extracting solvent. In fact, it was
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demonstrated that toluene is superior to other solvents for car-
bonaceous materials [20]. Nonetheless, extraction efficiencies are
not always quantitative, especially in the case of low molecu-
lar weight (LMW) PAHs. In particular, naphthalene is problematic
because of the high boiling point of toluene (111 ◦C) which
causes the loss of semi-volatile PAHs during the preconcentra-
tion step [5,7]. Naphthalene is considered a possible carcinogenic
to humans (IARC group 2B) and genotoxic to plants [21]. Inci-
dentally, naphthalene is often the most abundant PAH in biochar
[4–6,8,9,22]. Naphthalene and its isotopically labelled version are
often employed in studies aimed at investigating the fate of PAHs
in the environment [23–26]. In general, LMW  PAHs are absorbed at
higher rates than high molecular weight (HMW)  PAHs [25,27], and
naphthalene presence could affect the growth/response of the soil
microbial community [28,29].

Although present at lower concentrations, HMW  PAHs pose
the highest health and environmental hazards due to the estab-
lished carcinogenic potential of this class of compounds. Because
of biochar’s proposed use in crops and potential human exposure
of biochar PAHs through bioaccumulation in agricultural products,
biochar sorbed PAH concentrations could be a matter of concern
[30–32]. On the basis of their occurrence and carcinogenicity, 15
PAHs have been identified as priority hazardous substances in food
by the European Union (EU) [33] and 16 PAHs by US Environmen-
tal Protection Agency (USEPA) [34], 8 of them are shared across
both lists. While studies have been reported on the occurrence of
USEPA PAHs in biochar due to the widespread inclusion of these
compounds in worldwide environmental legislation, very limited
information is available on the occurrence of EU PAHs on biochar.

In addition, recent studies were focused on the analysis of
PAHs in solely biochar, but the robustness of the solvent extrac-
tion method to extract PAHs when biochar is present in the
soil was not fully investigated. It is important that a method
developed for the analysis of solely biochar should be equally
accurate for the biochar-soil matrix. In this context, the use of
(cyclo)hexane/acetone mixtures as an extracting solvent in PAH
determination in soil is rather common (e.g. [35–37]). In fact, a rel-
atively polar solvents like acetone has been cited as beneficial for
the extraction of hydrophobic PAHs from soil [38].

The present study is aimed at developing a well characterized
method for the determination of PAH in biochars and soils amended
with biochar by GC–MS. To this purpose, several solvent and extrac-
tion procedures were examined using the 16 EPA PAHs as targeted
PAHs on a biochar utilized in agronomic field studies [39]. The
method was then applied to a set of biochars investigated as soil
amendments of different origin and from different process con-
ditions [40]. Besides the EPA PAHs, the level of EU PAHs in these
biochars was investigated as well.

2. Materials and methods

2.1. Reagents and standards

Cyclohexane, acetone, acetonitrile, dichloromethane, toluene,
ethyl acetate (all ultra-purity), and surrogate standard mix  (for
USEPA 525) containing acenaphthene-d10, phenanthrene-d10
and chrysene-d12 at concentrations of 500 mg  l−1 each in ace-
tone were purchased from Sigma–Aldrich. PAH-Mix solution
containing naphthalene, acenaphtylene, acenaphthene, fluo-
rene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene,
benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[a]pyrene, dibenz[a,h]anthracene, indeno[1,2,3-cd]pyrene
and benzo[ghi]perylene certified at concentrations of 10 mg  l−1 for
each species in acetonitrile was purchased from Sulpeco (Belleforte,
PA, USA). PAH-Mix standards in acetonitrile (10 mg  l−1) of EU PAHs

were obtained from Dr. Ehrenstorfer GmbH (Augsburg, Germany):
benzo[a]antracene, benzo[b]fluoranthene, benzo[j]fluoranthene,
benzo[k]fluoranthene, benzo[ghi]perylene, benzo[a]pyrene, chry-
sene, cyclopenta[c,d]pyrene, dibenzo[a,h]anthracene, dibenzo
[a,e]pyrene, dibenzo[a,h]pyrene, dibenzo[a,i]pyrene, dibenzo[a,l]
pyrene, indeno[1,2,3-c,d]pyrene, 5-methylchrysene. Standard mix
solutions containing the 15 PAHs at concentrations of 1 mg  l−1

were prepared in acetone/cyclohexane (1:1, v/v) and stored at
room temperature in the dark.

