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HIGHLIGHTS GRAPHICAL ABSTRACT

e Raw biochar inhibited PCP remediation
in anaerobic soil.

e Biochar modification enhanced PCP
remediation in both aerobic and anaer-
obic soil.

e Biochar redox capacity determines both
the rate and extent of PCP remediation.
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enol Modified biochar

Aerobic soil Anaerobic soil

e Biochar conductivity mainly influences
the rate of PCP remediation

ARTICLE INFO ABSTRACT

Keywords: In this study, we produced modified biochars with enhanced electrochemical properties to increase PCP reme-
Designer biochar diation in soil. Although all biochars enhanced PCP remediation in aerobic conditions, only a few did in
Pentachlorophenol anaerobic soil. The most successful modifications were (i) the preloading of biomass with 10% w/w FeCls, to

Soil remediation
Redox properties
Conductivity

obtain a biochar rich in redox-active metals (B-Fe); (ii) the oxidation of a conductive biochar pyrolyzed at 1000
°C with 0.025 M KMnOyg, to produce a biochar with both moderate conductivity and redox capacity (B-1000-
KMnOy); and (iii) KMnO4 oxidation of an amorphous biochar pyrolyzed at 400 °C to obtain a biochar with very
high redox capacity (B-KMnOy). B-Fe reduced extractable PCP to almost zero after 50 days in both incubations,
but showed slow kinetics of remediation in aerobic soil. B-1000-KMnO4 had the highest rate of remediation
under aerobic conditions, but no significant effect under anaerobic conditions. B-KMnO4, however, presented
high rates of remediation and high removal of extractable PCP under both conditions, which made it the rec-
ommended modification strategy for increased PCP remediation. We found that the degree of remediation pri-
marily depends on the redox capacity, while the rate of remediation was determined by both the conductivity
and redox capacity of biochar.

1. Introduction the environment. Some of them are recalcitrant to degradation, which
causes their accumulation and the resulting pollution of soil and water

There is a continuous stream of new chemical and pharmaceutical bodies. Among the many novel technologies developed for the remedi-
compounds being produced every year that end up being released into ation of emerging contaminants, biochar is receiving increasing
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attention due to its complex and heterogeneous nature (Prado et al.,
2019; Rajapaksha et al., 2016; Zheng et al., 2020). One of the contam-
inants whose degradation is affected by the use of biochar is penta-
chlorophenol (PCP) (Tong et al., 2014; Zhu et al., 2020), a recalcitrant
compound used as an herbicide, pesticide and wood-preserving agent
that persists in the environment due to its stable aromatic ring and
chlorine content. Its toxicity as a carcinogenic and its neurological and
cardiovascular effects causes a serious danger in contaminated soils
(Jorens and Schepens, 1993). Besides the immobilization of the
contaminant by adsorption (Peng et al., 2016), research has shown that
the electrochemical properties of biochar play a key role in the trans-
formation of many pollutants, including PCP (Y. Xu et al., 2019; Yuan
et al., 2017). The mechanisms include microbial electron shuttling,
direct interspecies electron transfer, Fenton-like processes or the direct
redox reaction between biochar and the contaminant, among others
(Qian et al., 2018; Wu et al., 2017; X. Xu et al., 2019; Yang et al., 2017;
Zhang et al., 2018). In the case of PCP, biochar can serve as an electron
transfer mediator, accelerating the electron transfer from cells to PCP,
thereby facilitating its degradation through reductive dehalogenation
(Yu et al., 2015). However, there have been conflicting results in the
remediation of PCP by biochar both in suspension and soil studies. While
some articles described an increased degradation of PCP with biochar
amendment (Rao et al., 2017; Tong et al., 2014; Zhang et al., 2019),
others showed inhibition (Xu et al., 2020; Zhu et al., 2020, 2018). The
same has happened with other emerging contaminants, which might be
delaying its use in many field applications (Huang et al., 2020; Quilliam
et al., 2012). One of the possible sources of the inconsistency in the
degradation of PCP is the variability in the electrochemical properties of
biochars produced from different sources and pyrolysis methods
(Chacon et al., 2020; Kliipfel et al., 2014). A solution to this problem is
the modification of biochar to increase its electrochemical properties to
an optimal level.

The electrochemical properties of biochar relevant to soil remedia-
tion are its conductivity and redox capacity (Chacon et al., 2017). When
the temperature of pyrolysis is sufficiently high, condensation of the
disordered carbon in biochar creates conductive graphitic sheets able to
transfer electrons at very high rates and long distances (Keiluweit et al.,
2010; Sun et al., 2017). The abundant redox-active functional groups
(primarily the quinone/phenolic system), metals and radicals in biochar
are considered the major contributors to its redox capacity, which allows
biochar to perform both as an electron shuttle and electron buffer
(acting as an electron sink or reservoir depending on the redox condi-
tions of soil) (Chacon et al., 2017; Kliipfel et al., 2014). Enhancing the
electrochemical properties of biochar requires promoting those com-
ponents that are responsible for them. Unfortunately, combining both a
high redox capacity and a good conductivity is difficult to achieve in
unmodified biochars (Chacon et al., 2020, 2017). The highest redox
capacities are usually found in biochars produced around a highest
treatment temperature (HTT) of 400 °C (Chacon et al., 2017; Kliipfel
et al., 2014; Prévoteau et al., 2016), which is too low for the conductive
sheets to develop and form an interconnected network. At temperatures
higher than 600 °C, however, thermal degradation removes most of the
functional groups responsible for its redox capacity (Harvey et al.,
2012). Furthermore, oxidation processes that creates oxygen-containing
functional groups in biochar for enhanced redox properties can reduce
its conductivity, since these groups preferentially form at the edge of the
graphitic sheets, preventing the electron transfer from one sheet to the
next (Barton and Koresh, 1984; Polovina et al., 1997). Therefore,
modification strategies have to be carefully selected to achieve the
desired properties, which must be tailored to the intended application.

