Interconnected channel subdivision and flow behavior in sintered glass bead–fiber mixed filters
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Abstract:
	Glass bead–fiber mixed porous materials with tunable interconnected channel structures were prepared, and the influence of fiber-induced channel subdivision on water-flow behavior was investigated using X-ray CT–based analyses. Incorporation of milled glass fibers into interconnected channels formed between fused glass beads effectively subdivided relatively large channels. As a result, the number of pores increased and the average pore size decreased without major changes in overall porosity. CT-based flow analyses revealed that increasing fiber content reduced local water velocity and generated heterogeneous preferential flow pathways associated with channel subdivision. Tracer-particle analysis further indicated limited lateral displacement within the porous structures, indicating restricted transport pathways despite local flow heterogeneity. These results demonstrate that subdivision of interconnected channels influences local transport behavior in sintered glass-based porous materials. Preliminary microplastic capture experiments further indicated that incorporated fibers and additional layered double hydroxide deposition contributed to particle retention within the interconnected channels. Thus, this study provides a basis for designing structure-flow relationships in sintered glass-based porous materials.
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1. Introduction
Porous structure design plays a dominant role in determining both the fundamental properties and practical applications of porous solids. In the nano- and mesopore ranges, structure-directing agents, multidentate ligands, and surfactant self-assemblies are optimized to control pore structures and sizes [1-6]. Similarly, the internal size and shape of hollow particles are governed by those of core particles that act as removable templates in core–shell systems [7,8]. Colloidal crystals also serve as effective templates [9,10]. Such morphological similarity between pores and templates is widely exploited to generate micrometer-sized pores in materials such as glasses and ceramics [11-14]. At the onset of sintering, interconnected channels are formed between fused particles [15,16]. However, in contrast to pore formation via bottom-up processes at the molecular level, precise control of pore size and structure in sintered glasses and ceramics remains challenging. This is because isotropic particles rarely achieve ideal close packing, while anisotropic particles tend to orient in ways that hinder random packing. As a result, both the number of fused particles and their geometries are inherently heterogeneous at the onset of sintering. In addition, the removal of pore-forming agents during calcination can interfere with the sintering process. As sintering proceeds, smaller interconnected channels disappear, and larger channels subdivide into smaller ones, leading to an overall decrease in porosity [15,16]. Therefore, the rational design of interconnected channel structures at the initial stage of sintering is essential yet remains insufficiently understood. 
Herein, special attention is paid to the design of interconnected channels in sintered glass beads (GBs) at the onset of sintering. At this stage, interconnected channels are formed between fused soda–lime GBs [15-20]. When milled low-alkali borosilicate glass (E-glass) fibers are introduced prior to sintering, these fibers are incorporated into the interconnected channels [20]. Such incorporation provides a distinct structural strategy for subdividing relatively large interconnected channels while maintaining comparable overall interparticle space. Unlike conventional pore-forming approaches that mainly alter total porosity, the present approach enables modification of local channel geometries without major changes in the overall porous framework. In our previous study, this disk-shaped glass specimen was prepared as a supplementary demonstration; however, the subdivision of relatively large interconnected channels by the incorporated fibers was not clarified [20]. In addition, systematic control over fiber content in conjunction with porosity has not yet been established [20]. To address these issues, the present study investigates how fiber-induced subdivision of interconnected channels modifies local water-flow behavior. As a preliminary demonstration of potential filtration applicability, microplastic capture was briefly examined using the prepared specimens. For this purpose, the glass surfaces are briefly functionalized by depositing layered double hydroxides (LDHs) [20-23], and the resulting filters are evaluated for microplastic capture. In addition, the interaction between LDHs and microplastics is briefly examined using commercially available LDHs. In general, microplastic collection often relies on organic fiber filters; however, their limited mechanical stability can lead to fragmentation, resulting in contamination that interferes with analyses by near-infrared and fluorescence microscopy [24-26]. In contrast, glass-based materials offer superior mechanical stability, providing advantages for both reliable analyses and the treatment of large volumes of water. Meanwhile, LDHs, with a general formula of [(MⅡ)1−x(MⅢ)x(OH)2]x+[(Am−x/m)・nH2O]x−, consist of stacked metal hydroxide layers in which partial substitution of M2+ by M3+ generates positively charged layers compensated by interlayer anions [21]. Owing to their positively charged surfaces, LDHs can effectively capture negatively charged particles [20-23]. As polymer particles are often negatively charged [23,27,28], LDH-modified glass filters are therefore expected to contribute to microplastic capture, particularly in large-volume water treatment. In addition, environmentally friendly LDH compositions, such as magnesium–aluminum (Mg–Al) types, can be tailored. In the present study, the influence of fiber-induced interconnected-channel subdivision on local water-flow behavior was investigated using CT-based structural and flow analyses, while microplastic capture was preliminarily examined as a proof-of-concept application.

