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ARTICLE INFO ABSTRACT

Keywords: Remediation of residually contaminated soils remains a widespread problem. Biochar can immobilize polycyclic
polycyclic Aromatic hydrocarbon aromatic hydrocarbons (PAH). However, studies on its ability to immobilize PAH and N, S, and O substituted
Im}T‘ObiliZ?ti(f“ PAH (hetero-PAH) in real soils, and benchmarking with commercial activated carbon are missing. Here, we
i‘z;slorrep[zf’ilanon compared the ability of pristine biochar (BC), steam-activated biochar (SABC), and commercial activated carbon

(AC) to immobilize PAH and hetero-PAH. The three carbons were tested on soils from four different contami-
nated sites in Austria. Different amendment rates (w/w) of the carbons were investigated (BC: 1.0, 2.5, and 5%;
SABC: 0.5, 1.0, and 2.0%; AC: 1%) in batch experiments to cover meaningful ranges in relation to their per-
formance. SABC performed better than AC, removing at least 80% PAH with the lowest application rate of 0.5%,
and achieving a complete removal at an application rate of 1.0%. BC performed slightly worse but still acceptable
in residually contaminated soils (40 and 100% removal at 1 and 5% amendment, respectively). The ability of BC
and SABC to immobilize PAH decreased as the PAH-molar volume increased. PAH with three or more rings were
preferentially removed by AC compared to SABC or BC. This can be explained by the difference in pore size
distribution of the carbons which could limit the accessibility of PAH and hetero-PAH to reach sorption sites for
n- © electron donor-acceptor interactions, which drive PAH and hetero-PAH sorption to carbons. Column
percolation tests confirmed the results obtained in batch tests, indicating, that decisions for soil remediation can
be derived from simpler batch experiments. In soil samples with 1% BC, a reduction of over 90% in the total
concentration of PAH in the leached water was observed. Overall, BC and SABC were demonstrated to be valid
substitutes for AC for stabilizing residually contaminated soils.

Carbonaceous material

1. Introduction

Over 2.5 million locations in Europe are potentially polluted sites ac-
cording to the European Commission. Therein, polycyclic aromatic hy-
drocarbons (PAH) account for 11% and 15% of soil and (ground)water
contamination (EEA, 2009). Although hotspots of PAH-contaminated soils
are frequently excavated and/or remediated, surrounding areas often
remain residually contaminated. Such residually contaminated sites can

* This paper has been recommended for acceptance by Hocheol Song.

pose a risk to surrounding areas and (ground)water resources, as well as
biota resulting in potential bioaccumulation in exposed organisms. PAHs
are often found together with heterocyclic PAHs (hetero-PAHs), contain-
ing nitrogen (N), sulphur (S), and/or oxygen (O) substitutions (Achten and
Andersson, 2015). A range of strategies exist to remediate PAH and
hetero-PAH contaminated sites (Dai et al., 2022; Gan et al., 2009), but
many of them require ex-situ treatment and are financially unviable for
large and diffusely contaminated areas. This, together with the ongoing
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release of PAH and hetero-PAH into the environment, necessitates more
cost-efficient techniques.

Natural and anthropogenic sources of PAH and hetero-PAH include
wildfires and volcanic eruptions, as well as crude oil emissions,
incomplete combustion of oil, coal, wood, and waste, traffic emissions,
and industrial pollution, which continue to pose one of the most abun-
dant types of soil, air and water pollution for remediation practitioners
(Dai et al., 2022; Manzetti, 2013; Paya Pérez and Rodriguez Eugenio,
2018). Therein, polluted soil is mostly excavated and placed in landfills
(“dig and dump”). The US Environmental Protection Agency (US EPA)
listed 16 major PAH as priority pollutants in water in 1976 due to their
carcinogenicity and ability to bioaccumulate; more recently PAH were
also highlighted as important soil pollutants (USEPA, 2008). Over time,
these 16 compounds have become the basis to assess PAH contamination
in most legislative frameworks on PAH pollution globally. However, this
list is not representative of the totality of hazardous polycyclic aromatic
compounds. For example, it does not include any hetero-PAH which can
be more mobile and toxic than their unsubstituted counterparts
(Andersson and Achten, 2015; Brendel et al., 2018).

The use of commercial activated carbon for the stabilization of PAH
contaminated soils and sediments is well-accepted in the remediation
community (Beesley et al., 2011; Ghosh et al., 2011; Hale et al., 2012;
Kottowski et al., 2017; Zelinska and Oleszczuk, 2016). Commercial
activated carbon is typically produced from fossil carbon, coconut shells,
or peat and activated either chemically by using e.g. ZnCl or via the
more sustainable water steam (“physical activation”). A more sustain-
able biomass-based carbonaceous group of sorbents called “biochar”,
produced from biomass pyrolysis without activation steps, has gained
substantial attention over the last decade as potential substitutes of
traditional activated carbons for immobilizing PAH (Esfandiar et al.,
2021; Valizadeh et al., 2022; Zhou et al., 2022). In spite of the abun-
dance of information on the immobilization of PAH by activated carbon
and biochar (“carbons”), less is known about hetero-PAH immobiliza-
tion (Sigmund et al., 2018). Hetero-PAH are largely neglected in the
literature, and a comparison of biochar and activated carbon in complex
environmental samples is lacking. Moreover, the majority of experi-
ments failed to consider the complexity of real soils, including pollution
composition and extent, ageing processes, and how the properties of the
soil itself may affect the performance of carbons. To help close this
knowledge gap, we compared the immobilization of PAH and
hetero-PAH by a non-activated biochar (BC) a steam activated wood
char (SABC), and a commercial activated carbon (AC), in four
PAH-contaminated soils recovered from active remediation sites, using
batch and column percolation tests. These results were then used to
benchmark the performance of these carbons under conditions relevant
for remediation practitioners.

