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ABSTRACT

The use of biochar as a soil amendment attracts increasing research interest. However, the
lack of methods to detect and monitor biochar in-situ, limits the validation of the field-
scale application of biochar. Spectral induced polarisation (SIP) is a potential tool to
characterize biochar in soil. The aim of this study is to investigate the sensitivity of SIP to
biochar in sand and to understand how the physicochemical properties of both biochar and
the surrounding matrix influence the SIP response. To this end, SIP measurements were
conducted on four types of biochar with different mass fractions disseminated in saturated
sand as a host media with changing electrical conductivity. In addition, it was investigated
how the SIP response depends on the particle size of biochar. The measured SIP data were
interpreted by Debye decomposition to obtain values for the peak relaxation time, Tpeak,
total chargeability, M, and normalised total chargeability, Mn. SIP showed a clear and
spectrally differentiated response to the presence of all four types of biochars. M was found
to be proportional to the mass fraction of biochars, although relationships varied for each
type of biochars. tpeak Of biochars increased with increasing particle size. Increased
electrolyte concentration enhanced Mn for all biochars, although again the specific
response was different for each biochar. In addition, higher electrolyte concentrations
decreased Tpeak for biochars derived from wood through pyrolysis, but did not affect tpeak of
biochar derived from miscanthus through hydrothermal carbonisation (HTC). It was
concluded that the SIP response of pyrolytic biochars resembled that of conductors or
semi-conductors, whereas the SIP response of HTC biochar more closely resembled that of
clay. Overall, the findings in this study suggest that SIP is a promising method for the

detection and characterisation of biochar in soil.



INTRODUCTION

Biochar is a product of hydrothermal decomposition, pyrolysis, or gasification of materials
from biological origin. It is derived from a wide variety of sources, including wood (Cheng
et al. 2014), green waste (Chan et al. 2007), agricultural residues (Demirbas, Pehlivan and
Altun 2006), and sewage sludge (Méndez et al. 2012). The chemical and physical
properties vary largely between biochar from different types of feedstock and production
processes. The chemical composition and the structure depend on the temperature, the
contact time and the surrounding medium during carbonisation (Brewer et al. 2014,
Suliman et al. 2016, Fuertes et al. 2010). Whereas biochars made by pyrolysis exhibit
porous sponge-like structures with pore sizes of about 5 - 50 um (Jiang et al. 2013,
Suliman et al. 2016), chars made by hydrothermal carbonisation are usually much less
structured (Fuertes et al. 2010).

Biochar has attracted considerable research interest in the past decade due to its potential
value for agricultural and environmental purposes. As a soil amendment, the use of biochar
is expected to increase soil organic matter content (Gaskin et al. 2008), enhance soil
fertility (Gaskin et al. 2008), and improve water retention (Zhang, Chen and You 2015)
and substrate quality of growing media (Nemati et al. 2015). The use of biochar in field
trials has been shown to increase crop yield, while greenhouse gas emissions were reduced
at the same time (Dong et al. 2013, Mohammadi et al. 2016). Additionally, it is also argued
that biochar provides a promising solution for long-term carbon sequestration (Lehmann,
Gaunt and Rondon 2006). The aforementioned agronomic and environmental benefits
depend on the types and amounts of biochar being used (Butnan et al. 2015, Tryon 1948).
Negative impacts of biochar amendments have also been reported. Application of biochar
have resulted in a reduction in crop yield (Liu et al. 2017, Van Zwieten et al. 2010) or

might even lead to environmental pollution (Kuppusamy et al. 2016) owing to the physical



and chemical properties of specific biochar types or the use of too much biochar. Most
biochar studies are focussed on a relatively small scale (laboratory or greenhouse), or they
typically describe the effects of a single addition of biochar in the field. The long-term
benefits and risks of biochar application are still being discussed (Lehmann et al. 2011,
Ogbonnaya and Semple 2013). Clearly, additional studies on the long-term stability of
biochars in the field and their sustainable impact on soil properties influencing agricultural
production and the environment are urgently required. Although the surface application of
biochar is not a new concept, there is a lack of effective methods for long-term field
investigations of biochar. Since biochar cannot easily be separated from soil once it has
been applied, classical physico-chemical methods require additional effort to obtain
information on temporal changes of biochar properties. Consequently, non-invasive
methods for identifying, monitoring and characterising biochars at field scale are still
required for the systematic and comprehensive assessment of the large-scale application of
biochar. Spectral Induced Polarisation (SIP) may provide the required ability for non-
invasive characterisation of biochar.