A solution of 1,3,5-tri-tert-butylbenzene (TTB, 12.7 mg  l−1) in
acetone:cyclohexane (1:1, v/v) was  prepared by weighing the pure
compound purchased from Sigma–Aldrich.

2.2. Soil and biochar samples

A natural matrix soil certified reference material ERM–CC013a
(manufactured by Federal Institute for Materials Research and Test-
ing; Berlin, Germany) containing 15 PAHs with concentrations
ranging from 1.14 to 12.9 mg  kg−1 was used for the validation of the
method for soil. An internal reference biochar sample (here named
as reference biochar, or RB) was  utilized for method optimization.
This was a commercially available biochar created by the slow
pyrolysis of orchard pruning, which was  kindly provided by the
Department of Agriculture and Environmental Sciences (DISA) Uni-
versity of Udine [39]. This reference biochar was homogenized and
then mixed with an agricultural soil (dried and sieved 2 mm)  at a
1.16% (w/w) amendment level. This concentration corresponded to
an application of 36 t biochar ha−1 (assuming a soil with 1.2 g cm−3

density and 0.3 m depth) [6,41], which is within the range currently
investigated for biochar use in agriculture (20–60 t biochar ha−1)
[42].

Additional biochars evaluated were from an ongoing study on
the impact of biochar additions on greenhouse gas production
potentials conducted by the USDA-ARS Biochar and Pyrolysis Ini-
tiative. The full characterization of these biochars (i.e. ultimate
and proximate analysis, Py-GC–MS, and microbial CO2 production)
was reported in a previous publication [40]. This group provides a
cross-section of currently available biochars for agricultural field
applications.

2.3. Sample treatment

2.3.1. Optimized sample pretreatment: soxhlet extraction and
clean up

About 1 g of biochar (or 5 g soil sample) was placed into
the extraction cellulose thimble, spiked with 0.1 ml  of surrogate
standard mix  (Supelco for EPA 525 containing acenaphthene-d10,
phenanthrene-d10 and chrysene-d12 5 �g ml−1 each in acetoni-
trile). The thimble was  covered with cotton wool, and inserted into
the Soxhlet extractor. Soxhlet extraction thimbles (and the Soxhlet
apparatus) were pre-cleaned by a 4 h Soxhlet extraction with ace-
tone/cyclohexane (1:1, v/v). Extraction was carried out with 160 ml
of extraction solvents (acetone/cyclohexane (1:1, v/v)) mixture for
36 h (4 cycles h−1). The Soxhlet apparatus was covered with an alu-
minum foil to avoid exposure to daylight, which prevents PAH
photodegradation. The extraction solvent was filtered, added with
1 ml  of n-nonane, and then carefully evaporated by rotatory vac-
uum evaporation at 40 ◦C.

The concentrated extract was  collected and loaded onto a silica
gel cartridge (6 ml,  1 g DSC-Si Supelco washed with ethyl acetate,
dried and conditioned with 4 ml  cyclohexane). After purification
with 1 ml  of cyclohexane, PAHs were eluted with 4 ml of ace-
tone/cyclohexane (1:1, v/v). The obtained solution was then blown
down to 10–50 �l under nitrogen and spiked with 10 �l of the inter-
nal standard solution (TTB at 12.7 mg  l−1) prior to GC–MS analysis.
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2.3.2. Reflux extraction
Four different solvent systems (toluene, dichloromethane, ace-

tone:cyclohexane 1:1 (v/v) and acetone:cyclohexane 1:5 (v/v))
were compared by means of reflux extraction. To this purpose PAHs
were extracted from the biochar (2 g reference biochar added with
0.1 ml  of surrogate standard mix) by refluxing for 4 h with 80 ml  sol-
vent. The extract was filtered and concentrated to ∼100 �l by using
rotary evaporator and then under a nitrogen stream. The obtained
solution was spiked with 10 �l of internal standard (12.7 mg  l−1

TTB) and then analyzed by GC–MS.

