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T1. Modelling and simulation- ORAL 

Cutting-edge discrete element methodologies for digital twin integration 

 
Mikio Sakaia 

 
aThe University of Tokyo, Tokyo, Japan 

*Corresponding author: mikio_sakai@n.t.u-tokyo.ac.jp 

 

In the era of Industry 4.0, the concept of a digital twin has been proposed. Simulation-based digital twins are 

anticipated to be widely employed in future manufacturing processes. Naturally, this trend will extend to the 

powder industries. In the simulation-based digital twin of the powder process, the discrete element method 

(DEM) will be extensively utilized due to its high accuracy and reasonable computation costs. Our research 

group has developed core technologies for DEM-based digital twins. Our implicit algorithm [1] for the solid-

fluid interaction term has significantly enhanced the calculation efficiency of DEM-CFD simulations. 

Additionally, our capillary force model [2], based on the toroidal approximation, has improved the accuracy 

and robustness of DEM simulations for wet particles. Our scalar-field-based wall boundary model enables 

the capture of minute changes in domain shape in DEM simulations. Furthermore, our surrogate model [3-5], 

composed of a reduced order model based on proper orthogonal decomposition, can successfully predict 

macroscopic particle behavior. We believe that advanced modeling and surrogate models will become 

essential technologies for establishing digital twins in the powder industries. 
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Numerical prediction on frictional characteristics of binary mixtures consisting 

of flexible cylindrical particles and rigid spheres 

 
Yanping Zhu,a Xiwen Mu,a Pengyue Guo,a Hao Zhang,a,* 

 
aKey Laboratory for Ecological Metallurgy of Multimetallic Mineral of Ministry of Education, School of Metallurgy, 

Northeastern University, Shenyang, 110819, PR China 

*Corresponding author: zhangh@mail.neu.edu.cn 

 

A Discrete Element Method (DEM) model for deformable cylindrical particles is established to investigate 

the Jenike shear process of binary mixtures consisting of flexible cylindrical particles and rigid spheres[1]. 

The effects of the shape of flexible cylindrical particles and the proportion of cylindrical particles to 

spherical ones on the friction behavior of the mixture are discussed. Numerical results show that both the 

shear stress and internal friction angle increase with the aspect ratio (Ar) of the flexible cylindrical particles 

but decrease with the increase of the proportion of spherical particles. For the mono-system containing 

flexible cylindrical particles of Ar=6 but without spheres, the strong interlocking packing structure leads to 

high shear stress and internal friction angle. It is indicated that the inclusion of rigid spheres disrupts the 

interlocking structure between flexible cylindrical particles and acts as a lubricant during the shear process. 

Based on the numerical results, a predictive correlation is established to predict the frictional characteristics 

of binary mixtures consisting of flexible cylindrical particles and rigid spheres considering the effect of 

particle shape and proportion. The capability of the correlation is demonstrated via a comprehensive 

numerical study of a rotating drum based on DEM and two fluid flow, respectively. Furthermore, through a 

microscopic analysis of the numerical results, a deeper understanding of this phenomenon is gained. It is 

confirmed that the spherical particles can fill the voids between the flexible cylindrical particles, increasing 

the compactness of the mixture and promoting lubrication effects. The current research contributes to the 

better understanding of the mechanism of particle flow and is of paramount importance to improve the 

kinetic theories for complex granular flows.  

 

Figure 1. Distributions of 𝑆 of flexible particles under different 𝑆𝑑 and 𝛾. (a) 𝐴𝑟=4; (b) 𝐴𝑟=5; (c) 𝐴𝑟=6. 
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A study on the dynamics of steel frames with damping particles 

 
Yun-Chi Chung*, Chun-Cheng Yang 

 
Department of Mechanical Engineering, National Central University, Jhong-Li, 32001, Taiwan 

 

This study introduces particle damping technology to mitigate the vibration of 5-story steel frames during 

earthquakes. A coupled discrete element method (DEM) and finite element method (FEM) were utilized to 

analyze the dynamic response of steel frames with damping particles. The study investigates the effects of 

filling ratio and cavity design of particle dampers on the corresponding dynamic characteristics. Furthermore, 

an actual earthquake scenario was simulated on the 5-story steel frame. The numerical results demonstrate 

that as the filling ratio decreases, the damping effect diminishes as well. Interestingly, maintaining the same 

cavity volume and particle mass, dividing a single cavity into several smaller ones can enhance the contact 

frequency between the particles and cavity walls, thereby resulting in a higher damping effect. During the 

simulated two-directional earthquake, it was observed that the first three modes exhibit significant vibration 

attenuation effects. This serves as validation that particle dampers offer effective vibration attenuation across 

a broad frequency range and in various directions. 
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Coarse grained DEM with rolling resistance and particle size distributions 

 
Kimiaki Washino,a,* Yuze Hu,a Ei L. Chan,a Jun-ichi Watanabe,b Masahiro Takezawa,b Takuya 

Tsuji,a Toshitsugu Tanakaa 

 
a Department of Mechanical Engineering, Osaka University, Suita, Osaka 565-0871, Japan 

b Manufacturing Innovation Division, Panasonic Holdings Corporation, Kadoma, Osaka 571-0056, Japan 

*Corresponding author: washino.k@mech.eng.osaka-u.ac.jp 

 

Powders and granular materials are ubiquitous and play a crucial role in many industries. It is of paramount 

importance to understand macroscopic powder characteristics such as bulk density and angle of repose for 

better control and optimisation of industrial processes. However, little is known about the relationship 

between macroscopic powder characteristics and microscopic properties of particles (e.g., particle size, 

sliding friction and rolling friction). Therefore, empirical knowledge is often used in practical applications 

today to determine the design of equipment and process conditions, which necessitates an enormous number 

of trial-and-errors and costs time and money. 

Discrete Element Method (DEM) has been extensively used for simulation of various particulate processes. 

It is a Lagrangian model and directly calculates the particle interactions using the microscopic properties to 

track the motion of individual particles. Therefore, it may be an ideal tool to help understand the so-called 

micro-macro transitions. However, one of the major challenges in DEM is the immense computational cost 

which increases rapidly as the number of particles in a system increases. Coarse grain models are particularly 

attracting attention as a way to reduce the computational cost in DEM. Coarse grain models employ 

artificially scaled-up particles that replicate bulk behaviour of the original particles. The Scaled-Up Particle 

(SUP) model, which is proposed in the authors' previous work [1-4], is a promising coarse grain model based 

on a set of universal scaling laws. 

The present work is dedicated to investigating the validity of the SUP model for particle bed and heap 

formation where rolling resistance is exerted on the particles. An extensive number of simulations have been 

performed using the SUP model as well as other scaling methods listed in Table 1, and the results are 

compared with the bulk behaviour of the original particles. It is observed that the SUP model can capture the 

original bulk density and angle of repose well as shown in Figure 1. It is also proven that the model can be 

used to simulate the behaviour of particles with size distributions.  

 

Table 1. Three different methods tested in this work. Method 1 is the scaling laws derived from the SUP model. 𝑭𝐼, 𝑴𝐼 and 𝑭𝐵 

indicate arbitrary inter-particle force, inter-particle torque and body force, respectively. The subscripts 𝑆 and 𝑂 stand for scaled-up 

and original particles, respectively. 

Method 1 Method 2 Method 3 

𝑭𝐼𝑆 = 𝑙2𝑭𝐼𝑂 𝑭𝐼𝑆 = 𝑙2𝑭𝐼𝑂 𝑭𝐼𝑆 = 𝑙3𝑭𝐼𝑂 

𝑴𝐼𝑆 = 𝑙2𝑴𝐼𝑂
 𝑴𝐼𝑆 = 𝑙3𝑴𝐼𝑂 𝑴𝐼𝑆 = 𝑙3𝑴𝐼𝑂 

𝑭𝐵𝑆 = 𝑙3𝑭𝐵𝑂 𝑭𝐵𝑆 = 𝑙3𝑭𝐵𝑂 𝑭𝐵𝑆 = 𝑙3𝑭𝐵𝑂 
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Figure 1. Bulk density (top) and angle of repose (bottom) of original and coarse grained particles. Method 1 is the scaling laws 

derived from the SUP model. 
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CPFD prediction of coal-ammonia co-firing in a 550 MWe USC CFB boiler  

for carbon-free power generation 

 
Joonwoo Kweon,a Byoung-Hwa Lee,b Chung-Hwan Jeon a,b,* 

 
aSchool of Mechanical Engineering, Pusan National University, Busan, Republic of Korea 

bPusan Clean Energy Research Institute, Pusan National University, Busan, Republic of Korea 

*Corresponding author: chjeon@pusan.ac.kr 

 

Ammonia is a carbon-free fuel that reduces CO2 emissions by replacing fossil fuels. While coal-ammonia co-

firing decreases CO2 emissions, leads to increased NOx and N2O emissions. Therefore, it is necessary to 

study the combustion characteristics of co-firing. In the present study, CPFD simulations for coal-ammonia 

co-firing were performed to predict gas-solid flow, combustion characteristics and NOx and N2O emissions 

in a 550 MWe ultra-supercritical (USC) circulating fluidized bed (CFB) boiler using CPFD Barracuda VR. 

The CPFD simulations were calculated using the energy minimization multiscale (EMMS) model, which 

considers the asphyxiation and drag reduction characteristics of gas-solid fluidization systems [1]. Prior to 

co-firing case study, a simulation for coal-fired was implemented and validated by comparison with the 

experimental data (e.g., pressure and temperature profile, gas composition at the cyclone outlet) [2]. 

 

 
Figure 1. (a) Schematic of 550 MWe USC CFB boiler, (b) pressure and (c) temperature profiles 

 

Acknowledgement: This work was supported by the “National Research Foundation of Korea” funded by 

the Ministry of Science, ICT, and Future Planning (grant number 2022K1A4A8A01080312) 
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Characterisation of granular flows using MRI 

 
Maral Mehdizad,a Daniel Clarke,b Petrik Galvosas,b Daniel Holland,a* 

 
aUniversity of Canterbury, Christchurch, New Zealand 

bVictoria University of Wellington, Wellington, New Zealand 

*Corresponding author: daniel.holland@canterbury.ac.nz 

 

Establishing and validating models for granular flows is challenging because granular flows are inherently 

opaque. They also exhibit complex and varied mechanics owing to the different conditions these flows 

maybe found in, from “gaseous” in one limit to “solid-like” motion in the other. Magnetic Resonance 

Imaging (MRI) is a promising tool for characterising granular flows as it permits visualisation of the flow 

structure in opaque three-dimensional (3D) systems. Flow MRI is now quite well established and can be used 

to study both steady and unsteady flows. However, a full description of the flow mechanics requires the 

knowledge of the solid volume fractions (3D density maps) as well.  The aim of this work is to establish 

methods for mapping solid volume fractions and flow fields of the same systems.  

The systems studied include silos and Couette cell devices. Measurements are shown to be quantitative by 

determining the mass flow rate and comparing these with macroscopic measurements of the mass flow rate 

(Figure 1, [1]). The resulting data were then used to examine models of the flow in hoppers [2] and Couette 

cells (Figure 2, [3]), thus providing cross-validation to simulations and guidance for future research. 

 

Figure 1. MRI (symbols) and gravimetric (black lines) mass flow rate measurements for silos with half angles and diameters of 10° 

(D = 9.5 mm) ( ), 30° (D = 9.5 mm) ( ), 60° (D = 7.5 mm) ( ), 60° (D = 9.5 mm) ( ),60° (D = 11.5 mm) ( ), and 90°(D = 9.5 

mm) ( ). 
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Figure 2. Velocity profile across the annular gap in a Couette cell. Markers denote experiments, solid lines denote numerical solution 

to the nonlocal granular fluidity equation.  
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CFD-DEM model development and applications in polydisperse solid-fluid 

systems 

 
Zhouzun Xie, Yansong Shen*  

 
School of Chemical Engineering, University of New South Wales, Sydney, NSW 2052, Australia,  

 

This report introduces the development and application of a CFD-DEM model in polydisperse solid-liquid 

systems. Polydisperse particle systems are widely present in industries such as chemical engineering, 

metallurgy, and energy. However, due to the complex interactions and heterogeneity among particles, 

simulating their flow, heat and mass transfer behaviours poses significant challenges. Based on the CFD-

DEM coupling method, this study develops a collection of numerical models tailored for polydisperse 

particles, capable of accurately simulating the hydrodynamics, heat and mass transfer processes between 

solid and liquid phases. 

The report focuses on the key techniques in model development, including handling particle size distribution, 

particle-fluid coupling methods, model validation, and parameter optimization. It also presents case studies 

demonstrating the application of the CFD-DEM model in various engineering scenarios such as water 

treatment, fluidised reactors, blast furnace and nanomedicine in cancer treatment. These examples showcase 

the effectiveness of the model in simulating the dynamic behaviours of polydisperse particle systems. 

This model serves as reliable tools for the design and optimization of multiphase flow systems, helping to 

improve industrial process efficiency and resource utilization while advancing sustainable engineering 

technologies. 
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2-D simulations of fibrous particle penetration through mesh screens: a hybrid 

lattice-Boltzmann Lagrangian method 

  
Thanh-Phat Duonga, Yen-Hsi Lia, Sheng-Yao Choua, Hairong Taoc, Kuang C. Lina,b,*  

  
aDepartment of Engineering and System Science, National Tsing Hua University, Hsinchu 30013, Taiwan bInstitute 

of Nuclear Engineering and Science, National Tsing Hua University, Hsinchu 30013, Taiwan cCollege of 

Chemistry, Beijing Normal University, Beijing 100875, China *Corresponding *Corresponding author: 

kclin@umich.edu 

  

Inhalation of airborne fibers such as asbestos has been the concern for toxicological response that can affect 

lung tissues. It has been known that fiber nylon mesh screens are one of inexpensive and easily disposable 

filtration medium for separating nanoparticles and micron particles in gas streams. This study aims at 

developing a first-ever computational model (Fig. 1) that predicts experimental measurements for fibrous 

particle filtration (Fig. 2) in nylon mesh screens with 20, 30, 41 and 60 μm [1,2]. The mean particle lengths 

investigated are 11.4, 15.3, 24.8, 54.3 microns and particle aerodynamic diameters are 0.8 to 10 microns. The 

aerodynamic diameter for the particle ranges from 0.4 m to 10 m. The complex filtration physics is 

modelled by a hybrid lattice Boltzmann-Lagrangian scheme. The fluid motion, in a nearly creeping flow 

field, is driven by the gas speed of 7 cm/s. The mesh structures and the particles are simplified from 3-D into 

2-D via the mapping process that adopts the modified cross-sectional pore-size based model previously 

developed by our group. Based on our previous studies [3,4,5], the 2-D model describing a semi-infinite 

array of clean fibers represents a cross-sectional domain of a 3-D mesh screen. For the particle dynamics, the 

2-D particle equations consider shape factors for fibrous particles and instantaneous orientation of each 

fibrous particle is computed. The predicted screen filtration efficiency values well agree with experimental 

measurements for 20- and 30-μm screen pore sizes that capture particles of 0.8- to 10- m aerodynamic 

diameter with particle length 11 and 15 μm. For the relatively coarse screen pore sizes (41, 60 μm), the 

computational results show good agreement with the experimental screen collection efficiency which is 

dominated by the interception mechanism for the aerodynamic diameter between 0.8 and 4 μm. The present 

study further proves that the large discrepancy between computed and measured screen filtration efficiency is 

caused by the insufficient particle samples used in experiments. Furthermore, the particle distributions along 

the fiber surface are analysed (Fig. 3) to unveil the details of particle capture mechanisms. This study is 

expected to become the foundation for improving fibrous particles filtration and air purification devices.  

  

Figure 1. Schematic of physical model and boundary conditions.  
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Figure 2. Comparison between measured [1] and computed screen collection efficiency as a function of aerodynamic diameter (0.4-

11 μm) for the screen pore size at 30 μm with different particle lengths: (a) 11.4 μm (b) 15.3 μm (c) 24.8 μm and (d) 53.3 μm.  

  

  
Figure 3. Distribution of particle numbers capture on a fiber screen pore size of 20 m and aerodynamic diameter of 10 m for 

various fiber lengths.   
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Super-quadric CFD-DEM-VOF modelling of gas-solid-liquid systems 
 

Xinxin Tang, Shuai Wang, Yansong Shen* 

 

School of Chemical Engineering, University of New South Wales, Sydney, NSW 2052, Australia 

*Corresponding author: E-mail: ys.shen@unsw.edu.au 

 

In many chemical engineering processes, gas-solid-liquid flow involving nonspherical solid particles is 

commonly practised and should be modelled for process understanding and optimisation; however, reliable 

modelling along with parallelization is still lacking. This work combines an unresolved CFD-DEM-VOF 

coupling framework, featuring a super-quadric particle shape model to model the gas-nonspherical particle-

liquid flow and a “ghost domain” algorithm to improve the parallelization efficiency. The model is applied to 

two cases – cuboid particle sedimentation and dambreak formation, for model effectiveness demonstration. 

According to the simulation results, the model effectively captures the interactions between particles and 

phases in the relevant scenarios. This is reflected by the agreements of numerical simulations and 

experimental or analytical data in these two cases. Moreover, the parallelization technique utilizing the 

"ghost domain" displays remarkable steadiness and noteworthy efficiency. As the processor increases from 2, 

4, 8, 16, to 32 processors, the running time obviously decreases almost linearly. This research introduces an 

innovative computational approach for simulating systems containing gas, non-spherical particles, and liquid. 

It demonstrates the method's potential to analyze interactions between particles and fluids in the unresolved 

framework. 

 

 

 

Figure 1. The depiction of the CFD-DEM-VOF model utilized for gas-nonspherical particle-liquid modelling 
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Simulation analysis of particle behavior during wet ball milling 

 
Kizuku KUSHIMOTO,a,* Junya KANO,a  

 
aInstitute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai, Japan 

*Corresponding author: kizuku.kushimoto.d2@tohoku.ac.jp 

 

A wet ball mill is a type of the milling method, and solid particles are mixed in liquid and are ground by the 

collisions of balls. The wet ball mill is characterized by its high milling speed, its ability to be scaled up, and 

the small size of the particles that can be ground. Conversely, the challenge of the wet ball mill is that it is 

difficult to control the grinding behavior of the particles. This is because there are not only many parameters 

for wet ball milling, such as ball amount, ball type, and particle concentration, but also the effects of these 

parameters on milling are not comprehended sufficiently. In particular, the influences of the ball collision 

conditions, such as relative velocity, rotational speed, and ball diameter, have not been elucidated because it 

is difficult to change only the collision conditions in experiments. On the other hand, the simulation could be 

effective to analyze the influences of the collision conditions on milling because the simulation can analyze 

the particle behavior when the collision conditions are only changed. Furthermore, we developed the 

simulation method for analyzing the particle behavior during the wet ball milling, which is called Advanced 

Discrete Element Method coupling with Computational Fluid Dynamics (ADEM-CFD) [ref]. Figure 1 

shows a snapshot of the behavior of particles sandwiched and ground by two balls in liquid using ADEM-

CFD. Therefore, this presentation reports the results that the influences of the collision conditions of the balls 

on the grinding behavior of the particles during the wet ball milling are analyzed by the simulation using 

ADEM-CFD. 

 

Figure 1. Grinding behavior of particles between two balls represented by ADEM-CFD (The color means the damage degrees of the 

particles). 
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The efficient calibration and industrial application of discrete element method 

 
B.D. Jenkinsa,b, A.L. Nicuşana, A. Neveub, G. Lumayb, c, F. Francquib, J.P.K. 
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bGranutools SPRL, Rue Jean Lambert Defrˆene 107, 4340 Awans, Belgium 
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Discrete element method (DEM) – a type of numerical granular simulation – is a powerful tool that can 

accurately model complex granular dynamics. DEM is currently being utilised to better understand the 

complex behaviour of granular materials in industrial equipment and can be partnered with modern machine 

learning techniques to automatically explore and test new designs. 

As with anything, modelling or experimental, there are limitations with DEM. One of the most important is 

the requirement to meticulously calibrate the particle material properties. These are the properties that define 

how individual particles interact such as the force of friction due to particles moving past each other and the 

cohesive forces that particles experience due to van der Waals, liquid bridging, or electrostatic forces. Not 

being able to accurately define these properties in a DEM simulation leads to inaccurate simulations that 

would not replicate the behaviour of a physical material [1]. 

Two approaches to calibration are currently employed, direct and indirect calibration, but both are either 

time-intensive and/or inaccurate. The first, direct calibration, is an approach where the properties of a 

granular material are experimentally measured on a single particle scale. This is a time-intensive approach 

that yields values that may not correspond to the values required for DEM to produce quantitatively accurate 

results. The second, indirect calibration, makes use of bulk measurements of granular materials to back 

compute particle properties. The indirect calibration approach, however, requires many simulations to be run 

to back compute the particle properties [1]. 

This work presents a new method for DEM calibration that builds on the indirect calibration method. Using 

symbolic regression and big data, a micro-macro mapping is created that allows simulations to be calibrated 

without requiring huge computational resources. Micro-macro mapping, as the name suggests, is a method of 

mapping the properties of particles at the microscopic level to bulk measurements at the macro level. Put 

simply, one could determine the precise DEM particle properties for a powder by directly calculating a range 

of bulk measurements of the powder that were measured experimentally within in a few seconds. 

 

Figure 1. Diagram of the novel calibration approach methodology. 

In addition to this new efficient calibration approach, the application of it to calibrate simulations of industrial systems 

will be shown in addition to the validation of these simulations to the ground truth of experimental results. 
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Evaluation and correction of systematic errors in unsteady cavitation flow 

visualization experiments 

 
Longhao Xiang,a,b Songying Chen,a,b,* 
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bNational Demonstration Center for Experimental Mechanical Engineering Education,  
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*Corresponding author: chensy66@sdu.edu.cn 

 

Flow visual experiment is an effective method to investigate the characteristics of unsteady cavitation flows. 

However, assembly errors of high-speed cameras can cause image distortion, and refraction through different 

media can prevent light from focusing on the optical center, reducing image quality. This paper establishes a 

scientific procedure for camera calibration and multi-layer planar refraction imaging distortion correction to 

minimize system errors in flow visualization experiments. A nonlinear camera model is used to analyse the 

causes of lens distortion in high-speed cameras and the necessity of correction. Radial and tangential 

distortions of the lens are corrected based on Zhang’s method[1]. A multi-layer planar refraction imaging 

model is established to discuss the prerequisites for applying camera calibration parameters in air to 

underwater calibration. Using the Pinax model[2], the forward projection equation of air-glass-water multi-

layer planar refraction is derived to achieve the transformation between physical camera image points and 

virtual camera image points. By comprehensively considering the results of camera calibration and multi-

layer planar refraction imaging distortion correction, the system error of flow visualization experiments is 

reduced by 3%, and the absolute error in spatial scale measurement is reduced by 70%. 

  

Figure 1. Graphical Abstract 
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Accurate and efficient realization of stress jump condition in the IB-LBM 

modelling of flow around and through porous bodies 
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An immersed boundary-lattice Boltzmann method (IB-LBM) is proposed to simulate the incompressible 

flow around and through homogeneous porous bodies with stress jump condition. The flow in the porous 

domain as well as the pure-fluid domain is governed by the generalized Navier–Stokes equations [1] which 

is solved using the LBM. At the porous-fluid interface, a shear stress jump together with a continuity of 

normal stress [2] is imposed. The effects of the viscous and inertial jump parameters are both taken into 

account. These physical boundary conditions are implemented through the immersed boundary method 

where the fourth-order Runge-Kutta scheme is embedded. The proposed IB-LBM is validated by carrying 

out several test cases. Good agreements with literature on numerical results demonstrate its accuracy and 

reliability. This numerical method is easy to implement and efficient in terms of CPU cost and memory 

management. It thus has great potential to be executed on multi-GPU to simulating flows through moving 

porous bodies.  

 

Table 1. The wake length and separation angle for flow around and through a porous circular cylinder at ε = 0.7 and Da = 110-4. 

Re Reference Lf/Da θs (deg)b 

20 Yu et al. [3] 0.884 42.0 

Chen et al. [4] 0.867 42.6 

Present 0.883 42.2 

40 Yu et al. [3] 2.196 53.0 

Chen et al. [4] 2.145 52.8 

Present 2.233 51.4 

a Wake length normalized by the diameter of circular cylinder. 

b Separation angle from the rear stagnation point of the cylinder. 
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Figure 1. Variation of the wake length as a function of Re for the flow around and through a porous square cylinder at ε = 0.7 and Da 

= 510-4. 
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In natural and engineering applications, granular materials often have irregular shapes, leading to common 

scenarios where irregular particles, fluids, and structures interact. As a result, the analysis of interactions 

between these components has always been a prominent topic in the field. In dealing with complex fluid-

structure coupling interfaces involving irregular particles, fluids, and structures, the key challenge lies in 

efficiently handling the variability while maintaining accuracy. This study is based on an algorithm for 

coupling irregular particles to fluids[1], utilizing the dilated polyhedron discrete element method[2] to 

simulate irregular particles, an explicit incompressible smoothed particle hydrodynamics method[3] for the 

fluid phase, and a fitted boundary model to analyze the interaction between irregular particles and fluids[4]. 

In addition, finite element methods are utilized to create a structural response analysis model and develop 

coupling algorithms between irregular particles and structures, as well as between fluids and structures, 

thereby completing the coupling algorithm among the three elements. Regarding the interaction between 

irregular particles and structures, the interaction forces and points are calculated directly based on the 

extended discrete element algorithm. These are then interpolated onto the finite element mesh nodes as 

external loads for finite element analysis[5]. For the interaction between fluids and structures, the original 

fitted boundary model's limitations in determining the pressure distribution on the finite element mesh faces 

are addressed. This study incorporates the construction of a level set function to replace the original 

polynomial fitting. This function takes into account the mesh area and relative positions to calculate the fluid 

pressure on each mesh face. Validation models are then constructed based on the above techniques, 

comparing the finite element calculation results with theoretical solutions or results from commercial finite 

element software to verify the accuracy of the model. Finally, the model is applied to the coupling interaction 

of offshore wind turbines with sea ice and currents. This generates preliminary simulation results of the 

turbine's dynamic response. 

