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Lignocellulosic biomass has a complex, species-specific microstructure that governs heat and mass transport during conversion processes. A quantitative understanding of the evolution of pore size and structure is critical to optimize conversion processes for biofuel and bio-based chemical production. Further, improving our understanding of the microstructure of biochar coproduct will accelerate development of its myriad applications. This work quantitatively compares the microstructural features and the anisotropic permeabilities of two woody feedstocks, red oak and Douglas fir, using X-ray computed tomography (XCT) before and after the feedstocks are subjected to pyrolysis. Quantitative analysis of the three-dimensional (3D) reconstructions allows for direct calculations of void fractions, pore size distributions and tortuosity factors. Next, 3D images are imported into an immersed boundary based finite volume solver to simulate gas flow through the porous structure and to directly calculate the principal permeabilities along longitudinal, radial, and tangential directions. The permeabilities of native biomass are seen to differ by three to four orders of magnitude in the different principal directions, but we find that this anisotropy is substantially reduced in the biochar formed during pyrolysis. The quantitative transport properties reported here enhance the ability of pyrolysis simulations to account for feedstock-specific effects and thereby provide a useful touchstone for the biorefining community.
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INTRODUCTION
Lignocellulosic biomass comprises a species-specific, highly porous, and anisotropic microstructure that originates from its function to transport and store water and nutrients throughout the plant during its lifetime. After harvesting, this microstructure, in tandem with the properties of the cell walls from which it is composed, govern the physical properties of lignocellulosic tissue. These features also influence important phenomena such as intraparticle heat and mass transfer that underlie conversion performance in biofuel and biochemical production processes (Ciesielski et al., 2020). Pyrolysis is a thermochemical method for converting biomass to molecular and oligomeric intermediates (Kan et al., 2016) and is often limited by internal transport of heat and fluid egress within particle pores (Pecha et al., 2019). Another product of pyrolysis is biochar, a carbonaceous material whose porosity is derived partially from the microstructure of the original biomass and partially from the pyrolysis process itself. Biochar has long been used as a soil amendment, (Lehmann, 2007; Verheijen et al., 2010), but has also found utility in advanced applications including catalysis, (Lee et al., 2017), adsorption, (Inyang et al., 2016), and electrochemical devices (Jiang et al., 2013). All of these aforementioned applications rely upon the transport of molecules, ions and/or thermal energy throughout hierarchical porous structures, necessitating a rigorous understanding of the microstructural transport properties of biochar and its parent feedstocks. Indeed, Di Blasi (1997) showed that differences in transport properties including permeability and porosity significantly impact pyrolysis product distributions.
Fundamental physical properties including permeability, tortuosity, and void fraction constrain the diffusive and advective transport that govern applications employing biomass and biochar as substrates. In the context of pyrolysis, intraparticle transport can affect the yield and distribution of products, which highlights the importance of accurately handling microstructural effects to achieve predictive models (Ciesielski et al., 2015; Ciesielski et al., 2020). Direct analysis of the microstructure of biomass feedstocks enables quantification of structural features including permeability, tortuosity, and void fraction to parameterize simulations for transport in porous media (Ciesielski et al., 2021). High-fidelity models of biomass conversion and biochar utilization require accurate transport models to enable scale-up and to mitigate technoeconomic risk of industrial deployment. Combined modeling and experimental works have previously elucidated the importance of directional permeability of biomass during pyrolysis (Di Blasi, 1998; Pecha et al., 2021). Other factors such as density and orientation in a gas stream also impact pyrolysis product quality and yield and have been investigated in studies such as in Kumari et al. (2022) and Pecha et al. (2017), but were not examined in this study as these properties can be measured without detailed information of the 3D microstructure of the material.
Accurate quantitative analysis of the microstructure of biomass by traditional experimental methods is difficult to perform. As discussed by Sun et al. (2021), the fidelity of commonly used techniques for experimentally measuring porosity or specific surface area, such as the density method or physisorption, are negatively impacted by pore structure breakage and undesired off-gassing that occur as functions of the temperature and pressure of the testing environment. Mercury intrusion porosimetry (MIP) is also commonly used, (Plötze and Niemz, 2011), but mercury handling poses significant safety concerns in the laboratory, and it can be difficult to interpret and reproduce results. Furthermore, particle size distributions may lead to misleading readouts of multiple pore sizes that are not necessarily statistically significant. For example, MIP tends to overrepresent the bottlenecks, thus providing an estimation of the minimum radius and not of the desired average radius (Holzer et al., 2013). Both the density method and mercury porosimetry provide limited information regarding geometric features of the microstructure, such as pore connectivity and tortuosity. Biomass tortuosity measurements are scant in the literature, and the techniques employed are difficult and specialized (Törnqvist et al., 2001). In the absence of such information and the inability to assume simplified particle geometries, some of us have previously assumed models of tortuosity as a function of void fraction (Sitaraman et al., 2015; Thornburg et al., 2020), although these assumptions extend beyond the models’ intended derivations (Bruggeman, 1935; Millington and Quirk, 1961; Thornburg et al., 2020). In all cases, the sparse information available regarding biomass tortuosity and void fraction applies only to the material’s fresh, unconverted state.