2.3.3. Ultrasonication extraction
Each homogenized reference biochar sample (1 g) was trans-

ferred into a Pyrex tube, and 20 ml  of acetone/cyclohexane (1:1,
v/v) were added. The sample was ultrasonicated for 30 min  with
occasional swirling. The extraction solutions were then centrifuged
and the supernatant filtered into a 50 ml  beaker using a 9.0 cm GF/C
glass microfibre filter (Whatman International, Maidstone, UK). The
obtained solutions were reduced to 2 ml  using a rotary evapora-
tor and transferred into 4 ml  vials. These solutions were further
reduced using nitrogen gas, spiked with 10 �l of 12.7 mg  l−1 TTB,
and analyzed by GC–MS.

2.4. GC–MS

GC–MS analyses were performed using a 6850 Agilent HP
gas chromatograph connected to a 5975 Agilent HP quadrupole
mass spectrometer. Analytes were separated by a HP-5MS fused-
silica capillary column (stationary phase poly[5% diphenyl/95%
dimethyl]siloxane, 30 m × 0.25 mm i.d., 0.25 mm film thickness),
using helium as the carrier gas. Samples (1 �l) were injected under
splitless conditions (1 min, then split ratio 1:50 to the end of anal-
ysis) with an injector temperature of 280 ◦C. The following thermal
program of the capillary column was used: 50 ◦C to 100 ◦C at
20 ◦C min−1, then from 100 ◦C to 300 ◦C at 5 ◦C min−1, then a hold
for 2.5 min  at 300 ◦C. The mass spectrometer operated under elec-
tron ionization (70 eV) and acquisition was performed on single
ion monitoring (SIM) at the molecular ion of each PAH at the time
windows corresponding to the elution region of the target PAH.
Acenaphthene-d10 was utilized to quantify naphthalene, acenaph-
thylene, acenaphthene and fluorene; phenanthrene-d10 to quantify
phenanthrene, anthracene, fluoranthene and pyrene; chrysene-d12
to quantify the remaining PAHs. Quantitation of EPA PAHs was
based on the calibration curve (Section 2.5), while in the case of EU
PAHs a single point calibration (1 mg  l−1, Section 2.1) was  utilized.

2.5. Method validation

The figures of merit were reported for the EPA PAHs. Recovery
of surrogated PAHs were determined with respect to the internal
standard TTB. The procedural blank concentrations were deter-
mined as the average of five empty thimble runs. Procedural blanks
were run periodically. Precision of the procedure was determined
by four replicate analyses of reference biochar sample.

Calibration was performed in the 0.0025–1.25 mg  l−1 interval by
serial dilutions of the 10 �g ml−1EPA PAH calibration mix  (Supelco).
Three replicates were performed at each concentration level and
the resulting instrumental response was homoscedastic for each
PAH (  ̨ = 0.05, Cochran test), therefore the least-squares regression
line was utilized for quantification (R2 values were 0.993–0.999).

Limit of detection (LOD) and limit of quantification (LOQ) were
estimated for each analyte by using Eqs. (1) and (2)

LOD = 3sb

a
(1)

Table 1
Limits of detection (LOD), limits of quantification (LOD), mean concentration of
USEPA PAHs in reference biochar (RB) and relative standard deviations (RSD) from
four  replicates.

PAH LOD (ng g−1) LOQ (ng g−1) RB (�g g−1) RSD (%)

Naphthalene 0.08 0.2 1.75 8
Acenaphtylene 0.01 0.03 0.026 13
Acenaphthene 0.03 0.1 0.034 5
Fluorene 0.03 0.1 0.071 10
Phenanthrene 0.4 1 0.71 12
Anthracene 0.03 0.1 0.13 13
Fluoranthene 0.08 0.3 0.30 11
Pyrene 0.06 0.2 0.35 11
Chrysene 0.1 0.4 0.095 9
Benzo[a]anthracene 0.08 0.3 0.095 9
Benzo[b]fluoranthene 0.2 0.5 0.13 6
Benzo[k]fluoranthene 0.09 0.3 0.10 18
Benzo[a]pyrene 0.2 0.8 0.19 14
Indeno[1,2,3-cd]pyrene 0.2 0.7 0.15 16
Dibenzo[a,h]anthracene 0.3 0.9 0.056 15
Benzo[ghi]perylene 0.1 0.4 0.15 8

LOQ = 10sb

a
(2)

where sb stands for the mean standard deviation of peak areas inte-
grated at the retention time of the PAH from procedural blanks
and a for the slope of the calibration curve. Results of LOD, LOQ
(calculated for biochar) and precision (%RSD) are listed in Table 1.