The induced polarisation (IP) of porous materials like soil and rock is caused by charge
transport and accumulation in micro-heterogeneous materials in an external electric field
(Kemna et al. 2012). It can be observed in time domain by measuring the voltage response
after turning off a DC electrical field (TDIP) or in the frequency domain by applying AC
electrical fields at multiple frequencies (SIP). TDIP is a well-established geoelectrical
method that has been applied in mining exploration for a long time, in particular for
detecting conductive materials like ores and graphite (Seigel et al. 2007). Recently, novel
applications of SIP in environmental and hydrogeological investigations have appeared due
to the improvements of the measurement accuracy and the development of mechanistic

models to interpret I[P measurements (Kemna et al. 2012, Revil et al. 2012). The SIP



response of a specific material can be described by the frequency-dependent complex
electrical conductivity (or resistivity):

o*(0) = 6’(0) + i6”(0) = [c*[e'* = 1/p* (1)
where @ = 2xnf is the angular frequency and f is the frequency, ¢’ and ¢” are the real and
imaginary part of complex electrical conductivity, |6*| is the magnitude of complex
conductivity and ¢(m) is the phase, which is related to the real and imaginary part of the
electrical conductivity according to ¢(w) = arctan[c”’(®) / ¢’(®w)]. ¢’ represents ohmic
conduction related to the steady movement of ions in the electrical field. 6” is a measure
for the polarisation of the sample which represents the charge storage. The characteristics
of SIP spectra can be related to lithological and pedological properties, such as particle size
(Leroy et al. 2008, Titov et al. 2002), pore size (Titov et al. 2002, Hordt et al. 2016), fluid
salinity (Lesmes and Frye 2001, Slater and Glaser 2003, Weller et al. 2011), hydraulic
conductivity (Hordt et al. 2009, Borner, Schopper and Weller 1996), and surface area per
pore volume (Borner et al. 1996, Weller et al. 2010).

The polarisation of non-conductive porous materials (e.g. sand, sandstone, clay) in the low
frequency range (mHz to kHz) has been widely attributed to the polarisation of the
electrical double layer (EDL) including the Stern layer and the diffuse layer (Lesmes and
Frye 2001, Revil 2012), membrane polarisation (Marshall and Madden 1959, Titov et al.
2002), or a combination of both (Titov et al. 2002). When conductive materials are present
within the porous media, the dipole moment induced by the external electrical field inside
the conductive particle should be taken into account (sometimes referred to as electrode
polarisation). Wong (1979) established an elaborate mechanistic model to describe the
polarisation of disseminated ores assuming spherical particles in the presence of redox-
active ions. In Wong's model, the redox-reaction causes a “leakage current” across the ore-

electrolyte interface that leads to imperfect polarisation of the particle. Recently, Misra et



al. (2016) proposed the so-called perfectly polarised interfacial polarisation (PPIP) model
without redox reactions to model the interfacial polarisation of uniformly distributed
spherical, rod-like, and sheet-like conductive minerals in host media saturated with
electrolyte. In contrast to Wong's model that is based on the mobility of ions in the
electrolyte surrounding the conductive particles, the PPIP model considers the mobility of
the charge carriers both inside the conductive materials and in the host material.

The potential of SIP for detecting and monitoring biochar in soil was shown by previous
studies that presented SIP and TDIP measurements on biochar or other porous black
carbon materials. For example, Haegel et al. (2012) observed that the SIP response of sand
with additions of different pyrolytic biochars or active carbon depended on the feed
material and the pyrolysis process. Gurin et al. (2015) made TDIP measurements on
disseminated particles of porous artificial graphite and other electronically conductive
minerals in sand. Similar polarisation was found for all materials. However, a systematic
study on SIP of biochar with respect to the key physical and chemical properties of biochar
and the host medium is still required.

At the onset of this study, it was expected that the SIP response associated with biochar
might be complex due to the variable physical and chemical properties that may lead to
different dominant polarisation processes. In particular, the electrical conductivity of the
biochar was expected to play an important role. Gabhi, Kirk and Jia (2017) suggested that
the highest heating temperature reached during the carbonisation process of biomass
determines the electrical conductivity of biochar. They found that pyrolytic biochar derived
from sugar maple, oak and hickory showed a considerable electrical conductivity that
depended on the degree of carbonisation as expressed by carbon content and H/C ratio. In
contrast, the biochar derived from bamboo was non-conductive. Moreover, Joseph et al.