In this study, our objective was to examine how modulating the
electrochemical properties of biochar can influence PCP remediation in
soil and overcome the limitations of the unmodified biochars. We
modified biochar through a series of pre- and post-pyrolysis methods
tested and characterized in a previous study (Chacén et al., 2020): To
produce biochars with high redox capacity (but low conductivity), we
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treated a biochar produced at 400 °C with different chemicals to increase
its redox-active functionalities. We also preloaded biomass with Fe to
create a biochar with a higher concentration of redox metals. In addi-
tion, a highly conductive biochar (but with low redox capacity) was
produced by increasing pyrolysis HTT to 1000 °C. Lastly, we produced a
biochar with both moderate conductivity and redox capacity by treating
the biochar pyrolyzed at a HTT of 1000 °C with KMnO4. We hypothe-
sized that the synergy between conductivity and redox capacity would
improve the capacity of biochar to act as an electron shuttle and
accelerate the degradation of PCP. Besides the changes caused to the
electrochemical properties, biochar modification altered other proper-
ties like pH, surface area or the adsorption of the contaminant. Our
second objective was to characterize these properties and determine
their influence on PCP remediation.

2. Materials and methods
2.1. Chemicals

ABTS (> 98%), iron(III) chloride (FeCls, 98%), hydrochloric acid
(HCl, 37%), neutral red (> 90%), nitric acid (HNOs, 70%), pentachlo-
rophenol (97%), potassium hydroxide (KOH, > 85%), potassium per-
manganate (KMnOj4, > 99%), sodium chloride (NaCl, > 99%), sodium
phosphate dibasic (NapHPO4, > 99%) and sodium phosphate monobasic
(NaH2PO4, > 99%) were obtained from Merck. Hydrogen peroxide
(H202, 30% w/v) and phosphoric acid (H3PO4, 88%) were purchased
from Panreac. *C-PCP (> 95%; approx. 555 MBq-mmol'l) was pur-
chased from IZOTOP, Institute of Isotopes Co., Hungary.

2.2. Biochar production

Olive tree pruning residues were chosen as a renewable feedstock,
since woody biochars have been previously found to carry out both
conductive and redox-based electron transfer (Chacon et al., 2020; Sun
et al., 2017). Previous to pyrolysis, the feedstock was dried, milled and
sieved. Slow pyrolysis was performed in a RSR-B 80/500/11 rotatory
tube furnace under Ar flux at two highest treatment temperatures (HTT)
of 400 °C and 1000 °C. After loading the feedstock, the following heating
protocol was applied: (1) from ambient temperature to 105 °C at 5
°C.min™ ; (2) 45 min at 105 °C; (3) linear heating to the intended HTT at
5 "C-min"l; (4) 120 min at the HTT (5) cool down. Biochars were
grounded by ball milling for 30 s

2.3. Biochar characterization

The characterization of the different biochars was performed in a
previous work (Chacén et al., 2020) using the following methods:

C, H, N and S elemental analysis was carried out with a LECO CHNS-
932 analyzer. The content of oxygen was calculated by difference (100-C
(%)-H(%)-N(%)-Ash(%)). Ash content was determined by heating bio-
chars at 750 °C for 4 h in a muffle furnace.

For the pH measurement, a 1:20 w/v aqueous extract was used
following IBI (IBI, 2015). The percentage of neutral form of PCP was
calculated with the following equation:

1

=1+ 10¢H—pKa) (€D)]

¢n

No/BET specific surface area was obtained from the Ny ads/des iso-
therms obtained in a Micromeritics ASAP 2020 system at 77.4 K.

XPS analysis was carried out in a K-Alpha X-ray system (Thermo
Scientific). The instrument is equipped with a monochromated Al Ka
source (1486.6 eV). Component peak identification was based on pre-
vious reported data (Amin et al., 2016).

XRD analysis was performed in a Bruker D8 ADVANCE, where
powder samples were scanned over a 10 — 100 °20 range.

Metal concentration in biochars were determined using ICP-OES
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(ICAP 6500 Duo Thermo) after microwave HNO3/H,0, digestion.

The conductive properties of biochar were measured with a dielec-
tric spectrometer (Novocontrol GmbH), using a 0.1-107 Hz working
range. Sample thickness was 100 um.

The presence of radicals was measured at room temperature by EPR
in a Bruker Elexsys 500.

Biochar electron exchange capacity (EEC, a measure of its redox
capacity) was measured with a three-electrode system following Kliipfel
et al. (Kliipfel et al., 2014) with some changes. ABTS and neutral red
were used as mediators.

