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HIGHLIGHTS

GRAPHICAL ABSTRACT

e Long-term field experiment dealing
with PAH contamination after bio-
char application.

e Biochar application increases soil
PAH concentrations.

e However the reached levels are far
below the limits of prevention.

e The PAHs levels decrease with the
time until equality with control after
3 or 6 years.

e This time depends of soil organic
matter content (shortest for highest C
content).
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The interest in charcoal for agricultural use (biochar) has sharply increased in recent years. However,
biochar can contain groups of compounds such as polycyclic aromatic hydrocarbons (PAHs) that are
considered persistent pollutants, and are formed concomitantly with biochar during its production by
pyrolysis. Soil samples were collected in three experimental areas at different intervals (1, 3, 5 or 6 years)
after the application of 16 Mg ha~" of biochar. The total concentrations of PAHs; benzo[a]pyrene; and the
estimated total cancer risk in biochar treated plots were larger than found in the control ones, but they
decreased over time, equaling the control values after three years in the high C content soil (11.2 g C kg~!
soil), or after six years in the low C content soil (6.8 gC kg~ ' soil). Nevertheless, the sum of PAH con-
centrations found in the biochar amended plots, in the range of 15.80—39.40 ng g, were around two
orders of magnitude below the limits of prevention established by Brazilian legislation (8100 ngg~!) and
some European regulations for soils (3000 ng g~ ') and also lower than the observed in previous studies
about biochar amended soils. Our results indicate that, under the conditions evaluated, the application of
biochar to soil in the studied proportion (16 Mgha ™!, every six years) is safe concerning soil contami-
nation by PAHs.
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1. Introduction

Biochar is the stable, carbon-rich material produced by biomass
pyrolysis under low or no oxygen conditions. It has been used in
agriculture to improve soil fertility, nutrient availability, soil water
retention capacity and to provide a mechanism for long term car-
bon storage (Roberts et al.,, 2010; Chen et al., 2015; Khalid and
Klarup, 2015). Due to these reasons, the interest in biochar use
has sharply increased in recent years and thus, safe procedures and
environmental protection are necessary for its application in soils
(Fabbri et al., 2013; Novotny et al., 2015).

Polycyclic aromatic hydrocarbons (PAHs) are byproducts of py-
rolytic or incomplete combustion reactions produced when mate-
rials containing carbon and hydrogen are heated at temperatures
higher than 100—150 °C (Blumer, 1976). PAHs are introduced in the
environment by natural sources, such as volcanic eruptions and
wildfires, but mainly from anthropogenic sources such as incom-
plete combustion of fossil fuels and pyrolysis of organic matter
(Zhang and Tao, 2009; Kamal et al., 2015). PAHs are widely
distributed in the environment because of direct emission to
certain environmental compartments, such as the atmosphere,
transport into and/or between environmental compartments and
accumulation in some of them, such as soils and sediments (Zhang
and Tao, 2004; Kim et al., 2013; Kamal et al., 2015).

The United States Environmental Protection Agency (USEPA) has
classified 16 PAHs as priority pollutants, since many PAHs exhibit
mutagenic and/or carcinogenic properties. There are three different
PAH exposure pathways for humans: inhalation, ingestion of
contaminated food and/or water, and skin contact (Pereira Netto
et al.,, 2004; IPCS, 1998). Therefore, workers involved in the pro-
duction, transport and application of biochar may be exposed to a
risk when in contact with biochar contaminated with PAHs and
biochar amended soils (Fabbri et al., 2013; Buss and Masek, 2016;
Kusmierz et al., 2016). In addition, PAHs are very persistent in soils,
where they can exhibit toxic activity towards different organisms
(plants, microorganisms and invertebrates) (Kusmierz and
Oleszczuk, 2014; Oleszczuk et al., 2014). PAHs present in the soil
can also be transported into water bodies, contaminating sedi-
ments and aquatic biota, and be re-suspended to the atmosphere,
however this at low extent due to PAHs low water solubility and
their high vapor pressures.