 

Figure 1. The simulation of elastic plates in three-dimensional solid-liquid two-phase media. 
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Figure 2. Simplified flowchart of coupled DEM-SPH-FEM model. 
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The numerical simulation of deformable granular materials with arbitrary morphologies remains a 

challenge for the Discrete Element Method (DEM). To address this, we develop a Minkowski sum 

model for calculating collision forces and large deformations of arbitrarily shaped granular 

materials and structures. In this model, dilated superquadrics, spherical harmonics, and polyhedrons 

are employed to construct particles with convex and concave shapes. Each solid particle is divided 

into a series of tetrahedral elements, with dilated triangular elements on the surface used for contact 

detection and collision force calculations. Additionally, the granular skeleton is constructed using 

cylinders and nodal spheres corresponding to these tetrahedral elements. The chain-linked skeleton 

method enables the transfer of external forces from surface nodes to the interior of the particle, 

leading to the relative motion of the internal nodal spheres under internal forces and resulting in 

large deformations. To verify the conservation, accuracy, and robustness of this model, several 

numerical examples are conducted and compared with theoretical and finite element results, 

demonstrating good agreement. This model allows for the simulation of complex granular systems 

involving various dilated DEM models, capturing both the flow and elastic-plastic deformation of 

granular materials in deformable structures. 
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The coupling of Computational Fluid Dynamics (CFD) and Discrete Element Method (DEM) is a widely 

used approach for simulating gas-solid reacting flows in various industrial processes, yet its high 

computational cost has limited applications to large-scale systems involving numerous particles and complex 

geometries. This work presents a robust, highly efficient GPU-powered CFD-DEM coupling approach, 

which, for the first time, effectively simulates large-scale gas-solid reacting flow systems with intricate 

geometries. In the developed model, fluid flow calculations are performed using CPU parallelization, while 

particle flow simulations leverage GPU parallelization, and the coupling between CFD and DEM is fully 

implemented on GPU to enhance computational efficiency. A novel coupling strategy between the CFD 

solver and DEM solver has been developed, featuring advanced techniques for improved numerical stability, 

particularly for systems involving unstructured CFD meshes and complex geometries. 

The developed model is validated through experimental measurements [1], showing good agreement with 

experiments, and its computational performance is compared to previous GPU-based CFD-DEM simulations 

[2, 3], demonstrating superior efficiency. The model is subsequently applied to simulate the dynamic 

behavior of gas-solid flow, coke combustion, and raceway dynamics in industrial-scale blast furnaces, 

considering the influence of complex tuyere structures. The results indicate that the largest and most stable 

raceway volume can be achieved with a 5° downward tuyere, although the -5° tuyere nose experiences 

greater wear compared to a 10° downward tuyere. This work demonstrates the capability of the model to 

handle large-scale, dense gas-solid systems with high particle numbers and intricate geometries, providing an 

efficient and robust solution for simulating industrial applications of gas-solid reacting flow systems. 

 

Figure 1. Geometry and initial settings of the raceway for the industrial blast furnace. 
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Figure 2. (a-c) Distribution of O₂, CO₂, and CO; (d-f) distribution of particle velocity, particle temperature, and particle diameter at 

the cross-sectional plane of the tuyere center at 20 s. 
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Wet powders are widely used in various fields. Thus, there is a great need for simulation technology that can 

accurately calculate the wet powder behavior. The discrete element method (DEM), which solves the 

equations of motion of individual particles to obtain the behavior of the entire powder, has proven to be able 

to accurately calculate the dry powder behavior. For DEM simulation of the wet powder behavior, the 

calculation of the interparticle liquid bridge force is important. To calculate the liquid bridge force, the liquid 

bridge characteristics, such as the bridge formation distance, liquid bridge volume, and minimum bridge 

distance, should be defined. In addition, the calculation methods for the liquid bridge force during particle 

contact should be defined. However, treatment of these characteristics and calculation methods in DEM 

simulations is not standardized [1-3], which prevents accurate DEM simulations for wet powders.  

In this study, we focused on the two calculation methods for DEM simulation of wet powder: calculation 

methods of bridge formation distance and liquid bridge force during particle contact. By combining the two 

types of calculation methods for the bridge formation distance [1-2] and the liquid bridge force during 

particle contact [2-3], respectively, a total of four calculation methods were evaluated. First, microscopic 

adhesion energy acting between the two particles was evaluated for each calculation method. Then, influence 

of the calculation methods on the DEM simulation of wet powder behavior was investigated by comparing 

the results of the drawdown test and rotating drum test.  

The liquid film contact method (LFC) [2] and the solid contact method (SC) [1] were investigated to 

calculate the bridge formation distance (Fig. 1). The LFC considers that liquid bridges are formed between 

solid particles when the liquid film layer covering the particle comes into contact. In contrast, the SC 

assumes that the liquid film layer is thin and the liquid bridge force acting during the approach of two 

particles is ignored, whereas the liquid bridging force only acts when the solid surfaces of the particles come 

into contact. In addition, the Hertzian-and-liquid-bridge force method (H-LB) [3] and JKR model [2-3] were 

examined to calculate the liquid bridge force during particle contact (Fig. 1). In the H-LB, the liquid bridge 

force at zero interparticle distance is added to the Hertzian contact force. In the JKR model, the interparticle 

contact force with liquid bridge adhesive force is calculated by using the surface tension coefficient of the 

bridging liquid as the interparticle surface energy. In this study, four types of implementations combining the 

LFC, SC, JKR, and H-LB, namely LFC-JKR, LFC-H-LB, SC-JKR, and SC-H-LB, were investigated.  

 

Firstly, we calculated the adhesion energy 𝐸ad acting between two particles bonded by a liquid bridge to 

analyze the microscopic difference in the four types of calculation methods. 𝐸ad was defined as the value 

obtained by integrating the inter particle liquid bridge force from bridge formation to its rupture over the 

interparticle distance. Fig. 2 shows 𝐸ad at each calculation method. Focusing on the calculation methods for 

the bridge formation distance (LFC and SC), LFC, which considers the liquid film, showed larger 𝐸ad than 

that at SC. On the other hand, focusing on the calculation methods for liquid bridge forces during particle 

contact (JKR and H-LB), 𝐸ad at JKR and H-LB was almost equal. This is attributed to the fact that the 
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distance 𝛿0, at which the interparticle force becomes zero (𝛿0 =10−6 times the particle diameter), was much 

smaller than the liquid bridge length 𝛿rup (𝛿rup =10−3 times the particle diameter), resulting in little difference 

between JKR and H-LB.  

Next, DEM simulation of wet powder behavior was performed. Fig. 3 shows the height of the powder heap 

obtained by the drawdown test. Regardless of the calculation methods, the heap height was almost the same. 

Therefore, it was found that in the drawdown test, where particle motion is static, the calculation method 

for wet powder does not significantly impact on the DEM simulation results. Fig. 4 shows the averaged 

kinetic energy of powder flow (𝐾E) obtained by the rotating drum test. Focusing on the calculation methods 

for bridge formation distance (LFC and SC),  𝐾E at LFC was smaller than that at SC. This is because the 

liquid bridges are more likely to be formed at the LFC than SC due to the thicker liquid film, leading to 

more pronounced particle motion dissipation. This trend is consistent with the higher 𝐸ad at LFC shown in 

Fig. 2. On the other hand, in the calculation method for liquid bridge force during particle contact (JKR and 

H-LB), 𝐾E at H-LB was smaller than that at JKR. This is because the adhesion force of H-LB is larger than 

that of JKR, leading to higher dissipation of the particle motion.   

In summary, it was found that the calculation method of liquid bridge force has almost no influence on the 

DEM simulation of static drawdown test, whereas it significantly influences on the DEM simulation of the 

dynamic rotating drum test. For the static powder behavior, differences in the calculation methods of the 

liquid bridge force did not lead to significant differences in the DEM simulation results. On the other hand, 

for the dynamic powder behavior, even in the minor differences in the calculation methods, it significantly 

impacts on the DEM simulation results.  
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The Digital Image Correlation (DIC) method can be used to observe both the overall and local deformation 

processes of a soil specimen in plane strain tests [1,2]. However, due to experimental constraints, the soil 

specimen is encased within a specimen membrane, and the deformation of the specimen is represented 

through the deformation of the membrane. After the formation of shear bands, the sample is divided into two 

parts that slide along the shear band, making it impossible to directly observe the movement of particles. 

With the help of PFC software and after calibrating the discrete element parameters based on experimental 

data, it is possible to observe the movement of soil particles [3]. In plane strain tests, the deformation used by 

DIC technology can calibrate micro-structural parameters of discrete element models. The numerical 

simulation model of a plane strain specimen is shown in Figure 1. To ensure the accuracy of the simulation 

results, flexible boundaries are applied to the specimen's edges. The deformation fields of the plane strain test 

and simulation are shown in Figure 2. Figure 2(a) is the axial displacement diagram of the plane strain 

specimen under 100kPa lateral pressure obtained from numerical simulation. Since the upper and lower 

loading plates simultaneously load towards the center of the specimen, the displacement values of the 

specimen have both positive and negative values. Figure 2(b) is the axial displacement diagram under 

100kPa lateral pressure after the formation of shear bands in the Euler coordinate system obtained from the 

plane strain test. During the test, loading is applied from top to bottom, and the displacement values are 

considered positive in the downward vertical direction. From Figures 2(a) and 2(b), it can be seen that the 

shear band inclination angles are basically the same, and the displacement trends are quite consistent. The 

deformation of the flexible boundaries in the numerical simulation is also similar to the test. Therefore, this 

also indicates that the determined micro-structural parameters are accurate. It is undeniable that due to the 

precision of sample preparation and the non-ideal uniformity of the soil material, the X-shaped shear bands 

obtained from the simulation do not completely match the single shear band that appears in the test. This is 

also the direction for further improvement of the computational theory and enhancement of sample 

preparation accuracy. 

 
Figure 1. Discrete element model (DEM) of plane strain specimen 
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Figure 2. Discrete element simulation result compared with plane strain test result 
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The study of particle-liquid bridge interactions in the granulation process at the microscopic scale can help to 

understand more profoundly the influence of wet inter-particle motions on the agglomerate structure and to 

promote the development of the granulation process in the iron and steel industry as well as energy saving 

and emission reduction. To analyze the morphology of the liquid bridge between wet particles and its 

evolution, this paper, based on the principle of energy minimization, applies the gradient descent method to 

numerically simulate the evolution of the morphology of the three-particle separation process with the ring 

and rope liquid bridge under the premise of considering the role of gravity and researches the influences of 

the factors of the particle spacing, the particle-size ratio, the volume of the liquid phase, the solid-liquid 

contact angle, and so on on the morphology of the bridge, the force of the bridge, and the bridge breakage 

distance. 

 

Figure 1. Contours of the longitudinal section of the centre of the liquid bridge  

at different particle spacings（ 50 = 、
3

0.277V cm= ） 

 

Figure 2. Variation of dimensionless capillary force with particle spacing for different liquid volumes 
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Figure 3. Variation of dimensionless capillary force with particle spacing at different contact angles 

The results show that the maximum bridge force positively correlates with the liquid-phase volume and 

contact angle, while the fracture distance negatively correlates with the liquid-phase volume and contact 

angle. Finally, the explicit functional equations of the liquid bridge force and the liquid bridge fracture 

distance with the contact parameters were established by data fitting. 
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Particle size distribution variation and particle position rearrangement caused by particle fragmentation are 

important reasons for the evolution of physical and mechanical properties of granular materials. In order to 

effectively simulate the macroscopic and microscopic mechanical behavior of crushable granular materials, 

specific destruction schemes are established for different types of granular materials. A contact bonding 

model for cemented granular materials, a 3D cell-split failure model for continuous materials, and a hybrid 

implementation of the above two are developed based on polygon mesh discrete element method(DEM)[1,2]. 

In 3D cell-split failure model, once the internal stress state of the particle meets the failure criterion, the 

proposed 3D subset splitting method is used to cut and separate polyhedral particles of arbitrary shape. For 

the particles of linear elastic materials, the contact detection and movement updating of the particles are 

realized by polygon mesh DEM firstly[1,2]. On this basis, the cell-split failure model consists of four main 

parts: calculation of internal stress field, failure criterion, failure mode and particle segmentation. The 

approximate calculation scheme of the internal stress field based on the 3D analytical solution and 

superposition principle[3] can maintain a certain calculation accuracy while meeting the requirement of 

computational efficiency. Energy based-failure criteria are used to evaluate when a particle fails, and the 

corresponding failure mode is used to describe how the particle fails[4]. Finally, particle segmentation adopt 

3D subset splitting method to ensure the specific technical realization of the particle fragmentation[4]. 

Compared with the DEM-based bonded particle model and fragment replacement model, the cell-split failure 

model has no restrictions on the shape, size and number of descendant particles. Descendant particles are 

generated directly at the location of parent particles at the moment of destruction, and the mass and volume 

of granular materials are conserved throughout the destruction process. Therefore, the cell-split failure model 

can not only reflect the actual shape and size distribution of the descendant particles, but also avoid the 

problem that the geometric constraints of the descendant particles after the fragment replacement are 

unrealistic. 

 



- 32 - 

 

Figure 1. The hybrid implementation of the contact bonding model and cell-split failure model in crushable polygon mesh discrete 

element method. 

 

 

Figure 2. Failure simulation of quasi-two-dimensional disk under different loading modes using cell-split failure model. 
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Small-molecule compounds often exhibit poor water solubility, leading to LLPS during cooling and anti-

solvent crystallization, known as “oiling-out” [1]. LLPS, observed in small-molecule solutions besides 

proteins and polymers, divides the solution into solute-rich and solute-poor phases, impacting crystal quality. 

It affects particle size, polymorphism, and impurity levels, sometimes halting crystallization. Crystals formed 

during oiling-out contain impurities, fragile agglomerates, and partial amorphous characteristics, making it 

crucial to avoid in crystallization processes. Several studies explore the advantages use of LLPS in 

crystallization. Additionally, the operating strategy for crystallization involving LLPS is a major concern. 

Utilizing Process Analytical Technology (PAT) tools is deemed valuable in this context. Studies aim to 

prevent oiling-out and understand crystallization mechanisms by monitoring system states. Predicting 

changes in each phase’s structure and concentration can support process design. The present study focused 

on the Phase-Field method, valued for predicting LLPS generation and state changes accurately.    

A ternary system comprising butylparaben (solute), ethanol (good-

solvent), and water (anti-solvent) was employed at a temperature of 

323.15 K. To represent spinodal decomposition in the ternary anti- 

solvent, good-solvent, and solute system, a multi-component Cahn-

Hilliard model was applied [2]. The simulation model used in the 

calculations was a two-dimensional lattice model, and periodic 

boundary conditions were applied to all boundaries. The calculation 

time interval was set to 5 × 10-4. Phase-Filed simulations were 

performed for three compositions (α, β, and γ) in each zone in Fig. 1. 

The variance of the solute fraction across all grid points at 

dimensionless time is expressed. When the phase separation occurs, 

transitioning from a single-phase to a two-phase state, the solute 

fraction distribution across all grid points within the computational 

domain shifts from unimodal to bimodal. Consequently, the variance of 

the solute fraction escalates rapidly. The induction time is defined as the 

inflection point at which the temporal change in variance adheres to the 

subsequent equation; 
𝜕2𝑉𝑐𝑠

𝜕𝑡′
2 = 0 

Figure 2 depicts the solute fraction distribution, with red indicating higher solute concentration and purple 

indicating lower concentration. Validation was conducted for compositions α, β, and γ across unstable, 

metastable, and stable zones, respectively. In the unstable zone, phase separation was observed in simulations 

from both homogeneous and dispersed states, confirming validity. In the metastable zone, phase separation 

did not occur with small fluctuations but progressed when a dispersed phase was present. In the stable zone, 

Figure 1. Average compositions of 

individual simulation systems are 

presented. These systems include 

Validity Simulation scenarios denoted 

as α, β, and γ, Spinodal decomposition 

simulations labeled from a to f, and 

Anti-solvent addition simulations 

identified as 1 and 2. 
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phase separation did not occur with small fluctuations, and the dispersed phase disappeared over time, 

supporting validity. 

 

Figure 2. Color maps of solute fraction cS at (A) composition α in the unstable zone, (B) composition β in the metastable zone, and 

(C) composition γ in the stable zone. (1) ±1% initial fluctuations. (2) Dispersed phase arrangement of 50 cells in diameter. As the 

color shifts towards red, the solute fraction increases, while it decreases towards purple. 

Figure 3 illustrates phase separation dynamics for 

compositions a-f, displaying the solute-rich and solute-

poor phases evolving over time. Varied phase separation 

states are observed, with compositions near the spinodal 

line forming circular dispersed phases while those farther 

exhibit bi-continuous phases characteristic of spinodal 

decomposition. The induction time for solute-rich phase 

formation was analyzed, revealing an increase as 

compositions approach the spinodal line, suggesting 

prolonged induction times. Dimensionless time against 

solute mole fraction variance was analyzed, with rapid 

increases indicating phase separation onset. Induction 

times showed prolonged durations closer to the spinodal 

line. Phase separation mechanisms vary based on 

composition, affecting phase structure and induction times. 

Understanding these dependencies is crucial for LLPS-

based crystallization process design. Further analysis 

focuses on compositions with differing volume fractions of 

the minor phase, emphasizing their influence on phase 

separation structures. 
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Powder mixing is ubiquitous in a wide variety of manufacturing sectors, including chemical industries. In the 

mixing process, multiple components with different physical properties, such as particle size, are usually 

treated. Under these conditions, powder segregation can occur due to differences in particle properties. The 

degree of segregation in a powder mixture significantly affects the quality of the final product derived from 

powder processing, necessitating the development of methods to predict segregation. 

Computer simulation using the Discrete Element Method (DEM) is a powerful tool for the analysis of the 

powder mixing process. In DEM, the dynamics (position and velocity) of individual particles are numerically 

solved. These calculations are performed at extremely small time steps (microseconds order). Therefore, a 

large number of iterations are required to calculate the entire powder mixing process, and it is difficult to 

predict practical mixing in an actual process. 

Recently, we developed an original machine learning model, namely Recurrent Neural Network with 

Stochastically calculated Random motion (RNNSR), which allows long time-scale powder mixing 

simulation with low computational cost and high accuracy [1]. RNNSR learns individual particle dynamics 

from short-time DEM simulation results and predicts powder mixing over a long time. However, RNNSR 

was only verified for monodisperse particles and has not been applied to bi-disperse particle systems that 

exhibit segregation. In this study, we expanded RNNSR to handle bi-disperse particles and evaluated its 

effectiveness in simulating segregation phenomena. The performance of expanded RNNSR was evaluated in 

terms of particle velocities, mixing behavior, and computing speed. As a result, expanded RNNSR was able 

to predict powder segregation phenomena due to the differenced in particle size with fast speed. In addition, 

the segregation phenomena of bi-disperse particle systems was predicted regardless of the initial filling 

conditions by expanded RNNSR. 
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The electrification mechanism during particle fluidization is complex, and developing a reliable contact 

electrification model requires addressing many issues, especially the valuations of the charging efficiency 

and the critical gap for the electron tunnelling. This work aims to utilize the modelling of the simplest normal 

contact electrification between insulator particle and metal surface as an attempt to explore methods for the 

valuations of the critical gap and charging efficiency. A contact electrification model is developed based on 

the condenser model. The appropriate expressions for the contact potential difference and charge relaxation 

are discussed by reviewing previous works; the valuations of critical gap and charging efficiency are 

implemented by analysing the effect of initial charge and impact velocity on the transferred charge. The 

model is validated by the published experimental results, and accurately predicts the electrification during 

the normal collision of the insulator particle on the metal surface. 

 

 

 

 

 

 

 

 

Figure 1. Effect of the initial charge of the sphere on the electrification. 
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Industrial grinding efficiency is as low as about 1%[1]. The reason is that grinding is operation used to 

produce powders and granules from ancient times. Grinding is a simple operation of breaking down particles, 

and empirical use of grinding became active before theoretical considerations. Even today, grinding 

conditions are determined by trial and error. For these reasons, several studies have been conducted to 

increase and estimate grinding efficiency. In the study on the energy of grinding, Lewis proposed a general 

equation for the energy required for grinding and the change in particle size. The energy required for 

grinding can be calculated as follows: 

𝒅𝑬 = −𝑪𝒙−𝒏𝒅𝒙                               (1) 

where E is the energy required for grinding, C is the correction factor, x is the particle size variation, and n is 

the power number. Furthermore, Rittinger, Kick, Bond, and others proposed several theoretical equations by 

varying the power number n in Lewis’ equation. The reason why several theoretical equations are proposed 

is that the power number n in Lewis’ equations vary depending on the particle size and material, and other 

factors. The scope of application of these theoretical equations is limited. Theoretical equations must be 

uniquely obtained to determine grinding efficiency in industrial applications. Thus, studies have been done 

to make the theoretical equation unique by verifying Lewis' equation. However, in the experimental 

verification, it is difficult to make the equation unique for wide particle size range and various materials 

because the power number n is a parameter depending on the particle characteristics.  

In such a situation, we considered that the use of simulation would be effective. Simulation has the 

advantage that parameters can be easily obtained, identical particles can be used, and multiple experimental 

trials can be omitted. Among the simulation models that represent grinding, we focused on ADEM(Advanced 

Discrete Element Method)[2]developed by Ishihara et al. ADEM simulation is useful for detailed observation of 

particle grinding behavior, and ADEM is effective in identifying factors that affect grinding due to the small 

number of simulation parameters that need to be set. Therefore, in this study, the power number n by 

simulation was compared by experiment. ADEM simulation reproduced experimental particle grinding, and 

qualitative and quantitative agreement of particle grinding characteristics with experiment was confirmed. 

The power number n in Lewis’ equation was calculated by simulation and experiment, and the two were 

compared. As a result, the power number n by the simulation was in quantitative agreement with the power 

number n by experiment. This indicates the validity of ADEM in the construction of grinding theory and in 

the calculation of grinding efficiency.  
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A discrete element method (DEM) is a numerical simulation method which computes the equations of 

motion for individual particles consisting of a bulk powder, thereby, simulating the bulk powder behavior. 

DEM has been employed for modelling and simulation of powder handling processes. However, a 

computational load of the DEM is extremely high due to its Lagrangian approach. This hinders the large-

scale DEM simulation of a powder handling process at the manufacturing scale, where the required number 

of particles is over a billion or more. Thus, high computational load of the DEM is a major issue for its 

practical application. To address this issue, the coarse-grained DEM (CG-DEM) is a promising approach. In 

the CG-DEM, the bulk powder behavior is computed by using artificially up-scaled particles representing a 

group of original particles. This leads to reduction of the number of particles and computational load. Our 

research group has developed a new CG-DEM method, termed CGSF (coarse-grained method for granular 

shear flow). We demonstrated its effectiveness for coarse-grained DEM simulation of powder mixing 

processes with granular shear flow [1,2]. As with other coarse-graining methods, CGSF was derived based 

on an idealized granular shear flow including several simplifying assumptions. Thus, it is expected that there 

are criteria for granular shear flows which can be successfully coarse-grained by the CGSF. However, such 

flow criteria were unknown. In this study, a coarse-grained DEM simulation of a granular shear flow in 

rotating drum mixer was performed with the CGSF. Accuracy of the CGSF was systematically investigated 

under various flow regimes and intensities of the granular flows in a rotating drum mixer. Finally, flow 

criteria for successful coarse-graining with CGSF were clarified. 

Accuracy of the CGSF was expected to depend on the regime and intensity of the granular shear flow. To 

simulate the granular shear flow with various regimes and intensities, DEM simulations of granular flow in a 

rotating drum were performed under combinations of various particle-particle and particle-wall friction 

coefficients (𝜇PP and 𝜇PW) and various rotating speeds of the drum. Particle diameters in the original and 

coarse-grained systems were 0.5 mm and 2.0 mm (i.e. coarse-graining ratio of 4), respectively. Accuracy of 

the CG-DEM was evaluated using the relative error of the total particle kinetic energy in the CG system to 

that in the original system. 

First, relationship between relative error of the CG-DEM and 

inertial number I was investigated (Fig. 1). The inertial 

number I is a dimensionless number representing the 

magnitude of the granular shear flow [3]. The inertial number 

I in a rotating drum can be calculated by the following [3]:  

𝐼 =
√2 �̇�𝑑

√𝑔ℎcos𝜃
     (1) 

where, �̇� is the shear rate [1/s], 𝑑 is the particle diameter [m], 

𝑔 is the gravitational acceleration [m/s2], ℎ is the thickness of 
Figure 1. Coarse-graining error (CG-error) as 

a function of the inertial number I. 
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shear zone [m] and 𝜃 is the dynamic angle of repose [rad]. I represents the ratio of the "inertia force" to the 

"compressive force" acting on the particles under the shear flow [3]. Higher 𝐼 corresponds to that the 

particles in the shear flow are more likely to move in the direction of its translational velocity. Fig. 1 shows 

that the coarse-graining error (CG-error) decreased with an increase in the inertial number, indicating higher 

CG-accuracy at higher shear flow intensity. The scaling law of the CGSF was derived under an assumption 

that a constant particle velocity gradient occurs permanently in the coarse-graining region [1]. Thus, the CG-

error was considered to be higher at smaller inertial number, where the velocity gradient was non-uniform 

and intermittent, whereas the CG-error became lower at higher inertial number, where the velocity gradient 

was uniform and nearly constant. Nevertheless, even at the same inertial number I (ex. 𝐼 ≈ 0.05 and 0.085), 

some simulation results exhibited significantly different CG-errors. This suggested that CG-accuracy cannot 

be characterized solely by the magnitude of the granular shear flow. 

To investigate another critical flow characteristic other than the inertial number, we then focused on the 

velocity gradient at the wall boundary. We analyzed velocity profile in the radial direction. The particle 

velocity profile in the original system was averaged (i.e., coarse-grained) within the CG-particle size, and 

averaged (i.e., coarse-grained) velocity profile in the radial direction was extracted. Then, the translational 

particle velocity gradients at the vicinity of the moving wall (�̇�wall) and at the bulk powder bed (�̇�bulk) was 

calculated, and their ratio (�̇�wall/�̇�bulk) was quantified. The �̇�wall/�̇�bulk means a discontinuity of the translational 

particle velocity at the vicinity of wall boundary. Similarly, gradients of the particle angular velocity were 

also calculated, and their ratio (𝜔wall/𝜔bulk), corresponding to a discontinuity of the particle angular velocity at 

the wall boundary, was also quantified. Fig. 2 summarized the 

CG-error as functions of �̇�wall/�̇�bulk and 𝜔wall/𝜔bulk. The color of 

the plot indicated the CG-error at each condition. The CG-

error tended to increase as the discontinuities in the velocities 

near the wall boundary increased. The CGSF was derived 

under an assumption that the velocity gradient within the 

coarse-grained particle (i.e., averaged volume element) was 

constant [1]. Higher discontinuities in the particle velocity 

near the wall deviates from this assumption, leading to higher 

CG-error. 

