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Abstract
Production of applicable and homogeneous biochar for soil amendment purposes would benefit from knowledge on
how feedstock heterogeneity impacts key biochar pore properties and how the properties are transformed due to
pyrolysis. This study aimed (1) to quantify how clonal differences and within-tree heterogeneity of a hybrid aspen
feedstock (wood) impact biochar pore properties and (2) to estimate how pore properties of non-pyrolysed wood
materials are transformed when pyrolysed into biochar. The study was conducted by collecting samples from a
hybrid aspen (Populus tremula L. × Populus tremuloides Michx.) clonal field trial. Key pore properties of non-
pyrolysed and pyrolysed wood samples were quantified with 3D X-ray imaging and quantitative image analyses. The
results demonstrated how pyrolysis shifted distinctively bi-modal pore size distributions of the wood samples towards
smaller pore size regions. The bi-modal wood tissue structure controlled the pore structure also in the biochars. Due
to decreasing cell wall thicknesses, the pyrolysis increased the porosity of the materials. While the thermal process
homogenized differences in the wall thicknesses, the thicknesses of the feedstock were also shown to control the
resulting thicknesses in the biochars. Mechanisms of biochar pore property formation can be considered important
when designing applicable biochars for a chosen purpose. Clonal differences and within-tree heterogeneity had a
direct impact only on the wall thicknesses and the pore diameters of vessels. These impacts can be of interest when
planning feedstock utilization in biochar production. However, the results suggest that relatively homogeneous
biochar can be produced from hybrid aspen feedstocks.
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1 Introduction

Biochar is a porous and carbon-rich solid organic material
resulting from the pyrolysis of bio-based feedstocks such as
wood, crop residues, and manure [1]. Production of biochar
has been estimated to have a high potential particularly regard-
ing carbon sequestration and soil amendment purposes [2].
The applicability of biochars for different purposes has, how-
ever, still several open questions. While biochar can often
enhance properties of an amended soil [3], biochar can also
have adverse [4] or negligible [5] impacts on desired soil
properties. While the choice of feedstock has been shown to
control biochar applicability [6–8], heterogeneity in relevant
properties within the feedstocks has been rarely studied. In
addition to soil amendment applications, production of bio-
char with homogeneous properties can be of interest also to
high-value end-uses such as energy storage purposes [9]. It
would be beneficial to have understanding on how different
factors control biochar properties and impacts, to predict their
effects, and to be able to design applicable biochar products
for different purposes and environmental conditions.

Pore structure of biochars is one of the key factors deter-
mining their impact as a soil amendment [3, 10]. While the
pore properties are affected by choices in the pyrolysis process
(e.g., temperature and duration), they are generally more con-
trolled by choice of the feedstock [6, 8, 11, 12]. Particularly
wood-based biochars have been found to have desirable prop-
erties in terms of porosity, pore size distributions, and surface
area [6–8], while biochar produced from substances such as
manure, sludge, and agricultural residue has often reported to
have less suitable pore properties [7, 13]. Therefore, from the
point of view of pore properties, wood feedstocks can be of
particular interest when producing an applicable biochar
amendment. Furthermore, different wood characteristics have
control on the pore properties of the biochars [6, 14].
Regarding production of homogeneous biochar, it would be
also central to estimate how heterogeneity in utilized wood
feedstocks affects key biochar properties. However, these as-
pects have been previously largely unaddressed.

The optimal tree species for biochar production vary by
location. In Finland and other similar high-latitude regions,
hybrid aspen is one of the fastest growing species that can also
easily be propagated vegetatively [15–17]. Therefore, study-
ing the pore properties of hybrid aspen wood and biochar and
related effects of feedstock heterogeneity would be essential
from the point of view of fast production of applicable and
homogeneous biochar in boreal conditions. Previous studies
have shown significant differences in wood characteristics
within hybrid aspen trees and between different clones [18].
However, the implications of the differences from the perspec-
tive of biochar pore properties remain unclear. The key affect-
ing factors could be studied by quantifying key properties of
non-pyrolysed and pyrolysed hybrid aspen wood samples.

