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Abstract: Biochars are complex heterogeneous materials that consist of mineral phases,
amorphous C, graphitic C, and labile organic molecules, many of which can be either
electron donors or acceptors when placed in soil. Biochar is a reductant, but its electrical
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and electrochemical properties are a function of both the temperature of production and the
concentration and composition of the various redox active mineral and organic phases
present. When biochars are added to soils, they interact with plant roots and root hairs,
micro-organisms, soil organic matter, proteins and the nutrient-rich water to form complex
organo-mineral-biochar complexes Redox reactions can play an important role in the
development of these complexes, and can also result in significant changes in the original
C matrix. This paper reviews the redox processes that take place in soil and how they may
be affected by the addition of biochar. It reviews the available literature on the redox
properties of different biochars. It also reviews how biochar redox properties have been
measured and presents new methods and data for determining redox properties of fresh
biochars and for biochar/soil systems.
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1. Introduction

Biochar is produced from the thermal treatment of biomass in the near absence of air. The
utilisation of biochar in agriculture, forestry and land remediation has the potential to not only
sequester carbon (C), increase plant yields and enhance soil chemical and physical properties, but also
to alter emissions of nitrous oxide (N20), affect nutrient leaching and run-off, impact the availability of
contaminants in soil and alter soil physical and chemical properties [1]. Biochars are complex
heterogeneous materials whose properties depend on feedstock and pyrolysis conditions. They consist
of mineral phases, amorphous C, graphitic C, and labile organic molecules, many of which can be
either electron donors or acceptors when placed in soil [2,3]. As a result, biochar can be both a
reductant and oxidant [3]; its electrical and electrochemical properties are a function of both the
temperature of production and the concentration and composition of the various redox active mineral
and organic phases present [2-5].

When biochars are added to soils, they interact with plant roots and root hairs, micro-organisms,
soil organic matter, proteins and the nutrient-rich soil solution to form organo-mineral-biochar
complexes [4]. Redox reactions are hypothesized to play an important role in the development of these
complexes, and also to cause significant changes in the original C matrix of the biochar [5].

Electrons are essential reactants in inorganic, organic, and biochemical reactions. While there is a
fundamental link between proton transfer and electron transfer, redox reactions, i.e., transfer of
electrons, are arguably more important to the chemistry and biochemistry of living systems than proton
transfer reactions [5]. In the soil-rhizosphere-plant system, redox conditions play critical roles in cell
and plant physiology, microorganism functioning and community structure, soil genesis, and nutrient
availability, uptake and transformation, among other processes [5].

This paper reviews the redox processes that take place in soil and how they may be affected by the
addition of biochar, a redox active material. It reviews the available literature on the redox properties
of different biochars. It also reviews how biochar redox properties have been measured and presents
new methods and data for determining redox properties of fresh biochars and for biochar/soil systems.
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2. Review of Literature
2.1. An Overview of Redox Processes in Soils with Biochar

Redox processes involving the donation and acceptance of electrons play an important part in soils,
such as in nutrient cycling (phosphorous and nitrogen), scavenging of free radicals, formation and
destruction of ethylene, methane and nitrous oxide [6,7]. Decomposing organic matter, including
biochar, can be regarded as an electron-pump supplying electrons to more oxidised species present in
the soil system [8]. However, unlike organic matter, biochar oxidises at much slower rates and has the
potential to store electrons [9].

As Husson [10] notes, oxidation and reduction conditions are assessed by measuring the redox
potential (Eh;V). Eh is derived by combining the standard free energy change of the generic redox
reaction in Equation (1) with the Nerst equation, where F is the Faraday constant, Ox is the oxidized
species, Red is the reduced species, R = gas constant, T is temperature in kelvin, » = number of
electrons, m = number of protons exchanged:

Ox + mH" + ne” — Red (1)
gh - oy RUXIn[Red]  2303mRT x pH
B nF [Ox] nF 2)

The zero point for the Eh scale (E°) is set by the standard hydrogen electrode (SHE). Equation (2)
shows the relationship between Eh and pH. As Eh is correlated to pH, electron activity needs to be
compared at a given pH, which can be done by correcting Eh to pH 7 using the regression given by
Equation (2) [11,12]. As an example of the importance of this correction, a biochar suspension having
an Eh of 500 mV and pH 5 has a higher electron activity than a biochar suspension having an Eh of
400 mV and pH 9. Soil and biochar suspensions can be characterized simultaneously by their Eh and
pH using a modified Pourbaix Diagram [4,8]. In the same way, the Eh-pH of a particular biochar
suspension can be superimposed on this diagram. Examples are given and techniques are discussed in
a latter section. The issue in measurement of the Eh and pH of these diagrams has been discussed
in [8,10].