(2015) pointed out that electron exchange between biochar and the soil environment is



likely to occur through redox reactions, because of the presence of a variety of functional
groups on the outer and inner surfaces of biochar particles including carboxylic acid and
phenolic groups (Suliman et al. 2016). Therefore, the polarisation of conductive particles
and the polarisation of the electrical double layer might both occur in the case of biochar,
and potentially the polarisation strength is affected by potential redox reactions.

The aim of this work is to determine the sensitivity of SIP to the presence of disseminated
biochar in sand under various conditions. In this study, the SIP response of sand-biochar
mixtures of four different biochars from different feedstocks and production processes is
investigated as a function of (1) variable mass fraction of biochar, (2) variable particle size
of biochar and (3) changing electrical conductivity of the electrolyte. SIP measurements
are analysed using a Debye decomposition approach, and the links between the SIP

response and biochar properties will be discussed.

MATERIALS AND METHODS

Materials

Four types of biochar from different feedstocks and production processes were selected for
SIP experiments. Three of them were made by pyrolytic processes from pine wood chips
(PW700), pine wood (PW800), and beech wood (BW550). The fourth biochar was
obtained by hydrothermal carbonisation (HTC) of Miscanthus giganteus. PW700 was
obtained from Carbon Terra GmbH (Augsburg, Germany). The pyrolytic process is
characterised by a temperature gradient in a reactor (Schottdorf kiln) from top (input of the
feed material) to bottom (output of the biochar). Air is inserted from the bottom leading to
gasification at 700 °C in the glowing zone near the output. PW800 was obtained from

Pyreg GmbH (Dorth, Germany). It was made by pyrolysis at 800 °C in an auger reactor.



BWS550 is a commercial charcoal made by proFagus GmbH (Bodenfelde, Germany) at
550 °C using the Degussa process. HTC was produced by Schlitt GmbH (Antrifttal-Ohmes,
Germany) using hydrothermal carbonisation at 200 °C. Different size fractions of PW700
were made by dry sieving of the material as it was obtained. PW800 and BW550 were
obtained in larger pieces which were crushed and sieved. HTC is a powdery material which
was used as obtained. Key chemical properties of the four biochars are summarised in Tab.
1. Element analyses for PW700 and PW800 were performed on a Vario EL cube
(Elementar Analysensysteme GmbH, Langenselbold, Germany). The ash content was
determined in a muffle furnace at 815 £ 15 °C. Data for BW550 and HTC were taken from
the literature as indicated in Tab. 1. BET specific surface areas were determined by
nitrogen adsorption with AUTOSORB-1 (Quantachrome Instruments, Boynton Beach,
USA). Samples for BET were pre-treated in vacuum at 100 °C for 2 hours to remove
volatile compounds which could contaminate the apparatus. Since biochars are made from
natural sources, they are inhomogeneous. Therefore, composition and structure can vary
considerably leading to deviations of analytical values of up to 10 % of the mean values
given in Tab. 1.

Commercial sand F36 (Quarzwerke Frechen GmbH, Frechen, Germany) was used for the
sand-biochar mixtures. It consisted of 99.3 % SiO2. The particle diameter of the sand
ranges from 0.125 to 0.250 mm. Demineralised water and NaCl p.a. (Merck, Darmstadt,

Germany) were used for the electrolyte solutions.

Measurement set-up
The experimental set-up for SIP measurements on saturated samples is shown in Fig. 1.
Two porous bronze disk current electrodes were placed at the top and the bottom of the

cylindrical sample holder to inject current. Two cylindrical brass potential electrodes were



inserted in the borings of the side wall of the column. To avoid electrode polarisation, the
potential electrodes were retraced into the bores by about 2 times the diameter of potential
electrodes (Huisman et al. 2016). A water tank was connected to the bottom of the column
for injecting aqueous electrolyte with a multi-channel peristaltic pump (Model 205u,
Watson-Marlow, Rommerskirchen, Germany) into the sample holder. Electrolyte was
flushed through the samples and the current electrodes from the bottom to the top of the

sample.

