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Abstract

Sugarcane bagasse is a vast, inexpensive lignocellulosic feedstock that can be industrially converted into renewable materials,
chemicals and biofuels. Bagasse, which results from the shredding and crushing of the sugarcane stalks, has a pore structure that is
inherited from the native plant tissues and is partly disrupted due to the applied mechanical processes. The connectivity in the
bagasse pore space can be critical for mass transport in industrial processes requiring liquid or solute extraction from the solid or
impregnation of catalysts and reactants into the biomass. In this work, we pioneer the construction of pore network models (PNMs)
to investigate intraparticle connectivity in lignocellulosic biomass. X-ray microtomograms of sugarcane bagasse are employed to
extract the PNMs, which are then analyzed with support from hydraulic, diffusion, and graph theory-based methods. The analysis
determines the characteristic sizes and anisotropies of the bagasse pore space. Moreover, it reveals that a relatively small number of
pores are critical for the intraparticle connectivity. The critical pores can be in tissue cracks and xylem vessels as well as in ruptured
parenchyma and fiber cells. The relative importance of each of these regions depends on the specifics of the bagasse particle.
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Introduction

The world produces about 1.9 billion metric tons of sugarcane
per year [1]. Once transported to the industry, sugarcane stalks
are shredded and crushed to extract the juice, from which
sugar and ethanol are produced [2, 3]. The fibrous by-
product is the sugarcane bagasse. In dry-matter basis, bagasse
corresponds to 12—14% of the sugarcane stalk tonnage, about
250 million metric tons per year if calculated from the global
sugarcane production. Shredding and crushing aim at ruptur-
ing cells to release the cane juice. However, the rupture of the
tissues is incomplete. The relatively fragile and juicy paren-
chyma cells are mostly ruptured, but the structural thick-
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walled fiber cells and epidermal tissues tend to preserve integ-
rity. The partially disrupted tissues can hold water, which was
shown to be located mostly inside such robust integer fiber
cells of the fresh bagasse [4].

Bagasse is a heterogeneous particulate matter used mainly
as boiler fuel in the sugarcane mills. However, there is surplus
bagasse available at the processing site, making bagasse a
vast, inexpensive, and underutilized renewable resource [3,
5]. Mass transport inside bagasse particles is important for
processes such as sugar extraction [2], bagasse
functionalization for usage in water treatment [6], and pre-
treatment for production of cellulosic biofuels [7, 8].
Moreover, the porosity of the biomass feedstock can be criti-
cal for production of porous bio-based materials [9, 10].
Intraparticle mass transport depends on the characteristics of
the pore space. At the nanoscale, lignocellulosic biomass po-
rosity is an attribute of plant cell walls and a function of the
biomass hydration state and processing history [11, 12]. Atthe
micrometer scale, porosity results from the cellular spaces
delineated by the cell walls and, in sugarcane bagasse, the
connectivity of the pore space is enhanced by the wall disrup-
tions induced by the mechanical processing [13].

Modeling transport phenomena inside biomass has been
advancing to consider realistic intraparticle morphologies
[14]. However, when it comes to modeling the intricacies of
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the biomass pore space, methods based on finite elements and
computational fluid dynamics using either Navier-Stokes or
lattice Boltzmann approaches become computationally expen-
sive. For complex pore geometries, pore network models
(PNMs) have been developed and successfully applied in ge-
ology, petroleum, and environmental engineering to study
soils and rocks [15—-18]. PNMs approximate the porous medi-
um by treating void spaces (larger pores) as spheres connected
through throats (narrow constrictions) represented by cylin-
ders [17, 19]. PNMs can reproduce the real topology of the
pore space based on images acquired by serial sectioning [20],
confocal laser scanning microscopy [21], and X-ray computed
microtomography [22]. We highlight that microtomography is
a non-invasive 3D imaging technique providing micrometric
image resolution, which allows the delineation of the plant cell
walls as well as localized ruptures of cells and tissues.