Poise is the resistance to change in Eh when a small amount of oxidant removes electrons from a
system or, conversely, a small amount of reductant adds electrons. Poise and Eh are expressions that
can be compared to buffer capacity and pH in soils. Poise increases with the total concentration of
oxidant plus reductant, and, for a fixed total concentration, it reaches a maximum when the ratio of
oxidant to reductant is unity [13]. Since biochars function mainly as reductants, we suggest that, when
added to soil, biochar may cause an increase in soil poise [10].

Molecular oxygen is the most common electron-acceptor species, although, in its absence,
there are alternative electron acceptors in soil, such as MnOOH (E° = 1.5 V), MnO2 (E° = 1.2 V),
NOs™ (E° = 0.88 V), and Fe** (E° = 0.66 V) that can also cause oxidation of organic C [6]. Soil
moisture status and soil structure are key factors controlling redox reactions. In well-aerated arable
soils, there is a mosaic of anaerobic microsites, in particular in the rhizosphere, resulting from O2
consumption by both soil organisms and root respiration. Thus, there are two soil redox interfaces;
namely (i) the low soil Eh rhizosphere zone, with a high Eh of surrounding well-aerated soil; and (ii)
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the low Eh rhizosphere region and its interface with the high Eh surfaces of live and growing roots.
Similarly, when biochar is added to soil and adsorbs water, there will be internal pores that have no or
very low concentrations of Oz and where the Eh is very low, as well as an area surrounding the biochar
where the Eh can be high (in aerated soils [5]).

Redox transformations are most apparent at interfaces where there are two unlike environments and,
hence, a driving force for reaction. Typically, these are wetlands, flooded fields and the regions
between roots and moist soil in the rhizospheres of many plants [6]. Additions of high concentrations
of biochar into the rhizosphere could introduce an environment that contrasts the one that would
naturally develop there from the typical soil clays, silt, sand and organic matter components. The redox
potential in the immediate area around the biochar particle could change as solutions rich in organic
compounds, cations and anions, diffuse in and out of the macro- and meso-pores of the biochar.
Joseph et al. [5] detailed biotic and abiotic reactions that could take place on the surface and in the
pores of the biochar, with regards to both the C matrix and mineral matter.

Research has also highlighted the role that iron minerals play in redox processes in soil [7]. It has
been hypothesised that iron minerals in biochar could catalyse a range of redox reactions associated
with nutrient cycling, nitrification and denitrification [13]. Iron exists in all types of biomass both in
the Fe** and Fe*" oxidation states and both oxidation states can exist in the biochar usually as an iron
oxide (Fe20s3, Fe3O4, Fe(OH)3). The concentration of different Fe compounds with different oxidation
states depends on the pyrolysis conditions (air is often entrained with fuel) as well as complex catalytic
processes that take place during pyrolysis between the alkali metals and the organic molecules [5].
Some of these Fe phases have diameters less than 10 nm and are completely surrounded by C,
while others exist on the surfaces of pores and can be oxidised by air. Once biochars are placed in soil,
Fe compounds can precipitate out on the surface of the biochar or, if they are in a water saturated
environment, they can be reduced [4].

The redox processes involving Fe may include:

(1) Electron transfer from organic matter to Fe(III) (hydr) oxides via C oxidation [14].

(2) Reduction of NO3™ to NO2~ with the oxidation of Fe?* to Fe*.

(3) Mineralisation of organic N to NH4" [15] and the oxidation of NH4" to NO2 with the
consequent reduction of Fe ** to Fe?".

(4) Oxidation of NH4" to NO2~ with the consequent reduction of Fe**, formation and oxidation of
FeS minerals in the sulphur (S) cycle [7].