3. Results and discussion

3.1. Solvent selection

The choice of the extracting solvent is a crucial parameter
in the analysis of PAHs in carbonized materials (soot, charcoal)
because hydrophobic contaminants are tightly bound to the aro-
matic matrix [20]. In this study, the extraction ability of four
different solvent systems was  preliminary evaluated by means of
reflux extraction under the same conditions. Toluene, solely [4,5] or
mixed with methanol [7], was  the solvent of choice in the determi-
nation of PAHs in biochar reported in recent literature and therefore
included in this comparison. Dichloromethane is a rather common
solvent in the extraction of PAHs in several matrices, including
wood chars [43] and biochar [8]. Acetone/hexane mixtures were
described in the analysis of PAHs in charcoal and soot samples [20].

The recovery of surrogate PAHs for each extraction system
is reported in Table 2. Toluene is the best extracting solvent in
the case of spiked d-phenanthrene and d-chrysene. This find-
ing is in agreement with previous studies showing the strong
extraction efficiency of toluene in comparison to other solvents
and solvent/mixtures [5,20]. However, in the case of spiked
d-acenaphthene, dichloromethane and acetone/cyclohexane 1:1
exhibited higher extraction efficiency than toluene (83 and 80% vs.
68%). The loss of LMW  PAHs in the case of toluene was  caused by the
analytical procedure following the extraction step, as blank anal-
ysis with toluene (resulting from solvent evaporation) confirmed
a recovery of 65 ± 11% of d-acenaphthene. A similar result was
reported by Hilber et al. [5], who  suspected a cross-contamination
by naphthalene possibly due to extended toluene removal. When
examining the PAH concentrations as a function of solvent
(Table A1 in supplementary materials), the detected concentra-
tions of the LMW  PAHs were the lowest with toluene (0.84 �g g−1)
and highest with acetone/cyclohexane 1/1 (1.37 �g g−1). Therefore,
the solvent mixture of acetone/cyclohexane was selected for the
method optimization, because of its superior extraction efficiency
for naphthalene (the most common PAH detected on biochar; see
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Table  2
Recovery of surrogate PAHs using different extraction procedures of reference biochar (RB).

Acenaphthene-d10 recovery (%) Phenanthrene-d10 recovery (%) Chrysene-d12 recovery (%)

Reflux extraction
Acetone/cyclohexane 1/1 80 41 7
Acetone/cyclohexane 1/5 56 38 7
Dichloromethane 83 50 11
Toluene 68 68 58

Ultrasonication extraction
Acetone/cyclohexane 1/1 9 4 0.4

Soxhlet extraction (18 h)
Acetone/cyclohexane 1/1 75 66 29
Acetone/cyclohexane 5/1 76 37 10
Acetone 84 58 29

Soxhlet extraction (36 h)
Acetone/cyclohexane 1/1 88 77 67

below), its widespread use in soil analysis of PAHs, and its reduced
toxicity compared to toluene and dichloromethane.

3.2. Selection of the extraction procedure

The recovery of surrogate PAHs from reflux extraction with
acetone:cyclohexane 1:1 were compared with Soxhlet extraction
(18 h) and ultrasonic extraction (Table 2). Ultrasonic extraction
had very low recoveries (<10%) and therefore was not investi-
gated further. As expected, the recovery of d-chrysene by Soxhlet
extraction increased with respect to reflux conditions. Increasing
(100%, v/v) or decreasing (20%, v/v) the mixing ratio of ace-
tone with respect to the 1:1 acetone:cyclohexane mixture (i.e.
50%, v/v) did not significantly improve the recovery of the surro-
gate PAHs. Therefore, the acetone:cyclohexane mixture 1:1 was
selected to investigate the effect of the extraction time on the
recovery. The results, depicted in Fig. 1, show that the higher
recoveries were achieved with longer extraction times, which is
in agreement with a previous study [5]. Interestingly, the same
study showed that accelerated solvent extraction (ASE) was a less
efficient than Soxhlet extraction [5]. However, prolonged extrac-
tions were problematic and did not guaranteed high recovery.