2. Materials and methods
2.1. Materials

Anonymized soil samples from four different PAH and hetero-PAH
contaminated sites in Austria were provided by ESW Consulting Wruss
ZT GmbH, hereafter referred to as S1, S2, S3, and S4. To maintain the initial
heterogeneity of the samples and following leaching standards DIN 19529
and EN 124574, soils were not pre-treated (e.g. drying, milling, sieving).

Three different carbons (Table 1) were used for subsequent PAH and
hetero-PAH immobilization experiments: BC (commercially available
biochar from mixed softwoods, Basna, Serbia), SABC (steam activated
beech wood biochar, Ithaka Institute, Switzerland) and AC (Norit SAE
super, commercial activated carbon produced from fossil feedstocks,
Cabot Corporation, Latvia). AC was used as a benchmark material, as it is
an activated carbon specifically produced and marketed for the sorption of
organic contaminants in water. BC is a pristine wood-based biochar that
has not undergone any modification, whereas SABC is a wood based
biochar that has undergone steam activation. The two wood-based
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Table 1
Summary of the production conditions of the applied carbons.
Carbon Activation  Feedstock Thermal Temperature
treatment
BC Biochar None Mixed Pyrolysis 400-500 °C
woods
SABC  Activated Steam Beech Pyrolysis 900 °C
biochar wood
AC Activated Steam Fossil Pyrolysis Unknown
carbon feedstock

biochars were selected over non-wood based materials because biochars
produced from wood are known to be more aromatic and often also more
porous compared to non-wood based biochars (Ippolito et al., 2020),
which are often positively linked to PAH and hetero-PAH sorption.

Elemental composition (C, H, N, S) of soil samples and carbons was
determined via elemental analyzer (Elementar VarioMacro). Total
inorganic and organic carbon (TIC and TOC respectively) were
measured using a multi-phase carbon analyzer, equipped with a solid-
state infrared detector (LECO RC-612). The specific surface area (SSA)
and pore volume (PV) of the carbons were measured via N3 phys-
isorption (Quantachrome Nova 2000 analyzer), after degassing over-
night under vacuum at 105 °C (Sigmund et al., 2017).

2.2. Batch leaching and immobilization experiments

Carbons were added to soils at different proportions: 1.0% for AC;
0.5%, 1.0% and 2.0% for SABC; 1.0%, 2.5% and 5.0% for BC. Sorption
batch experiments at two solid to liquid (S:L) ratios were carried out
adding 100 g of any soil-carbon mixture to 200 mL (S:L ratio 1:2, DIN,
19529:2015-12) and 1000 mL (S:L ratio 1:10, EN 12457-4:2002) of
deionized water. All measurements were compared to unamended soil
samples (“control”) used to quantify readily leachable contaminant
concentrations. Experiments under the same conditions with only car-
bons served as blank controls to ensure no PAH and hetero-PAH leached
from the materials would affect the results from the sorption experi-
ments. All samples were prepared in glass bottles with screw tops and
placed on a shaker at 170 rpm. After 24 h of equilibration, samples were
collected and centrifuged at 1000 g for 20 min. The supernatant was
then split into two parts for PAH and hetero-PAH extraction. All ex-
periments were performed using two replicates.

2.3. Percolation test

Column percolation tests were performed to validate batch mea-
surements for a selection of scenarios following a guideline from the
Austrian Environment Agency (Wimmer and Doberl, 2011), using glass
columns with plastic caps (behr Labor-Technik, 60 x 320 mm). The base
and top of the column were covered with a glass fiber filter (Whatman)
to prevent the mobilization of soil and biochar, and to prevent the col-
umn from blocking. The columns were filled with 1.5 kg of contami-
nated soil. Four columns were prepared for each soil sample: two
columns filled with soil only (“control”), and two with a mixture of soil
and 1% BC. Soil-biochar mixtures were homogenized overnight using an
end over end shaker before they were used to fill columns. Deionized
water was percolated in an up-flow direction using a peristaltic pump at
room temperature (20 °C) and was then collected in glass bottles. Flow
rates ranged from 0.72 to 0.82 mL/min, depending on the individual soil
transmissivity. Table 2 lists the nine S:L ratios used which ranged from
1:0.3 to 1:10 [kg/1]. Bottles were replaced each time the subsequent
ratio was reached and were stored at 4 °C. To assess whether desorption
of contaminants took place under pseudo-equilibrium conditions during
the percolation process, the flow was interrupted for 24 h after the S:L
ratios 1:3 and 1:7. After these interruptions an amount of percolation
volume equivalent to one pore volume of the packed column was
sampled.
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Table 2

Solid to liquid ratios and percolation volumes used in the experiments based on
sample pore volume (PV) and dry matter (DM), following a guideline from the
Austrian Environment Agency (Wimmer and Doberl, 2011).