(5) Cycling of S from solid to soluble liquid species driven by oxidation or reduction of Fe species [7].

Biochar with a high content of Fe oxide nanoparticles at the surfaces of pores could significantly
increase the rate of reduction of NO3;  and NO:2 by lowering the free energy required for the
process [13].

Microorganisms can also actively modify and optimize their immediate geochemical surroundings
by mobilizing nutrients for uptake and increasing the accessibility of electron acceptors for energy
generation to facilitate assimilation and dissimilation [16]. Fe** educing microorganisms, such as the
bacteria Shewanella sp., can excrete electrons to increase the availability of Fe minerals. For example,
it was reported that small concentrations of biochar stimulate both the rate and extent of microbial
reduction of the Fe(Ill) oxyhydroxide mineral ferrihydrite by Shewanella oneidensis MR-1 [17].
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2.2. The Electrochemical Properties of Biochars, Summary of Literature

Only a handful of studies have measured redox characteristics of biochars. These are reviewed here.
Unfortunately, none have yet explored in a well-controlled manner whether such properties actually
play a role in the various effects biochars are reported to have on the soil environment, plant growth
and health, gaseous emissions, and the makeup of the rhizosphere microbiome. This is a major
knowledge gap.

Ishihara [18] reported that wood charcoal carbonised at <300 °C, 300 °C—-800 °C and >800 °C acts
as an insulator, a semiconductor and a conductor, respectively. Biochars produced at 600 °C and
above are conductors but exhibit a lattice structure that contains a considerable concentration of
micropores [19] and stable radicals within the graphitic structure. They contain very low
concentrations of water-soluble organic molecules and oxygen-based functional groups. Both graphitic
conductors and amorphous C semiconductors produced at temperatures above 600 °C are utilised in
electrochemical devices (such as batteries, supercapacitors and microbial fuel cells) and there is now a
considerable understanding of the electron transfer processes that take place at the surfaces both in
biotic and abiotic redox reactions [20].

Mineral and C phases in biochar have different electrochemical potentials [21]. The C phase has a
series of tubular pores (the xylem and phloem of the original biomass structure) that can connect the
different mineral phases. These tubular pores are themselves porous at the nanometer scale, and there
is also connectivity across the C phases. This porous structure can have similar properties to a
semipermeable membrane, whereby two parallel C tubular pores with different concentrations of
soluble metals can act as a galvanic cell [22]. Most biochars contain redox active Fe and Mn-based
minerals, and many of these redox active minerals exist as nanophase particles [5] often in a number of
oxidation states. For example, Fe oxide in biochar can exist as magnetite or hematite. [ron contents as
high as 2.3% of the total weight of biochar (biosolids feedstock) has been reported [23], but
wood-based biochars tend to have much lower concentrations (0.14%—0.34% w/w). However, biochars
produced at lower temperatures (<450 °C) have a much greater concentration of labile organic
molecules and surface functional groups.

Graber et al. [2] found that aqueous extracts of biochars produced over a range of temperatures
from three different feedstocks had substantial reducing capacities. Extracts of two biochars prepared
from greenhouse wastes at two different highest heat temperatures (HTTs) were able to solubilize Mn
and Fe from different soils over a wide range of pH values, presumably by means of reducing the
oxidized metal species. The extract of the lower temperature biochar, having a greater variety and
concentration of soluble reducing agents, solubilized more Mn and Fe than the extract of the higher
temperature biochar. In the studied systems, the dissolved organic matter (DOM) fraction, in
particular, phenolic compounds, was proposed to be responsible for the main part of the reducing
capacity, which was on a par with the reducing capacities of various humic and fulvic substances.

Klupfel et al [3] studied the redox properties of 19 wood and grass biochars produced at
temperatures ranging from 200 to 700 °C using mediated electrochemical analysis. All the biochars
could reversibly accept and donate up to 2 mmol of electrons per gram of biochar, with the high
mineral ash grass-based biochars having higher electron exchange capacities (EEC) than the
wood-based biochars. Maximum EEC was found for biochars produced at 400 °C. Combined
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electrochemical, elemental, and spectroscopic analyses of the thermosequence biochars provided
evidence that the pool of redox-active moieties was dominated by electron-donating phenolic
moieties in the low-HTT biochars, by newly-formed electron accepting quinone moieties in
intermediate-HTT biochars, and by electron accepting quinones and possibly condensed aromatics in
the high-HTT biochars.

