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The influence of ageing on biochar properties has been investigated by comparing three fresh biochars with

biochars artificially aged by either H2O2 thermal oxidation or horseradish peroxidase enzymatic oxidation. In

addition, a field-aged counterpart for one of the biochars was recovered from an agricultural field site, four

years after application. Biochar properties, including surface areas and pore volumes (derived by N2 and

CO2 physisorption) and elemental compositions, showed only minor changes following both artificial

and field ageing, indicating high biochar stability. Concentrations of the 16 US EPA PAHs were measured

in all of the biochars and a contaminant trap was used to investigate the effect of ageing on their

bioaccessibility. The concentrations of total and bioaccessible PAHs ranged from 4.4 to 22.6 mg kg�1

and 0.0 to 9.7 mg kg�1, respectively. Concentrations of the 16 US EPA PAHs decreased following field

ageing, but the proportion of low molecular weight PAHs increased. The observed changes in PAH

composition with field ageing can be explained by uptake from the surrounding soil and intra-biochar

transfer processes. To better understand changes in PAH composition with ageing, an additional broad

range of alkylated PAHs was also analyzed in selected samples. Our results show that the tested artificial

ageing protocols are unable to approximate the changes in PAH composition resulting from field ageing.

Nevertheless, total and bioaccessible PAH concentrations decreased for both artificially and field-aged

biochars, indicating that biochars release PAHs when they are freshly produced and that the risk of PAH

release decreases with ageing.
Environmental impact

Biochar is a product of biomass pyrolysis with a range of applications, including agriculture, carbon sequestration and soil/sediment remediation. During the
production process PAHs can be formed and their release in the environment upon eld application may be of concern. In this study, for the rst time, we
compare PAH and alkylated PAH composition in fresh biochar, articially-aged biochar and eld-aged biochar. In addition, we applied a contaminant trap
method to evaluate PAH bio-accessibility. Total and bioaccessible PAH concentrations decreased for both articially and eld-aged biochars, indicating that
biochars release more PAHs when they are freshly produced and that the risk of PAH release decreases with ageing.
1. Introduction

Biochar, which is a carbon-rich product of biomass pyrolysis, is
considered an environmentally friendly carbon sink as well as
a valuable soil additive that can enhance soil water-holding
capacity and counteract soil acidication.1 Since biochar has
a high sorption potential for a large range of contaminants its
use has also been proposed for the remediation of soils and
sediments.2,3 The properties of biochar are known to change
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following its application to soil, as a result of ageing processes.1,4

Ageing can, for instance, modify the bulk elemental composition
and porosity of biochar,4 as well as the composition and bio-
accessibility of intrinsic organic compounds such as polycyclic
aromatic hydrocarbons (PAHs). However, the effect of ageing on
the composition and bioaccessibility of PAHs that are co-
produced with biochar during the biomass pyrolysis has, to
our knowledge, hardly been investigated to date.5

In recent years a range of methods have been proposed to
simulate and accelerate the processes that occur during biochar
ageing. This is a challenging task, as eld ageing encompasses
a range of simultaneous processes that involve physical,
chemical and biological alterations over a prolonged period of
time. Hale et al.6 proposed protocols to investigate the indi-
vidual effects that chemical, biological, and physical ageing of
biochar have on pyrene sorption. Zhou et al.7 suggested loading
biochars with humic acids to represent what could be referred
This journal is © The Royal Society of Chemistry 2017
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to as fouling, and Cross and Sohi8 proposed thermal oxidation
with H2O2 to assess biochar stability. In addition, Flores-
Cervantes et al.9 showed that highly stable carbon materials,
such as carbon nanotubes, can be partially degraded by enzy-
matic oxidation with horseradish peroxidase (HRP). This enzy-
matic ageing approach has not previously been applied to
biochar but may provide additional insight into environmental
ageing processes.