These facts justify the need for PAH monitoring in environ-
mental compartments such as soils, atmosphere, sediments and
water bodies, because of their potential effects on living organisms,
including humans (Peng et al., 2011; Wang et al., 2011; Dimitriou
and Kassomenos, 2017). The maximum permitted level of the 16
USEPA-PAH in soils is 3000ng g, according to some European
countries’ regulations (BBodSchV, 1999; Kusmierz and Oleszczuk,
2014). In Brazil, the National Environmental Council (CONAMA)
establishes criteria for soil quality regarding several toxic com-
pounds to protect human health and the environment, whereby the
sum of the 16 USEPA-PAH concentrations cannot exceed
8100 ngg~! (CONAMA, 2009). The PAH classifications, according to
USEPA and the International Agency for Research on Cancer (IARC),
together with their CONAMA limits of molecular mass and vapor
pressures, are shown in Table S1 (Supplementary Material).

PAHs and other organic contaminants can be formed during the
thermo-chemical processing (pyrolysis) of biomass to produce
biochar and their formation depends on the feedstock composition
and pyrolysis conditions, such as temperature, residence time and
carrier gas flow (Hale et al., 2012; Keiluweit et al., 2012; Oleszczuk
et al., 2014; Buss et al., 2016). PAHs are formed through degradation
of the lignin and cellulose contained in the biomass, through a
mechanism reported in detail elsewhere (Hale et al., 2012;
Keiluweit et al., 2012; Kusmierz et al., 2016).

Although higher PAHs concentrations were found in the liquid
fraction compared to the solid fraction obtained from pyrolysis
product (Schmidt and Noack, 2000; Hale et al., 2012; Wang et al.,
2017; Weidemann et al., 2017), they must be monitored in soils
after biochar application, due to environmental risk they represent.
There are many reports about the PAH content of biochar (Freddo
et al., 2012; Hale et al., 2012; Keiluweit et al., 2012; Kloss et al.,
2012; Dai et al., 2014; Kusmierz and Oleszczuk, 2014; Chen et al.,
2015; Khalid and Klarup, 2015; Zielinska and Oleszczuk, 2015;
Stefaniuk et al., 2016) and maximum limits for the sum of 16
USEPA-PAHSs have been established as 12 or 4 mgkg~! of dry mass
for basic grade or premium grade biochar, respectively, according to
the European Biochar Certificate (EBC, 2015) and with maximal of
6 mg kg~ ! for the International Biochar Initiative certificate guide-
lines (IBI, 2015).

Despite these values, very few studies have evaluated the PAH
content of biochar amended soils and their decay over time (Fabbri
et al., 2013; Khan et al., 2015; Kusmierz et al., 2016; Nicolini et al.,
2015). Nicolini et al. (2015) observed that two years after soil
treatment, PAH concentrations in biochar amended soils were
lower than found before treatment. Rombola et al. (2015) also
concluded that PAH concentrations in soil treated with biochar
decreased with time (35 months after biochar application), but the
increase of PAH concentrations after biochar treatment seemed to
depend on the feedstock used for biochar production (De la Rosa
et al., 2016). Kusmierz et al. (2016) found that the addition of bio-
char to soil led to an increase of PAH concentrations, but these
sharply decreased 3.5 months after treatment. They also observed
migration of PAHs from the surface soil to a deeper horizon.

In this context, the present study was carried out to evaluate the
environmental safety of biochar application regarding soil
contamination by PAHs and also to evaluate their persistence under
field conditions in tropical areas, seeking to support the determi-
nation of safe biochar doses and treatment frequency regarding soil
contamination. It is important to emphasize that this is the first
study that evaluate the change of PAH concentration over time
compared to the control soil under field and tropical conditions.

2. Materials and methods
2.1. Soil sampling and sampling sites

Surface soil samples were collected at 0—10 cm soil depth in
three experimental areas (Exp. I, Il and IIl) that had been treated
once using biochar at a proportion of 16 Mg ha~. The soil samples
were ground, sieved (<2 mm) and air-dried at room temperature.