In this work, we consider the hypothesis that bagasse has
critical limitations in intraparticle connectivity and that such
limitations can explain process-relevant observations such as
the need for comminution to achieve thorough chemical
functionalization [6] or spatial heterogeneity in tissue decon-
struction induced by mild chemical processes [8]. To advance

Fig. 1 Cross-section images of
the analyzed sugarcane bagasse
tomograms. a, b Pith particles
showing one vascular bundle
(VB). ¢, d Rind particles with
respectively three and four VBs.
Selected regions of round
parenchyma (RP), smashed
parenchyma (SP), fibers of
vascular bundles (FVB), xylem
vessel (XV), and epidermis (E)
are indicated. Yellow arrows point
to tissue cracks. Scale bars

200 pm
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the understanding of intraparticle connectivity, we perform
this exploratory study where we extract pore network models
(PNMs) from X-ray computed microtomographic images of
sugarcane bagasse, which, to the best of our knowledge, is the
first report of PNMs from lignocellulosic biomass.
Noteworthy, because of the tissue ruptures, bagasse is an in-
teresting model system to advance PNMs as a tool to investi-
gate intraparticle connectivity in lignocellulosic biomass.
Here, we show that bagasse PNMs inform on the characteris-
tic sizes and anisotropy of the pore space. Moreover, with
support from hydraulic, diffusion, and graph theory, we show
that a relatively small number of pores are highly critical for
transport through the bagasse PNMs.

Materials and Methods

Acquisition and Selection of X-Ray Microtomograms

This work uses X-ray microtomograms selected from the ones
presented in a previous article [23]. Air-dried bagasse particles
were selected from bulk particulates and then imaged at the
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Fig. 2 Representation of the pore-throat-pore conduit

IMX beamline of the Brazilian Synchrotron Light Laboratory
(LNLS) [24]. For each tomogram, 1001 projection images
were captured by sample rotation from 0° to 180°. The 3D
volume reconstruction was accomplished by using the PyHST
software [25, 26]. The 3D images have voxel size of 0.82 um
and dimensions of 2048 x 2048 x 2048 voxels, generating a
field of view of (1.68 mm)°.

Guided by the broader image set from reference [23], we
selected four tomographic images, namely T1-T4, for

extraction of PNMs. Selection of T1-T4 images aimed at
representing the most typical bagasse particles and their char-
acteristic features. Characteristic cross sections are shown in
Fig. 1. T1 (Fig. 1a) is a single vascular bundle without associ-
ated parenchyma cells. T2 (Fig. 1b) is also a single vascular
bundle. Compared with T1, T2 has a denser sheath of sclerified
fibers surrounding the xylem vessels and presents residual pa-
renchyma cells associated to the periphery of the vascular bun-
dle. T3 (Fig. 1c) and T4 (Fig. 1d) represent particles from the
rind of sugarcane stalks, showing respectively three and four
vascular bundles associated with parenchyma cells and epider-
mal tissue. Tissue cracks caused by mechanical disruption can
be visualized in the T2-T4 cross-sections images (Fig. 1b—d).

Image Processing

Image processing employed the Thermo Scientific Avizo 9.4
Software. Pre-processing was performed with the Sobel edge-

Fig. 3 Rendered views and
extracted pore network models of
the T1-T4 tomograms. Scalebars
200 um
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detection function for enhancement of cell wall edges and non-
local means function for noise reduction. The region growing
algorithm was employed to delineate the bagasse particle bor-
ders. Inside the borders, the particle volume was segmented as
two phases: (i) the cell walls and (ii) the pore spaces. The cell
walls were segmented using the watershed algorithm, with
threshold value adjusted for each image. Finally, the segmented
images were cleaned from islands inappropriately segmented as
the wall phase. Such cleaning used the island removal function
in combination with opening and closing morphological oper-
ators with a structuring element of 1 voxel. Visual inspection of
the resulting segmented images (Fig. S1) shows that the basic
cellular and tissue structures of the bagasse particles are pre-
served, but features of up to few micrometers can be artifacts
introduced by image processing, reflecting the limitations in
image contrast and resolution.