A comparison of articially-aged biochar with eld-aged
biochar is hardly possible, due to the difficulty to separate
and quantify biochar aer long term incubation in soil. Sepa-
ration of char particles from soil can involve the use of organic
solvents such as sodium-polytungstate for density separation,10

and biochar in soils can be quantied using molecular markers
such as benzenecarboxylic acid.11 However, those methods are
very laborious and generally involve the use of organic solvents.
In this study, we have been able to manually separate oating
biochar particles from soil–water suspensions and to quantify
the amount of biochar in the soil on the basis of its total organic
carbon content (see Section 3.1).

The PAH composition of biochar (by which we mean the
relative proportions of different PAHs in biochar) is known to
vary depending on their feedstock and production conditions.1

Materials containing PAHs also generally contain alkylated
PAHs,12,13 which are more hydrophobic than their unsubstituted
counterparts, making them less mobile, more prone to bio-
accumulation,14 and hence of relevance in biochar risk assess-
ment. The structural difference between alkylated PAHs and
their unsubstituted counterparts may also inuence their
sorption behavior, i.e., alkylated PAHs may absorb more
strongly due to their higher hydrophobicity, but may adsorb less
strongly due to their non-planar structure.15 Changes in the PAH
and alkylated PAH compositions in biochar with ageing have
therefore been expected, but have not previously been investi-
gated in any detail.

In view of these gaps in our knowledge, the aim of this study
was to assess the changes in biochar with ageing, with a specic
focus on (i) changes in the PAHs content, composition, and
bioaccessibility, and (ii) compositional differences of alkylated
PAHs between articially-aged and eld-aged biochar. In addi-
tion, a simple method is proposed for the quantication of
biochar in eld samples amended at relatively high rates.

2. Materials and methods
2.1 Sample preparation and ageing

Two standard biochars produced fromMiscanthus at 550 �C and
700 �C (MSP550 and MSP700) were purchased from the UK
Biochar Research Center (Edinburgh, United Kingdom). A bio-
char (Romchar, <2 cm) produced from sowood at 550 �C had
previously been applied (in March 2011) to an agricultural eld
site in Traismauer, Lower Austria, at a relatively high rate of 72 t
ha�1.16 Samples of the fresh material have since then been
stored in a dark, dry room and soil samples were subsequently
collected from the agricultural eld site in October 2015. The
eld-aged Romchar (referred to herein as “Romchar-Field”)
particles were lighter than the soil particles and could therefore
This journal is © The Royal Society of Chemistry 2017
be separated from a soil–water suspension. Soil samples (10–20
g) were suspended in 200 mL ultrapure water (Millipore, Elix 5-
Milli-Q Gradient A10) and shaken. The oating biochar parti-
cles in the soil suspensions were then separated manually, the
water discarded, and the process repeated several times with
fresh water. Finally, the separated biochar was dried at 105 �C
for 2 h.

All biochars were crushed with a mortar and pestle and
sieved to <250 mm. Subsamples of the three fresh biochars
(MSP550, MSP700, and Romchar) were chemically aged by
a thermal oxidation treatment with 0.01 mol L�1 H2O2 at 80 �C
for 48 h.8 Other subsamples were aged by enzymatic oxidation
with horseradish peroxidase, by adapting a method presented
by Allen et al.17 A biochar suspension (1 g L�1) was prepared in
a background solution consisting of 0.01 mol L�1 phosphate-
buffered saline adjusted to a pH of 6, with 600 enzyme units
per L of horse radish peroxidase (Sigma Aldrich, PCode:
1002025248), adapting a method by Flores-Cervantes et al.9

Following incubation for 24 h the enzyme was activated with
500 mmol L�1 H2O2 and the biochar suspensions placed on
a magnetic stirrer (300 rpm) for 10 d. The slurries from both
chemical and enzymatic ageing were then ltered and the >0.1
mm fraction dried at 105 �C for 2 h.