Fraction S:L-ratio [kg/L] Percolation volume [L]

1 1:0.3 0.3 * DM

2 1:1 0.7 * DM

3 1:2 1.0 * DM

4 1:3 1.0 * DM
stop 24 h

5 PV PV

6 1:5 2.0 * DM - PV
7 1:7 2.0 * DM
stop 24 h

8 PV PV

9 1:10 3.0 * DM - PV

2.4. Analysis of PAH and hetero-PAH

Water, acetonitrile and methanol (all HPLC grade) were purchased
from PanReac AppliChem (Darmstadt, Germany), cyclohexane (Pesti-
norm®) from VWR (Pennsylvania, USA), ethylacetate (Picograde®)
from Th. Geyer (Renningen, Germany). PAH-standards were purchased
readily mixed at a concentration of 100 mg/L (PAH-mix 9) from LGC-
Standards (Teddington, UK). Hetero-PAH-standards were obtained
readily mixed at a concentration of 10 mg/L from Neochema (Bod-
enheim, Germany).

For PAHs determination, an internal standard mixture containing
Naphthalene D8, Acenaphthene D10, Phenanthrene D10, Fluoranthene
D10, Pyrene D10, Benzo [a]anthracene D12, Benzo [a]pyrene D12, and
Dibenzo [a,h]anthracene D14 was prepared in cyclohexane, resulting in
a final concentration of 20 pg/L of internal standards in the cyclohexane
extraction agent. For extraction, 100 mL of supernatant from the batch
experiment was mixed with 2.5 mL of extraction agent and placed in a
glass vessel on a magnetic stirring plate for at least 30 min. An aliquot of
the extracted solution was cleaned up via a cyclohexane pre-conditioned
column containing glass wool, Al302 and NazSOa. The cleaned up and
pre-concentrated extract was then used for quantification via gas chro-
matography — mass spectrometry (GC-MS). PAH analysis was performed
using an Agilent 7890 A GC equipped with a 5977 B MS, a MMI (multi-
mode injector) and a 7693 autosampler, and a 30 mm x 0.25 mm L.D.
ZB-5MSi column with 0.25 pm film (Phenomenex). The injection tem-
perature was held for 5 s at 70 °C with a split flow of 60 mL/min. Af-
terwards the injector was heated up to 300 °C with a rate of 600 °C/min.
Oven temperature was held for 40 s at 50 °C and afterwards heated up to
280 °C with a rate of 15 °C/min and further heated up to 300 °C with a
rate of 5 °C/min. Temperature was held for 16 min. Helium was used as
carrier gas with a column flow of 1.2 mL/min. The transferline was
heated up to 280 °C, whereas the ion source was held at 230 °C and
operated in EI mode. Quantification was done using two characteristic
mass fragments. For all PAH-analytes a LOQ of 25 ng/L or less was
achieved.

For the extraction of hetero-PAH, 20 pL of internal standard
(Naphthalene D8, Anthracene D10, Fluorene D10, Chinolin D7, Diben-
zofuran D8) were added to 400 mL of aqueous sample, which was then
processed via SPE-DEX 4790 (solid phase extractor system, Horizon
technology) using HLB-L discs. The extract was dried using Na;SO4 and
concentrated with a solvent evaporator (Turbovap II, Biotage) to a
volume of 1 mL. Thereafter, 500 pL of sample was mixed with 5 pL of
sorbitol solution (10 mg/mL sorbitol in 80/20 v/v acetone/water) and
analysed via GC-MS, while 10 pL of the sample was added to 1 mL of 10/
90 v/v acetonitrile/water and analysed via liquid chromatography —
mass spectrometry (LC-MS), described in more detail later. Both GC-MS
and LC-MS were combined to cover a larger range of hetero-PAH
structures. The hetero-PAH analysed via GC-MS are: Benzofurane, 2-
Methylbenzofurane, Benzo(b)thiophene, 2,3-Dimethylbenzofurane, 2-
Methylquinoline, 4-Methylquinoline, 3-Methylbenzothiophene, 1-
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Methylisoquinoline, 2,6-Dimethylquinoline, 2,4-Dimethylquinoline, 2-
Hydroxybiphenyl, Dibenzofurane, 2-Methyldibenzofurane, 4-Methyl-
dibenzofurane, Xanthene, Dibenzothiophene, Carbazole, Xanthone, and
Benzothiazole. The hetero-PAH analysed via LC-MS are: Quinoline,
Isoquinoline, 1-Hydroxyisoquinoline, 2-Hydroxyquinoline, Acridine, 2-
Hydroxy-4-Methylquinoline, Phenanthridinone and Acridinone.