2.4. Biochar modification protocols

Modified biochars were produced following the protocols reported in
a previous work (Chacon et al., 2020) and were named according to the
chemical used for the treatment: Biochar produced at a HTT of 400 °C
(B-400) was selected for five post-pyrolysis modifications with HyOo,
H3PO4, HNO3, KMnO4 and KOH to obtain a range of biochars with
different properties. The KMnO4 and HNOg3 treatments were used to
significantly increase the redox capacity while producing a biochar with
a high and low surface area, respectively. The KOH treatment was
intended to increase surface area while maintaining the properties of the
original biochar. H3PO4 modification allowed us to test a biochar with a
decreased surface area, redox capacity and graphitic fraction, while the
H,0, treatment was selected to oxidize some of the redox-active func-
tional groups on the surface. For the Fe preloaded biochar, 20 g of olive
tree pruning biomass and 2 g of FeCl; were mixed in 1 L of water, stirred
for 24 h, centrifuged, dried overnight and then pyrolyzed at 400 °C.
Biochar produced at a HTT of 1000 °C (B-1000) was also treated with
KMnO4 (B-1000-KMnOy4) for a biochar having both moderate conduc-
tivity and redox properties.

2.5. Soil sampling and processing

Samples of soil were taken and pooled from the upper layer of a field
at Ullerdker (59° 49’ N, 17° 39’ E), in Sweden. The sieved fraction (@ <
2 mm) was homogenized and stored until the start of the experiment at
2 °C. Soil moisture was measured by drying the soil for 10 h at 110 °C.
WHC was calculated as the moisture left after saturating 30 g of soil with
distilled water for 10 h and draining for 4 h. The soil had a pH of 5.9, a
composition of 83.7% sand, 8.8% silt and 7.5% clay and a 2.6% of
organic matter.

2.6. Adsorption study of PCP on soil-biochar mixtures

Adsorption was determined with the OECD guideline 106 batch
equilibrium technique (OECD, 2000). Equilibrium between PCP in so-
lution and adsorbed PCP was reached within 8 h for all cases, as
determined in a pre-study. 2 g dry weight of soil and soil-biochar mix-
tures were added into 50-mL PP tubes and the tubes were filled with
0.01 M CaCl; to reach a 1:25 soil/solution ratio. Samples were placed in
a shaker at 200 rpm for 8 h under darkness (20 °C). After that, PCP was
added to get different concentrations of 2, 5, 10, 20 and 30 pgpcp~g30ﬂ'1,
with two replicate tubes for each concentration. In addition, 150 L of
14C-labelled pentachlorophenol stock solution was added to obtain an
activity per sample of 20000 DPM (3.333 x 107* MBq). After 8 h, the
samples were centrifuged for 20 min at 3000 rpm. 2 mL of the super-
natant and (right before measurement) 4 mL of Quicksafe A scintillation
solution were added to scintillation vials. A Beckman LS 6000TA liquid
scintillation counter was used to determine !C activity, excluding
background radioactivity. The distribution coefficient Kq was calculated
using the following equation:

Ay Vo
T 100 — Ay My

(2)

Ky
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where Aeq is the equilibrium adsorption percentage; Vy is the initial
volume in the aqueous phase, and mgj represents dry soil mass (g). The
distribution coefficient Ky is a useful concept that indicates the relative
affinity of PCP to the soil-biochar mixture at equilibrium for a specific
concentration. The relationship between Kq and PCP concentration is
not linear, so another useful adsorption parameter to obtain is the
Freundlich coefficient (K¢) from the adsorption isotherms. The data for
the adsorption isotherms were fitted with the Freundlich model in linear
form:

1
logg, = logK; + ;lOgCa 3

where qe (gpcp-gsoir L) is the adsorbed pg of PCP per gram of soil-
biochar mixture, C, (igpcp-mL™) is the solution equilibrium concentra-
tion, K¢ (pgpcp’ /™ mLY™.ggoi ") and 1/n are the Freundlich coefficient
and the nonlinearity exponent, respectively.

2.7. Soil incubation with PCP

The biochar application rate used in this study of 2.5% gbjochar'gsoil-l
corresponds to ~33 MgBiochm-ha'1 assuming a soil bulk density of
1.3 g-cm > and a soil depth of 10 cm, which was considered optimal for
a potential field application. Water content was set following OECD
guidelines for aerobic and anaerobic transformations in soil (OECD,
2002). For the PCP concentration, we used Canada as a reference, where
the maximum acceptable concentration is 7.6 pgpcp'gsoﬂ-l (CCME,
2007). Different studies (Kitunen et al., 1987; Valo et al., 1984) point to
a very variable PCP concentration in contaminated soils, from
0.7 pgpcp-gsoﬂ'l to 45 pgpcp-gsoﬂ'l or even higher in some extreme cases.
Therefore, we decided to use an initial PCP concentration of
10 pgpcp~gsoﬂ'l. For 10% of each soil sample was spiked with PCP in
acetone (acetone only for the control). After being allowed to evaporate
for 12 h, the remaining soil was then added and mixed, which resulted in
a final PCP concentration of 10 pgpcp~g50ﬂ'1. 5 g partitions of soil were
placed in plastic tubes and loosely capped for the aerobic incubations,
with moisture adjusted to 60% of WHC (maintained for the duration of
the experiment). For the anaerobic incubations, 1:2 w/v soil/water
mixtures were incubated in glass vials which had the head space purged
with Ny before being sealed. Samples were incubated at 20 °C in the
dark. After 2, 4, 8, 16, 32, and 50 days of incubation, three replicates per
sample were stored at — 20 °C until extraction.