The used biochar, that will be detailed below, was ground to a
diameter <2 mm before application and incorporated into a
0—15 cm soil depth using a rotary hoe. The treatments were ar-
ranged in a randomized four-block design, corresponding to treated
and non-treated blocks, to allow collecting control samples without
biochar application in all experimental areas. Each experimental
unit was an area of 40 m?, of which 20 m? was considered for this
study. Three subsamples were collected randomly within each
experimental unit to build a composite sample. Routine chemical
and texture analyses of the soils were performed for soil charac-
terization (Supplementary Material).

Experiment I (Exp I) was conducted in Nova Xavantina, Mato
Grosso state, Brazil (14° 35’ 36” S and 52° 24’ 04” W) in soil clas-
sified as dystrophic Ferralsol, sandy clay loam texture, with C
content of 7 g kg~ L. The biochar application occurred in September,
2006. The area was used for soybean (Glycine max) production and
soil samples were collected in 2009, 2011 and 2012 (3, 5 and 6 years
after biochar application). The biochar used in this experiment was
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a by-product (charcoal fines) of charcoal made from a mixture of
savannah woods in a traditional circular bricks kiln at a tempera-
ture around 350 °C with a residence time of 120 h and showed an
elemental composition of 490.6 g of total C kg~! and 6.6 g of total N
kg™, more details about the biochar can be found in Madari et al.
(2017).

Experiment II (Exp II) was conducted in Santo Antonio de Goids,
Goias state, Brazil (49° 16’ 54" S, 16° 29’ 59” W) in a Dystric Fer-
ralsol, clayey, with C content of 11.2gkg™!, in the area of the
experimental farm of the Embrapa Rice & Beans research unit. The
application of biochar occurred in June 2009. Before the experi-
ment implantation, the area had been cultivated with corn (Zea
mays) and bean (Phaseolus vulgaris) and after the biochar incor-
poration the area was cultivated with aerobic rice (Oryza sativa).
The samples were collected one and three years after biochar
application (2010 and 2012). The biochar used in this treatment
was a eucalyptus (Eucalyptus sp) charcoal made in an industrial
cylindrical metal kiln at 450 °C with a residence time of 12.3 h and
showed an elemental composition of 774.0 of total Ckg~! and 3.3 g
of total N kg~ !, Further details about the biochars employed in this
study can be found elsewhere (Madari et al., 2017).

Experiment III (Exp III) was also conducted in Nova Xavantina
(14° 34/ 50” S, 52° 24’ 01” W) in a Dystric Plinthosol, sandy loam,
with C content of 6.8 g kg~ . Soil treatment occurred in December
2008. Before the experiment, the area was used for livestock with
brachiaria (Urochloa decumbens) as the dominant species. Aerobic
rice (O. sativa) was produced in this area after biochar application
and soil samples were collected once in 2011, three years after
biochar treatment. The biochar applied was the same used for
Exp IL

2.2. Reagents and standards

Acetonitrile and methylene chloride, both HPLC grade, were
purchased from Tedia (R], Brazil). A standard solution containing 16
USEPA-PAHs in concentrations between 0.1 and 2.0mgL~! was
purchased from Supelco (PA, USA). Solid standards of perylene and
benzo[e]pyrene were obtained from Sigma-Aldrich (MO, USA), and
the internal standards (naphthalene-d8, phenanthrene-d10, pyr-
ene-d10, chrysene-d12, benzo|a|pyrene and perylene-d12) were
purchased from Cambridge Isotope Lab., Inc. (PA, USA).

2.3. PAH extraction and analysis

PAHs can be extracted by Soxleht, ultrasound bath and Accel-
erated Solvent Extraction (ASE). According to Wang et al. (2017),
some studies reported that extractions by ultrasound could provide
a comparable or even better extraction efficiency than Soxhlet ex-
tractions. The efficiency of the ASE for PAH extractions from biochar
depends on the solvent used and it is not used as commonly as
Soxhlet. Soil extraction was carried out as previously described for
soil and street dust (Pereira Netto et al., 2004; Franco et al., 2017).
Briefly, 10 g of each soil sample was ultrasonically extracted using
four portions of 20 mL of dichloromethane for 20 min each. The
combined extracts were spiked with a solution containing the in-
ternal standards and concentrated by rotary evaporation (40 °C),
with solvent exchange to acetonitrile up to a final volume of
0.25 mL. The concentrated extracts were filtered through dispos-
able syringe filters (PTFE; 25 mm; 0.45 pm, Millex, Millipore, USA).
In order to evaluate the extraction procedure, aliquots of 2, 5 and
10g of each soil sample were extracted and evaluated during
implementation.

