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• Waste timber biochars reduce leaching
of polyfluoroalkyl substances from soil.

• Sorbent effect is proportional to degree
of activation and activation tempera-
ture.

• Effects of steamand carbon dioxide acti-
vation agents are similar.

• Soil organic carbon content influences
sorbent effectiveness.

• Biochar sorbents can be tailored to re-
mediation requirements through
activation.
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Biochars are considered potential sustainable sorbents to reduce the leaching of per- and polyfluoroalkyl sub-
stances (PFAS) from contaminated soils. However, biochar characteristicsmust probably be optimized to achieve
useful sorption capacity. In the present work, eight waste timber biochars were produced, including biochars ac-
tivated to different degrees, at different temperatures, and using both steam and CO2. In laboratory batch exper-
iments, the eight biochars were amended to soil samples from two different horizons, with low and high total
organic carbon (TOC, 1.6% and 34.2%, respectively), of a heavily PFAS-contaminated soil (1200–3800 μg kg−1

PFAStot), at varying doses (0, 0.1, 0.5, 1.0 and 5.0%). With a 5% amendment to the low-TOC soil, all eight biochars
resulted in strongly reduced leachate PFAS concentrations (by 98–100%). At the same amendment dose in the
high-TOC soil, leachate concentration reductions were more modest (23–100%). This was likely due to a strong
PFAS-sorption to the high-TOC soil itself, as well as biochar pore clogging in the presence of abundant organic
matter, resulting in fewer sorption sites available to PFAS. Reduction in PFAS leachingwas proportional to the de-
gree of activation and activation temperature. Thus, lower amendment doses of activated biochars were needed
to reduce PFAS leaching to the same level as with the non-activated biochar. Activation however, came at a
tradeoff with biochar yield. Furthermore, the adsorption ability of these biochars increased proportionally with
PFAS-fluorocarbon chain length, demonstrating the role of hydrophobic interactions in reduction of PFAS
leaching. Development of internal surface area and porosity was proposed as the main factor causing the im-
proved performance of activated biochars. This study shows that woody residues such as waste timber can be
used to produce effective sorbents for the remediation of PFAS-contaminated soil. It also highlights the desirabil-
ity of sorbate and matrix-specific optimization of biochar production.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are found in soils all over
the world (Rankin et al., 2016). This is a direct result of five decades of
widespread production, use, and subsequent release of PFAS from
local point sources such as fluorochemical plants (Jin et al., 2015),
firefighting training facilities (Banzhaf et al., 2017), metal and paper in-
dustry (Clara et al., 2008), landfills (Lang et al., 2017), and waste water
treatment plants,whichusually fail to effectively eliminate PFAS (Gallen
et al., 2018). Additionally, there are diffuse sources, such as biosolids
used for agricultural purposes (Gallen et al., 2018; Sepulvado et al.,
2011) and long range atmospheric transport to rural areas (Chen
et al., 2016) and the remote Arctic (AMAP, 2016; Skaar et al., 2019).

The physiochemical properties of PFAS have been linked to persis-
tency in the environment, toxicity and bioaccumulation in food chains
(Krafft and Riess, 2015; Lau et al., 2007; Sunderland et al., 2019).
Furthermore, various PFAS readily leach from soils to groundwater
and surface water (Banzhaf et al., 2017). This leachability is illus-
trated by low partitioning coefficients between soil organic carbon
(OC) and water (KOC) reported for perfluorooctanesulfonic acid (PFOS,
103.0±0.7 L kg−1) and perfluorooctanoic acid (PFOA, 102.1±1.0 L kg−1) in
soils and sediments (Zareitalabad et al., 2013), compared to the higher
KOC of strongly sorbing compounds such as polycyclic aromatic
hydrocarbons (PAHs), e.g. phenanthrene (104.37±0.17 L kg−1) or pyrene
(105.11±0.15 L kg−1) (Chiou et al., 1998). The problematic properties and
ubiquitous presence of PFAS in soils has prompted a need for effective re-
mediation techniques (Mahinroosta and Senevirathna, 2020).

To reduce the leaching of contaminants, sorbent amendments have
been explored for the last couple of decades for use in both sediment
(Cornelissen et al., 2012; Ghosh et al., 2011) and soil remediation
(Beesley et al., 2011; Rajapaksha et al., 2016). Carbon-based sorbents
can bind organic contaminants strongly, reducing their leachable and
bioavailable fractions (Hale et al., 2012; Zhang et al., 2013), and thus,
their environmental impact and health risks (Ehlers and Luthy, 2003).
Recent studies have shown that both commercially available activated
carbon (AC) and biochar can be used to reduce the mobility of PFAS in
soils (Askeland et al., 2020; Hale et al., 2017; Kupryianchyk et al.,
2016b; Silvani et al., 2019; Sorengard et al., 2019; Sörengård et al.,
2019). In a recent review of remediation alternatives for PFAS-
contaminated soils (Mahinroosta and Senevirathna, 2020), it was con-
cluded that immobilization with carbonaceous sorbents is among the
most promising options.

Biochar, the carbonaceous product of biomass pyrolysis, can be pro-
duced from a wide range of feedstocks under variable pyrolysis condi-
tions, resulting in a material with a variety of physiochemical
properties that can be optimized for specific applications (Lehmann
and Joseph, 2015). To strongly bind organic contaminants, a large spe-
cific surface area (SSA) is desirable (Ahmad et al., 2014; Beesley et al.,
2011; Hale et al., 2016; Zhang et al., 2013). A pyrolysis temperature of
more than 600 °C is commonly needed to achieve significant porosity,
rendering a large internal SSA where strong adsorption of aromatic or-
ganic compounds, such as PFAS, can take place (Zhao et al., 2013). The
greater sorption affinities of higher temperature chars for organic con-
taminants are mainly explained by their high degree of aromatic con-
densation (Keiluweit et al., 2010).

Activation can improve the sorptive ability of biochar by expanding
its surface area through the creation of newnanopores (<2 nm), aswell
as by creating ‘clean’ aromatic surfaces free of non-aromatic moieties
and functional groups (Baharak et al., 2019; Marsh and Reinoso,
2006). These pores can be created through either physical or chemical
activation processes. In physical activation, carbon on the biochar sur-
face is oxidized by steam (H2O) or carbon dioxide (CO2), preferably at
temperatures above 850 °C, while new pore spaces are created by oxi-
dizing secondary char that was formed as condensates during pyrolysis
(Hagemann et al., 2018). In chemical activation, biochar is mixed with
dewatering and/or oxidizing agents, e.g. ZnCl2, H2PO4 or KOH (Martin
2

et al., 1996), with the advantage that it can be done at a lower temper-
ature (500 °C) compared to physical activation (>850 °C) (Hagemann
et al., 2018), and disadvantages of the use of corrosive chemicals and en-
vironmentally harmful pollutants, and the necessity to remove the acti-
vation agent (Marsh and Reinoso, 2006). Therefore, the present study
focused on physical activation.