For Hetero-PAH GC-MS analysis an Agilent 7890 A GC was used
equipped with a 5975C MS, a PTV injector (Optic 3, GL Sciences) and a
Combi PAL autosampler (CTC Analytics). A 30 m x 0.25 mm L.D. ZB-
5MSi column with a film of 0.25 pm was used (Phenomenex). The in-
jection temperature was held for 10 s at 50 °C with a split flow of 120
mL/min. Afterwards the injector was heated up to 280 °C with a rate of
420 °C/min. The oven temperature was held for 2 min at 50 °C and
afterwards heated up to 320 °C with a rate of 15 °C/min. The temper-
ature was held for 1 min. Helium was used as carrier gas with a column
flow of 1.2 mL/min. The transferline was heated up to 280 °C, whereas
the ion source was held at 230 °C and operated in EI mode. Quantifi-
cation was done with two characteristic mass fragments. For all hetero-
PAH-analytes a LOQ of 100 ng/L or less was achieved.

For Hetero-PAH LC-MS analysis a Shimadzu Nexera U-HPLC system
was used equipped with a DGU-20 A degasser, two LC-30AD pumps and
a CTO-20AC column oven. A Shimadzu LCMS 8060 triple quadrupole
mass spectrometer was used with argon as the collision-induced disso-
ciation (CID) gas. For ionization, an ESI interface was used. Nitrogen
was supplied by a Parker LCMS30 generator. For separation a Kinetex
C18 column (3 mm x 100 mm, 2.6 pm) by Phenomenex was used. The
mobile phases were composed of water with 0.1% formic acid and
methanol with 0.1% formic acid. The total flow was kept constant at 0.4
mL/min. Separation was done using a gradient profile. The run started
with 5% methanol and held for 1 min. Then the gradient was raised up to
100% methanol during 9 min and held for 2 min. The nebulizing gas and
the drying gas flow were set to 3.0 and 10 L/min, respectively. The oven
temperature was adjusted to 45 °C and the CID gas pressure was set to
270 kPa. The MS was operated in the ESI+ and ESI- mode within the
same run, with at least two transitions for each compound. For all
hetero-PAH-analytes a LOQ of 100 ng/L or less was achieved. Measured
recovery rates for both PAH and hetero-PAH analysis were generally
above 95%, with variations in recovery being accounted for via the use
of internal standards.

3. Results and discussion

Analysis of the aqueous phase in batch experiments with the un-
amended soils showed that soil S4 had the highest concentration of
leachable contaminants: 3114 pg/kg of PAH (3 of 16 EPA PAH) and
199 pg/kg of hetero-PAH (> of 27 measured compounds). The samples
S1, S2 and S3 leached 129 pg/kg, 115 pg/kg, and 31 pg/kg PAH, and 58
pg/kg, 159 pg/kg, and 7 pg/kg hetero-PAH, respectively. Sample S2 was
the only soil containing PAH with four fused aromatic rings or more.

Soil samples also differed in elemental composition and carbon
content, with carbon content ranging from 2.5% for S4 to 7.0% for S3.
Soils S2 and S3 contained the most organic carbon (Table 3). The
measured specific surface area of AC, SABC and BC was 1176 m?/g, 507
mz/g, and 231 mz/g, respectively, total pore volume followed the same
order. All carbons were highly aromatic with the molar H/C ratio being
0.198, 0.146, and 0.138 for BC, AC, and SABC, respectively.

3.1. Immobilization depends on molecular size and amendment rate

Batch tests were carried out with an S:L ratio of 1:2 and 1:10. Ex-
periments with the 1:10 ratio in some cases showed less immobilization
of PAH and hetero-PAH. Still, the results were in good agreement be-
tween both ratios. We here focus on the results of the 1:2 measurements,
which can be considered a more realistic S:L ratio. Both 1:2 and 1:10 S:L
experiments consistently showed complete removal of PAH from the
leachate with the lowest carbon application rates tested (1.0% for BC,
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Table 3
Characterization of contaminated soils used in this study.
ID  Elemental analysis C type > 16 327
EPA hetero-
PAH PAH
C H N S TIC TOC [pg/kgl [ng/kgl
[%] [%] [%] [%] [%] [%]
S1 5.3 0.3 0.1 0.1 5.0 0.3 129 58
S2 4.6 0.5 0.1 1.2 2.7 21 115 159
S3 7.0 0.4 0.2 0.3 4.2 2.9 5 7
S4 2.5 0.7 0.0 0.1 3.3 0.8 3114 199

0.5% for SABC, 1.0% for AC) in most cases. The only exception was
sample S4, which had the highest PAH and hetero-PAH contamination
(3114 pg/kg for > PAH and 199 pg/kg for >_hetero-PAH) and required a
higher application rate (5%) to achieve nearly complete immobilization.