Sample preparation

Sand-biochar mixtures with specific mass fraction and particle size of biochar were
prepared. Biochar was pre-wetted for 24 hours in 4 mmol L' NaCl electrolyte (with an
electrical conductivity of 46 mS m™', which is a typical value for soil solution in temperate
climate). The wetted biochar and sand were mixed in a box until a visually homogeneous
mixture was obtained (i.e. biochar particles were well distributed in the sand). This mixture
was filled into the sample holder in steps of about 1 cm® using a wet-packing procedure.
The water surface was always kept about 0.5 cm higher than the sand-biochar mixture
during the filling procedure. Small air bubbles were removed by stirring slowly with a
spoon. This procedure was repeated until the sample holder was filled. Although all sand-
biochar mixtures were carefully prepared, deviations of up to 10 % of biochar content may
have occurred along the column because the density difference between biochars and sand
resulted in a tendency of biochar to separate from sand during wet packing.

After packing, samples were flushed with 4 mmol L' NaCl solution for at least 24 hours to
equilibrate the electrolyte content in the mixtures and to control the electrical conductivity
of the aqueous electrolyte solution (ow). The sample was flushed with a relatively low and

constant flow rate of 0.5 L/hour to avoid disturbance of the distribution of biochar. In



addition, samples with 1 and 2 % biochar were further flushed with 6, 8, 12 and 16 mmol
L' NaCl solutions to investigate the dependence of the complex electrical conductivity on
electrolyte concentration. The range of 6w varied from 46 to 172 mS m™! covering a range
of salinity that is typically found in agricultural soil. It was difficult to achieve identical
electrical conductivity for each of the samples because of ions released from biochar.
Flushing was maintained until the measured electrical conductivity of the outflow was
stable and close to that of the inflow. The properties of the investigated sand-biochar
mixtures are summarised in Tab. 2. The reported pore-volume-normalised surface area,
Spor, 1s usually calculated by:

Spor = As " pg - (1-0)/¢ )
where As is the specific surface area, pg is the grain density, and ¢ is the porosity of the
bulk sample. Due to the low fraction of biochar in the mixture and the large size of the
particles of biochar compared to sand, preparation of a representative sample of the sand-
biochar mixture for directly determining As of the mixture is not feasible. As an alternative,
a mixing law was used to calculate Spor of each sand-biochar mixture by:

Spor = [(1-) (As(sand) pas) + & (A((BET) pav)] (1-¢)/¢ 3)
where As(sand) is the specific surface area of sand (0.16 m?> g''), A¢(BET) is the specific
surface area of the considered biochar (Tab. 1), pas is the grain density of sand (2.6 g cm™),
pdb is the skeletal density of biochar(1.8 g cm™ for PW700, PW800 and BW550, 1.5 g cm™
for HTC (Brewer et al. 2014)), ¢ is the porosity of the bulk sample (0.42 to 0.43), and & is

the mass fraction of biochar.



SIP data acquisition

SIP measurements were made with the electrical impedance spectrometer developed by
Zimmermann et al. (2008). The impedance of the sample was measured for 97 frequencies
between 1 mHz to 45 kHz. During each of the SIP measurements, alternating sinusoidal
current was injected starting from the maximum frequency, decreasing to the minimum
frequency and then returning back to the maximum frequency. These repeated
measurements are used to check for drift in the SIP measurements. One SIP measurement
lasted for 2.5 hours. All experiments were performed in the laboratory at a temperature of
21 + 2 °C with a temperature variation of less than 0.5 °C during one single measurement.
Both ¢” and ¢” were corrected to 20 °C with an empirical factor of 2 % per °C. The
measured impedance was converted to the frequency-dependent complex electrical
conductivity (Eq. 1) by using the geometrical factor of the four-point electrode
arrangement. Electromagnetic (EM) coupling may affect SIP measurements, especially at
high frequencies (> 1000 Hz). The main source of EM coupling for the SIP system used
here is associated with the contact impedance of the potential electrodes. To reduce this

effect, the correction method proposed by Huisman et al. (2016) was applied.

Data interpretation
Debye decomposition (DD) (Nordsiek and Weller 2008, Zisser, Kemna and Nover 2010)
was used to analyse the measured SIP data. DD decomposes the complex resistivity p* into

a superposition of N Debye relaxations:

P = po [1 — Yh=imy (1 - - )] “4)

1+ ioty



where each of the N Debye spectra is defined by a chargeability mx and an associated
relaxation time 7, and po is the DC resistivity. The summation of my yields the total
chargeability M which is a measure for the area under the phase spectrum.