The conditions of physical activation should be optimized for the
intended application. Hagemann et al. (2020) used physical activa-
tion of woody residues to produce sorbents with properties compa-
rable to commercially available activated carbon (AC) in removing
micropollutants from wastewater. They showed that the dose of
the activation agent (H2O/CO2), i.e. the degree of activation, had pro-
nounced impacts on sorption properties. To date, no study has quan-
tified the effect of degree of activation, activation temperature and
activation agent type on PFAS sorption to biochar in soil.

Attention has been drawn to the potential benefits of producing sor-
bents by pyrolysis and/or activation of waste fractions other than agricul-
tural residuals, such as sewage sludge (Agrafioti et al., 2013), impregnated
waste timber (Helsen and Van den Bulck, 2000; Zhurinsh et al., 2005),
paper mill effluent (Devi and Saroha, 2014), food waste (Grycová et al.,
2016), scrap tires (Chen et al., 2007) and waste mixtures (Bernardo
et al., 2012). These sorbents could potentially be sustainable alternatives
to traditional AC made from fossil hard coal (Benedetti et al., 2017), im-
proving the overall environmental benefits of remediation projects in a
life cycle perspective (Alhashimi and Aktas, 2017; Sparrevik et al., 2011).

Pyrolysis emissions and the quality of biochar produced from non-
impregnatedwaste timber (WT), as well as the possible use of such bio-
char for soil remediation purposes, has been explored in two recent
studies (Silvani et al., 2019; Sørmo et al., 2020). Waste timber, a com-
mon waste fraction handled by Norwegian recycling companies
(750,000 t y−1 SSB (2018)), is a mixture of discardedwood from indus-
try, demolition and wood waste collected at municipal recycling sta-
tions. Chemically impregnated wood waste is not included in this
fraction.

In the present study, the ability of non-activated and activated WT
biochar, produced under 8 different conditions, to reduce the leaching
of PFAS from field-contaminated soils was investigated. The overarch-
ing goal of the study was to examine the potential of WT biochar to sta-
bilize PFAS-contaminated soil and whether the process of physical
activation can be adjusted as to optimize biochar sorbents to meet chal-
lenging site-specific remediation benchmarks. Studying a suite of acti-
vated biochars and PFAS in two distinctly different soil samples
allowed for novel mechanistic understanding of the processes
governing the binding of PFAS to biochar amendments in the presence
of soil.
2. Materials and methods

2.1. Soils

The soil used in this study was a contaminated podzolized moraine
soil from a former firefighting training facility at Rygge Airport,
Norway (59.3732 N, 10.7935 E). This area, located in the South-
Eastern part of Norway, receives snow in the winter, is fully humid
and has warm summers; classified as Dfb according to the Köppen cli-
mate classification (Kottek et al., 2006). Being situated close to the post-
glacialmarine divide, the local quaternary deposits aremarine shoreline
sediments (≥0.5 m) dominated by sand and gravel (NGUa, n.d.-a),
above bedrock consisting of granitic gneiss (NGUb, n.d.-b).

Two large bulk samples (~140 L each) were collected by a waste
handling company (Lindum AS) through randomized multiple grab
sampling from: 1) the upper organic horizon (high-TOC soil), and
2) the underlying eluvial and illuvial mineral horizons (low-TOC soil).
A subsample (~20 L) obtained from each of these bulk samples was ho-
mogenized thoroughly by mixing in plastic tubs and roots, twigs and
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rocks (>2 cm) were removed by sieving before they were stored in
polyurethane bags in the dark at 4 °C prior to analysis.

TOC-content was determined according to ISO 10694, and pH by
potentiometry in a 0.01 M CaCl2 solution according to standard DIN
ISO 10390 by the accredited laboratory Eurofins Norway (Eurofins).

PFAS content in each soil (22 compounds, se supporting information
(SI) S.2 for complete list) was determined by Eurofins according to
method DIN 38414-S14, using a methanol or acetonitrile ultrasonic ex-
traction with a multiple step solvent clean up, solid phase extraction,
and quantification by liquid chromatography coupled with tandem
mass spectrometry (LC/MS-MS). Limits of quantification for the PFAS
analysed are given in the SI (Table S11). Uncertainty related to hetero-
geneity of PFAS concentrations in the soil samples and potential sam-
pling bias was estimated using the relative standard deviation of
triplicate analyses (provided in Table S8).

The soil samples were also screened in triplicates for aliphatic com-
pounds (C5-C35) using GC–MS according to SPI 2011 and polycyclic ar-
omatic hydrocarbons (PAHs) using GC–MS according to ISO 18287 by
Eurofins Norway.

2.2. Biochar sorbents

2.2.1. Feedstock
As reported previously, Sørmo et al. (2020) collected and shredded

(10 mm) three random batch samples of waste timber (WT 1–3,
~500 kg each) from a waste handling company (Lindum AS, Drammen,
Norway). A WT sample (27 L) was obtained for the present study by
mixing three randomized samples (3 L) from each of the previously col-
lected large bulk samples (WT 1–3). The WT subsample was crushed
further with a cutting mill and sieved to obtain a 2–4 mm particle size
fraction for pyrolysis.

2.2.2. Pyrolysis and activation
Both pristine and activated WT biochar was produced using an ex-

perimental pyrolysis unit PYREKA (Pyreg, Dörth, Germany) with a 1 m
long electrically heated and continuously fed auger system (Fig. S1,
Hagemann et al. (2020)). Residence time in the pyrolysis chamber
was 12 min, and each batch of biochar was produced for at least
36 min (=three reactor volumes). Activation and pyrolysis were per-
formed as a one-step process (Hagemann et al., 2020), i.e. the feedstock
was directly exposed to the conditions of activation. Each batch was
separated by producing and discarding the biochar of three reactor vol-
umes after changing the conditions.

Eight biochars were produced with different activation conditions
(varying activation temperature, agent and dose) (Table 1). These in-
cluded non-activated biochar produced at 900 °C (BC900), activated
biochar produced at 900 °Cwithmolar ratios of H2O to feedstock carbon
of 0.50, 0.75, 1.00 and 1.25 (aBC900-0.5, aBC900-0.75, aBC900-1.00 and
aBC900-1.25, respectively), biochar activated with steam at molar ratio
Table 1
Activation agent molar ratio of activation agent to feedstock carbon (−), activation temperatu
content (C, O, N, %) and ratios for the biochars produced for the leaching tests.

