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ARTICLE INFO ABSTRACT

Handling Editor: Matthew Tighe Physical disintegration of biochar has been postulated to determine the persistence and mobility in soil of this

recalcitrant carbon pool. Therein, freeze-thaw cycling can induce substantial physical stress to biochars. We here

Keywords: investigated the physical disintegration and subsequent mobilisation of five different biochars under “realistic
B‘_O.Char . worst-case scenarios” in a laboratory soil column setup as well as in shaking and sonication batch experiments.
Disintegration The mobilization of carbon from biochar particles (0.25-1 mm) was investigated in the absence of clay at a pH of
Freeze-thaw . . . . . . .

Carbon 6.3 with and without 80 freeze-thaw cycles. The small biochar particles used in this study did not strongly

disintegrate after freeze-thaw cycling, possibly because of freezing point depression in biochar micropores. Our
results in comparison with findings in literature suggest that freeze-thaw-induced physical disintegration of
biochar is a process more pronounced for large biochar particles containing substantial meso- and macropores.
Biochars with larger ash fractions disintegrated more, presumably because of the ash-associated formation of
unstable cavities within the biochar. Physical stability of biochars produced from the same feedstock at different
pyrolysis temperatures decreased with increasing aromaticity, which may be linked to a higher rigidity of more
aromatic structures. Moisture content in the soil increased carbon mobilization from biochar more than physical
stress such as freeze-thaw cycling. The physical disintegration of biochar and subsequent mobilization of micro-
and nanosized carbon should thus be considered of minor relevance and is often not a driving factor for biochar
stability in soil.

1. Introduction

Physical disintegration of biochar was suggested to be a major pro-
cess determining biochar mobility and stability in soil, with implications
for biochar use in e.g. agriculture, carbon sequestration as well as soil
remediation. Spokas et al., (2014) investigated the disintegration of 10
biochars and measured mass loss of ~6 to 35 % in batch-shaking ex-
periments. This suggests that biochar disintegration may diminish long-
term biochar carbon sequestration in soil because increasing surface
area to volume ratios with decreasing particle size are expected to cause
more reactive particles, which may thus degrade more readily. In
addition, smaller particles may be transported through the soil pore
structure more easily. When biochar is applied to very sandy soils, a
considerable carbon fraction could thus be mobilized and potentially
degraded. In contrast, in soils with average clay contents, small biochar
particles would quickly interact with clay particles acting as binding
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agents to form stable biochar-clay aggregates which are not easily
mobilized or degraded (Schiedung et al., 2020; Yang et al., 2022;
Bowring et al., 2022).

Most studies on biochar disintegration were conducted under con-
ditions hardly relatable to field settings. A number of authors used
shaking or sonication-based batch experiments to disintegrate biochar
into micro- and nanoparticles and investigate some of their behaviors
(Quetal., 2016; Song et al., 2019; Xing et al., 2018). These studies found
that biochar produced at low temperatures (<350 °C) with a relatively
low degree of carbonization and a correspondingly high aliphatic frac-
tion was more prone to physically disintegrate, in part because of the
higher solubility of the aliphatic fractions compared to the more aro-
matic fractions in biochar produced at higher temperatures (>400 °C)
(Keiluweit et al., 2010; Santin et al., 2017). Accordingly, Song et al.
(2019) found that the particulate organic carbon fraction that can be
mobilized is more polar and less aromatic than the bulk material it is
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released from.

Most prior studies relating to physical disintegration and the leach-
ing of organic matter from biochar analysed the “dissolved” organic
carbon content (DOC) using operational cut offs such as <0.45 ym (Liu
et al., 2018; Qu et al., 2016). However, the quantification of the mobi-
lized total organic carbon (TOC) capable to pass through soil may be
more meaningful for mass balance purposes, as this fraction also in-
cludes mobilized micro- and nanoparticles. To date, it remains unclear,
how findings from batch studies can be translated to soil systems, where
the physical stress on biochar particles is substantially smaller, and the
liquid-to-solid ratio is orders of magnitude lower. Liu et al., (2018) are
among the few authors that investigated biochar particle disintegration
under soil-like conditions, by applying freeze-thaw cycles to one bio-
char. Focusing on macroscopic changes in the biochar particles, the
authors found that bulk biochar particles became smaller after freezing
and the Diameterp,j,/Diametery,x ratio changed (Liu et al., 2018).