Finally, the CG-error was summarized by both the magnitude 

of the shear flow (inertial number I) and discontinuity of the 

particle velocity at the wall boundary (�̇�wall/�̇�bulk + 𝜔wall/𝜔bulk) 

(Fig. 3). It was found that the CG-error was successfully 

characterized by using both the inertial number I and �̇�wall/�̇�bulk 

+ 𝜔wall/𝜔bulk. Fig. 3 also revealed that the CG-accuracy can be 

sufficiently high (CG-error < 10%, shaded region in Fig. 3) in 

the range of I > 0.085 and (𝛾wall/𝛾bulk+𝜔wall/𝜔bulk) < 4.5, 

clarifying the flow criteria for successful coarse-graining by 

CGSF. 
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Figure 3. Coarse-graining error (CG-error) as 

functions of dimensionless magnitude (the 

inertial number I) and discontinuity near wall 

boundary (�̇�wall/�̇�bulk + 𝜔wall/𝜔bulk). 

Figure 2. Coarse-graining error (CG-error) as 

functions of (�̇�wall/�̇�bulk) and (𝜔wall/𝜔bulk). 
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An agitated media mill is capable of fine grinding by impact, shear, and frictional forces due to the media by 

the rotation of stirring shaft. In the agitated media mill, since the particle size of the grinding product is 

greatly affected by the rotational speed, the shape of agitator, the geometric structure of the mill, and the 

media size, the determination of optimum condition is much difficult compared with container driven type 

mill, such as vibration or planetary mill.  Furthermore, in the case of dry grinding condition, since the input 

energy is often converted into thermal energy, which often reduces the grinding efficiency, the selection of 

optimal grinding conditions is important. In addition, the experimental optimization of geometrical structure 

of agitator shaft required a great cost and time, because the decision of optimum structure has been often 

made by trial and error. Therefore, there is room for further improvement of grinding performance by 

improving the equipment geometry and operating conditions. In previous studies of the agitated media mill, 

uniform size media have been generally focused, there are few studies focused under the conditions of media 

with different sizes. The discrete element method (DEM) is one of the great tools that can evaluate the 

grinding performance inside a mill for the purpose of optimizing the grinding process and elucidating the 

mechanism. The objective of this study is to investigate the effects of different feed ratios and size ratios of 

different sized media on impaction energy and impact frequency of media by DEM for elucidating the 

grinding mechanism and the optimal feed conditions for media with different diameters. 

Experiments and simulations were conducted using model A, which has eight stirring blades at 90°. In the 

experiments, the grinding speed was evaluated by Alyavdin-Chujo equation. Simulations were also 

conducted using model B, which has eight stirring blades slightly deviated from 90°.The conditions of the 

stirring shaft are shown in Figure 1. Experiments and simulations were performed using zirconia as the 

medium. The comparison was made under the condition of a 1:1 as number-based ratio of large to small 

media with a packing volume fixed at 70% of the mill volume. The size of the small medium was used as a 

parameter for comparison. Large media with a diameter of 10 mm and small media with diameters of 3 mm 

and 2 mm were used. The media conditions and kinetic constant are shown in Table 1.  
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Figure 1. .Agitator geometry of conventional model A,  model B. 

 

Table 1. Number of media put into agitated media mill used for simulation and experiment. 

 
Number of  

large/small media  

Small media  

size  

Agitator 

Geometry 

Kinetic constant 

Early stage 

Kinetic constant 

Late stage  

Case A-1 4006/4006 3 mm Model A 0.51 min-1 0.085 min-1 

Case A-2 4006/4006  2 mm Model A 0.49 min-1 0.088 min-1 

Case B-1 4006/4006 3 mm Model B - - 

 

The experimental results of the grinding experiment showed that the grinding speed in Case A-2 with 2 mm 

small media was slower and the particle size distribution was wider than that in Case A-1.  

Figure 2(a) shows the simulation results of collision energy. Case A-2 was lower collision energy than that in 

Case A-1. DEM simulation results showed that the number of collisions was increased by increasing the 

contact surface due to the smaller media used at Case A-2, but the collision energy was reduced, which may 

indicate that the experimental grinding speed was lowered. The grinding speed is considered to have 

decreased due to the decrease in the collision energy. Figure 2(b) shows the simulation results of the 

distribution of the media position in the mill. It is thought that small media accumulated to the front and back 

of the mill. Therefore, the accumulation of small media at the front and back of the mill is thought to reduce 

the collision energy, resulting in a reduction in grinding speed. In Case B-1, where the arm shape was 

changed to Model B, the number of small media at the front of the mill decreased compared to Case A-1. 

This suggests that the use of the Model B arm improves the uniform distribution of small media and 

enhanced the grinding speed. 

 

Figure 2. Simulation result of (a) Collision energy and (b) Media distribution in the direction of the rotation axis. 
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Powders are used in many fields, including pharmaceuticals, cosmetics, foods, daily necessities and industrial 

products. Since more than 50% of all products in the global chemical industries are in particle state, the use 

of powders has attracted much attention [1]. In general, specific surface area of particles increases with 

decreasing particle size, which is expected to improve their disintegration and solubility. On the other hand, 

powder behavior is dominated by adhesive force on the particle surface rather than gravity force acting on the 

particles, when particle size becomes small. Many methods have been proposed to improve the flowability of 

powders by the surface modification of cohesive particles. For example, it has been shown that the 

flowability of cohesive particles (host particles) can be improved by coating the host particles with 

nanoparticles (guest particles), which are widely used as a flow aid [2]. It is generally understood that particle 

surface properties change the flowability by increasing the distance between the host particles and decreasing 

the van der Waals forces. However, theoretical analysis of the change in flowability is not sufficient, and the 

mechanism has not yet been elucidated.  

In this study, numerical simulation using the discrete element method (DEM) was conducted to analyze 

kinetic behavior of the composite particles. A bonding model was used to simulate a composite state in which 

the guest particles are stuck onto the surface of the host particles. In addition, JKR model was used to 

describe the adhesion between the particles by surface energy. The flowability of the composite particles was 

assessed by the static angle of repose under different physical properties of the host and guest particles. 

Figure 1 shows the composite particles. A particle size ratio of host : guest = 10 : 1 was used, which has been 

reported to be the necessary condition to form ordered mixture (complete mixing). A lifting cylinder was 

used to measure the static angle of repose.  

 
Figure 1. (a) Composite particle and (b) Lifting cylinder of angle of repose measurement.  
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A discrete element method (DEM) is a numerical simulation method which simulates various powder 

behaviors by solving the equations of motion for individual particles consisting of the bulk powder. DEM is 

widely applied to a numerical analysis of various powder handling processes. To accurately simulate the 

behavior of a real powder using the DEM, it is essential to adequately determine the DEM parameters for the 

particle contact forces, such as friction coefficients, restitution coefficients, stiffness, and so on. Methods for 

determining input DEM parameters are classified into the direct measurement and bulk calibration approach. 

In the direct measurement, microproperties for the individual particle are measured experimentally, and the 

measured microproperties are directly used as the DEM parameters. Nevertheless, the direct measurement of 

powders with non-spherical, smaller particle size (less than sub-millimeter) and inhomogeneous properties is 

challenging. Therefore, the bulk calibration approach is often selected. In the bulk calibration approach, 

firstly, a specific bulk powder property (e.g., angle of repose, compactability of powder bed, internal friction 

angle, etc.) is measured experimentally by using a specific testing system. The DEM simulation for the 

testing system is then performed by iteratively changing the DEM parameters until the bulk powder property 

in the DEM simulation matches to that measured experimentally. To efficiently determine the DEM 

parameters in the bulk calibration approach, the use of numerical optimization methodologies such as neural 

networks [1], genetic algorithms [2], and Bayesian optimization [3] are effective. For  efficient calibration, it 

is necessary to select not only a numerical optimization methodology but also a suitable testing system to 

calibrate the target DEM parameters with high sensitivity. However, sensitivity of the DEM parameters 

(microscopic properties) on the bulk powder properties (macroscopic properties) has not been revealed, 

resulting in the empirical selection of the testing system.   

In this study, we performed sensitivity analysis of DEM parameters on various bulk powder properties 

measured by different testing systems. DEM simulations were performed by varying DEM parameters for 

typical testing systems, which were the lifting cylinder test, uniaxial compression test, and rotational shear 

test. Total of eleven DEM parameters for particle-to-particle and particle-to-wall, including sliding friction 

coefficients, rolling resistance coefficients, restitution coefficients, Young's modulus, Poisson's ratio, and 

particle density, were varied. To efficiently analyze the correlation between eleven DEM parameters and bulk 

powder property, we employed the Plackett-Burman design. The range of each DEM parameter was 

determined with reference to nine existing literatures. Multiple regression analysis was then performed with 

the bulk powder property value as the objective variable and DEM parameters as the dependent variables to 

investigate the sensitivity of each DEM parameters on the bulk powder property. We here focused on 

monodisperse, cohesionless, and spherical particles.  

Fig. 1 shows the results of sensitivity analysis at each testing system. In the lifting cylinder test (Fig. 1(a)), 

the static angle of repose 𝜃! was measured as the bulk powder property. Sensitivity analysis revealed 

significance of the sliding friction coefficient between particle and wall (𝜇"#) and particles (𝜇##), whereas the 

sensitivity of the rolling friction coefficient between particle and wall (𝜇$"#) was low. In the uniaxial 

compression test (Fig. 1(b)), the elastic modulus G of the compacted powder was taken as the bulk powder 
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property. Sensitivity analysis showed that the Young's modulus of the particles (𝐸#) had a significant impact 

compared with other parameters.  In the rotational shear cell test (Fig. 1(c)), the internal friction angle 𝜃% was 

measured as the bulk powder property. Sensitivity analysis showed significance of the sliding friction 

coefficient between particles (𝜇##) and Young's modulus of the particles (𝐸#). The coefficient of restitution 

between particles (epp) did not have a significant impact on the all bulk powder properties investigated in this 

study, although it slightly affected the static angle of repose in the lifting cylinder test.  The p-values of the 

parameters with high sensitivity in each test were less than 0.050, indicating that they were significant 

variables.  Furthermore, all the data suggested that the bulk powder properties can be influenced by multiple 

DEM parameters, rather than by any specific parameter. From these results, we can select appropriate testing 

systems and powder properties for calibration. For example, if we want to calibrate the friction coefficient 

(𝜇##, 𝜇"#), the lifting cylinder test would be suitable. In summary, this study can identify DEM parameters 

with significant influence on various bulk powder properties. This can contribute to perform more efficient 

parameter calibration.  

 

Figure 1. Testing systems and sensitivity analysis results. (a) Lifting cylinder test. (b) Uniaxial compression test. (c) Rotational shear 

cell test. 𝜇!!  and 𝜇"!! denote sliding friction coefficient and rolling resistance coefficient between particles. 𝜇#! and 𝜇"#! denote 

sliding friction coefficient and rolling resistance coefficient between particle and wall. 𝐸! and 𝐸#denote Young's modulus of particle 

and wall. γ! and γ# denote Poisson's ratio of particle and wall. ρ denote the particle density. 
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Petroleum coke (pet-coke), a cost-effective byproduct of heavy crude oil refining, has potential as an 

alternative fuel source. This study utilizes three-dimensional computational fluid dynamics (CFD) simulation 

to optimize hydrogen (H2) and carbon monoxide (CO) production from pet-coke slurry gasification in a 2-

ton-per-day (2TPD) entrained-flow gasifier. Additionally, an research of internal phenomena was conducted 

under various pressure conditions (11 bar, 16 bar, 21 bar, and 26 bar). The results indicate that higher 

pressures lead to reduced particle flow and decreased internal velocity. Moreover, increasing internal 

pressure correlates with higher CO levels and lower H2 concentrations. The objective of this analysis is to 

enhance production efficiency by understanding and optimizing the effects of operational parameters on fluid 

dynamics, temperature profiles, particle behavior, carbon conversion efficiency, and syngas composition, 

providing valuable insights for improving pet-coke gasification technology. 

 
Figure 1. (a) velocity&particle trajectories, (b) reaction rate and (c) species distribution of outlet 
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Segregation of granular materials caused by particle properties such as size and density in rotating drums has 

been a significant research topic in the recent decades. Most earlier investigations in the area focused on size 

induced particle segregation. Some studies have addressed the density effect in the segregation process in 

rotating drums, but mainly at a microscopic scale based on the discrete element method simulations. Very 

little attention has been paid to the macro-dynamic analysis of particle density induced segregation.   

To understand the density segregation of particles at a macroscopic scale, the CFD simulations of the solid– 

gas flow in a horizontal rotating drum have been conducted. The Eulerian-Eulerian multiphase model with 

the kinetic theory of granular flow (KTGF) was used in the simulations. Three different combinations of 

three materials with spherical shape (glass – poly propylene, steel – glass and steel – poly propylene) have 

been considered. The three materials (glass, steel and poly propylene) have different densities (2500, 7800 

and 1160 kg/m3) and the same size (0.775 mm). Physical experiments under similar conditions have also 

been carried out to validate the applicability of the simulation models. The research focused on the radial and 

axial segregations of the particles and impacts of two key properties, rotational speed and fill level of the 

drum.    

The results indicate that CFD simulation can reproduce the flow patterns shown in the physical experiments. 

Further, for all cases considered in the simulations, the higher density particles tend to move into the particle 

bed and form a core, while the lower density particles create a band near the drum wall during the 

segregation process due to buoyancy effect. As the density ratio of particles increases, segregation becomes 

more pronounced in the radial direction, but less noticeable in the axial direction. Increasing rotational speed 

could promote the formation of the radial segregation, but would cause the vanishing of the axial segregation. 

Fill level exhibits a complex effect on the segregation. Both low and high fill levels (10% and 50%) have 

more prominent segregation patterns than the middle fill level of 25%. The middle fill level has more 

noticeable axial segregation. The formation of segregation is related to the profile of the particle velocity.  
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The optimization of raw materials and burden structures is usually done empirically in the blast furnace (BF). 

Thermal and chemical properties of raw materials measured in lab-scale experiments are important indicators 

for such an optimization. However, general methods of selecting ore/coke of various types and proportions in 

real BFs are still lacking. In this work, a 2D unsteady numerical model based on the softening-melting under 

load test is developed and validated. The correctness of reaction kinetics is verified by comparing the 

predicted and measured results. Moreover, various types of raw materials are evaluated in this experiment 

and the corresponding model. The specific rate constant of indirect reduction kinetics for each type of ore is 

determined by such a method. And the application of these rate constants for various burden structures is 

verified. All this thermal and chemical information can be incorporated into the 3D BF process model. Thus, 

raw material effects on the BF performance can be evaluated quantitively, which can provide guidance for 

raw material optimization in real BFs. 
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Ball mills are essential for particle size reduction in industry, but the random and complex motions of 

particles within the mill make predicting and controlling the grinding process challenging [1, 2]. The 

microscopic properties of particles, such as breakage behaviour and energy changes, play a crucial role in 

optimising production. Although numerical approaches like DEM can capture the complexity of particle 

behaviour, their high computational effort makes real-time monitoring and prediction of the internal-external 

relationship impractical in actual production. Therefore, a more efficient tool is needed to quickly establish 

and monitor this relationship to improve product quality and process efficiency [3, 4]. 

Previous research has been shown that machine learning methods are an effective solution for achieving 

rapid prediction [4, 5]. Li et al. [4] proposed an artificial neural network (ANN) model, trained on DEM 

simulation data and externally accessible information (acoustic emission (AE) signals, power draw), to 

quickly predict particle flow within a rotating drum. They later developed a three-phase modelling 

framework using a convolutional neural network (CNN) model to predict ball mill performance. The model 

data included AE signals, power draw, and grinding rate, and could be quickly applied to predict larger mill 

systems through transfer learning with limited new training data. However, their studies did not consider the 

breakage of particles and the evolution of particle size distribution (PSD) with grinding time. As particle size 

continue to decrease in grinding, the AE signals also change with time. In addition, while their CNN model 

was able to link the AE signals with PSD, it cannot predict the future grinding performance and PSD, thus 

limiting its applications to the control of grinding processes. 

Previous studies have demonstrated the effectiveness of Long Short-Term Memory (LSTM) models in 

handling temporal dependencies in data, leading to a deeper understanding of process evolution [6]. LSTM 

models effectively address and alleviate the challenges of exploding and vanishing gradients commonly 

encountered in traditional time series prediction models, resulting in improved performance in long-term 

forecasting. Through its unique cell structure consisting of input gate, output gate, and forget gate, the LSTM 

model efficiently processes input data, capturing long-term dependencies within sequential data. In the 

context of temporally driven processes such as grinding operations, the LSTM model can dynamically 

account for variations in particle size, strength, and breakage probability across different grinding durations, 

accurately simulating extended grinding processes and predicting future changes. 

This work aims to purpose a combined DEM-LSTM-CNN modelling frame to predict future particle 

breakage behaviour and size distribution by training a long grinding process data. As illustrated in Fig. 1.  

grinding process in a ball mill under different operation conditions will be simulated using the DEM model, 

and the evolutions of power draw, PSD as well as the internal particle-wall collision energy with grinding 

time will be extracted. The collision energy is then converted into AE signals using the AE model developed 

by Li et al. [4]. LSTM models are trained with AE signals and power draw data to predict future AE signals 
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and power consumption. Subsequently, a pre-trained CNN model [5] will use the predicted AE signals and 

power draw from the LSTM model to predict future PSD. Finally, the predicted PSD and power draw are 

compared with the PSD obtained from the DEM simulations. It is expected the model will accurate 

prediction on the grinding performance of a ball mill under different condition, thus providing guidance on 

the control and optimisation of the mill.  

  

Figure 1. Flowchart of the data-driven DEM-LSTM-CNN modelling framework.  
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The performance of a porous medium is often impaired by infiltration of foreign particles or by unanticipated 

transport of suspended particles during fluid flow through it. This phenomenon, popularly known as 

formation damage, is prevalent in several energy applications including carbon sequestration, flow in 

geothermal reservoirs, and in H2 storage. Particulates encountering a pore can get strained, form a bridge, get 

attached to or detached from the substrate or even pass through it (see figure 1). The fate of the particulate 

depends on factors like the size of the particle and pore-throat, ionic strength and pH of the host fluid, 

temperature, flow rate etc.[1] and has profound implications on the performance of the porous media. Given 

the complexity of the phenomenon and its relevance, a systematic study of the underlying mechanisms is 

necessary for possible control. This study proposes the use of fidel and efficient numerical models to 

simulate hydrodynamic and mechanical processes behind the transport and retention of particles in porous 

media. The ability to simulate such phenomena enables one to study the contributing mechanisms in isolation. 

An algorithm involving immersed boundary method (IBM) alongside distributed Lagrangian multipliers 

(DLM) for rigidity constraints is used to model the fluid-particle and fluid-porous media interactions. 

Mechanical and electrostatic interactions among particles and between particles and porous media are also 

modelled. Results of the study can be used to draw conclusions on dominating parameters thus helping in the 

mitigation and control of performance decline.  

  

  

Figure 1. Fate of the indigenous and suspended particles in a pore. References   

[1] Y. Yang, W. Yuan, J. Hou, Z. You, Water Research 2022, 214, 118172. 
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The raceway is an important region in the blast furnace because it has great effects on the efficiency and 

stability of the blast furnace operation. The raceway is a cavity that is formed due to the coke consumption 

and the drag force, and the coke particles circulate inside due to interaction between particles and high-

velocity blast gas. The raceway is the space for the combustion of coke and auxiliary reducing agents, and is 

deeply related to the operation status of the blast furnace. Therefore, a quantitative understanding of the 

raceway behavior is indispensable for designing a highly efficient and stable operation of a blast furnace. In 

this study, the multi-phase flow behavior in the raceway was discussed through the three-dimensional 

mathematical simulation. 

The mathematical model tracks the particle motion by the Lagrangian method and the gas flow by the 

Eulerian computational fluid dynamic method, under the isothermal and non-reactive conditions. These two 

methods are combined by exchanging the distribution of the voidage and the drag force. 

The model was applied to a small-scale cold-model condition. The plastic beads of 3 mm in diameter were 

packed in a vessel of which thickness was 20 mm. A slot tuyere is settled at a height of 45 mm from the 

bottom. Air was horizontally introduced from the tuyere. Figure 1 shows a variation of forces acting on a 

single particle in the raceway. At the time 0.584 and 0.594 s, the particle is located in the gas stream from the 

tuyere and receives strong rightward drag force. The particle reaches the end of the raceway cavity and 

collides with the packed particle at 0.584 s. With this collision, the particle received a strong leftward contact 

force.  Afterward, the particle climbs up along the cavity edge receiving an upward drag force around 0.614 s. 

Then move toward the tuyere wall around 0.738 s. During these movements, the particle is densely 

surrounded by the other particles and receives contact forces in various directions from the surrounding 

particles.   

This numerical simulation successfully evaluates the multi-phase dynamics in the raceway. 
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Figure 1. Variation of forces acting on a particle in the raceway. (Blue: Contact force, Red: Drag force).  
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Simulation of dense gas-solid flow in fluidized beds is computationally intensive, and current speedup 

methods remain insufficient. Proper Orthogonal Decomposition (POD) addresses this challenge by 

decomposing the original flow field into spatial modes and corresponding temporal coefficients. A data-

driven Reduced-Order Model (ROM) integrating POD and machine learning was proposed for high-

efficiency modeling in fluidized beds. Radial Basis Function Neural Networks (RBFNN) and Temporal 

Convolutional Neural Networks (TCN) were employed for real-time prediction of time evolution coefficients. 

A parameterized intrusive POD-Galerkin ROM was developed for rapid parametric prediction in dense gas-

solid flow. The ROM results demonstrate that the temperature exhibits an obvious periodic characteristic, 

highlighting its potential for long-term prediction and digital-twin system establishment. 
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In view of the growing public awareness of global warming, reducing CO2 is becoming more urgent. As one 

of the most promising renewable energy resources, biomass has attracted much attention worldwide due to 

its carbon neutrality and wide availability. In terms of modelling thermo-chemical conversion of biomass at 

particle scale, the most-often-used model is the thermally-thin model, which is also called the isothermal 

model. The thermally-thin model is based on the assumption that the temperature gradient inside a particle 

can be neglected. This assumption is not applicable to large biomass particles. Therefore, in this presentation, 

we will describe two different thermally-thick particle models. The first one is a one-dimensional thermally-

thick model, which is used to investigate biomass pyrolysis in a rotary drum reactor. Results show that 

increasing the rotating speed increases the particle accumulated displacement; Increasing the rotating speed 

or filling level shortens the average particle residence time at the wall, reduces the heat conduction rate, and 

delays the particle heating-up and reaction processes. The second one is a three-dimensional thermally-thick 

model, which is applied to study the pyrolysis characteristics of a large biomass particle. Results show that 

increasing the operation temperature enlarges the internal temperature gradient, reduces the mass of solid 

residue, and generates a higher internal gas velocity.  
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Lithium salts with high purity standards (greater than 99.5%) are in increasing demand in the lithium battery 

industry. The high production efficiency of lithium salts makes dynamic crystallization a desirable process. 

However, during dynamic crystallization, the crystals are affected by shear, turbulence, and impurities in the 

flow field to form dense, solid spherical aggregates. Consequently, it is difficult to remove the impurities 

incorporated into the aggregates, resulting in a low purity of the final product. Despite this, few studies have 

been conducted on the internal relationship between impurity incorporation and crystal aggregation and 

breakage. Furthermore, a mathematical model for aggregation and breakage under solvent inclusion has not 

yet been developed. This study used the cooling crystallization of potassium chloride as a model system to 

conduct real-time data collection using high-speed visualization methods, which allows a detailed analysis of 

the transition process in aggregate size and morphology. Then flow characteristics and impurity 

incorporation were investigated to determine how they influence the aggregation, breakage, and coarsening 

of crystals quantitatively. Incorporating the diffusion mechanism of impurities on crystal planes into the 

process of aggregation, breakage and coarsening as well as building sub-models of PBE aggregation, 

breakage, and coarsening under solvent inclusion.  
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The ironmaking industry, heavily dependent on blast furnaces (BFs), accounts for approximately 7% of 

global CO2 emissions, driven by high fossil fuel consumption. This study develops a three-dimensional (3D) 

transient computational fluid dynamics (CFD) model to investigate the effects of injecting coke oven gas 

(COG) and reformed coke oven gas (RCOG) on raceway evolution within BFs. The analysis focuses on key 

performance indicators, including raceway shape, size, gas species distribution, combustion behavior, and 

temperature profiles, across three injection rates: 100, 150, and 200 Nm³/t-HM. The results show that RCOG 

injections lead to a 3% increase in molar fractions of H₂ and O₂ and a 10% reduction in CO₂ emissions 

compared to COG. COG models, however, produce larger raceway areas by approximately 5%, attributed to 

delayed methane combustion. Temperature comparisons indicate that the highest raceway temperatures (up 

to 2200 K) occur in COG models at 200 Nm³/t-HM injection rates, while RCOG models exhibit more 

uniform temperature profiles. Furthermore, COG injection results in 30% CO and 15% CO₂ emissions along 

the tuyere centerline. These findings highlight the varying operational impacts of COG and RCOG injections, 

with RCOG offering better temperature management and lower carbon emissions. This study provides a 

detailed framework for optimizing COG and RCOG utilization to enhance BF efficiency, reduce 

environmental impact, and maintain operational stability.  
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Integration of physics principles with data-driven methods has attracted great attention in recent few years. In 

this study, a physics-informed dynamic mode decomposition (piDMD) method, where the mass conservation 

law is integrated with a purely data-driven DMD method, is developed for fast prediction of the 

spatiotemporal dynamics of solid volume fraction distribution in bubbling fluidized beds. Assessment of the 

prediction ability using both piDMD and DMD is performed using the CFD-DEM results as the benchmark: 

Both DMD and piDMD can predict the short-term behaviour of solid volume fraction reasonably well, but 

piDMD outperforms the DMD in both qualitative and quantitative comparisons; With respect to their long-

term ability, the piDMD-based prediction of the instantaneous solid volume fraction distributions is 

qualitatively correct although the accuracy needs to be improved, and the predicted time-averaged radial and 

axial profiles are satisfactory; Whereas the DMD-based prediction of instantaneous snapshots and time-

averaged results is completely nonphysical. Present study provides a fast and relatively accurate method for 

predicting the hydrodynamics of gas-solid flows. 

