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Abstract

A large specific surface area is one of the structural characteristics which makes biochar a
promising material for novel applications in agriculture and environmental management.
However, the high complexity and heterogeneity of biochar’s physical and chemical structure
can render routine surface area measurements unreliable. In this study, N> and CO:
characterization of twelve biochars from three feedstocks with production temperatures ranging

from 400 °C to 900 °C were used to evaluate materials with varying structural properties. The
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results indicate that the frequently reported peak in the surface area of biochars around 650 °C
is an artefact of N, measurements and not confirmed by CO; analysis. Contradicting results
indicate an influence of the structural rigidity of biochar on N> measurements due to pore
deformation in certain biochars. Pore non-specific calculation models like the Brunauer-
Emmett-Teller method do not allow for adjustments to these changes. Instead, the use of a pore
specific model and the exclusion of pores smaller than 1.47 nm was found to achieve more
representative results. The proposed calculation was validated on an external dataset to
highlight the applicability of the method. Our results provide novel insights for understanding

the structural evolution of biochar related to production temperature.
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1. Introduction

In the face of climate change, biochar has received an increasing interest as a novel class
of materials suitable for long term carbon sequestration as recently recognized by the IPCC [1].
Biochar, the solid product of biomass pyrolysis, can be produced from a wide variety of
feedstocks and by a range of production techniques [2]. The properties of the material are
shaped by both the pyrolysis conditions, e.g. the highest treatment temperature (HTT), and
feedstock parameters such as the lignocellulosic composition or ash content [3]. Due to these
various possibilities of feedstock and production parameter combinations, biochars constitute a
versatile class of materials with multifunctional properties [4]. Research on biochar application
comprises, among other things, the use as a soil amendment [5, 6], in gas and water filtration

[7], in metallurgy [8], or as electrode material for batteries and supercapacitors [9, 10]. These



different uses require biochar to possess application-specific properties to be efficient. The
concept of engineered biochar aims at producing biochar with predefined characteristics by
identifying fitting production parameters and feedstocks [11, 12]. Therefore, knowledge about
the interplay between biomass characteristics, conversion mechanisms and resulting biochar
properties is the basis for tailoring biochar to certain applications. Temperature series of
biochars produced at varying HTTs are conducive to study the effects of specific parameters
and enable general conclusions about the underlying mechanisms [11, 13, 14]. However,
biochars produced at different HTTs exhibit large differences in their structural form and
chemical properties and characterization techniques need to be unbiased towards these changes
to enable reliable comparisons [3, 15]. As biochar research is still an evolving field,
characterization techniques from established research areas such as soil science or related
materials like activated carbon are often used to characterize biochar [16, 17]. Nonetheless, as
a complex class of materials, the diverse properties can present specific challenges, which might

render established characterization techniques unreliable when applied to biochar [18, 19].

The structural rearrangement of biomass with increasing HTT is one of the determining
factors for predicting the final product properties. While molecular models on the structural
reorganization have been proposed [20-22], less is known about derived characteristics such as
the evolution of surface area (SSA), pore volume (Vyore), and pore size distribution (PSD),
impeding accurate pre-pyrolysis predictions of these parameters as required for engineering
biochar. The importance of the SSA stems from the fact that it determines the number of
potential interaction sites with the surrounding matrix. At the same time, the pore size
distribution allows conclusions about their physical accessibility, with both carrying significant
implications for the final performance of the material [23-25]. Emerging applications for
biochar such as gas and water filtration often require large surface areas and pore volumes

within specific pore size ranges to be efficient. While narrow micropores are a prerequisite for
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efficient CO» separation [26], larger micropores are required for the use as an electrode material
[27], and a mixed pore size range for the filtration of pharmaceuticals from wastewater [28].
Biochar engineering therefore dependents on an accurate characterisation of these parameters
to get an understanding of pore development mechanisms, which can then be utilised for the

design of biochars with pre-defined properties.

Conventional methods for assessing the SSA, Vyore, and PSD are based on low-temperature gas
physisorption. Although general trends have been observed, such as a rise and fall of SSA with
increasing HTT, these are empirically drawn from a limited set of measurement methods and
often lack detailed theoretical validation or cross-examination with other techniques [12, 29].
Especially the evolution of SSA and PSD with HTT and feedstock composition remains
inconclusive [12]. While N2 (at 77 K) is the most common probe molecule for the determination
of the SSA, alternative adsorbates such as CO; (at 273 K), Ar (at 77 or 87 K) or Kr (at 77K)
might also be used, with specific advantages and disadvantages for each method [30-33].
However, to date, these are seldomly applied for the characterization of biochar. Irrespectively
of the type of probe molecule, the calculation of derived parameters such as the SSA is based
on an experimental isotherm. Prior to the isotherm measurement, sample preparation requires a
degassing step (e.g., under vacuum or He gas atmosphere) and elevated temperature to remove
adsorbed matter. As shown by Sigmund et al. [18], biochar already presents significant
complications at the degassing stage as structural changes might occur with the application of
standard degassing protocols derived from related materials, i.e. activated carbon carbon black.
The measurement of the experimental isotherm itself proves similarly challenging, especially
with the commonly used N2. The complex pore structure and low measurement temperature (77
K) can lead to prolonged equilibrium times of up to several days due to diffusion limitations
[34]. Correct parameter settings such as the choice of an appropriate equilibrium time are

therefore especially important as non-equilibrium conditions can lead to varying results [32-
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35]. Another specific characteristic of N> isotherms of biochar is open hysteresis, which is
incompatible with standard IUPAC classifications or calculation models [30]. Open hysteresis
is often simplified as a result of non-equilibrium conditions and mostly ignored in biochar
characterization even though its occurrence might be related to structural characteristics of
biochars. However, in studies on carbon capture and storage, structural deformation receives
greater interest as it can be associated with the adsorbent’s performance [36-38]. Pore
deformation induced by low-pressure N> adsorption is the result of elevated localized pressure
during the filling of narrow micropores. This adsorption induced stress causes the expansion or
contraction of pores if the adsorbent structure is non-rigid. So far, adsorption induced pore
swelling has been observed for fossil coal, activated and synthetic carbons, and metal-organic
frameworks [39-42]. However, as observed by Braida et al. [43], benzene sorption can provoke
swelling in biochar, demonstrating a similar non-rigidity of biochar’s carbon structure.