Under varying environmental conditions, the physical disintegration
of biochar could additionally be affected by the biochar’s porosity and
water-holding capacity (WHC), which is known to increase with
increasing pyrolysis temperature (Brewer et al., 2014; Edeh et al., 2020).
Biochar porosity and physical structure is also highly affected by the
type of feedstock: grassy feedstocks result in biochars with high macro-
porosity which is easily capable to uptake water compared to more
microporous biochar from woody feedstocks (Brewer et al., 2014).
Freeze-thaw cycling may thus substantially contribute to the physical
disintegration of biochar and could have underexplored consequences
for biochar stability in the field. The physical disintegration of biochar
under cryo-stress and subsequent mobilization of micro-and nanosized
carbon should thus be investigated to assess its relevance for biochar
stability compared to chemical oxidation and biological degradation of
the bulk biochar.

Here, we investigate the disintegration of small biochar particles
(0.25-1 mm) in sand columns exposed to freeze-thaw cycles under
different water saturation conditions and compare findings with parallel
batch experiments. To cover a range of scenarios, we studied five
different biochars intermixed at 5 % wt into pure sand columns. The aim
was to investigate a high mobilization scenario with no clay present, and
a relatively high pH (6.3) to maximize DOM dissolution and particle
mobilization due to increased electrostatic repulsion from negatively
charged surface groups. The experiments were conducted at two
different moisture conditions (at 50 % and 120 % water holding ca-
pacity) using standardized artificial rainwater with a relatively low ionic
strength to obtain a realistic “worst case” scenario in relation to carbon
mobilization. In the field, the largest carbon losses from biochar are
observed within the first year after field application due to the leaching
and degradation of labile biochar fractions during that time (Wang et al.,
2016). Accordingly, we investigated the physical disintegration of bio-
char for freeze-thaw cycles corresponding to approximately-one year of
field ageing in temperate climatic regions (80 cycles).

2. Material and methods
2.1. Materials and chemicals

Standardized biochar produced from softwood pellets (SWP) and
Miscanthus pellets (MSP) at pyrolysis temperatures of 500 or 700 °C,
were purchased from the UK Biochar research centre and will be referred
to as SWP500, SWP700, MSP500, and MSP700. In addition, wine
pruning biomass was pyrolyzed in a traditional Kon-Tiki approach fol-
lowed by wet quenching with water, which will be referred to as “vine
Kon Tiki”. Large biochar particles were gently crushed and sieved, using
the biochar particle size fraction 0.25-1 mm for all experiments. Dor-
silit® quarz sand (0.3-0.8 mm grain size) was muffled at 550 °C for 5 h
prior to use. Artificial rainwater at pH 6.3 was produced following a
protocol by Ricci et al., (2010) using analytical grade chemicals pur-
chased from Merck and Sigma Aldrich (see Supporting Information for
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details). All glassware used for experimentation was muffled at 550 °C
for 5 h prior to use.

2.2. Biochar characterization

The CHNS composition of biochar was determined according to DIN
51732 via TruSpec CHN (Leco), ash content was determined from dry
materials burned at 750 °C for 6 h. Oxygen content was determined via
mass balance assuming that % O = 100 — ) % (C, H, N, S, ash). Total
pore volume and pore size distributions were determined via Ny phys-
isorption as previously described in Sigmund et al. (2017). Bulk prop-
erties of the standard materials from the UK Biochar research centre
were compared to the producer’s measurements. Minor differences
observed are likely related to batch to batch variation as well as a
possible size fractionation during sieving.

2.3. Freeze-thaw column experiments

To test a large number of scenarios we developed a small-scale col-
umn setup that can easily be transported and frozen. In short, we built
holding racks to move and handle groups of columns built out of 50 mL
syringes purchased from VWR. A small layer (approximately 5 mm) of
previously muffled glass wool was placed at the bottom of the syringe to
prevent sand from trickling out of the column. The column was subse-
quently filled up with 30 g sand-biochar mixtures (or sand without
biochar as a control). The rack was then placed into a box filled with
artificial rainwater for 24 h. Following this incubation, we used gravity
drainage and weighed the drained column to calculate the respective
water holding capacity (WHC). Subsequently each column was rinsed
with 240 mL of rainwater to wash out those biochar fractions that would
have been mobile prior to the freeze-thaw experiment (corresponds to
approx. 25 pore volumes). This “rinsing” fraction was collected and
characterized for pH, electrical conductivity, TOC (Shimadzu TOC-L
analyzer), the particles size distribution (Eyetech™ from Ambivalue),
and Zeta Potential (Malvern ZetaSizer Nano) as well as the DOC (<0.45
um fraction) and the DOC absorbance at 254 nm (Perkin Elmer, Lamda
35 UV-vis Spectrophotometer) to calculate the aromaticity proxy
SUVAjs4 (Weishaar et al., 2003). More analytical details can be found in
the supporting information.