SABC performed better than AC (Fig. 1). Specifically, it removed
>80% of PAH from soils S1, S2, and S4 using an application rate of 0.5%,
and almost complete removal was achieved with 1.0% application. The
even higher application rate was never significantly more beneficial.
The immobilization rates achieved with 1% AC ranged between 68 and
99%. The superior performance of SABC compared to AC may be
explained by its slightly higher aromaticity (lower H/C ratio) which
increases the capacity of the carbon to sorb molecules via - © electron
donor-acceptor interactions, and differences in its pore size distribution.
These factors superseded the importance of the higher specific surface
area of AC compared to SABC. The BC generally also performed well,
however it was not well suited to threat the highly contaminated S4 soil.
For this sample, BC at an application rate of 1.0%, only achieved a 45%
immobilization, and a >98% immobilization was only achieved with an
application rate of 5.0%. Still, with the residually contaminated soil
samples S1, S2, and S3, BC performed similarly to SABC.

For compounds with up to three aromatic rings, immobilization was
similar across carbons. There were differences for PAH with more than
three aromatic rings (found only in sample S2). These larger compounds,
i.e., fluoranthene, benzo [a]anthracene, chrysene, benzo [b]fluo-
ranthene, benzo [k]fluoranthene, benzo [a]pyrene, indeno [1,2,3-c,d]
pyrene, dibenzo [a,h]anthracene, and benzo [gh,i]lperylene, were
preferentially removed by AC compared to BC and SABC. Fig. 2 shows

SOIL SAMPLES
S1 52 S3 S4
100% 4 - — ST
:I:+ == s
—E
80% -
X
c
'g 60% -
@
e}
g a0% T
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20% 2.0%
2.5%
5.0%
0% 11 [T
2% % %% DS L%
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Fig. 1. Y PAH immobilization (%) with S:L ratio 1:2, different carbons, and
different application rates (SABC 0.5%, 1.0%, 2.0%/AC 1.0%/BC 1.0%;
2.5%, 5.0%).
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the immobilization of each PAH in correlation to its molar volume for
the three carbons at the same application rate (1.0%). For compounds
with a molar volume <1.5 mL/mol, the immobilization achieved with
BC and SABC was similar to AC. However, as the molar volume
increased, there was an increasingly clear differentiation in sorption
affinity, with AC being the strongest sorbent, followed by SABC and
finally BC. This difference may be related to the pore size distribution of
the three materials (Fig. 3). The distribution and availability of pores in
carbons is critical because the absence or scarcity of mesopores could
limit the availability of accessible PAH and hetero-PAH sorption sites for
n- © electron donor-acceptor interactions, which drive PAH and hetero-
PAH sorption to carbons (Yang et al., 2021; Zhu and Pignatello, 2005).
The inability of a molecule to sorb due to its size is a phenomenon called
size exclusion (Nguyen et al., 2007; Valizadeh et al., 2022; Xiao and
Pignatello, 2015; Zhou et al., 2022). This phenomenon may partially
explain why the sorption of compounds decreased as their molar volume
increased for BC and partially also for SABC.

When normalizing the mass of immobilized PAH to the sorbent’s
specific surface area, SABC immobilized 431 ng/mz, BC 406 ng/mz, and
AC 126 ng/m? in the soil with the highest concentrations of PAH and
hetero-PAH (S4) at the same application rate (1%). In the same sample,
immobilization was negatively correlated with molecular mass (p <
0.05) and molecular volume (p < 0.05) with SABC and BC (p < 0.05).
SABC and BC thus immobilize more PAH than AC per m? of surface area,
but as the size of the molecule increases, size exclusion hinders larger
molecules from entering some of these materials pore space.

Hetero-PAH were found in S1, S2 and S4, whereas S3 contained only
PAH and almost no hetero-PAH. All carbons proved effective in the
immobilization of hetero-PAH, achieving an immobilization of at least
85% in all combinations, irrespective of the application rate (Fig. 4).
With the highest application rate, total immobilization was achieved for
all three soils. In soil S4, SABC and AC immobilized >90% of the pol-
lutants with the lowest application rate (0.5% and 1%, respectively),
whereas BC only with the highest application rate (5%).

Although it is difficult to establish a representative average price for
biochar, it is generally considered cheaper than activated carbon (Hale
et al.,, 2012; Lehmann et al., 2006; Thompson et al., 2016). This is
because the production of biochar is less complex (no activation step)
and uses less energy compared to activated carbon production. Indeed,
biochar is considered a negative emission technology, which is
encouraged to be used to store carbon in soil (Jeswani et al., 2022).

In some cases, their greater sorption capacity makes activated
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E 60%- 3 u []
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Fig. 2. Immobilization of PAH using SABC, AC and BC with the same appli-

cation rate (1%) related to PAH molar volume shows a separation of trends with
increasing molar volume (from left to right).
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Fig. 3. Pore size distribution of AC (activated carbon), SABC (steam activated
biochar), and BC (biochar).
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Fig. 4. > hetero-PAH immobilization (%) with S:L ratio 1:2, different carbons,
and different application rates (BC 1.0%; 2.5%, 5.0%; SABC 0.5%, 1.0%, 2.0%;
AC 1.0%).

carbons preferable to use. However, in many cases a well selected bio-
char and application rate results in a similar performance compared to
commercial and less sustainable commercial activated carbons. There-
fore, the applicability of biochar as a sustainable alternative to activated
carbon was investigated in a more complex and realistic setup, using BC
in a percolation test.