Therefore, it is plausible that N> adsorption induced swelling might occur as well.

Once the experimental isotherm is determined, a variety of models exist to calculate
derived quantitative parameters such as SSA, Vpore or PSD. These models can be further divided
into pore-specific and pore non-specific methods, which differ in their ability to differentiate
between pore sizes and are well described in the literature [32, 33]. The almost universally used
pore non-specific method to calculate the surface area from N> isotherms is based on the theory
proposed by Brunauer-Emmett-Teller (BET), which is also recommended by the European
Biochar Certificate (EBC) [44]. Although widely used, the BET method was initially developed
for nonporous materials with a uniform surface and is conceptually weak for heterogeneous
materials, i.e. biochar [45]. One of the few parameters relevant for the correct application of the
BET theory is the applied p/po range, with the original method suggesting a standard p/po range
between 0.05 and 0.35, typically reduced to 0.1 and 0.3 in biochar research [32, 33, 46].

Although this range proves to be appropriate for the original purpose, it is only valid in the
5



absence of microporosity or strongly adsorbing sites. In the presence of micropores, the valid
p/po range should be identified by applying additional selection criteria as specified by
Rouquerol et al. [47]. To determine if the p/po selection is appropriate, the calculated C
parameter, which describes the energy of monolayer adsorption, can then be utilized [35]. As
the C parameter has to be of positive value, a negative C parameter explicitly indicates a wrong
p/po range selection and in consequence an invalid result. Despite semi-automated BET-
assistants in modern instruments which suggest a valid p/po range, the often inappropriate use
of the standard range can still be found in the published literature [48]. Because of these
shortcomings, in practical terms as well as in the theoretical assumptions of the BET theory,
the comparability of SSAseT) values for biochar is highly variable. Pore specific techniques
based on the Density Functional Theory (DFT) or Grand Canonical Monte Carlo simulations
(GCMC) are advanced computational methods overcome the main obstacles of pore non-
specific models by simulating the adsorption of fluids on a molecular level [49]. For biochars
displaying semi-continuous pore size distributions in the micro and mesopore size range, the
DFT approach avoids the erroneous averaging approach shown by pore non-specific methods
like BET [32, 33, 35]. Especially promising for the analysis of biochars are recently developed
kernels for N> adsorption on carbons with complex surface structure such as the Heterogeneous
Surface Non-Local DFT (HS-NLDFT, Micromeritics) or Quenched Solid DFT (QSDFT,
Quantachrome), which despite differences in the calculation procedures, show generally

comparable results [50].

Similar to classical approaches such as the BET method, DFT models will be
significantly affected by errors in the isotherm measurement. However, no detailed studies on
the effects of physisorption parameters on N2 isotherms of biochar exist today. Due to a lack of
standardization and incomplete reporting of experimental parameters, the influence of

measurement conditions on the results is difficult to identify as shown by Bachmann et al. [51].
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One way to cross-validate the assessment of N> isotherms on microporous carbonaceous
materials is the use of CO» as a complementary analysis in the overlapping pore size range
between 0.7 nm and 1.47 nm [52]. The upper range of pore size determination of approximately
1.47 nm for standard instruments limits the sole use of CO», but the overlapping range between
0.7 nm and 1.47 nm can be used to assess the reliability of the N> isotherm. Due to the slow
diffusion of N> at 77 K, especially in narrow micropores of biochar and related inconsistencies,
Jaggiello et al. [61] proposed a lower p/po limit for N> measurements of 10~ to avoid non-
equilibrated measurements. The analysis is complemented with CO, measurements of the
narrow micropore range. While the combination of N2 and CO: has several advantages and
must be seen as a benchmark method for biochar characterization, it is seldomly used in

literature to date.

Surface area measurements should ultimately provide a reliable assessment of biochar
properties and ensure comparability between samples. In this study, we analyzed the
temperature series of biochar produced from three different feedstocks by pyrolysis at 400 °C,
500 °C, 700 °C, and 900 °C. Physisorption measurements using N> and CO» as probe molecules
allow a comprehensive analysis of the micro and mesopore range. We calculated the surface
area of the samples from N isotherms by the traditional BET method as well as more advanced
DFT models to allow a comparison of pore specific and pore non-specific methods. Based on
the results of pore size distributions calculated from N> and CO; measurements in the
overlapping pore size range from approximately 0.7 nm to 1.47 nm, we propose an adjusted
DFT calculation as a more reliable method for the assessment of biochars. To ensure the
applicability of our analysis and to avoid any bias introduced within our experiments, we
obtained external data from published literature to test the general applicability of our proposed

method.

2. Materials and methods



2.1 Biochar production

In this study, rice husk (RH) and wheat straw (WS) biochars were produced from the
UKBRC Standard biochar feedstocks [53]. The feedstocks were first shredded and sieved to
obtain particles in size range from 0.5 mm to 1 mm. Pyrolysis was conducted in a
thermogravimetric analyzer (TGA/DSC 1 - Mettler Toledo, CH) by placing approximately 100
mg of each sample in an alumina crucible. The sample was heated in a N> atmosphere (50
ml/min) at 10 °C/min to 110 °C and held for 10 min to remove residual moisture. Then, the
sample was heated at 20 °C/min to the HTT of 400 °C, 500 °C, 700 °C, or 900 °C with a
residence time of 10 min. Consequently, the sample was cooled down in N> atmosphere to room
temperature before removal from the furnace. All samples were pyrolyzed at least in 20
replicates to obtain sufficient sample for subsequent physisorption experiments. All samples

were finely ground in an agate mortar prior to characterization.