Therefore, there is an emergent need to understand partially and fully converted biomass structures to advance physics-based modeling of such conversion processes. X-ray Computed Tomography (XCT)-based techniques and the application of numerical analyses described here provide accessible, direct answers to these knowledge gaps. Refined measurements of tortuosity and void fraction further enable accurate determination of effective diffusivities, which in turn allow for more robust assessments of reaction vs. diffusion limitations in gas–solid (Pecha et al., 2021) and liquid–solid systems (Luterbacher et al., 2013; Thornburg et al., 2020). Mechanical approaches have also been used to measure some microstructural properties. Envelope density analyzers can be used to measure bulk density and thereby estimate particle porosity, also known as the void fraction, defined as the ratio of the volume of void space in a material to its total volume, though this method does not measure pore structure. Directional gas permeabilities can be measured with a Hassler cell and has been performed for various wood samples (Comstock, 1970; Choong et al., 1974; Filomena et al., 2014). However, these experimental approaches have their limitations, and permeability measurement is a time-intensive process that requires specially cut samples. These techniques are likely not applicable to biochar, which is brittle and cannot easily be shaped without damage.
Imaging methods offer a promising approach for characterizing the microstructure of biomass. Confocal scanning laser microscopy (CSLM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) are commonly employed to visualize biomass microstructure, yet each have their limitations (Ciesielski et al., 2014). Sample preparation via microtomy for CSLM and TEM can be challenging and may result in artifacts that significantly affect the quality of the images (Boigné et al., 2022). While these methods can be used to produce 3D information about microstructure, by using z-stacking in the case of confocal microscopy, stereo pairs for SEM, and tomography for TEM, the reconstructions often suffer from limited resolution (Shah et al., 2017) and/or missing regions (Bartesaghi et al., 2008) which reduce confidence in measurements of pore geometry. X-ray computed tomography (XCT) is a widely used imaging method to analyze solid samples that produces 3D volumetric images of the microstructure of materials. XCT can provide high spatial resolution while mitigating optical limitations such as beam steering or limited depth of field (Boigné et al., 2022). The 3D reconstructions provided by XCT permit detailed, non-destructive, and direct characterization of the pore microstructure of biomass without the need for any histochemical treatments or intensive sample preparation. Several recent studies have employed XCT to characterize the microstructure of biomass. Sun et al. (2021) calculated the porosity and pore size distribution of loblolly pine samples from XCT reconstructions in a novel study, but important features such as the permeability tensor, tortuosity, or void fraction were not calculated. Boigné et al. (2022) analyzed volume shrinkage within biomass during pyrolysis and oxidation using real-time, in situ XCT, but the effects of pyrolysis on transport properties were not quantitatively investigated. Zolghadr et al. (2019) used XCT imaging to characterize the microstructure of crystalline cellulose, switchgrass, and tall fescue microspheres, calculating void fraction and tortuosity but not directional permeabilities.
This study characterizes the microstructure of early wood hardwood (red oak, Quercus rubra) and softwood (Douglas fir, Pseudotsuga menziesii) samples, before and after pyrolysis, using XCT imaging and quantitative numerical analysis to determine the void fraction, pore size distribution, tortuosity factor, and directional permeability. MesoFlow, our in house computational fluid dynamics (CFD) solver, developed using the block structured Cartesian adaptive mesh refinement library AMReX, (Zhang et al., 2019), is used to simulate gas-phase mass transport through the samples by directly importing sub-volumes of the XCT reconstructions. These simulations subsequently provide the principal permeabilities for each sample. Segmented XCT sub-volumes are also imported into the Microstructure Analysis Toolbox (MATBOX), (Cooper et al., 2016; Usseglio-Viretta, 2022), an open-source MATLAB app developed at NREL (available at https://github.com/NREL/MATBOX_Microstructure_analysis_toolbox) to calculate void fraction, pore size distribution, and tortuosity factor by numerical analysis. To the authors’ knowledge, this is the first study to import 3D volumetric geometries of biomass before and after pyrolysis from XCT reconstructions into a CFD framework for permeability characterization. A diagram of the XCT workflow is shown in Figure 1, illustrating sample renderings from the raw tomographic images to 3D reconstruction, and final reduction to a sub-volume portion used for numerical analysis.
[image: Figure 1]FIGURE 1 | Diagram of XCT workflow. (A) Initial particle, native red oak photograph. (B) Raw image slice from XCT radiograph. (C) 3D Reconstruction of the full particle from the raw images. (D) Cropped sub-volume used for numerical analysis and calculation of material properties.