To estimate the Kkinetics of remediation, the decrease in the con-
centration of extractable PCP was adjusted to the following exponential
decay equation over 50 days, following Li et al. (2019a):

C,=aei+b 4)

Where C; is the concentration of PCP at different days, a is the decay

intensity constant, t is time in days, q is the decay index and b is a

constant. The differential form of the equation can be calculated as

follows:

dc, ‘ ‘

d_tl = —367 = —Kpar-e e 6)
The maximum degradation rate, kpyax (pgpcp~g50ﬂ'1~d'1), is obtained

from the values of £.

2.8. PCP extraction and detection

5 g soil or soil-biochar mixture were extracted with 150 mL of
methanol at 250 °C using a Soxtherm system (Gerhardt, Germany).
Extraction duration was 180 min. The extracted PCP was determined by
HPLC using a Agilent 1260 Infinity system equipped with a C18 column
(25 x0.46 cm) and a diode array detector set at 220 nm. Analyses were
performed under isocratic conditions, with a methanol — 1% acetic acid
(90/10, v/v) mobile phase. Flow rate was 1 mL-min” and the injection
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Table 1
Physicochemical characterization of biochars and adsorption coefficients for PCP.
B-400 B-1000 B-Fe B-1000-KMnO, B-KMnO, B-HNO3 B-H3PO, B-KOH B-H,0,
HTT (°C) 400 1000 400 1000 400 400 400 400 400
EEC (mmol €"ggiochar ) 0.413 0.085 0.572 0.418 1.12 0.647 0.366 0.412 0.376
Conductivity (mS-cm™) 0.06 3.74 0.02 1.51 0.06 0.05 0.01 0.07 0.01
Radicals (10" spins-ggiochar -) 7.54 92.5 1.64 1.65 1.35 1.71 5.71 5.50 3.33
pH (1:20 w/v) 8.97 11.1 7.70 6.06 7.55 3.34 5.09 10.1 7.47
No-BET Surf. area(m? ggiochar ) 11.0 <2 24.3 14.5 124 2.24 <2 24.5 4.41
C-OH (at%) 13.8 3.69 12.5 10.1 15.7 16.1 10.7 14.1 11.9
C=0 (at%) 3.27 1.87 4.88 3.26 10.2 6.50 2.30 3.01 2.84
COOH (at%) 1.86 2.75 2.67 2.44 2.02 2.67 2.34 1.70 2.93
C-C graphitic (at%) 48.2 64.6 44.9 52.9 46.7 46.2 37.2 43.7 47.4
C-C aliphatic (at%) 12.7 2.70 17.7 7.28 0.97 3.58 26.9 16.8 9.80
S+B mix pH (1:2 w/v) 7.62 8.52 6.03 5.68 6.17 4.82 5.29 6.90 5.96
Ky (mL-gson™) 18.5 13.5 16.2 22.4 42.0 411 33.0 28.8 18.9
Kr (igpcp’ /" mL" " gsoir ") 14.5 10.1 12.6 15.8 29.1 244 22.9 20.7 13.9
1/n (nonlinearity exponent) 0.88 0.83 0.93 0.89 0.68 0.92 0.88 0.71 0.92

HTT: Highest treatment temperature of pyrolysis; EEC: Electron exchange capacity; S+B mix: Soil + biochar mixture; Kq4: Distribution coefficient for 10 pgpcp~g50ﬂ'1 ; Ke:

Freundlich adsorption coefficient

volume 20 pL. Under these conditions the retention time for penta-
chlorophenol was 7.35 min

2.9. Treatment of data and statistics

The significance of the differences in the concentration of extractable
PCP between soil and soil-biochar mixtures after 50 days of incubation
was calculated by one-way analysis of variance (ANOVA), differenti-
ating within groups with Tukey’s test (p < 0.05). Kendall rank correla-
tion was performed to investigate correlation between the K4 adsorption
coefficient and pH values of soil-biochar mixtures. Principal component
analysis (PCA) included the following properties and physicochemical
parameters of the biochars: electron exchange capacity (EEC), conduc-
tivity, abundance of radicals, pH, N2-BET surface area, Freundlich
adsorption coefficient (K¢) and the surface atomic percentages of C-OH,
C=0, COOH, graphitic C-C and aliphatic C-C. As component selection
method, Kaiser’s criterion (only components with eigenvalues of 1.0 or
more are selected) was employed. For the principal component regres-
sion (PCR), the first-order rate constant kj,x was selected as the
dependent variable.

3. Results and discussion
3.1. Characterization of the modified biochars

The complete characterization of the modified biochars was per-
formed in a previous study (Chacon et al., 2020). Due to the high

number of properties (Table 1), principal component analysis (PCA) was

A Loadings
1.