# Biochar sorbent Activation
agent

Molar ratio of
activation agent
to feedstock C

Activation
temperature
(°C)

Biochar
weight
yield
(%)

Biocha
C-yiel
(%)

1 BC900 None (N2) 0 900 19.0 34.9
2 aBC900-0.50 Steam (H2O) 0.50 900 12.2 22.3
3 aBC900-0.75 Steam (H2O) 0.75 900 12.1 22.2
4 aBC900-1.00 Steam (H2O) 1.00 900 8.9 16.3
5 aBC900-1.25 Steam (H2O) 1.25 900 8.0 14.7
6 aBC800-1.00 Steam (H2O) 1.00 800 16.3 29.9
7 aBC850-1.00 Steam (H2O) 1.00 850 12.6 23.2
8 aBC900-1.00-CO2 CO2 1.00 900 12.5 23.0

3

of H2O to feedstock carbon of 1 at 850 and 800 °C (aBC850-1.00 and
aBC800-1.00, respectively) and biochar activated at 900 °C with CO2 at
a molar ratio of CO2 to feedstock carbon of 1 (aBC900-1.00 CO2).

To produce non-activated biochar, the reactor was flushed with
2 Lmin−1 N2. For steam activation, water was injected with a peristaltic
pump into the stream of N2. In the reactor, it is assumed the water un-
dergoes an immediate phase change, as the critical temperature of
water is 374 °C. For CO2 activation, this gas was used instead of water.
In practice, oxidation does not happen at a 1:1 ratio between oxidant
and feedstock C, hence a ratio of 1.25 will still render a significant bio-
char yield (8%, Table 1) without the full oxidation of the biochar matrix.
Exact amounts of activation agents were calculated on the basis of feed-
stock carbon content and feedstock feed rate. Biochar yield was calcu-
lated as the quotient of biochar production rate (g min−1) and WT
feed rate (g min−1).

2.2.3. Biochar properties
Specific surface area (SSA) and pore volumewere determined by N2

gas adsorption and BET data evaluation for pores >1.5 nm and by CO2

gas adsorption for pores 0.4–1.5 nm, according to the theory described
by Kwon and Pignatello (2005), on a Quantachrome Autosorb I (at the
Particle Engineering Research Center, University of Florida). Elemental
content (C, N and H) was quantified with a Leco CHN-1000 from Leco
Corporations, Sollentuna, Sweden, according to DIN 51732.

2.3. PFAS leaching tests

The leachable PFAS was determined using a one-step aqueous batch
shaking test with a liquid to solid mass ratio (L/S) of 10, in accordance
with CEN EN 12457 with modification (Hale et al., 2017;
Kupryianchyk et al., 2016b). The batch shaking test is a rigorous proce-
dure that simulates a worst-case scenario where contaminated soil is
flushed with large amounts of water.

Soil or soil/biochar (40 g dry matter) and water (400 mL, 18 MΩ)
were placed into pre-cleaned (methanol, 10%) polyethylene bottles
(500 mL). The soil/biochar was pre-mixed by adding different amounts
of biochar (0%, 0.1%, 0.5%, 1%, 2%, and 5% of d.w.) to soil (40 g d.w.). Be-
foremixing, the soilswere dried at 105 °C for 24 h and both soil and bio-
char were crushed and sieved to particles of <1 mm. The bottles were
agitated on a shaking table (100 rpm) at room temperature (20 °C)
for 14 days and were then left to settle for 2 days (at 4 °C) before filtra-
tion through a 1.2 μm glass microfiber filter (Whatman, grade GF/C). A
subsample for dissolved organic carbon (DOC) analysis was filtered
using 0.45 μm polyethersulfone membrane and the filtrate was
analysed by infrared spectrometry according to method NS-EN 1484
by Eurofins. The pH in the filtratesweremeasured by potentiometry ac-
cording to ISO 10523 Eurofins.

All 22 PFAS were determined in the filtrate as described for soil, i.e.
using LC/MS-MS according tomethod DIN 38414-S14, by the accredited
re (°C), mass and carbon yield (%), surface area (m2 g−1), pore volume (%) and elemental

r
d

N2 sorption
(pores > 1.5 nm)

CO2 sorption
(pores 0.3–1.5 nm)

Elemental
content

Elemental
ratio

Surface area
(m2 g−1)

Pore
volume
(%)

Surface area
(m2 g−1)

Pore
volume
(%)

C
(%)

O
(%)

N
(%)

C/O C/N

411 28 840 24 88.8 6.82 1.01 13 88
550 45 744 22 90.6 5.87 0.84 15 107
605 52 746 23 89.0 5.58 0.78 16 114
713 83 750 24 87.7 7.98 0.75 11 117
623 51 846 28 86.9 5.67 0.78 15 112
444 32 620 20 89.4 5.41 0.93 16 96
740 86 805 24 89.2 5.84 0.86 15 103
617 43 850 26 89.5 5.38 1.16 17 77
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laboratory Eurofins Norway. Limits of quantification for the PFAS
analysed are given in the SI (Table S11).

In order to obtain a measure of the uncertainty of the method used,
eight of the total 82 tests (2 soils × 5 doses × 8 biochars + 2 soil con-
trols) were repeated in triplicates: two biochar types (BC900 and
aBC900-1.00) at two different doses in both soils (0.5% and 2% for
High-TOC soil and 0.1% and 1% for Low-TOC soil). To express the uncer-
tainty in PFAS leaching for the non-replicated tests, the third quartile
value for the observed relative standard deviations in the eight triplicate
tests were used for each measured PFAS. This approach provided a con-
servative estimation of uncertainty as it ensured the expressed uncer-
tainty for each leachate concentration would be equal to or lower than
that observed in 75% of the cases. More details are proved in section
S.1.3 of the SI.

2.4. Data analysis

The effect of the biochar amendment on leaching was expressed as
the percentage reduction in leaching (Freduced) from an amended soil
(Cw,amended) relative to the unamended soil (Cw,control):

Freduced %ð Þ ¼ 1− Cw;amended μg L−1
� �

=Cw;control μg L−1
� �h i� �

� 100 ð1Þ

The partitioning coefficients (KD) for PFAS between soil (Csoil) and
leachate water (Cw) in the unamended soil samples were calculated as-
suming a linear sorption model:

KD L kg−1
� �

¼ Csoil μg kg−1
� �

=Cw μg L−1
� �

ð2Þ

Here Csoil at equilibriumwas calculated by subtracting the leachable
concentration from the initial soil concentration (see S.1.2 in the SI for
more details).

As the sorption to biochar is non-linear (Hale et al., 2016;
Kupryianchyk et al., 2016a), biochar-water distribution should be de-
scribed by the non-linear Freundlich isotherm sorption model
(Schwarzenbach et al., 2003):

K F L kg−1
� �

¼ Cn
w μg L−1
� �

=Cbiochar μg kg−1
� �

ð3Þ

KF can be determined in the presence of soil by using amass balance
approach for thewhole systemof soil, water and biochar as described by
Silvani et al. (2019). A more detailed description of the approach can be
found in the SI (S.1.2).