2.2 Bulk characterization

The total organic carbon content (TOC) of the biochars and soils
was determined using a carbon analyzer equipped with a solid-
state infrared detector (LECO RC-612). The ash content was
determined by weighing samples before and aer heating at
750 �C for 6 h.18 The total C, H, N and S contents were deter-
mined using an elemental analyzer (Elementar VarioMacro); the
O content was calculated by mass balance: O%¼ 100� (C + H +
N + S + ash). For fresh biochars, the stable carbon fraction was
calculated on the basis of the carbon content and changes in
weight following H2O2 ageing.8 Specic surface areas, pore
volumes, and pore-size distributions were derived from N2 and
CO2 physisorption isotherms following degassing overnight at
105 �C (Quantachrome Nova 2000 analyzer, see Sigmund et al.19

for details). Scanning electron microscope images were ob-
tained with an Inspect™ S50 Scanning Electron Microscope
operating under high vacuum (10 kV) and using an Everhart–
Thornley Detector.

2.3 PAH composition and desorption-resistant fractions
determined with contaminant traps

Glass vessels containing a bottom layer of silicon and activated
carbon were loaded with either 100 mg of biochar or 5 g of soil,
and with 25 mL of 140 g L�1 cyclodextrin solution. Two replicates
were prepared for each of the samples. Additional vessels with
cyclodextrin solution but no activated carbon layer were prepared
as controls.20 All samples were then incubated in the dark at
room temperature (22 �C) for 30 d. Thereaer the samples were
ltered and the >0.2 mm fraction placed into a Soxhlet extraction
thimble with approximately 50 mg of NaSO4 and a spatula tip of
copper. Aer adding deuterated internal standards (d8-
naphthalene, d8-acenaphthylene, d10-acenaphthene, d10-
Environ. Sci.: Processes Impacts, 2017, 19, 768–774 | 769
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uorene, d10-phenanthrene, d10-anthracene, d10-uoranthene,
d10-pyrene, d12-benzo[a]anthracene, d12-chrysene, d12-benzo
[b]uoranthene, d12-benzo[k]uoranthene, d12-benzo[a]pyrene,
d12-indeno[1,2,3-cd]pyrene, d14-dibenz[a,h]anthracene, and d12-
benzo[ghi]perylene) the extraction thimble was placed in the
Soxhlet apparatus and extracted with 130 mL of toluene for 36 h.
The extracts were subsequently reduced down to 1 mL using
a Syncore parallel evaporator (Büchi, Flawil, Switzerland), heating
to 70 �C until the target volume was reached.20 The concentrated
extracts were then cleaned up using a dimethylformamide-based
method and nally, the 16 US EPA PAHs were measured using
gas chromatography-mass spectrometry. The bioaccessible PAHs
were quantied as the difference between total PAHs (measured
in the cyclodextrin control) and desorption-resistant PAHs
(measured aer incubation in the contaminant trap).20 To test for
losses in the ltration process a liquid/liquid extraction of ve
ltrates (all fresh biochars) was performed with hexane, showing
that losses of the 16 US EPA PAHs were <0.6 mg kg�1.

In addition, alkylated PAHs were analyzed using a gas
chromatography-mass spectrometry method developed by
Laumann et al.21 for a selected group of extracts. The limit of
quantication (LoQ) was <0.01 mg kg�1 for all PAHs.
2.4 Data analysis

Data were analyzed using SigmaPlot 12.5 and R x64 3.3.0 so-
ware. All data values below the LoQ were replaced with random
numbers between the specic LoQ and one tenth of its value. In
the statistical analysis, p values <0.05 were considered
signicant.
3. Results & discussion
3.1 Field-aged biochar

In March 2011 72 t ha�1 of Romchar was incorporated in the top
10 cm of a loamy clay soil, corresponding to approximately
4.80% (dry weight) of biochar. Soil (0–15 cm deep) was recov-
ered from the site in October 2015 and eld-aged biochar
particles separated from the soil (see Section 2.1). Bulk
chemical-physical characterization of Romchar-Field compared
to fresh Romchar exhibited only minor physical and chemical
alteration following the eld ageing (see Table S1 in the ESI†),
Fig. 1 Pore-volume-weighted pore-size distributions for fresh Romchar
physisorption.