M =Y my (5)
The normalised total chargeability Mn is obtained by:

M, =M/po (6)
Mn was found to be a proxy for the polarisability of the internal surface (Lesmes and Frye
2001, Weller et al. 2010). For materials with a significant frequency dependence of the
complex electrical conductivity, M and Mn better represent the strength of polarisation than
values of ¢ or @ at a specific frequency. In this study, zpes is determined by the 7 of the
maximum mx..
A Matlab implementation of Zisser et al. (2010) that uses Tikhonov regularization to
constrain the relaxation time distribution was used to perform the Debye decomposition.
Hundred relaxation times (N = 100) were used to fit each SIP spectrum in the frequency
range of 0.001 to 10000 Hz. More details about the parameter selection with this Matlab

implementation package can be found in Kelter et al. (2015).

RESULTS

Fig. 2 shows 6’(w) and 6”(®) for sand-biochar mixtures with 2 % biochar and a 4 mmol L!
NaCl solution. ¢’(®) of the different sand-biochar mixtures showed nearly identical values
at the lowest frequency. Similar DC conductivity with the same electrolyte concentration
suggests that the samples had a comparable formation factor and thus a similar porosity,
which provides confidence in the reproducibility of the sample preparation procedure.
There was a significant increase of ¢’(®) with increasing frequency for the biochars from

pine wood (PW700 and PW800) resulting from a large polarisation of these samples in the



investigated frequency range (Fig. 2a). A slight increase was found for BW550, while 6’ (o)
only marginally depended on frequency for HTC. The corresponding spectra of 6”(w) are
shown in Fig. 2b. Overall, all four investigated biochars showed a significant ¢”’(®)
response in comparison to pure sand. PW700 and PW800 showed the largest peaks of
o”(w), i.e. the strongest magnitude of polarisation. For these two biochars, 6”(®) exhibited
the typical shape of a single Cole-Cole curve with a significant peak at approximately 5.5
Hz for PW700 and 0.4 Hz for PW800. BW550 showed a moderate peak at 2 Hz and a
secondary peak at approximately 4000 Hz. HTC showed the weakest polarisation, with a
slight peak at about 40 Hz.

Fig. 3 shows the effect of the amount of biochar on the SIP spectra of sand-biochar
mixtures for biochar PW800 at an electrolyte concentration of 4 mmol L' NaCl. The
increasing mass fraction of biochar did not affect the DC conductivity and the position of
the peak of 6”(w), but increased ¢’(®w) at high frequency and produced more pronounced
peaks of 6”(w). The measurements with variable mass fraction for other types of biochar
showed similar results.

In a next step, the SIP spectra of the sand-biochar mixtures were further examined using
Debye decomposition. The total chargeability M obtained from the Debye decomposition
showed a linear relationship with the mass fraction of biochar (Fig. 4). Linear regression
models where the intercept is fixed to M for the pure sand with the same electrolyte
concentration were fitted to the data. The pyrolytic biochars showed a much larger slope
than HTC. The deviation of the measured points from the linear fit is mainly a
consequence of the heterogeneity of the biochars themselves and problems associated with
obtaining a homogeneous biochar distribution in the samples during sample preparation
(i.e. the mass fraction is known at the column scale but the SIP measurements are

representative of the sand-biochar mixture between the two potential electrodes only).



Repeated measurements showed a deviation of 6”(®w) or M of up to 20 % for these reasons.
Overall, the results presented in Fig. 4 suggest that M is a potential indicator for the
amount of the biochar in soil.

Fig. 5 shows how 6”(®) depends on the particle size of the biochar. Sand-biochar mixtures
with 1 % biochar of three different size fractions of PW700 and PW800 were investigated
at an electrolyte concentration of 4 mmol L™! NaCl. The peak frequencies of 6”(®) shifted
to lower frequencies for increasing grain size. This behaviour was expected since bigger
grains usually correspond to longer relaxation times. tpear values from Debye
decomposition as a function of the mean biochar particle diameter d are shown in Fig. 6 for
PW700 and PWS800.