Particularly, 3D X-ray imaging and quantitative image analy-
sis methods have proven to be comprehensive tools to quan-
tify pore properties of biochars and wood [6, 8, 11, 19]. Since
these methods can provide detailed information on pore prop-
erties (porosities, pore size distributions, cell wall thicknesses,
etc.), they would also have the potential to unravel how py-
rolysis mechanistically affects the pore properties. The infor-
mation can be essential when predicting which raw materials
are the most suitable for the production of applicable biochars.
However, to our knowledge, quantitative analyses showing
how the pore properties are transformed due to pyrolysis have
not been previously conducted.

Based on the above premises, this study aimed to (1) esti-
mate impacts of clonal differences and within-tree heteroge-
neity of a hybrid aspen wood feedstock on key biochar pore
properties including pore size distributions, porosities, cell
wall thicknesses, and mean pore diameters in key pore size
regions and (2) quantify how pore properties of non-pyrolysed
samples are transformed when pyrolysed into biochar. The
study was conducted by collecting samples from a hybrid
aspen (Populus tremula L. × Populus tremuloides Michx.)
random-block designed clonal field trial. The key pore prop-
erties were analyzed using 3D X-ray imaging and quantitative
image analyses.

2 Materials and methods

2.1 Sample collection and preparation

2.1.1 Sample collection

From a hybrid aspen (P. tremula L. × P. tremuloidesMichx.)
random-block designed clonal field trial in southeast Finland
(P 61049′, E 29020′), three clones were selected that had been
included in wood property studies [18, 20, 21] (Table 1). The
trial was established in 2002 using one-year old plants. In
February 2018, three trees from each clone were randomly
selected (each tree from a different block) and felled.

Samples discs were collected from each tree from two dif-
ferent heights (1.3 and 5.0 m from the ground level) and three
different radial locations within the sample discs (Fig. 1). This
resulted in 45 different sampling locations describing clonal
differences and within-tree heterogeneity of the feedstock
(Fig. 1). The three tree individuals from each clone were con-
sidered as replicates when data was analyzed.

From each studied tree (3 trees per each clone), about 0.05
m thick sample discs were cut from 1.3 m and 5 m heights.
The height of 1.3 m represented a standard height used when
measuring and sampling trees in forestry. The height of 5 m
was chosen as it represents about the highest level at which
still two radial locations could be samples from all the studied
trees. Samples (20 × 4 × 4 mm3) were thereafter excised from
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three radial locations within the discs, specifically from the
1st–2nd, 5–6th, and 9–10th annual rings counting from the
outermost layers, bark inwards (hereby called rings 1-2, 5-6,
and 9-10, respectively). However, due to the age of the trees,
ring 9-10 was not present at the height of 5 m and therefore
samples were excised only from rings 1-2 and 5-6 at that
height. The chosen heights and rings were considered to rea-
sonably describe within-tree heterogeneity of the feedstock. It
is, however, recognized that increasing sampling locations
could further improve the accuracy of the estimate. Wood
pore properties at different heights have been less intensively
studied, but wood density and moisture content are known to
vary by radial location and height [18], which supports the
chosen approach. The samples were stored at −20 °C until
further processing.

2.1.2 Sample preparation for fiber analyses and X-ray
imaging

The 20 mm long and 4 mm wide samples were excised from
each frozen wood disc (45 samples in total; Fig. 1). For the

fiber analyses, the samples were further split into match-stick-
sized specimens and macerated (i.e., fibers chemically sepa-
rated) in a solution of glacial acetic acid and 50% hydrogen
peroxide (1:1, v/v) at 60 °C for over two nights (modified
from Franklin [22]).

For 3D imaging with a micro-CT scanner, samples with the
dimensions 8 × 1.5 × 1.5 mm3 were thereafter excised from
the bigger samples. The samples were cut to include
approximately 20–25% of latewood and 75–80% of ear-
lywood whenever latewood was present in the samples
to achieve representative samples of annual rings. Prior
to imaging, the non-pyrolysed samples were dried in an
oven for 48 h in 40 °C.