If an isotherm cannot be properly constructed, KF-values can be cal-
culated for CW interpolated to 1 μg L−1 or 1 ng L−1 by using a Freundlich
nonlinearity coefficient, n=0.7, obtained previously (Cornelissen et al.,
2005). Thus, a concentration dependent KD value for the partitioning
between biochar and water should be derived through the non-linear
Freundlich model.

Single linear regression analyses and t-tests were carried out using
‘R’ software (v.3.4.3). Data was tested for normality using the Shapiro-
Wilk test. Normally distributed data was compared using a Welch
two-sample t-test, while non-normally distributed data was compared
using the Mann-Whitney-Wilcoxon test. Results were considered sta-
tistically significant for p < 0.05.

3. Results and discussion

3.1. Soil properties

The high-TOC soil from the O-horizon had a TOC content of 34.2%
with a pH of 4.9, while the low-TOC soil from the eluvial and illuvial ho-
rizons had a TOC content of 1.6% and a pH of 7.8.

Of the 22 PFAS screened, 14 were detected in both soil samples
(PFBS, PFHxS, PFHpS, PFOS, PFDS, PFBA, PFDS, PFBA, PFPeA, PFHxA,
4

PFHpA, PFOA, PFNA, PFOSA, 6:2 FTS and 8:2 FTS), while PFDeA was
only detected in the low-TOC soil (Table S1 in the SI). The sum of de-
tected PFAS (PFAStot), was about three times higher in the low-TOC
soil (3800 ± 240 μg kg−1 d.w.) than the high-TOC soil (1200 ±
80 μg kg−1 d.w.). The distribution of PFAS was similar in both samples
with the two perfluorinated sulfonic acids (PFSA), PFOS and PFHxS,
being the two most abundant compounds, representing >95% of the
total PFAS content. PFOS concentrations were 3400 ± 200 μg kg−1

(89.5%) and 1000 ± 60 μg kg−1 (83.3%), and PFHxS concentrations
were 200 ± 18 μg kg−1 (5.3%) and 110 ± 24 μg kg−1 (9.2%) in low-
TOC and high-TOC soils, respectively. The high concentrations of PFOS
is a result of the historic use of aqueous film-forming foams (AFFF) at
the firefighting training facilities of Rygge Airport. The remainder of de-
tected PFAS in both soils were all <1.5% of the total.

Significant but low PAH contents were detected in the low-TOC soil
(∑PAH16 = 0.33 ± 0.16 mg kg−1, Table S2), but no aliphatic com-
pounds were quantified. No PAHs (<0.045 mg kg−1, Table S2), but sig-
nificant long chain aliphates (C16–C35, 513 ± 6 mg kg−1), were
detected in the high-TOC soil. It is not known whether these aliphatic
compounds originate from fossil mineral oil contamination or from
the natural organic matter of the O-horizon.
3.2. Biochar properties

Properties of the eight biochars are shown in Table 1. The biochar
yield decreased significantly with molar ratio of oxidant to feedstock C
(R2= 0.94, p> 0.05), from 19% (non-activated) to 8% (most activated).
The total carbon content was about 90% for all the biochars produced,
and there was no significant correlation between biochar carbon con-
tent and degree of activation (0–1.25) or activation temperature
(800–900 °C). However, a significant correlation between biochar car-
bon yield and degree of activation (0–1.25) was observed (R2 = 0.97,
p = 0.007).

Non-activated biochar produced at 900 °C exhibited an SSA of
840 m2 g−1 for small pores (0.3–1.5 nm, CO2 gas adsorption) and
411 m2 g−1 for larger pores (>1.5 nm, N2 gas adsorption) (Table 1).
As expected, the SSA of this biochar made at this high temperature
was larger than that of biochar made from the same feedstock at a
lower temperature (500–600 °C) reported in two previous studies,
where the SSAs were 450–525 m2 g−1 (pores 0.3–1.5 nm) and
130–280 m2 g−1 (pores > 1.5 nm) (Silvani et al., 2019; Sørmo et al.,
2020), although different pyrolysis units were used in these studies.
The high pore SSA is furthermore similar to SSA for biochar produced
from pine saw dust (397 ± 4 m2 g−1) at 750 °C (Askeland et al., 2019).

No significant linear relationship was observed between CO2-SSA of
small 0.3–1.5 nm pores and degree of activation (p > 0.05). For the
larger >1.5 nm pores however, N2-SSA increased significantly with de-
gree of activation (R2=0.78, p=0.047). However, at the highestmolar
ratio of oxidant to feedstock C, 1.25, the SSA of larger pores started to de-
crease again. This is likely the result of pore structure collapse from the
interaction with excess oxidant (Hagemann et al., 2018; Hao et al.,
2013).

Activation with CO2 (aBC900-1.00-CO2) resulted in similar SSA and
porosity as activation with steam (aBC900-1.00) but created a different
distribution of pore sizes (Table 1). Specific surface area of large pores
was ~100 m2 g−1 higher in the steam activated biochar (713 versus
617 m2 g−1) while SSA of small pores was 100 m2 g−1 smaller in the
steam activated biochar (750 versus 850 m2 g−1) compared to the
CO2 activated biochar. Activation by CO2 is expected to create new
pore spaces while steam activation expands existing pores (Aworn
et al., 2008). This potentially explains why the aBC900-1.00-CO2 lost
less of the small pore SSA (collapse of micropores offset by creation of
new ones) but did not produce the same increase in large pore SSA as
the aBC900-1.00 (more expansion of existing pores) compared to
non-activated BC900.
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There were no significant linear correlations between SSA or poros-
ity and activation temperature, but the range of studied temperatures
was small (800–900 °C) with few data points (n = 3). Specific surface
area for small pores and large pores were, however, >200 m2 g−1 and
>100 m2 g−1 larger for biochar activated at 900 °C than biochar acti-
vated at 800 °C, respectively. This indicates that the higher activation
temperature (900 °C) is preferable for creation of a large internal SSA.
However, it was not tested for whether elongated residence time
could compensate for lower pyrolysis temperature.

3.3. PFAS leached from unamended soil

The leaching of PFAS from the unamended soils was dominated by
the two compounds present at the highest concentrations in the soil,
PFOS and PFHxS (Table 2). Leachate concentrations of PFOS were
2.9 ± 0.6 μg L−1 and 240± 50 μg L−1 in high-TOC and low-TOC soil, re-
spectively. Corresponding concentrations for PFHxS were 1.2 ±
0.3 μg L−1 and 26 ± 5 μg L−1, respectively.