Fig. 1. Recovery of deuterated PAHs vs. soxhlet extraction times with ace-
tone:cyclohexane 1:1 (v/v) of reference biochar (mean values and 1 s.d. from four
replicates).

We  decided to focus on the behavior of two HMW  PAHs rep-
resentative of five rings (benzo[a]pyrene) and six (indeno[1,2,3,
cd]pyrene) rings as the target compounds for optimizing the
extraction time (Table A2 in supplementary materials). Their con-
centrations increased significantly when the extraction time was
increased from 18 to 36 h, after which time the concentration
remained almost constant. Thus, 36 h of extraction were selected
for the final procedure.

3.3. Final procedure applied to reference biochar and soil

The final procedure was described in detail in Section 2.3.1.
The USEPA PAH concentrations of reference biochar are reported
in Table 1 along with the relative standard deviations. A typical
chromatogram is presented in Fig. 2. The precision (expressed as
RSD from four replicates) was  good, being within the 5–18% inter-
val. The recoveries of surrogate PAHs were satisfactory (67, 77, and
88% for d-acenaphthene, d-phenenthrene, and d-chrysene, respec-
tively, Table 2). This is also considered a good result considering
that PAHs are strongly associated to the aromatic carbonaceous
matrix of biochar. These results are on the higher end of PAH
recoveries currently reported for biochar materials. Hilber et al. [5]
reported 42–72% recovery range for several deuterated PAHs (from
d-naphthalene to d12-indeno[1,2,3-cd]pyrene), and similar values
(56–79%) were reported by Hale et al. [4].

The accuracy of the method developed for biochar was  tested on
the soil matrix by the analysis of the certified soil (ERM-CC013a).
The difference between the mean measured and certified val-
ues (Table 3) were lower than the expanded uncertainty of that
difference for the majority of PAHs, attesting the validity of the
method for the soil matrix [44]. Then, the ability of the method
to analyze PAHs in the biochar amended soil was evaluated. The
obtained concentrations of PAHs in the untreated soil and in the
soil amended with biochar are presented in Table 4. The total PAH
concentration in the amended soil is significantly higher than that
in the untreated soil. In particular, the concentration of naphtha-
lene is 0.0263 �g g−1 against 0.0098 �g g−1in the untreated soil, a
quite large difference due to naphthalene being the most abun-
dant PAH in biochar at 1.75 �g g−1. The excess naphthalene in
the treated soil of 0.0263–0.0098 = 0.0165 �g g−1is slightly lower
than that expected from the quantity of naphthalene added with
biochar corresponding to 1.75 × 1.16% = 0.0203 �g g−1. Overall, the
correspondence between the measured excess and expected is
(0.0165–0.0203)/0.0203 = −0.19 (or −19%), which is an acceptable
result and good demonstration of the accuracy of the method for
LMW PAH compounds, which has been a shortcoming of some of
the existing methods [i.e. 5]. A similar calculation was  performed
for the other PAHs, and the results are reported in last column of
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Fig. 2. GC–MS (SIM) chromatogram obtained from the analysis of the reference biochar (RB). Peak numbers refers to PAHs listed in Table 5.

Table 3
Method validation for the determination of PAHs in a soil matrix through the analysis of the certified soil material (ERM-CC013a).

PAH Measured concentration (�g g−1) Certified value (�g g−1) Relative error (%)

Naphthalenea 2.2 ± 0.2 2.4 ± 0.5 −9
Fluorenea 1.30 ± 0.11 1.14 ± 0.11 +13
Phenanthrenea 12.4 ± 0.3 12.0 ± 0.6 +2
Anthracene 1.96 ± 0.09 1.41 ± 0.22 +32
Fluoranthenea 12.0 ± 0.5 12.9 ± 0.7 −9
Pyrene 8.4 ± 0.6 9.6 ± 0.3 −15
Benzo[a]anthracenea 5.1 ± 0.3 5.6 ± 0.5 −11
Chrysene 6.3 ± 0.3 5.3 ± 0.8 +15
Benzo[b]fluoranthenea 6.4 ± 0.4 7.1 ± 1.0 −12
Benzo[k]fluoranthenea 4.0 ± 0.4 3.4 ± 0.4 +14
Benzo[a]pyrenea 4.6 ± 0.4 4.9 ± 0.7 −8
Benzo[ghi]perylenea 4.3 ± 0.7 4.6 ± 0.5 −8
Indeno[1,2,3-cd]pyrenea 5.5 ± 0.9 5.2 ± 1.0 +3

a There is no significant difference between the mean measured value (n = 4 spread in two weeks) and the certified value [44].