2. Experimental
2.1 Materials
Soda–lime GBs with an average diameter of ca. 77 µm were obtained from UNITICA (product name: UB-47L; nominal size range: 63–106 µm , according to the manufacturer), identical to those used in our previous studies [18-20]. The average diameter is confirmed by particle size analysis described below. The chemical composition of the soda–lime glass is described elsewhere [20]. E-glass fiber cloth was obtained from Arisawa Manufacturing. The chemical composition of the E-glass and the preparation of milled E-glass fibers are described elsewhere [20,29]. Briefly, E-glass fiber cloth was cut into small fragments and then crushed using an alumina pestle and mortar. The milled fibers exhibit a powder-like morphology. Commercially available polyester towels (100% polyester) were used as a model source of intentionally generated microplastics [30-33]. Reagent-grade Nile Red (a nonionic dye commonly used for microplastic staining in fluorescence microscopy, as the fluorescence color depends on the polymer type) [30,34-36], ethanol, magnesium chloride hexahydrate (MgCl2·6H2O), aluminum chloride hexahydrate (AlCl3·6H2O), and urea were obtained from Wako. Commercial MgAl-LDH was also obtained from Kyowa Chem (product name: DHT-6). Its chemical composition is described elsewhere [37].

2.2 General information
Specimen morphologies were examined by field-emission scanning electron microscopy (FE-SEM; SU8000, Hitachi) operated at an accelerating voltage of 2.0 kV and a working distance of 8 mm, using secondary electron imaging. Prior to observation, the samples were sputter-coated twice with a 3 nm osmium layer. Hereafter, FE-SEM images are referred to as SEM images for simplicity. The SEM images of the disk-shaped specimens represent their top surfaces. Size distributions were determined by manual counting based on multiple SEM images. In this measurement, non-spherical particles, which appeared at a frequency of approximately 1 in 10 particles, were excluded from the analysis.
X-ray CT images of the specimens were acquired using a custom-built laboratory X-ray CT system developed at Japan Fine Ceramics Center (JFCC), operated at 60 kV and 100 μA. A total of 1440 projections were collected over 360° with an angular increment of 0.25°, resulting in an acquisition time of approximately 3 h. The pixel size of the CT image was 1.39μm/pixel. Prior to measurement, the specimens were manually cut and polished into prisms with dimensions of approximately 2.0 × 2.0 × 10 mm3. Three-dimensional (3D) images of the specimens were reconstructed using TRI/3D VOL software (RATOC Systems, Inc). Pore size distributions and the volumes of pores and glass phases were estimated, and the corresponding features were visualized using TRI/3D VOL software with various methods, including the watershed segmentation [38,39]. The representative volume element (RVE) [40], defined as the minimum volume that reflects macroscopic properties, of the GB-based specimen was estimated using several CT images. 
Elemental analyses of specimen cross-sections were performed during transmission electron microscopy (TEM; JEM-F200, JEOL) using energy-dispersive X-ray spectroscopy (EDS; JED-2300 SDD, JEOL). TEM observations were conducted at an accelerating voltage of 200 kV. For cross-sectional preparation, the specimens were embedded in epoxy resin (G2 Epoxy, GANTAN) and subsequently processed by broad ion beam milling followed by Ar ion milling (ArBlade5000, Hitachi) at an accelerating voltage of 4.5 kV.
Glass transition temperatures of soda–lime GBs and E-glass fibers (milled fibers) were estimated to be 560°C and 780°C, respectively, from differential scanning calorimetry curves measured at a heating rate of 10°C/min under Ar using a NETZSCH instrument. Prior to measurement, soda–lime GBs were crushed into powder using an alumina pestle and mortar. Each sample was loaded into a platinum pan.
Water flow analyses were conducted using numerical simulations based on three-dimensional pore geometries reconstructed from X-ray CT images. The voxel resolution of the CT images was 1.39 μm, and a cubic subdomain of 800 × 800 × 800 pixels was extracted to define the solid structure used in the simulations. Single-phase flow of water was considered in the segmented pore space. The governing equations were the continuity and Navier–Stokes equations, which were solved using a finite-volume method. The numerical framework is based on a previously developed solver that has been validated for gas–liquid two-phase flows and successfully applied to pore-scale transport phenomena in porous media [41-43]. In the present study, the formulation was restricted to single-phase flow. The simulations were performed on a uniform Cartesian grid with a grid spacing of 4.34 × 10-6 m, which is coarser than the CT voxel resolution. The computational domain size was 1112 × 1112 × 1251 μm3, where buffer regions were introduced at the inlet and outlet in the flow direction. The inlet velocity was set to 1.19 × 10-2 m s-1, which was determined from the experimentally obtained flow rate, as described below. A constant velocity condition was imposed at the inlet, while a constant pressure condition was applied at the outlet. No-slip boundary conditions were imposed on the solid surfaces. The velocity field was obtained under steady-state conditions, and tracer particle tracking was performed by advecting massless particles using the computed velocity field. The present simulations were intended primarily for comparative visualization of local flow behavior and transport pathways associated with interconnected-channel subdivision rather than for predictive continuum-scale transport-property evaluation.
Optical and fluorescence microscopy images were acquired using an LV150N microscope (Nikon) equipped with a Texas Red filter set (Olympus), providing an excitation wavelength range of 542–582 nm.
Cross-sectional images of a representative specimen, corresponding to its interior surfaces, were obtained using synchrotron multiscale X-ray CT at beamline BL20XU of SPring-8 with an X-ray energy of 30 keV [44,45]. The system combines micro-CT for overall structural observation and nano-CT for high-resolution imaging (~100 nm). The nano-CT data (voxel size: 40 nm) were used in this study. Measurement conditions followed those reported previously. The central portion of the disk-shaped specimen was laser-machined into a cylindrical sample (0.85 mm in diameter and 7.00 mm in height) and mounted on the rotation stage for CT measurement [19].
The crystalline phases of the raw materials and the calcined specimens were characterized by powder X-ray diffraction (XRD) using a diffractometer (Empyrean, PANalytical) operated at 40 mA and 45 kV with monochromated Cu Kα radiation. The step size and scan time were set to 0.01° (2θ) and 1.0 s, respectively.