770 | Environ. Sci.: Processes Impacts, 2017, 19, 768–774
indicating (i) a reasonable separation of the biochar from the
soil, and (ii) that degradation/dissipation of the biochar was
only a minor process.

The TOC values obtained for amended and unamended soil
samples indicate that 2.58 � 0.01% of the original 4.80% of
biochar remained in the amended soil four years aer appli-
cation (for further details see Fig. S1 in the ESI†), which corre-
sponds to a biochar mass loss of approximately 46%. The
validity of our quantication of biochar mass was conrmed by
comparing the measured content of the 16 US EPA PAHs in the
unamended soil, the amended soil, and the Romchar-Field. The
concentrations of these PAHs measured in the biochar-
amended soil (corrected for the biochar content and the PAH
concentrations in the unamended soil) corresponded well to
those in Romchar-Field (6.40 � 1.14 mg kg�1 and 5.83 �
0.22 mg kg�1, respectively), indicating a reasonable estimation
of the biochar mass based on TOC. It should be noted that the
eld site used in this study was treated with a relatively large
quantity of biochar (72 t ha�1). A trend towards lower applica-
tion rates has been observed over recent years,22 and the
quantication of biochar on the basis of TOC measurements
may not be possible if application rates are very low. The mixing
with unamended soil, and transport of biochar to the subsur-
face and/or off site as a result of ploughing (0–20 cm deep, at
least once a year) was probably the main reason for the reduced
amount of biochar in the soil. A predominance of transport off
site as a dissipation process would be in good agreement with
published literature on biochar dissipation1,23 and the ndings
of a recently published review on biochar stability.24

In order to assess how well articial ageing protocols (based
on chemical and enzymatic oxidation) are able to reproduce the
results of natural ageing, fresh Romchar was articially aged
and the results compared with those from Romchar-Field. Bulk
chemical characterization indicated only minor changes
following articial ageing but a reduction in the measured
specic surface areas and pore volumes. In contrast, both the
specic surface areas and the pore volumes increased slightly
following eld ageing (see Table S1 in the ESI† for bulk
properties).

The pore-size distributions obtained from N2 and CO2

physisorption (Fig. 1) indicated that, following eld ageing, the
and for H2O2-, HRP- or field-aged Romchar derived from CO2 and N2

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Scanning electron microscopy (SEM) images of fresh (a), H2O2-aged (b), HRP-aged (c), and field-aged (d) Romchar.
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contribution of smaller pores to the overall pore volume
increased, possibly due to the break-down and clogging of
macro-structures in the eld. In contrast, the contributions of
smaller pores to the specic surface area, and the pore volume
all decreased following articial ageing. Possibly due to
destruction and rinsing out of the smallest biochar fraction
during the ageing process, as smaller particles may have been
preferentially oxidized due to higher accessible (macro)surface
areas. This hypothesis is supported by the SEM images of the
Romchar biochars shown in Fig. 2, in which pores tend to be
more visible in articially-aged biochar than in eld-aged bio-
char, where macrostructures are broken down and macropores
lled in.

To investigate whether the observed trends resulting from
articial ageing of Romchar could be generalized to other bio-
chars, two additional biochars (MSP550 and MSP700) were also
tested; their bulk characterisation results can be found in Table
S1 and Fig. S2 in the ESI.† Changes in the bulk characteristics
were generally small in all of the biochars tested, indicating
a high level of stability. The stable carbon in the three fresh
biochars ranged from 92.2 to 97.8% of the original carbon
content, based on the method proposed by Cross and Sohi8 (see
Table S1 in the ESI†).
Fig. 3 Changes in the proportion of low molecular weight (LMW)
PAHs for three types of biochar, depending on the type of ageing.
3.2 PAH composition

TheMSP550 andMSP700 biochars contained#6mg kg�1 of the
16 US EPA PAHs whereas Romchar contained >22 mg kg�1,
thereby exceeding the European biochar certicate (EBC)
threshold for basic grade biochar of 12 mg kg.25 The H2O2

ageing had no effect on the total PAH content of Romchar,
whereas both eld ageing and enzymatic ageing signicantly
reduced its total PAH content (see Table S2† and Fig. 4). Neither
H2O2 ageing nor enzymatic ageing had any signicant impact
on the total PAH content in MSP550 and MSP700 biochars,
indicating that PAHs may be less susceptible to degradation in
MSP500 and MSP700 than in Romchar.