¢C-Caliphatic

0.0

PC2 (23.5%)

-0.54

Cc=0

1.0 0.5 0.0 05 1.0
PC1 (47.3%)

aflicals
ductivity

hphitic

carried out to discover which properties dominated in explaining the
variability between biochars. The principal components (PCs) are linear
combinations of the different biochar properties that are able to capture
most of the variance (information) of the high-dimensional data into a
lower dimensional space. In our case, the first three PCs can explain a
total of 88.9% of the cumulative variance in the properties of biochars,
specifically 47.3% (PC1), 23.5% (PC2) and 18.1% (PC3). The loading
values on each PC provide information on how correlated each variable
is with that PC and can also be used to visualize the relative correlations
between individual variables. Looking at the loadings plot for the PCs
that contain more information (Fig. 1A) we can see that most of the
variability between biochars is explained by their electrochemical
properties (redox capacity measured as EEC and conductivity). As for
the relationships between individual variables, properties that
contribute to the redox capacity like atomic percentage of C-OH (from
electron donating phenolic groups), C—=O0 (electron accepting quinones)
or surface area (exposed area for redox reactions to occur) are clustered
together near EEC, indicating a positive correlation, while C-C graphitic
(aromatic network) is correlated to conductivity. The only exception is
the number of radicals, being one of the elements contributing to the
redox capacity and yet presenting a negative correlation with EEC. Their
destruction during the chemical treatments and their stabilization by
resonance in the highly aromatic but low redox B-1000 could explain
why radicals are more correlated to conductivity than EEC.

The rest of the properties had minor contributions to variability.
Aliphatic C-C was the only variable positively correlated with PC2 with a
value higher than 0.5 and was negatively correlated to the rest of the
properties due to the inert nature of the group. Adsorption (K¢) and

B PC scores

Average redox
H biochars
©B-H3PO4

Fe-loaded

PC2 (23.5%)

';B-KMnQA/ nghiredox
~ bio¢hars

-4 T I T T
-4 2 0 2 4 3

PC1 (47.3%)

Fig. 1. (A) Loadings and (B) PC scores plot of the first two main components of Principal Component Analysis.
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atomic % of COOH had minor contributions to PC1 (< 0.5), while pH
was probably related to the high pH of B-1000 and the low pH of the
functionalized biochars, except B-KOH. These three properties were the
main contributors to PC3, which only explained 18.20% of the
variability.

The PC score plot (Fig. 1B) allows us to easily identify the biochar
samples that share the properties influencing each PC (closer biochars
tend to have similar properties). Therefore, we can divide biochars into
three main groups depending on the electrochemical properties they
exhibit (Fig. 1B). The bulk of the biochars (B-400, B-H3PO4, B-KOH, B-
H20, and B-Fe) had a moderate redox capacity, ranging from the
0.366 mmol e'-gBiocha,’l of B-H3POy4 to the 0.572 mmol e - gBiochar'l of the
metal preloaded B-Fe (Table 1). Their conductivity was almost non-
existent, coming from an original biochar produced at a too low HTT
(400 °C) to form a conductive network. In addition, the treatments
further disrupted the aromatic structure as seen by the reduction in the
atomic percentage of C-C graphitic groups and conductivity. B-KMnO4
and B-HNOs had the highest electron exchange capacities of all biochars,
especially B-KMnOy4 (1.115 mmol e'-gBiochar'l). The increased redox ca-
pacity came mainly from a higher amount of phenolic (C-OH) and
quinone groups (C=O0), since the washing steps of the treatment
removed most of the redox-active Mn from its surface (Table S1). They
were also able to maintain most the graphitic structure on the surface
while removing the aliphatic fraction (probably by functionalization).
H3PO4 treatment, on the other hand, besides not being capable of
introducing new redox-active groups, also severely affected the integrity
of the graphite-like fraction. This, combined with the low surface area
resulted in a biochar with lower redox capacity than the original and a
higher fraction of aliphatic C-C. B-1000 and B-1000-KMnO4 were the
only biochars with considerable conductivity, thanks to the HTT of 1000
°C at which they were pyrolyzed, which produced biochars with an
extensive aromatic structure. As indicated in the introduction, the
addition of oxygen-containing functional groups by the KMnO4 treat-
ment lowered the conductivity of the B-1000-KMnQO4 biochar, since they
are preferentially introduced at the edges of the graphite sheets,
hampering the electron transfer between them. Still, it retained a con-
ductivity that was more than 20 times higher than the rest of biochars,
while obtaining an average redox capacity.

3.2. Adsorption of PCP

According to the values of the Freundlich adsorption constant (Ky)
and the distribution coefficient (K4) for soil-biochar mixtures (Table 1,
Fig. S1), the adsorption capacity compared to soil (K¢ =14 pgpcp' ™
. mLY"ggi? and Kg=20 mL-ggo ') was significantly higher in all
treated biochars except B-Fe, while the lowest adsorption was found in
B-1000. One of the main drivers of PCP adsorption to biochar is pH
(Peng et al., 2016). At a low pH (especially below its pK, of 4.7) the
neutral form of PCP will favor adsorption via n-n interactions with the
aromatic network of the biochar. As expected, the Kendall rank corre-
lation test between the Ky adsorption coefficients and pH values of
soil-biochar mixtures showed a significant negative correlation (r, =
—0.556, p < 0.05). The highly redox-active and functionalized biochars
had a lower pH than the rest, which could explain the close clustering
and therefore positively correlation of the K¢ and EEC loadings. B-HNO3
had the lowest pH (4.82) of all biochars and its soil-biochar mixture
presented a pH close to the pK, of PCP. Consequently, 43% of PCP was in
neutral form and its adsorption was one order of magnitude higher than
the rest. B-H3PO4 had also a pH close to 5, in this case with 20% of PCP
in neutral form. This resulted in a high adsorption, even when the
proportion of graphitic C-C in the surface remained low. The rest of
soil-biochar mixtures had less than 10% of PCP in neutral form and their
adsorption probably depended on other properties like surface area and
graphitic C-C.