 

 
Figure 1. The conceptual illustration of prediction of dense gas-solid flow using physics-informed dynamic mode decomposition 

(piDMD). 
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Two kinds of coupled lattice Boltzmann method and discrete element method (LBM-DEM) approaches were 

developed for modeling gas-solid fluidization at different levels (different time-spatial scales and accuracy), 

namely lattice Boltzmann based particle-resolved direct numerical simulation (LB-based PR-DNS) [1] and 

lattice Boltzmann based discrete particle simulation (LB-based DPS) [2]. LB-based PR-DNS where particle 

size is much larger than lattice size, can directly simulate the flow and detailed dynamic interaction at gas-

solid interface, while LB-based DPS where lattice size is much larger than particle diameter, achieves a good 

balance between computational accuracy, time consumption and computational efficiency, and it can obtain 

local information such as particle trajectories, as well as the macro information such as time-averaged flow 

field (Figure 1). Finally, both LB-based DNS and DPS are powerful tools in exploring gas-solid fluidization, 

which enabled development of lattice-based multi-fluids dynamics (LMFD) simulation software and a new 

drag correlation is proposed with consideration of scale-dependence [3].  

 

 

Figure 1. Snapshots of LBM-DEM simulated gas-solid fluidization. 
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Although resonant motion of particles during mass flow discharge from silos has been extensively 

investigated by earlier researchers, the appearance of such phenomenon during funnel flow discharge has not 

been emphasized. In this work, the flow behavior of particles during funnel flow discharge from flat-

bottomed silos has been investigated by conducting 3D Discrete Element Method (DEM) simulations. It is 

found that particles in the upper part of flowing zone move collectively, manifested by the oscillatory 

fluctuations of the velocity and the non-Gaussian characteristics of the fluctuations of individual velocity 

around the average. Correlation analysis and discrete Fourier transform have been performed to characterize 

the emission and propagation of velocity fluctuation. It is found that the observed resonant motion of 

particles is induced by the regular fluctuation of contact force between particles, and there exists an 

intermediate region in the converging part of the flowing zone. The bottom boundary of this region 

corresponds to the emission source from which the velocity wave propagates upwards and downwards. Its 

upper boundary coincides with that of the converging part of the flowing zone and is featured by the most 

violent fluctuation of contact force. The simulation results thus suggest that the discharge of granular 

assembly seems to be determined by the rheological behavior of particles in this intermediate region. 
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Chemical reactors usually feature complex internal reacting flows, and they are usually equipped with 

process controllers to stabilise their operations, especially for highly dynamic reactors including chemical 

looping combustion/conversion (CLC). However, their dynamic internal states are not well understood due to 

the lack of reliable research tools. In this work, for the first time, an innovative numerical collaborative 

model is developed to describe the reacting flow details and simulate the response to a process controller. 

The collaborative model is applied to a fuel reactor (FR) in a CLC to demonstrate its effectiveness. The 

detailed internal flow patterns in the FR are obtained and described by the three-phase reacting flow CFD 

model, and the circulating rate of oxygen carrier (OC) is controlled and optimised by the fuzzy logic 

controller (FLC). The controller is designed to operate at varying control time intervals, 1 s, 2 s, and 5 s, to 

study the optimal frequency for data sampling and feedback. The efficiency of the controller to the FR is 

tested in terms of OC circulation, gas components and the general performance of the reactor. The results 

show that the stability of OC circulating rate and performance are effectively improved by the process 

controller; among the three control intervals, the 2 s interval shows the highest feasibility and capability of 

maintaining stable OC circulation and CO2 yield in the FR. Quantitatively, compared to the base case 

without a controller, the deviation of the OC circulating rate values has decreased from 0.123 to 0.058, and 

the CO2 yield has increased from 86.93 % to 88.16 % in the control case with a 2 s interval. This work 

provides a new cost-effective tool for real-time simulating and controlling the reacting flow system including 

CLC for clean combustion and solid wastes conversion. 

 

Figure 1. Graphical abstract.  
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A wet bead mill, also known as a wet stirred media mill, is commonly employed in various chemical 

engineering processes such as pharmaceuticals, ceramics, and minerals. Achieving highly efficient fine 

grinding requires a deep understanding and appropriate control of particle behavior. For this purpose, the 

discrete element method (DEM) coupled with computational fluid dynamics (CFD) has been extensively 

utilized in solid-fluid mixture systems. However, the existing DEM-CFD method [2] faces significant 

challenges, including limitations on the number of computational particles, stability issues, and difficulties in 

modeling rapidly moving structures. To address these challenges, this study investigates the applicability of a 

numerical model that combines the coarse-grained DEM-CFD [3], an implicit algorithm for the drag force 

term [4], and a scalar field-based wall boundary [5] in simulating a wet bead mill. Visualizing particle 

behavior in the wet bead mill using the coarse-grained DEM-CFD allows for the accurate reproduction of 

original particle behavior. A good agreement is observed for macroscopic characteristics, including particle 

velocity and total kinetic energy, between the original particle and coarse-grain particle systems. Conversely, 

simulations conducted with simply large particles, without employing the coarse-grain model, exhibit quite 

different results from those of the original particle system. Consequently, this study demonstrates the 

applicability of combining the coarse-grained DEM-CFD, an implicit algorithm for the drag force term, and 

a scalar field-based wall boundary in simulating industrial wet bead mills. Furthermore, stable calculations 

cannot be achieved in the simulation of the bead mill without the implicit algorithm for the drag force term. 

These valuable results will contribute significantly to the numerical investigation aimed at optimizing the 

scale-up of bead mills. 
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Semi-autogenous grinding (SAG) mills are essential for cost-effective ore beneficiation, primarily utilizing 

wet milling processes [1]. Although the milling process has been extensively studied by DEM modelling, the 

effect of slurry is frequently neglected due to its complex interactions with the charge. This paper presents a 

coupled CFD-DEM model to simulate the wet grinding process in a SAG mill. The model, which adopts a 

VOF approach to simulate the gas and liquid slurry phase, was validated by comparing theoretical and 

experimental data of particle sedimentation, phase conservation, as well as the flow and particle patterns in a 

lab-scale wet drum. The model was then utilized to simulate interactions between ore, steel ball, gas, and 

slurry in a SAG mill at various rotation speeds. Fig. 1 illustrates the fluid and particle dynamics within the 

mill at 40 s. The analyses consider the angle of repose, power draw, particle collisions, and velocity 

distributions. The findings elucidate the multiphase interaction mechanisms in the SAG mill and underscore 

the necessity of including slurry in simulations to accurately model the milling dynamics.  

 

  

(a)                  (b)  

Figure 1. (a) Gas volume fraction; (b) Particle dynamics with steel ball particles in red and ore particles in green.  
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Flow through packed beds, is ubiquitous in the energy industry. A packed bed is typically understood as a 

porous medium. The prediction of single and multiphase flows through the packed bed is not feasible unless 

the scales ranging from the pore scale to the reactor scale are considered and their effects are coupled. This is 

because the direct numerical simulations (DNS) of reactor flows (typically involving millions of particles) 

are beyond the reach of modern supercomputers. Traditional multiscale techniques which assume separation 

of phenomena across scales cannot account for the influence of particle shape and arrangement in a general 

manner. To address the predictions at larger scales, we propose the use of machine learning based tools for 

prediction of flows at larger scales that are trained with data from simulations at smaller scales. 

Firstly, we use Fourier Neural Operators (FNO) to generalize the flow through arbitrary arrangement of 

particles for single and multiple phases. We use simulations from a Cartesian grid based finite volume solver 

to generate flow data at particle scales to train Neural Operators [1]. We show that the Neural operators 

generalize the prediction of flows through porous media with impressive accuracy. We then use the same 

data to show that multiphase flow through much larger domains (up to 16 times the number of particles) can 

be predicted with more than 90% accuracy. We also present techniques for improving the accuracy with a 

few large-scale simulations. In the Fig. 1 we show the FNO predictions of two-phase flow for a small cell 

containing 3 particles and predictions using the same for flows through 48 particles (a 16x domain). 

Secondly, we introduce a graph based neutral network to encode flow through a packed bed. The relevant 

flow scales are considered, and the time evolution of the two-phase flow interface is predicted. The results 

are then compared against classical dispersion studies.  

 
Figure 1. Top row: FNO predictions of flow through an arbitrary arrangement of 3 particles. Bottom row: Flows predicted using the 

top row data, for flow through a 16x domain. True label refers to the simulation result, zero shot is trained purely from 3 particle 

configurations and few shot uses 10% samples from the large scale.  
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An accurate drag force model of bubble swarms is essential for predicting gas-liquid two-phase flows. In the 

literature, the drag force of bubbles is generally calculated based on macroscopic force balance [1], which 

introduces not only the force balance assumption but also the equivalent bubble diameter. In such studies, 

bubbles are often simplified as spherical bubbles [2], or the aspect ratio is used to consider the nonsphericity 

of bubble shape [3], resulting in inaccurate calculation of the bubble drag force. In this paper, the drag force 

is obtained by directly integrating the stress on bubble surface based on the VOF method, which avoids 

introducing the force balance assumption and can handle bubbles of arbitrary shapes. Firstly, numerical 

simulations of the free rise of a single spherical bubble at low Reynolds numbers are carried out, and the 

calculated drag force results are compared with the theoretical solution, verifying the accuracy and 

applicability of the proposed method. Then, direct numerical simulations are performed for bubble swarms 

with different inlet gas velocities. The drag force values obtained from the simulations are made 

dimensionless using the buoyancy force acting on a single bubble, and the correction coefficient for bubble 

swarms is fitted using the Reynolds number and gas holdup, establishing a drag force model for bubble 

swarms with gas holdups ranging from 0.1 to 0.4. Finally, the established drag force model is applied to the 

simulation of air-water two-phase flow in a sieve tray distillation column. The results show good consistency 

between the simulation results and experimental data. 
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Introduction  

Supercritical water (SCW) is proposed as a promising agent for heavy crude oil recovery [1]. Extensive 

studies have shown that SCW can be miscible with most organic compounds and gases, and the miscibility 

of heavy oil and SCW was the key mechanism for enhanced recovery [2]. In this paper, MD simulation was 

employed to study the dissolution and miscibility characteristics of heavy oil in SCW.  

Result and discussion  

With the increase of simulation time, the lighter oil molecules with smaller molecular masses were rapidly 

and uniformly dissociated in the solvent environment, while the remaining asphaltene molecules with higher 

molecular masses formed clusters. Clusters of different sizes are further disordered accumulations of 

monomers and nanoaggregates. SHS and SCW were all capable of dissolving heavy oil droplets. The 

increase in density slowed down the dissolution rate of oil droplets. When the solvent ambient density was 

0.1 g/cm3, the heavy oil droplets were completely dissociated in SCW after only 50 ps of simulation time. 

When the solvent ambient density increased to 0.5 g/cm3, the dissolution rate of oil droplets became 

significantly slower. The complete dissociate state was reached only at about 600 ps.  

  

Figure 1. Dissolution process of heavy oil droplet in superheated steam and supercritical water.  

The dissolution characteristics of heavy oil in SCW were mainly determined by the temperature and density 

of the solvent environment and the structure of oil molecules. The increase in solvent density inhibited the 

dissolution of heavy oil, while the effect of temperature was determined by the competitive relationship 

between the decrease in solubility of heavy oil in SCW and the increase in dissociation between heavy oil 

molecules. Therefore, raising the temperature and lowering the pressure are effective means to improve the 

solubility of heavy oil in field applications. For the oil molecule structure, SCW showed the best solubility 

for light aromatic hydrocarbon molecules due to polar effects, followed by non-polar chain alkanes, and the 

worst solubility for cycloalkanes due to stronger oil intermolecular interactions. The asphaltene molecules 

exhibited better solubility than cycloalkanes due to electrostatic attraction interactions with the solvent, but 

simultaneously showed poorer solubility than chain alkane molecules due to poor dissociation. The increase 
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in the number of carbon atoms was detrimental to the solubility of the oil molecule, while the isomeric 

phenomenon of chain alkanes and the change in the heteroatom species in asphaltenes did not significantly 

affect the solubility characteristics of the oil molecule. 

  

Figure 2. Effect of temperature and pressure on SFE of heavy oil components in SCW, and CED of heavy oil components.  

  
Figure 3. Influence of molecular structure on the SFE and CED of heavy oil molecules in SCW.  

Conclusion  

The results indicated that the dissolution characteristics of heavy oil were mainly determined by the density, 

temperature, and oil molecule structure. The increase in solvent density inhibited the dissolution of heavy oil, 

while the effect of temperature was determined by the competitive relationship between the decrease in 

solvent solubility and the increase in solute dissociation. The increase in carbon atoms was detrimental to the 

solubility of the oil, while the isomerization of chain alkanes and the change in the heteroatom in asphaltenes 

did not significantly affect the solubility. Electrostatic attraction interaction was the main cause of poor 

dissociation of polar oil molecules.  
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Virtual process engineering (VPE) [1] aims to allow chemical engineers to design, scale-up, optimize, or 

control processes online and in real-time, without the need for extensive, stage-by-stage experimental trials 

and errors. VPE requires high accuracy, capability and efficiency of the numerical simulation methods, in the 

example of gas–solid systems widely present in chemical, mineral and power industries, the coupling of 

discrete element method (DEM) with computational fluid dynamics (CFD), namely CFD–DEM, is becoming 

an effective simulation method for this purpose. 

Traditionally, the computational cost of the DEM part in CFD-DEM is much higher than the CFD part as 

many more solid particles are tracked than the CFD grids. But with coarse-graining of the particles and 

heterogeneous high-performance computing, the CFD part becomes the wall-time bottleneck in many cases. 

To boost the performance of the CFD part, a dual-grid approach [2] is proposed, where the pressure is solved 

on a coarse grid to ensure mass conservation, while the fluid velocity and particle-fluid interactions are 

computed on a fine grid to retain accuracy, achieving one order of magnitude speedup. To further speed up 

the CFD part, a fluid-dynamics prediction method (FPM) [3] is proposed to predict the gas phase flow 

dynamics in the gas–solid flow systems. Using the dataset from accurate CFD–DEM simulations, the 

artificial neural networks (ANN) and the UNet architecture are constructed by analyzing the influence of the 

flow dynamics at different spatio-temporal scales. The FPM can again be an order faster than the CFD for 

flow prediction. Integrating the FPM into the CFD–DEM framework, long-time simulation of the gas–solid 

system is achieved, which enables VPE to optimize industrial reactors with in-depth analysis of the huge 

volume of simulation data based on artificial intelligence. [4] 

 

Figure 1. Schematic of the intelligent virtual process engineering. 
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This study presents the development and application of novel models, including several integrated multi-

fluid blast furnace (BF) models [1-12], with a focus on burden layer structure and innovative operations [13], 

and a localised region model studying raceway behaviours of a packed bed reactor. The model integrates 

multiphase flow and key thermochemical processes within the chemical reactors. 

A gas residence time distribution (RTD) model was developed to better understand gas flow patterns and 

RTD formation within a BF. The results indicate that the gas flow in the BF is predominantly piston-type, 

while flow in the stagnant regions contributes to the RTD tail. Additionally, several innovative operations 

were systematically investigated using BF models, coupled with relevant sub-models. These include sub-

models for central coke charging (CCC), nut coke charging, carbon composite briquette (CCB) charging, 

burden batch weight selection, oxygen enrichment, and hydrogen shaft injection. These operations are aimed 

at reducing fuel consumption, improving productivity, and enhancing the environmental sustainability of BF 

operations. The influence of shaft angle on BF performance was also examined, revealing mechanisms by 

which the shaft angle affects in-furnace behaviour. Furthermore, hydrogen injection via the shaft was 

theoretically explored, and its RTD was systematically analysed. The findings show that hydrogen flow rate 

has a more pronounced effect on RTD than injection temperature, deepening our understanding of hydrogen 

behaviour within the BF. 

For the first time, a transient-state BF (TBF) model was developed to capture dynamic in-furnace 

phenomena, including flow, thermal, and chemical behaviours, alongside chemical reactions in specific 

burden layers. This TBF model was applied to a commercial, industry-scale BF to simulate the time 

evolution of velocity fields, cohesive zone profiles, thermal fields, and gas utilisation efficiency from the 

initial to the steady state. The model’s capabilities were demonstrated through its application to hot burden 

charging, capturing time-evolving in-furnace phenomena at specific intervals. Moreover, the TBF model was 

used to investigate the dynamic responses of various BF regions to changes in burden temperature (BT), 

quantitatively showing that regions near the gas inlet exhibit faster and more significant responses compared 

to other areas. 

In addition to the integrated multi-fluid BF models, an advanced 3D multi-fluid model was developed using 

the Eulerian-Eulerian method. This model, coupled with heat transfer and heterogeneous reactions, simulates 

reacting flow behaviours within and around raceways for a slow-moving packed bed chemical reactor. The 

results show that raceway behaviours are more symmetrical on horizontal cross-sections compared to other 

orientations. Specifically, probability theory and statistical analysis were employed to quantitatively evaluate 

raceway characteristics. 

Overall, these models offer valuable insights into fundamentals, novel operations and provide cost-effective 

tools for understanding the evolution of in-reactor behaviours during operational changes. They also lay the 
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foundation for real-time monitoring and control of packed bed reactors, contributing to the broader 

knowledge of in-reactor phenomena. 

 

Figure 1. Typical results of in-reactor phenomena: BF adopting hydrogen shaft injection: (a), gas velocity; (b), heat capacity of gas; 

(c), gas density; (d), carbon monoxide utilisation efficiency; (e), hydrogen utilisation efficiency; (f), iron ore reduction rate by 

hydrogen; BF adopting hot burden charging: (g), gas and solid temperature trends with time at monitoring point; Raceway study of a 

packed bed reactor: (h), raceway profiles and CO2 distribution.  
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Modelling multiphase flow in porous structures remains a challenge due to the complexity of handling 

multiple interfaces. This paper presents a one-domain pore-resolved simulation approach for immiscible two-

phase flows in porous media, using a monolithic fluid-solid coupling framework to implicitly consider the 

existence of solid objects. The fluid-fluid interfaces are captured through solving an algebraic volume of 

fluid equation, with the fluid interfacial tension considered by integrating a continuum surface force. Wall 

wettability condition is imposed by modifying the contact angle of the fluid interface at the embedded solid 

surface. The resulting equations are simple and stable, as there are no empirical models or parameters 

involved for the interface representation. This approach has been validated through performing a series of 

test-case simulations, including capillary-dominated flow, capillary rise with gravity, Taylor film formation, 

and finally two-phase flow in a heterogeneous porous structure. The numerical approach is demonstrated to 

be well suitable for investigating pore-scale two-phase flows in realistic porous media.  

 

Figure 1. Saturation field of oil drainage in a complex pore network, as predicted by (a) interFoam and (b) the present approach. 

 

References  

[1] Z. Ou, C. Chi, L. Guo, D. Thévenin, J. Comput. Phys. 2022, 468, 111447.  



- 77 - 

 

A corrected solid stress closure considering the effect of the wall boundary in 

gas-particle fluidized bed 

 
Shouzheng Yuan,a Qiang Zhoua,b,* 

 
aSchool of Chemical Engineering and Technology, Xi'an Jiaotong University, Xi'an, China 

bState Key Laboratory of Multiphase Flow in Power Engineering, Xi'an Jiaotong University, Xi'an,China 

*Corresponding author: zhou.590@mail.xjtu.edu.cn 

 

Filtered two-fluid models (fTFMs) are usually employed to predict the flow behavior in large fluidized bed 

reactors. In fTFMs, the filtered drag forces and filtered solid stresses hold great importance and are 

significantly influenced by heterogeneous structures. A recent study[1] showed that the forces due to filtered 

solids stresses, although smaller than the filtered drag forces, are considerable at larger filter sizes. Many 

previous filtered closures are developed based on full-periodic domain datasets. The wall boundary in 

practical fluidized reactors can impact the evolution of heterogeneous structures, thereby affecting the 

accuracy of these closures. This work aims to further enhance the performance of existing filtered solid stress 

closure by introducing the influence of the wall boundary.  

In this work, the fine-grid discrete element method (DEM) is utilized to simulate gas-solid beds with various 

solid volume fractions. A filtering technique, combined with Cloete’s anisotropic solid stress closure[2], is 

applied to obtain the solid stress of the xy and yy components in the flow direction y. We propose two 

correction coefficients, denoted as 𝐻𝑟𝑥𝑦 and 𝐻𝑟𝑦𝑦, which correlate with the distance from the grid to the wall 

boundary. To extend the corrected closure, the influence of local solid volume fraction and filter size are 

additionally introduced. Subsequently, simple coarse-grid posteriori validations are conducted. The filtered 

drag model in Ref.[3] is used and abbreviated as Gao model. Figure 1 presents the radial distributions of solid 

volume fraction obtained from the coarse-grid (72𝑑𝑝) results by Gao model and the corrected stress closure 

at the bed height of 2.31m in the Wei’s fast bed[4]. As opposed to previous closure (Gao-cloete), the corrected 

closure (Gao-cloete-corrected) exhibits a trend that closely aligns with the experimentally measured values. 

This figure provides evidence that the modification of the existing solid stress closure is effective. 

 

Figure 1. The radial profiles of solid volume fraction at a bed height of 2.31 m in the Wei’s fast bed. 
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The powder utility efficiency in DED processes is important to the parts makers in reducing cost. In this 

research, we intend to construct a new-structure nozzle and analyze the powder distribution in cladding zone 

to confirm getting higher efficiency producing procedure is possible which is benefit to the cost saving.  

Regular DED nozzle structures usually contain three different passage channels: laser protect gas, powder 

carrier gas and shielding gas. In this study, the new-designed nozzle is one with some gas bypass branches 

connecting powder channel and shielding channel before the powder ejecting into cladding zone. The bypass 

branches can lead a portion of the powder carrying gas into shielding channel result in decreasing of the gas 

mass fraction in the exit of powder channel into the cladding zone. This can be helpful to make powder 

concentration increase in the central portion of cladding zone. The higher powder concentration implies the 

raising of the powder utility efficiency. 

A structure of regular nozzle without bypass branches is analyzed to examined to verify the powder 

distributed conditions in cladding zone. The ejected powder concentration from nozzle in cladding zone is 

analytically calculated according to both radical distance and vertical distance. Meanwhile, the new design 

structure nozzle’s powder density distribution is checked in this similar manner and procedures and get the 

corresponding data. Both structures are applied to many different operative conditions, the results of 

operative conditions are collected. The comparison between those two structures can be held after both 

nozzle structures results obtained, and we can conclude from these two concentration DED nozzles structures 

the higher efficiency one. In this way, the better conditions can be picked out to setup routine working 

conditions.  
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Gas-solids fluidsed beds are typical used in coal combustion and gasification process in energy related 

industry. The flow hydrodynamic behavior in the reactor is complex and unsteady. The flow dynamic affects 

the combustion and gasification efficiency as well as the emission, likes Co2, SOx and NOx. Especially, with 

the increase in dimensions and scales, the effect becomes more serious. Therefore, it is important to 

investigate the flow dynamics changes with the scale up of the dimensions. In this research, MP-PIC 

approach will be used to simulate the gas-solids two phase flow in different scale of circulating fluidised 

beds. Details model including drag model between gas and solids will be given. The dimensions effect on the 

flow dynamic will be given and compared with available reference measurement, likes pressure drop 

measurement and process tomography. The challenge will be given in the end of the paper.  
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Quicklime, which is widely used in steel production, exhaust gas treatment, soil stabilization treatment, and 

raw materials for building materials, is obtained by firing limestone CaCO3 at a high temperature. The gas 

flow field inside the rotary kiln, which has a length of several tens of meters, is kept at a high temperature by 

the spray flame, and the limestone is calcined while flowing down in the kiln. However, the details of the gas 

temperature distribution inside the kiln, the behaviour of the flowing limestones, and the effect of the 

residence time on the quality of the obtained quicklime have not been fully clarified. Therefore, in our 

previous study, a numerical simulation was conducted to clarify the gas temperature distribution in the kiln 

and the behaviour of limestones flowing down in the kiln by performing a numerical simulation of the 

combustion field in the actual rotary kiln [1].   

The purpose of this study is to investigate in detail the decarboxylation process of CaCO3 by a numerical 

simulation using powdered lime powder CaCO3 rather than relatively large diameter limestone like those 

used in actual rotary kilns, aiming to achieve more uniform decarboxylation of CaCO3 and to investigate the 

decarboxylation process in more detail. Large-eddy simulation is applied to a laboratory-scale jet flame 

formed in an upright cylindrical furnace in which powdered CaCO3 is injected and a three-stream 

flamelet/progress-variable approach [2-4] is employed as turbulent combustion model. The LES solver used 

in this study is the FrontFlow/red developed by the CRIEPI, Kyoto University, Kyushu University, and 

NuFD (Numerical Flow Designing Co., Ltd.). The governing equations for the gas phase are the 

conservation equations of mass, momentum, energy, mixture fraction of fuel, mixture fraction of CO2 

generated by the limestone calcination, and progress variable. For the powdered CaCO3 flowing in the 

combustion field are tracked in a Lagrangean manner using the Particle-Source-In-Cell (PSI-Cell) model. 

The upright cylindrical furnace length and inner diameter are around 1.2 m and around 0.2 m, respectively. 

Powdered CaCO3 are injected from the top of the furnace and flow down inside of the furnace. The 

arithmetic mean value of powdered CaCO3 injected is approximately 20 µm.  

As a snapshot of the present simulation of decarboxylation process, Figure 1 shows instantaneous 

distribution of particle temperature, mass fraction of CaCO3 in each particle and residence time of each 

particle. In each figure, particles present in a thin region including the center cross section in the depth 

direction are visualized. From Figure 1(a), it is found that powdered CaCO3 particles are injected into the 

furnace from the top of the furnace at room temperature and then rapidly heated by the jet flame. Also, 

particles kept at a low temperature can be seen in the center of the jet. This is because relatively 

largediameter particles are not sufficiently heated and penetrate downstream while maintaining large inertia 
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due to the jet flow. As shown in Figure 1(b), the decarboxylation reaction of the heated CaCO3 powder 

particles progresses, and many particles with a CaCO3 mass fraction of almost zero are dispersed from the 

longitudinal center of the furnace to the downstream. However, particles with a relatively large mass fraction 

of CaCO3 can be seen near the center of the jet. This is considered to be because the temperature of the 

particles kept low at the center of the jet, and there is not enough residence time for decarboxylation to 

proceed. As seen in Figure 1(c), the residence time of particles passing through the center of the jet is short. 