PAH determination was carried out using a gas chromatograph
(Agilent 7890A) coupled to a mass spectrometer (Agilent 5975 C

inert XLEI/CIMSD). PAH separation was achieved using a DB-17 MS
capillary column (30 m x 0.25 mm i.d. x 0.25 um, J&W Scientific,
USA) and helium as carrier gas (1 mL min~1). The oven temperature
was kept at 60 °C for 1 min and then raised at 40 °C min~! to 230 °C,
kept at this temperature for 1 min and increased again at 4°C
min~! to 310 °C, which was kept for 2 min. The temperatures of the
injector and transfer liner were 350 °C and 310 °C, respectively. The
volume injected was 1pL and injection was performed in the
splitless mode. The mass spectrometer was operated in electron
impact mode (EI) at 70 eV. PAHs were detected in the selected ion
monitoring (SIM) mode, and identified by retention times and
elution order (Franco et al., 2017).

2.4. Quantitative analysis and quality control

PAH determination followed a previously published method
(Franco et al., 2017). Briefly, analytical curves were obtained by the
least-squares method after triplicate injections of standards con-
taining the 18 PAHs studied in concentrations ranging between 0.5
and 500.0pgL~! and constant concentrations of the internal
standards (10 pg L~1). The limits of detection (LOD) and of quanti-
fication (LOQ) were calculated according to the IUPAC criteria and
obtained by dividing respectively 3 and 10 times the signal-to-
noise ratios by the angular coefficients of the analytical curves of
each PAH. Signal-to-noise ratios were estimated by the standard
deviations of peak areas obtained after 7 subsequent injections of
the least concentrated standard. LOD and LOQ were expressed as
ratios to the mass of the soil samples, considering the extraction
from 10g of soil. The coefficients of determination (R?) of the
calibration curves ranged between 0.997 and 1.000, indicating good
adherence to linear models in the studied range. The LOQ varied
between 0.28ngkg~! (naphthalene) and 6.53ngkg™! (benz[a]
anthracene) (Table S2).

The accuracy of the extraction method evaluated through re-
covery assays using pooled soil samples spiked at two concentra-
tion levels (0.5ngg™! and 2.5ngg ") led to the results shown in
Table S3. The recoveries varied between 52.7+14.3% and
119.2 + 4.5% and all of them showed relative standard deviation -
RSD (%) < 30%. The recoveries found in level 1 (0.5ngg™!) varied
between 64.3 and 110.3%, except for perylene (52.7%) and indene
[1,2,3-c,d]pyrene (59.3%), with RSD (%) varying between 3.6 and
23.3%. With respect to the level 2 (2.5ngg '), recoveries varied
from 70.2 to 119.2%, except for indene[1,2,3-c,d]pyrene (56.0%), and
all RSD (%) ranged from 4.5 to 15.1%. The results of recovery assays
were considered satisfactory for all PAHs in both levels, considering
sample complexity as well as previous considerations and accept-
able values for the analysis of trace-level compounds in environ-
mental samples (NOAA, 2006).

2.5. Data analysis

The data were previously treated with the acquisition program
of the Chem Station (Agilent, USA) and with specific Microsoft
Excel® spreadsheets.

Due to the multivariate characteristics of the data found in this
study, factorial data analysis was employed, after mean-centering,
seeking to detect data structure and eliminate the problem of
redundancy and correlated variables, as well as to simplify the
problem by reducing the number of original variables.

All the data (PAH concentrations and the obtained factor scores)
were submitted to repeated measures analysis of variance (ANOVA)
and when statistical significance was detected, the means were
compared by Duncan's test at p =0.05. The normality and homo-
scedasticity of the residuals were tested.