For the main experiment, the water volume in the columns was
adjusted to either (i) 50 % of WHC by drying the saturated columns in an
oven at 40 °C until the desired weight of the columns was reached or (ii)
120 % of WHC by adding artificial rainwater to the columns using a
pipette. Subsequently, the syringe was sealed using a Luer lock at the tip
and covered with Parafilm at the top. To emulate freeze-thaw cycles, the
sealed syringes were frozen for 8 h at —20 °C and thawed at room
temperature (25 °C) for approximately 16 h before being frozen again.
This approach was used to simulate 80 freeze-thaw cycles for all six
biochars at both moisture conditions, respectively. The selected 80
freeze-thaw cycles are at the upper annual limit of temperate climate
zones (Freeze-Thaw Days, 2022). At the end to the freeze-thaw cycles,
the columns were rinsed with 50 mL of artificial rainwater (approx. 5
pore volumes) to subsequently measure the beforementioned parame-
ters. To approximate the annual precipitation in temperate climates, for
total carbon measurements, another 400 mL of artificial rainwater were
used for rinsing and subsequent carbon analysis with the 80-freeze-thaw
cycle scenario (corresponding to a total of 750 mm precipitation relative
to the column surface). In addition, for all Biochar-sand combinations,
and both WHCs, columns were stored at 25 °C without the freeze-thaw
cycling as a control group for the duration of the experiment to account
for slow dissolution processes. The artificial rainwater additionally
contained 20 mg/L NaNjs to suppress microbial activity in the columns.
All carbon analyses were blank-corrected for measurements from sand
columns without biochar addition. The glass wool layer as used here had
a size cutoff of approximately 10 um. Based on pre-experiments, this
cutoff did not influence our results, as the overwhelming majority of
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particles (>99 %) was smaller than 10 um. Large biochar particles
remaining in the columns were characterized for CHNS composition at
the end of the experiments to investigate changes in the bulk composi-
tion. An exact quantification of oxygen for these samples was not
possible due to limited sample amount recovered from the columns for
measuring ash content.

2.4. Shaking and sonication batch experiments

To make batch experiments comparable to the abovementioned
column setup, the gravity drainage step described above was done for all
biochars prior to batch experimentation. After this rinsing step, the
biochar was dried at 40 °C for 48 h and thereafter used for batch ex-
periments. Two different batch setups were used and compared for all
biochar samples. Firstly, the shaking protocol from Spokas et al., (2014)
was adapted using the same solid to liquid ratio (1:20) and shaking
biochar suspension for 24 h at 125 rpm in the dark. Secondly, identical
biochar suspensions were not shaken but sonicated in glass vials for 10
min using a Bandelin sonorex super rk106 bath (35 kHz). Following the
batch disintegration experiments, the suspensions were run through an
empty column with glass wool to increase comparability with the col-
umn setup. The resulting suspensions were analyzed via the same pro-
cedures as described in 2.3. Additionally, the residual solid particles
were recovered from the glass wool in the syringe and used for CHNS
analysis.

2.5. Data analysis

Experiments were done in triplicates for subsequent statistical
analysis which was performed using Origin Pro 2018b. Groups of sce-
narios investigated were compared using two-sided ANOVA.
Figures were plotted with error bars which represent calculated stan-
dard deviations.

3. Results and discussion

In the subsequent sections it should be noted that a small cumulative
fraction of carbon leached out of the biochars after rinsing the columns
filled with sand and biochar with several litres of water prior to
freeze-thaw cycling. We call this carbon fraction (after 240 mL of rinsing
before any disintegration experiment) “baseline” and will refer to it as
such in the following sections. This rinsing step was performed to ensure
leached materials from the columns were mobilized because of cryo-
stress and related experimental processes, rather than an artefact from
column filling and/or biochar already disintegrated prior to the exper-
iment (which would be mobilized in the first rinsing period).

3.1. Carbon loss from biochar subjected to physical stress and elution

Total carbon losses from biochar as quantified by TOC analyses of
eluates were much higher in the shaking and sonication batch experi-
ments than in the column experiments, indicating that simplified batch
approaches may overestimate disintegration in the field (see Fig. 1). All
experiments exhibited similar trends, though sonication was associated
with larger standard deviations of replicates. Therein the particles
>0.45 ym made up 58 + 33 % of the total carbon mobilized, empha-
sizing that the micro- and nanosized mobilizable fraction is important
for overall carbon losses from biochar.