EXPERIMENTAL AND COMPUTATIONAL METHODS
Samples and Experimental Set up
Four total samples were analyzed for this study: a native hardwood red oak particle measuring 13.5 × 3.2 × 3.2 mm, a pyrolyzed red oak particle measuring 11.7 × 3.0 × 3.0 mm, both provided by Iowa State University, a native softwood Douglas fir particle measuring 2.0 × 2.0 × 2.0 mm provided by Forest Concepts and Idaho National Lab and a pyrolyzed Douglas fir particle of dimensions 4.0 × 2.4 × 4.1 mm provided by Forest Concepts. The red oak and pyrolyzed Douglas fir particles were imaged at the Colorado School of Mines using a Zeiss Xradia 520 Versa sub-micron XCT Scanner, while the native Douglas fir particle was imaged using a General Electric (GE) Phoenix vǀtomeǀx nano X-ray CT at Idaho National Lab.
The red oak dowels were pyrolyzed at 500°C under He in a modified Frontier micropyrolyzer as described in (Pecha et al., 2021) with a char yield of 19% after 90 s. The two Douglas fir samples (25–35 mg) were pyrolyzed in a horizontal spoon reactor under He at 500°C as described by (Christensen et al., 2017) for 5 min with char yields averaging 25%. At least 20 particles were pyrolyzed for each Douglas fir sample and random char particles were chosen for XCT imaging.
For the red oak and pyrolyzed Douglas fir XCT scans, each sample was secured to a mount in the chamber of the scanner using transparent adhesive tape for the larger red oak particles and glue adhesive for the pyrolyzed Douglas fir sample. Tape was not used to secure the Douglas fir sample to the mount because of its smaller size, and the layers of tape negatively impacted the contrast of the images. The X-ray source was tuned to emit with a voltage of 40 kV, 3 W power, and 75 µA current. The X-ray source was positioned 37.1 mm away from the detector, with the sample 20 mm away from the source placed between the source and detector. A ×4 objective magnification was used resulting in a 2 µm resolution for each scan, which was determined by (Sun et al., 2021) to be the minimum resolution to capture sufficient pore structure information.4 The scanner rotated the sample on the mount from 0 to 360 with an angular step size of 0.22°. X-ray radiographs were captured at each angle with 15 s exposure. The total data acquisition time for each sample ranged from 8 to 32 h, with the larger red oak particles requiring longer acquisition times and the pyrolyzed Douglas fir particle requiring the shortest acquisition time.
The procedure of acquiring the 3D scan of the native Douglas fir sample using a General Electric (GE) Phoenix vǀtomeǀx nano X-ray CT system can be found in (Sun et al., 2021) and is briefly described as follows. First, a sample particle is fixed onto a holder in the system chamber and the holder is programmed to rotate from 0 to 360° with an angular step size of 0.1°. Then radiographs are collected at each angle. Using the phoenix datos|x CT data acquisition software, the projections are then reconstructed to a 3D volume. The raw grey-scale image slices are exported from the software. For the 3D scan in this work, four Douglas fir pine particles are selected from the bulk samples produced by a Forest Concepts Crumbler® rotary shear system. In the imaging stage, several resolution settings, from 0.5 × 0.5 µm2 to 4 × 4 μm2 were tested, and the 2.2 × 2.2 µm2 per voxel is the highest usable resolution to preserve the fine voids in the microstructure. The four 3D scanning processes resulted in four image stacks, each containing 1,419, 1,518, 3,838, and 3,997 images. To avoid the boundary effect in the porosity analysis, in each image stack a region of interest (ROI) with size of 1.1 × 1.1 × 1.1 mm3 was cropped from the center.
The raw XCT scans of each sample, excluding the native Douglas fir which was imaged at Idaho National Lab, were reconstructed using Zeiss’ proprietary software, XMReconstructor, and were subsequently exported as tiff image stacks using DragonFly Pro, (Object Research Systems Inc, 2021), a Graphical User Interface (GUI) application for analyzing and manipulating 3D XCT data. Each data set varies in size due to size variations of the particles. The native red oak data set contains 1,603 total images, where each image is a slice in the z axis with x- and y-dimensions of 1,604 by 6,740 voxels. Each image is 24 MB, resulting in a 34 GB size of the entire dataset. The pyrolyzed red oak data set contains 1,515 total images measuring 1,521 by 5,825 voxels. Each image is 17.8 MB, culminating in a 27 GB dataset. The pyrolyzed Douglas fir data set comprises 1,383 images measuring 1,251 by 977 voxels. The images are 17.8 MB each, for a cumulative size of 3.38 GB. The native Douglas fir data set has 1,520 z-slice images, each with a size of 1,571 by 1,383 voxels and 4.17 MB. The total size of the native Douglas fir dataset is 6.30 GB. All datasets were stored with 16-bit data precision.
Each of the full particle reconstructions were cropped into sub-volumes for direct import into MesoFlow and MATBOX using DragonFly Pro. The native and pyrolyzed red oak data were cropped to a cube measuring 6423 voxels, approximately 1.28 mm3. This reduced the size of each data set to 503 MB. The native Douglas fir was binned by a factor of 2 and cropped to a cube measuring 2503 voxels, approximately 1 mm3 reducing the size of the dataset to 30 MB. The pyrolyzed Douglas fir data was smaller and more irregular in size, therefore a rectangular prism measuring 434 × 322 × 424 voxels, approximately 0.87 × 0.64 × 0.85 mm3, was cropped from the data, reducing the size to 237.1 MB.