Beech wood cylinders (98x16 mm) obtained from Rundstib (Meyer & Weigand
GmbH, Nordlingen, Germany) were used for the production of wood biochar (WD). The
feedstock was dried overnight at 105 °C prior to pyrolysis. Each sample was pyrolyzed
individually in a Single Particle Reactor (Best-Research GmbH, Graz, Austria). Pyrolysis runs
were conducted in 6 repetitions, at 4 different temperatures: 400 °C, 500 °C, 700 °C with a
residence time of 10 min at HTT, and 900 °C with a residence time of 5 min. Afterwards, the

samples were finely ground in an agate mortar prior to characterization.

All samples in this study were labelled according to their feedstock (RH, WS, WD)
followed by the highest treatment temperature in °C (HTT), i.e. rice husk biochar produced at

400 °C is named RH400.

2.2 External data set



For the assessment of a wider variety of feedstocks and production conditions, N> and
CO> isotherm data from published literature was obtained by requesting raw data from the
corresponding authors. Articles were selected based on the criteria of reporting data on non-
amended biochar produced by slow pyrolysis and focused on recently published articles. For
CO» data, there was no limitation regarding the publication date as only a few potential articles
could be identified. 53 inquiries were made, from which 9 authors submitted raw data
comprising 50 (Nz) and 11 (COy) records. A sample list including the used feedstocks and

original publications can be found in the supplementary information (SI).

2.3 Physisorption measurements

Around 200 mg of each sample was degassed at 180 °C for 24 h to remove residual
moisture and volatiles prior to the measurements. The adsorption of N2> was measured at 77 K
in the p/po (N2) range between 10~ and 0.995 with 40 adsorption and 30 desorption points.
Measurements were done on a Nova 4000e analyzer (Quantachrome Instruments) operated in
standard mode (target pressure mode - TP). TP uses repetitive dose injections until equilibrium
at a prespecified target pressure point is achieved. Equilibrium time was set to 3 minutes, after
which a pressure point was accepted if adsorption did not change for more than 0.001% of the
adsorbed volume. Samples analyzed in Constant Volume (CV) mode (VectorDose™) were
analyzed on an Autosorb-iQ (Quantachrome Instruments). In CV mode, the injected dose
volume is specified beforehand, and an isotherm point is locked if equilibrium conditions are
achieved. Equilibrium time was also set to 3 minutes. Physisorption measurements using CO>
as adsorbate were conducted at 273 K on a Nova 4000e analyzer (Quantachrome Instruments)
with sample pre-treatment similar to N> measurements. CO2 measurements were performed in
the relative pressure range between 10 and 3-102 p/po (CO2) with 30 adsorption and 13

desorption points in target pressure mode.



2.4 Isotherm analysis

Experimental isotherms were analysed using Quantachrome’s NovaWin and ASiQWin
software as well as SAEIUS software (Micromeritics). As a pore non-specific method, the SSA
was calculated using the BET method (SSAer)) in the standard pressure range as initially
proposed by Brunauer et al. [46] and in the adjusted pressure range, according to Rouquerol et
al. [47]. Pore specific analyses were done on the adsorption branch of the isotherms, according
to recommendations for open hysteresis isotherms [32]. As a pore specific method, the
Heterogeneous Surface Non-Local Density Functional Theory (HS-NLDFT) with a minimum
pore width of 0.7 nm was used. The surface roughness factor Lambda was selected between 1.5
and 2.5, based on the L-curve method. The DFT models were calculated on the whole range
p/po (N2) which corresponds to a pore size range between 0.7 nm and 30 nm. Quenched Solid
Density Function Theory (QSDFT) on carbon assuming slit/cylindrical pores was used as a
complementary DFT model. External data sets were analyzed similar to the experimental data
produced for this study, but only the HS-NLDFT method (SAIEUS software, Micromeritics)
could be used due to variable data formats. The CO> isotherms were analyzed by GCMC (Grand
Canonical Monte Carlo) based on the whole p/po range, which corresponds to pore sizes

between 0.35 nm and 1.47 nm.

3. Results and discussion

3.1 N2 isotherms

The N> isotherms for the RH biochars are presented in Figure 1, WD and WS biochars can be
found in the SI (Figure S1). The isotherm shapes are similar between biochars produced at the
same temperature, although substantial differences in the adsorbed volumes are observed.
Moreover, all isotherms exhibit open hysteresis which is characterized by non-closing of the

desorption part of the isotherm with the adsorption branch at low p/po. The adsorption branch
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of the isotherm from samples produced at HTT 400 °C indicates non- or macroporous materials

(IUPAC classification: type II) [35]. Monolayer formation is achieved at low p/po as shown by

the sharp knee of the isotherm. At 500 °C, WD and RH samples show higher adsorption

volumes in the low p/po range than WS500 and relevant adsorption occurring at the lowest

measurement point of 10°. While RH and WS biochars show a steep rise at high p/po ranges,

wood biochar proceeds to a plateau shape isotherm.
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Figure 1: Evolution of N> and CO; isotherms with the highest treatment temperature for rice husk biochars.
Rougquerol plots indicate the maximum applicable p/py range (N) for SSAwer calculation (red line). Left - N
isotherms, Centre - Rouquerol plots, Right - CO; isotherms.