Articial ageing tended to reduce the relative content of low
molecular weight (LMW) PAHs (with #three aromatic rings).
Due to their lower lipophilicity and higher solubility, LMW
This journal is © The Royal Society of Chemistry 2017
PAHs are expected to be more readily desorbed from biochar
than high molecular weight (HMW) PAHs (with$four aromatic
rings). A greater release of LMW PAHs during the articial
ageing protocol (biochar in suspension) drove changes in rela-
tive PAH composition for H2O2-, and HRP ageing (see Fig. 3 for
relative PAH compositions).

In contrast to articial ageing, eld ageing led to a reduction
in the total PAH concentrations but an increase in the propor-
tion of LMW PAHs in Romchar-Field. These changes can be
explained by (i) uptake of LMWPAHs from the surrounding soil,
and/or (ii) a higher intra-biochar liquid–liquid phase transfer of
smaller molecules into micropores. Smaller LMW PAH mole-
cules are less lipophilic and experience less steric hindrance
than HMW PAHs. Hence, LMW-PAHs are more mobile and able
to access micropores that are not accessible to HMW PAHs.26,27

The PAH concentrations in the unamended soil and Romchar-
Field were similar aer normalization to TOC content and
hence PAHs, especially mobile LMW PAHs, may have migrated
from the soil into the biochar. This is consistent with the
accumulation of environmental PAHs in coals within river
Environ. Sci.: Processes Impacts, 2017, 19, 768–774 | 771
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sediments that has previously been observed by Yang et al.28

Sorption of LMW PAHs due to intra-biochar transfer may also
be a plausible explanation for the observed changes in PAH
composition, as (i) the measured pore-size distribution of
Romchar-Field (see Fig. 1) revealed the presence of pores within
the size range in which the hypothetical molecular sieving effect
can be expected, and (ii) HMW PAHs appeared to desorb more
readily from Romchar-Field than LMW PAHs in the contami-
nant trap experiments (see next Section).

Overall, both uptake from the surrounding soil and intra-
biochar transfer of LMW PAHs may contribute to the
increased proportion of LMW PAHs following eld ageing.
Assessment of their relative contributions to changes in PAH
composition will require additional investigations, which were
beyond the scope of this study.
3.3 Bioaccessible PAH fraction

Mayer et al.29 found good agreement between contaminant trap
determinations of PAHs desorbable from soil and PAH
biodegradation measurements, indicating that only the
desorbable PAHs were bioaccessible. Consistently, in this study,
the bioaccessible PAHs were quantied as the difference
between total PAHs and contaminant trap desorption-resistant
PAHs (see Section 2.3 for further details).

Romchar biochars had the largest concentration of bio-
accessible PAHs (>9 mg kg�1 of the 16 US EPA PAHs for fresh
Romchar, Fig. 4) and the proportion of bioaccessible PAHs was
reduced by both articial ageing methods. The total PAHs
concentration was reduced by eld ageing, indicating that PAHs
were released in the eld. However, the proportion of bio-
accessible PAHs was not signicantly altered by eld ageing
(42.8 � 7.8 and 58.1 � 10.2 for fresh and eld aged Romchar,
respectively), indicating that fresh biochar presents the greatest
risk with regard to PAH release. The bioaccessible PAH fractions
Fig. 4 Total and non-desorbable concentrations of the 16 US EPA
PAHs (in mg kg�1, left y-axis) allow determination of the bioaccessible
PAH fractions in biochars (in %, right y-axis). The bioaccessible frac-
tions that were not significantly different from zero (p > 0.05) were not
plotted, for better readability.