2.3 Sample preparation
2.3.1 Preparation of disk-shaped glass specimens
For convenience, the prepared specimens are referred to using filter-related nomenclature in this study, although filtration tests are described later. Disk-shaped specimens (25 mm in diameter, 1.5 mm in thickness) were prepared by modifying previously reported procedures [17-20]. Basically, 2.0 g of GBs and 0.20 g of milled fibers were mixed in a vessel until visually homogeneous, and the mixture was then transferred into an alumina cylinder mold. Any locally aggregated fibers were manually dispersed using a spatula. An alumina rod was placed on top of the mixture, and the specimen was calcined at 680°C for 5 h with heating and cooling rates of 5°C/min. In contrast to previous studies [17-20], a stainless-steel container used as a heat equalizer was not employed. Notably, based on the glass transition temperatures of these glasses (see General Information), only the soda–lime glass was exposed to temperatures above its glass transition temperature under the calcination conditions. The resulting glass bead-fiber mixed filters were denoted as GBFF-1.00-5.00, where 1.00 represents the relative amount of milled fibers (0.20 g as the reference) and 5.00 indicates the calcination time (h). Using a 25 mm alumina mold and a 24.5 mm alumina rod, no burrs were formed after preparation. In previous studies, burr formation was not described; however, the use of a 23 mm stainless-steel rod resulted in burr formation, which was subsequently removed prior to use [17-20].
For comparison, GB-only specimens were prepared under identical conditions with calcination times of 2 h and 5 h, denoted as GBF-2.00 and GBF-5.00, respectively (GBF: glass bead filter). Additional GBFF specimens were prepared by varying the fiber content and calcination time. The fiber content was normalized such that 0.20 g corresponds to 1.00; thus, 0.75 and 0.50 represent 0.15 g and 0.10 g, respectively. Specimens prepared under these conditions were denoted as GBFF-0.75-3.75 and GBFF-0.50-2.50. To examine the effect of calcination time, GBMFF-0.75 was additionally calcined for 5.00 h (GBFF-0.75-5.00), and GBFF-1.00 was calcined for 15.0 h (GBFF-1.00-15.0).

2.3.2. Preparation of Nile Red-stained microplastics and filtration
Microplastics were intentionally generated as follows. For simplicity in laboratory-based experiments, a 100% polyester towel was cut into 3 × 3 cm pieces, in contrast to previous studies. For staining, the fragments were immersed in an ethanolic Nile Red solution (0.01 mg/mL) and then wrung out. This procedure was repeated twice, followed by drying at 100 °C for 3 h. When the staining procedure was repeated three times, crystal-like fluorescent particles were observed under fluorescence microscopy. After drying, the fragments were stirred in 50 mL of distilled water for a day. Upon removal of the fragments, a slightly turbid suspension was obtained. Notably, Nile Red is insoluble in water; therefore, the polyester fragments retained the dye during the washing process. It should be noted that the amount of microplastics remains difficult to quantify accurately, even using a microbalance [46,47].
	The resulting microplastic dispersion (50 mL) was filtered through the disk-shaped glass filters. After filtration, the filters were dried. After drying, visibly large fibers were manually removed prior to analysis. As a control, 50 mL of distilled water was filtered through the filters. All dispersions passed through the filters within 3–4 s. Notably, the effluents were not turbid, with no Tyndall scattering observed during filtration of distilled water alone. Under the present experimental conditions, no apparent differences in water permeation behavior were observed among the prepared filters during the short filtration period. This time was tentatively regarded as no differences in the extent of clogging for the filters, although the situation of large amounts of water possibly differs. The filter was sandwiched in a glass filtration apparatus, sealed with Parafilm around the joint, and secured with a clip. The filter had a diameter of 25 mm and an effective filtration diameter of 17 mm. No contamination from the Parafilm was detected, as confirmed by fluorescence microscopy described below. 