It was also suggested that, due to its conductive properties, biochar solids promote direct
interspecies electron transfer (DIET) in co-cultures of Geobacter metallireducens with Geobacter
sulfurreducens or Methanosarcina barkeri in a fashion and extent similar to granular activated carbon
(GAC), despite being 1000 times less conductive than GAC [9]. The possibility that DIET was
promoted by the liquid soluble phase of biochar was rejected because an isolated soluble biochar
fraction exhibited less DIET promotion than did the biochar together with the soluble phase. However,
this may have been an artifact of the method used for isolating the soluble fraction, which differed
from the method used to prepare the biochar itself and could have resulted in a much lower
concentration of isolated soluble materials than would have been present in the biochar co-cultures.
The authors reported that the reduced biochar was incapable of transferring electrons to Fe(IIl) citrate,
leading them to conclude that electron transport through the solid biochars was unlikely to be due to
quinone moieties, but rather, was due to the conductive properties of the solid phase itself. These
results contradict those of [3], who found that all 19 studied biochars were able to reversibly donate
and accept electrons. It also contradicts the study of [17]. Results from these few studies are
insufficient to conclude the mechanisms involved in biochar redox activity, and clearly a gap in
knowledge still exists.

2.3. Measurement of the Electrochemical Properties of Fresh Biochars and Soil/Biochar Systems

Different techniques have been used to measure the redox properties of biochars. This section
reviews methods that have been published and presents new data using solid-state cyclic voltammetry
(SSCV). Graber et al. [2] extracted the water-soluble organic fraction of biochars and used the Ferric
Reducing Antioxidant Power (FRAP) assay to determine reduction capacity (RC) of the extracted
organic molecules. Total phenols in the biochar aqueous extracts and DOM solutions were determined
using the Folin Ciocalteu (F-C) assay. FeSO4-H20 standards were also measured by the F-C assay to
calculate moles of charge transfer (molc), where each mole of FeSO4 represents one mole of charge
transfer. Solubilization of Mn and Fe from the soils were compared for biochar aqueous extracts and
water as a function of pH, which was controlled with a buffer.

Kluepfel et al. [3] finely ground the biochars, removed any O> through purging with N2 at 80 °C,
and then ubiquinone (Q10) was added to a solution of ethanol. Biochars were suspended in 0.1 M KCI
and 0.1 M phosphate buffer, pH 7, were reduced by addition of borohydride (NaBH4), and then
subsequently re-oxidized by O:2 in air. Changes in the biochar redox states were determined by
electrochemical analysis of untreated, NaBHs-reduced, and re-oxidized chars. The redox states of the
biochars were quantified by mediated electrochemical reduction (MER) and oxidation (MEO) using an
electrochemical cell. A glassy carbon cylinder served both as the working electrode (WE) and
electrochemical reaction vessel and the counter electrode was a coiled platinum wire separated from
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the WE compartment by a porous glass frit. The applied redox potentials were measured against
Ag/AgCl reference electrodes.

A commonly used technique for measuring the redox characteristics of carbons is solid-state cyclic
voltammetry (SSCV) [24]. In this technique, a composite electrode consisting of 10% biochar and 90%
SFG6 graphite (Timcal) was prepared through light grinding in a mortar and pestle. This was mixed
with a phosphate buffer, equilibrated for 16 h and then transferred to a stainless steel cup cell in which
the cylindrical walls are Teflon-lined. This mix was compacted in a hydraulic press to produce a
working electrode. A stainless steel inner lining was used as the counter electrode. The cell was then
allowed to equilibrate with the electrolyte for 1 h after which the working electrode potential was
swept from its open circuit value cathodically to —1.2 V, after which the sweep was reversed to an
upper potential limit of 0.2 V, and then back down again to —1.2 V. The potential sweep rate was set at
0.05 mV/s. More details are provided in the supplementary information (S1). In this study, the residual
electrode, after cycling, was examined using both a scanning electron microscope (SEM) and a
transmission electron microscope (TEM) as per the methods described [5]. In this present study and
the supplementary information, SEM imaging was carried out using an Hitachi S3400 fitted with a
Bruker Silicon Drift Energy Dispersive X-ray microanalysis system (EDS) for elemental analysis and a
JEOL 2100 TEM fitted with an Oxford Instruments EDS detector.