Biochar disintegration and carbon loss was linked with the biochar’s
ash content (Table 1) as indicated by the higher stability of SWP550 and
SWP700 compared to the remaining four biochars. This could be related
to (macro)cavity formation caused by ash enclosure during biochar
production and a subsequent solubilization of these encapsulated ash
fractions (Spokas et al., 2014). Additionally, biochar disintegration
increased with the degree of carbonization and aromaticity for both SWP
and MSP based biochars. Chemical stability of biochar is typically
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Fig. 1. Carbon loss in % mass from biochar at different experimental conditions
quantified from TOC measurements of the eluate. With results from batch ex-
periments in black, and column experiments in brown. The column data shown
were measured at 120% water holding capacity after 80 freeze-thaw cycles,
additional scenarios can be found in Fig. 2. Error bars represent standard de-
viation from three replicates.

Table 1
Bulk biochar properties including carbon content, molar H/C ratio, ash content,
and total pore volume (TPV).

Carbon [%] H/C Ash [%] TPV [em®/g]
Kon-Tiki 75.72 + 1.44 0.28 + 0.03 9.32 0.095
SWP550 83.85 + 2.20 0.35 + 0.04 0.65 0.029
SWP700 84.73 + 2.40 0.13 + 0.03 0.99 0.119
MSP550 64.60 + 2.79 0.38 + 0.01 12.25 0.024
MSP700 79.18 + 1.82 0.19 + 0.02 10.09 0.029

associated with aromaticity (Wang et al., 2016). However, with
increasing aromaticity and carbonization, the stiffness of the pyrolyzed
biomass increases (Zickler et al., 2006), which could result in greater
physical disintegration of these more brittle biochars, as indicated by
our results.

3.2. Influence of freeze-thawing on carbon loss

After 80 freeze—thaw cycles, only approximately 0.2 % of carbon was
mobilized from the biochars. The low biochar breakdown in our ex-
periments can partially be explained by freezing point depression in
small biochar pores. Most pores in the biochars were smaller than 2 nm
as determined via Ny physisorption. This pore size would decrease the
freezing point of water by 8 to 12 °C following calculations by Wang
et al., (2017). The freezing point is further decreased by ions in the
artificial rain water and is more pronounced for unsaturated systems
such as the 50 % WHC scenario (Zhou et al., 2018). Experimental results
for Miscanthus based biochars after 80 freeze-thaw cycles are in line
with a higher disintegration for 120 % WHC compared to 50 % WHC as
shown in Fig. 2 (brown symbols). No such effect was observed for the
other four biochars, presumably because they contained more micro-
pores <2 nm and less mesopores (see Fig. 52).

In contrast, a larger proportion of carbon was mobilized from bio-
chars in control columns that did not undergo freeze-thaw cycles (see
Fig. 2). The increased carbon loss in the control columns compared to
the frozen systems may partially be explained by a stronger wetting of
internal pores and a slow dissolution processes which may have mobi-
lized oxidized carbon fractions over the experimental duration (80
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Fig. 2. Carbon loss in % mass from biochar-sand columns at different moisture
levels with and without freeze-thaw cycling for 80 cycles quantified from TOC
measurements of eluates. Error bars represent standard deviation from
three replicates.

days). This hypothesis can partially be confirmed by an observed in-
crease in carbon content by 10.70 + 4.71 % throughout the different
biochars (see Fig. S3) and a decrease in oxygen content by approxi-
mately 8.8 & 6.8 % in the biochars recovered from the columns after the
experiment. The higher mobilization of carbon from water saturated
columns (120 % WHC) compared to the unsaturated columns (50 %
WHC) is in good agreement with the hypothesis, that kinetically limited
dissolution processes drove the mobilization of carbon in these experi-
mental columns.

Our findings stand in some contrast with work by Liu et al. (2018)
who found substantial physical biochar breakdown in the millimetre to
centimetre range following 20 freeze-thaw cycles. However, the particle
size range used in our experiments was smaller (0.25-1 mm) and Liu
et al. did not quantify mobilized carbon in their experiments.

3.3. Characteristics of the mobilized carbon pool

The mobilized dissolved (<0.45 pm) organic matter leaching from
biochar and other pyrogenic carbon materials is often referred to as
“dissolved black carbon” (Qu et al., 2016; Xu et al., 2017; Wagner et al.,
2021). Similarly to other researchers, we found that the least carbonized
fraction was mobilized most easily from biochar, causing the carbon
content in the residual bulk biochar to increase after experimentation.
The specific ultraviolet absorbance at 254 nm normalized to DOC
(SUVA3s4) is linked to the aromaticity of the dissolved organic carbon
(Weishaar et al., 2003). When comparing measured SUVAgs4 between
DOC fractions from pre-rinsing (“baseline”) and after 80 freeze-thaw
cycles, over time more aromatic fractions were mobilized, as shown in
Fig. 3 (SUVAgs4 increased for all biochars except for the Kon-Tiki sam-
ple). This is in good agreement with findings by Abiven et al. (2011) who
found that the carbon fraction leached from aged wildfire charcoal was
more aromatic compared to fresh charcoals produced from the same
feedstock (chestnut wood).