2.3.3. Deposition of MgAl-LDH on GBFF specimen
LDH deposition on the GBFF-1.00-5.00 specimens was carried out according to procedures reported in a previous study [19]. The precursor solution used in this study has been reported to yield well-defined Mg–Al LDH particles with a narrow size distribution. The GBFF specimens were immersed in an aqueous solution containing 0.67, 0.17, and 1.7 mol/L of MgCl2, AlCl3, and urea, respectively (Mg/Al/urea molar ratio = 4:1:10), under hydrothermal conditions identical to those used for GBF. To ensure sufficient immersion, the disk surfaces of the GBFF specimens were positioned vertically in the solution, and three specimens were placed in 18 mL of solution (equivalent to one specimen per 6 mL). The solutions containing the specimens were subjected to reduced pressure for 1 h to promote infiltration. The solutions were then sealed in a Teflon vessel with a stainless-steel jacket and heated at 150°C for 6 h. After the reaction, the specimens were thoroughly washed with deionized water and dried at 80 °C for 1 h. The resulting samples are denoted as LDH–GBFF–1.00-5.00. White precipitates were observed at the bottom of the vessel; however, their characterization is beyond the scope of this study. Although various reaction times could be employed, a reaction time of 6 h was tentatively adopted in this study, as LDHs were deposited on both the external and internal surfaces of the specimens (as discussed in detail later), while maintaining filtration performance (50 mL of distilled water filtered within 3–4 s described above).

2.3.4 Collection of microplastics by MgAl-LDH
	To briefly examine the interaction between Mg–Al LDH and microplastics, DHT-6 (100 mg) was dispersed in the prepared microplastic dispersion and allowed to stand for a day. As a control experiment, the same procedure was performed using 50 mL of distilled water. The resulting solids were collected by centrifugation and then dried.