2.2 Pyrolysis

Bench-scale batch-type pyrolysis equipment was used to
pyrolyse the wood samples. The equipment consists of pro-
grammable indirect heating oven, airtight pyrolysis vessel
with an internal temperature measurement system (TCC-K-
250-6.0-KY), water-jacket cooling system, and gas collection

Table 1 Key mean characteristics
of the hybrid aspen trees at the
clone field trial

Clone no.1 National
register ID2

Hytönen
et al. ID3

H [m]4 LTL [m]5 D1.3 [mm]6 D5.0 [mm]7

5 C05-99-14 26 18.0 ± 3.8 5.2 ± 1.8 124 ± 16 104 ± 28

4 C05-99-34 20 18.9 ± 2.1 5.2 ± 1.9 141 ± 12 118 ± 13

2 C05-99-24 14 18.8 ± 1.8 5.7 ± 5.0 153 ± 12 129 ± 12

1 This ID is identical as in Korkalo et al. (2020), 2 the national list of approved basic forest reproductive material,
kept by the Finnish Food Authority, 3 the ID used in Hytönen et al. (2018; 2020), 4H = tree height, 5LTL = height
of living treetop line measured from ground level, 6,7 cross length (measured in north–south orientation) of sample
discs from the heights of 1.3 m and 5.0 m from ground level

Fig. 1 A schematic overview of sample collection
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line (gas bag). The pyrolysis vessel was filled with bulk aspen
wood (~180 g, clone 2 from height 1.5–1.9 m). Each traceable
aspen sample was placed into a ceramic crucible
(individually) and crucibles were buried into the top-most lay-
er of a bulk sample. Thus, the pyrolysis circumstances for
samples and bulk material were as similar as possible and
simultaneously, we secured that samples used in image anal-
yses could be identified. Five parallel slow pyrolysis runs
were performed. Before pyrolysis, the system was flushed
with excess of N2 to remove air. No carrier gas was supplied
during the experiment. During pyrolysis, temperature was
raised with a rate of 1.8 °C min−1 and maintained at 458 ± 1
°C for 60min. After cooling, biochar and liquid fractions were
weighted and the volume of gas was determined by using a
gas meter (Ritter). Char and liquid yields for the bulk sample
were 26 ± 0.6% and 51 ± 0.4%, and volume of gas fraction
was 28 ± 0.8 l.

2.3 3D X-ray imaging and image analyses

2.3.1 Imaging

The samples were 3D imaged by using an X-ray micro-to-
mography device (GE Phoenix Nanotom® 180 NF,
Wunstorf, Germany). The samples were glued to a carbon
fiber rod sample holder with a cyanoacrylate glue 1.5 h before
the scanning to prevent micromovements of the samples dur-
ing the scan. For each 3D image, 1000 projections (full 360°)
were conducted by using a source voltage of 60 kV, a source

current of 240 μA and exposure time of 500 ms. The scanned
volume had the dimensions of 1 × 1 × 1 mm3. To exclude
sample boundaries from the images, the center of the scanned
cube was set 3 mm (for non-pyrolysed samples) or 2.5 mm
(pyrolysed samples) down from the top of each prepared sam-
ple. The center location was different for the non-pyrolysed
and pyrolysed samples in order to scan approximately the
same region on both times, as the samples shrank when
pyrolysed (see Fig. 2c). The voxel size was 1 μm, which
was assumed to be sufficient for describing the majority of
the pore volume of the samples [6, 8]. The projections were
reconstructed into 3D-image stacks by using GE phoenix
datos|x 2 reconstruction software version 2.4.0 (Phoenix|X-
Ray Systems & Services GmbH, currently part of Waygate
Technologies owned by Baker Hughes).

2.3.2 3D image processing and analyses

First, a region interest of 500 × 500 × 500 μm3 was cropped
from each 3D image to exclude artifacts in the image border
areas and to reduce computational demands of the analyses.
Thereafter, the 3D image stacks were processed in 3Dwith the
Fiji software [23, 24]. The noise levels of the 3D image stacks
were lowered by using anisotropic filtering with edge detect-
ing algorithms [25] (Canny edge). The filtered images were
segmented into binary images describing pores and solid re-
gions in the images [26] (IJ_Isodata). Thereafter, mathemati-
cal morphological opening operations were conducted to
these using 3D ball element [27] (morphological filters

Fig. 2 Mean pore size distributions in all (a) non-pyrolysed and (b)
pyrolysed hybrid aspen samples determined by 3D imaging and image
analyses. (c) A representative visualization of the pore structure of both

non-pyrolysed and pyrolysed (shrunk) samples. The bars show the mean
and the error bars denote the standard deviation
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(3D)). Finally, Fiji's Fill Holes-binary process was used to
remove left over artifacts [23, 24]. The image processing
stages are presented visually in Appendix Fig. 6.