Gas Flow Simulations and Permeability Calculations
The cropped sub-volumes of each data set are directly imported into a CFD simulation using our in-house solver, Mesoflow, which is a compressible finite-volume solver that uses immersed boundary methods and structured Cartesian grids. Our solver is developed on block structured Cartesian adaptive mesh refinement library, AMReX, (Zhang et al., 2019), which has been recently employed for several applications pertaining to combustion, (Sitaraman et al., 2021b), multiphase (Sitaraman et al., 2021a; Musser et al., 2021) and astrophysical (Almgren et al., 2020) flows. Gas-phase transport simulations were run with flow in the longitudinal, radial, or tangential directions using the cropped XCT sub-volumes as the porous media. The National Renewable Energy Laboratory (NREL) High-Performance Computing (HPC) system was used to run all simulations. A total of 12 simulations were run, one with gas flow in each of the three directions for each sub-volume of red oak and Douglas fir before and after pyrolysis. In each simulation, a pressure drop of 1,000 Pa (inlet pressure = 1 E5 Pa, outlet pressure = 1.01E5 Pa) was applied to either end of the sub-volume in the direction of interest, with wall boundaries along the other two directions. This ensured gas flow only in the direction of interest, and that the three principal components of the permeability could be calculated in isolation. Air was used as the gas in all simulations, with a viscosity of 1e-5 Pa s and a net molecular weight of 0.0289 kg/mol. The native Douglas fir simulations were run with a 4-micron image resolution for each voxel, while the pyrolyzed Douglas fir simulations were run with a resolution of 2 microns. A uniform 512 × 512 × 512 Cartesian grid was used in the native and pyrolyzed Douglas fir simulations. These simulations were run on 128 nodes for a total 4,096 cores for 48 h to ensure the simulation reached steady state with a 4 to 5 order of magnitude drop in momentum residuals. The native and pyrolyzed red oak simulations were run with a 2-micron voxel size, and a uniform 768 × 768 × 768 Cartesian grid. Twelve nodes with 18 cores per node for a total of 216 cores for 240 h were utilized for each of the red oak simulations. The number of nodes used for the red oak simulations was less because the grid size was larger: 128 voxels versus 32 voxels for the Douglas fir simulations. More computational cells were utilized for the red oak simulations because the data sets were larger with a higher resolution than the Douglas fir datasets.
We solve the Navier-Stokes equations in the compressible form on a Cartesian grid framework with an immersed boundary method for resolving complex pore structures, given by:
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where [image: image] represent fluid density, velocity, pressure, total specific energy, viscous stress tensor, thermal conductivity, and spatial coordinate, respectively. The equations are closed using ideal gas law, total energy, and Newtonian fluid assumption, given by Eqs. 4–6, respectively:
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where [image: image], [image: image] are the gas constant, fluid viscosity and isentropic exponent, respectively.
A modified advection upwind splitting method (AUSM) scheme (Liou, 2006) suitable for low Mach number flows along with second-order reconstruction and limiting (Tatsumi et al., 2012) is used for hyperbolic flux discretization and a second order central differencing scheme is used for viscous flux discretization away from the immersed boundary. A second-order explicit Runge-Kutta scheme is used for time advance until a steady-state is achieved.
The XCT geometry, obtained as a voxelated file of intensities, is first read into Mesoflow. A threshold intensity value obtained from image processing is used to identify whether a voxel is a solid or a void region. The intensity values were then extrapolated onto the Cartesian grid and all points greater than the threshold are identified as solid regions while the rest are in the fluid region. The Cartesian grids used in this work are kept at a higher resolution than the voxelated files for greater accuracy and grid convergence. The hyperbolic and viscous fluxes were then obtained at each Cartesian face that separates a fluid and solid cell using a simple velocity reflection method which is first order accurate.
Principal permeabilities were extracted from these simulations for application in particle models that utilize a pseudo-homogeneous assumption for internal pore structure (Di Blasi, 1998; Gentile et al., 2017; Pecha et al., 2021). For each particle, three simulations with dominant flow along each axis were set up with a pressure inlet and an outlet along the dominant flow direction and wall boundaries on the transverse boundaries. To the other four boundaries was applied a no flux condition to simulate the Hassler cell type permeability experiments. The simulations were run to steady state as determined by a decrease in calculated momentum residuals of at least four to five orders of magnitude. Permeability was extracted with the simple Darcy’s law equation:
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where Ki is the permeability, [image: image] is the surface averaged normal fluid velocity and [image: image] is the average pressure gradient along flow direction i.
MATBOX Numerical Analysis: Void Fraction, Pore Size Distribution and Tortuosity Calculations
Filtering, segmentation, and calculation of void fraction, pore size distribution, and tortuosity factor were performed with the open source software tool MATBOX (Usseglio-Viretta et al., 2022). The image stacks of the cropped XCT sub-volumes of each sample were loaded in tiff format into the MATBOX Filtering and Segmentation module and segmented into 8-bit tiff files with two phases: Phase 0 (void) and Phase 1 (solid) by applying a threshold specific to each sample which was determined by visually analyzing the images. Voxels with intensities below the threshold value are considered void space. An anisotropic diffusion filter developed by (Perona and Malik, 1990) was applied to the full sub-volumes of all of the datasets to smooth the data and reduce noise, except for the native Douglas fir sample which did not require filtering. The pore size distribution, void fraction, and tortuosity factor of each sample were then calculated using the MATBOX Microstructure Characterization module.