3.2. Column percolation test confirmed trends observed in batch
experiments

Column percolation tests, which were used to validate findings from
simplified batch test following a standardized protocol to investigate
particularly challenging scenarios (Wimmer and Doberl, 2011),
confirmed the results obtained from batch tests. The leachate samples
containing a mixture of contaminated soil and 1% BC showed a
maximum concentration of 2.2 pug/L hetero-PAH and 2.0 pg/L of PAH
respectively, compared to 22.5 pg/L of hetero-PAH and 25.7 pg/L of
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PAH from control columns without sorbent amendment. In both cases,
the majority of mobilization occurred at a S:L ratio of 1:1, highlighting
the high mobility of the PAH and hetero-PAH involved.

The addition of 1% BC immobilized over 90% of PAH and hetero-
PAH in the percolation column experiments (Fig. 5). This further em-
phasizes the potential of biochar for preventing PAH and hetero-PAH
mobilization from contaminated soils. During the percolation experi-
ments two 24-h breaks were used to quantify contaminant desorption
under pseudo-equilibrium conditions, during both of which no
contaminant desorption was observed. This result has practical impli-
cations for remediation decision makers, as batch tests are less time and
cost intensive to perform compared to column tests.

4. Conclusion

We here compared the suitability and performance of a biochar, a
steam activated biochar and a conventional activated carbon to immo-
bilize 16 PAH as well as 27 hetero-PAH in contaminated soils recovered
from four different active remediation sites. Our findings show that
using pristine or activated biochar can achieve similar or better organic
contaminant immobilization at lower environmental costs compared to
conventional activated carbon when immobilizing PAH and hetero-PAH
in residually contaminated soils. An application rate of 1% biochar,
steam activated biochar, or commercial activated carbon was found to
be similarly effective in immobilizing a heterogeneous group of 16 PAH
and 27 hetero-PAH. The main difference between wood based (acti-
vated) biochar and activated carbon was their ability to immobilize high
molecular weight PAH, for which pore size distribution of wood based
biochars may exclude larger molecules from accessing sorption sites
within their pore space. Our study suggests that it can be advantageous
to use biochar for the remediation of residually contaminated soils, as its
use is encouraged not only to improve soil quality, but also as a carbon
sink that can help decrease the environmental- and carbon footprint of
soil remediation.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

30
25

= control
5, 20 - )
g —— biochar
% 15
E 10 4

5 =

0 += T

1} 1:7 1:10

25
.
5204 —— control
» — biochar
I 15 1
<
o 10
°
&2 51
2

0 T ] T T T T

0 1:0.3 1:1 1:2 1:3 1:5 1:7 1:10

Solid:Liquid ratio

Fig. 5. Mobilization of PAH and hetero-PAH in column percolation test with
(biochar) and without (control) 1.0% BC application.



C. Carlini et al.
Data availability

Data will be made available on request.
Acknowledgements

This work was partially funded by the Austrian Federal Ministry for
Climate Action, Environment, Energy, Mobility, Innovation and Tech-
nology (BMK) and managed by Kommunalkredit Public Consulting
GmbH (grant number B820017).

References

Achten, C., Andersson, J.T., 2015. Overview of polycyclic aromatic compounds (PAC).
Polycycl. Aromat. Comp. 35, 177-186. https://doi.org/10.1080/
10406638.2014.994071.

Andersson, J.T., Achten, C., 2015. Time to say goodbye to the 16 EPA PAHs? Toward an
up-to-date use of PACs for environmental purposes. Polycycl. Aromat. Comp. 35,
330-354. https://doi.org/10.1080,/10406638.2014.991042.

Beesley, L., Moreno-Jiménez, E., Gomez-Eyles, J.L., Harris, E., Robinson, B., Sizmur, T.,
2011. A review of biochars’ potential role in the remediation, revegetation and
restoration of contaminated soils. Environ. Pollut. 159, 3269-3282. https://doi.org/
10.1016/j.envpol.2011.07.023.

Brendel, S., Polleichtner, C., Behnke, A., Jessel, S., Hassold, E., Jennemann, C.,
Einhenkel-Arle, D., Seidel, A., 2018. Four selected high molecular weight
heterocyclic aromatic hydrocarbons: ecotoxicological hazard assessment,
environmental relevance and regulatory needs under REACH. Ecotoxicol. Environ.
Saf. 163, 340-348. https://doi.org/10.1016/j.ecoenv.2018.07.035.

Dai, C., Han, Y., Duan, Y., Lai, X., Fu, R., Liu, S., Leong, K.H., Tu, Y., Zhou, L., 2022.
Review on the contamination and remediation of polycyclic aromatic hydrocarbons
(PAHs) in coastal soil and sediments. Environ. Res. 205, 112423 https://doi.org/
10.1016/j.envres.2021.112423.