The results presented in Fig. 7 - Fig. 9 show that ow had a significant influence on the SIP
responses of all types of biochar. 6’(®w) spectra for 1 % biochar PW700 and HTC with
NaCl solutions of different concentrations are presented in Fig. 7a and 7c. The DC
conductivity was proportional to ow for both samples in accordance with Archie's law
(Archie 1942). Fig. 7b and 7d display the corresponding spectra of 6”’(®). Generally, both
PW700 and HTC showed an increasing trend of o”’(®w) with rising ow. However, the
increasing trend was weaker for HTC for high ow. The normalised total chargeability Mn
was used to quantify the polarisability as a function of ow for all four biochars (Fig. 8). Mn
showed a nearly linear relationship with ow for 2 % PW700 and PW800. However, Mx
increased approximately with the square root of ow for 2 % BW550. The sand-biochar
mixture with 2 % HTC did not show a power-law dependence on ow, as already expected
from the spectra of 6”’(®) for 1 % HTC shown in Fig. 7d. In addition, the peak position of
o”’(w) for 1 % PW700 shifted towards higher frequencies when ow increased (Fig. 7b).

Accordingly, pear decreased with ow for all pyrolytic chars (PW700, PW800 and BW550)



as illustrated for the mixtures with 2 % biochar samples in Fig. 9. In contrast, the 7peat of

HTC remained constant with varying 6w within the measurement accuracy.

DISCUSSION

This study presents the first systematic SIP measurements on sand-biochar mixtures. The
results clearly show that the type of biochar is the main factor that influences the SIP
response of sand-biochar mixtures (Fig. 2). Biochars exhibit large variations of the
electrical conductivity depending on the degree of carbonisation and associated
graphitisation (Gabhi et al. 2017), and materials with larger electrical conductivity are
expected to cause stronger polarisation. Generally, a higher heating temperature and a
longer heating time during the production process result in a higher degree of carbonisation.
With its distinct low carbon content, high H/C and O/C ratios (Tab. 1), and the low
production temperature, HTC is expected to be the least electrically conductive biochar.
Variations between the three pyrolytic biochars are due to different production temperature
and production processes (e.g. presence of air in the case of PW700). Gabhi et al. (2017)
reported that the electrical conductivity of biochar derived from the same kind of biomass
increased by six orders of magnitude when the biochar samples were exposed to higher
temperature. An accompanying moderate increase of the carbon content by 7 % and a
reduction of the H/C ratio by 46 % were observed and indicate a higher degree of
carbonisation. The increase in conductivity was, however, mainly attributed to a
simultaneous increase of graphitisation. Haegel et al. (2012) reported that ¢”’(®w) was
negatively correlated with the H content for biochar derived from wood. The same
relationship between polarisation and carbon content or H/C was also found for PW700
with different particle sizes but not for PW800 (Fig. 5). However, differences are so small

(chargeability between 0.23 and 0.30 for PW700 and between 0.12 and 0.14 for PW800)



that unambiguous correlations could not be obtained. BW550 had the largest carbon
content but a higher H/C ratio and a weaker polarisation compared with other pyrolytic
biochars derived from wood (PW700 and PW800). Apparently, the graphitisation of
BW550 is lower due to the lower production temperature. In addition, BW550 had a lower
BET surface area (Tab. 1). This also suggests that the structure of biochar and/or the
feedstock may have a significant effect on polarisation. A clear proof of this influence,
however, would require systematic investigations on tailored products made from the same
feedstock using different pyrolysis temperatures and processes.

Overall, we conclude that there is a general qualitative correspondence between the
observed strength of the polarization and the electrical conductivity of biochar inferred
from pyrolysis temperature and chemical composition of the four biochars. However, more
quantitative data on the electrical conductivity of particulate biochars would be needed to
obtain more reliable relationships between the polarisation and the electrical conductivity
of biochars. Such data are still lacking for particulate biochars. Previous studies show
measurements on larger samples of biochar (Jiang et al. 2013, Gabhi et al. 2017). However,
these studies neglected the internal structure (e.g. porosity) which can influence the
interpretation of the electrical conductivity of biochars considerably. In our opinion, the
determination of the electrical conductivity of solid biochar is challenging, and beyond the
scope of this study.