Chen et al. [9] determined the electrical conductivities of biochar by two-probe electrical
conductance measurements using two gold electrodes separated by a 50 um non-conductive gap.
Biochar was placed between the two gold electrodes to bridge the non-conductive gap. Voltage was
then scanned from 0 V to 10.05 V in steps of 0.025 V. For each sample, current was measured 100 s
after setting the voltage to allow the exponential decay of the transient ionic current in the gap and to
measure steady state electronic current.

Husson et al. [25] and [26] note that accurately determining Eh in soils both with and without
biochar is difficult, due to:

(i) High variability of soil Eh in space and time: Eh is largely influenced by hydric conditions
(water activity), temperature, microbial activity and respiration of living organisms [27,28].
As a consequence, it is difficult to obtain stable measurements, especially in soils with low
poising ability (that is, soils with low organic matter and clay content).

(i) Irreversibility of redox reactions at the surface of the electrodes, which makes it difficult to
conduct Eh measurements over long time periods [29].

(iii) Chemical disequilibrium in soils [30].

(iv) Polarisation of and/or leakage from electrodes.

Recently, the possibilities of further complications in Eh measurements were reported [31,32],
namely:

(v) The influence of electromagnetic fields on water and living organisms, which can greatly
perturb Eh measurements in soil samples through an induced current in the electrode [31].

(vi) The possible role of “structured” interfacial water in cells, affecting electron activity in
exclusion zones [32,33].
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In both field and bench scale measurements, tandem Eh-pH measurements should be undertaken to
help elucidate the role of biochar in affecting redox processes. Husson et al. [25] recommends that all
measurements be undertaken away from electromagnetic fields (as these can affect the stability of final
measurement of the voltage) using very high impedance voltmeters and frequent cleaning of
electrodes. Multiple sampling is necessary, as if the electrode touches the biochar in the soil, readings
could be much lower than in the overall biochar/soil system. In aerobic soils, stable reproducible Eh
measurements need to be carried out at a soil moisture content close to field capacity [25].

For bench scale measurements, soil sample preparation needs to be standardized (especially soil
drying and rewetting procedure) and temperature must be maintained at approximately 25 °C [25].
Drying the sample at 35 °C over 3—4 days led to more stable measurements. They found that
approximately 10%—15% of water should be added to sandy soils and 25%-35% for clayey soils.
When rewetting, water should have an Eh of approximately 400 mV to ensure reproducible results.
In flooded soils, the Eh needs to be measured as a function of depth away from electromagnetic fields
with frequent cleaning of the electrode and multiple sampling in the experimental plots.

The following section presents new data using the cyclic voltammetry and soil methods
described above.

2.4. Electrochemical Properties of Biochar as Measured Using Solid State Cyclic Voltammetry
(SSCV), SEM and TEM

Three very different biochars that had been fully characterized and used in field trials were selected.
These included:

(1) A wood biochar (Jarrah) produced at 600 °C in a vertical retort [34]. This biochar had a high
surface area, high fixed C, high concentration of stable aromatic C and low concentration of
functional groups and low ash.

(2) Acacia saligna biochar produced at 380 °C in a rotating drum kiln. This biochar has high labile
C content and a relative low surface area compared with the Jarrah biochar [35].

(3) Chicken litter high mineral ash biochar produced at 400 °C in a rotating drum kiln [4].

The voltammogram from these biochars was compared to that of the black C particles taken from
Terra Preta soils in the Hata Hara region of the Amazon and examined in detailed by [36]. These
particles contain high concentrations of mineral matter and an Fe content of approximately 3%.