3. Results and Discussion
	Figure 1 shows SEM images of the specimens and the size distributions of GBs and milled fibers. The SEM image of GBF-2.00 indicates fused GBs at the onset of sintering (Figure 1a). In addition, the SEM image of GBFF-1.00-5.00 shows milled fibers located between the fused GBs (Figure 1b). Both images are consistent with those reported previously [17-20]. When the milled fibers are not considered in the SEM image of GBFF-1.00-5.00, the interparticle spaces between GBs are comparable to those observed in GBF-2.00. Notably, narrower interconnected channels were obtained for GBF-5.00. Thus, interconnected channels of similar size, which serve as water flow pathways, are formed, and their detailed characteristics and mechanisms are discussed later. The average size of GBs is approximately 77 μm, with a size range mainly between 60 and 100 μm (Figure 1a′), which matches well with the nominal size range of the product. In addition, the average length (long axis) of the milled fibers is approximately 67 μm, with a size range of mainly 25–100 μm (Figure 1b'). These relatively narrow size distributions are advantageous for the characterization described below. 
	Figure 2 shows a representative CT image of GB-2.00 and the relationship between porosity and cube side length used to estimate the RVE [40]. The CT image (Figure 2a) closely resembles the SEM image, indicating that characteristic structural information obtained by SEM (Figure 1a) is reliably captured by CT measurements. When the relationship between porosity and cube side length is examined (Figure 2b), the variability in porosity decreases as the cube side length increases, particularly in the range of 600–800 pixels. Given that 1 pixel corresponds to 1.39 μm, this range corresponds to 834–1112 μm, covering approximately 10–15 GB particles with an average diameter of 77 μm (Figure 1a'), which sufficiently encompasses the range reported in the previous report.38 This indicates that the selected volume sufficiently captures the statistical heterogeneity of the particle network. Thus, in this study, a cube size of 800 pixels as the RVE for visualization and analysis. Notably, although the concept of RVE is generally applied to systems with relatively uniform particle sizes and narrow size distributions [40], it is tentatively extended in this study to specimens composed of morphologically different particles (GBs and milled fibers), using the RVE value determined from GB-only specimens as a reference. Accordingly, the present analyses should be interpreted as comparative mechanistic evaluations within comparable observation volumes rather than as rigorous continuum-scale quantitative transport-property predictions.
	Figure 3 shows 3D images of GB-2.00 and GBFF-1.00-5.00. No major visible differences are observed between GB-2.00 and GBFF-1.00-5.00 (Figure 3a,b), except for the presence of milled fibers in GBFF-1.00-5.00, which is consistent with the SEM images (Figure 1). Although the milled fibers are clearly highlighted in the 3D image and appear to be uniformly distributed within the interparticle spaces between GBs (Figure 3c), their distribution can also be observed to a certain extent in the representative highlighted CT images of GBFF-1.00-5.00, GBFF-0.75-3.75, and GBFF-0.50-2.50 (Figure 4). Thus, their detailed characteristics are discussed below.
As listed in Table 1, the fiber volumes of the GBFF specimens are consistent with the amounts of milled fibers mixed with GBs before calcination (see experimental), indicating that the amounts of fibers remaining in the alumina molds and rods and removed manually was negligible. Based on the values in Table 1, the fiber-removed porosity does not differ significantly between the GB and GBFF specimens, indicating that the primary interconnected transport space remained largely preserved despite channel subdivision by incorporated fibers. Although the milled fibers appear uniformly distributed in the GB-removed 3D image (Figure 5a), their spatial distribution was further evaluated by tentatively dividing each 3D image into 27 regions, as shown in Figure 5b. The average fiber fraction (vol%) and its SD are listed in Table 2, indicating that the milled fibers are uniformly distributed within the interparticle spaces despite shaking during mixing in a vessel. Even if this distribution is considered heterogeneous, methods enabling damage-free dispersion [48] and appropriate criteria for determining the number of subdivisions used in the spatial analysis will be addressed in future work. For GBF-2.00 and GBFF-1.00-5.00, although the porosity slightly decreases in the presence of milled fibers (Table 1), relatively large interconnected channels in the GB specimen are effectively subdivided by the fibers, as shown in Figure 6. Although the watershed segmentation [38,39] tends to over-segment interconnected channels and the diameters of the inscribed circles do not accurately correspond to the actual channel sizes (Figure 6a and b), the number of pores increases while the average pore diameter decreases in the presence of milled fibers, as revealed by the pore size distributions of GBF-2.00 and GBFF-1.00-5.00 based on the watershed method (Figure 6c and d). In addition, the frequency of relatively large pore sizes observed in GBF-2.00 disappears in the distribution of GBFF-1.00-5.00. Such subdivision of relatively large interconnected channels is expected to locally modify water-flow pathways and increase the frequency of interactions between flowing particles and solid surfaces within the porous structures. Accordingly, the present analysis was intended primarily for comparative mechanistic evaluation of interconnected-channel subdivision and local flow-path modification rather than comprehensive transport-property characterization based on complete topological descriptors. An accurate method for estimating the size of interconnected channels between GBs has recently been developed in our group and will be reported elsewhere.
	Based on the above results, glass bead–fiber mixed filters with tunable interconnected channel sizes and fiber contents were successfully prepared. More importantly, the results demonstrate that milled fibers act as effective structural modifiers that subdivide interconnected channels while preserving the primary interparticle framework of the GB packing. Considering the fiber content and its spatial distribution (Tables 1 and 2; Figures 3 and 5), together with the absence of turbidity and Tyndall scattering in the effluent (see experimental), the fibers are considered to be well incorporated into the interparticle spaces of the GBs. Because the interconnected channels became narrower in GBF-5.00 and GBFF-0.75-5.00 (see experimental) than in GBFF-1.00-5.00 and GBFF-0.75-3.75, respectively, the milled fibers interfere with the sintering of the GBs. Since the glass transition temperature of E-glass milled fibers (780°C) is higher than that of soda–lime GBs (560°C), the presence of the fibers suppresses the reduction in interparticle space during sintering. In addition, the chemical compositions of the glasses are related to the retardation of sintering. Elemental analysis of cross-sections reveals that the milled fiber regions adjacent to the GB–fiber interfaces in GBFF-1.00-5.00 exhibit an increased Na content compared to the bulk milled fiber (Figure 7a and c), whereas no significant differences are observed between the GB itself and the GB regions in GBFF-1.00-5.00 (Figure 7b and c). In general, a decrease in Na content glass increases the glass transition temperature [49]. Thus, during calcination, Na is likely to diffuse from the GB regions into the milled fiber regions, increasing the glass transition temperature near the GB surface and thereby retarding sintering, even in the presence of milled fibers below their glass transition temperature. These results indicate that glass composition, which governs wettability and elemental diffusion, plays a crucial role in controlling sintering behavior between different types of glasses. Further studies are required to systematically evaluate substrate glasses with various compositions. Nevertheless, because comparable specimens were successfully prepared in this study (Figure 4 and Table 1), the filtration performance of the GBFF specimens was briefly evaluated through water flow analyses and filtration tests using intentionally generated microplastics, as described below.