To simplify the analysis and overcome the problem of zero
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concentrations, which degrade homoscedasticity, we decided to
group the PAHs according to the IARC classification (Table S1). IARC
group 2A was not considered here because the only PAH (dibenz
[a,h]anthracene) classified in this group was not detected in any
sample.

For the comparison among the different experiments, the SPAH
values found in biochar amended plots in each sampling year and
experiment minus their respective control plots (baseline) were
considered. The variance (standard error) can be estimated
considering that:

Var (2PAHg - SPAH¢) = Var (SPAHg) + Var (SPAHc¢) + 2 CoVar
(=PAHg, =PAH()

where: Var = variance; CoVar = covariance; and >PAHg and SPAHc
are the values of =PAH found in biochar amended and control soils,
respectively.

2.6. Health risk assessment

The total toxic equivalent concentrations relative to benzo[a]
pyrene (BaPeq) were calculated according to Nisbet and Lagoy
(1992). This allowed estimating the total cancer risk (TCR) (Liao
and Chiang, 2006; Yu et al., 2014).

3. Results and discussion

3.1. Overall evaluation of PAH concentrations found in the soils
studied

The individual and total concentrations of PAHs found in the
experimental areas (I, Il and IIl) are shown in Tables S4 and S5. The
total concentrations of PAHs (> PAH) varied between
734+0.83ngg ! and 263 +6.64ngg™" in the control soils, and
between 19.2+0.49ngg™! and 39.4+4.35ngg"! in the biochar
amended soils (Tables S4 and S5), indicating that in general the
treated soils contained higher concentrations of PAHs than the
control soils, however the obtained values were lower than the
commonly reported in the literature (Fabbri et al., 2013; Nicolini
et al, 2015; Rombola et al., 2015; De la Rosa et al, 2016;
Kusmierz et al., 2016).

Naphthalene and phenanthrene were the predominant PAHs,
followed by pyrene, fluoranthene, perylene and fluorene. These
results corroborate those of previous studies of PAHs in biochar
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obtained from different feedstocks (Freddo et al., 2012; Keiluweit
et al, 2012; Oleszczuk et al., 2014). Acenaphthylene and dibenzo
[a,h]anthracene were not detected in any of the samples studied
(Tables S4 and S5).

None of the PAH concentrations, even in biochar amended plots,
approached the maximum permitted levels established by
CONAMA (2009) in Brazil or by some European countries (Table S3).
Even the concentration of naphthalene, the predominant PAH,
which showed a maximum of 23.08 +2.36 ngg~! (Tables S4 and
S5) considering all soil samples, was below the maximum con-
centration established by some European countries (1000ngg~!)
and Brazilian regulations (8100 ng g~ 1) (CONAMA, 2009; Kusmierz
and Oleszczuk, 2014).

3.2. Evaluation of PAH concentration variations due the interaction
time versus biochar application

Despite the very low concentrations of PAHs involved, there
were statistically significant differences between treatments up to
5 years after application. In Exp [, which covered the longest period
evaluated, with soil sampling at three, five and six years after a
single application of 16 Mg of biochar per hectare, the interaction
“biochar application” versus “time” was statistically significant for
S>"PAH (p=8.49 10~>), IARC Group 1 PAH, which contains only
benzo[a]pyrene (BaP), (p=9.83 107°), and IARC Group 2B PAH
(namely naphthalene, benz[a]anthracene, chrysene, benzo[b]fluo-
ranthene, benzo[k]fluoranthene and indene[1,2,3-c,d]pyrene),
(p =4.611073). The responses for >"PAH and IARC Group 1 showed
similar patterns (Fig. 1). The highest values were found three years
after biochar application, followed by significant decrease five years
after application. However, these last values were still larger than in
control plots. Finally, there was a steady decrease of PAH concen-
trations in the biochar plots, falling to the level of the control plots
six years after biochar application. On the other hand, for IARC
Group 2B, similar Y PAH values were found, for both treated and
control soils, comparing three and five years after treatment, and a
significant decrease of PAH concentrations with time in biochar
amended plots occurred only six years after the treatment, again
falling to the same concentrations as in the control plots (Fig. 1).