On the other hand, particles with a long residence time are dispersed around the middle of the longitudinal 

direction of the furnace, especially near the wall. The possible reasons for this are as follows. Relatively 

small CaCO3 particles do not have much inertia when they are injected into the furnace, so they decelerate as 

they pass through inside the furnace and are also entrained by the recirculating flow generated inside the 

furnace by the jet.  

 

  

(a)                                                                       (b)                                                                      (c)  

Figure 1. Instantaneous distribution of (a) particle temperature, (b) mass fraction of CaCO3 in each particle, (c) residence time of 

each particle.  
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Iron and steel industry is an important basic industry for economic development. At present, the emission of 

steelmaking is about 1.9t-CO2/ t-steel. Total direct emissions in 2020 are about 2.6 billion tons, accounting 

for 7 to 9 percent of global anthropogenic CO2 emissions [1]. Agreement adopted in 2015 sets the goal of 

controlling the temperature rise below 2℃ in 2100 compared with that before industrialization [2,3]. At 

present, the vast majority of crude steel is produced through the BF/BOF route. In order to achieve carbon 

emission reduction goals, "breakthrough innovation" low-carbon development technologies need to be 

developed in the future. However, due to the characteristics of the BF's high-carbon energy structure, its CO2 

emissions It accounts for about 70% of the entire BF/BOF long process [4], so the CO2 emission reduction 

potential of the BF/BOF route is limited. As an alternative to the long process, the short process of direct 

reduction (DR)/electric arc furnace (EAF) can reduce CO2 emissions by 40-60% compared with the long 

process [5,6]. 

In DR process, the direct reducing iron (DRI) produced by hydrogen-based shaft furnace accounts for more 

than 75% of the global DRI production. This process mainly uses natural gas as feed gas and produces 

reducing gas with a high proportion of H2 through reforming reaction to achieve further carbon reduction. 

With the wide application of hydrogen energy, H2 shaft furnace uses pure H2 to reduce iron oxide, which can 

further reduce CO2 emissions. Although large-scale hydrogen production is limited by environmental 

protection and economic factors, with the development of hydrogen production technology from renewable 

energy, H2 shaft furnace has a broad development prospect in the future. Therefore, some major companies 

are scrambling to carry out H2 shaft furnace research projects, such as HYBRIT of SSAB and LKAB 

cooperation[7], H2H project of ArcelorMittal, MIDREX and Paul Wurth's H2 Green Steel, etc. 

Since there is a complex energy and mass transfer process in the H2 shaft furnace and it is a black box model, 

it is difficult to use experimental instruments to reproduce the shaft furnace production process. Therefore, 

we can establish a mathematical model of the shaft furnace and obtain different results in a short time 

through numerical simulation. The spatial distribution of physical quantities in the shaft furnace under the 

conditions more accurately reflects the actual situation.  

At present, numerical simulation on shaft furnaces mainly uses pseudo fluids to replace actual burden 

particles, which cannot reflect the specific flow state of the burden in the shaft furnace and the interaction 

between burden and reducing gas. Therefore, this work established a 3D model of H2 shaft furnace based on 

CFD-DEM two-way coupling, simulated the flow of burden particles in the shaft furnace and the interaction 

between gas and burden particles. Obtained the gas distribution and the movement of burden particles. The 

flow state in the furnace was discussed, and the influence of the reducing gas flow rate on the falling process 

of burden was discussed. Finally, a CFD-DEM chemical reaction 3D model of the H2 shaft furnace was 
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further established, and the detailed distribution of temperature, metallization degree, etc. in the shaft furnace 

was obtained. Provides corresponding information for the operation of H2 shaft furnace. 
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Natural lump ore can be used directly in a blast furnace (BF) smelting to replace part of the sinter and pellets, 

which can effectively reduce BF production costs and CO2 emissions and is therefore regarded as a very 

promising ferrous material. The mechanism of the effect of lump ore in the mixed burden on the in-furnace 

phenomena is still not well understood. In this study, a validated computational fluid dynamics-discrete 

element method (CFD-DEM) model is employed to investigate the thermo-chemical behaviours of lump ore 

in a BF. The effect of the sinter-lump ratio on typical in-furnace phenomena is comprehensively explored and 

analysed under various operating conditions. The numerical results show that the use of lump ore in the 

mixed burden has a significant influence on the formation of the cohesive zone (CZ) as well as on the gas 

distribution and permeability of the upper of the BF. As the ratio of lump ore increases from 0% to 30%, the 

CZ becomes thicker and taller. Additionally, the gas porosity in the upper part of the furnace decreases, 

leading to a decline in the permeability of the BF, which results in a significant increase in the gas pressure 

drop. On the other hand, the increase in the proportion of lump ore leads to a decrease in top gas utilization 

while improving productivity. These results provide theoretical guidance for the use and control of lump ore 

in BFs. 

 

Figure 1. Effect of lump ratio on gas pressure drop in the BF.  
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Gasification is a promising technology for high-efficiency power generation using biomass and for recycling 

carbon resources such as plastics. In those systems, biomass and plastics are expected to be used in 

centimeter-order pellet form, without being pulverized into fine particles. Haider and Levenspiel [1] studied 

drag coefficient (CD) of non-spherical particles by investigating the relations between CD, particle Raynolds 

number Rep and sphericity. Non-spherical particles placed in flow may move with rotating, but their results 

do not include the effect of rotation. Zhang et al. [2] performed numerical simulations using the Arbitrary 

Lagrangian-Eulerian (ALE) method for a single pulverized coal particle to evaluate the effect of rotational 

motion of a non-spherical particle on drag coefficient. However, the size of pulverized coal particle they 

targeted was about 40μm, and the range of particle Reynolds numbers is very different from that of the 

pellet-shaped feedstocks. Here in this study, numerical simulation with six degrees of freedom motion of a 

pellet-shaped single particle of centimeter order is performed by employing the ALE method. The flow 

velocity was set to 10 m/s, and the particle was placed in the upward flow at the beginning of the 

computation (Figure 1). Numerical results showed that the drag coefficient varies with particle rotation 

motion. Pressure drag dominantly affects drag force, drag force decreases as projected area decreases and 

increases as projected area increases. As a result, the curve of the drag coefficient exhibits up and down 

fluctuating behaviour (Figure 2).  

    
 Figure 1. Computational domain and pellet-shaped particle.  Figure 2. Temporal variation of drag coefficient.  
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Large-scale liquid-solid flow systems, such as planetary mixer and inline mixer, are often employed in 

chemical engineering. Numerical modeling is widely applied for the design and the better understanding of 

complex phenomena. The discrete element method (DEM) coupled with the computational fluid dynamics 

(CFD) is applied to simulate the liquid-solid dispersion systems for the optimization of the particle design 

and operating conditions. However, application of the numerical simulations for these systems is still limited 

because the number of the particles becomes small comparing with the required one in the industrial 

processes. This makes difficult to understand the complex behavior in these processes. The coarse-grained 

DEM was developed to resolve the problem for the simulation of the real industrial processes. Adequacy of 

the coarse-grained DEM has been proven for simple systems so far. In the present study, applicability of the 

coarse-grained DEM is examined to simulate the liquid-solid flow in a planetary mixer. It is demonstrated 

that the coarse-grained DEM can simulate the industrial liquid-solid flow systems. 
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During the process of fluidized bed spray granulation, the particles are partially wetted by a non-Newtonian 

binder, which forms a “liquid cap” at the steady state on the particle surface [1]. The way the droplet spreads 

on the particle surface will also impact the strength of the liquid bridge force between particles. This, in turn, 

determines the size, structure, and strength of the agglomerates during granulation [2, 3]. Hence, it is crucial 

to elucidate the collision-wetting-deposition characteristics of non-Newtonian droplets on a particle surface. 

In this study, the dynamic behavior of shear-thinning droplets impacting on a hydrophobic spherical surface 

is numerically investigated using the Volume of Fluid (VOF) method coupled with dynamic contact angle 

and a power-law model. The differences in dynamic behaviors between shear-thinning and Newtonian 

droplets are first studied. By analyzing the distribution of pressure and shear rate inside the droplet, it is 

found that the shear-thinning behavior of the droplets leads to an uneven distribution of apparent viscosity 

upon impact, which in turn prevents droplet rebound. The effects of various impacting conditions, such as 

apparent viscosity, impact velocity, surface tension and dynamic contact angle, on the spreading factor and 

liquid film thickness of shear-thinning droplets are investigated. According to the behaviors of droplets, the 

impacting process can be divided into three phases: (I) initial deformation, (II) inertia-dominated, and (III) 

viscosity-dominated phases. In order to reveal the physical mechanisms that prevent shear-thinning droplets 

from rebounding on the hydrophobic particle surface, the conversion of kinetic energy, viscous dissipation, 

surface energy and potential energy during the three phases of the impact process is also analyzed in detail. 
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Gas-solid flow systems are widely practised in chemical engineering and known for their multi-scale and 

intricate complexity, and thus their simulations are usually time-consuming and computationally demanding. 

To address this long-standing challenge, a novel non-intrusive reduced-order modelling (ROM) approach for 

gas-solid flow simulations is introduced and applied to a fluidised bed for demonstration. For the first time, a 

multi-scale proper orthogonal decomposition (mPOD) is applied to decompose the gas-solid data into a set of 

spatial and temporal bases that are spectrally cleaner and energetically more relevant than those produced by 

other decomposition methods. To tackle the complexities of high-dimensional data and long-term 

dependencies encountered in prior approaches, a hybrid deep learning framework, i.e., the transformer 

encoder–long short-term memory decoder model, is employed for the ROM prediction. The proposed 

method demonstrates excellent performance in balancing accuracy and efficiency for capturing the complex 

dynamics of gas-solid flows. The mean absolute percentage error between the proposed ROM and full-order 

model is as small as 10% in this fluidised bed case, demonstrating high accuracy. Additionally, it achieves a 

1000-fold speedup in efficiency, providing a cost-effective tool for practical applications in real-time 

monitoring and control of gas-solid systems. 

 

 

 

Figure 1. The modelling approach of mPOD-based ROM proposed in this work. 
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Non-spherical particles are commonly encountered in chemical engineering processes including fluidization 

processes, yet their instability phenomena still lack understanding. In this study, the spout deflection – a 

typical instability phenomenon of non-spherical particles in a pseudo-two-dimensional (pseudo-2D) spout 

fluidized bed is first studied by a super-quadric computational fluid dynamics-discrete element method 

(super-quadric CFD-DEM) model. The intensity of spout deflection is quantified by the spout deflection 

angle concept. The effect of particle shape (i.e., sphere, cubic, ellipsoid, and cylinder) on the flow in terms of 

flow pattern, spout deflection, pressure drop, particle orientation, and normal contact force is systematically 

studied and compared by the time- and frequency-domain analysis. It shows that the spout channel becomes 

narrower for cubic, ellipsoid and cylinder particles where the particle aspect ratio increases. With the 

increase of spouting gas velocity, the median value of the spout deflection angle decreases and increases for 

cubic and ellipsoid particles, respectively. Furthermore, the pressure drops in the vertical and horizontal 

directions of the cubic, ellipsoid, and cylinder particles are different from each other. At last, In the bed of 

cubic particles, the ordered arrangements appear close to the wall region and random arrangements occur in 

the other regions. This work reveals the influences of non-spherical particles on spout deflection and offers 

insights into practical applications through optimal operation. 
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Thermochemical energy storage (TCES) applied in concentrated solar power (CSP) holds promise for the 

large-scale deployment of solar energy and offers solutions to energy shortages and environmental concerns. 

Among the various TCES systems, the CaO/CaCO3 system stands out as the most promising energy storage 

system currently due to its low cost and high energy density characteristics. However, its widespread 

application faces challenges due to the lack of efficient reactors. In recent years, efforts have been devoted by 

researchers to the development of chemical reactors that can be effectively integrated with solar thermal 

power generation systems. Among the various reactors, fluidized bed reactors are noted for their excellent 

heat and mass transfer performance and the advantage of continuous operation, making them a more suitable 

choice as reaction vessels for TCES systems. However, research on the application of the CaO/CaCO3 TCES 

system in fluidized bed reactors is relatively scarce. This scarcity may be attributed to the higher temperature 

range and operational complexity associated with this system compared to other forms of TCES. As an 

important supplementary tool for experimental measurements, computational fluid dynamics (CFD) can 

efficiently and intuitively capture the gas-solid flow, heat and mass transfer, and chemical reaction 

characteristics within fluidized bed reactors, thereby providing valuable insights for optimizing reactor 

design and its industrial applications. 

In this study, the calcium looping energy release process in a bubbling fluidized bed reactor was numerically 

simulated using an Eulerian-Eulerian two-fluid model, and the validity of the model was verified. The effects 

of the presence or absence of immersed tubes, particle diameter, CO2 mole fraction, and gas velocity on the 

fluid dynamics and thermochemical performance of the carbonation process were comprehensively 

investigated. The research findings indicate that the presence of immersed tubes improves flow 

characteristics and effectively controls the bed temperature rise rate. Compared to the absence of immersed 

tubes, the conversion rate increased by 29.3%. The influence of particle diameter on the conversion rate is 

not significant, attributed to the competitive effect between particle concentration and CO2 concentration. 

When the CO2 molar fraction was increased to 0.65 and 0.8, the conversion rates within the same time frame 

improved by 31.1% and 63.3% respectively. However, excessively high CO2 molar fractions can lead to an 

increased likelihood of the upper part of the immersed tubes being exposed to air, resulting in a sudden drop 

in heat transfer coefficient (HTC). Compared to the velocity of 0.35 m/s, the conversion rates increased by 

31.8%, 57.5%, 77.0%, and 88.7% at the other four velocities, respectively. However, excessively high gas 

velocities lead to increased bed instability and result in a decrease in the bed to wall HTC. Additionally, an 

analysis of energy utilization during the carbonation process was conducted. The study suggests that 

enhancing the heat transfer between the immersed tubes and the bed will be a focal point for future reactor 

optimization designs. 
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Figure 1. Schematic diagram of bubbling fluidized-bed reactor for Carbonation reaction.  

 

Figure 2.  Distribution of physical quantities during carbonation in fluidized bed reactor, t = 20 s: (a) solid volume fraction; (b) CO2 

concentration; (c) Heterogeneous reaction rate; (d) conversion rate;(e) gas temperature. 
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Turbulent agglomeration is a promising pretreatment technology aimed at enhancing fine particles removal 

efficiency. Recent studies suggested that V-structure vortex generators are effective in improving turbulence 

to promote particle collisions and size increase. However, the experimental studies on flow fields and 

particles induced by V-structure vortex generators with different angles are still insufficient. To this end, this 

study investigated the effect of the angle of V-structure vortex generators on particle agglomeration based on 

the experimental approach. More specifically, the flow field dynamics were obtained directly from a Particle 

Image Velocimetry, while the particle behavior and size variation were investigated by a Phase Doppler 

Particle Analyzer. The results of the Phase Doppler Particle Analyzer showed that the addition of the vortex 

generator and its angle increase led to an increase in average size as well as cross-particle size, while a 

decrease in number concentration of smaller particles, which confirmed the collisions between smaller 

particles. Through Particle Image Velocimetry experiments, it was found that a wider range of recirculation 

regions and counter-rotating eddies were generated. Furthermore, by analyzing particle distribution and 

tracking single particle trajectory through numerical simulation, two kinds of agglomeration mechanisms 

were proposed. One being the trajectory crossover of smaller particles triggered by recirculating vortex, and 

the other is the preferential concentration of larger particles. The results of this study can provide a 

theoretical basis for the design of V-structure vortex generators and particle agglomeration techniques. 

 

Figure 1. Graphical abstract.  
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Optimal design of gas intake in powder fuel supply systems is crucial for the performance of aerospace 

engines [1]. There is little research on the impact of intake structure on powder conveying performance [2]. 

Three novel internal intakes were proposed, which are spherical, cube-shaped, and dome-shaped. After 

validation, CFD simulations demonstrate that the fluctuation of the mass flow rate of powders in the 

domeshaped intake is reduced by about 73.3% compared with the annular external one. Variation trends of 

phase velocities are similar for the spherical and cube-shaped intakes, while those are similar for the annular 

external and dome-shaped internal intakes. The fluctuation of the area of gas zone for the annular external 

and spherical internal intakes is larger than that for the cube-shaped and dome-shaped internal intakes.  

Pressure and relative pressure drop in the fluidization chamber have a stable stage, and the fluctuation of the 

relative pressure drop is small when dome-shaped internal intake is used.  

  

Figure 1. The different powder supply system structures and the presentation of qualitative and quantitative results under optimal 

structures.  
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Vertical ocean structure in ice area plays an important role in the field of ocean engineering, and are widely 

used in oil and gas exploration and exploitation, ocean wind energy utilization, ocean observation and 

scientific research, etc. The safety of vertical ocean structure in ice area is directly affected by sea ice load 

and seawater lashing. Therefore, this study aims to explore the load characteristics and dynamic response 

characteristics of deformable structures under the combined action of sea ice and sea water by establishing a 

multi-medium coupled numerical model of ice-water-structure. This coupling methods include discrete 

element method(DEM), smoothed particle hydrodynamics method(SPH) and elastic-plastic finite element 

method(FEM). The damage and failure behavior of sea ice are described by spherical discrete elements with 

cohesion-breaking properties [1], the liquid is represented by explicit incompressible smooth particle fluid 

mechanics [2,3], and the structure is represented by finite elements [4]. The interactions between particle, 

liquid and solid phase, the entrainment between particle phase and liquid phase and the dynamic response of 

the structure are analyzed. The accuracy of the numerical algorithm is verified by comparing the basic 

simulation results with the dam break model experiment and the loading experiment results of sea ice sample 

and deformable stiffened plate. Finally, rigid materials, linear elastic materials, elastic-plastic materials and 

elastic materials considering geometric nonlinearity are used to model and simulate the structure of the 

offshore vertical wind turbines, and compare the load conditions of the wind turbines and the differences in 

the mechanical behavior of the particle and liquid under different conditions. The results show that a smaller 

sea ice load and a larger displacement amplitude at the top of the wind turbines tower can be obtained by 

using geometrically nonlinear elastoplastic materials to model the wind turbines. Different materials of the 

wind turbines will also respond to the failure model affecting sea ice and the behavior of sea ice entrain.  

 

Figure 1. DEM-FEM Coupling strategy. 
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Figure 2. Numerical simulation for experimental verification. 
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Agglomeration of reactive porous particles in fluids leads to the formation of flocs with complex structure, 

severely limiting the fluid-solid reaction rate in chemical industry. For example, particle agglomeration in the 

supercritical water gasification technology significantly decreases the carbon gasification efficiency. Here, 

we propose a three-dimensional diffusion-reaction model, and investigate the fluid-solid reaction of char 

particle flocs with different structure in the supercritical water. The reaction process of 102 randomly 

generated flocs with fractal dimension ranging from 1 to 2.33, floc porosity ranging from 0.35 to 0.78 and 

newly introduced surrounding factor ranging from 2 to 12 that represents the local compactness are 

numerically simulated. We observe an intraparticle porosity increase stage, followed by a floc deformation 

stage and a floc breakage stage. Before the floc breakage stage, the floc porosity tends to decrease while the 

fractal dimension tends to increase. The fluid-solid reaction rate is directly proportional to the initial floc 

porosity, and inversely proportional to the initial fractal dimension. However, during the floc breakage stage, 

both the floc porosity and fractal dimension decrease rapidly, and the fluid-solid reaction rate is inversely 

proportional to the initial surrounding factor. A simple analytic correlation is thereby proposed to evaluate 

the complete reaction time of flocs with different structure. Moreover, the looser flocs of lower fractal 

dimension and higher floc porosity tend to break into a smaller number of larger sized sub flocs during the 

breakage stage. The present numerical method can be further developed to describe common fluid-solid 

reaction issues.  

 

Figure 1. Typical evolution of structure of flocs with different initial fractal dimension nf0. The initial surrounding factor Fs0 of these 

flocs is all equal to 5 (Case 2 is 2) and the initial floc porosity εf0 is around 0.55 (Case 2 is 0.3139). The reaction time t is normalized 

by the complete reaction time of a single isolated particle tsc.  
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For the microfiltration process, the membrane fouling causes the membrane flux to abruptly decay as the 

filtration progresses. It also increases the system energy consumption and reduces the service life of the 

microfiltration membrane. In this paper, a new type of hemispherical turbulence promoter was designed and 

its effect was analyzed by using computational fluid dynamics (CFD). The turbulence promoter could 

improve the fluid velocity gradient, the degree of turbulence and the wall shear stress. It also could suppress 

the formation of the boundary layer on the membrane surface. The cost-benefit approach and multiple linear 

regression analysis were used to analyze the three parameters, such as the central rod diameter, hemispherical 

diameter and hemispherical center distance. The degree of turbulence and wall shear stress of the internal 

flow field were proportional to the diameter of the hemisphere and the diameter of the central rod, and 

inversely proportional to the distance between the center of the hemisphere. It was suggested that the 

hemisphere ball center distance, the hemisphere diameter and the center rod diameter were 19mm, 9mm and 

7mm respectively. The average wall shear stress on the membrane surface was 3.452Pa, which increased by 

16.6% compared with that before optimization. While the average dissipation rate of turbulent kinetic energy 

was 7.667m2/s3, which was 7.9% lower than that before optimization. 
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Obstructive sleep apnea (OSA) is a disease where breathing repeatedly stops during sleep. Symptoms include 

severe daytime drowsiness, chronic fatigue, and the prevalence of many unaware patients, which has become 

a significant social issue. Therefore, there is a demand in the medical field for indicators that can easily 

assess a patient's symptoms. One of the causes of OSA is the relaxation of muscles around the upper airway 

during sleep, leading to the collapse of the base of the tongue. However, the detailed mechanisms of fluid 

dynamics and obstruction have not been fully elucidated. Therefore, the purpose of this study was to 

elucidate the fluid dynamics within the upper airway and propose a simple symptom prediction index.  

Using Computational Fluid Dynamics, a numerical analysis method, the pressure in the patient's upper 

airway 3D CT models (Figure 1 (a)) were analyzed. The results are shown in Figure 2, revealing that 

pressure loss increases with the decrease in cross-sectional area around the obstruction site. Furthermore, the 

simplified upper airway models (Figure 1 (b)) were analyzed and elucidated the shape parameters 

influencing pressure loss. Subsequently, using these parameters, dimensional analysis was conducted. Upon 

substituting the obtained predictive equation with the results from Figure 1 (a) and calculating the error 

between the predicted values and the actual values, it was found that the error was minimized in Eq. (1). 
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                             (1) 

In Eq. (1), each parameter represents: ∆P: pressure loss, ρ: fluid density, u: flow velocity at the obstruction, μ: 

viscosity, h': height of the obstruction, h: height of the inlet, L: length of the flow path and S: crosssectional 

area of the obstruction. Figure 3 demonstrates the high accuracy of Eq. (1), showing that pressure loss 

prediction became possible with Eq (1).  

 

Figure 1. The models used for 

the analysis. 

Figure 2. Analysis results of pressure 

in the 3D CT models. 

Figure 3. The optimal predictive equation for 

∆𝑃 expressed using shape parameters. 
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Wet-molding processes are widely used for powder solid cosmetics such as eye shadow and foundation. This 

wet molding process consists of agitation, filling, pressing, and drying operations. Cosmetics obtained by 

this molding process are characterized by their ability to have unique usability and texture. However, in 

actual production, cracks or uneven surfaces may appear on the finished product, which may be judged as 

defective. Therefore, there are many issues to be solved regarding the problems caused in each process.  

The purpose of this study is to clarify the causes of surface irregularities and cracks, focusing on the filling 

process of the wet molding process of eye shadow. Since it is difficult to experimentally confirm the 

conditions inside the slurry, numerical simulation was used in this study. An overview of the geometry is 

shown in Fig 1. Numerical simulation was conducted using Computational Fluid Dynamics (CFD), which 

allows for the analysis of fluids. A Level set method was also used as a gas-liquid interface capture method 

because air exists in the vessel and accurate analysis of the air-slurry interface is necessary to accurately 

understand the behavior of the slurry. As shown in Fig 2, a comparison of numerical simulation of the gas 

liquid two-phase and experimental results confirmed that the slurry filling process could be well reproduced. 

Furthermore, as a numerical simulation method, the Discrete Element Method (DEM) was used to analyze 

the behavior of particles in the slurry, which enables the analysis of particles. Then, CFD, DEM, and the 

Level set method were studied by numerical simulation of three phases of solid-liquid-gas. As a result, the 

cause of the uneven surface of eye shadow could be proved.  

 
 

  

Figure 1. Geometry of calculation domain: 

(1) Overview and (2) the surfaces of analysis. 

Figure 2. Pictures of slurry filling process with different times: 

(1) Experiment and (2) Simulation.  
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1. Introduction  

Fine powders are increasingly utilized in various fields including pharmaceuticals, although the granulation 

should be necessary due to issues with flowability. Wet granulation, one of the granulation processes, 

primally requires binders to enhance particle cohesion, leading to drawbacks such as decreased product 

functionality. On the other hand, dry granulation can be performed without a binder. This study focused on 

pressure swing granulation (PSG), which is one of dry granulation methods. In PSG, it is assumed that 

granules are formed by adhesion of fine particles during the repetition of the three processes of compression, 

crushing, and fluidization of the powder. However, the detailed granulation mechanism remained unclear. 

Therefore, the objective of this study is to elucidate the granulation mechanism of PSG through experimental 

and numerical analyses. In the experiments, the powder height lifted during the crushing process was 

observed under the different air flow rates. In the calculations, the crushing and fluidization processes were 

calculated with different air velocities using a coupled model with discrete element method (DEM) and 

computational fluid dynamics (CFD). In addition, the compression process was computationally improved 

based on the Courant number.  

2. Method  

2-1. Experimental Method  

Calcium carbonate with a medium diameter of 3.4 μm was 

used as a model fine powder. 100 g of calcium carbonate was 

granulated by PSG using a vessel with dimensions depicted in 

Fig. 1(a). The operating conditions for the PSG experiment 

were set to a compression pressure of 100 kPa, a 

fragmentation pressure of 150 kPa, and air flow rates of 250 

and 0 L/min. The change over time of the maximum height 

reached by the powder during the fragmentation process was 

evaluated with an image analysis.  