772 | Environ. Sci.: Processes Impacts, 2017, 19, 768–774
for MSP550 and MSP700 were generally negligible for the
articially-aged samples and associated with high levels of
uncertainty, possibly because of their generally low total PAH
concentrations.

The proportion of LMW PAHs in Romchar and articially-
aged Romchar (approx. 0.70 LMW/16 US EPA PAHs for all) did
not change signicantly as a result of incubation in the
contaminant trap, but increased for Romchar-Field (from 0.88
to 0.92 LMW/16 US EPA PAHs). It is interesting to note that
H2O2 ageing reduced the bioaccessibility of PAHs from Rom-
char but increased the bioaccessibility of PAHs from MSP550.
The different effects that H2O2 ageing has on the different
biochars could be due to differences in their structures, as well
as other factors such as surface chemistry, however the detailed
processes involved remain unknown. As with the total PAHs
concentrations, the H2O2 ageing of Romchar was not able to
reproduce the changes in PAH bioaccessibility that resulted
from eld ageing. The HRP ageing was better able to approxi-
mate changes in both the total concentration of PAHs and their
bioaccessible fraction in Romchar-Field, and indicated that
PAHs in MSP550 and MSP700 are not expected to become more
accessible as a result of ageing.

Overall, both the 16 US EPA PAHs concentration in Romchar
and the proportion of bioaccessible PAHs were relatively high,
whereas those for the two Miscanthus-based biochars (MSP550
and MSP700) were generally negligible (within error). Our
results indicate that biochars that do not meet biochar quality
standards25,30 can present a risk of PAHs release when applied at
high dosages, whereas biochars that have been produced under
well-controlled conditions and meet those standards are
unlikely to present such a risk. This is in good agreement with
recently published ndings by Hilber et al.31
3.4 Alkylated PAHs

The total concentrations of PAHs and alkylated PAHs followed
similar trends; the subsequent discussion will therefore focus
on changes in their relative proportions. Articial ageing
generally increased the proportion of alkylated compounds
compared to their unsubstituted counterparts, especially for
naphthalene (see Fig. 5). This can possibly be explained by the
lower KOW of the unsubstituted compounds, making themmore
easily desorbable from the biochars during the articial ageing
process (e.g. the log KOW is 3.41 for naphthalene and 3.88 for 1-
methylnaphtalene32). In contrast, eld ageing generally reduced
the proportion of alkylated compounds, possibly because the
smaller unsubstituted compounds were more easily transferred
into biochar micropores (see Section 3.2) while the larger alky-
lated compounds remained more easily desorbable and acces-
sible for degradation.

Sorption of unsubstituted PAHs to biochar, including the
stacking of PAHs on graphene-like aromatic biochar surfaces, is
oen discussed in terms of p–p interactions which are favored
by the planarity of PAH molecules.33 The alkylation of PAHs
makes the molecules non-planar, while at the same time
increasing their hydrophobicity. Alkylation may therefore
reduce the relative contribution of p–p interactions to the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Ratio of alkylated to unsubstituted PAHs in Romchar biochars,
before and after removal of the bioaccessible fraction in the
contaminant trap experiments. Compounds: methylnaphthalene
(C1Naph), dimethylnaphthalene (C2Naph), trimethylnaphthalene
(C3Naph), methylphenanthrene (C1Phen), retene (Ret), methylpyrene
(C1Pyr), dimethylpyrene (C2Pyr), trimethylpyrene (C3Pyr).

Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 1
2:

54
:5

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
overall sorption and increase the role of hydrophobicity-driven
interactions.15 The reduction in the proportion of alkylated
compounds following eld ageing may therefore be explained
by increased absorption of more alkylated PAHs into amor-
phous organic matter domains of biochar. This hypothesis is in
good agreement with results from the contaminant trap exper-
iments, which indicated a larger proportion of bioaccessible
alkylated compounds in fresh Romchar than of the respective
unsubstituted compounds (see Fig. 5).