Ata HTT of 700 °C, the shape of RH and WD isotherms indicates strongly microporous
materials (IUPAC classification: type I(b)) [35]. A large increase in the maximum adsorbed
volume (RH500 33.4 cm?/g and RH700 82.7 cm®/g) can be observed, in line with a drastic
increase in the adsorption volume at the first measurement point. Contrary to changes in the
isotherm shape observed for RH and WD biochars, WS biochar displays no change in the shape
of the isotherm or the adsorbed volumes up to HTT of 700 °C (Figure S1). WD and RH samples
produced at HTT 900 °C exhibit a significant reduction of the adsorption volume compared to
HTT 700 °C as well as reduced adsorption at the first measurement point. Contrary to the other
feedstocks, WS900 displayed a shift to higher adsorbed volumes accompanied by relevant

adsorption at the first measurement point, indicating increased microporosity.

3.2 Pore non-specific model: BET

According to the BET theory, the assessment of the SSA requires the selection of an
applicable p/po range to calculate the C parameter from which the SSA is derived [35]. The
standard range for biochar characterisation is often set to 0.1 to 0.3 [32], however microporous
materials can reach monolayer coverage already at lower pressures, and the standard range is
no longer valid [32, 33, 35, 47]. The C parameter, which is related to the energy of monolayer
adsorption, is used to assess the correct pressure range selection. As negative energy of
adsorption lacks physical meaning, a negative C parameter constitutes an invalid pressure range
selection, e.g. the C parameter of RH700 and RH900 calculated from the standard range (Table

1). Data for WS and WD can be found in Table S1.
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Table 1: Comparison of the BET analysis results from N> adsorption using the standard (0.1-0.3) and adjusted
P/po range according to Rouquerol’s criteria for rice husk biochars. C parameter — BET constant indicating
material specific net heat of adsorption; SSA — specific surface area.

BET - standard range BET - adjusted range

p/po range C SSA p/po range C SSA

Sample (-] [[1  [m%g] [-] [[]  [m%/g]

RH400 0.10-0.30 19 8.4 0.12-0.41 19 8.3

RH500 0.10-0.30 121 43.9 0.06-0.23 74 45

RH700 0.10-0.30 -35 1393 0.02-0.05 1768 2334

RH900 0.10-0.30 -186  75.2 0.11-0.17 200 79.7

Rouquerol et al. [47] proposed selection rules to determine the correct p/po range for
microporous materials. Figure 1 shows Rouquerol plots for RH biochars produced at increasing
HTT with red lines indicating the adjusted upper limit of the applicable pressure range instead
of the fixed limit of p/po at 0.3 as set in the standard range (WD and WS in Figure S2). By
comparing the upper p/po limits with the N; isotherms, a narrowing of the applicable p/po range
in the presence of micropores can be noticed. For samples displaying high microporosity such
as WD700, the applicable upper limit is even below the lower limit of the standard range of
p/po = 0.1. The limitation to low-pressure regions dictates that the SSAgeT) will predominantly

display micropores, as larger pores are not covered within this p/po range.

In Figure 2 (top), the adjusted C-values are plotted against the upper limit of the
applicable p/po range, i.e. the highest p/po point which can be used according to the selection
criteria by Rouquerol, and compared to the non-adjusted C-values from the same samples
obtained from the standard p/porange [47]. The asymptotic behaviour of the standard C-values
highlights the restrained applicability of the BET method for biochars as displayed in the limited
number of samples presenting a positive C parameter. Adjustment of the pressure range

according to Rouquerol’s selection criteria enables all biochar samples to be assessed as
13



displayed by the tangential behaviour of the C-values towards zero with increasing p/po range.
The importance of selecting the correct p/po range is highlighted in Figure 2 (bottom).
Significant errors of up to 30% of the SSA can be introduced by using the invalid standard p/po
range for microporous materials in contrast to the adjusted range. Noteworthy, a small, negative

value of the C parameter (from std. p/po range) indicates a larger error for the calculated

SSA@&eT) (Figure 2).
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Figure 2: Influence of the p/po range selection on the C parameter and SSA ety values. Top — C parameter
values from the adjusted and standard range plotted against the upper limit of the corresponding adjusted p/p
range; Bottom — Error of an invalid p/py range selection on the BET value in % of the valid BET value (n =62,

filled points — this study, unfilled points — external data [18, 54-62]).

The exponential increase of C with decreasing p/po limit highlights another general
limitation of the BET model for biochars. As the C parameter is related to the energy of
adsorption, high values (>150) indicate either the adsorption on high-energy surface sites or
micropore filling [35]. Consequently, the assumption of monolayer coverage is questionable
and the reliability of the SSA calculation in doubt if the C parameter is high. Within our dataset,

a significant number of adjusted C parameters exhibit values above 150 (Table 1, S1 and S5).
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Because the BET method is pore non-specific, no further assessment of the influence of

micropores on the surface area calculation of biochars is possible based on this method.

3.3 Pore specific model: HS-NLDFT

As a pore specific method, the HS-NLDFT was used to assess Vpore, SSA and PSD of
the whole dataset, i.e. internal and external data. The observed linear relationships of micropore
volume and SSAgET) are similar to observations from Centeno and Stoeckli [63] for activated
carbons (Figure S5). A division of the total surface area and pore volume into micro- and meso-
range highlights the dominant role of micropores for samples displaying high C-parameter
values. For samples with C > 1000, the surface area of the micropores contributes over 85% to
the overall surface area, with a strong correlation between the C parameter value and the
micropore ratio for SSA (R?>=0.833) as well as Vpore (R?=0.780) (Figure 3; SI — Table S2, S3,

S6).
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Figure 3: Proportion of micro-SSA and micro-Vyore (HS-NLDFT) from total SSA and pore volume in comparison

to C parameter values from the adjusted BET p/po range (n=62, combined dataset from this study and external

data [18, 54-62]).