The Freundlich model of adsorption assumes a heterogeneous sur-
face (which is the common case in biochar), where a lower value of the
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1/n exponent can be linked to a higher degree of binding site hetero-
geneity of the material (Salame and Bandosz, 2003; Tseng and Wu,
2008). This heterogeneity arises from the presence of different quanti-
ties and types of functional groups, bound impurities, and a heteroge-
neous pore structure distribution on the surface. In our study, most
treatments decreased the heterogeneity of the biochar compared to the
untreated biochars, as seen by their higher 1/n value (Table 1). Despite
the introduction of new functionalities and heteroatoms, the collapse of
many of the pores on the surface probably reduced the structural het-
erogeneity of biochar, as can be seen by the lower pore volume and pore
surface area in most of the treated samples (Table S2). B-KMnO4 and
B-KOH (the two biochars with the highest surface areas) were the
exception having a higher heterogeneity than the original biochars.
They showed increased pore surface area and average pore volume,
which suggests the formation of new pores. Although B-1000-KMnO4
was subjected to the same treatment as B-KMnOy, its heterogeneity was
much lower. This is probably due to the more stable and resistant aro-
matic network produced after pyrolyzing at 1000 °C compared to the
amorphous carbon structure of the 400 °C pyrolysis, which prevented
the formation of pores and the introduction of more functional groups.

Thanks to the relationship between soil/solution ratios and the dis-
tribution coefficient K4 (Fig. S2), we can estimate the amount of PCP
adsorbed to soil-biochar mixtures (OECD, 2000), which was > 90% in
all aerobic incubations and > 80% in anaerobic ones.

3.3. Remediation of PCP

The average recoveries of PCP at 8 h of incubation ranged from
85.8% to 98.4% (Table S3), showing the suitability of the extraction
method to recover the adsorbed contaminant. Besides the loss of PCP
due to mineralization and incorporation to microbial structures, its
irreversible bonding and complexation to soil organic matter makes it
difficult to extract all of the contaminant present in soil. Despite this,
soil-bound contaminants, including PCP, can be considered detoxified
since they have a very low bioavailability, the complexed products are
less toxic and leaching of the chemical is restricted (Banks and Schwab,
2006; Bollag, 2002; Spagnuolo et al., 2010). Furthermore, a strong
extraction capable of recovering the bound fraction could result in
overestimating its bioavailability and real toxicity in soil (Kelsey and
Alexander, 1997). Therefore, we considered extractable PCP as a good
proxy for the bioavailable PCP in soil.

The amount of extractable PCP recovered from soils after 50 days of
incubation is presented in Fig. 2A and B. In the aerobic incubations, all
biochars were able to decrease the concentration of PCP compared to
soil without biochar. Unamended soil showed a mere 33.6% reduction in
extractable PCP, while even the least effective biochar amendment (B-
H3PO4) was able to remove an average 71.2% of the contaminant. PCP
can be very recalcitrant to degrade in aerated soils, especially if they
have a low organic matter content like was our case (Rao, 1978).
B-KMnOy4 (the biochar with the highest redox capacity), B-Fe (with
redox-active metal) and B-1000-KMnQ4 (balanced with moderate con-
ductivity and redox capacity) were the most succesful biochars, being
able to remove almost all extractable PCP from soil, which proved that
different strategies can be used to enhance PCP remediation in aerobic
soils. This is important, since the minimum concentration at which PCP
exhibits toxicity can be as low as 0.01 pg~g50ﬂ'1 (Marti et al., 2007). Also,
the fact that there is a high plateau in the unamended soil shows that we
were able to overcome not only the limitations of biochar to but also of
the soil itself.

In the anaerobic incubations, however, our results align with those
that reported inhibition in the degradation of PCP after biochar addition.
Unlike in the aerobic situation, after 50 days unamended anaerobic soil
was very succesful at reducing the concentration of PCP, having only an
average of 5.5% of the initial spiked contaminant. From our nine biochar
amendments, four significantly inhibited PCP remediation (including
the unmodified biochars, B-400 and B-1000) and three showed no
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significant difference with the unamended soil. Only B-Fe and B-KMnO4
were able to overcome the limitations of the unmodified biochar,
reducing PCP levels to almost zero. Contrary to our expectations, the
biochar with balanced electrochemical properties (B-1000-KMnO,4) was
not able to improve remediation compared to unamended soil, perhaps
due to an insufficient number of redox-active groups. Still, extractable
PCP was reduced to only 7.7% of the initial spiked concentration. B-
H3PO4 and B-1000 were the worst biochar amendments in anaerobic
soil, with a concentration of extractable PCP several times that of un-
amended soil. These were the two biochars with the lowest redox ca-
pacities, which indicates a key role of this property in the remediation of
PCP in anaerobic soils.