For lack of a more quantitative interpretation approach, the characteristics of the SIP
spectra of biochar can qualitatively be compared to those of other materials. Generally, the
SIP response of pyrolytic biochar (PW700, PW800 and BW550) shows characteristics of
metallic materials, in particular for the pine-wood biochars which were made at higher
temperature. For example, the observed SIP phase shift for 2 % silver nanoparticles in sand

saturated with NaCl solution exhibits a typical Cole-Cole spectrum with a single maximum



(Joyce et al. 2012) similar to 6” in Fig. 2 for PW800 and PW700. The peak phase of the
porous media with 2% silver nanoparticles was about 75 mrad, which is between the 55
mrad for PW800 and 110 mrad for PW700 for the same mass fraction. The phase
maximum obtained for the sand-biochar mixture with 2 % BWS550 sample (about 18 mrad)
is in the same order of magnitude as that from 2 % pyrite in a sand-agar gel matrix (12 - 15
mrad) (Revil et al. 2015). Okay et al. (2014) found that 6”(w) for a mixture of sand and 1 %
clay is in the range of 10 - 10* S m’!, and increases slightly with increasing ow, similar to

the sand-HTC mixture investigated here. Gurin et al. (2015) found that Mn <= ow for

metallic materials (galena, cryptomelane, chalcopyrite, iron) corresponding to our results
for pine-wood biochars (Fig. 8). Ma of HTC showed a smaller increase beyond 6w > 80 mS
m! (Fig. 8). Similar behaviour was also observed for sand (Slater and Glaser 2003) and
sandstone (Weller et al. 2011). Lesmes and Frye (2001) attributed this behaviour to
changes of surface charge density and ionic mobility for non-metallic materials. Increasing
electrolyte concentration leads to a stronger association of ions at the mineral-electrolyte
interface and a compression of the diffuse double layer which might result in a reduced
mobility of the ions due to ion-ion interactions. Weller et al. (2010) argued that conductive
particles may support a higher charge density per unit Spor and therefore do not show a
saturation effect of ¢~ with increasing Gw.

A power law relationship between 7peak and particle size was found with exponents
approximately equal to 2.7 for PW700 and 2.3 for PW800, which is somewhat larger than
the value of 2 reported by Titov et al. (2002) for the membrane polarisation model, and by
Leroy et al. (2008) for a Stern layer polarisation model. Interestingly, Wong's model (1979)
and the PPIP model (Misra et al. 2016) predict an approximately linear increase of zpeak
with increasing particle size, and thus seem to be inconsistent with the SIP measurements

on biochar in this aspect. Wong's model (1979) and the PPIP model do predict a decrease



of tpeak for increasing ow for conductive particles, in agreement with the measured results
by Gurin et al. (2015) and the behaviour of PW700, PW800 and BW500 in this study (Fig.
9). In contrast, the 7peak of HTC did not depend on ow, as expected for non-conductive
materials. It is important to realize that all available models have been derived for non-
porous particles. The effect of an internal porosity and surface area on the SIP response of
biochar is unknown, and needs to be investigated in future experimental and modelling
studies.

Previous studies have shown that a relationship between SIP parameters and the specific
surface area normalised to the pore volume (Spor) exists for various materials including
metallic mineral-sand mixtures and clay-sand mixtures (Slater, Ntarlagiannis and Wishart
2006, Weller et al. 2015, Weller et al. 2010). These relationships suggest that ¢” at a
specific frequency or Mnis approximately linearly dependent on Syor. As the SIP spectra of
biochar have a relatively strong frequency dependence, it is more suitable to show Mn
rather than ¢” as a function of Spor (Fig. 10). In comparison with previous data sets (e.g.
Fig. 3 in Weller et al. (2010)), Mx values of biochar fall between the values of conductive
or semi-conductive materials (iron/magnetite) and clay. PW700 shows the largest Mn, close
to metallic materials, while HTC shows values in a similar range as sand-clay mixtures.
PW800 and BW550 show values in between. The results further substantiate that pyrolytic
biochars are electronic conductors or semiconductors and that electronic polarisation of
biochar particles is the dominating mechanism of polarisation. In contrast, the main
mechanism of polarisation for HTC seems to be double layer polarisation, which is further
supported by the reduced increase of Mn with increasing electrolyte concentration (Fig. 8)
and the insensitivity of tpeak to ow (Fig. 9). It should be mentioned that Spor of biochar
might be overestimated due to the potential error of BET determination of biochar

(Sigmund et al. 2017).