Pore size distributions (HS-NLDFT) revealed dominant peaks in the micropore region

below 1.5 nm as shown for the RH biochars in Figure 4. Similar trends can be seen for WS and

WD in Figure S3.
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Figure 4: Pore size distribution (HS-NLDFT) of rice husk biochars from N, adsorption (pore size range from
0.7 nm to 30 nm).

The PSD from biochars of all feedstocks display increasing volumes for pores wider
than 1.5 nm with rising HTT but a differing trend in narrow micropores (< 1.5 nm). Most

noticeable is the pore volume peak in the narrow pore size region for WD and RH biochars
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produced at HTT of 700 °C. While the pore volume of RH biochar expands 4-fold with an
increase of HTT from 500 °C to 700 °C, an almost identical decrease with a further rise of the
HTT to 900 °C can be observed. Similar trends for a peak in Vpoe and SSA for biochars
produced at a HTT around 700 °C are often seen in literature and commonly explained by a
pore structure collapse at higher treatment temperature [12, 60, 64-67]. However, as
exemplified by RH biochars in this study, no significant differences in larger micropores or
mesopores can be observed, indicating that major structural changes such as pore collapses are
unlikely as hypothesized by Brown et al. [67]. Since the dominant peak in the narrow micropore
range is solely responsible for the substantial increase in SSA and depends on the initial
measurement point (Figure 3), we hypothesize that the measurement itself might be responsible
for the apparent SSA peak (Table 1). As the N> measurements do not start in close vicinity to
zero, adsorption at the lowest p/po point of 107 represents a cumulative value for pores smaller
than the initial isotherm point. Similar disturbances of results are known for the desorption
branch of DFT models for activated carbons [68]. Therefore, micropore filling in micropores
below 1 nm cannot be ruled out. If micropores are already filled at the initial isotherm point,
the N> isotherm cannot be used to provide a valid monolayer capacity (BET) nor an accurate
pore size distribution (e.g. HS-NLDFT) [35]. It is noteworthy that N> measurements of biochars
in pressure regions below 10~ are seldomly conducted nor recommended as these require more
advanced equipment and present experimental difficulties due to slow diffusion of N into the
complex pore structure of biochars as observed by Braida et al. [43] and Jagiello et al. [34].
However, elevated p/po ranges for N> characterization might obfuscate a valid determination of
micropores in biochar, which is problematic due to the dominant influence of micropores on
the SSA and Vyore (Figure 3). To accurately determine narrow micropores in the pore size range
0.4 nm to 1.5 nm, adsorption of CO, at 273 K is recommended due to faster diffusion into

narrow micropores [33, 52].
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3.4 CO: isotherms

In contrast to N> measurements, CO; adsorption volumes increase steadily with
increasing HTT for all feedstocks (Figure S4). The comparison of different feedstocks shows
the largest adsorption volumes for WD biochars with WS displaying the lowest ones. However,
these differences are of the same magnitude across all samples. Relevant open hysteresis was
not observed. Most noticeable, Vpore and SSA measured by CO> do not show a peak for samples
produced at HTT 700 °C as seen in N> measurements. Comparing the differential pore volumes
(N2 - HS-NLDFT; CO; - GCMC) in the overlapping pore size range between 0.7 nm and 1.47
nm, significant differences between biochars from the same feedstock and between different

feedstocks can be observed (Figure 5).
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Figure 5: Comparison of cumulative Vo at different pore widths obtained via adsorption of N> (HS-NLDFT) and
CO; (GCMC).

In the case of RH and WD biochars produced at 400 °C, 500 °C and 900 °C the
micropore volume below 1.47 nm assessed by Ny is a relatively constant fraction of the
corresponding volume measured with CO2. A larger CO; volume can be expected as N»
adsorption in narrow micropores smaller than 0.7 nm is severely restricted by diffusion
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limitations in comparison to CO». However, for RH700 and WD700, the ratio between adsorbed
N2 and CO» displays a different behaviour. Here the measured volumes by N; are almost
identical, although a large proportion of the pore volume measured by CO> is assessed in the
pore range below 0.7 nm (Table S3 and S4). Interestingly, the pore volume calculated from N>
adsorption exceeds the volume potentially available in this pressure range according to CO>
adsorption, which was also observed in other studies (Figure S6) [69]. WS biochars present a
different pattern than the other two feedstocks. Even though the CO, adsorption displays
relevant micropore volume, up to 700 °C, no significant N> adsorption was detected. Only
WS900 exhibits noticeable N> adsorption in the narrow micropore range, while CO; adsorption
followed similar trends as for the other feedstocks. The results from CO» adsorption for RH and
WD biochars are contradicting the observed N> peaks for samples produced at HTT 700 °C.
The consistently increasing COz pore volumes with increasing HTT also contradict the assumed
micropore structure collapse around 700 °C. By comparing the PSD obtained from CO> and N»
isotherms for RH biochars, the increased adsorption of Nz in the initial adsorption range for
RH700 in comparison to RH900 is clearly visible (Figure 6). Moreover, an even larger

difference can be observed in wood-derived biochars (Figure S3).
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Figure 6: Comparison of rice husk biochar’s PSD in the microporous range derived from N> (HS-NLDFT) and
CO; (GCMC) adsorption (Note: the HS-NLDFT model applies a smoothed PSD model in comparison to the
GCMO).

The monotonical increase in micropore volumes and the corresponding change of PSDs
seems more representative for micropore formation with increasing HTT and favours the use
of CO» in comparison to N». A further indication for difficulties in N2 measurements can be
found in the open hysteresis present in most samples, while no relevant hysteresis was observed
in CO2 measurements (Figure 1). While open hysteresis in N> measurements of biochar is
regularly observed, its origin is not fully understood yet. For related materials such as activated
carbon or coal, structural deformation of the carbon matrix during N> adsorption is well known

and might be an explanation for the observed differences between N2 and CO2 measurements.