2-2. Calculation Method  

The numerical simulation was performed by a coupled model with DEM and CFD. Two-way calculations 

were conducted to account for the interaction between particles and fluid. In this study, as shown in Fig. 1(b), 

compression was conducted by flowing air from the top surface of the geometry, while fluidization and 

fragmentation were achieved by flowing air from the bottom surface of the geometry. The calculation times 

were set to 0.3, 0.5, and 1.0 seconds, and the outlet was set to atmospheric pressure release.   

3. Results and Discussion  

Figure 1. (a) Size of vessel for PSG and (b) 

calculation conditions for each process in DEM 

simulation. 
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3-1. Experimental Results  

The calcium carbonate was granulated by PSG with/without fluidization 

process. Fig 2 shows the relationship between the number of cycles of three 

processes and Hmax/L which is the ratio of the length at the bottom of the 

vessel to the maximum height of powder layer. In the case of the inclusion 

of the fluidization process (Fig. 2(a)), the maximum height decreased as the 

cycle number increased. This was due to the difficulty of lifting the large 

granules by air as the granulation progressed. On the other hands, in the 

case of the PSG without the fluidization process (Fig. 2(b)), the maximum 

height remained unchanged regardless of the cycle number. This was 

because the no fluidization process resulted in  

little change in granule size and weight changed during L/min and (b) 0 L/min 

granulation. These results indicate that the fluidization process played a 

significant role in PSG.  

3-2 Calculation Results  

The DEM-CFD simulations were performed for the crushing and 

fluidization processes for different air velocities. Fig. 3(a) and (b) show 

snapshots of the maximum height reached by particles at different air 

velocities during the crushing and fluidization processes. The particle lifting 

height increased with increasing air velocity for both crushing and 

fluidization processes. It was found from Fig. 3 that, at the same air velocity, 

the maximum height of particles in fluidization process was higher than that 

in crushing process. This was because the length of time for air to flow 

differed compression between the two processes, with the crushing process 

taking less time. In addition, the compression process was calculated under 

the condition of air inflow from the top surface at 3.0 m/s. Fig. 4 shows the 

snapshots of the particle behavior in the compression process calculated 

with different time step. A time step of 0.003 resulted in particles ascending, 

while a time step of 0.00025 resulted in a compression of particles. The 

appearance of calculation was improved by reducing the time step. This 

improvement was related to the Courant number. Specifically, the vessel 

used in this study acted as a reduction tube during the compression process, 

causing the flow rate to exceed the inlet one. Therefore, the time step 

should be set to keep the coolant number below 1. According to these 

results, the simulations for the three processes were successfully performed by a DEM-CFD method.  

4. Conclusion  

This study investigated the granulation process in PSG through the experimental and numerical analyses. It 

was revealed from the experiments that the fluidization process had a significant impact on granulation. 

Computational analysis confirmed variations in particle lifting height with different air flow velocities during 

crushing and fluidization. Improvements in calculation accuracy in compression were achieved by reducing 

the time step to maintain a Courant number below 1.   

 

Figure 2. Experimental 

maximum height of powder 

during PSG at air flow rates of 

(a) 250 L/min and (b) 0 L/min. 

 
Figure 3. Calculated maximum 

height of particles during (a) 

crushing and (b) fluidization 

processes. 

 
Figure 4. Snapshots of particle 

behavior in compression process 

calculated with different time 

step. 
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Hydrocyclones are used to separate particles by size across diverse industries. The operation stability inside 

the hydrocyclone is identified using discharge types linked to air core profiles characterized by their shape 

and diameter. This study introduces a machine learning model meticulously crafted the instant prediction of 

air core profiles. The model is constructed based on a modified graph neural network (GNN). It is rigorously 

trained with the data generated from the well-validated computational fluid dynamics (CFD) models. To 

enhance prediction accuracy, two key modifications are applied to this GNN-based surrogate model. One is 

the data smoothing to decrease the drastic changes in data. The other is the loss function modification to 

incorporate air core information. Comparative analyses involving this novel model, the original GNN, and 

RF models in predicting air core profiles demonstrates the superior accuracy of our proposed model in 

spatial distribution, radial distribution and air core type results. Additionally, a series of studies have been 

conducted to underscore the efficacy of our proposed model, including the distribution prediction of air core 

type and quality and air core optimization by combining the modified GNN and genetic algorithm (GA). 
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In the large-scale manufacturing of pharmaceuticals, a rotary tablet press is essential for producing medical 

tablets. The tablet fabrication process mainly consists of three steps: granulation, die-filling, and compression, 

among which the die-filling determines the weight of the tablets. Hence, this process has been extensively 

investigated in recent years. The existing experimental study reveals that a downward motion of lower 

punches and the depth of this downward motion are key factors for the efficiency of the die-filling process. 

Unfortunately, due to the limitations of experimental techniques, the mechanisms and physical phenomena 

behind the die-filling process have not yet been systematically investigated. Numerical simulations such as 

the discrete element method (DEM) coupled with the computational fluid dynamics (CFD), termed as to the 

DEM-CFD, are widely employed to facilitate the understandings of die-filling process. However, in the 

conventional DEM-CFD, the intricate fluid-particle interactions cannot be accurately calculated in a rotary 

tablet press due to a rotary motion of the disc. To address this critical issue, recently, the author’s group has 

developed a novel DEM-CFD method, which has enabled to conduct numerical simulations in the systems 

involved with arbitrary-shaped walls and complexly moving walls. In this method, the wall boundary 

conditions are modelled by the combination of the signed distance function (SDF) and the immersed 

boundary method (IBM). The adequacy of this approach has been validated in so many industrial processes 

including various scenarios of die-filling. In this study, this newly developed DEM-CFD method is adopted 

to simulate powder die-filling process in a rotary tablet press, and the interactions between particles and fluid 

will be systematically investigated. Through thus study, the relationship between the motion of the lower 

punch and fluid dynamics, the disc rotation speed, and their effect on the filling ratio are clearly revealed for 

the first time. 

 

Part of this study is financially supported by JSPS KAKENHI (Grant Nos. 21H04870).   
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This work presents a method to enhance the mass transfer rate in the liquid−liquid extraction process. In this 

method, discrete liquid films were realized by controlling the flow of the dispersed phase along a wire 

immersed in the continuous phase. An experimental setup was built to quantify the mass transfer of the liquid 

film. The results showed that liquid films increased the mass transfer efficiency by 40−65% compared to 

liquid droplets, enlarged the specific surface area by 53.3%−69.7%, and extended the residence time by 

27.6%−51.9%. Additionally, the effects of the wire height were examined under two different wire diameters 

to confirm the feasibility of the new extraction method. Finally, based on the experimental data of liquid 

films, correlations were formulated to predict the overall mass transfer coefficient. This study opens a new 

direction for the development of liquid−liquid extraction technologies. 

 

Figure 1. Abstract Graphics. 
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Thermally-thick biomass conversion exhibits intraparticle temperature inhomogeneity, which significantly 

influences the surface-to-core temperature equilibration and conversion time [1]. Computational fluid 

dynamic (CFD) simulations of the reactor-scale biomass conversion generally do not account for the effect of 

intra-particle temperature inhomogeneity. As a result, it overestimates heating and conversion rates, and 

causes a sudden release of volatiles [2]. However, the direct multiscale simulation method for considering the 

effect of intraparticle temperature inhomogeneity—coupling the particle-scale simulation and the reactor-

scale simulation simultaneously—is computationally impractical [3]. Recently, researcher [4] have 

developed the indirect multiscale simulation method, which considers the effect of intraparticle temperature 

inhomogeneity, while ensuring computational efficiency. In this work, we improve this indirect multiscale 

simulation method by proposing a new intraparticle model, which comprehensively considers the effect of 

temperature inhomogeneity on heat capacity, heat transfer, drying, and pyrolysis. First, we derive the non-

isothermal model using the space averaging method on the particle-scale transport equations. Second, by 

comparing the non-isothermal and isothermal models, we identify correction factors that evaluate the effects 

of temperature inhomogeneity on heat capacity, heat transfer, drying, and pyrolysis. Third, particle-scale 

simulations provide the evolution of intra-particle temperature and species concentration, allowing us to 

solve the correction factor functions (Figure 1). Finally, these correction factors are integrated into CFD 

simulations of reactor-scale biomass conversion. The model validation are carried out over both particle-

scale and reactor-scale levels by comparing the predictions against experimental data (Figure 2). Finally, we 

further apply this improved indirect multiscale simulation method to the simulation of an industrial-scale 

cement pre-calciner using coal and biomass as fuels. The simulation results indicate that the intra-particle 

temperature inhomogeneity significantly influences the cement pre-calciner performance (Figure 3). This 

improved indirect multiscale simulation method is expected to achieve both accurate and efficient 

predictions on thermally-thick biomass conversion over industrial-scale reactors. 

 

Figure 1. Schematic of corrected isothermal model derived from 1D non-isothermal model. 
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Figure 2. Model validation over particle scale and reactor scale under various operating conditions. 

 

Figure 3. Comparison of non-devolatilized biomass predictions between the isothermal (Iso) and corrected isothermal (Cor-iso) 

models for industrial-scale cement pre-calciner at different thermal substitution rates (TSR). 
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The complex fluid-particle-fine (FPf) reacting flows have been widely practised in many energy-intensive 

engineering processes, yet numerical methods capable of comprehensively describing the particle-scale 

thermochemical behaviours related to the FPf reacting flows were still lacking. In this work, a novel CFD-

DEM-DPM model is developed, for the first time, to describe the fluid, particles and fines reacting flows and 

their interactions. Then, to demonstrate its effectiveness, it is employed to simulate the co-combustion of 

coke and pulverized coal in a dynamic raceway in ironmaking blast furnaces (BFs). After model validation, 

the complex in-furnace phenomena related to the co-combustion of coarse coke particles and fine coal 

particles are comprehensively captured. Particularly, instead of the pre-set raceway treatment in the previous 

raceway simulations, a dynamic raceway cavity is predicted explicitly driven by the fluid-particle-fine 

interactions and further, inside the dynamic raceway, the combustion of coal fines including moisture 

evaporation, devolatilization and char reactions are presented in detail. Subsequently, the impact of 

operations with and without coal injections are quantitatively compared, showing that both the reducing gas 

and reaction heat from the coal combustion contribute to an expansion of the raceway cavity. Further, the 

effects of pulverized coal rate on the in-furnace phenomena are studied. The present work represents a 

significant breakthrough in the explicit modelling of FPf reacting flows, and provides a cost-effective tool for 

understanding FPf-related processes and developing new technologies including carbon–neutral ironmaking 

technologies. 
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The fast development in micron-scale computed tomography (micro-CT) technology has revolutionized our 

ability to distinguish the intricate interior structure of porous catalysts. Ethylene oxychlorination is a pivotal 

process in the production of vinyl chloride monomer (VCM), which is the precursor for the manufacturing of 

polyvinyl chloride (PVC). In this study, we conduct dual-resolution simulations based on the catalyst pellet's 

inner pores and the cylindrical pellets packing’s interstitial voids. In the first stage, we unveil the 

microstructural intricacies of a porous pellet employing micro-CT. In the second stage, Discrete Element 

Method (DEM) is applied to construct the packed bed structure at pellet level. The information acquired in 

the first stage is integrated into the packed bed structure and the dual-resolution reactor model is obtained. 

Reaction kinetics coupled Computational Fluid Dynamics (CFD) is then used to approach the intricate flow 

and reaction characteristics therein the dual-resolution model. The comprehensive flow patterns, heat and 

mass transfer phenomena, as well as the intricate details of reaction behaviours are initially conducted. The 

pellet’s coking phenomena observed in practice are well described by the current dual-resolution reaction-

CFD modelling. 

 

Figure 1. The velocity distribution contours in the selected catalyst pellets. 
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Gas-solid flows with non-equimolar reactions are frequently observed in numerous applications. Such 

reactions change the number of moles of the gas phase, consequently influencing the structures of gas-solid 

flows and the behavior of the reactions [1]. The coarse-grid simulation is extensively employed to model 

industrial-scale reactors, with their accuracy largely dependent on meso-scale models. However, existing 

meso-scale reaction rate models do not consider the influence of non-equimolar reactions. Addressing this 

limitation，this work introduces a novel reaction rate model that corrects the model established by Huang et 

al. [2], which only equimolar reaction is involved. MFiX software was utilized to simulate a series of high-

resolution fine-grid simulations of isothermal, solid-catalysed non-equimolar reactions within the reactor, 

and the ratio of the number of moles of the product gas to that of the reactant is set to be 2. The Morris 

analysis [3], filtering technique, conditional average and correlation analysis [4] are applied to scrutinize the 

results from these fine-grid simulations. The research explores the potential to correct the model using new 

markers such as the surrounding solid volume fraction, gas phase density gradient, velocity divergence, the 

Reynolds number derived from the filtered gas-solid slip velocity, and other variables as new markers are 

explored. The results indicate that the Reynolds number, based on slip velocity, is a critical marker. Then the 

Reynolds number is used as a unique variable to formulate the correction coefficient. The effectiveness of the 

new model is verified through both prior and posteriori tests in fluidized beds.  
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A dry inhalation drug powder, Budesonide, is often used to treat asthma and chronic obstructive pulmonary 

disease by respiratory inhalation. In this study, we demonstrate how to alter the powder properties 

(flowability, entrainment behavior, wettability) by surface modification of inhalation drug powders via 

atomic layer deposition (ALD) and molecular layer deposition (MLD). Different nanofilms were 

successfully deposited onto the Budesonide powders (size range of 0.1 to 10 µm). Specifically, Nano-scaled 

layers of inorganic (SiO2, TiO2, and Al2O3), organic (PET), and hybrid inorganic-organic (tatanicone) were 

coated on the surface of Budesonide particles via ALD, MLD, and combined ALD-MLD processes. The 

effects of different coating materials and coating cycles (thickness) on the wettability, flowability, and 

entrainment behavior of drug powders were investigated.  

Uncoated Budesonide powder is classified as a very hydrophobic material with poor flowability. The 

improvement in powder flow is reflected by the decrease in the angle of repose and minimum pick-up 

velocity, as well as promoting the pneumatic delivery of a much higher amount of drug powders after ALD 

or hybrid coating treatments. In contrast, organic-coated budesonide via MLD exhibits comparably poor flow 

as uncoated one. Rather than being transported in individual particles, the uncoated and PET-coated powders 

are pneumatically delivered in form of large clusters with a size of over 500 μm, whereas the ALD 

budesonide is dispersed in small agglomerates (<100 μm). The inorganic nanofilm deposited on the drug 

particles alters the surface chemistry to reduce the inter-particle forces measured by atomic force microscopy, 

giving rise to an improved drug delivery performance.  

Improvements in the wettability of drug powders coated with inorganic nanofilms via ALD are also observed, 

and the positive effect can be further enhanced by increasing the number of coating cycles. In contrast to 

ALD-coated Budesonide, PET-coated budesonide via MLD becomes super-hydrophobic compared to 

uncoated Budesonide.  

Knowledge gained from this study connects several key powder material length scales that provide a basis 

for a more mechanistic understanding of dry particle surface modification on bulk powder functionality.  

 

Figure 1. The improved flowability of drug particles enabled by FB-ALD coating.  

References   



- 114 - 

 

[1] F. Zhang, K. Wu, D. La Zara, F. Sun, M. J. Quayle, G. Petersson, S. Folestad, J. W. Chew, J. R. van Ommen, CEJ 2023, 142131.  

  



- 115 - 

 

Mixing/segregation behaviours for density difference binary particle bed 

 in a vibrating fluidized bed 

 
Yoshihide Mawatari,* Naoki Iwamura, Yuki Ishiyama 

 
Department of Applied Chemistry, Kyushu Institute of Technology, Kitakyushu, Japan 

*Corresponding author: mawatari.yoshihide675@mail.kyutech.jp 

 

This study investigated the fluidization characteristics under mechanical bed vibration for binary particle bed. 

In this study, the density difference particles with almost equal size were used as binary particle bed. The 

fluidized bed was made of transparent acrylic resin and its internal diameter was 65 mm. A sintered stainless 

plate was used as a gas distributor. The fluidizing gas was dry nitrogen and its flow rate was controlled with 

a mass flow controller. The bed pressure drop was measured with a differential manometer and the 

relationship between superficial gas velocity and bed pressure drop was obtained by the decreasing gas 

velocity method (de-fluidization method) to evaluate the minimum fluidization velocity (umf). A sinusoidal 

vertical vibration was added with a vibrator and the vibration frequency and the vibration amplitude were set 

with a function generator. The particles used in this study were spherical and their sizes and the true densities 

were varied from 30 to 100μm and from 2500 to 8000 kg/m3 respectively. Initially, the bed was fluidized 

with enough high gas velocity to mix the binary particles. Then the gas velocity and the vibration conditions 

were fixed for 5 minutes. After the fixed vibrating and fluidization conditions for 5 minutes, the gas velocity 

and the vibration were simultaneously stopped to form the fixed bed. The particles were sampled from the 

bed surface with a certain height and the weight of the sample was measured. The measured sample weight 

and the height obtained by the height difference before and after the sampling can evaluate the average 

density profile in the axial direction. Figure 1 shows the map of the flow pattern related to the operation 

conditions such as the superficial gas velocity and the vibration amplitude (vibration frequency was kept 

constant). With the lower vibration amplitudes, the bed was not segregated but mixed well. However, with 

larger vibration amplitudes than a certain magnitude, the bed was segregated and the boundary between 

upper and lower layers was recognized. In the conditions where the segregation occurred, the segregated bed 

turned into a mixed bed again as the gas velocity decreased. The vibration enhanced the migration of both 

different densities of the particle in the whole bed regularly, and it caused the diminishment of the 

upper/lower boundary. 

 

 

 

 

 

 

Figure 1. Map of flow patterns for binary particle bed related to the gas velocity and the vibration amplitude. 
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Calcium looping thermochemical energy storage (CaL-TCES) based on dense particle flow is a promising 

technology for large-scale long-duration energy storage and industrial decarbonization. In this work, the 

fluidization and thermochemical behaviors in the CaL-TCES reactor were investigated, using CFD-DEM 

coupled with a comprehensive heat transfer and inhomogeneous reaction models. Moreover, the effects of 

operating parameters on particle dispersion, heat transfer and heat storage performance were systematically 

explored. The results show that wall-particle conduction and radiation are main heat transfer modes in near-

wall zone, while central zone is an essential reaction site despite poor heat transfer performance. The reaction 

rate magnitude is mainly influenced by particle temperature 𝑇, while CO2 partial pressure ratio 𝑅𝑃𝐶𝑂2 near 

particles dominates reaction homogeneity. High 𝑇 in bubbling phase and low 𝑅𝑃𝐶𝑂2 in intermediate phase as 

well as reactor bottom induced them as main reaction sites. A certain range of fluidization number and 

particle diameter has a greater effect on dispersion coefficient, improving heat transfer and reaction 

homogeneity. Furthermore, high 𝑇 decreases chemical heat storage ratio and increases sintering probability. 
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The atomic layer deposition (ALD) modification on nanoparticles shows potential application. Fluidized-bed 

ALD is an efficient technology of nanoparticle dispersion and modification. We employed several forms of 

numerical simulations to investigate the ALD behaviour of nanoparticle agglomerates at different scales. 

Due to its cohesion, the nanoparticles are fluidized in the form of hierarchical agglomerates. Based on the 

Gordon`s diffusion and reaction model[1] for simple straight pores and trenches and Jin`s work[2], we 

developed a zero-dimensional diffusion-reaction model to simulate the coverage behaviour of primary 

agglomerations of nanoparticles. On this basis, we used computational fluid dynamics (CFD) to study the 

relationship between ALD coating behaviour and cluster structure (size, fractal dimension) of complex 

agglomerates composed of primary agglomerates. On the other hand, we used an adhesive CFD-DEM 

model[3] to study the impact of fluidization behaviour in the fluidized bed on the fluidization-ALD 

behaviour of the nanoparticle agglomerates. According to the simulation results, for each primary 

agglomerate, its saturation time scales with the number of particles contained in the agglomerate as a power-

law relationship, and the power exponent is a function of the agglomerate fractal dimension. For the 

fluidized bed, as the utilization rate of precursor is high, the overall saturation time of the bed is mainly 

limited by stoichiometry, and the coverage uniformity among the particles is related to the fluidization state, 

and the best coverage uniformity of particles is achieved under the most homogeneous fluidized condition. 
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Cyclone separators have been widely utilized in the industry for decades. Classic Stairmand cyclone designs 

show good performances and are almost the standards in industry. However, the Stairmand cyclone designs 

do not consider the inlet and outlet geometries, which vary in various fields depending on the site spaces and 

applications. Here, Computational Fluid Dynamics (CFD) is employed to study the performances and 

hydrodynamics of Stairmand cyclones with different inlet and outlet designs. The effects of different types of 

inlet and outlet geometries on the separation efficiency,  pressure drop, and vorticity distribution inside the 

cyclone separator are evaluated. The discrete particle phase is also considered by a two-way coupling 

technique. A more complex outlet design would increase pressure drop, while the separation efficiency 

depends on different modules. This work also focuses on the vortex core center positions inside the cyclone, 

which present higher eccentricity at the conical part and top of the cylindrical part. 

 

 

Figure 1. (a) The geometry of different outlet designs. (b) the vortex core center diagram. 
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Most of the mesoscale drag modelling processes for gas-solid two-phase flow are based on periodic systems. 

However, in such systems, the flow field is statistically homogeneous and isotropic, whereas the real 

fluidized bed presents a heterogeneous and anisotropic distribution. The influence of convective transport on 

mesoscale drag has been seldom considered in periodic systems as the convection term of momentum 

equations only varies within a limited range. However, in real fluidized beds, the fluid convection may play a 

significant role and have a notable impact on the drag force. 

This study conducts a series of numerical simulations for fluidized beds with different sudden expansion 

sections using a highly resolved two fluid model (TFM). Flow field data containing acceleration zones are 

then collected. Based on a priori analysis, it is observed that convection terms in acceleration zones are much 

larger in magnitude with those in periodic systems, and the convection transport has a notable impact on the 

heterogeneous drag. In general, the presence of convection facilitates the formation of mesoscale structures, 

further reducing the filtered drag force compared to the uniform state. The heterogeneous characteristics 

intensifies as convective transport of the fluid increases, while the influence of convection will gradually 

vanish as the local solid volume fraction increases. Previous researches [1] have reported a linear relationship 

between the filtered gas-phase pressure gradient and the filtered drag in periodic systems. With a force 

balance analysis of the momentum equations, it is found that this linear relationship still holds in the 

acceleration zones where significant convection occurs. Both priori and posteriori analyses of the filtered 

drag in the acceleration zones indicate that predictive capability of drag models constructed solely with solid 

volume fraction and gas-solid slip velocity can reduce significantly in the acceleration zones, suggesting that 

additional markers may need to be introduced to consider the impact of convection. While the gas-phase 

pressure gradient implicitly contains the effects of local convection, models incorporating this physical 

quantity also demonstrate good accuracy for the flow behaviour in the sudden expansion fluidized beds.  
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Under the context of "carbon peaking and carbon neutrality" and "resource utilization," the coproduction of 

sulfuric acid and cement from phosphogypsum through Sulphur reduction is crucial for the sustainable 

development of the phosphorus chemical industry. This study employs a combination of numerical 

simulation and experimental methods to analyse the reaction process of Sulphur vapor in different forms (S6, 

S4, S2) during the pre-reduction of phosphogypsum in a reduction furnace. This approach compensates for the 

single limitation of Sulphur vapor participating in reactions only in the form of S2, thereby making the 

reaction mechanism of gaseous Sulphur reduction of phosphogypsum more closely aligned with actual 

production conditions.  

 

 

 Figure. 1 Pilot test system of dilute phase fluidization    Figure. 2 Process Flow Diagram of pilot test   
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The efficient separation of particles smaller than 10 μm in flue gas poses a significant challenge in industries 

such as petroleum, chemical, and environmental sectors. This study employs the Eulerian-Lagrangian method 

to conduct numerical simulations of a novel secondary separation cyclone separator. Specifically, the 

research investigates the influence of the number of narrow slots in the secondary separation structure and the 

inner cylinder's radius on the separation efficiency of fine particles and the resulting pressure drop. The 

results demonstrate that the new design enhances the separation efficiency of particles smaller than 10 μm by 

8-10% compared to conventional cyclone separators. Importantly, particles separated by the secondary 

separation structure contribute 5.54% to the overall separation efficiency, while the associated increase in 

pressure drop remains within an acceptable range. These findings offer valuable insights for enhancing the 

separation of fine particles in gas-solid separation processes.  

  

  
Figure 1. The three dimensional models and the structure diagrams.  

Based on A spiral cyclone (Type-A) structure with high separation efficiency, a secondary separation 

structure is proposed as shown by Type-B in Fig 1. Table 1. shows the basic dimensions of the cyclone 

precipitator corresponding to Fig 1.  
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Figure 2. The separation efficiency of three cyclone separators.  

 

Table 2. The total separation efficiency of three cyclone separators. 

Cyclone separators  Total separation efficiency (%)  

Type-A  70.00  

Type-B  79.10  

Type-B(s)  5.54  

 

Fig 2 shows the classification separation efficiency of the two cyclone separators.Compared to the Type-A 

cyclone separator, the Type-B cyclone separator demonstrates a significantly improved separation efficiency 

for fine particles (particle diameter less than 5 μm). In particular, the secondary separation structure notably 

enhances the separation efficiency of fine particles with a particle size of 3 μm, achieving an impressive 

28.96% improvement.  
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An efficient biomass gasification process requires a comprehensive understanding of the physical and 

chemical phenomena occurring at multi-length and time scales. The non-spherical shape of biomass particles 

increases the difficulty of multi-scale simulation. In this study, a multiscale computational approach was 

developed and validated for cubic biomass by integrating a superquadric particle method with chemical 

reaction kinetics and computational fluid dynamics in open-source code MFiX [1]. The recently developed 

superquadric DEM model was employed to describe the non-spherical particle-particle contact and gas-

particle interaction [2]. The De Felice-Holzer/Sommerfeld hybrid model was used to calculate the drag force 

on particles, and Richter & Nikrityuk correlation was employed for gas-solid heat transfer [3]. Drying, 

pyrolysis, gasification, combustion, water-gas shift reactions were considered for gasification process. In the 

particle reaction model, it is assumed that the size of cubic particle shrinks with the constant density and 

particle shape (same aspect ratio).  