After the image processing, porosities and pore size distri-
butions were analyzed from the 3D images with the Fiji’s
Xlib-library’s Pore Size Distribution plugin [28]. The mean
diameters of fiber and vessel pores were determined from the
pore size distributions by dividing the distribution at the min-
imum between the two modes and then calculating the means
for both pore types. The volume fractions of fiber and vessel
pores were similarly extracted from the pore size distribution
by determining the area under the first and second modes,
respectively.

Thereafter, pore wall thicknesses were determined using
the segmented 3D images. The analysis algorithm was as fol-
lows. First, distance transformwas determined using weighted
Chamfer distance d3,4,5,7 with a rescaling procedure described
in detail by Svensson and Borgefors [29]. In the distance
transform, each solid voxel was labeled with its closest dis-
tance to solid-void interface. Then we determined a medial
surface for the solid phase utilizing the unidirectionality of
the wood structure and skeletonizing each layer perpendicular
to the void direction using a thinning operation derived from
hit-or-miss transform (see [30]). Wall thickness distribution
was then determined from the distance values at the voxels
belonging to the medial surface.

2.4 Fiber analyses

The physical dimension of fibers including average length,
fiber width, and cell wall thickness was characterized by using
a Kajaani FiberLab fiber analyzer (Valmet Automation,
Finland). The principle of fiber length measurement of the
device is in accordance with TAPPI T271 standard and is
described in Reyier Österling et al. [31].

Themacerated fiber samples with approximately 15% solid
content were stored in plastic bags in a refrigerator. Circa 0.6 g
of a sample was inserted and diluted to 200 ml of water and
disintegrated in a FiberLab manual defibrator to separate the
fibers from each other. After disintegration, the sample was
further diluted to 2 l andmixed. A glass pipette with a widened
opening was used to withdraw a 30 ml sample, corresponding
to circa 20,000 fibers, which was inserted into a Kajaani
FiberLab sample vessel for automatic measurement. Each fi-
ber sample was measured in duplicates.

2.5 Statistical analyses

All dependent variables (mean pore diameters, porosities, pore
volume fraction in fibers, cell wall thickness, and ratio of
pyrolysed to non-pyrolysed wall thickness) were analyzed
by a linear mixed model (LMM) having clone (5, 4, and 2),
height (1.3 m and 5 m), ring (1-2, 5-6, and 9-10), pyrolysis

(non-pyrolysed and pyrolysed), and all of their interactions as
fixed effects. Correlated samples of pyrolysis were taken ac-
count through the G-side random effect, and the correlations
between rings from the same height within same experimental
unit were taken into account by using a homogeneous com-
pound symmetry (CS) structure through the R-side random
effect. For the FiberLab measurements, a simplified model
was used, where the fixed effect of pyrolysis and, thus, also
the G-side random effect was omitted.

The assumption of normality of residuals was graphically
studied from multiple residual plots and found adequate.
Restricted maximum likelihood estimation (REML) method
was used for the LMMs, and the degrees of freedom were
calculated using the Kenward–Roger method [32]. The
stepdownmethod ofWestfall [33] was used for pairwise com-
parisons of means, with a significance level of α = 0.05. All
non-meaningful cross-comparisons (e.g., clone 2 in height 1.3
m vs. clone 4 in height 5 m) of the significant interaction terms
were excluded to minimize the amount of pairwise
comparisons.

The analyses were performed using the GLIMMIX proce-
dure of the SAS Enterprise Guide 7.15 (SAS Institute Inc.,
Cary, NC, USA).

3 Results

3.1 Pore size distributions

Bi-modal pore size distributions were a distinct feature of the
non-pyrolysed and pyrolysed materials (Fig. 2a–b). The two
key pore size regions originated from the wood tissue struc-
ture (Fig. 2c). The pore volume of the materials resided in two
distinct size classes within fibers and in vessels as shown in
Fig. 2c. For simplicity, the pore size regions are hereby called
fibers and vessels. The pyrolysis of the studied materials af-
fected the pore structure by shifting the distributions towards
the small pore size classes and consequently concentrating the
distributions to a narrower range of pore size classes (Fig. 2a–
b). The narrowing range of the pore size classes was explained
by the shrinkage of the materials due to the pyrolysis, as ex-
emplified visually in Fig. 2c.