In the low-TOC soil leachate, all 14 PFAS quantified in the soil sample
(Table S1) were detected, whereas in the high-TOC soil only 9 of the 13
quantified in the soil were also detected in the leachate (PFBS, PFHxS,
PFHpS, PFOS, PFBA, PFPeA, PFHxA, PFHpA and PFOA). It is thus likely
that the PFAS present in the high-TOC soil but not in its leachate
(PFNA, PFOSA, 6:2 FTS and 8:2 FTS, all with CF-chain ≥6) were strongly
retained by organic matter (OM). The sorption of PFAS has been found
to increase with OM content in soils (Campos Pereira et al., 2018) and
sediments (Higgins and Luthy, 2006). Furthermore, PFAS sorption has
been shown to increase linearly with fluorocarbon (CF) chain length
(for the CF3–CF9 chain lengths considered here) (Campos Pereira
et al., 2018; Sorengard et al., 2019).

The effect of soil OC in reducing PFAS leaching is further exemplified
by the lower KD-values of PFOS in the low-TOC soil (100.6 L kg−1) versus
the high-TOC soil (102.5 L kg−1). The importance of OC for sorption to
the unamended soils was also illustrated by the similarity of the carbon
content-normalized distribution coefficients KOC (calculated as KD/fOC)
for both soils; KOC values were 102.6 and 103.0 L kg−1 for PFOS and
101.9 and 102.5 L kg−1 for PFOA for low-TOC and high-TOC soil,
respectively.

Literature partitioning coefficients for PFAS in soil are relatively
scarce, but the calculated logKOC values in this study are similar to soil
and sediment values reported by Zareitalabad et al. (2013) for PFOS
(102.4–104.7 L kg−1) and PFOA (101.3–104.5 L kg−1), but lower than
some of the values reported by Kupryianchyk et al. (2016b) for PFOS,
PFHxS and PFOA (101.53–106.00 L kg−1).

3.4. Reduction in PFAS leaching from amended soil

In the following discussion, themain focus will be on three PFSA and
three perfluorinated carboxylic acids (PFCA) that had a dominating
Table 2
Concentrations of selected PFAS in study soil (Csoil, μg kg−1), leachate (Cw, μg L−1), the portion
between water and soil (logKD, L kg−1) and water and soil organic carbon (logKOC, L kg−1).

PFAS CF-chain length High-TOC

Csoil

(μg kg−1)
Cw

(μg L−1)
Fleachable
(%)

logKD

(L kg−1)

PFBS 4 3.9 ± 0.7 0.084 ± 0.007 22 1.6
PFHxS 6 110 ± 24 1.2 ± 0.3 10.9 1.9
PFOS 8 1000 ± 60 2.9 ± 0.6 2.9 2.5
PFBA 3 2.4 ± 0.4 0.096 ± 0.012 40 1.2
PFHxA 5 8.2 ± 1.7 0.32 ± 0.03 39 1.2
PFOA 7 6.4 ± 1.1 0.08 ± 0.01 13 1.8
PFAStot – 1200 ± 80 5.1 ± 0.8 4.3 –

− = not applicable.
a Amount in leachate exceeded amount in soil due to analytical uncertainty.
b No measurable sorption.

5

presence in both soils and their leachates and represent a range in CF-
chain lengths: PFBS (CF4), PFHxS (CF6), PFOS (CF8), PFBA (CF3),
PFHxA (CF5) and PFOA (CF7). Concentrations of all PFAS analysed in
leachates from both unamended and amended soils are presented in
the SI (Tables S3 and S4).

3.4.1. Effect of sorbent dose and soil type
Generally, the effect of biochar sorbents on reduction in PFAS

leaching (Freduced) was strong in the low-TOC soil, but not as pro-
nounced in the high-TOC soil (Fig. 1, Tables S5 and S6). In the low-
TOC soil, a high Freduced (>90%) was observed for all sorbents at doses
of 0.5% or greater except the non-activated biochar (BC900) (Fig. 1).
At a 0.5% dose, activated biochars reduced leaching by >90% for PFBS,
PFHxS, PFOS, PFHxA and PFOA, but somewhat lower for PFBA (>57%).
At higher doses (1–5%), the reduction in leaching was >98% for PFBS,
PFHxS, PFOS, PFHxA and PFOA, and > 79% for PFBA. For the non-
activated BC900, a dose of 2% was needed for reduction in PFBS,
PFHxS, PFOS, PFHxA and PFOA leaching > 90%, and a dose of 5% for
the same reduction PFBA leaching.

The reduction of PFAS-leaching from the high-TOC soil varied be-
tween 0 and 60% at the doses <5%. Freduced was highest (23–100%) at
the highest biochar dose (5%), but there were significant differences in
the performance of the activated biochars (see below).

It was not possible to derive PFAS sorption isotherms as the basis for
the KF-value calculation because of variable leaching (thus, sorption) at
lower doses (0.1–1%) for the high-TOC soil and almost complete (>99%)
sorption at higher doses (1–5%) for the low-TOC soil. A clear trendof de-
creasing aqueous concentrations over a certain concentration range
with increasing sorbent amount is needed to construct a sorption iso-
therm (Schwarzenbach et al., 2003). Therefore, mean KF values for the
five doses of each sorbent were calculated by interpolating PFBS,
PFHxS, PFOS, and PFBA sorption at the various dosages to leachate
water concentrations of 1 ng L−1 (assuming nF=0.7) and interpolating
PFHxS and PFOS to concentrations of 1 μg L−1 (Table 3, see S.1.2 for de-
tails on calculation).

The KF-values for the biochar sorbents in the low-TOC soil were all
equal to or higher than those in the high-TOC soil, with log KF values
ranging from for example, 4.4–6.3 and 3.4–4.4 for PFBS and 4.6–6.4
and 3.0–4.8 for PFOA, for low-TOC and high-TOC soil, respectively. The
lower sorbent effectiveness in high-TOC soil can be explained by the
presence of high concentrations of organic matter, which attenuate
the effect of the biochar sorbent by pore clogging and competitive sorp-
tion to pore walls (Cornelissen and Gustafsson, 2006; Kwon and
Pignatello, 2005). This attenuation effect has also been demonstrated
specifically for PFAS sorption to AC (Du et al., 2014). In addition, the
high-TOC soil itself sorbed PFAS about 100-times stronger than the
low-TOC soil, requiring stronger sorbents to overcome the sorption of
the soil itself and reduce leaching. This OM-related combination of
higher intrinsic PFAS-sorption when unamended and an attenuation
of a soil PFAS that was leachable (Fleachable, %, see S.1.2), and the partitioning coefficients

Low-TOC

logKOC

(L kg−1)
Csoil

(μg kg−1)
Cw

(μg L−1)
Fleachable
(%)

logKD

(L kg−1)
logKOC

(L kg−1)