EEA, 2009. Soil Contamination from Local Sources.

Esfandiar, N., Suri, R., McKenzie, E.R., 2021. Simultaneous removal of multiple
polycyclic aromatic hydrocarbons (PAHs) from urban stormwater using low-cost
agricultural/industrial byproducts as sorbents. Chemosphere 274, 129812. https://
doi.org/10.1016/j.chemosphere.2021.129812.

Gan, S., Lau, E.V., Ng, H.K., 2009. Remediation of soils contaminated with polycyclic
aromatic hydrocarbons (PAHs). J. Hazard Mater. 172, 532-549. https://doi.org/
10.1016/j.jhazmat.2009.07.118.

Ghosh, U., Luthy, R.G., Cornelissen, G., Werner, D., Menzie, C.A., 2011. In-situ sorbent
amendments: a new direction in contaminated sediment management. Environ. Sci.
Technol. 45, 1163-1168. https://doi.org/10.1021/es102694h.

Hale, S.E., Hanley, K., Lehmann, J., Zimmerman, A.R., Cornelissen, G., 2012. Effects of
chemical, biological, and physical aging as well as soil addition on the sorption of
pyrene to activated carbon and biochar. Environ. Sci. Technol. 46, 2479-2480.
https://doi.org/10.1021/es3001097.

Ippolito, J.A., Cui, L., Kammann, C., Wrage-Monnig, N., Estavillo, J.M., Fuertes-
Mendizabal, T., Cayuela, M.L., Sigua, G., Novak, J., Spokas, K., Borchard, N., 2020.
Feedstock choice, pyrolysis temperature and type influence biochar characteristics: a
comprehensive meta-data analysis review. Biochar. https://doi.org/10.1007/
$42773-020-00067-x.

Environmental Pollution 325 (2023) 121417

Jeswani, H.K., Saharudin, D.M., Azapagic, A., 2022. Environmental sustainability of
negative emissions technologies: a review. Sustain. Prod. Consum. 33, 608-635.
https://doi.org/10.1016/j.spc.2022.06.028.

Kottowski, M., Hilber, 1., Bucheli, T.D., Charmas, B., Skubiszewska-Zi¢ba, J.,
Oleszczuk, P., 2017. Activated biochars reduce the exposure of polycyclic aromatic
hydrocarbons in industrially contaminated soils. Chem. Eng. J. 310, 33-40. https://
doi.org/10.1016/j.cej.2016.10.065.

Lehmann, J., Gaunt, J., Rondon, M., 2006. Bio-char sequestration in terrestrial
ecosystems — a review. Mitig. Adapt. Strategies Glob. Change 11, 403-427. https://
doi.org/10.1007/5s11027-005-9006-5.

Manzetti, S., 2013. Polycyclic aromatic hydrocarbons in the environment: environmental
fate and transformation. Polycycl. Aromat. Comp. 33, 311-330. https://doi.org/
10.1080/10406638.2013.781042.

Nguyen, T.H., Cho, H.-H., Poster, D.L., Ball, W.P., 2007. Evidence for a pore-filling
mechanism in the adsorption of aromatic hydrocarbons to a natural wood char.
Environ. Sci. Technol. 41, 1212-1217. https://doi.org/10.1021/es0617845.

Paya Pérez, A., Rodriguez Eugenio, N., 2018. Status of Local Soil Contamination in
Europe: Revision of the Indicator 'Progress in the Management Contaminated Sites in
Europe’. Publ. Off. Eur. Union Luxemb. https://doi.org/10.2760/093804.

Sigmund, G., Hiiffer, T., Hofmann, T., Kah, M., 2017. Biochar total surface area and total
pore volume determined by N2 and CO2 physisorption are strongly influenced by
degassing temperature. Sci. Total Environ. 580, 770-775. https://doi.org/10.1016/
j.scitotenv.2016.12.023.

Sigmund, G., Poyntner, C., Pinar, G., Kah, M., Hofmann, T., 2018. Influence of compost
and biochar on microbial communities and the sorption/degradation of PAHs and
NSO-substituted PAHs in contaminated soils. J. Hazard Mater. 345, 107-113.
https://doi.org/10.1016/j.jhazmat.2017.11.010.

Thompson, K.A., Shimabuku, K.K., Kearns, J.P., Knappe, D.R.U., Summers, R.S., Cook, S.
M., 2016. Environmental comparison of biochar and activated carbon for tertiary
wastewater treatment. Environ. Sci. Technol. 50, 11253-11262. https://doi.org/
10.1021/acs.est.6b03239.

USEPA, 2008. Polycyclic Aromatic Hydrocarbons (PAHs).

Valizadeh, S., Lee, S.S., Choi, Y.J., Baek, K., Jeon, B.-H., Andrew Lin, K.-Y., Park, Y.-K.,
2022. Biochar application strategies for polycyclic aromatic hydrocarbons removal
from soils. Environ. Res. 213, 113599 https://doi.org/10.1016/].
envres.2022.113599.