The proportion of alkylated compounds in eld-aged bio-
char increased aer the contaminant trap experiments. This
can be explained by (i) the higher microbial degradation of
accessible alkylated PAHs in the eld due to proportionally
greater absorption into amorphous organic matter than to
unsubstituted PAHs, and (ii) pore deformation, which has
previously been suggested to play a key role in the release of
naphthalene from a reference coal34 and may also depend on
the molecular structure.

In contrast to the other measured alkylated compounds, the
concentrations of the biomarker retene decreased for all
samples following removal of the bioaccessible fraction in the
contaminant trap experiments (see Fig. 5). Retene is commonly
found in natural environments and is the least planar
compound measured; it can originate from a variety of sources,
including wood burning, diagenetic processes, traffic emis-
sions, and waste incineration.35 A background concentration of
approximately 0.06 mg kg�1 of retene was measured in the
unamended soil from the eld site used for these investiga-
tions. Retene was also the most abundant alkylated compound
measured in the fresh Romchar. The distinctive behavior of
retene in eld-aged biochar can be explained by (i) the generally
high initial retene concentration in the biochar, (ii) retene being
accumulated on the biochar from the surrounding soil, and (iii)
the greater contribution of absorption to the overall sorption
compared to more planar compounds.

Changes in the proportions of alkylated compounds as
a result of eld ageing could not be simulated by articial ageing
protocols and were not always consistent between compound
This journal is © The Royal Society of Chemistry 2017
groups. The alkylated PAH compositions following eld ageing
are likely to have been affected by a variety of interconnected
interactions including intra-biochar transfers, desorption, and
microbial degradation. There is currently no detailed under-
standing of the effects that individual interactions have on each
other and this should be the focus of future investigations.

4. Conclusion

Articial ageing may be useful for investigating changes in
specic biochar properties as a result of eld ageing, but the
representativeness of the applied ageing methods needs to be
critically evaluated on a case by case basis. For instance, the
reduction in total PAHs content produced by enzymatic ageing
with HRP more closely resembled the results of eld ageing
than did the results of H2O2 ageing, but none of the tested
articial ageing methods were able to fully reproduce the
changes in PAH composition produced by eld ageing. In
contrast to Romchar, enzymatic ageing had no effect on the
other biochars (MSP550 and MSP700), which is consistent with
the proportions of bioaccessible PAHs (i.e. up to 50% for
Romchar and negligible for MSP550 andMSP700). These results
indicate that well-produced biochars that meet European Bio-
char Certicate (EBC) and International Biochar Initiative (IBI)
quality thresholds for total PAH concentrations are unlikely to
present a risk with regard to PAH release following eld appli-
cation. Applications of biochar with low initial PAHs concen-
trations can therefore be assumed to be safe. Biochars that do
not meet those quality standards (such as the Romchar used in
this study) require more critical evaluation, as they may well
present a risk, particularly at high application rates.

The articial ageing protocols tested (i.e., H2O2 ageing and
HRP ageing) were unable to approximate the changes in PAH
composition that resulted from eld ageing. For instance, the
proportion of LMW PAHs generally decreased as a result of
articial ageing but increased following eld ageing. The
observed discrepancies are likely to be due to differences in
process kinetics, including the intra-biochar transfer of PAHs
and the sorption of LMW PAHs from the surrounding envi-
ronment. Due to the lack of data in literature, further investi-
gations are necessary especially on the hypothesized differences
in intra-biochar transfer of PAHs. Some changes in the PAHs
and alkylated PAH compositions as a result of ageing can be
explained, but interpreting changes in alkylated PAH compo-
sitions generally remains difficult. Detailed investigations into
(i) intra-biochar transfer of PAHs and alkylated PAHs, (ii) the
kinetics of desorption hysteresis of methylated compounds
compared to parent compounds, and (iii) factors driving
microbial degradation of PAHs co-produced with biochar
during pyrolysis, will therefore be required to further our
understanding of the fate of biochar-intrinsic PAHs and alky-
lated PAHs in natural environments.
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