The voltammetric behaviour of the Saligna and Jarrah biochar electrodes is shown in Figure 1.
The initial sweep from the open circuit potential for both the Saligna and Jarrah down to —1.2 V and
then back up to +0.2 V shows the electrodes behave like a capacitor, with no real evidence for any
faradaic charge transfer processes. However, when the upper potential limit is reached, the Saligna
electrode undergoes a substantial activation process at a potential that would be typical of the Eh for
many soils, in which case there is significant anodic current generated in the potential range from
+0.25 V to —0.1 V. This is followed by significant cathodic current at potentials below —0.7 V.
A similar activation process did not occur for the Jarrah biochar.
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Figure 1. (a) Voltammograms of Jarrah biochar produced at 600 °C; and (b) Acacia
saligna biochar produced at 380 °C.

A similar voltammogram was observed when either a chicken manure biochar (Figure 2a) or
Terra Preta soil was cycled (Figure 2b). Nakamura et al. [37] and [24] reported that the increase in
current would indicate that oxidation of the C to CO: takes place preferentially at the nanophase
mineral/C interfaces and areas where high concentrations of oxygen functional groups exist [38].
Tulloch et al. [24] using cyclic voltammetry has shown that anatase, pyrite, kaolin montmorillinite and
alumina increased the rate of oxidation of C in coal. Corrosion experiments carried out on graphite and

amorphous C indicate that oxidation of amorphous C surfaces results in an increase in pore surface
area [38].
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Figure 2. (a) Voltammogram of chicken manure biochar produced at 400 °C; (b) is that of
particles of Terra Preta soils taken from Hata Hara district.

The SEM images and EDS spectra from the cycled Acacia Saligna biochar are consistent with the
findings above. Significant damage occurred on the surfaces of C matrix (Figure 3a,b) indicated by
broken and rounded edges of the walls of the pores and formation of the cracks around an area rich in
Fe-based compounds (Figure 3c¢).
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Figure 3. (a) SEM image of a surface of a Acacia Saligna biochar where there has been
damage on the walls of the biohar (b) SEM image of the cracks forming in the carbon
matrix of the Acacia Saligna biochar; (¢) is an EDS analysis of the area shown in (b)
indicating that there are localised concentrations of Fe-rich and KCI phases on this surface.

The damage noted in these images is similar to that reported by [39]. Formation of cracks in the C
matrix could be due to the evolution of gas (probably COz2), especially as they occur in regions where
there is a high concentration high in Fe and O [40]. TEM examination of the surface of the cycled
Saligna biochar revealed the formation of a crack at the end of an Fe-rich mineral phase (Figure 4a—c).
Figure 5 shows a TEM image of nanophase Fe/C/O rich particles that were separated from the main
biochar particle. The nanophase Fe particles are coated with an amorphous C layer. These structures
are similar to those observed by [41] on corroded carbon black samples.
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Figure 4. (a) TEM image of the oxidized surface of the Saligna biochar where the light
coloured region is amorphous carbon and the darker areas are Fe-rich minerals; (b) is a
magnified TEM image of the crack arrowed in Figure 5a,c; (¢) is an EDS spectrum taken
from the area around the crack.

Similar TEM and SEM images of the Jarrah biochar (Figure S2) with its high concentration of
graphitic planes did not reveal similar damage to the surfaces after cycling two times. It is thus
apparent that this high temperature wood biochar is much more resistant to oxidation than the lower
temperature biochar. These results thus correspond to evidence that higher HTT biochars are more
stable in the environment and have substantially longer predicted half-lives than lower HTT
biochars [42].

It is possible that once the labile organic C has been oxidized, new oxide layers on more stable
graphene sheets could form, and these could protect the surface from further oxidation [43]. These
types of processes could account for some of the results from incubation studies where biochar
addition causing short-term positive priming of soil organic matter [44] and then longer term negative
priming [45]. Whether biotic processes have a larger role than these chemical redox reactions is yet to
be determined.
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Figure 5. (a) shows a TEM image of the surface of biochar after cycling; (b) is a higher
resolution image of the area shown in (a) (18) and (c¢) is an EDS spectrum from area 18
in (a).