The volume fraction is calculated according to Eq. 8:
[image: image]
Where [image: image] is the volume fraction of phase k, N is the total number of voxels in the sub-volume, and [image: image] is equal to one if it is an element of phase k, and zero otherwise.
The tortuosity factors of the sub-volumes are calculated from the ratio between the effective diffusion coefficient along the longitudinal, radial, or tangential directions and the bulk diffusion coefficient, and the porosity using TauFactor developed by (Cooper et al., 2016). TauFactor calculates tortuosity using a finite-difference based approach and fixed Dirichlet boundary conditions. The algorithm first solves the Laplace equation within the sub-volume in the direction of interest, and the effective diffusion coefficient is obtained by analyzing the concentration field via 1D Fick’s first law described in (Laurencin et al., 2012). With these values, the tortuosity, [image: image], along direction i can be solved for according to Eq. 9:
[image: image]
Where [image: image] is the ratio between the effective diffusion coefficient along direction i and the bulk (free fluid) diffusion coefficient, and [image: image] is the porosity (void fraction).
Pore size distributions are calculated using the Euclidean Distance Map Fitting Method (EDMF) described in (Usseglio-Viretta et al., 2020). This method fits the diameter of a sphere such that its Euclidean distance map cumulative function agrees with the one calculated on the sub-volume, providing a distribution of the distance of the void space to the nearest solid surface calculated on the investigated medium. The method provides a characteristic length relevant to be used as a pore diameter to model transport mechanisms. Size distributions are highly dependent on the numerical method employed to calculate them, as thoroughly investigated in a previous work (Usseglio-Viretta et al., 2020). EDMF exhibits similar results with state of the art discrete particle size algorithms, while being much faster to calculate, and does not suffer from size underestimation of continuum particle size distribution algorithm (Usseglio-Viretta et al., 2020).
RESULTS
3D reconstructions of native and pyrolyzed red oak and Douglas fir particles were obtained via X-Ray computed tomography and reconstruction software. Millimeter-size sub-volumes were extracted from the reconstructions for direct importation into MesoFlow gas-phase flow simulations and MATBOX for numerical analysis. Figure 2 shows the full 3D XCT reconstructions of each sample. The volume shrinkage due to pyrolysis can clearly be seen comparing the native and pyrolyzed samples. Figure 3 depicts the cropped sub-volumes from each of the full particle reconstructions, along with longitudinal, radial, and tangential slices of each sample. The species-specific microstructures are revealed, as the native red oak exhibits a fine pore (i.e., lumen) structure of fiber cells with large-diameter vessel cell channels characteristic of hardwoods, while the native Douglas fir exemplifies the highly regular pore structure comprising arrays of axial tracheids characteristic of softwoods (Ciesielski et al., 2015). Additionally, the effects of thermal treatment on pore structure are apparent: pyrolysis degrades the pore structure, increases void volume, and reduces directional anisotropy, which is especially obvious in the red oak slices. Despite the stark directional differences inherent to native tissues, thermochemical conversion appears to obscure and even erase several key anatomical features.
[image: Figure 2]FIGURE 2 | Full particle reconstructions of each sample. (A) Native red oak, (B) Pyrolyzed red oak, (C) Native Douglas fir (D) Pyrolyzed Douglas fir. All scale bars indicate 1 mm length.
[image: Figure 3]FIGURE 3 | Sub-volumes of each sample with longitudinal, radial, and tangential slices. (A) Native red oak sub-volume, (B) Pyrolyzed red oak sub-volume, (C) Native Douglas fir sub-volume, (D) Pyrolyzed Douglas fir sub-volume, Longitudinal slices of (E) Native red oak, (F) Pyrolyzed red oak, (G) Native Douglas fir, (H) Pyrolyzed Douglas fir, Radial slices of (I) Native red oak, (J) Pyrolyzed red oak, (K) Native Douglas fir, (L) Pyrolyzed Douglas fir, Tangential slices of (M) Native red oak, (N) Pyrolyzed red oak, (O) Native Douglas fir, (P) Pyrolyzed Douglas fir. All scale bars indicate 400 µm length.
To quantify these species- and treatment-specific observations, XCT sub-volumes were next subjected to numerical analysis to estimate microstructural features before and after pyrolysis. The calculated volume fraction and tortuosity factors of the void phase of each sample are reported in Table 1. The void fractions of the native red oak and the pyrolyzed red oak are overall larger in magnitude compared to those of the native and pyrolyzed Douglas fir. This is likely because of the presence of larger diameter pore channels in the red oak samples, while the Douglas fir samples exhibit smaller pore channels overall. After pyrolysis, a significant increase in void fraction is observed for all samples. The Douglas fir samples show a 15.9% increase in void fraction after pyrolysis, while that of the red oak show a 22.8% increase in void fraction after pyrolysis. Previously reported values of void fraction for Oak and Douglas Fir from Boigné et al. (2022) are also listed in Table 1. The calculated values from the current study agree with the previously reported values, with slight variations likely due to variability of the material. Particularly, our calculated value for the void fraction of red oak is significantly higher than that reported by Boigné et al. (2022). We attribute this difference to our sample being taken from early wood red oak, which contains more vessel elements than the bulk material and thus a higher void fraction.