CONCLUSIONS

This study demonstrates that it is possible to detect and characterise particles of biochar in
a sand matrix with SIP. All measured biochars exhibit an obvious frequency-dependent SIP
response. The character of the SIP responses of biochar highly depends on the type of
biochar. Biochars with a higher degree of carbonisation and graphitisation exhibit larger
polarisation. The dominating mechanism of polarisation for pyrolytic biochars seems to be
similar to that for conductive or semi-conductive materials. In contrast, double layer
polarisation seems to dominate the SIP response for biochar from hydrothermal
carbonisation. When mass fractions relevant for practical agricultural applications are used,
total chargeability is proportional to the mass fraction of biochar, which may allow the

determination of the content of biochar in soil.

The ultimate goal of this research is to develop strategies and techniques for the detection
and characterisation of biochar in the environment. Thus, SIP of biochar in soil and under
unsaturated conditions should be investigated in future work. Finally, the effectiveness of

the SIP method at field scale needs to be tested for this particular application.
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Figure 1. Sketch of the experimental set-up.
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Figure 2. Complex conductivity of mixtures of sand and 2 % of different biochars
(4 mmol L' NaCl); a) real part, b) imaginary part. The inset expands the y-scale
to highlight the spectra of samples with low polarisation.
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Figure 3. Complex conductivity of PW800 with different mass fraction of biochar
(4 mmol L' NaCl); a) real part, b) imaginary part.
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Figure 4. Total chargeability M of PW700, PW800 and HTC as a function of mass fraction
of biochar in sand-biochar mixtures (4 mmol L™! NaCl).
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Figure 5. Imaginary part of the complex conductivity of a) PW700 and b) PW800 with
different particle size of biochar in sand-biochar mixtures (4 mmol L' NaCl).
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Figure 6. Peak relaxation time tpeak 0of PW700 and PW800 as a function of grain size d of
biochar in sand-biochar mixtures (4 mmol L' NaCl).
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Figure 7. Complex conductivity of 1 % PW700 (a: real part, c: imaginary part) and
HTC (b: real part, d: imaginary part) at different concentrations (electrolyte

conductivities) of NaCl electrolyte.
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Figure 10. Relationship between normalised total chargeability Mn derived from DD and
the normalised specific surface area Spor for different sand-biochar mixtures
(NaCl electrolyte, 100 mS m™). For comparison, fitting curves for different
materials from Weller et al. (2010) are also provided.

List of Tables
Table 1 Chemical composition and BET surface areas of biochars

biochar / Size (mm) C H N o ash H/C O/C A«BET)
% (WIW) Y% (WIw) % (Wiw) % (W/w) % (w/w) (molar) (mass) m’g’

PW700/1-2 77.9 1.70 0.623 13.5 9.1 0.26 0.17 185

PW700/0.5-1 71.5 1.68 0.703 14.1 15.3 0.28 0.20 172

PW700/0.25-0.5 65.7 1.74 0.593 14.3 19.4 0.32 0.22 173

PW800/1-2 82.4 1.77 0.400 11.0 4.2 0.26 0.13 181

PW800/0.5-1 81.6 1.95 0.350 11.7 4.8 0.29 0.14 174

PW800/0.25-0.5 81.6 2.09 0.430 12.4 4.8 0.31 0.15 174

BW550° 87.5 2.63 0.320 9.6 1.6 0.36 0.11 39

HTCS 50.4 5.09 no data 359 5.1 1.21 0.71 5.4

3 Data for element and ash content taken from Borchard et al. 2014 (Charcoal in that paper)
$ Data for element and ash content taken from Bai et al. 2014 (htcBCS5 in that paper)



Table 2. Parameters of measured samples of sand-biochar mixture

Biochar in  Particle size (mm) Mass fraction and associated range of pore
mixture water conductivity
(mS m™)
0.5% 1% 1.5% 2%
0.25-0.5 -- 47 -- -
PW700  0.5-1 -- 47.4 -- --
1-2 46.8 46.9-168.7 469 46.4-171.7
0.25-0.5 -- 46 -- --
PWS800 0.5-1 46 46 47.2 47
1-2 - 46.1 -  473-170.8
BWS550 1-2 - - - 45-169.1
HTC powdery -- 45.5-169.5 47.5 47.5-170.7

Position suggestion:
Table 1 Position: refer to the section 2: Materials and Methods - Materials

Table 2 Position: refer to the section 2: Materials and Methods - Sample preparation