2.2 26 ± 2 2.8 ± 0.2 108a b b

2.6 200 ± 18 26 ± 5 130a b b

3.2 3400 ± 200 240 ± 50 71 0.6 2.6
1.9 7.7 ± 0.3 1.0 ± 0.1 130a b b

1.9 44 ± 3 7.7 ± 0.8 175a b b

2.5 27 ± 2 2.5 ± 0.3 93 −0.1 1.9
– 3800 ± 240 290 ± 45 76 – –



Fig. 1. Reduction in leaching (Freduced, %) of PFBS, PFHxS, PFOS, PFBA, PFHxA, PFOA and PFAStot from high-TOC and low-TOC soil due to addition of different doses (%) of pristine and
activated biochar. See text for biochar naming system.
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Table 3
Partitioning coefficients (KF) for PFAS betweenwater and biochar sorbents in the presence of soil, normalized towater concentrations of 1 μg L−1 for PFHxS and PFOS and 1 ngL−1 for PFBS,
PFBA, PFHxA and PFOA. Shown asmean± standard deviation of KF-values calculated for 5 different doses of sorbents (n=5).Mean values forwhich n<5 indicated by: ′ n=4, * n=3, #
n = 2, + n = 1.

Soil PFAS Unit BC900 aBC900-0.5 aBC900-0.75 aBC900-1.00 aBC900-1.25 aBC900-1.00-CO2 aBC850-1.00 aBC800-1.00

High-TOC PFHxS LogKF,sorbent

(μg kg−1)/(μg L−1)n = log
KD,sorbent at 1 μg L−1

3.1 ± 0.3′ 3.3 ± 0.3# 3.3 ± 0.4# 3.8 ± 0.2* 4.2 ± 0.8′ 3.6 ± 0.3* 3.5 ± 0.3# 3.1+

PFOS 4.7 ± 0.5 4.2 ± 0.6 4.1 ± 0.1* 4.5 ± 0.6 4.8 ± 0.5 4.3 ± 0.1* 4.0 ± 0.4# 4.0 ± 0.3*

PFBS LogKF,sorbent

(ng kg−1)/(ng L−1)n = log
KD,sorbent at 1 ng L−1

3.4 ± 0.4 3.7 ± 0.1′ 3.8 ± 0.2′ 4.1 ± 0.2′ 4.4 ± 0.9′ 4.0 ± 0.4′ 3.8 ± 0.1′ 3.6 ± 0.2′
PFBA 3.6 ± 0.6 3.9 ± 0.4 3.8 ± 0.3 3.8 ± 0.5 3.9 ± 0.7 3.9 ± 0.3 3.6 ± 0.2 3.4 ± 0.4
PFHxA 3.6 ± 0.5 3.9 ± 0.3 4.1 ± 0.3 4.2 ± 0.1 4.5 ± 0.7 4.2 ± 0.2 4.0 ± 0.3 3.6 ± 0.1
PFOA 3.8 ± 0.4 3.0 ± 1.1# 3.8 ± 0.2# 4.1 ± 0.4′ 4.8 ± 0.5* 4.0 ± 2.10* 3.6 ± 0.7# 3.6+

Low-TOC PFHxS LogKF,sorbent

(μg kg−1)/(μg L−1)n = log
KD,sorbent at 1 μg L−1

4.0 ± 0.7′ 5.0 ± 0.8 5.5 ± 1.1 5.7 ± 0.7 5.8 ± 0.7 5.4 ± 0.7 5.4 ± 1.0 4.6 ± 0.9
PFOS 4.6 ± 0.6 5.5 ± 0.6 5.8 ± 0.9 5.9 ± 0.5 6.0 ± 0.6 5.7 ± 0.6 5.8 ± 0.9 5.2 ± 0.6

PFBS LogKF,sorbent

(ng kg−1)/(ng L−1)n = log
KD,sorbent at 1 ng L−1

4.4 ± 0.7′ 5.6 ± 0.9 6.0 ± 1.2 6.1 ± 0.6 6.3 ± 0.8 6.2 ± 0.7 5.7 ± 0.8 5.3 ± 0.7
PFBA 3.7 ± 0.5* 4.4 ± 0.4′ 4.9 ± 0.8′ 4.7 ± 0.3′ 5.0 ± 0.3′ 4.9 ± 0.6 4.6 ± 0.5′ 4.3 ± 0.3′
PFHxA 4.4 ± 0.8* 5.6 ± 0.6′ 6.3 ± 1.1′ 5.9 ± 1.0 6.3 ± 1.2 6.0 ± 0.9 5.6 ± 1.1 5.4 ± 0.6′
PFOA 4.6 ± 0.6′ 5.5 ± 0.8 6.2 ± 1.2 6.4 ± 0.6 6.4 ± 0.8 6.0 ± 0.7 5.8 ± 0.7 5.3 ± 0.6
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of sorption effect when amended with biochar, was also observed by
Askeland et al. (2020) when comparing the effect of biochar in two dif-
ferent soil types, a loamy sand (9.6% TOC) and a sandy clay loam
(1.5% TOC).

Dissolved organic carbon (DOC) in leachates from the low-TOC soil
decreased with increasing activated biochar dose (Table S9), demon-
strating that the activated biochars possessed sufficient sorption capac-
ity to retain both PFAS and DOC in this soil type. In the high-TOC soil
systems, however, DOC leaching was high (CW > 300 mg L−1) and
there was no trend between DOC in leachates and activated biochar
dose. This indicated sorption site saturation, and this would also apply
to PFAS. Higher doses of activated biochar sorbents would thus be nec-
essary to achieve the same relative remediation effect in soils with a
high TOC content compared to soils with a low TOC content.

Using the same WT feedstock to produce biochar, although with a
simpler, lower-temperature pyrolysis method (Kon-Tiki flame curtain
kiln (Cornelissen et al., 2016), 500–650 °C), Silvani et al. (2019) mea-
sured biochar logKF-values of 3.38 L kg−1 for PFOS and 2.08 L kg−1 for
PFOA in the same low-TOC soil as used in this study. In comparison,
the high temperature (900 °C) biochar produced in this study (BC900)
gave KF-values for PFOS and PFOA that were >1.00 log unit higher. Fur-
thermore, the biochars activated at 900 °C (aBC900-0.5-1.25) exhibited
KF-values equal to or higher than logKF-values of a commercially pro-
duced activated biochar made from coconut shell, 5.00–5.49 L kg−1 for
PFOS and 4.74–5.42 L kg−1 for PFOA, for the same soils that were used
in this study (Silvani et al., 2019).