The pyrolysis systematically reduced the mean pore diam-
eters in both the fibers and the vessels in all studied materials
(p < 0.01; Fig. 3a–b). In the fibers, the mean pore diameter
was reduced on average 34% (from 12 to 8 μm). For the
vessels, the corresponding reduction was from 55 to 39 μm
(29%). Regarding the mean pore diameters of the vessels, a
significant difference (p = 0.03) was also detected between the
different clones (Fig. 3b) with mean diameters varying be-
tween 52 and 59 μm. No other statistically significant differ-
ences were found regarding the mean pore diameters.

Biomass Conv. Bioref.
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3.2 Pore volumes

Despite the reductions in the mean pore size diameters, pyrol-
ysis systematically increased the pore volumes of the samples
in all studied cases, with only one exception (Fig. 3c).
Pyrolysis was the only factor causing statistically significant
differences between the pore volumes (p < 0.01). On average,
the porosity was 0.66 (standard deviation σ = 0.05) in the non-
pyrolysed samples and 0.68 (σ = 0.04) in the pyrolysed ones.

To assess how the pyrolysis affected the two key pore size
regions (fibers and vessels), it was also analyzed how the total
imaged pore volume was distributed among them before and
after the pyrolysis. The pyrolysis systematically reduced the
pore volume share in fibers and consequently increased the
fraction in vessels, with only one exception (Fig. 3d). The
pyrolysis was the only factor causing significant differences
in the fraction of pores in fibers and vessels (p < 0.01). Prior to
the pyrolysis, the mean pore volume fraction in fibers and
vessels (calculated as pore volume shares under the two dis-
tinct pore size distribution modes) was 0.58 (σ = 0.08) and
0.42 (σ = 0.08), respectively. After the pyrolysis, the mean
pore volume share of fibers was 0.51 (σ = 0.08) and that of
vessels was 0.49 (σ = 0.08).

3.3 Pore wall thicknesses and fiber characteristics

The cell wall thickness determined with the 3D image analyses
differed by both pyrolysis (pyrolysed vs. non-pyrolysed;p <
0.01) and ring (p = 0.03). There was also a two-way interaction
between these two factors, i.e., the impact of a ring was depen-
dent on pyrolysis (p < 0.01). The pyrolysis systematically re-
duced pore cell wall thickness in all studied materials (Fig. 3e).
On average, the thickness was 5.7 μm (σ = 0.6 μm) in the non-
pyrolysed samples and 4.5 μm (σ = 0.2 μm) in the pyrolysed
samples. Regarding the non-pyrolysed samples, all rings differed
from each other (p ≤ 0.04; Fig. 3e). Themean values ranged from
5.3 to 5.9μmbetween the different rings. The cell wall thickness
was the highest in ring 1-2 and the lowest in ring 9-10. No
differences were found in the cell wall thickness between the
rings of the pyrolysed samples (p ≥ 0.32).

The ratios of pyrolysed to non-pyrolysed cell wall thick-
nesses (Fig. 4a) were analyzed to decipher if the wall thick-
nesses in the non-pyrolysed materials controlled the resulting
wall thicknesses in the biochars. The ratios were found to
differ only by ring (p < 0.01), and only ring 9-10 differed from
the other rings. The cell wall thickness decreased the most in
ring 1-2 (mean ratio 0.79, σ = 0.03), while the decrease was

the smallest in ring 9-10 (mean ratio 0.86, σ = 0.05). Despite
the differences in the ratios between the rings, the wall thick-
ness of all non-pyrolysed and pyrolysed samples also corre-
lated (Pearson’s R 0.78, p < 0.01; Fig. 4b).

The mean fiber cell wall thicknesses (non-pyrolysed) mea-
sured with the FiberLab analyzer (6.3 μm, σ = 0.6 μm; Fig.
5a) corresponded with the cell wall thicknesses determined
with the 3D image analyses (5.7 μm, σ = 0.6 μm; Fig. 3e).
Similarly to the 3D imaged wall thickness, the fiber cell thick-
ness differed only by ring (p < 0.01). Practically, the differ-
ences were small with the mean values from 5.9 μm to 6.4 μm
(Fig. 5a), similarly as in the wall thickness determined with
the 3D image analyses.