Extraction of Pore Network Models

The segmented 3D images were the basis for the extraction of
PNMs. Generation of the PNMs employed modules available
in the Avizo software. The whole procedure is summarized by
the following steps: (1) removal of unconnected pores (be-
cause we will analyze connectivity), which was accomplished
by the “Axis Connectivity” module with neighborhood and
axis parameters set as 26 voxels and z-axis, respectively; (2)
division of the pore space into a set of connected and labeled
pores, which was accomplished by the “Separate Objects”
module combined with the method parameter set as cham-
fer-conservative, which is well suited to separate spherical
pores; (3) extraction of the PNM by using the “Generate
Pore Network Model” module, which uses a variant of the
maximal ball fitting algorithm [27].

The generated PNMs are all undirected weighted networks,
meaning symmetrical cylindrical throats (network edges) con-
nect pairs of spherical pores (network nodes) without direc-
tional paths. Radius R,, is attributed to each pore, while length
L, and radius R, are attributed to each throat.

Weighting Throats by Hydraulic and Diffusive
Conductivities

Mass transport theory for dissolved species or gas mixture
in porous media considers terms of convection (due to bulk
fluid flow by pressure gradients) and diffusion (due to the
net molecular motion because of concentration gradients).
These phenomena are generally modeled by the
convection—diffusion equation [28]. However, this is a
highly non-linear partial differential equation impractical
to solve for porous media with the complexity of sugarcane
bagasse. Hence, as an alternative approach, for each throat
we calculate a weight F; aiming at representing the conduc-
tance factor relevant for mass transport phenomena.

@ Springer

Table 1  Number of pores (network nodes) and throats (network edges)
and the average degree of the connected PNMs

Tomogram Tl T2 T3 T4
Number of pores 11,591 5272 3795 3120
Number of throats 23,224 20,945 20,522 16,059
Average degree 4.0 8.0 10.8 10.3

Concretely, we follow an approach that is widely ap-
plied to porous media represented by PNMs. Namely, the
convection contribution is calculated by the Hagen—
Poiseuille equation (valid for laminar flow) while the dif-
fusion contribution is calculated by the Fick law [25, 29].
Although this work does not present any transport simu-
lation, these concepts were used to define the conductance
factors assigned as weights of the network throats. Let L;
and Rjj be respectively the length and radius of the throat
connecting pores i and j. Then, the hydraulic (F}) and
diffusive (Fy) conductance factors were calculated as
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longer and narrower than the pores.

respectively. The next step is to consider the conductance £, Analysis of Network Centrality
of the pore-throat-pore conduit (Fig. 2), where the pore con-
ductance (Fg; and Fg;, for which we assume L, = R,,) are com-
bined with the throat conductance Fy, through the serial con-

Pore network centralities were analyzed with the
NetworkX package [30], which is freely available as a
ductance formula, Python package. Closeness and betweenness centralities

Fig. 5 Distributions of throat
radii and lengths 3000 A ] - .
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were calculated, in all cases with network edges
(throats) weighted by either the hydraulic or the diffu-
sive conductance factors calculated for the pore-throat-
pore conduits (Egs. 1, 2). Closeness centrality measures
how close a node is from all other nodes, therefore
accounting for the whole network. Betweenness central-
ity measures the fraction of all possible shortest (i.e.,
less resistant) paths between any pairs of nodes that
pass through a specific node [31]. Therefore, between-
ness centrality identifies nodes that concentrate a large
share of the flow within the network.

Fig. 6 Scatter plot of throat
lengths against throat angles. The

Analysis of Network Clustering

Network cluster analysis employed the spectral clustering tech-
nique [32] coupled with the silhouette analysis [33], using the R
statistical computing language and the igraph package (https://
igraph.org). The spectral clustering technique allows
determining how a network can be partitioned in clusters
(communities) with high connectivity within each cluster and
relatively low connectivity between distinct clusters. The num-
ber of clusters is an input of the spectral clustering technique,
and the silhouette analysis was employed to determine suitable
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values for the number of clusters in each PNM. The spectral
clustering technique along with the silhouette analysis was im-
plemented in R by using the PAM function, which employs the
k-medoids algorithm for clustering [34].