3.5 The influence of measurement conditions on N2 adsorption

We hypothesize that if N> induced swelling is present, it will be time-dependent and
progressing with increasing analysis time at low-pressure regions. To investigate if time is a
factor in our measurements, additional measurements on RH700 were conducted applying two
methods with differences in the speed of point acquisition but similar equilibrium conditions:
constant volume (CV) and target pressure (TP) mode. In TP mode (the standard method) a
series of adsorbate doses are injected until a specified target pressure point is achieved. For
biochars, this method can lead to several hundred doses and several days to achieve the first
measurement point, especially if the target pressure point is set to low pressure, e.g. p/po
between 102 to 10”7, Hypothesizing that swelling is present, elevated acquisition times and
dosing will exaggerate the initial adsorption volume. Contrary, the CV mode (e.g.
VectorDose™) injects pre-specified volumes of adsorbate sequentially and uses each dose as a
point of the isotherm. Thus, avoiding sequences of smaller doses and sequential equilibrium
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periods for individual isotherm points, while still maintaining the same equilibrium conditions,
1.e. the specified duration in which no additional adsorbate uptake takes place. Isotherms of the
RH700 measurements from both modes and the corresponding PSDs (HS-NLDFT) are shown

in Figure 7.
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Figure 7: Comparison of the RH700 isotherms and PSD (HS-NLDFT) from N2 adsorption using different dosing
modes (CV — constant volume mode; TP — target pressure mode).

The acquisition time of the first isotherm point at p/po = 5-10~° in CV mode was 33 min.
and 831 min analysis time until p/po = 10 was reached, while 1297 min were required to
achieve the first measurement at p/po = 10" in TP mode. Pore size distributions were calculated
on the same p/po range, exhibiting a 20% increase of the cumulative volume at around 1.3 nm
in the longer measurement (TP) compared to the CV mode. Additionally, for the CV mode, the
PSD peak is shifted to lower pore sizes. A similar pattern for changes in the PSDs caused by
swelling was modelled by Hart et al. for microporous polymers [41]. Due to the identical
equilibrium conditions of the two measurements, non-equilibrium of the faster analysis is
unlikely to be the main factor for the reduced adsorption at low pressures [70]. The differences

between the two measurement modes, i.e. the increase of pore volumes in the low-pressure
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range with increasing equilibrium time and decreasing p/po range raise further questions about

the reliability of N, for the measurement of narrow micropores in biochar.

3.6 Open hysteresis and adsorption induced pore deformation

Biochars in this study show open, low-pressure hysteresis in N» isotherms as regularly
observed in biochar characterisation [33]. In general, open hysteresis in carbonaceous materials
is thought to be caused by insufficient parameter selection such as short equilibrium times or
experimental issues, like leakage problems [32]. Nevertheless, open hysteresis might also be
caused by the material itself through structural deformation of the adsorbent, i.e. swelling,
during interaction with the adsorptive [33]. Braida et al. [62] showed that biochars are non-
rigid-structured adsorbents during the sorption of benzene and the ability of biochar to swell
was further indicated in studies on PAH extraction using organic solvents as well as during H.O

vapour adsorption measurements [71-74].

Deformation of microporous carbonaceous materials during gas adsorption
measurements, i.e. swelling or contraction, is related to adsorption induced stress in slit-shaped
nanopores embedded in a mobile carbon matrix such as amorphous carbon [39]. During gas
adsorption, pores of varying width are exposed to extreme stress in the range of GPa [75, 76].
This local pressure results in pore deformation, i.e. swelling or contraction if the induced stress
exceeds the rigidity of the carbon matrix [77, 78]. Balzer et al. [40] simulated positive
adsorption stress of 0.2 GPa for a pore size of 0.6 nm at standard N» characterization conditions
(p/po = 107, N2 at 77 K). With the increase of p/po during N2 adsorption, larger pores up to the
mesoporous range become similarly affected although less pronounced. For N» adsorption, the

induced stress can be neglected only below p/po 10~, while the induced stress by CO; at p/po =
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10" is already negligible. Besides the absolute magnitude of induced stress, the direction is of
importance and further complicates the identification of stress-induced deformation from N>
isotherms. Balzer et al. [40] highlighted the oscillating character of adsorption stress between
positive (swelling) and negative (contracting) localized stress as a function of the pore size, the
relative pressure range and the adsorbate molecule size. Therefore, pores will exhibit a

contraction or swelling effect depending on their initial width.

Confirming the lower susceptibility of CO2 measurement to induce pore deformation,
biochars in this study do not display COz hysteresis as opposed to N2 measurements. For
samples with suspected swelling such as RH700 and WD700, the comparison with CO; reveals
higher differential micropore volumes measured by N> which contradict significantly under
equilibrium of the isotherms as the adsorbed volumes are higher than expected. It is more likely
that N> induced swelling of the material is causing elevated adsorption volumes of RH700 and
WD700. Additionally, slow diffusion combined with structural deformation could explain the
prolonged measurement times, as swelling of the material hinders achieving equilibrium
conditions and can lead to artificial peaks in adsorption volumes as seen for other non-rigid
materials [52]. This is also indicated by the large differences in analysis time between the two
measurement modes for RH700. In TP mode, this dynamic might result in additional iterative

dosing and prolongs the analysis to last for several days to achieve equilibrium conditions.