The fiber length (Fig. 5b) differed only by ring and height
(p < 0.01). Regarding the rings, the differences were marked
with mean values of 836 μm (σ = 51 μm), 726 μm (σ = 72
μm), and 612 μm (σ = 49 μm) for rings 1-2, 5-6, and 9-10,
respectively. The trend of increasing fiber length from the pith
to the bark was qualitatively similar for each clone. The means
were 754 μm (σ = 115 μm) and 738 μm (σ = 81 μm) for
heights 1.3 m and 1.5 m, respectively. The fiber widths dif-
fered only by clone (p = 0.03) and practically the differences
were minor (Fig. 5c).

4 Discussion

4.1 Pore size distribution, pore volume, and wall
thickness

The bi-modal pore size distributions resembled the distribu-
tions found in other deciduous wood-based biochars [6, 8].
Previously, Rasa et al. [8] and Turunen et al. [6] determined
the pore structure of willow biochars with 3D X-ray image
analyses and reported local maxima to reside around the di-
ameters 8–10 and 30–50 μm. In the current study, the maxima
of the diameters in the pyrolysed hybrid aspen samples were
around 8 and 39 μm and thus corresponded with the willow
studies. For reference, Kameyama et al. [7] reported pore size
ranges around 1 μm to dominate in agricultural residue and 1–
10 μm in wood-based biomasses. While the pore size distri-
butions of different wood species [34] and different types of
chars have been reported previously, pore size distributions of
non-pyrolysed feedstock and pyrolysed biochars have been
rarely quantitatively compared. Our results demonstrated
how the pore diameters systematically shifted towards smaller
pore size regions due to the pyrolysis (Fig. 2, 3a–b). The wood
tissue structure of the samples clearly controlled the pore size
distributions also after pyrolysis, as demonstrated previously
[6, 8, 7, 11, 35, 36].

To our knowledge, pyrolysis impact on the mean pore di-
ameters and the distribution of pore volume to the key pore
size regions has not been reported previously. The pore

�Fig. 3 (a) Mean pore diameters in fibers, (b) mean pore diameters in
vessels, (c) porosities, (d) pore volume fraction (of total imaged
porosity) in fibers, and (e) cell wall thickness of pyrolysed and non-
pyrolysed hybrid aspen samples. The bars show the mean and the error
bars denote the standard deviation among the three tree individuals
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volume distribution is central from the point of water retention
and plant available water. In the current study, the pore vol-
ume share of readily plant available water (pore diameters 1–
30 μm, Fig. 2) was on average 0.59 in the non-pyrolysed
samples and 0.63 in the pyrolysed samples. Thus, from the
point of view of plant water availability, the pyrolysis process
improved the water retention properties of the non-pyrolysed
samples. Previously, Spokas et al. [37] did not find marked
differences between the impacts of non-pyrolysed and
pyrolysed pine chip amendments on hydraulic properties
of sandy soils, even though both of the amendments
increased soil water content at saturation. However, bio-
char impacts on soil properties consist of several mech-
anisms [12, 36]. Therefore, quantification of pore prop-
erty transformation due to pyrolysis can improve the
understanding on how biochar effects on soil properties
differ from those of non-pyrolysed materials.

Due to the decreasing mean pore diameters, it could be
expected that the porosity of the samples would decrease
when pyrolysed, but the porosities increased (Fig. 3c). Based
on previous studies [8, 11], nanoporosity of our samples can
be considered negligible. Based on those studies and our re-
sults (Fig. 2), the systematic pore volume increase despite the
decreasing mean pore diameters (in the current study) can be
attributed to the decreased pore cell wall thickness, rather than
generation of small pores within the walls. The systematic
increases in the porosities demonstrated that in terms of vol-
ume, the cell wall thicknesses decreased more than the pore
diameters. Our unpublished results (Rasa et al., unpublished
data) showed similar results regarding willow materials.
Knowledge on how pore characteristics of different feed-
stocks are transformed when pyrolysed into biochars can aid
in choosing an optimal biochar raw material based on the
feedstock properties. While the current study demonstrated

Fig. 4 (a) Ratios of pyrolysed to
non-pyrolysed pore cell wall
thickness in the studied hybrid
aspen wood samples. The bars
show the mean and the error bars
denote the standard deviation
among the three tree individuals.
(b) Relationship between the wall
thickness of pyrolysed and non-
pyrolysed samples. The red line
denotes the linear regression
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the mechanisms regarding the hybrid aspen samples, studies
assessing these processes in a range of wood species would be
needed to draw more general conclusions.