Classification of Pore Location

Pores of high betweenness centrality were classified according
to the regions of sugarcane bagasse where they are located. This
classification was done by visual inspection after marking the
pore coordinates in the native gray-scale images. To each pore,
one of the following location classes were assigned: (1) xylem
vessels and surroundings; (2) tissue cracks and surroundings;
(3) parenchyma cells; (4) fiber-parenchyma interface region; (5)
fiber-epidermis interface region; and (6) fibers in vascular bun-
dles. “Surroundings” and “interface regions” were defined to
encompass a maximum thickness of two cells as observed in
cross-section images (such as those of Fig. 1).

Results and Discussion
Visualization of the Connected Pore Networks

Figure 3 shows rendered views of the T1-T4 microtomograms
and the PNMs generated from them. The PNM visualizations
show pores as pink spheres and throats as blue cylinders, with
their sizes scaled in proportion to R, (pores), L and R; (throats).
From visual inspection of Fig. 3, we observe that PNMs contain
large number of connected pores, which form a representation
that is much simpler than the original particle images.
Moreover, PNMs reproduce the volume of the bagasse parti-
cles, demonstrating that the connected PNMs are extended
through most of the particles volumes despite neglecting the
large number of small isolated pores (Figs. S2-3). We can also
notice that most throats are aligned close to the vertical axis of
the bagasse particles, reflecting the preferential orientation of
the fibrous plant tissues.

Statistics of Pores and Throats

The number of pores and throats in each connected PNM is
presented in Table 1 together with the network average de-
grees (twice the number of throats divided by the number of
pores). The numbers for T1 are markedly different from those
for T2-T4. T1 has more than double the number of pores
(11,591 in T1 compared with 5272-3120 in T2-T4) and lower
average degree (4.0 in T1 compared with 8.0-10.8 in T2-T4).

T1 also differs from T2-T4 in the distribution of pore radii
(Fig. 4). The more numerous pores of T1 seems to come
mainly from a lower range of pore radius, circa 1-10 um
(Fig. 4). Except for this marked difference in T1, the other
distributions of pore radii are quite similar to one another. In

another relatively minor difference, more numerous pores are
observed in the high-end of pore size (radius from 50 to
100 um) in the rind particles (T3 and T4). These larger pores
are presumably associated with the parenchyma cells that have
such size range and are present in significant numbers in the
rind particles T3-T4 (see Fig. 1).

Interesting similarities and differences are also observed in
the distributions of throat dimensions (Fig. 5). Distributions of
throat radii are quite similar for T1-T4. Noteworthy, signifi-
cant number of throats is observed with radius close to or less
than 1 um. Due to limitations in image resolution, information
associated with this size range is inherently uncertain. As for
throat lengths, it is noteworthy that maximum lengths around
900 um corresponds to about half of the image field of view in
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each spatial direction (1.68 mm). Moreover, the distributions
of throat lengths are markedly different for T1, which present
shorter throats (circa 20-80 pum) with higher frequencies than
found in T2-T4. Once again, this difference of T1 is consis-
tent with the higher number of pores (Table 1). If more pores
need to be connected in a similar 3D volume, the connections
will tend to be shorter, as observed.