TABLE 1 | Calculated void fraction, directional tortuosity factors of the void phase, and directional effective diffusivity multipliers [see Eq. 9] of each species before and after pyrolysis.
[image: Table 1]Interesting trends are gleaned from the collection of calculated tortuosity factors and the resultant effective diffusivity multipliers (Eq. 9). First, the longitudinal direction of each sample shows the lowest tortuosity factor, consistent with observations of the permeability being highest in the longitudinal directions. This is due to the relatively large vessels present in red oak and the closely packed axial tracheid lumen of Douglas fir species oriented parallel to the longitudinal direction, which promote facile, direct flow (Comstock, 1970). The tortuosity factor in the tangential direction is the highest for all analyzed samples, also in agreement with the calculated values of permeability being lowest in the tangential direction for all samples, because the tangential direction is perpendicular to both the large longitudinal pore channels and the smaller radial ray cells, therefore there are few if any direct paths for flow in the tangential direction. Second, pyrolysis decreases and nearly unifies all directional tortuosity factors regardless of species by reducing the solid phase volume and increasing void fraction, creating larger pore channels with more direct paths for flow. Remarkably, post-treatment tortuosity values are closely consolidated across all coordinates, as seen by the tight agreement among effective diffusivity multipliers following pyrolysis. Indeed, thermal treatment appears to quantitatively erase many anatomical features, creating less tortuous and more directionally uniform channels for heat and mass transport within partially converted biomass particles.
Figure 4 shows color maps representing the distance to the nearest solid phase surface for each sample normal to the longitudinal and tangential directions. The warmer colors indicate a longer distance to the nearest surface, while cooler colors indicate a shorter distance. The centers of the largest pores are deep red, reflecting that they are furthest from the nearest solid surface, i.e., the cell wall. From these graphs and the results of Table 2, one can qualitatively ascertain that pyrolysis increases the size of the void space for both red oak and Douglas fir samples; this finding is visualized by the increase in scale of the colored regions in Figure 4. Additionally, the red oak samples show a higher number of warm-colored areas due to the large diameter pore channels characteristic of this species.
[image: Figure 4]FIGURE 4 | Distance-to-surface map of each sample normal to longitudinal and transverse directions: (A) native red oak normal to the longitudinal direction, (B) native red oak normal to the tangential direction, (C) pyrolyzed red oak normal to the longitudinal direction, (D) pyrolyzed red oak normal to the tangential direction, (E) native Douglas fir normal to the longitudinal direction, (F) native Douglas fir normal to the tangential direction, (G) pyrolyzed Douglas fir normal to the longitudinal direction, (H) pyrolyzed Douglas fir normal to the tangential direction. Slices shown are taken from the middle of the analyzed XCT reconstruction sub-volumes. Note that the scalebars are unique to each plot.
TABLE 2 | Calculated permeability tensors for each sample. All values in units of m2 (i.e., m3·m/m2).
[image: Table 2]Figure 5 shows the fitted Euclidean distance map distribution of the distances to the nearest solid surface for native and pyrolyzed red oak in plot A) as well as native and pyrolyzed Douglas fir in plot B). We note that these distances roughly correspond to half the pore diameter, since they represent the distance from the center of the pore to the nearest cell wall. The distribution of distances to the nearest surface for native red oak shows two peaks, one at 2.2 µm and the other at 4.5 µm. These distances are characteristic of fiber and vessel cells, respectively, present in the red oak microstructure. While the large vessel elements are clearly visible in the XCT reconstructions and distance maps, their relatively low abundance does not produce a recognizable peak in the distribution function. The pyrolyzed red oak distribution also exhibits these two peaks, although the smaller peaks indicate that less of the void population occupies these distances. Most of the population of pores in the native red oak lies below 10 μm, while the pyrolyzed red oak has a larger population beyond 10 µm. This is due to the increase in void space that occurs during pyrolysis, therefore the pore sizes increase, and their interiors are farther away from the nearest solid surface. Similarly, the native Douglas fir distribution shows peaks at 2 and 6.8 µm, representing the ray cells and tracheid cells, respectively, present in the material. The peaks are noticeably wider for the Douglas fir samples compared to the red oak samples, suggesting that the sizes of the ray and tracheid cells in the Douglas fir samples have more variance. There is a higher population of void spaces beyond 10 µm in the native Douglas fir compared to the red oak, likely due to the more uniformly arrayed pore structures characteristic of the larger tracheid and ray cells in the softwood tissue compared to the sparser large-diameter vessel cells in red oak. Pyrolysis increases the population of voids beyond 10 µm from the surface in the case of both samples. Interestingly, the pyrolyzed Douglas fir population exhibits a greater number of peaks at different distances, suggesting that there are dominant pore sizes arising from solid phase deterioration upon pyrolysis. The sizes of such voids become more heterogeneous, with fewer populations being concentrated in specific regions characteristic to the large and small cell lumen domains observed for each native species.