	As shown in Figure 8, the water velocity tends to decrease with increasing milled fiber content. In addition, regions with relatively high fiber density exhibit lower water velocity. Thus, the presence of fibers does not enhance water flow; rather, increasing fiber content tends to restrict flow pathways. Consequently, water preferentially flows through regions with higher velocity, indicating that fiber dispersibility within the interparticle spaces of the GBs is critical. These results indicate that fiber-induced subdivision of interconnected channels generates locally heterogeneous flow pathways while simultaneously restricting effective transport routes within the porous structures. This can be improved by damage-free dispersion of milled fibers [48] and by controlling the composition and size of the glass materials, which will be addressed in future work. Meanwhile, the presence of low-velocity regions implies that higher-velocity regions may form in their vicinity. Thus, the filtration performance of the GBFF specimens should be further evaluated through brief collection experiments to assess their reliability as functional filters. In this context, milled fibers are demonstrated to act as effective particle collectors in both analytical and experimental results, as described below. Accordingly, the present analyses were focused on comparative visualization of local flow-path modification induced by interconnected-channel subdivision rather than quantitative prediction of macroscopic transport properties.
When tracer particles, whose positions are clearly defined at the influent and effluent slices, pass through GBF-2.00 and GBFF-1.00-5.00, the number of tracer particles decreases at the effluent slice compared with the influent slice, as representatively shown for GBFF-1.00-5.00 in Figure 9a and b. When the streamlines are visualized, the water flow is nearly straight regardless of the presence of the filter (Figure 9c and d). In addition, the number of particles decreases, and their positions between the influent and effluent slices do not differ significantly, as indicated by the relationships between their x and y coordinates (Figure 10). Furthermore, the displacement of tracer particles is limited to at most approximately one-quarter of the analyzed region based on the frequency distributions of tracer particles in the x and y directions at the influent and effluent slices (Figure 11). These results indicate that the present tracer-particle analyses reflect effective transport-path restrictions associated with interconnected-channel subdivision within the porous structures. However, even under prolonged calcination (GBFF-1.00-15.0), the displacement increases only up to approximately one-half when the calcination time of the GBFF specimen is extended from 5 to 15 h (GBFF-1.00-15.0), in which sintering of the GBs proceeds and the interconnected channels become narrower and more tortuous (Figure 12). Because more serpentine flow paths can increase contact between tracer particles and milled fibers within the interconnected channels of GBFF specimens, this feature represents an important design consideration for future optimization based on glass composition and geometry, as mentioned above. The restricted tracer-particle displacement suggests that subdivision of interconnected channels increases the likelihood of repeated contact between suspended particles and internal solid surfaces, which is considered to contribute to particle retention within the porous structures.
Such analytical results are consistent with the intentionally generated microplastic collection results described below. As shown, the fluorescent areas in GBFF-1.00-5.00 (Figure 13b') are clearly larger than those in GBF-2.00 (Figure 13a'). Although quantitative analysis should be further refined due to the minute amounts of microplastics (see Experimental), fibrous microplastics are successfully captured in the milled fiber regions (Figure 13b'"). Thus, it is qualitatively but clearly demonstrated that milled fibers in the GBFF specimens are effective for capturing microplastics. Thus, these results provide a preliminary qualitative demonstration that incorporated fibers contribute to microplastic capture within the interconnected-channel structures.
	Notably, the fluorescent areas are markedly increased in the image of LDH-GBFF-1.00-5.00 (Figure 13d). The deposition of LDH particles on the exterior and interior surfaces of GBFF-1.00-5.00 is clearly evidenced by the presence of plate-like particles on the GBFF-1.00-5.00 surfaces in the SEM images (Figure 14a and a'), the corresponding cross-sectional morphology of platy particles observed in the nano-CT image (Figure 14b), where such particles are consistently observed surrounding the circular cross-sections, and a weak diffraction line with a d value of 0.76 nm, attributed to the basal spacing of hydrotalcite (a carbonate-type MgAl LDH), in the XRD pattern (Figure 14c). These results are consistent with previous reports on the deposition of MgAl-LDH plate-like particles on the exterior and interior surfaces of GBF specimens [19]. Given that the water filtration times of LDH-GBFF-1.00-5.00 and GBFF-1.00-5.00 are the same (see experimental), the increased amount of collected microplastics is considered to be associated with the presence of LDHs (Figure 13c'). Such increased particle–surface interaction under restricted transport conditions is also considered to enhance the contribution of LDH-coated surfaces to particle retention. Thus, their interactions were briefly examined. As a result, relatively platy and fibrous fragments, which were not observed before filtration, are detected in the SEM images of GBFF specimens both without and with LDHs after filtration (Figure 15). Although these fragments appear relatively separated from the glass surfaces in the GBFF specimen without LDHs (Figure 15a), they are observed to be closely attached to the glass surfaces in the specimen with LDHs (Figure 15b). When commercially available LDHs are dispersed in the prepared microplastic aqueous dispersion, the amount of white precipitate increases compared with that observed for LDHs dispersed in water alone (Figure 16a). Previous studies have reported that LDHs can readily precipitate upon electrostatic interaction with negatively charged particles [20,22,23]. Although some LDH particles are in contact with fragments of the towel in the SEM images of the collected precipitate, LDH plate-like particles are preferentially associated with relatively thin regions of the fragments (Figure 16b and c). Although quantitative evaluation of LDH–microplastic interactions remains for future study, the present results demonstrate a simple and effective visualization of particle deposition on the filter surfaces, enabling functionalization of the filters while retaining their filtration performance.