The established model was first validated by comparing with experimental data for the combustion of a 

single cuboid particle. Then the gasification process of cubic biomass in a bubbling fluidized bed is 

simulated. The cubic biomass particles were continuously fed from the inlet of left wall. The flow pattern, 

temperature and gas component distributions inside the bed are presented, as shown in Figures 1 and 2. The 

effects of key operating parameters on product gas compositions are studied in terms of biomass size, bed 

temperature, and air equivalent ratio. The particle-scale characteristics such as the evolution process of 

particle size, temperature, and component were emphatically analyzed. 

 

Figure 1. Particle size and temperature inside the bed. 
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Figure 2. Distributions of gas compositions inside the bed. 
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In the preparation of tristructural-isotropic (TRISO) coated nuclear fuel particles by fluidized bed-

chemical vapor deposition (FB-CVD) technology, UO2 kernels are fluidized in the spouted bed and coated 

with pyrolysis carbon and silicon carbide. According to Geldart classification of powders, particles are 

classified into four groups (A, B, C, D), as shown in Figure 1(a) [1], and the high-density particle like UO2 

kernel is characterized as group D, which requires a high gas flow in a spouted bed [2]. Since its invention 

in 1955, the spouted bed, a unique type of fluidized bed designed for handling Geldart D-type particles, 

has been utilized in various applications including particle coating, drying, and surface modification [3]. In 

the conventional spouted bed, particles have stable circulations, and undergo three distinct regions: the 

spouting region, fountain region, and annulus region [4], as can be seen in Figure 1(b).  

In a newly designed dispersed nuclear fuel, big nuclear coated particles are mixed with small coated 

nuclear particles together, then compressed into fuel element matrix to increase the particle packing 

fraction [5]. Therefore, large and small nuclear kernels are fluidized together in the coated particles 

preparation process, which is a hot topic in nuclear fuel research. Computational fluid dynamics-discrete 

element method (CFDDEM) is used to simulate the co-fluidization behaviours of binary particle systems 

in the spouted bed [6]. Liu et. al. studied the segregation directions of binary mixtures of Geldart B 

particles in bubbling fluidized beds and a combined model was proposed [7]. Under suitable conditions, 

both particles can achieve good fluidization states, as shown in Figure 2. However, the unstable states are 

obtained in fluidization behaviours of only small particle system. It can be found that the spouting region 

deviations, leading to unstable circulations and particle fluidization vibrations, as shown in Figure 3. The 

particle trajectories in the cases above are obtained, as shown in Figure 4 and Figure 5. It can be found that 

the trajectories in binary particle systems are more regular than those in single small particle systems.   

There are some previous researches about this topic. Yue et. al. studied the spout deflection in the spouted 

bed using CFD-DEM method, and the deflection angle was defined and quantitatively studied to provide a 

method to characterize and quantify spout deflection [8]. Zhou et. al. studied the effects of particle density 

on particle movements in the spouted bed using CFD-DEM method, and analysed particle drag, pressure 

gradient force, gravity, and contact force [9]. Here, the underlying mechanisms of binary particles 

cofluidization are investigated based on analysis of particle-particle interaction forces. The fluidization 

behaviours of a series of single and binary particle systems were obtained. In the fluidization processes of 

binary particle system, the transition point from stable to unstable fluidization with the increase of large 

particle number was found, as shown in Figure 6. The forces between particles were obtained and 

compared between single and binary particle systems, as shown in Figure 7. Normal and tangential contact 

force in binary particle systems were drawn, and the distribution of intensity of particle normal and 

tangential contact forces were obtained, as shown in Figure 8. The evolution of particle forces with 

increasing large particle numbers were given. It can be found that the large particle-small particle 

interaction force is the dominate factor for maintaining the stable spouted state in binary particle spouting 

behaviour.  
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In this research, the fluidization mechanism of varying particle systems was studied in detail, and the 

reasons for the establishment of stable circulations in binary particle systems were revealed from the view 

of force analysis. These findings will be beneficial for the fluidization research of binary particles, such as 

nonspherical particles or even two-dimensional flakes fluidization with spherical particles in the future, 

and also give some guidance for coating technology parameters of nuclear fuel particles, aimed at 

increasing the particle packing fraction in preparing the dispersed nuclear fuel elements.  
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Although the internal structure of slurries is generally evaluated through rheological properties, this does not 

always provide correct results. Direct observation of the internal structure, performed simultaneously with 

rheological properties, is an effective solution to this problem. In this study, in-situ observation of the 

internal structure and rheological characterization of alumina slurries as the temperature increase were 

carried out simultaneously using a combined optical coherence tomography (OCT) and rheometer system. 

OCT images showed that the temperature increase resulted in inactive particle motion, meaning that the 

slurry flocculated. The storage modulus increased with this internal structural change. This transition 

temperature increased with as the amount of dispersant added, which dominates the dispersibility of the 

particles, increased, but the tendency was founded to be consistent. The change in the adsorption state of the 

dispersant on the particles with increasing temperature is considered to have caused the slurry to agglomerate.  
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In this study, the influence of the contact number, the contacts of the ball-to-ball and ball-to-wall, shear 

energy, and impaction on the evolution of metal powder characteristics was studied with DEM simulation. 

The characteristics of metal powders were studied in a planetary ball mill under various experimental 

conditions, such as three different ball sizes, rotation speeds, and milling times, using a discrete element 

method (DEM) simulation. The particle morphology and size evolution of metal powders were determined 

using scanning electron microscopy (SEM) and particle size analyzer (PSA). To determine the contact 

number between the ball and the wall as well as the motion of the ball within the planetary ball mill, the 

shear end impact energy produced during the collision was examined using the DEM simulation. When 

compared under the same experimental conditions and energy, the morphologies of metal powder particles 

were radically different. The characteristics of raw metal powder were found to have an impact on the 

experimental results. 

Keywords: metal powder, particle morphology, particle size, shear energy, impaction. 

 

Figure 1. Histogram of ball impaction distribution per moment of ball diameter with (a) 1 mm, (b) 3 mm, and (c) 5 mm during the 

ball milling process at different rotation speeds [1]. 

References 

mailto:hkchoi99@changwon.ac.kr


- 130 - 

 

[1] B.Jargalsaikhan, A.Bor, K.S.Kim, H.Choi, Particuology 2024, 90, 41-50. 

 

Non-parametric evaluation for particle size distribution analysis 

Tatsushi Matsuyama 

Faculty of Engineering, Soka University, Hachioji Tokyo Japan 

 

How many particles have to be measured is a traditional question in general in powder technology. In the 

particle size distribution analysis, various conditions such as sampling and dispersion can affect 

measurement errors or variations. One important factor is sample size (the number of particles involved in a 

single measurement), which leads statistical error, also known as fundamental error. The study of the 

requir3d number of particles for precise measurement has a long history. Recently the concept of 

‘metrological traceability’ has become important, the original question has to be rephrased, requiring an 

estimate of uncertainty of measurement due to fundamental error, although the basic mathematics remain 

same. 

Traditionally, a parametric analysis based on a mathematical distribution function was used. The advantages 

of using a parametric distribution are: (1) Many mathematical theories are available, (2) Few parameters are 

needed to describe the entire distribution, and (3) Probability charts can be used. However, real sample 

populations do not exactly follow a mathematical distribution. Therefore, non-parametric analysis methods 

are needed. The bootstrap method is one such non-parametric method and is simple to use. With a dataset of 

sample size N, re-sampling with replacement is conducted to obtain a bootstrap sample of the same size. 

Repeating the bootstrap sampling gives a set of bootstrap samples, which approximate real samples well. 

This method simulates real samples using a computer instead of repeating actual measurements multiple 

times. 

In this presentation, the bootstrap method will be introduced, and its performance using mathematical 

simulations with log-normal distribution will be shown for number-based distribution. Additionally, the 

conversion from number-based to mass-based distribution in data processing and the use of the Hatch-Choate 

formula will be discussed. 
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Additive manufacturing of ceramic components has attracted wide attention due to its possibility to shape 

on-demand structures which are difficult to be realized using conventional processing methods. Vat 

photopolymerization using photocurable suspension is one of the promising additive manufacturing methods 

which can achieve high resolution printing, and therefore, ceramic components with various structures have 

been demonstrated to be printed up to date [1]. However, most processes require the usage of organic 

solvents and involves long debinding due to the exceeded amounts of monomers/polymers treated in the 

photocurable suspensions. Herein, in order to develop a greener and efficient additive manufacturing route 

for ceramics, we design a new photocurable alumina suspension which is aqueous and can be photocured by 

interparticle photo-cross-linking reactions using reduced amounts of monomers. 

For the design of the suspension, briefly, alumina particles were dispersed in an ion-exchanged water with 

the aid of L-asparagine and ball milled for 24 h. Then, photo-radical initiator and water-soluble bi-functional 

acrylate (BA, 5-20 vol% to particles) was added to the suspension. The flowing behavior and photocuring 

behavior were characterized by a rheometer equipped by a photo-illuminating apparatus. The microstructures 

of photocured bodies were evaluated by FE-SEM. The designed photocurable alumina suspension was 

applied to 3D structuring process using a digital light processing (DLP) based 3D printer. 

Figure 1(a) presents the flow curves of the designed alumina aqueous suspension (30 vol%) with various 

amounts of BA. All suspensions possessed flow curves without having a hysteresis character in the course of 

increasing and decreasing of the shear rates. This result indicates that no strong aggregates were present in 

the designed suspension. The changes of storage modulus (G’) of the suspension before and after photo-

irradiation is shown in Figure 1(b). It was confirmed that the G’ values of the suspension effectively 

increased after photo-irradiation which indicates that the designed suspension is photocurable. The 

suspensions containing higher BA content possessed lager changes in G’ due to higher concentration of 

interparticle cross-links. By comparing the FE-SEM images of raw alumna particles and the microstructures 

of photocured bodies, it is confirmed that polymer networks were formed among the particles. Figure 3 

presents an example of the DLP-3D printed alumina parts by using the designed aqueous suspension. 

Interestingly, an over-hanged 3D structure was printable without an addition of UV adsorbers and/or 

polymerization inhibitors. Due to the reduced amounts of monomers used in the suspension, the photocured 

bodies were de-bindable/sinterable into dense alumina through rapid firing (10ºC/min) without occurring any 

structural collapse. 

 

 

 



- 132 - 

 

 

Figure 1. Flowing behaviour of photocurable aqueous alumina suspension:  

(a) flow curve and (b) storage modulus before and after photo-irradiation (UV light irradiated at 30 s). 

 

 

Figure 2. FE-SEM image of (a) raw alumina particles and (b) photocured alumina body (BA content: 7.5 wt%). 

 

 

Figure 3. Sintered body of DLP-3D printed alumina body. 
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Although it is generally considered that in the wet forming of ceramics, lower viscosity slurries yield denser 

green bodies, this correlation does not always apply. Furthermore, inhomogeneity such as density distribution 

that occur during drying can lead to cracking and deformation. To accurately address this issue, it is 

important to understand the internal structural changes and the development of inhomogeneities during the 

drying process of the slurry. In this study, the internal structure of slurries during drying was observed using 

optical coherence tomography (OCT), which allows high-speed and high-resolution observation of the 

internal structure of opaque bodies, to visualize the effect of the saponification degree of polyvinyl alcohol 

(PVA) added to the slurry on the change in internal structure. 

SiO₂ powder (KE-S-30, Nippon Shokubai Co., Ltd.) was added to ion-exchanged water at 45 vol%, and 

polyethyleneimine (PEI1800, Fuji Film Wako Chemicals Co., Ltd.) was added as a dispersant. Thereafter, 

PVA (Fujifilm Wako Chemicals Co., Ltd.) with different saponification degree (99.27, 81.32 and 65.53%) 

was added, and three types of slurries (Slurry A, B, and C in descending order of saponification degree of 

PVA) were prepared by ball milling. The absence of hysteresis in the flow curves evaluated using a 

rheometer indicates that the SiO2 particles in the slurry are highly dispersed. The slurries were formed into 

sheets and the cross-section of the sheet slurry during the drying process was observed using a combined 

OCT-TG system, consisting of an SS-OCT (IVS-2000-WR, Santec Corporation, 3.7 µm resolution) and an 

electronic balance (UX1020H, Shimadzu Corporation) equipped with an infrared heater. The heating was 

continued at an ambient temperature of 50°C until there was no change in weight. 

Figure 1 shows the relationship between the apparent viscosity of the slurries and the relative density of the 

green bodies. Although the apparent viscosity of slurry C was lower than that of slurry A, the relative density 

of the green body made from slurry C was lower. There is a possibility that the dispersion of the particles 

during the drying process depends on the degree of saponification of the added PVA.  

Figure 2(a) shows OCT images of the cross-section of slurry A in the early stages of the drying process. The 

speckle pattern in the images changed with time. This is because the particles in the slurry are well dispersed, 

and the internal structure is constantly changing due to Brownian motion of particles. Subsequently, as the 

slurry dried, areas of different contrast appeared on the slurry surface. The degree of change in the speckle 

pattern was evaluated using the motion detection method [1], which confirmed that there were few pixels 

determined to be in motion in these area (Figure 2(b)). This resulted from the decrease in the quantity of 

dispersing medium as drying, which reduce the distance between the particle surfaces and caused particle 

agglomeration, thus suppressing Brownian motion of particles. As drying progressed, the agglomerated area 

developed toward the bottom of the slurry. Figure 3 shows the relationship between the ratio of the 

agglomerated area and the dry basis moisture content in the slurry. The ratio of agglomerated areas decreased 

with an increase of the moisture content, independent of the type of slurry, i.e. the degree of saponification of 

the added PVA. In the early stages of drying, the degree of saponification of the added PVA had no effect on 

the development of the agglomerated areas.  
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Thereafter, agglomeration progressed from the surface and also from the edges of the slurry. At this time, 

deformation occurred because of the volume change during agglomeration. Figure 4 shows OCT images and 

displacement in the agglomerated areas estimated by digital correlation method. The magnitude and 

distribution of the displacement depended on the slurries. This is attributed to the difference in the 

mechanical properties of the agglomerated area, which are related to the surface state of the particles, 

depending on the degree of saponification of the added PVA. 
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Figure 1. Relation between apparent 

viscosity of slurries at 10 s-1 and relative 

density of green bodies. 

Figure 2. OCT images of cross-section 

of slurry A, (a): raw image, (b): Result 

of applying motion detection method. 

Figure 3. Development of 

agglomerated areas with the 

progression of drying 

 

Figure 4. Displacement of agglomerated areas visualized by applying digital image correlation method 
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Pulmonary drug delivery (PDD) is a non-invasive method which leverages the extensive lung surface area to 

enhance drug absorption and can avoid the first-pass effect. The inhalation of biologics such as proteins and 

nucleic acids holds great promise for the treatment of both lung and systemic diseases. However, the natural 

barriers including mucociliary, alveolar macrophage, enzyme, pulmonary surfactant, and epithelium 

influence the absorption of the inhaled biologics. The drug absorption is also influenced by the aerosol 

transport and deposition, which varies based on pharmacokinetic (PK) differences in different anatomical 

positions. Lung deposition is challenging to be controlled due to variations in formulation, devices, usage, 

and airway geometry. Compared with small molecules, biomacromolecules are more unstable especially 

during the preparation and usage of inhaled drugs. The atomization and micronization processes can 

introduce shear stress and dehydration, potentially compromising the efficacy of the drugs. These processes 

will impact microstructures of drugs, which can further affect their properties and functionalities. As a result, 

the research focused on investigating the two critical processes to develop a platform for inhaled 

biomacromolecules in both solution and powder forms.The inhalable human TSLP single-domain antibody 

dry powder was prepared via spray drying (SD) for decreasing aseptic and cold chain requirements. The 

results showed that drug aerosol performance is linked to their microstructure. In addition, redissolved 

human TSLP single-domain antibody exhibited promising blocking activity compared to commercialized 

Tezepelumab and CSJ-117-FAB. 

 

 

Figure 1. SEM images of SD dry powder of TSLP Single-domain Antibody. 
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Table 1. NGI results of SD dry powder of TSLP Single-domain Antibody. 

Gly:Leu 1:1 3:1 1:3 

D50/μm 9.12 6.18 5.29 

FPF/% 26.174 45.171 47.238 

MMAD/μm 5.034 4.953 4.203 

GSD/μm 1.969 1.894 1.904 

R2 0.993 0.999 0.966 
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A robust method for enhancing the dispersion and stabilization of small metal nanoparticles in heterogeneous 

catalysts is developed. It involves in situ complexation of palladium(II) by histidine, in water, prior to 

impregnation in fumed silica. TEM images show that the histidine facilitates dispersion of the Pd(II) into 

finer nanoscale particles (2 nm) uniformly distributed on the support, rather than the large clusters (5 nm) 

seen in the absence of histidine. After hydrogen reduction, assessments using CO chemisorption and 

propylene hydrogenation indicate that the coordinated histidine might obscure the active sites on the Pd 

particles. However, as histidine decomposes between 220-300°C in air, these materials were treated at 225°C 

in air for 48 h. Afterwards the Pd(II) particles remain the same size, but after hydrogen reduction, there is a 

2.4-fold increase in CO gas adsorption, indicative of an expanded Pd surface area. Furthermore, superior 

catalyst stability (activity >200 h) is observed during propylene hydrogenation at 250°C. This is consistent 

with histidine use having generated widely spaced, uniformly small, Pd nanoparticles on the silica support 

which is expected to help prevent agglomeration (sintering) during catalysis. This is a convenient low-cost 

strategy for reducing metal content, preventing sintering and optimizing catalyst performance.  

 

Figure 1. Structures of a) square planar 1:1 histidine-palladium complex,[1] b) octahedral 1:1 histidine-metal complex,  

c) octahedral 2:1 histidine-metal complex (Note: M = Ni2+, Cu2+, Zn2+). 
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Figure 2. TEM images of: a) Pd-His-1-0 (without histidine, control) and, b) Pd-His-1-1.4 (with histidine to Pd ratio of 1.4). 

  

Figure 3. a) comparison highlighting the significant effect of histidine stabilization on Pd nanoparticles on the silica support. 

Reaction conditions: 0.502 g of catalyst; 3.1 sccm of propylene, 3.1 sccm of hydrogen, and 44 sccm of Ar; T = 250 °C and 

P = 1.1 bar.  b) Pd dispersion over silica support prepared at different histidine-to-Pd ratios, with and without subjected to 

histidine decomposition conditions (225 °C for 48 h) and propylene hydrogenation (250 °C for 24 h). Note: an asterisk 

indicates the Pd dispersion could not be measured by CO pulse chemisorption due to the coverage of active surface by 

excessive histidine. 
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Innovative techniques for fabricating and seamlessly integrating customized nano-materials into complex 

optoelectronic semiconductor systems, such as organic light-emitting diodes and thin-film solar cells, are 

of paramount significance in the ongoing energy transition. With a surging demand for these technologies 

and a concurrent scarcity of rare earth materials in semiconductors, aluminum-doped zinc oxide (AZO) 

nanoparticles have emerged as an economically viable, eco-friendly substitute for indium tin oxide 

(ITO). [1-2] Our research leverages the versatile sol-gel synthesis method to create homogeneous AZO 

nanoparticles, allowing precise control over size and morphology through key parameter adjustments, 

including temperature. These variations impact the transparency and conductivity of solar cells, positioning 

our research as pivotal in renewable energy (see Fig. 1). To achieve precise control in a batch reactor, we 

employ a process controller, a model-based soft sensor, and online UV-Vis spectroscopy. This system 

continuously measures the real-time mass concentration of AZO, providing input for the model-based soft 

sensor. Leveraging population balance equations (PBE), the soft sensor offers real-time particle size 

distribution (PSD) data, with model parameters identified through offline Small-Angle X-ray Scattering 

(SAXS) and Dynamic Light Scattering (DLS) measurements. 

 

Figure 1. The process temperature is a key control parameter to influence the AZO sizes, as well as the transparency and 

conductivity of solar cells. 

At the upcoming APT 2024 within the sub-theme characterisation, we will present our findings on AZO 

sol-gel synthesis, elucidate the population balance model parametrized by SAXS and DLS, showcase UV- 

Vis measurements, and detail an innovative approach for automated AZO production. Our work advances 

the synthesis of nanomaterials for emerging technologies, promising precise control over AZO particle and 

product properties. 
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Mixing plays a significant role in a broad area of industries e.g. fine- and petrochemicals, food and pharma 

and mineral processing. The design of mixing processes is usually done using empirical formulations, 

calculations based on numerical fluid dynamics and experiences with regards to certain mixing applications. 

Core topics in mixing are homogeneous blending in tanks, dispersion of gases in liquids or liquids in liquids, 

improvement of heat transfer or suspension and distribution of solids in liquids. The selection of the 

appropriate stirrer type is done with respect to the desired flow (axial, radial, tangential) and the rheological 

material properties as it is shown in [1].a. The change of the mixing task or a significant material parameter 

during the process leads to reduced process efficiency, the need of higher mixing times or lower mixing 

quality. Changing the tool is often not economically viable due to the changeover costs and production 

downtime. In order to process different tasks in a wide range of applications in the same mixer, a mixing tank 

with variable tools was developed in cooperation with the Co. Kniele GmbH. It is shown in [1].b. For highly 

viscous materials, a close-clearance helical ribbon impeller is implemented (1 in [1].c). The flow pattern of 

low viscosity fluids can be influenced by a centric stirrer with changeable blade angles 2 in [1] c. An axial 

flow can be achieved by pitching the blades of the main stirrer. Performing different tasks such as dispersion, 

aerating and suspending subsequently in the same mixer is hence possible at high efficiency without 

changing the tool. On top changes the mixing performance due to fluctuating process parameters can be 

dynamically compensated using an automated design of experiments approach.  

  

Figure 1. a: Classification of stirrers according to predominant flow pattern and range of viscosity (Zlokarnik 2001). b: Multi-

purpose mixer developed with Co. Kniele GmbH; c: Actuators of the multi-purpose mixer. (1) helical ribbon stirrer and turbine stirrer 

with changeable blade angles (2) 

The energy introduced into the fluid can be used as target parameter to quantify the quality of a dispersion 

process. For the stirrer shown in [1],Error! Reference source not found. a variety of settings is possible due 

to the three independent actuators, which can be optimised dynamically to reach an optimum energy input. 

For the detection of the optimal settings, a control algorithm was developed, which we call automated design 

of experience. The algorithm changes the speed of main and coaxial stirrer and blade angle in a sequential 

2 

1 
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order and evaluates whether an improvement or degradation regarding energy input results. The current 

intake of the main stirrer is used as an indicator for the energy input into the fluid. 

A test run of the control algorithm applied on the multi-purpose mixer is shown in Figure 2. The target of the 

algorithm is to make only small changes and determining, whether an improvement is achieved. At the very 

beginning, the first actuator main stirrer started at a positive speed leading to an increase of current 

consumption of the stirrer drive. The speed was increased in small steps to increase the energy input in the 

system. In the second section, the blade pitch was adapted to increase the energy input. After finding the 

maximum, the variation of the third actuator, the speed of the helical ribbon stirrer started. After a decline of 

the target value resulted by starting the helical ribbon in positive speed direction, the control algorithm 

changed the rotational orientation in negative direction which led to a further increase in current intake. The 

final operating mode was determined with maximum speed of the main stirrer, maximum drag (flow 

resistance) of the blades and maximum speed of the helical ribbon reversed to the main stirrer. The operating 

mode can be used for mixing tasks like dispersion or homogenization were a high power input into the fluid 

is needed. 

 

Figure 2. Test run of the automated design of experience applied on the multi-purpose mixer with current intake as target parameter 
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A robust method for enhancing the dispersion and stabilization of small metal nanoparticles in heterogeneous 

catalysts is developed. It involves in situ complexation of palladium(II) by histidine, in water, prior to 

impregnation in fumed silica. TEM images show that the histidine facilitates dispersion of the Pd(II) into 

finer nanoscale particles (2 nm) uniformly distributed on the support, rather than the large clusters (5 nm) 

seen in the absence of histidine. After hydrogen reduction, assessments using CO chemisorption and 

propylene hydrogenation indicate that the coordinated histidine might obscure the active sites on the Pd 

particles. However, as histidine decomposes between 220-300°C in air, these materials were treated at 225°C 

in air for 48 h. Afterwards the Pd(II) particles remain the same size, but after hydrogen reduction, there is a 

2.4-fold increase in CO gas adsorption, indicative of an expanded Pd surface area. Furthermore, superior 

catalyst stability (activity >200 h) is observed during propylene hydrogenation at 250°C. This is consistent 

with histidine use having generated widely spaced, uniformly small, Pd nanoparticles on the silica support 

which is expected to help prevent agglomeration (sintering) during catalysis. This is a convenient low-cost 

strategy for reducing metal content, preventing sintering and optimizing catalyst performance.  

 

Figure 1. Structures of a) square planar 1:1 histidine-palladium complex,[1] b) octahedral 1:1 histidine-metal complex,  

c) octahedral 2:1 histidine-metal complex (Note: M = Ni2+, Cu2+, Zn2+). 
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Figure 2. TEM images of: a) Pd-His-1-0 (without histidine, control) and, b) Pd-His-1-1.4 (with histidine to Pd ratio of 1.4). 

  

Figure 3. a) comparison highlighting the significant effect of histidine stabilization on Pd nanoparticles on the silica support. 

Reaction conditions: 0.502 g of catalyst; 3.1 sccm of propylene, 3.1 sccm of hydrogen, and 44 sccm of Ar; T = 250 °C and 

P = 1.1 bar.  b) Pd dispersion over silica support prepared at different histidine-to-Pd ratios, with and without subjected to 

histidine decomposition conditions (225 °C for 48 h) and propylene hydrogenation (250 °C for 24 h). Note: an asterisk 

indicates the Pd dispersion could not be measured by CO pulse chemisorption due to the coverage of active surface by 

excessive histidine. 
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The development of flexible substrates has been one of the active research fields in recent years. In particular, 

stretchable wires, which connect these devices and are employed internally, have emerged as critical 

components. Previous studies have proposed to use conductive elastomers [1] and wavy-structured wiring to 

achieve stretchability [2]. However, these technologies still have limitations: conductive elastomers have 

lower conductivity than metal wiring, and wave-structured wiring tends to crack at stress concentrations. As 

an alternative solution, which focuses on the healing of wires instead of the material itself for longer life 

cycle, a self-healing wiring system has been developed, as shown in Figure 1 [3]. In this system, the wires 

are covered with a solution of dispersed metallic nanoparticles. When a crack occurs, an electrostatic field is 

generated near the cracked area by applying an AC voltage on the cracked electrode.  This attracts and traps 

the dispersed particles due to a dielectrophoretic force, resulting in the bridge of particles that repairs the 

crack. The morphology of the particle bridge is affected by the amount of particles flowing into the crack 

under the balance between the dispersion flow generated by the AC electric field and the dielectrophoretic 

force. In this study, we conducted simulations to investigate the effects of a dispersing liquid’s property on 

the particle flow rate near the crack and the healing process. 