2.5. Changes in Eh and pH When Biochars are Added to Soil Using the In-Situ
Measurement Technique

Joseph et al. [4,5] and [17] have detailed the potential biotic and abiotic redox reactions that take
place when biochar is added to soil. Figure 6 summarises that data on a modified Pourbaix diagram in
the changes of Eh (pH corrected) and pH after rice straw biochar (RSB) produced at 400 °C and
625 °C were added to a sandy soil (arenosol, 92% sand, 2% silt, 6% clay) at application rates of 0.5%,
1%, 2% and 5 wt %. Detailed data for this biochar including Eh-corrected for pH are given in
supplementary information (Figure S3a—c).

Adding a 1 wt % RSB produced at either 400 °C or 650 °C reduced the soil Eh from 0.55 V to 0.38 V
and the pH was increased from 4.6 to 6.0. These conditions are considered to be very favourable for
the growth of most plants and for the increase in beneficial micro-organisms [8,10,46]. Adding a small
amount (2 wt %) of either temperature RSB reduces the soil Eh from 0.675 V to 0.325 V and the pH
was increased from 4.6 to 6.9. Similarly, if the Eh is normalised for a pH of 7 (see supplementary
information), the effect of adding 5% biochar does not significantly reduce Eh compared with adding
2%. A similar set of results were obtained for rice husk biochar, although pH was not increased to the
same extent as with the straw biochar, due to the high mineral silica content and lower carbonate value
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(Figure S4a,4b,4c,4d). A low Eh may affect N and P dynamics, alter the diversity and/or abundance of
micro-organisms, and, in turn, affect the growth of certain plants and change the emissions of N2O and
CHa [47].

Eh7 (v)
O:=1bar
0.8 E
—
0.6
Soil
A
Biochar
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0.4
) ﬁ 5% Biochar
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Figure 6. Summary of information on measurement on the change in Eh (corrected for pH)
and pH with the addition of 2 rice straw biochars produced at 400 °C and 625 °C.

3. Conclusions and Future Directions

The initial investigations discussed above along with the work of [2-5,10,13,48,49] highlight the
importance of redox process affecting the bulk soil properties occurring on the surface and in the
vicinity of biochar particles. When biochars are added to soils in significant quantities, we sometimes
observe a rapid change in both Eh and pH. The magnitude of the changes that occur for a particular
soil/biochar combination are a function of the pyrolysis process conditions (time and maximum
temperature), the feedstock, whether there has been any pre or post-treatment of the biochar, and on
the soil type and environment. Mineral matter, labile organic molecules and C functional groups at
surfaces determine the Eh of a biochar and this, in turn, affects the change in Eh of a soil after the
amendment. As [30] noted, redox processes in soil are kinetically hindered and are in disequilibrium
with each other. Thus biochar impacts on soil Eh can change over time especially if biochar
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reacts/interacts with micro-organisms, soil mineral and organic matter, chemical fertilisers and plant
roots. As [4] noted, the redox activity of biochars in soils could be a function of the changes in the
nature of the organomineral layers that form and/or break down during different crop cycles, changes
in environmental conditions and through movement through the soil profile. It is possible that as
biochars themselves fragment, new redox active surfaces are exposed, thus resulting in a more
complex series of redox reactions.

Key questions that require further research include:

1. Are the redox properties of biochars responsible for some or any of the different effects that
biochars have been reported to have in the integrated soil/plant/rhizosphere microbiome system?

2. What are the mutual redox interactions of different biochars in soils of different types?

3. Do biochars increase the poising capacity of soils and why?

4. Are some biochars more effective than others in altering Eh fluctuations, especially in systems
(e.g., rice) where flooding and drying cycles occur?

5. Does the penetration of root hairs into the pores of biochar and/or the attachment of roots to the
biochar surface change the potential across the plant cell wall and change the take up of specific
nutrients? If so, why does this occur?

6. Do Fe and Mn/Oxide particles with diameters less than 20 nm redox active particles on the
surfaces of biochar assist in the breakdown of organic matter, increase P availability and reduce
the production of greenhouse gases?

Studies to answer such questions have yet to be undertaken, in part because the recognition that
biochars are redox active is relatively recent, and, in part, due to the difficulties involved in designing
experiments to isolate and test these questions. We propose that one way to do this would be to
compare soil system impacts of a given biochar with those of the same biochar doped with redox
active components or otherwise altered in its redox activity. Alternatively, the creation of a model
system that isolates effects of interest and reduces the number of potential causative factors could be
developed and tested.
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