3.4. Kinetics of PCP remediation

The rate at which the remediation occurs can be as important as the
eventual complete removal of PCP from soil. Remediation is mostly
employed in situations where the inherent rate of degradation is very
slow and speeding up the process is an important practical and economic
consideration. Since biochar is thought to facilitate electron transfer
from cells to PCP during biodegradation, modified biochars with higher
redox properties and conductivities are expected to show increased ki-
netics of remediation.The evolution in the concentration of extractable
PCP at different days is presented in Fig. 3 A-D. As expected, B-1000-
KMnOy4 (balanced biochar with moderate conductivity and redox ca-
pacity) and B-KMnO4 (highest redox capacity) had the highest
maximum rates of remediation (kn,.x) in both incubations (Table 2). In
the aerobic incubation, the extractable concentration of PCP in un-
amended soil was only.

reduced by 33.6%, while in just 4 days B-1000-KMnO4 remediated
84.3% of spiked PCP and B-KMnO4 was able to remove 80.6% in 8 days.
As for the anaerobic incubation, even though most of the contaminant
dissappeared from unamended soil, in only 16 days B-KMnO,4, B-1000-
KMnO4 and B-Fe reduced extratable PCP to levels not seen in the un-
amended soil until after 50 days of incubation. Even though the rates of
remediation were generally slower under anaerobic conditions
compared to the aerobic soil, their relationship to the electron exchange
capacity of the biochars was similar (Fig. 3E and F). There was a sig-
nificant linear correlation between EEC and kp,,x for all biochars with
low conductivity, except B-Fe. The conductive biochars, however, had
much higher remediation rates than one would expect from their EEC
alone. The concentration of extractable PCP after 50 days for the B-1000
amendment was higher then in other biochars amendments (in both
incubations) and B-1000-KMnO4 was not able to enhance remediation in
the anaerobic soil (especially compared to biochars with higher EEC,
which did improve remediation). This suggests that the main contribu-
tion of conductivity is in the rate of remediation, while the redox ca-
pacity has a role in both the rate and the extent of PCP remediation.

Although B-Fe almost completely removed extractable PCP after 50
days in both incubations, its kg, was very low in the aerobic soil
(Fig. 3C, Table 2). Previous studies have demostrated that Fe(II) is able
to react with halogenated contaminants, including pentachlorophenol,
to cause their reductive dehalogenation (Li et al., 2008; Maithreepala
and Doong, 2009). Furthermore, PCP reduction rates correlate with soil
Fe availability (Chen et al., 2014). B-Fe presents magnetite on its surface
(Fig. S3), a mineral that contains both Fe(II) and Fe(IIl). In the presence
of oxygen, however, Fe(II) tends to be oxidized to Fe(III), which could
compete with PCP as a terminal electron acceptor (Zhu et al., 2020,
2018), reducing the rate of microbial dehalogenation. This could explain
the slow kinetics of remediation for the aerobic soil. In the absence of
oxygen, however, the formation of Fe(Il) is favored again (Colombo
et al., 2013). It has been reported that biochar can also donate electrons
to Fe(Ill) to form Fe(Il), especially in the presence of microorganisms,
which can accelerate the process (Xu et al., 2016; Zhou et al., 2017). This
resulted in a much higher maximum remediation rate in the anaerobic
soil (Fig. 3D, Table 2).

To help in identifying the influence of the rest of the properties in the
kinetics of remediation, principal components regression (PCR, a com-
bination of multiple linear regression and principal component anal-
ysis.) was performed with kn,x as the dependent variable. Using all
biochars in the analysis, not a single property had a significant impact on
the outcome of kn.x (Table S4). However, PCR is sensitive to outliers,
whose presence can lead to a bad interpretation of the results (Serneels
and Verdonck, 2009). From Fig. 3E and F, we can select B-1000-KMnO4
as a probable candidate for an outlier, perhaps due to the synergy be-
tween conductivity and redox capacity. After repeating the analysis for
the aerobic incubation, the model [R? = 0.902, p < 0.05) showed that
EEC, surface area, C=0, C-OH, and graphitic C-C had a significant
positive impact on kpax, while aliphatic C-C had a negative impact. The
same results were found for the anaerobic incubation (R? = 0.891,
p < 0.05), except graphitic C-C, which was non-significant. This sug-
gests that the only properties that contribute to the rate of remediation
are those that are directly or indirectly (surface area) related to the
electrochemical properties. One possible shortcoming is that PCA re-
duces dimensionality by creating linear combinations of the original
variables. As a consequence, nonlinear relationships between ky,,x and
the different variables cannot be identified, which may be the case for
some properties like conductivity or pH.

3.5. Possible influence of biochar on PCP transformation pathways

Microbial dehalogenation is thought to be the main pathway of PCP
transformation in soil, although some oxidative degradation is also
found, especially in an aerobic environment (D’Angelo and Reddy,
2000; Rao, 1978). Biochar can amplify this reductive process by acting
as an electron donor to the halorespiring bacteria that use PCP as
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terminal electron acceptor (Yu et al., 2015). This would increase both
the rate and extent of PCP remediation, as we see in the biochar
amendments with the highest redox capacities (B-KMnO4 and B-HNO3).
In the case of the conductive biochars, the presence of a developed
graphitic structure results in long-range electron transfer. This allows for
a multitude of beneficial mechanisms to the electron shuttle activity,
such as the transfer of electrons from electron-rich to electron-depleted
areas in biochar, the coupling of different microbial metabolisms or the
regeneration of oxidized functional groups. Additionally, the abundance
of functional groups in the conductive B-1000-KMnO4 biochar can
facilitate this electron transfer by adsorbing cells to the surface. Mi-
crobial cytochromes are known to attach to surface oxygen-containing
functional groups, which might increase the electron transfer between

biochar, cells and the adsorbed PCP (Li and Cheng, 2019; Li et al.,
2019b; Wang et al., 2018). Conductivity would mostly accelerate PCP
reduction, as the amount of transformed PCP would still depend in the
end on the reductive potential of the soil, the microbial population and
the electron donating capacity of biochar.