The KF-values for aBC900–0.5-1.25 were all in the same range as
logKF-values from commercially-produced activated carbons tested in
two other studies: >5.60 L kg−1 for PFOS and >5.60 L kg−1 for PFOA
(Kupryianchyk et al., 2016b), and 5.86 L kg−1 for PFOS and
4.45 L kg−1 for PFOA (Hansen et al., 2010). This demonstrates the poten-
tial of using activated biochars made from a woody waste feedstock to
replace activated carbons made from lignite or activated biochars
made from high value feedstocks for environmental remediation
projects.

3.4.2. Effect of PFAS chain length and functional group
No significant linear correlations (R2 < 0.20, p> 0.05, Table S10) be-

tween Freduced and CF-chain length were found for any of the eight sor-
bents when data from both soils were combined (all detected PFSA and
PFCA included, CF3–CF10). However, by separating data from the high-
TOC and low-TOC soil, two opposing trends were detected.

It is difficult to observe trends in sorption behavior because of the
very high PFAS sorption by low-TOC soil with higher biochar doses
and very low or variable PFAS sorption by the high-TOC soil with
lower biochar doses. Thus, here and in the following subsections, only
the low-TOC soil 0.1% dose and the high-TOC soil 5% dose data were
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further scrutinized. There was a significant positive linear correlation
(R2 = 0.42–0.76, p < 0.05) between Freduced and CF-chain length for
all the activated biochar sorbents (0.1% dose) in the low-TOC soil
(Table S10, Fig. S3). This suggests the importance of hydrophobicity in
the adsorption of PFAS to ACs.

Du et al., 2014 summarized that electrostatic interactions are impor-
tant for the binding of highly electronegative PFAS to various sorbent
surfaces, but that the repulsive effect between a negatively charged sur-
face and a PFAS molecule can be overcome by the strong beneficial van
der Waals hydrophobic interactions between the CF-chain and e.g. an
activated biochar surface. An increased sorption to AC with increasing
CF-chain length was also attributed to hydrophobic interactions by
Chen et al. (2017) in a batch sorption test with different ACs, and by
Sorengard et al. (2019) for colloidal AC in the presence of ten different
soil types. In a later batch sorption experiment with 44 different sor-
bents (including some ACs), however, the same group (Sörengård
et al., 2020) found that the correlation between CF-chain length and
sorption was not significant for PFCA with short chain lengths (CF3–
CF7). They used a principal component analysis to show that electro-
static interactions and hydrophobic interactionmechanisms dominated
for short chain and longer chain PFAS adsorption, respectively.

Most biochar surfaces are negatively charged (Ahmad et al., 2014),
and this is probably also the case for the activated biochars amended
to the low-TOC soil (leachate pH of 7–8, Table S3). Considering the
fact that PFSA have been observed to be strong acids and that the pKa-
values of PFBA, PFHxA and POFA are 0.394, 0.840 and 0–3.80, respec-
tively (Ding and Peijnenburg, 2013), the PFAS investigated here will
have a negative charge given the leachate pH of 7–8 (Table S3). Thus,
they all experience electrostatic repulsion from biochar surfaces,
which may have had a stronger effect on the short chain PFAS, such as
PFBA (CF3) and PFBS (CF4), that have more limited hydrophobic inter-
actions compared to their longer chain counterparts, resulting in the
lowest KF-values for these two compounds (Table 3).

There are also indications that the functional head groups affect the
degree of adsorption in the currently investigated biochars. Freduced was
significantly higher (Welch t-test, p<0.05) for PFBS compared to PFPeA
(both CF4) for 6 of the 8 biochars in the low-TOC soil (0.1%). For PFSA
and PFCA pairs with longer CF-chains there were no significant differ-
ences in adsorption. This is in agreement with Sörengård et al. (2020)
who showed that PFSA sorb more strongly to a range of sorbents than
their PFCA counterparts, and Askeland et al. (2020) who found that
PFHxS (CF6) sorbed more strongly to biochar than PFOA (CF7) in the
presence of soil. It is speculated that this relation likely is due to PFSA
being more hydrophobic than PFCA (de Voogt et al., 2012).

In the high-TOC soil, the opposite trend was observed compared to
the low-TOC soil: significant negative linear correlations (R2 =
0.52–0.74, p < 0.05, Table S10, Fig. S4) between Freduced and CF-chain
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length were observed for five of the eight biochar sorbents (5% dose).
Sorengard et al. (2019) observed a decreasing sorption of PFPeA,
PFHxA, PFHpA, PFOA and PFBS to colloidal AC with increasing soil OM
content in soils and attributed it to steric hindrance, i.e. blocking of
the AC pores systems by OM. Since increasing adsorption rates of PFAS
to AC with decreasing CF-chain length has been explained by smaller
PFAS experiencing less steric effects (Du et al., 2014), it is speculated
that short chain PFAS like PFBA and PFBS were less affected by pore
blockage, and thus adsorbed by biochars to a greater degree in the
high-TOC soil compared to longer CF-chain length PFAS.

3.4.3. Effect of degree of activation
A strong positive linear correlation (R2 > 0.9, p < 0.05) between de-

gree of activation and Freduced was found for PFBS, PFHxS, PFHxA and
PFOA in the low-TOC (0.1% dose) and high-TOC (5% dose) soils
(Fig. 2). This correlation was also significant for PFOS in the low-TOC
soil (R2 = 0.9998, p < 0.05), but not in the high-TOC soil (R2 =
0.2985, p > 0.05). Furthermore, Freduced was significantly higher
(Welch t-test, p < 0.05) for a highly activated biochar (aBC900-1.25)
compared to the non-activated biochar (BC900) for PFBS, PFHxS, PFOS,
PFBA, PFHxA and PFOA at the 0.1% dose in low-TOC soil and for PFBS,
PFBA, PFHxA and PFOA at the 5% dose in high-TOC soil.

These results show that activation of WT biochar can improve PFAS
retention when added to PFAS-contaminated soils of both with high
and low TOC contents. Furthermore, considering that there was no sig-
nificant difference (Wilcoxon test, p > 0.05) between the KF of BC900
and aBC-900-0.50, and aBC900-1.00 and aBC900.1.25, a biochar acti-
vated at a molar ratio of oxidant to feedstock C of 0.75–1.00 might be
the most effective in terms of PFAS sorption characteristics. It should
Fig. 2. Reduction in PFAS-leaching from high-TOC and low-TOC soil as a function of molar rati
oxidant to feedstock C of 1.00), plotted for the amendment doses of 5% for high-TOC soil and 0
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be noted however, that increasing the degree of activation comes at a
trade off with biochar yield (Table 1).