In Exp II, the interaction “biochar application” versus “time” was
also statistically significant for >"PAH (p = 2.66 10~3), IARC Group 1
(p=2.18 10~3) and IARC Group 2B (p = 0.012). A similar trend, i.e.,
large PAH concentrations one year after biochar application with
subsequent decrease was found (Fig. 2). >"PAH decreased over time

0 T T T
3 4 5 6

Sampling time (years)

Fig. 1. Post-hoc comparisons of PAH data for Exp I. Left — Variation of total PAH (>_PAH) and benzo[a]pyrene. Right - IARC Group 2B PAHs. Means marked with the same letters
(uppercase for Y"PAH) do not differ statistically by Duncan's test (p = 0.05). Vertical bars denote the 0.95 confidence interval.
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Fig. 2. Post-hoc comparisons of PAH data for the Exp IL Left — Variation of total PAH concentrations (3"PAH) (ng g~') and (benzo[a]pyrene. Right - IARC Group 2B PAHs. Means
marked with the same letters (uppercase for > PAH) do not differ statistically by Duncan's test (p = 0.05). Vertical bars denote 0.95 confidence interval.

after biochar application, becoming lower three years after the
treatment than found after one year, but still larger than observed
in control plots. However, unlike Exp [, in this case, three years was
enough to for IARC Group 1 (BaP) concentrations in biochar
amended and control plots to be the same. This possibly results of a
lower input of benzo(a)pyrene of eucalyptus biochar produced
under controlled industrial conditions than native biochar, pro-
duced under rustic traditional conditions (Table S4) (Wang et al.,
2017). Thus, one year after biochar treatment, the increase of
benzo(a)pyrene concentration in the treated soil was only
0.12ngg ! after industrial kiln biochar treatment, whereas it was
0.40ngg~! three years after traditional kiln biochar application.
The higher soil organic matter content in Exp Il than in Exp I,
resulting in faster degradation of benzo(a)pyrene in Exp Il than Exp
I, is another hypothesis (Semple et al., 2003; Nam et al., 2008). On
the other hand, the decrease of the concentrations of IARC Group 2B
PAHs followed that of >"PAH, remained larger for the treated plots
than for the control plots.

In Exp III, the soils were studied once three years after the
biochar application and larger SPAH values (p = 1.59 10~4); IARC
Group 2B PAHs (p = 5.35 10~%); and IARC Group 3 PAHs (p =2.28
103) were found in biochar amended plots than in the control ones
(Fig. 3). However, for this site no statistical difference was observed
for IARC Group 1 (p > 0.19).

Our results demonstrate that biochar is a source of PAHs in soils,
although the dose (16 Mg of biochar per hectare of soil) and con-
ditions employed were not sufficient to surpass national and in-
ternational acceptable limits of PAHs in soils. Furthermore, our

20 A
I

’-; 15 [ ] Control

2 [ IBiochar

c _ra

2 ==

T 10

< B a
8 I 2b =
8 5-

T

g b

0
> PAH IARC 2B IARC 3

Fig. 3. Post-hoc comparisons of PAH means in Exp IIl. Means marked with the same
letters (uppercase for >"PAH and italics for IARC 3 PAHs) do not differ statistically by
Duncan's test (p = 0.05). Vertical bars denote 0.95 confidence interval.

results show that, six years after soil treatment, SPAH was similar
in both treated and untreated plots, indicating that successive ap-
plications of 16 Mg ha~!, with at least a six-year interval, would not
result in PAH accumulation in the soil.

The possible causes of =PAH decrease over time are microbio-
logical degradation of the heaviest PAHs (five and six rings), vola-
tilization of two-to four-ring PAHs and runoff (Nicolini et al., 2015),
besides the adsorption of PAHs by soil organic matter may be
another factor causing SPAH decrease. Some studies have also re-
ported that biochar accelerates the degradation of PAHSs in soils,
and can favor the degradation of naturally occurring PAHs (Chen
et al,, 2012; Quilliam et al., 2013).