Porosity is one of the key factors determining biochar
impact in end-use applications [3]. While our study re-
ported the impacts of the chosen pyrolysis approach
(Section 2.2), it could be argued that the pore transfor-
mation processes can be controlled by the choice of
pyrolysis parameters. Pyrolysis production temperature
has been found to have the most dominant impact on
several biochar properties [38]. Pyrolysis has distinctly
different impacts on different pore size classes, notably
mic rome te r - r ange and nano-sca l e pores [12] .
Micrometer-range pore space is not sensitive to

pyrolysis temperature [11, 12]. Nano-scale pores are
more sensitive to pyrolysis temperature [12, 39], but
nanoporosity of our samples can be considered negligi-
ble [8, 11]. Note that the commonly applied the
Brunauer–Emmett–Teller method describes only nano-
scale pore structure [36]. Thus, choosing a feedstock
which has appropriate pore properties can be considered
essential when designing an applicable biochar for a
particular end-use [11]. Our results provide rare insight
on pore properties within hybrid aspen wood and bio-
char, which can be useful regarding such choices. It is,
however, noteworthy that sufficient pyrolysis tempera-
ture is markedly important from the point of view of
hydrophobicity reduction [12].

Fig. 5 Measured (a) fiber cell
wall thickness, (b) fiber length,
and (c) fiber width in the hybrid
aspen samples. The bars show the
mean and the error bars denote the
standard deviation among the
three tree individuals
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4.2 Impacts of clonal differences and within-tree
heterogeneity

One previously largely unaddressed question is how het-
erogeneity of different feedstocks affects homogeneity
of the resulting biochar products. Our results show that
the micrometer-scale pore structure of hybrid aspen bio-
chars is not highly sensitive to clonal differences and
within-tree heterogeneity. Of the studied factors (clone,
ring, height, and pyrolysis), only pyrolysis (non-
pyrolysed vs. pyrolysed samples) caused significant dif-
ferences in the porosities, mean pore diameters in fibers,
and fraction of pore volume in fibers/vessels. This dem-
onstrates that in terms of micrometer-scale porosity,
rather homogeneous biochar can be produced from a
hybrid aspen feedstock even when there are significant
differences in fiber properties (Fig. 5) and wood densi-
ties [18] between the clones and sampling locations.
These findings support the idea of producing applicable
and relatively homogeneous biochar products from hy-
brid aspen feedstocks. However, the mean pore diame-
ters in vessels differed also by clone. Thus, biochar
properties can be slightly optimized by choosing a clone
with desired properties and the homogeneity of pro-
duced biochars can be increased by using only one
clone in the production.

This study focused on the impacts of tree-trunk het-
erogeneity. Further studies assessing how branches,
roots, and other components of the trees affect key bio-
char characteristics would be beneficial from the point
of view of utilizing the whole biomass of hybrid aspen
trees. Previously, Muigai et al. [40] showed how differ-
ent components of various plants can have varying
nano-scale pore properties. Furthermore, previously also
wood density has been suggested to affect pore proper-
ties [14]. Biochar produced from different Eucalyptus
species with different wood densities have been found
to differ markedly in terms of water retention, with bio-
char from low density wood having a higher water re-
tention capability than higher density wood [14]. The
variation in wood density among the aspen clones at
the site of the current study was rather small (334–
422 kg m−3 [18]) and similar values (mean 362 kg
m−3) have been reported from 32-year-old Finnish hy-
brid aspens [41]. These values are small compared to
the study of Eucalyptus species by Werdin et al. (2020)
(572–960 kg m−3). Werdin et al. [14] also suggested
that wood density can be used as a proxy for biochar
pore structure and that wood density is largely con-
trolled by cell wall thickness and diameter, at least in
a range of Eucalyptus species. The differences in the
density ranges likely partly explain why the factors
studied in the current study were not found to have a

marked impact on biochar properties in contrast to the
findings of Werdin et al. [14]. However, clearly species-
specific factors such as a different ratio of cell wall
thickness to diameter influenced the differences, since
the wall thicknesses were around 1–2 μm in the study
of Werdin et al. [14], while they were around 6 μm in
the current study. On the other hand, wood density is
largely controlled by cell wall thicknesses and diameters
within different species [14, 42–45].