[image: Figure 5]FIGURE 5 | Euclidean distance map probability density distribution of pore to surface distance of each sample. Plot (A) shows the distance to surface distribution function of native red oak, shown in black, and pyrolyzed red oak, shown in red. Plot (B) shows the distribution function of native Douglas fir, shown in black, and pyrolyzed Douglas fir, shown in red.
The dominant avenues for gas-phase transport in each direction are visualized by the steady-state velocity magnitudes obtained from the permeability simulations plotted in Figure 6. For the softwood prior to pyrolysis, fluid transport expectedly occurs primarily in the longitudinal direction, facilitated by axial tracheids, while that in the radial direction traverses ray cell channels. In the tangential direction, pits connecting adjacent tracheid cells serve as the major conduits. Transport follows a similar trend for the red oak samples, apart from the large vessel elements providing the primary avenues in the longitudinal direction. The radial and tangential native oak samples also exhibited the lowest permeability values obtained in this study, with values so low in some regions that they were below the visualization cutoff, giving rise to partially unfilled velocity plots for these two simulations.
[image: Figure 6]FIGURE 6 | Visualization of permeability simulations at steady state for native and pyrolyzed Douglas fir and red oak XCT sub-volumes. Pressure gradients were applied to only one of the longitudinal, radial, and tangential directions in each case. Velocity magnitudes less than 10−4 are below the visualization cutoff, hence the partial renditions for the native red oak simulations in the radial and tangential directions.
The reduction in anisotropy due to pyrolysis is visualized by the velocity magnitude plotted in Figure 6 and further reflected in the calculated permeability values reported in Table 2. In the native samples, the longitudinal direction has the highest permeability by two to four orders of magnitude compared to radial and tangential directions. By contrast, the pyrolyzed samples differ only by roughly one order of magnitude between longitudinal and tangential or radial directions. The permeability of the Douglas fir sample increases in all directions after pyrolysis, whereas the red oak particle exhibits a more significant increase in the tangential and radial directions than in the longitudinal direction after pyrolysis. This is consistent with what can be visually ascertained from the slices in Figure 3, and with the consolidation of directional tortuosity factors upon thermal treatment (Table 1); the large pore channels in the longitudinal direction of the red oak samples contribute significantly to the permeability, and their growth proportional to their initial size is not as significant as in the tangential and radial directions, or as in the longitudinal direction of the Douglas fir samples. Some of the smaller pores in the red oak sample may also be more prone to plugging by plasticized char material during pyrolysis than in the other directions, an effect which may be further compensated by the creation of new macropores within char domains.
The permeability values computed from the transport simulations shown in Table 2 yielded results that are nearly within the range of values for red oak and Douglas fir reported in the literature almost 50 years ago. It is interesting to note that for red oak the ratio of longitudinal to axial permeability was calculated as 2,406 and longitudinal to tangential as 6,738; Choong et al. (1974) reported ratios of approximately 2000 and 1,500, respectively. For oak char, the calculated ratio of longitudinal to axial permeability was 27 and the calculated ratio of longitudinal to tangential permeability was 10. Notably, greater macroporosity was evolved in the radial and tangential direction than in the longitudinal direction, which only increases by around 4%. This is consistent with observations that biochar retains its longitudinal pore structure during pyrolysis in part due to the catalytic effects of ash (Montoya et al., 2017). For Douglas fir, the ratio of longitudinal to axial permeability was calculated as 75 and longitudinal to tangential as 3,930; Comstock (1970) reported ratios of approximately 10,000 and 50,000, respectively. Additionally, for nearly all of the native wood samples, the permeabilities calculated in this study fall within the range of the reported values by Choong and Comstock, except for the radial permeability of the native Douglas fir sample which is higher by an order of magnitude. Although the origin of this discrepancy is uncertain, it could potentially be attributed to the specific geometry of the sub-volume investigated here, or to differences in the sensitivity to very small flowrates of our computational method and of the experimental method employed by Comstock. The reported values for permeability from the literature are measured from native biomass samples and not representative of biochar, for which there are no values reported in the literature to the authors knowledge.