The high adsorption of PCP by all biochars could potentially
immobilize the contaminant, preventing the contact of PCP with mi-
croorganisms and therefore its reduction. Indeed, despite its role as an
electron mediator, biochar amendment can inhibit the biodegradation of
some contaminants due to a decreased bioavailability (Loganathan
et al., 2009; Ukalska-Jaruga et al., 2019). However, in our case three of
the four biochars with the highest adsorption (B-KMnO4, B-HNO3 and
B-Fe) were among the amendments with the highest remediation levels.
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Table 2
Kinetics of PCP remediation and % of PCP removal after 50 days.
Aerobic Anaerobic
Kmax (18pcp8soit -d ™) R? % PCP removal (50 d) Kmax (Hgpcp-Gsoir +d ™) R2 % PCP removal (50 d)
Soil 0.81 0.837 33.6 0.88 0.983 94.5
B-400 1.16 0.956 79.9 0.77 0.950 89.4
B-1000 1.37 0.931 89.3 0.59 0.956 76.4
B-Fe 0.67 0.977 97.8 1.36 0.970 99.4
B-1000-KMnO4 4.01 0.964 98.5 2.70 0.976 92.3
B-KMnOg4 3.73 0.960 96.2 2.40 0.969 99.2
B-HNO3 2.35 0.976 93.5 1.14 0.971 95.3
B-H3POy4 0.57 0.950 71.2 0.51 0.959 61.4
B-KOH 1.56 0.971 89.6 0.66 0.975 90.2
B-H30, 1.17 0.928 77.5 0.80 0.926 88.9

The exception, B-H3POy4, had no conductivity, was the biochar with the
lowest redox capacity and had among the lowest atomic percentages of
C-OH and C=0 functional groups. This supports the hypothesis that PCP
can be abiotically reduced on the surface of biochar, probably by its
interaction with the aromatic network, electron donating phenolic
groups, radicals and redox-active metals on the surface of biochar (Li
et al., 2008; Yu et al., 2015). Thus, adsorption would increase PCP
remediation for those modified biochars with a high redox capacity
and/or redox metals, while it would be detrimental to those with low or
moderate redox capacities, especially in conditions of low soil reductive
potential. Conductivity could overcome this problem to some extent by
transfering electrons from one part of biochar to another, which may
explain the higher and faster remediation of the B-1000-KMnQO4 biochar
compared to B-400 in aerobic soil, even though they have similar redox
capacities.

In the aerobic incubation, conditions are not ideal for PCP trans-
formation. Therefore, the contribution of biochar electrochemical
properties both in mediation and direct electron donation was probably
enough to enhance remediation in all biochar amendments. Under the
right conditions, such as high soil reductive potential, PCP degradation
can be significant, as seen in the unamended anaerobic incubation. This
led to inhibition for biochars with a low amount of redox-active func-
tionalities or metals in the anaerobic incubation (such as B-400, B-1000,
B-Hy0, and especially B-H3POy4). To increase remediation in these
conditions, a very large amount of redox-active moieties would need to
be present. This was precisely the case with B-KMnOj4 and B-Fe, the only
biochar amendments that significantly increased PCP remediation in
anaerobic soil. B-KMnO4 showed the highest redox capacity and surface
area of all biochars, while B-Fe was the only one with a high amount of
redox-active metal.

4. Conclusions

In this study we were able to modify the electrochemical properties
of biochar to enhance the remediation of pentachlorophenol in soil.
Multivariate analysis of biochar properties indicated that only its elec-
trochemical properties and surface area were relevant contributors to
the rate of remediation. B-KMnQOg4, B-Fe and B-1000-KMnO,4 were the
most succesful biochars amendments in our study. Although B-1000-
KMnO4 had the highest kinetics of remediation of all biochars, there was
no significant difference with unamended soil in the anaerobic incuba-
tion. B-Fe was able to almost completely remediate soil in both types of
incubation, but its slow kinetics in the areated soil could result in
toxicity and bioaccumulation. Therefore, considering both aerobic and
anaerobic situations, we propose that the best modification to enhance
PCP remediation is to increase the redox capacity of biochar by KMnO4
treatment. This demonstrates the feasibility of producing designer bio-
chars with optimal electrochemical properties for specific applications.
For example, for contaminants that can be chemically transformed on
the surface of biochar the ideal properties are a very high redox capacity
and surface area, which can be obtained treating a biochar pyrolyzed at

an intermediate HTT with KMnOg. If biodegradation is the main driver
and a long-term effect of biochar application is desired, KMnO4 treat-
ment to a conductive biochar obtained at 1000 °C will result in a biochar
with an outstanding electron shuttle ability and high resistance to
oxidation thanks to its stable graphitic structure. In the same way, ap-
plications that require other properties like a certain pH or the presence
of redox-active metals can be satisfied by selecting the appropiate
treatment.
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