The observed improvement of sorbent performance with increas-
ing degree of activation was expected when considering the increase
in SSA of the larger pores (>1.5 nm)with increasing degree of activa-
tion (Table 1), as sorption of organic contaminants to biochar has
been positively correlated to SSA (Ahmad et al., 2014; Beesley
et al., 2011; Hale et al., 2016). It is possible that the larger pores are
more important for sorption of the larger PFAS (CF6 to CF8) as they
offer less steric hindrance for molecules with long CF-chains. The
molecular lengths of PFOS and PFOA, 1.32 and 1.20 nm respectively
(Chen et al., 2017), are indeed close to the upper diameter of the
small pores quantified through CO2 gas absorption (0.3–1.5 nm).
This is corroborated by Deng et al. (2015) who found that chemically
activated (KOH) biochar made from bamboo adsorbed larger
amounts of PFOS and PFOA thanwhat had been reported for granular
and powdered ACs, and attributed this effect to enlarged pore sys-
tems created through activation.

Another explanation for the observed relation between degree of ac-
tivation and sorbent performance is that the activation process changes
surface chemistry through the creation/destruction of surface functional
groups (Hagemann et al., 2018) in a way that is beneficial to hydropho-
bic or electrostatic interactionswith PFAS. Although therewas no signif-
icant increase/decrease of C/O ratio with degree of activation (R2 =
0.004, p> > 0.05), the nature and abundance of O-containing surface
functional groups could have been altered by activation. However, anal-
yses of biochar surface chemistry e.g. by X-ray photoelectron spectros-
copy or other techniques (cf. Hagemann et al. (2017)) was beyond the
scope of this study.
o of oxidant (H2O) to feedstock C and activation temperature (using a molar ratio of H2O
.1% for low-TOC soil.
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3.4.4. Effect of activation temperature
Positive correlations (R2 > 0.75) between activation temperature

and Freduced were observed in both soils for PFBS, PFHxS, PFOS, PFHxA
and PFOA (Fig. 2), but with the exception of PFOA in low-TOC soil,
none of the correlations were statistically significant (p> 0.05). Freduced
was, however, significantly higher (Welch t-test, p < 0.05) for aBC900-
1.00 than aBC800-1.00 for PFBS, PFHxS, PFOS, PFHxA and PFOA in the
low-TOC soil (0.1% dose) and for PFBS and PFOA in the high-TOC soil
(5% dose).

The larger large pore (>1.5 nm) SSA of aBC900-1.00 (713 m2/g)
compared to aBC800-1.00 (444 m2/g), also suggests that the biochar
sorbent activated at the highest temperature (900 °C) represented a
sorbent with a higher potential for reducing PFAS leaching from soil
than the one activated at the lowest temperature (800 °C). As with in-
creasing degree of activation, however, increasing activation tempera-
ture comes at a trade off with biochar yield (Table 1).

3.4.5. Effect of activation agent
The use of CO2 resulted in an activated biochar (aBC900-1.00-CO2)

with a similar remediation efficacy as the one produced with steam ac-
tivation (aBC900-1.00) (both biochars were activated at 900 °C with a
molar ratio of feedstock C to oxidant of 1.00). There were no significant
differences (Welch t-test, p > 0.05) between Freduced of the two sorbents
(aBC900-1.00 versus aBC900-1.00-CO2) at any of the doses in the low-
TOC soil for PFBS, PFHxS, PFOS, PFHxA and PFOA (Table S3). Similarly,
in the high-TOC soil, there were also no significant differences (Welch
t-test, p > 0.05) between Freduced of the two sorbents for PFBS, PFHxS,
PFOS, PFBA, PFHxA or PFOA at the 2 or 5% doses (Table S4). Some differ-
enceswere observed at lower doses (0.1–1%), but without any apparent
trends. Therewere also no statistically significant differences (Wilcoxon
test, p > 0.05) between the KF of these two sorbents (aBC900-1.00 ver-
sus aBC900-1.00-CO2, Table 3) for PFBS, PFHxS, PFOS, PFBA, PFHxA
or PFOA.

As discussed above, steam and CO2 activation gave modest differ-
ences in pore size distributions (Table 1). With the possible exception
of PFBA in high-TOC soil, these differences were not significant enough
to have an effect on sorbent performance. It has been shown that activa-
tion with CO2 results in a narrower pore size distribution compared to
steam activation (Molina-Sabio et al., 1996), something which poten-
tially could affect PFAS sorbent performance through steric effects, but
no study has yet demonstrated such a connection.

4. Conclusion and further considerations

This study has shown that biochar made fromWT can be used to re-
duce the leaching of PFAS from contaminated soil (Fig. 1) and that the
effect is improved by using activated biochar, optimally produced at
900 °C with a molar ratio of oxidant to feedstock C between 0.75 and
1.00 with either a steam or CO2 activation agent (Fig. 2). Furthermore,
it has been demonstrated that site-specific soil properties affect sorbent
performance because: 1) sorptionwas significantly weaker in high-TOC
soil compared to low TOC-soil (Table 3), 2) weaker sorption was ob-
served for short chain PFAS (CF3–CF4) compared to longer chain PFAS
(>CF5) (Table S10), and 3) sorption of PFSA (sulfonates) was stronger
than that of PFCA (carboxylic acids). This suggests that soil remediation
designs should be tailored to site-specific requirements. For example,
higher biochar doses (5% or greater) and/or degree of activation (0.75
oxidant to feedstock C or greater) might be necessary to achieve suffi-
cient reduction in leaching from soils with higher TOC-contents or
with a large amount of short chain PFAS.

Potential trade-offs between using activated biochar produced with
lower yields and higher energy requirements and using higher doses of
non-activated biochar should be considered in a life cycle perspective to
assess themost environmentally sustainable option for a specific reme-
diation operation. This assessment should also consider the carbon se-
questration by biochar, i.e. carbon dioxide removal or pyrogenic
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carbon capture and storage (PyCCS, Schmidt et al. (2019)). For example,
in low-TOC soil, strong PFAS stabilization (Freduced > 90%)was observed
at low doses (0.1–0.5%) for both non-activated and activated biochar
sorbents. In this case activation may not be necessary and higher
PyCCS could be achieved by using non-activated biochar produced
with higher biochar and carbon yield than the activated biochar. In
high-TOC soil on the other hand, the non-activated biochar provided
an unsatisfactory reduction in leaching (23–78%) compared to a fully
activated biochar (63–95%). In this setting the activated biochars offer
the advantage of expanded pore systems that are less prone to clogging.

As the suitability of WT activated biochars as sorbents for soil PFAS
has been found equal to commercial alternatives made from fossil or
higher value biomass feedstocks, future attention should be directed to-
wards other organic waste fractions as potential biochar sorbent feed-
stocks. Examples include, garden waste, reject and digestate from
biogas production, biological waste from fish farms and abattoirs, as
well as sewage sludge. This could prove an environmentally sustainable
way to deal with the widespread problem of PFAS leaching from con-
taminated soils or landfill sites, while simultaneously re-using and
valorising waste materials and sequestering carbon – all contributing
to a more circular economy.
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