To further isolate the potential effects of structural deformation from non-equilibrium
conditions, sequential measurements of CO> and Nz in 3 repetitions were conducted.
Sequencing with identical measurement and outgassing conditions enables the identification of
structural deformation caused by the measurement itself as non-equilibrium conditions would
be similar within the sequence. Sample selection was based on comprising different degrees of

suspected swelling, i.e. RH400 < RH900 < RH700. Outgassing was conducted similar to
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standard runs between each step. Results from sequential measurements can be found in Figure
S7 and S8 in Supplementary Information. For N> measurements, the results display no
difference for RH400 while higher temperature biochars RH700 and RH900 show relevant
divergence in the narrow micropore range. Figure 8 displays the changes in PV for samples

RH400, RH700 and RH900 in the affected narrow micropore range.
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Figure 8: Differential PSD from N; adsorption (HS-NLDFT) between sequential measurements of sample RH400),

RH700 and RH900 (1 -> 2 : difference between first and second measurement, etc.).

A significant increase in differential pore volumes at approximately 1 nm pore width of around

50% was measured for both RH700 and RH900, while larger micropores decreased in volume
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for both samples. Sequential CO, measurements showed increasing pore volumes in the
ultramicropore region < 0.5 nm, but not at larger pore widths (Figure S9). The increase in pore
widths at 0.5 nm (CO.) and around 1 nm (N3) is accompanied by a decrease in pore volumes
between 0.7 nm and 0.9 nm (CO>), and between 1.2 nm and 1.5 nm (Nz) in subsequent runs.
Notably, the increase around 1 nm resembles the difference between the CV and TP
measurements mentioned before. The oscillating character of contracting and expanding pore
volumes in dependence of pore size matches theoretical modelling of solvation pressures in
graphitic slit shape pores made by Diao et al. [79]. Interestingly, RH700 and RH900 show
differential peaks at slightly shifted pore sizes. The results indicate the largest divergence
occurring in sample RH700, with N> measurements being more affected than CO; isotherms.
This further confirms the susceptibility of the SSA peak for RH700 calculated from N>

1sotherms.

3.7 Influence of structural changes on pore deformation

If adsorption induced stress during N> characterization leads to structural deformation,
these changes will be related to the structural rigidity of biochar. The nanostructure of biochar
consists of small clusters of base structural units (BSU) consisting of stacks of graphene-like
layers arranged close to parallel, and significant amounts of nonorganized graphene-like
structures [20]. At temperatures around 400 °C, biochar consists mostly of amorphous carbon
and short BSU clusters with significant amounts of heteroatoms, e.g. oxygen. These
heteroatoms stabilize the carbon structure via enhancement of long-range interactions and
provide structural flexibility by absorbing external stress through elastic interactions. Increasing
the HTT to 700 °C leads to a partial release of heteroatoms, while the structural organization is
still heteroatom-dominated, but the long-range stabilization is reduced [20, 80]. Since the
structural organization in larger graphene sheets is not fully developed, the material exhibits

low structural rigidity, increased mobility of the BSU units and an inability to distribute
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externally induced stress among the solid matrix [81]. With a further increase of the HTT, the
length of the graphene sheets increases and a BSU crosslink-dominated structure with long-
range organization starts to develop [20]. The larger cross-linked BSU units at HTT 900 °C
restrict the flexibility of the carbon matrix and impede structural deformation through external
stress. These nanostructural arrangements are confirmed by the mechanical properties of
biochar, indicating increasing hardness from 500 °C to 700 °C and a progressing lack of elastic

interaction [81] as well as drop in the crushing strength around 600 °C [82, 83].

For samples suspected to display high elasticity, i.e. RH400 N> adsorption displays no
open hysteresis, and no relevant changes could be observed in sequential CO> / N>
measurements. With increasing HTT to 500 °C, the open hysteresis becomes more pronounced,
although the absolute value of adsorption is still low. For RH700, the material is assumed to
reach its maximum hardness, and the material becomes susceptible to swelling. The lack of
elastic interaction inhibits a complete return to the original arrangement, and the material is
partially deformed as seen in the diverting micropore volumes in sequential measurements. For
RH900, the structural rigidity prevents excessive swelling, and the measured N> adsorption and
open hysteresis show a consistent trend from RH400 < RH500 < RH900, in line with the CO»
measurements. While structural changes were still detected in repeated CO2-N> measurements,
the magnitude was lower than for RH700. The changes in structural rearrangement and
mechanical properties of biochar with increasing HTT and the effect of these structural changes
on N2 induced swelling can therefore provide an alternative explanation for the regularly

observed micropore peak for biochars produced at 700 °C.

3.8 Hypothesis of a micropore structure collapse

The most common explanation for the continuous increase in SSA with increasing HTT

before the SSA starts to decrease at higher temperature, is the theory of micropore collapse at
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HTTs above 700 °C [12, 60, 64-67]. Similar to biochars from this study (Figure 9, left), several
authors reported a characteristic Gaussian-shaped trend of SSA and pore volumes measured by
N>, which seems to confirm a structure collapse around 700 °C. However, it is essential to note
that the origin of the micropore collapse theory is based on studies of activated carbon produced

in oxidizing atmospheres which typically do not exhibit open hysteresis [55, 84].
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Figure 9: Left - Change of the micropore volume (N3) / total pore volume (N») ratio plotted against HTT, data
from this study and external data [18, 54-62]. Right - Change in the total pore volume (N, CO;) with HTT; data
from this study and external data [18, 54], (filled — this study, unfilled — external, solid line — data’s regression
line, dashed line - proposed extrapolation of trends;, HTT — highest treatment temperature).