Table 4. These differences between the calculated and measured
values were satisfactory for the most abundant PAHs in biochar
(Table 4; at the ±20% level). These data support that the proposed
method was capable to extract PAHs from a biochar amended soil,
a PAH contaminated soil, and the original biochar.

Obviously, the effect of biochar addition in soils on the level
of PAHs will depend on the background level of PAHs in the soil
before treatment [13,45], the concentration of PAHs in the original
biochar, and the quantity of added biochar. Then, environmen-
tal processes (evaporation, biodegradation, or abiotic degradation)

Table 4
Observed concentration of PAHs in an agricultural soil and a corresponding biochar amended soil (1.16% (w/w) of reference biochar RB).

PAHs Soil (�g g−1) Soil + biochar (�g g−1) Difference from expected (%)

Naphthalene 0.0098 ± 0.0002 0.0263 ± 0.0046 −19
Acenaphtylene n.d. n.d. n.d.
Acenaphthene n.d. n.d. n.d.
Fluorene 0.0023 ± 0.0008 0.0033 ± 0.0006 +13
Phenanthrene 0.0118 ± 0.0036 0.0212 ± 0.0063 +15
Anthracene 0.0003 ± 0.0002 0.0014 ± 0.0014 −24
Fluoranthene 0.0035 ± 0.0010 0.0075 ± 0.0030 +15
Pyrene  0.0031 ± 0.0007 0.0069 ± 0.0020 −6
Chrysene 0.0007 ± 0.0003 0.0014 ± 0.0010 −31
Benzo[a]anthracene 0.0039 ± 0.0007 0.0057 ± 0.0009 +60
Benzo[b]fluoranthene 0.0067 ± 0.0014 0.0091 ± 0.0029 +32
Benzo[k]fluoranthene 0.0005 ± 0.0001 0.0014 ± 0.0003 −51
Benzo[a]pyrene 0.0001 ± 0.0002 0.0019 ± 0.0009 −21
Indeno[1,2,3-cd]pyrene  0.0023 ± 0.0008 0.0040 ± 0.0022 −9
Dibenzo[a,h]anthracene 0.0009 ± 0.0002 0.0014 ± 0.0004 −18
Benzo[ghi]perylene 0.0046 ± 0.0011 0.0070 ± 0.0013 +36

Total  0.0506 ± 0.017 0.0986 ± 0.019 −2

Notes: Values in the tables are the mean value ±1 standard deviation from four replicates. The last column reports the relative percent difference between the measured and
expected value. The expected value is the concentration calculated from the PAH concentration obtained by summing the soil and biochar contributions (Table 1). This is
expressed as a relative percentage of (measured − expected)/expected × 100.
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Table  5
Concentrations of the 16 USEPA PAHs and (#) 15 EUPAHs (�g g−1 mean of two duplicates). (RB reference biochar; characteristics of biochars from S-2 to S-20 were published
elsewhere [40].)