Another interpretation of our results can be obtained by
comparing the values obtained subtracting the SPAH found in the
control plots, which can be considered baseline values, from the
values found in the biochar amended plots in each sampling year
and experiment.

This approach showed that SPAH values were similar three
years after biochar application in the three studied areas (Fig. 4).

The concentrations of benzo[a]pyrene, classified as carcinogenic
to humans by IARC, decreased with time (Figs. 1 and 2) after biochar
treatment. No statistical difference was detected between treated
and control soils three years after biochar treatment in Exp I and III.
On the other hand, in Exp I, the concentration profile of this PAH in
biochar amended soils followed that of =PAH in these plots,
decreasing with time and only becoming equal to that of the control
plot six years after biochar application.

The profiles of the IARC Group 2B PAH were very similar of those
of =PAH, except for Exp I, where the highest concentration was
detected in the biochar amended soil five years after the treatment
(Fig. 1). A similar increase was also observed in control soils
(background levels), indicating possible soil contamination by
other sources. However, six years after biochar application, all plots
showed similar concentrations.

The IARC Group 3 PAH (PAH not classified as carcinogenic)
(Table S1) showed completely different behavior than observed
above. Except in Exp III, the application of biochar did not change
the concentration of Group 3 PAHs in the studied soils, thus indi-
cating that biochar was not the major source of these PAHs, which
have a myriad of environmental sources such as fossil fuel and
biomass combustion. Moreover, most of them have low octanol/
water partition coefficient (Ko ) being more hydrophilic and so are
more mobile in the environment than the high Ko\, PAHs. The large
content of some of these PAHs in the biochar treated plot of Exp III
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Fig. 4. Estimate of biochar contribution to total PAH concentrations (SPAH) (ng g~') over time. Values obtained subtracting SPAH found in control plots from that found in biochar

treated plots. Vertical bars denote 0.95 confidence interval.

(p=2.28 10~3), compared to the control plot, can be due to the
higher clay content in this experimental area than Exp I and II,
which increased the persistence and immobilization of these PAHs
there (Broholm et al., 1999; Carmo et al., 2000).

3.3. Factor analysis

After a varimax rotation of the principal components, the factor
scores revealed a clear discrimination of the biochar feedstock
(savannah woods or Eucalyptus sp.) or production system (tradi-
tional or industrial kilns). Factor 1, which accounted for 46% of total
variance, is associated with traditional kiln biochar (Fig. 5) and is
characterized by high loadings for two four-ringed isomeric PAHs:
benz[a]anthracene and chrysene. On the other hand, Factor 2,

1.0 4
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Factor 1 (46% of total variance)

Fig. 5. Bi-plot of factor loadings (vectors) and scores (symbols). Selected PAHs vectors
are represented by acronyms: naphthalene (NAP), pyrene (PYR), chrysene (CRY), benz
[a]anthracene (BaA) and benzo[a]pyrene (BaP).

responsible for 12% of total variance, with high loadings for naph-
thalene, was associated with industrial kiln biochar. These factors
were labeled as Traditional Kiln Factor and Industrial Kiln Factor.
These two factors were correlated with two different PAH groups,
respectively IARC Group 2B and IARC Group 3 PAH. This fact,
together with the high BaP input from traditional kiln biochar
compared to that of industrial kiln, already discussed, indicates that
biochar produced in rustic traditional circular kilns might cause
more soil contamination. Our results corroborate previous data of
Buss et al. (2015), which stated that under uncontrolled pyrolysis
conditions the PAH concentrations in biochar are typically
increased, although in the conditions studied here, the achieved
levels were far below the permitted ones. Anyway, these findings
show that at present no generalization is possible concerning the
security of biochar application and that the PAH evaluation is
necessary for all biochar types.

Since the factor scores are linear combinations of the original
random variables, weighted by the factor loadings, they are also
random variables and therefore can be treated in this way. Thus,
after this systematic grouping and mathematically insightful
treatment, the obtained factor scores were analyzed using the same
statistical model (repeated measures ANOVA).