In addition to the increasingly aromatic dissolved carbon fractions
(<0.45 pum), carbonaceous micro- and nanoparticles were also mobilized
during experiments. The overwhelming majority of particles mobilized
in column experiments were <10 um with number based median grain
sizes ranging from 1 to 4 um (see Fig. 4 and Fig. S4). Due to the higher
physical stress in the shaking experiments, larger fractions of the biochar
broke of, resulting in larger median grain sizes in these samples
compared to particles mobilized in the column experiments. In contrast,
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Fig. 3. Specific ultraviolet absorbance at 254 nm (SUVAgs4) for DOC fractions
leached from biochars in shaking and sonication batch experiments, columns
before freeze-thaw cycles (baseline), columns after 80 days without freeze-
—thaw cycling (control) at different water holding capacities (WHC) and col-
umns after 80 freeze-thaw cycles (80 F/T). Error bars are shown only
downwards to increase readability and represent standard deviation from
three replicates.
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Fig. 4. Median Grain Size (D50) of number-based particle size distributions for
carbonaceous particles mobilized from the bulk biochars in shaking and soni-
cation batch experiments, columns before freeze-thaw cycles (baseline), col-
umns after 80 days without freeze-thaw cycling (control) at different water
holding capacities (WHC), and columns after 80 freeze-thaw cycles (80 F/T).
Error bars are shown only downwards to increase readability and represent
standard deviations from three replicates.

sonication did not result in larger particle sizes, presumably because the
physical stress from the sonication further broke down any larger bio-
char particle that may detached from the bulk material, as indicated by
the largest carbon fraction being mobilized with sonication for all bio-
chars (Fig. 1).

All biochars investigated released negatively charged particles, as
indicated by the measured negative zeta potential ranging from —10 to
—30 mV (Fig. S5). Such zeta potentials can be associated to electrostatic
stabilisation and supporting mobility in negatively charged sand systems
as investigated here (Peijnenburg et al., 2015; Sigmund et al., 2018). In
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the presence of clay these particles can form biochar-clay aggregates via
electrostatic interactions with positively charged edges of clay minerals,
organometallic complexes with iron containing minerals and/or via
physical entrapment (Yang et al., 2016). The carbon encapsulated in
such mineral associated forms is expected to be among the most stable
carbon pools in soil (Gui et al., 2021; Yang et al., 2022). An increase in
biochar carbon stability in clay containing soils is well documented and
confirms this phenomenon (Wang et al., 2016; Yang et al., 2022).
However, in very sandy systems at moderate to high pH as investigated
here, small particles could still be mobilized and subsequently degraded
microbially in soils and/or photochemically in surface waters (Bird
et al., 2015).

4. Conclusions

The physical disintegration of biochar has previously been postu-
lated to be a determining factor for biochar persistence. In this study, we
focused on small biochar particles (0.25-1 mm) and their potential
disintegration, measuring carbon contents of the fractions released,
including carbonaceous micro- and nanoparticles. These particles did
not strongly disintegrate after freeze-thaw cycling, possibly because of
freezing point depression in the very small pores in the biochar. When
comparing different biochars we found that those with larger ash frac-
tions were less stable, presumably because of ash-associated formation
of unstable cavities within the biochar. Further, we observed a
decreased physical stability of biochars with increasing aromaticity
(when comparing biochars from the same feedstock at different pyrol-
ysis temperatures), which could be linked to a higher rigidity of more
aromatic structures. Our results further suggest that moisture content in
the soil is a more important factor for the mobilization of carbon from
biochar compared to physical stress such as freeze-thaw cycling.

While physical disintegration of biochar should not be neglected as a
source of more labile carbon from bulk biochar, and the nano- and
micronized particles can be mobilized in the subsurface under certain
conditions (limited or no clay, moderate to high pH), in most soils these
carbon fractions will be in contact with clay at some point in time, which
would strongly reduce their mobility. The physical disintegration of
biochar and subsequent mobilization of micro-and nanosized carbon
should thus be considered of minor relevance and is often not a driving
factor for biochar stability compared to chemical oxidation and bio-
logical degradation of the bulk biochar.
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