Another relevant feature is the throat angle with respect to
the image z-axis, which is aligned close to the bagasse fiber
axis. For all the PNMs (T1-T4), the angular distributions are
peaked at low (0-10°) angles (Fig. S4), demonstrating the
preferential alignment of the throats with the bagasse fiber
axis. However, the relations between throat length, angle,
and conductivity have nuances that will be important for trans-
port inside the bagasse particle. The left-hand side of Fig. 6
shows the scatter plots of angle against length for all the
throats of the T1-T4 PNMs. Most of the longer throats (L, >
300 wm) are aligned to fiber axis (angle <20°). When we
consider the conductance factors (Eqs. 1-2), which will deter-
mine the actual relevance of a given throat, those long and
aligned throats loose relevance. For hydraulic (Fig. S5) and
diffusive (Fig. 6) conductance factors, the right-hand side of
the figures show the same scatter plot, but data points are

Fig. 8 Longitudinal and cross-
sectional projections of the pores
having normalized betweenness
centrality between 0.06 and 1.
Spheres are scaled according to
pore size and color represents be-
tweenness centrality. Cross-
section projections are overlapped
with cross-section images to serve
as visual references to approxi-
mate the pore location in the na-
tive images
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colored according to normalized (from 0 to 1) conductance
factor and only those throats with factors > 0.2 are kept in the
plot. With this conductance cutoff, the picture changes: throats
from all angles (0-90°) are well represented and the range of
length is much narrower, from about 40-200 pum.

Network Centrality

So far, pore and throat statistics considered the full set of
individual pores and throats (Figs. 4-6) but did not consider
metrics reflecting collective behaviors of the networks.
Closeness and betweenness centralities of each pore are cal-
culated considering the whole PNM, and therefore, these met-
rics inform on such collective network properties. Moreover,
the calculations of centrality are all weighted by the conduc-
tance factors (Egs. 1, 2), and therefore, the network edges are
counted with consideration of their conductance, which min-
imizes the contribution from the narrow (R, ~<1 pum) and
uncertain throats (Fig. 5). In the distributions of closeness
centrality (Fig. S6), virtually all the pores from the T1-T4
PNMs have (normalized) closeness centrality between 0.2
and 1.0. That is, virtually all pores are quite accessible from
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Table 2 Location of top 10 and
top 100 pores ranked by
betweenness centrality in the T1—
T4 networks

Pore location Top 10 Top 100
Tl T2 T3 T4 T1 T2 T3 T4

Xylem vessel and surroundings 7 0 1 5 53 23 13 18
Tissue crack and surroundings 0 9 1 0 0 33 7 5
Parenchyma cells 0 0 0 1 0 21 15
Fiber-parenchyma interface region 0 0 6 4 20 41 47
Fiber-epidermis interface region 0 0 1 0 0 0 11 8
Fibers in vascular bundles 3 1 1 0 47 24 7 7

Total

10 10 10 10 100 100 100 100

the rest of the network, with variations of closeness centrality
kept within one order of magnitude.

On the other hand, the distributions of betweenness
centrality show different shapes of the histograms
(Fig. 7), and a relatively small number of pores have be-
tweenness centrality much higher than rest of the network.
It is key to remark the logarithm scale of the betweenness
centralities presented in Fig. 7. As stated in the method
section, betweenness centrality is a metric that seeks those
pores more important for the transport through the net-
work, not because of the number of connections (coordi-
nation number), but because the pore belongs to many
paths of lowest resistance connecting different regions of
the network. In each PNM, a relatively small number of
pores have betweenness centrality between 10" and 10°.
As we move to lower centralities, the frequency increases
until it peaks at centralities around 10, and then it drops
to much lower frequencies. This result shows that a rela-
tively small number of pores (those with the highest cen-
tralities) mediate a large share of the connectivity within
the bagasse particles.

Recognizing the importance of the pores of high be-
tweenness centrality, we evaluate where they are in the
bagasse particles. Figure 8 shows longitudinal and trans-
versal projection views of the T1-T4 PNMs, showing the
pores with normalized betweenness centrality in the 0.06—
1 range. One first notes that the presented pores are quite
well distributed along the length of the particles, while in
cross-sections the pores tend to be located closer to the
particle center, with peripheries being less populated.
Since the pores were selected based on betweenness cen-
trality, one could expect that pores closer to the geometric
center of the particle would be more numerous. Therefore,
it is interesting that this effect is notable at cross-sections
but not across particle lengths.