4. Conclusions
In this study, glass bead–fiber mixed porous filters with tunable interconnected channel structures were successfully prepared, and the influence of interconnected-channel subdivision on local water-flow behavior was investigated. Milled fibers were incorporated into the interparticle spaces of glass beads and effectively subdivided relatively large interconnected channels while maintaining the overall interparticle space. As a result, the number of pores increased and the average pore size decreased in the fiber-containing specimens. Water flow analyses revealed that increasing fiber content reduced water velocity and generated locally heterogeneous flow pathways. Tracer particle analysis further indicated that particle displacement remained limited even in the presence of such heterogeneity, demonstrating that the modified channel structures strongly influenced local flow behavior. These results indicate that subdivision of interconnected channels strongly influences local flow pathways in sintered glass-based porous materials. Brief microplastic filtration tests indicated that the incorporated fibers contributed to microplastic capture, and additional LDH deposition further enhanced particle collection, consistent with previously reported electrostatic interactions [20,22,23], while maintaining water permeation under the present experimental conditions. Thus, the present study provides mechanistic insight into how interconnected-channel subdivision modifies local flow behavior and particle capture, highlighting channel subdivision as a useful structural design strategy for porous filtration materials. These findings further suggest that controlling interconnected-channel structures is important for tuning local transport pathways and particle–surface interactions in porous glass-based filtration materials.
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Figure captions
Figure 1. SEM images of (a) GBF-2.00 and (b) GBFF-1.00-5.00. Size distributions of GBs and milled fibers (long axis length) are shown in (a′) and (b′), respectively.
Figure 2. Representative CT image of GBF-2.00 (a) and relationship between porosity and cube side length (b). The underlined values indicate the standard deviation (SD). The numbers below the symbols represent the average porosity, and the values in parentheses indicate the number of analyzed regions.
Figure 3. 3D images of (a) GBF-2.00, (b) GBFF-1.00-5.00, and (c) the fiber-highlighted version of (b).
Figure 4. Representative fiber-highlighted CT images (a) GBFF-1.00-5.00, (b) GBFF-0.75-3.75, and (c) GBFF-0.50-2.50.
Figure 5. GB-removed 3D image of GBFF-1.00-5.00 (a) and the method for analyzing fiber distribution by dividing the image into 27 regions (b). These are representative of the GBFF specimens.
Figure 6. CT images with watershed method results of GBF-2.00 (a) and GBFF-1.00-5.00 (b). The corresponding pore diameter distribution of inscribed circles generated by watershed method are shown in (c) and (d), respectively.
Figure 7. TEM images of cross-sections of (a) milled fiber, (b) GB, and (c) the interface between the milled fiber and GB in GBFF-1.00-5.00. Elemental analyses of the regions highlighted by pink and orange squares are shown on the left and right, respectively, with the same color coding. 
Figure 8. Representative CT images showing velocity magnitude in pore regions of (a) GBF-2.00, (b) GBFF-0.50-2.50, (c) GBFF-0.75-3.75, and (d) GBFF-1.00-5.00. The velocity magnitude corresponding to the color scale is shown to the right of (a–d).
Figure 9. Representative (a) influent and (b) effluent slices showing tracer particle distributions in GBFF-1.00-5.00, and (c) the corresponding streamlines. The streamlines for GBF-2.00 are shown in (d). The five colors used for the tracer particles and streamlines are for visual guidance only. The cube size in (c) and (d) is 800³ pixels.
Figure 10. Relationships between the positions of tracer particles at the influent and effluent slices in the x and y coordinates for GBF-2.00 and GBFF-1.00-5.00, respectively (a–d).
Figure 11. Relationships between the frequencies of tracer particles at the influent and effluent slices in the x and y coordinates for GBF-2.00 and GBFF-1.00-5.00, respectively (a–d).
Figure 12. Representative CT image showing velocity magnitude in pore regions (the velocity magnitude corresponding to the color scale is shown to the right) (a), tracer particle streamlines (the five colors are for visual guidance only) (b), relationships between the frequencies of tracer particles at (c) the influent and (d) effluent slices in the x and y coordinates for GBF-1.00-15.0. The cube size in (b) is 800³ pixels.
Figure 13. Optical microscope images (left) of (a) GBF-2.00, (b) GBFF-1.00-5.00, (b″) another view of GBFF-1.00-5.00, and (c) LDH-GBFF-1.00-5.00 after filtration of a 50 mL aqueous dispersion of microplastics. The corresponding fluorescence images (right) are shown in (a′), (b′), (b″′), and (c′), respectively.
Figure 14. SEM image of (a) LDH-GBFF-1.00-5.00 and (a') an enlarged view of the pink square in (a). Nano-CT image image of LDH-GBFF-1.00-5.00 (b). XRD patterns of GBFF-1.00-5.00 and LDH-GBFF-1.00-5.00 (bottom to top) (c).
Figure 15. SEM images of (a) GBFF-1.00-5.00 and (b) LDH-GBFF-1.00-5.00 after filtration of a microplastic dispersion. Additional views are shown in (a') and (b'), respectively.
Figure 16. Photograph of commercially available LDHs dispersed in a microplastic aqueous dispersion (left) and in water (right) (a). SEM image of the white precipitate formed in the microplastic dispersion (b), and an enlarged view of the region highlighted in (b) (c).