Wimmer, B., Doberl, G., 2011. Arbeitshilfe zur Abschatzung von
Sickerwasserbelastungen an kontaminierten Standorten: Enbericht zum Arbeitspaket
5 des Projektes “Altlastenmanagement 2010”. Report/Umweltbundesamt.
Umweltbundesamt, Vienna.

Xiao, F., Pignatello, J.J., 2015. Interactions of triazine herbicides with biochar: steric and
electronic effects. Water Res. 80, 179-188. https://doi.org/10.1016/j.
watres.2015.04.040.

Yang, J., Pignatello, J.J., Yang, K., Wu, W., Lu, G., Zhang, L., Yang, C., Dang, Z., 2021.
Adsorption of organic compounds by biomass chars: direct role of aromatic
condensation (ring cluster size) revealed by experimental and theoretical studies.
Environ. Sci. Technol. 55, 1594-1603. https://doi.org/10.1021/acs.est.0c04852.

Zelinska, A., Oleszczuk, P., 2016. Bioavailability and bioaccessibility of polycyclic
aromatic hydrocarbons (PAHs) in historically contaminated soils after lab incubation
with sewage sludge-derived biochars. Chemosphere 163, 480-489. https://doi.org/
10.1016/j.chemosphere.2016.08.072.

Zhou, X., Shi, L., Moghaddam, T.B., Chen, M., Wu, S., Yuan, X., 2022. Adsorption
mechanism of polycyclic aromatic hydrocarbons using wood waste-derived biochar.
J. Hazard Mater. 425, 128003 https://doi.org/10.1016/j.jhazmat.2021.128003.

Zhu, D., Pignatello, J.J., 2005. Characterization of aromatic compound sorptive
interactions with black carbon (charcoal) assisted by graphite as a model. Environ.
Sci. Technol. 39, 2033-2041. https://doi.org/10.1021/es0491376.


https://doi.org/10.1080/10406638.2014.994071
https://doi.org/10.1080/10406638.2014.994071
https://doi.org/10.1080/10406638.2014.991042
https://doi.org/10.1016/j.envpol.2011.07.023
https://doi.org/10.1016/j.envpol.2011.07.023
https://doi.org/10.1016/j.ecoenv.2018.07.035
https://doi.org/10.1016/j.envres.2021.112423
https://doi.org/10.1016/j.envres.2021.112423
http://refhub.elsevier.com/S0269-7491(23)00419-0/sref6
https://doi.org/10.1016/j.chemosphere.2021.129812
https://doi.org/10.1016/j.chemosphere.2021.129812
https://doi.org/10.1016/j.jhazmat.2009.07.118
https://doi.org/10.1016/j.jhazmat.2009.07.118
https://doi.org/10.1021/es102694h
https://doi.org/10.1021/es3001097
https://doi.org/10.1007/s42773-020-00067-x
https://doi.org/10.1007/s42773-020-00067-x
https://doi.org/10.1016/j.spc.2022.06.028
https://doi.org/10.1016/j.cej.2016.10.065
https://doi.org/10.1016/j.cej.2016.10.065
https://doi.org/10.1007/s11027-005-9006-5
https://doi.org/10.1007/s11027-005-9006-5
https://doi.org/10.1080/10406638.2013.781042
https://doi.org/10.1080/10406638.2013.781042
https://doi.org/10.1021/es0617845
https://doi.org/10.2760/093804
https://doi.org/10.1016/j.scitotenv.2016.12.023
https://doi.org/10.1016/j.scitotenv.2016.12.023
https://doi.org/10.1016/j.jhazmat.2017.11.010
https://doi.org/10.1021/acs.est.6b03239
https://doi.org/10.1021/acs.est.6b03239
http://refhub.elsevier.com/S0269-7491(23)00419-0/sref21
https://doi.org/10.1016/j.envres.2022.113599
https://doi.org/10.1016/j.envres.2022.113599
http://refhub.elsevier.com/S0269-7491(23)00419-0/sref23
http://refhub.elsevier.com/S0269-7491(23)00419-0/sref23
http://refhub.elsevier.com/S0269-7491(23)00419-0/sref23
http://refhub.elsevier.com/S0269-7491(23)00419-0/sref23
https://doi.org/10.1016/j.watres.2015.04.040
https://doi.org/10.1016/j.watres.2015.04.040
https://doi.org/10.1021/acs.est.0c04852
https://doi.org/10.1016/j.chemosphere.2016.08.072
https://doi.org/10.1016/j.chemosphere.2016.08.072
https://doi.org/10.1016/j.jhazmat.2021.128003
https://doi.org/10.1021/es0491376

	Benchmarking biochar with activated carbon for immobilizing leachable PAH and heterocyclic PAH in contaminated soils
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Batch leaching and immobilization experiments
	2.3 Percolation test
	2.4 Analysis of PAH and hetero-PAH

	3 Results and discussion
	3.1 Immobilization depends on molecular size and amendment rate
	3.2 Column percolation test confirmed trends observed in batch experiments

	4 Conclusion
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