To understand how biochar properties are formed, it
is central to know how cell wall thicknesses of feed-
stocks are transformed when pyrolysed. We showed that
the cell wall thickness markedly decreased during the
pyrolysis and that after the pyrolysis, the wall thick-
nesses did not statistically differ by their radial location
(Fig. 3e). The highest cell wall thickness, located the
closest to the bark (ring 1-2), decreased the most.
Thus, it can be suggested that ratios of pyrolysed to
non-pyrolysed wood porosities are higher in high densi-
ty wood than in low density hybrid aspen wood. To our
knowledge, differences between wall thicknesses of
pyrolysed and non-pyrolysed wood samples have not
been reported in previous studies. Furthermore, the cor-
relation between the non-pyrolysed and pyrolysed indi-
vidual samples (Fig. 4b) implies that feedstock cell wall
thickness has controls on the wall thickness of the pro-
duced biochars.

4.3 General discussion

The highest differences in the fiber properties were found
between the fiber lengths of the different radial locations
(Fig. 5). The fiber characteristics were qualitatively similar
to those found in previous studies [42, 46]. Also DeBell
et al. [46] showed an increasing trend in fiber lengths from
pith to bark. The fiber widths did not markedly differ by ring,
clone, or height in the current study (Fig. 5c).

While fiber characteristics have been previously reported,
biochar cell wall thicknesses have been rarely measured. The
reported correspondence between the wall thicknesses deter-
mined with the 3D image analyses and FiberLab fiber analyz-
er supports the usage of the rather novel image analysis
methods to determine pore cell wall thicknesses. However,
note also that the imaged wall thicknesses between the radial
locations (rings) differed on average only 0.6 μm, which is
smaller than the imaging resolution (voxel size 1 μm).
Although the differences are deduced from changes in the wall
thickness distribution, accurately detecting differences smaller
than the imaging resolution could be partly inaccurate. In the
current study, both the image analyses and FiberLab analyzer
showed similar results regarding the differences between the
rings, which gives confidence on the results.
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In previous studies, 3D image analysis methods have
also been applied to study fiber wall thickness effects
on contact area between the fibers in a pulp material
[19]. Also, El Hachem et al. [47] determined cell wall
thickness of spruce using X-ray tomography and report-
ed average cell wall thicknesses of 6.3 and 5.1 μm for
latewood and earlywood, respectively. Regarding bio-
char applicability, information on pore wall thicknesses
can be relevant regarding the potential of the feedstock
to form pyrogenic (pyrolysis-induced) pores. Likely the
pore wall thickness partly determines the potential of
the biochar to contain pyrogenic pores (thick walls hav-
ing a higher potential than thin walls). Note also that
pyrogenic pores are typically nano-scale pores [12].
Even when the role of nano-scale pores in the total
porosity and water retention is small [8, 11], their sur-
face area and consequent impact on the sorption of dif-
ferent substances can be relatively high [12].

5 Conclusions

Our results showed how cell wall thickness dynamics
had a central role in explaining how the pyrolysis in-
creased the porosity of the samples despite the decreas-
ing pore diameters. A larger decrease in the cell wall
thicknesses than in the pore volumes explained the sys-
tematic increases in the porosities. Furthermore, wall
thickness in the feedstock was shown to have controls
on the resulting wall thickness of the biochar.
Mechanistic understanding on pore property transforma-
tion during the thermal processing can help in
predicting which raw materials are the most suitable
for producing applicable biochars. Wall thicknesses
and pore property transformation have had previously
only a little attention. However, the process understand-
ing can potentially benefit biochar design and studies
regarding hybrid aspen wood can be extended to other
feedstocks to reach more general conclusions.

Key pore properties of hybrid aspen biochar were found to
be comparable with other wood-based biochars. Impacts of
clonal differences and within-tree heterogeneity on biochar
pore properties were shown to be small, but they can be of
interest when planning how a forest biomass-based feedstock
is utilized in biochar production. Based on the results, rela-
tively homogeneous biochar can be produced from hybrid
aspen wood despite of clonal differences and within-tree het-
erogeneity. The homogeneity of biochars can be further in-
creased by using only one clone in the production. These
findings suggest that hybrid aspen feedstock can be utilized
to produce biochar for such end-uses which demand relatively
homogeneous pore property quality.
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