Sample Id. RB S-2 S-3 S-4 S-5 S-15 S-16 S-17 S-18 S-19 S-20
Nr.  PAHs

1 Naphthalene 1.75 1.57 1.71 2.39 0.44 0.47 0.93 2.58 0.78 0.49 3.36
2  Acenaphtylene 0.03 0.50 0.30 0.04 0.01 0.02 0.12 0.71 0.10 0.05 0.10
3  Acenaphthene 0.03 0.62 0.31 0.05 0.01 0.07 0.08 0.28 0.24 0.22 0.11
4  Fluorene 0.07 0.25 0.16 0.10 0.05 0.08 0.04 0.92 0.59 0.26 1.13
5  Phenanthrene 0.71 0.25 0.30 0.56 0.31 0.27 0.36 3.88 0.49 0.33 2.70
6  Anthracene 0.13 0.03 0.04 0.07 0.03 0.03 0.04 0.65 0.19 0.12 0.33
7  Fluoranthene 0.3 0.14 0.08 0.11 0.08 0.11 0.05 2.46 0.10 0.09 0.21
8  Pyrene 0.35 0.07 0.07 0.08 0.08 0.12 0.04 2.58 0.16 0.07 0.10
9  Cyclopenta[c,d]pyrene# 0.001 0.01 0.01 0.01 0.01 0.01 0.01 0.05 0.04 n.d. 0.03
10  Chrysene# 0.09 0.05 0.02 0.02 0.02 0.03 0.02 0.92 0.42 0.17 0.09
11  Benzo[a]anthracene# 0.09 0.04 0.02 0.05 0.04 0.04 0.02 0.83 0.46 0.08 0.17
12  5-methylchrysene# 0.01 0.11 0.04 0.02 0.02 0.02 0.09 0.27 0.21 n.d. 0.21
13  Benzo[b]fluoranthene# 0.13 0.02 0.05 0.04 0.04 0.05 0.02 0.70 0.29 0.05 0.07
14  Benzo[k]fluoranthene# 0.1 0.02 0.01 0.04 0.02 0.02 0.01 0.43 0.39 0.07 0.06
15  Benzo[j]fluoranthene# n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
16  Benzo[a]pyrene# 0.19 0.02 0.02 0.10 0.01 0.05 0.02 0.67 0.32 0.06 0.22
17  Indeno[1,2,3-cd]pyrene# 0.15 0.02 0.01 0.13 n.d. 0.02 0.01 0.50 0.27 n.d. 0.03
18  Dibenzo[a,h]anthracene# 0.06 0.02 0.01 0.01 0.01 0.01 0.01 0.08 0.21 0.19 0.06
19  Benzo[ghi]perylene# 0.15 0.01 0.01 0.01 0.01 0.02 0.01 0.53 n.d. n.d. 0.08
20  Dibenzo[a,e]pyrene# n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
21  Dibenzo[a,h]pyrene# n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
22  Dibenzo[a,i]pyrene# n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
23  Dibenzo[a,l]pyrene# n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

�  16 EPA PAHs 4.3 3.6 3.1 3.8 1.2 1.4 1.8 19 5.0 2.2 8.8
#� 15 EU PAHs 0.97 0.32 0.2 0.43 0.18 0.27 0.22 5.0 2.6 0.62 1.0

will affect the fate and levels of PAHs in amended soil. Due to the
lipophilic nature of the PAHs, these compounds tend to bioaccumu-
late in plants [46,47]. Leafy vegetables typically accumulate higher
levels of PAHs from the soil system than companion fruit or root
crops [48]. The levels of PAH observed in some of the biochars (see
below) do posses levels that could be of potential health and envi-
ronmental concern, depending on the application rate, original soil
concentrations, and end-use for the soil.

3.4. Determination of EPA and EU PAHs in different biochar
samples

The method developed in this study was applied to the determi-
nation of USEPA and EU PAHs in a suite of ten biochar investigated
in a previous study [40]. With the exception of biochar S-18 and S-
19 (distillers grain) and S-17 (Macadamia nut shells), all the other
biochars were derived from woody biomass (Table 5). Almost all 16
USEPA PAHs were detected and quantified in the biochars, as well
as several EU PAHs. However, HMW  EU PAHs were not detected
(Table 5). The recovery of spiked deuterated PAHs ranged between
60 and 100% (Table A3 in supplementary materials) and for all
the samples an average of 78%, 78 and 75% for d-acenaphthene,
d-phenanthrene and d-chrysene, respectively, with ∼10% RSD each.

Despite the difference in feedstock and process treatment the
PAH levels were quite similar (1–19 �g g−1). One sample (biochar
S-17) was characterized by high levels of PAHs. However, the litera-
ture reports examples of biochar with much higher concentrations,
some comparable to those observed on soot [5,6]. A large number
of biochars investigated by Hale et al. [4] exhibited total PAHs in
the 0.07–3.27 �g g−1 interval when produced from slow pyrolysis
from different biomass at temperatures between 250 and 900 ◦C,
and higher values (45 �g g−1) from gasification. These examples
underline the variety of PAH levels that could find in biochars.