DISCUSSION
In biomass pyrolysis, the effects of anisotropic transport phenomena have become increasingly important for sufficiently predictive models. Often, a suitable permeability tensor is not considered due to a lack of viable data, especially to describe its evolution over the course of pyrolytic conversion of biomass. Di Blasi (1998) noted that this permeability tensor is important for accurate predictions of conversion times and intraparticle flow patterns with large particles in the conduction-controlled regime. To confront this issue, our team has previously constructed geometric approximations that attempted to capture the dominant features that control transport phenomena at the intraparticle scale, which were assumed to be axial tracheids for softwoods and fiber and vessel cells for hardwoods (Ciesielski et al., 2015). However, the geometric models investigated in the aforementioned study neglected important features such as ray cells and pits, which are revealed by the current work to play a dominant role in facilitating transport in the radial and tangential directions. Additional recent work by some of us has empirically investigated the importance of anisotropic permeability and similarly concluded that large ratios of longitudinal to radial permeabilities must be employed in numerical models in order to agree with experimental results (Pecha et al., 2021). However, this study did not include dramatic evolution of radial porosity throughout the pyrolytic process that we observe here, due to lack of quantitative microstructural information. The findings in this work suggest that intraparticle transport models may be improved by calculating the permeability tensor as a function of conversion, wherein longitudinal permeability is marginally enhanced, while new macroporosity emerges in the radial and longitudinal dimensions.
Porosity and pore structure also play a role in reactor-scale modeling. Current state-of-the-art reactor-scale models account for changes in particle size and density, as the drag model for particles is a strong function of these parameters. Recently, particle rocketing due to explosive devolatilization along its longitudinal axis has been observed for small particles in benchtop reactor systems with high temperatures (1200°C), which is evidently due to vapors escaping one end of a particle at high velocities (Llamas et al., 2022). Evidently, anisotropic pore structure and porosity evolution play integral roles in the motion of particles inside of a high-temperature fluidized reactor (Ciesielski et al., 2021; Lu et al., 2021; Llamas et al., 2022; Lu et al., 2022).
Despite its advantages, there are still challenges associated with the method of microstructure characterization described in this work. The first is the sheer size of the data acquired and the time required for acquisition: full particle reconstructions range from around 4–35 GB, with up to tens of billions of voxels, requiring an acquisition time exceeding 30 h for the largest samples. The large size of the datasets makes transfer, analysis, simulation, and visualization of the data computationally expensive and arduous. This can be mitigated by downscaling the data by sampling; however, most of the datasets we acquired could not be down-sampled without losing crucial pore resolution. Choosing smaller samples to image is another approach to decreasing the size of the data acquired. Samples with dimensions between 1–5 mm are ideal for reducing data size and acquisition time while still being easy to handle and representative of bulk microstructure. We addressed this issue by cropping regions of the full datasets into smaller sub-volumes, but this could arguably sacrifice the generality of our results as it may not account for natural variations of extended microstructures within the samples. However, the periodicity and scale of the sub-volumes (∼1 mm3) are sufficiently general descriptors of the diversity of pore details, which typically exist on the scale of a few microns (Forest Products Laboratory, 1953). Even after cropping the full datasets into sub-volumes, Mesoflow simulations required at least 50,000 CPU core-hours to achieve steady state, using an abundance of high-performance computing resources.
An additional limitation of the present study is the lack of information regarding intra-cell wall transport, phenomena which are expected to strongly depend on biomass speciation. Pyrolysis products originate from the cell wall biopolymers and must navigate out of the nanoporous wall matrix into the macroporosity of the cell lumen prior to exiting the particle (Carpita et al., 1979; Kojiro et al., 2010). Future studies could confront this shortcoming using TEM tomography coupled to similar computational methods (Hinkle et al., 2015) to develop a dynamic, intra-cell wall transport model that could be coupled to bulk transport in a hierarchical transport simulation. It remains unknown which of these length scales and expected species dependencies may dominate observable pyrolysis performance in laboratory measurements.
While this work provides datapoints regarding the microstructure of biomass before and after pyrolysis, there still exists a knowledge gap regarding the precise physics which underlie microstructural evolution during pyrolysis. A truly game-changing simulation tool would be capable of predicting the dynamic evolution of pore structure as a function of initial pore structure, external heating conditions, intraparticle transport phenomena, and overall extent of pyrolytic conversion. Such a universal tool would enable a priori selection of biomass feedstocks and design of pyrolytic processes to achieve specific, optimized porosity for biochar applications, such as soil remediation, adsorption, filtration, and catalysis. However, much work remains to fully parameterize a pyrolysis simulation that accurately predicts pore structure evolution, including quantifying the mechanical properties of lignocellulose at different temperatures and extents of conversion.
CONCLUSION
The current study stands as a proof-of-concept and exposition for capturing particle-scale transport properties of native and thermally treated biomass microstructures using non-destructive XCT imaging paired with numerical analysis and CFD simulations. Detailed characterization of transport properties of red oak and Douglas fir is achieved, including the calculation of directional permeabilities, tortuosity factors, pore size distributions, and void fractions, along with the comparison of these properties before and after pyrolysis. The quantitative microstructural values reported here may be used to parameterize intra-particle transport simulations for these biomass species before and after pyrolysis. A crucial finding of this work is that the anisotropy of the permeability exhibited by native wood tissue is largely attenuated by pyrolysis, which in turn facilitates the creation of unique macroporosity spatially distributed throughout char coproduct domains. While the present findings are specific to the two wood species characterized here, our methods are readily extensible to other feedstocks of interest, such as grasses or genetically modified energy crops, and to alternate conversion strategies where permeability and physical transport properties play governing roles.
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