The top 10 and top 100 pores ranked by betweenness
centrality were localized with high precision by marking
their coordinates in the native gray-scale images.
Classification of pore location is presented in Table 2.
Let us first compare the single vascular bundles (T1-T2)

from sugarcane pith. T1 has no crack, no parenchyma and
no epidermis (Fig. 1a). Therefore, its connectivity is fully
represented by the regions of xylem vessels and fibers, as
observed in Table 2. Interestingly, fibers of the T1 vascu-
lar bundle shows significant connectivity, demonstrating
localized fiber ruptures that create interfiber connections.
On the other hand, T2 has a set of cracks through the fiber
sheath (Fig. 1b) and these cracks dominate the top 10
pores. This demonstrates how important cracks can be to
permeate the fiber sheaths. Looking to the top 100 pores,
xylem vessels and fibers are also well ranked in T2.
Interestingly, the parenchyma-fiber interface also appears
in the top 100 rank, although there is little parenchyma
associated to the T2 vascular bundle (Fig. 1b).

For the rind particles (T3-T4), all the regions are represent-
ed in the top 100 rank (Table 2). The surprising contribution
comes from the fiber-parenchyma interface regions, which
represents about half of the top 10 pores and little less than
half of the top 100 pores (Table 2). Interestingly, the region of
fibers in vascular bundles (more distant from parenchyma) are
much less represented in the T3-T4 ranking. The sheath of
thick-walled fibers in vascular bundles tends to be the most
integer and least connected region of bagasse particles. If so,
there might be localized critical pathways that can penetrate
the fiber sheaths, either through extended tissue cracks (like in
T2) or through a set of adjacent ruptured fibers. We speculate
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Fig. 10 Spectral clustering
algorithm was employed to
partition the pores of each
network in three clusters. For all
the T1-T4 networks, the clusters
extend through the entire particle
length, whereas the particle cross-
sections are partitioned in distinct
clusters

the critical pores in the fiber-parenchyma interface region are
localized gateways into the vascular bundle fiber sheath.

Network Clustering

Figure 9 shows the average silhouette widths with the number
of cluster k varying from 2 to 90 for each one of the PNMs.
For T1-T4, the average silhouette widths decrease as the num-
ber of clusters increase. The optimal choice for the number of
clusters is given by the largest silhouette width [33], i.e., k=2
or 3 being acceptable choices for all T1, T2, T3, and T4.

We chose to partition each PNM into three clusters. The
spatial distributions of the clusters can be visualized in Fig. 10.
All the clusters are distributed across the full particle lengths,
while the partitioning takes place in the particles cross-sec-
tions. This result shows that the anisotropy of the fibrous
tissues creates stronger connectivity along the fiber axis and,
therefore, in all cases, partitioning occurs across the less con-
nected transversal plane.
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Conclusion

This work performed an exploratory investigation that
serves as foundation for the application of PNMs to in-
vestigate mass transport inside lignocellulosic biomass.
As a first result, we recognize that the quality and resolu-
tion of the experimental images set the practical limits for
the smallest pores and narrowest throats that can be reli-
ably evaluated in biomass PNMs. Second, the descriptive
statistics of pores and throats (number, radius, length, and
angle) inform on the characteristic size and anisotropy of
the pore space, being an alternative to conventional ap-
proaches for morphometry based on image analysis.
Third, the remarkable novelty brought by PNMs is the
possibility of understanding collective characteristics of
the pore space such as those informed by network clus-
tering and betweenness centrality. For the bagasse parti-
cles investigated in this work, clustering showed continu-
ity across particle length but partitioning at cross-sections,
demonstrating the tissue anisotropy with higher
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connectivity along the fiber axis. In addition, analysis of
betweenness centrality indicated that large share of the
network flow is concentrated in a small number of pores,
which are thus pivotal for intraparticle mass transport.
Vessels and cracks as well as parenchyma and fibers oc-
casionally appeared as critical pores, with the relative im-
portance of these regions depending on the specifics of
each bagasse particle.
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