With few exceptions (S-17), naphthalene was the most
abundant PAH, in accordance to previous studies [4–6,8,9], fol-
lowed by phenanthrene. However, it is interesting to note that
benzo[a]pyrene was detected in all biochars analyzed here, with
concentrations ranging from 0.01 to 0.67 �g g−1.

Sample S-2 was biochar obtained from the fast pyrolysis of hard-
wood sawdust at 500 ◦C, while S-3 the same biochar stored 1 year
in an open drum subject to environmental conditions [40]. Table 5
shows that the levels of LMW  PAHs did not change markedly, con-
firming the strong sorption of PAHs to biochar. However, Hale et al.
[4] reported that artificial aging in aqueous solutions generally
increased the concentration of PAHs on biochar, probably due to the
leaching of hydrophilic components leaving the more hydrophobic
biochar fraction.

Biochars S-18 and S-19 produced from the same feedstock (dis-
tiller grains) at similar pyrolysis temperatures (350 and 400 ◦C,
respectively) exhibited significantly different PAH concentrations
(total USEPA 5.0 and 2.2 �g g−1) suggesting the importance of
pyrolysis conditions, as well as the role of temperature. A gen-
eral trend has been observed of increasing PAH contents at shorter
pyrolysis times and high pyrolysis temperatures [4]. A detailed
study on the presence PAHs in biochar samples produced from
woody and herbaceous biomass pyrolyzed at different tempera-
tures showed that the concentration of pyrogenic PAHs peaked at
500 ◦C, a common temperature in slow pyrolysis [7]. Chagger et al.
[49] demonstrated through modeling that PAHs are preferentially
formed in a fluidized bed reactor versus a kiln style reactor, due
to unstable combustion reactions present in a fluidized bed reac-
tor. Schimmelpfennig and Glaser have underlined the importance
of the particular technological process on the sorbed PAH concen-
trations, with wood gasifiers associated with the highest levels of
PAHs on the solid residuals [6]. These authors proposed the naph-
thalene/phenanthrene ratio and the total PAHs concentrations as
factors to differentiate pyrolysis processes between biochars. These
hypotheses are also supported by our data, since biochars that are
created by slow pyrolysis at longer residency times in kiln style
reactors possess lower sorbed amounts of PAHs compounds.

Given the values of total PAHs reported in Table 5, as well as
those reported in the literature [4,8] for the slow pyrolysis biochars
and the level of biochar applications recommended in agriculture
practices, the increased levels of elevated PAHs in biochar amended
soil is not of universal concern. However, as also seen in our data
and those from other studies [7,9], some biochars do have levels of
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sorbed PAHs that do exceed existing and proposed guidelines for
the usage of specific materials (e.g. sludge, wood ash) on land [7–9]
including commercial biochar [5]. In addition, the bioaccumula-
tion of PAH compounds in produce grown in biochar amended soils
requires further investigation. Therefore, the development of valid
analytical procedures for the determination of PAHs in biochar and
biochar amended soils is critical.

4. Conclusions

A method for the determination of PAHs in biochar
was developed making use of a solvent mixture (1:1 ace-
tone:cyclohexane) in place of more toxic and/or hazardous
solvents (e.g., dichloromethane, toluene) which was appropriate
for the determination of LMW  PAHs (including naphthalene)
along with HMW  PAHs. The method was validated with a certified
reference soil and demonstrated its validity for the detection of
PAHs deriving from biochar in a soil matrix amended with 1%
biochar. Because of the strong affinity of PAHs toward biochar,
solvent and duration time of the Soxhlet extraction were crucial
parameters and at least 36 h was necessary to obtain a satisfactory
recovery with 1:1 acetone:cyclohexane. Furthermore, this method
provided satisfactory recovery when applied to a wide range of
biochar samples obtained at different pyrolysis conditions from
different biomass parent materials suggesting that this analytical
procedure could be used successfully on different biochars. All
the biochar analyzed contained the USEPA, as well as some of
the EU PAHs at detectable levels ranging from 1.2 to 19 �g g−1. In
particular, the presence of EU PAHs on biochar could be of concern
when biochars with elevated levels of PAHs are used in human
food production due to the potential of contamination. However,
this aspect requires further investigations.
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