Based on the observations from this study, we hypothesize that the characteristic peak
in SSA and Vpore 1s at least partly based on adsorption induced pore deformation rather than
micropore collapse. To test our hypothesis, we divided our whole dataset according to the
feedstock source into wood-husk and straw-like derived biochars and compared the pore
volume trends for samples with available N> and CO, data. As seen in Figure 9 (right), the
pattern for total adsorption volumes measured by CO> resembles the N> pore volume trend for
WS biochars. On the contrary, biochars produced from wood and husk biomass show
significant deviations between 500 °C and 800 °C. Noticeable, the subset with available CO2

data fits well into the broader dataset with N> measurements and shows similar trends for
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wood/husk and straw biochars (Figure 9 (left), Table S2, S3, S6). This raises the question, why
straw derived biochars behave differently. Similar to oxygen, other heteroatoms have the ability
to stabilize the carbon structure by increasing the mobility of the BSU units and therefore, the
structural resilience against external stress [20]. While the main heteroatom of wheat straw is
silicon, a dominant influence of silicon is unlikely as rice husk with comparable levels of silicon
shows a completely different trend. As observed in other studies, chlorine could be more
relevant considering that straw biomass contains significant amounts of chlorine and is known
to create conjugated cross-links between BSU units of the carbon matrix [20, 85]. The
maximum release of chlorine occurs around 700 °C, which also coincides with growth in the
measured microporosity of wheat straw [86, 87]. However, without detailed investigations into
the effects of heteroatoms on the swelling ability of the carbon matrix, no definite conclusion
can be made. It has to be highlighted that almost all studies reporting a micropore collapse at
HTT close to 700°C are based on N> adsorption alone and do not use additional adsorbates such
as CO;. Considering the higher reliability of the micropore volume assessed by CO» [18, 31], a
general micropore structure collapse cannot be identified from experimental data in this study.
Besides the contradiction of a micropore collapse by CO2 measurements, small-angle X-ray
scattering analysis also contradicts a micropore collapse at HTTs below 1000 °C [88, 89]. The
characteristic peak for biochar is therefore rather linked to N> measurement itself than the actual

surface area and pore volume of the material.

3.9 Modified SSA calculation

As highlighted in this study, standard physisorption analysis of biochar using N>
presents difficulties due to the presence of micropores as well as differing structural parameters
which influence the results. To overcome these shortcomings, Jaggiello et al. [34] proposed a
combined characterization of biochar using CO> and N, adsorption. However, due to limited

analytical availability and therefore low adaption of standard CO, analysis, we propose an
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adapted calculation based solely on N> adsorption with the use of the HS-NLDFT model as an
alternative method [ 18]. By excluding the often-erroneous low-pressure region of N> isotherms,
we argue that a more realistic SSA and Vpore for biochars can be obtained compared to the
conventional BET method. Besides the observed difficulties in achieving correct low-pressure
N> isotherms, pore sizes below 1.47 nm might also be of less significance for most biochar
applications than accurate calculations of the large micropore and mesopore range. As most
modern instruments have an automatic calculation of a variety of DFT kernels included, this
would not increase the workload of researchers and can easily be implemented. Our proposed
adaption of the DFT model is calculated by simply subtracting pores smaller than 1.47 nm from

the cumulative surface area and pore volume.

The adjustment of the applied pore size range removes the peak at HTT 700 °C for wood
and husk (W-H) derived chars. Straw-like (S-L) biochars are less influenced, which is in line
with the suspected swelling behaviour seen for WD and RH and a better resembling of the
combined assessment of CO; and N (Figure S10 and Table S7). In Figure 10 and Table S8, the
adjusted DFT model is compared to the conventional calculation on the whole dataset. Notably,
the SSA of the adjusted model decreases considerably, while the peak at 700 °C seems almost
completely removed, and a plateau-like development of the SSA displayed. We argue that this
SSA evolution is a more realistic display of the trends indicated from structural models. The
obtained comparison between the standard method and the adjusted model comprises

important implications for engineering biochars with an optimised SSA. As the maximum of

the SSA is shifted to lower temperatures around 500 °C, optimization studies relying on the
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standard model might exhibit a misplaced optimum for SSA development [90]. Therefore, the

proposed method can enable further advancements in biochar engineering.
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Figure. 10: Changes of SSA (BET) and SSA (HS-NLDFT) with HTT for the combined dataset from this study and
external data [18, 54-62] (n = 62), HS-NLDF'T: full range - < 0.7 nm, adjusted range - < 1.47 nm).

Along with the proposed adjusted calculation method, the need for standardization of
N> physisorption measurements is evident. As suggested by Sigmund et al. [18], degassing
temperatures should not be excessive. Besides an obligatory reporting of the measurement
parameters, we recommend using an initial p/po of 107 to avoid prolonged measurement times
and excessive repetitive dosing during the measurement. If relevant microporosity is detected
or the target pore size lies in the narrow micropore range for the material under consideration,
the proposed adjusted SSA calculation for N> measurements should be accompanied by separate
COz characterisation to provide information about narrow micropores as shown by Diéguez-

Alonso et al. [91].

4. Conclusions
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In this study, we presented common obstacles for reliable surface area measurements of
biochars. Biochar specific issues such as difficulties in correct parameter setting and long
equilibrium times can lead to unreliable results and aggravate comparability between literature
values. We show that the dominant influence of micropores on the surface area of biochar is
further exaggerated by the measurement with N> and impacted by the structural rigidity of the
material. Since micropores have a dominant influence on the SSA of biochars, this finding is
significant for a better understanding of the SSA evolution of biochar related to the HTT. Based
on our results, we propose an adapted SSA calculation which provides a more realistic
representation of biochars’ pore structure and enhances comparability of SSA assessments
between biochars exhibiting different structural characteristics. Future research should focus on
a direct determination of swelling using in-situ dilatometry as already done for other carbon
materials and should be cross-validated by X-ray diffraction. Due to the diversity of biochar
materials, systematic studies on the rigidity of the carbon matrix in relation to the production
temperature would benefit our understanding of biomass pyrolysis and the evolution of derived
parameters. The findings and recommendations in this paper should pave a path to a more
accurate and reliable determination and reporting of biochar surface areas and porosity, which
is key for optimization of biochar’s performance in a wide range of applications and ultimately
the ability to engineer specific biochar and biochar products tuned to the needs of target

applications.
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