[image: ]Figure 1. SEM images of (a) GBF-2.00 and (b) GBFF-1.00-5.00. Size distributions of GBs and milled fibers (long axis length) are shown in (a′) and (b′), respectively.


[image: ]Figure 2. Representative CT image of GBF-2.00 (a) and relationship between porosity and cube side length (b). The underlined values indicate the standard deviation (SD). The numbers below the symbols represent the average porosity, and the values in parentheses indicate the number of analyzed regions.


[image: ]Figure 3. 3D images of (a) GBF-2.00, (b) GBFF-1.00-5.00, and (c) the fiber-highlighted version of (b).


[image: ]Figure 4. Representative fiber-highlighted CT images (a) GBFF-1.00-5.00, (b) GBFF-0.75-3.75, and (c) GBFF-0.50-2.50.


[image: ]Figure 5. GB-removed 3D image of GBFF-1.00-5.00 (a) and the method for analyzing fiber distribution by dividing the image into 27 regions (b). These are representative of the GBFF specimens.



[image: ]Figure 6. CT images with watershed method results of GBF-2.00 (a) and GBFF-1.00-5.00 (b). The corresponding pore diameter distribution of inscribed circles generated by watershed method are shown in (c) and (d), respectively.


[image: ]Figure 7. TEM images of cross-sections of (a) milled fiber, (b) GB, and (c) the interface between the milled fiber and GB in GBFF-1.00-5.00. Elemental analyses of the regions highlighted by pink and orange squares are shown on the left and right, respectively, with the same color coding.


[image: ]Figure 8. Representative CT images showing velocity magnitude in pore regions of (a) GBF-2.00, (b) GBFF-0.50-2.50, (c) GBFF-0.75-3.75, and (d) GBFF-1.00-5.00. The velocity magnitude corresponding to the color scale is shown to the right of (a–d).


[image: ]Figure 9. Representative (a) influent and (b) effluent slices showing tracer particle distributions in GBFF-1.00-5.00, and (c) the corresponding streamlines. The streamlines for GBF-2.00 are shown in (d). The five colors used for the tracer particles and streamlines are for visual guidance only. The cube size in (c) and (d) is 800³ pixels.



[image: ]Figure 10. Relationships between the positions of tracer particles at the influent and effluent slices in the x and y coordinates for GBF-2.00 and GBFF-1.00-5.00, respectively (a–d).
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[image: ]Figure 12. Representative CT image showing velocity magnitude in pore regions (the velocity magnitude corresponding to the color scale is shown to the right) (a), tracer particle streamlines (the five colors are for visual guidance only) (b), relationships between the frequencies of tracer particles at (c) the influent and (d) effluent slices in the x and y coordinates for GBF-1.00-15.0. The cube size in (b) is 800³ pixels.


[image: ]Figure 13. Optical microscope images (left) of (a) GBF-2.00, (b) GBFF-1.00-5.00, (b″) another view of GBFF-1.00-5.00, and (c) LDH-GBFF-1.00-5.00 after filtration of a 50 mL aqueous dispersion of microplastics. The corresponding fluorescence images (right) are shown in (a′), (b′), (b″′), and (c′), respectively.


[image: ]Figure 14. SEM image of (a) LDH-GBFF-1.00-5.00 and (a') an enlarged view of the pink square in (a). Nano-CT image image of LDH-GBFF-1.00-5.00 (b). XRD patterns of GBFF-1.00-5.00 and LDH-GBFF-1.00-5.00 (bottom to top) (c).


[image: ]Figure 15. SEM images of (a) GBFF-1.00-5.00 and (b) LDH-GBFF-1.00-5.00 after filtration of a microplastic dispersion. Additional views are shown in (a') and (b'), respectively/


[image: ]Figure 16. Photograph of commercially available LDHs dispersed in a microplastic aqueous dispersion (left) and in water (right) (a). SEM image of the white precipitate formed in the microplastic dispersion (b), and an enlarged view of the region highlighted in (b) (c).


Table 1. Quantitative evaluation of pore structure in GBF and GBFF samples based on CT analysis.
	Samples
	Analyzed volume　(μm3)
	Pore volume
 (μm3)
	Fiber volume
(μm3)
	Porosity
(%)
	Fiber-removed Porosity (%)

	GBF-2.00
	1.38×109
	4.16×108
	－
	30.1
	30

	GBFF-1.00-5.00
	1.38×109
	3.84×108
	7.02×107
	27.9
	33

	GBFF-0.75-
3.75
	1.38×109
	4.22×108
	5.99×107
	30.7
	35

	GBFF-0.50-
2.50
	1.38×109
	4.25×108
	3.94×107
	30.9
	33








Table 2. Quantitative evaluation of fiber fraction based on CT analysis.
	Samples
	Fiber (vol %)
	SD.

	GBFF-1.00-5.00
	5.10
	0.28

	GBFF-0.75-3.75
	4.35
	0.18

	GBF-0.50-2.50
	2.86
	0.051
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