The scores for Traditional Kiln Factor in Exp I showed statistical
significance for the interaction of biochar versus time (p=2.16
10~3) and the largest scores were found three years after biochar
application. Although they decreased after five years, they
remained larger than in control plots, and continued decreasing
until the sixth year, when the scores were the same as those of the
control plots (Fig. 6). Similar behavior was observed for SPAH and
IARC Group 1 (BaP).

On the other hand, for the Industrial Kiln Factor in Exp II, the
biochar versus time interaction was also significant (p = 0.0203),
and only the biochar treatment after one year differed from other
treatments and showed a large value (Fig. 6), regardless the PAH
group. The fast decrease of this factor, which was equal to the
control after three years, is probably due the large volatility of
naphthalene, which has the highest vapor pressure among the
PAHs (Table S1). However, for Exp III, which was only analyzed
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Fig. 7. Variation of total cancer risk (TCR) of PAH over time in Experiments I, Il and IIl. Means marked with the same letters (uppercase for Exp [; lowercase for Exp II; and lowercase
italics for Exp III) do not differ statistically by Duncan's test (p = 0.05). Vertical bars denote 0.95 confidence interval.

three years after biochar application, this treatment was significant
(p =2.47 10~%), and again, this result can be explained by the high
clay content of this soil compared to that of Exp Il (Broholm et al.,
1999; Carmo et al., 2000).

3.4. Total cancer risk

Another way of grouping variables and comparing soils and
treatments is by calculating the BaPeq and using these values to
estimate the TCR. Although PAH levels were far below of the limits
of prevention established by the Brazilian and European regula-
tions, the highest TCR was observed in Exp I three years after bio-
char application (2.45 107> i.., around two cases in 100,000
people), which is considered a moderate potential cancer risk. On
the other hand, in the control plots, the TCR was 6.49 10, close to
the baseline value of acceptable potential cancer risk (one cancer
case per million people) (Maertens et al., 2009).

In Exp I, the response profile of TCR (Fig. 7) was similar to those
of > PAH and IARC Group 1, showing a statistically significant
biochar versus time interaction (p = 4.60 10~%) with initial increase
of TCR after biochar application followed by a decrease with time
until reaching the baseline value represented by the control plots,
six years after application. In turn, in Exp II, the biochar versus time
interaction was also significant (p=1.03 107>), but after TCR
increased due to biochar application, three years was sufficient to
reduce the TCR value to the same value as the control plots (Fig. 7).
In Exp III, the TCR in biochar amended plots was higher than in the
control ones (p = 0.02) three years after biochar application.

4. Conclusions

The biochar treatment increased the PAH concentrations in the
studied soils, however the obtained values were lower than the
observed in previous studies and were still two orders of

magnitude below the maximum permissible levels established by
the Brazilian and European guidelines. These results obtained un-
der field conditions indicate there is a limited environmental risk of
soil contamination after biochar application at a proportion of
16 Mgha! under the studied conditions. The SPAH, benzo[a]
pyrene concentrations and total cancer risk were higher in treated
soils after a single biochar application than in control soil plots and
they decreased with time, equaling the control plots after three
years, in the soil with highest C content (11.2 gkg~1), and after six
years in the soil with lowest C content (7 gkg™'). These results
suggest that after six years there is no risk of PAH accumulation in
the soil, result that contributed to the definition of safes biochar
rate and application frequency.

The factor analysis showed some differences of soil contami-
nation, and PAH predominance and elimination related to biochar
origin, probably due to the production system (traditional circular
bricks kiln or industrial cylindrical metal kiln). This fact points to
the need of future investigations about soil resilience, concerning
its functionality, to proof that the low concentrations of PAHs added
with biochar don't pose any threat. And also adding some biochars
with higher PAH concentrations to soil to see how the PAH con-
centration changes and how the soil reacts as a worst-case scenario.
The possible interplay of biomass, pyrolysis conditions, PAH con-
tent, soil contamination and its resilience is yet to be established.
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