In the simulations of the self-healing wire system, the generated electrostatic field and the induced dispersion 

flow near the crack were calculated using COMSOL Multiphysics𝑇𝑀 software. Due to the symmetry of the 

wires on either side of the crack, only the right half area is considered, with the corresponding boundary 

conditions applied as shown in Figure 2. When an AC voltage is applied to one electrode while grounding 

the opposite electrode in this system, two types of flows occur above the wires: AC electro-osmosis flow 

(ACEO flow) and electro-thermal fluid flow (ACET flow) [4]. To account for these flows, calculations were 

performed using the boundary conditions: 𝑣 = 𝑈𝑠𝑙𝑖𝑝  is applied on the electrode surface for the electro-

osmotic velocity, and 𝑓 = 〈𝑓𝐸𝑇〉 was considered as the volume force driving the electro-thermal fluid flow in 

the Navier-Stokes equations. From the calculation results, the combined field of drag forces due to the flows 

and the dielectrophoretic force was obtained under the parameter variations of the dispersing liquid and the 

applied voltage. The particle flow rate was subsequently calculated from the velocity of the dispersion 

flowing into the crack area, under the assumption of a constant particle number density. The frequency of the 

applied voltage is varied from 100 Hz-to 1 MHz at 30 Vp-p. The calculation results are shown in Figure 3. 

The left figure illustrates the particle flow rate under each condition, while the right one shows the fluid flow 

at the conductivities of 1.0 × 10−3~1.0 × 10−6[𝑆/𝑚]. The results indicate that a higher particle flow rate is 

associated with higher conductivity of the dispersion and lower frequency of the applied voltage. As the 

conductivity becomes smaller, less Joule heat is generated, thus reducing ACET flow, which is induced by 

the temperature gradient. Moreover, as the frequency decreases, both the ACEO and ACET flow increase [4]. 

However, if the frequency becomes too low, electrolysis of the dispersion liquid occurs. In addition, the 

direction of the dispersion flow reverses at high frequencies, although the flow rate becomes smaller, as 

shown in Figure 3. 
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Figure 1. (a) Schematic of the self-healing wire system. When an AC voltage is applied to the electrode at the site of the crack, a 

dispersion flow is generated, which transports the particles, and particles are trapped at the crack due to dielectrophoretic force. (b)  

The morphology of the trapped particle bridge varies depending on the particle flow rate. 

              

  Figure 2. Boundary conditions in simulations.  

 

Figure 3. Particle flow rates when the conductivity and the frequency are varied (left side). (a), (b) The fluid flows for (a) 𝑓 =

1 × 105[Hz] and 𝜎 = 1 × 10−3[S/m], and (𝑏)𝑓 = 1 × 105[Hz] and 𝜎 = 1 × 10−6[S/m], respectively. 
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In the wet forming process of ceramics, a slurry is made by mixing raw powders and additives such as 

dispersants and binders in a solvent. It is known that the product properties depend on the particle dispersion 

state in the slurry. For this reason, polyelectrolytes are generally added as a dispersing agent in aqueous 

slurries to control the particle dispersion state. However, it is known empirically that the dispersion state of 

particles changes over time, and there is a concern that slurries with the same composition may have 

different product characteristics. In this study, we attempted to elucidate the influence of additive conditions on 

the change in particle dispersion state over time and the causes of this change. 

 

Alumina powder with MgO contained as a sintering aid (Average particle size 0.44 µm) was used. And , 

distilled water as a dispersant, ammonium polycarboxylate (Serna D-305, Chukyo Yushi, PCA) as a 

dispersing agent, polyvinyl alcohol (PVA) as a binder, and amide wax (Nopco 267-A, Sannopco) as an 

antifoaming agent. The composition of the slurry was determined by setting the particle concentration at 35 

vol%, and the amounts of PCA, PVA, and foaming agent added to the slurry were 2.4 - 8.0 mg g-1 Al2O3, 

0.0 and 3.0 mg g-1 Al2O3, and 0.0 - 3.0 mg g-1 Al2O3, respectively. The slurry was prepared by dispersing 

the samples other than PVA in a ball mill for one hour, storing the slurry with stirring, and mixing in PVA at 

an arbitrary time. 

 

In the general theory of colloid science, the polymer adsorption directly affects the particle dispersion in a 

slurry. Thus, the PCA adsorption was measured. The slurry was centrifuged at 20150 g for 1 h. The 

concentration of unadsorbed PCA was measured using a total organic carbon meter (TOC-V, Shimadzu 

Corporation, Japan). The PCA adsorption amount was calculated using the mass balance equation. The flow 

curves of the slurries were measured by viscometer. The shear stress was measured changing the shear rate 

from 0 to 1000 s-1. The temperature of slurry cell was maintained constant at 25 ℃. For the sedimentation 

test, the prepared slurry was placed in a 20 mm diameter sedimentation tube to a height of 150 mm and 

allowed to settle. The packing fraction of sediment was calculated using the mass balance equation: 

 

 

where 𝛷∞ is final volume fraction of sediment, ℎ∞ final height of sediment, 𝜙 is initial volume fraction of slurry, 

ℎ0 is initial height of slurry. 

Figures. 1 show the packing fraction of sediment of the slurry immediately after ball milling and after 3 days 

of ball milling. Figures. 1 (a) shows that the packing fraction of sediment of the slurry without PVA was close 

to that of the slurry immediately after ball milling and after 3 days. In Figures. 1 (b), there is no significant 

difference in the filling ratio immediately after ball milling the slurry with PVA in the range of PCA dosage 

3.6-8.0 mg g-1 Al2O3. On the other hand, after 3 days, the PCA addition of 6.0 mg g-1 Al2O3 resulted in a 

 ℎ0 

𝛷∞ = 
ℎ  

𝜙 
∞ 

(1) 
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higher packing fraction of sediment. These results indicate that when multiple additives are added, the filling 

characteristics of the slurry change depending on the timing of the addition. 

 

Figures 1. The packing fraction of sediment for each time from ball mill tosettling test as a function of the dditive amoun of PCA; (a) 

Without PVA, (b) With PVA. 

 

Nomenclature 
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Surface treatment was applied to the surface of inorganic particles to improve and stabilize their dispersion 

characteristics. However, surface treatment can significantly change the rheological properties of particle-

dispersion pastes [1]. The key mechanisms are interactions between the surface- treated particles, and 

between the particles and the dispersant [2], however these are not yet clear. In this study, silane coupling 

agents with alkyl groups with different carbon numbers were used for the surface treatment of silica. A paste 

of silica particles dispersed in resin is prepared, and their rheological properties were evaluated. 

Silica particles (Seahostar KE-S100, Nippon Shokubai Co., Ltd) were used as inorganic particles. Four silane 

coupling agents (SCA) with linear alkyl groups (n-propyltrimethoxysilane (C3), hexyltriethoxysilane (C6), 

octyltriethoxysilane (C8), and decyltriethoxysilane (C10)) were selected as the surface treatment agents [3]. 

The silica particles were treated using dry mixing method. The surface compositions of the surface-treated 

silica particles ware analyzed by a Fourier transform infrared spectrophotometer (FT/IR-4200, JASCO 

Corporation) and an organic carbon-sulfur analyzer (EMIA- 920, Horiba, Ltd.). The surface-treated silica 

particles were mixed with epoxy resin (EXA-835LV, DIC Corporation) at a volume fraction of 45% and 

dispersed using a planetary centrifugal mixer (THINKYMIXER, AR-100, THINKY Corporation). The 

pastes were evaluated using a rheometer (MCR-702, Anton Paar). 

A quantitative method for the surface treatment of inorganic particles is described. The carbon mass of each 

surface-treated silica sample was obtained from organic carbon measurement. The carbon mass per mole is 

determined from the amount of carbon remaining when the alkoxy groups of the SCA wear completely 

hydrolyzed. Thus, the number of SCA molecules bound to silica is determined. In contrast, KE-S100 has a 

specific surface area of 2.9 m2/g, and the amount required monomolecular coverage of this silica surface was 

theoretically calculated to be 0.037 mmol/g. The SCA coverage ratio was determined as the ratio of the 

number of moles of bound SCA to the number of moles of SCA required for monomolecular coverage. When 

the coverage ratio exceeds 1, the SCA forms a higher-order structure on the silica surface, whereas below 1, 

it is thought of as monolayer covered state [4]. 

 

Table 1.  SCA coverage on silica particles. 
 

SCA with linear alkyl groups C3 C6 C8 C10 

Carbon mass per 1g silica[mg] 0.81 0.85 1.43 1.78 

SCA moles of bound to silica [mmol/g] 0.022 0.012 0.015 0.015 

Coverage ratio 0.61 0.32 0.40 0.40 

 

Figure 1 shows the FT-IR spectra. Evaluation was performed using the diffuse reflection method. The 

disappearance of the peak attributed to the isolated silanol groups at approximately 3747 cm-1 was confirmed. 

SCA was bounded to the silica and surface treated. 

Figure 2 shows the results of the stress-ramp test. The pastes with higher carbon number in the linear alkyl 
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group exhibited greater stress. Yields were observed at C8 and C10. The increased stress values suggested 

the formation of three-dimensional structures in the paste [5]. A longer carbon number is thought to facilitate 

the entanglement of the alkyl groups of the surface-treatment agent on the particle surface with the molecules 

of the epoxy resin, resulting in easier structural formation. By quantifying the amount of bound SCA, the 

effect of the length of the linear alkyl group on the rheology became more apparent. 

 
Figure 1. The FT-IR spectra of surface treated 

silica particles. 

Figure 2. The results of the stress ramp test of pastes. 
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Digital light processing (DLP) printing of porous ceramics using photocurable Pickering emulsions has 

attracted wide attention due to the flexibility in shaping tailor-made structures. However, the typical 

photocurable Pickering emulsions contain a large quantity of photocurable monomers to ensure the 

mechanical strength of printed bodies. This requires long and slow debinding/sintering processes to prevent 

collapsing of DLP-printed bodies induced by thermal decomposition of photocurable monomers [1]. To 

realize rapid dewaxing and sintering of 3D printed porous ceramics, herein, we designed a new series of 

photocurable Pickering emulsion having reduced amounts of monomers. Our proposed system comprises 

from silica particles whose surface was modified by PEI-mPEG (polyethyleneimine (PEI) partially grafted 

with polyethylene glycol (PEG) chain), diacrylate monomers (12 wt % to particles), photo radical initiator, 

photo absorber, polymerization inhibitor, a mixture of dimethyl sulfoxide (DMSO) and water (as continuous 

phase), and isopropyl myristate (as dispersed phase) [2].   

To prepare the interparticle photo-cross-linkable Pickering emulsion, firstly we prepared the stable 

continuous suspension. Briefly, silica particles were added to DMSO aqueous solvent in which polymer 

dispersant, photo radical initiator, photo absorber, and polymerization inhibitor were pre-dissolved. After 

ball-milling for 24 hours, diacrylate monomer was added. Then, IPM was added to continuous phase 

suspension, followed by vigorous mixing using thin-film swill mixer to obtain interparticle photo-cross-

linkable Pickering emulsion. In order to elucidate the proper polymer dispersant structure and their additive 

content, the apparent viscosity of continuous suspension comprised from different polymer dispersant 

structure and their additive content were measured using a rheometer. The designed Pickering emulsion was 

applied to DLP printing to fabricate 3D structured porous silica components. The DLP-printed body was 

dried at 80℃ followed by debinding and sintering at the heating rate of 10℃/min. 

Figure 1 shows the effect of additive content of polymer dispersant on the apparent viscosity of continuous 

phase suspension. When the grafting ratio of PEG chain to PEI was 0 and 40 mol%, the apparent viscosity 

did not decrease effectively even though the additive content has increased. On the other hand, an effective 

reduction in the apparent viscosity was measured when the grafting ratio of PEG chain was 20 mol% and the 

additive content has reached 0.9 mg/m2. We suspect that the affinity between the continuous phase solvent 

and the particle surface was appropriate to have stable particle dispersion when the PEG chain grafting ratio 

was 20 mol%. Figure 2 shows the appearance and inner structure of DLP-printed body using the designed 

photocurable Pickering emulsion. The results for the sintered body of the corresponding printed parts are also 

presented. By tuning the content of photo absorber and polymerization inhibitor, a component with fine 

complex outer structure was successfully printed. Further, SEM observation revealed the presence of porous 

structure derived from IPM dispersed phase. Owing to the reduced amounts of monomers used in the 

photocurable Pickering emulsion, the DLP-printed body was rapidly sinterable (10℃/min) without occurring 

structural collapsing.   
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Figure 1. Effect of PEI-mPEG content on the apparent viscosity of the continuous phase suspension. 
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Figure 2.  The appearance and inner structure of the DLP-printed (a) dried body and (b) partially sintered body. 
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The control of dispersion stability of concentrated slurries in the production of ceramics is an essential issue 

to improve the reliability of final products. Notably, since the wet processing involves drying, which particle 

concentration gradually increases upon processing, understanding the particle concentration dependent 

stability of the slurries is essential. Up to date, many discussions on particle interactions and particle 

dispersion states in concentrated slurries were conducted based on flow characterizations using a rheometer. 

Since these discussions are based on macroscopic characterizations, methods to understand the particle 

dispersion behaviour from the microscopic point of view, by an in-situ process, should play an important role 

to understand the nature of particle stability in concentrated slurries. 1H pulsed NMR technique is a method 

to measure the relaxation process of protons excited by radio waves. By taking advantage of the phenomenon 

that the relaxation rates of excited protons become faster when a proton-containing solvent molecules 

interact with solid surfaces, the dispersion state of fine particles in concentrated slurry should be possible to 

be evaluated from the perspective of the solvent molecule level by characterizing the relaxation properties of 

excited protons. Here, using silica slurry as a model, we aim to evaluate the dispersion state of the slurry 

from a microscopic viewpoint using 1H pulsed NMR and correlate with macroscopic flowing properties. 

For the preparation of the silica slurries, polyethyleneimine (PEI, Mw 1800) was pre-dissolved in 

butylcarbitol (BC) to achieve saturated adsorption conditions. Then, silica particles (220 nm) were added to 

the solution (2.5-57 vol%) and further planetary mixed, ultrasonicated, and stirred for 24 hours. The flow 

curves and 1H relaxation curves were evaluated by a rheometer and 1H pulsed NMR, respectively. 

The relationship between silica particle concentration and apparent viscosity of the slurries at a shear rate of 

300 s-1 is shown in Fig. 1. The open and closed keys denote the slurries having flow curves with and without 

hysteresis characters, respectively. Compared to silica suspension without PEI, the particle concentration 

where the apparent viscosity increases and a hysteresis character started to appear in the flow curves were 

found to be lower for those treated with PEI. To examine this phenomenon, the maximum packing fraction 

(Φm) of silica particles in each slurry was estimated by fitting to the Krieger-Doughtery model [2]. Assuming 

that silica particles were rigid spheres, and the differences between Φm and random packing fraction (for 

spheres, 0.64) were due to the presence of PEI adsorption layer, the dispersant layer thickness on the 

particles were determined to be c.a. 4.5 nm. This value was similar to the average particle surface distance 

where the hysteresis character started to appear, which can be calculated from Woodcock model [3]. These 

facts suggests that interparticle network structures, that can be collapse by shearing, generates in 

concentrated slurries when the adsorption layer is superimposed. 

The relaxation curves measured by 1H pulsed NMR for the slurry and solvent at each particle concentration 

are shown in Fig. 2. The relaxation time of the slurry was shorter than that of the BC, and this trend was 

more pronounced with increasing particle concentration. This may be due to the increase of surface area in 

the slurry where BC can be interacted. Furthermore, it was found that the relaxation curve measured in the 
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slurry could be fitted to exponential decay model with two component relaxation processes ( (𝑡) =

𝑎1𝑒
−𝑡/𝑇2,1 + 𝑎2𝑒

−𝑡/𝑇2,2 +  0 ) including extremely short relaxation processes. Under the environment in 

which adsorption and desorption of BC on silica particles were occurring, BC molecules in the local field are 

likely to be collided with silica particle surface more frequently than those in the bulk environment and the 

relaxation progresses faster. Therefore, it is suspected that the component with short relaxation time (T2,1) 

was due to the BC in the local region of the silica interparticle gaps formed in BC. Fig. 3 shows the effect of 

particle concentration in the slurry on the relaxation time constant Rsp,1(Rsp = {(1/T2)-(1/Tb)}/ (1/Tb)), which is 

calculated from T2,1 and Tb (solvent relaxation time). Rsp,1, which is the component attributed to BC in the 

silica particle interstitial space, showed an inflection point at the particle concentration where a hysteresis 

character was observed in the flow curves. These results suggest that there is possible correlation between 

Rsp,1 value measured by 1H pulse NMR and macroscopic flow properties.   

 

Figure 1. Relationship between particle concentration and apparent viscosity at the shear rate of 300 s-1 and curves fitted to the 

Krieger-Doughtery model. 

 

Figure 2. (a) 1H relaxation curves of BC and silica/BC slurries and (b) effect of particle volume fraction on Rsp,1 (dashed line 

presents the volume fraction where a hysteresis character appeared in the flow curve measurement) 
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Hybrid manufacturing (a combination of photocuring/vat photopolymerization and green machining) of 

complex-shaped ceramic components using photocurable slurries have attracted wide attention toward 

productive processing. Conventional photocurable slurries contain large amounts of binders to ensure the 

strength of the photocured body. Therefore, a long processing time is required in the debinding process to 

prevent structural collapse induced by decomposed gas generation. Reducing the binder content can be a 

possible approach to shorten the debinding process, however, the lack of binders results in a structural 

collapse during the machining of the photocured bodies. To solve this dilemma, we have recently designed 

an interparticle photo-cross-linkable slurry in which very small amounts of acrylates can directly crosslink 

the particles modified by a reactive polymer dispersant to ensure mechanical properties of photocured bodies 

[1]. The addition of silane alkoxide functionalized with acryloyl groups (A-Si) was further found to be 

effective to realize the production of complex-shaped silica glass components via the combination of 

photocuring and green machining followed by a rapid debinding. This was due to the generation of siloxane 

bridges among the particles during debinding [2]. On the other hand, the addition of A-Si resulted in poor 

stability against time, which was a challenge for applying the designed slurries to vat photopolymerization. 

Here, we design a new interparticle photo-cross-linkable slurry using A-Si as reactive binder and having 

improved stability against time for rapid 3D structuring of transparent silica glass components through 

digital light processing (DLP) printing. 

In brief, SiO2 particles, reactive polymer dispersant, photo-radical initiator, phenoxyethanol and butylcarbitol 

was mixed by ball milling. Then, A-Si (5-20 vol% to solvent) was added as a cross-linking agent to form 

photocurable slurry. The viscosity curves of the slurry were measured by a rheometer immediately after 

preparation and after one week storage to assess the dispersion stability. The microstructures of photocured 

silica bodies after rapid debinding and sintering process (20ºC/min.) were evaluated by FE-SEM. Complex 

shaped silica compacts were further fabricated from the designed slurry using a DLP-based 3D printer.  

Fig. 1 shows the viscosity curves of the slurries with different amounts of A-Si just after preparation and 

after one week storing. No hysteresis character was observed in the viscosity curves for all A-Si addition 

conditions, indicating that the amount of A-Si did not affect the flowability in the newly designed slurry. 

Further, the viscosity curve did not change significantly after one week storing. Fig. 2 shows the changes in 

the appearance and microstructures of the photocured bodies in the course of rapid debinding and sintering. 

While the slurry containing 10 vol% A-Si showed a uniform distribution of cross-links among the particles 

before and after heat treatment, an excess addition of A-Si (20 vol%) found to induce segregation of the 

cross-links. By selecting an optimum content of A-Si, a complex-shaped transparent silica components were 

successfully processed through DLP printing and rapid firing, owing to improved stability of the slurries 
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against time (Fig. 3). We believe that the proposed photocurable slurry should play an important role for 

hybrid manufacturing of transparent silica glass components. 

 

Figure 1. Flow curves of photocurable slurries (a) after preparation and (b) after 1 week storage 

 

Figure 2. Appearance and microstructures of photocured bodies before and after heat treating at 1200℃ and 1400℃ (A-Si content 

was (a) 10 vol% and  (b) 20 vol%) 

 

Figure 3. Appearance of silica bodies printed by DLP 3D printer ((a) photocured body and (b) dried body) 
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Pickering emulsions (PEs) are system stabilized by solid particles instead of molecular-based surfactants. 

Cellulose nanofibers (CNFs), isolated from plant-based food/agricultural waste, are renewable 

stabilizers/emulsifiers for oil-in-water (o/w) PEs for their potential use in food, cosmetic, and pharmaceutical 

industries. Characterizing instability behavior and droplet size distributions (DSDs) are essential to evaluate 

the quality of PEs. However, commonly used microscopy observations limited the number of droplets in the 

measurement area, and the laser scattering method for DSDs may include artifacts due to the droplet clusters 

counting as a single droplet. 

Magnetic resonance imaging (MRI) can non-invasively provide deep insight into the internal microstructure 

and dynamics in spatially inhomogeneous samples. Nuclear magnetic resonance (NMR) diffusometry can 

determine DSDs based on the translational motion of molecules in a droplet for concentrated emulsions 

without dilution. This study used MRI and NMR techniques to evaluate instability mechanisms, 

relaxation/diffusion properties, and DSDs of PEs stabilized by CNFs derived from waste hop stems [1,2]. 

High-resolution MR images of the ‘entire’ PEs with 100 μm isotropic voxel resolution were obtained using a 

500 MHz (11.7 T) NMR spectroscopy. Voxelwise longitudinal relaxation (T1), transverse relaxation (T2), and 

apparent diffusion coefficients (ADCs) of dodecane or olive oil-in-water PEs stabilized by CNFs were 

investigated over one month. The DSDs of PEs were estimated from NMR diffusion measurements in 

conjunction with cogent mathematical modelling.  

The three-dimensional MRI provided 

excellent visualization showing 

flocculated/coalesced droplets packed near 

the surface of the emulsions one month 

after emulsification (Figure 1). The T1 

maps were reflected the microstructural 

changes such as flocculation and 

coalescence, suggesting the useful marker 

of relaxation and instability. The NMR 

diffusion data of the dispersed oil (various 

n-alkanes) were well-described by the 

Gaussian phase distribution (GPD) 

approximation with a monomodal log-normal distribution. 
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This study investigates the phenomenon of segregation when square intruders with identical mass, volume, 

density, and different geometry are set into a quasi-two-dimensional vibrated bed. To capture the 

experimental images of the particles and intruders for analysis purposes, a high-speed camera along with 

Particle Tracking Velocimetry (PTV) was employed for subsequent analyses. This study also explores 

particle transport properties such as rise time of intruder, velocity field, granular temperature, and diffusion 

coefficient of particles. 

According to results, it was confirmed that changing the aspect ratio of the intruders significantly impacts 

particle segregation behaviour. Intruders with larger aspect ratios find it more difficult to rise, thereby 

requiring more time to reach the free surface of the bed. This phenomenon is also reflected in the rising 

speed of intruders. This is because intruders with a longer horizontal length create a larger space at the 

bottom with each round of vibration, requiring more background particles to fill in from above. Furthermore, 

larger aspect ratios not only affect the bottom region and the number of particles but also hinder the vertical-

exchange motion of particles. These two mechanisms explain why intruders with the same volume and 

density exhibit different rising behaviours. Additionally, we measured the granular temperature to determine 

whether the introduction of different intruders affects the overall kinetic energy of the system, and found that 

the overall energy remains unchanged regardless of the intruder's shape. Finally, to better understand the 

variations introduced by different intruders, we measured the self-diffusion coefficient at the region of the 

bottom of the intruders. Although the internal energy received by the system is the same, the influence of the 

aspect ratio leads to varying degrees of fluidization of background particles at the region of the bottom of 

each intruder, thus causing differences in their rise times.  

 

Figure 1. The image during the experiment. The white small particles are the background particles, and the black square block is the 

intruders. The intruder is set at the bottom of the bed, which consists of background particles. And it will rise to the free 

surface of the bed at the end of experiment.  
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Granular materials are found in many natural and industrial processes, ranging from avalanches and 

landslides to the handling of grains, powders, and other bulk materials in industries like pharmaceuticals, 

mining, food and agriculture [1-2]. In this study, the dynamic characteristics and segregation behaviors of 

binary density combined with cubic-shaped particles were investigated by mixing various granular materials 

in quasi-two-dimensional rotating drums. The experimental results indicate that as the rotation speed 

increases, the time for the granular mixture to reach a steady state is shortened, and the average velocity, 

average granular temperature, and dynamic repose angle increase. The results demonstrated that particle 

shape has a significant influence on density-induced granular segregation behavior. When the shape effect is 

combined with the density effect, the segregation intensity no longer increases with the density ratio. The 

addition of non-spherical particles not only impacts segregation behavior but also significantly affects the 

dynamic characteristics of granular mixtures. The cubic-shaped particles have a larger contact area, thereby 

increasing frictional contact and enhancing interlocking effects, which reduce particle movement. 

Furthermore, when the filling level decreases, the granular flow layer becomes thinner, resulting in a 

decrease in average velocity, average granular temperature, dynamic repose angle, and segregation index. 

This study provides a better understanding of non-spherical granular flow behavior in rotating drums and 

confirms the significant influence of the cubic shape effect within the density-induced granular segregation 

mechanism.  
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Figure 1. Final steady-state segregation intensity as a function of rotation speed, combining the effects of density and shape at filling 

rates of (a) 50%, (b) 40%, and (c) 30%. 
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Particulate flow plays a critical role in a wide range of industrial processes and natural phenomena, posing 

significant challenges for rapid and accurate simulation. Traditional simulation techniques, particularly those 

using the Discrete Element Method (DEM), are notorious for their high computational demands, often 

balancing precision and efficiency at a cost. The advent of artificial intelligence heralds a transformative shift, 

sparking interest in leveraging machine learning to simulate particle flow. In this study, we explore the 

application of cutting-edge machine learning methods, such as Graph Neural Networks (GNNs), to learn 

interactions between particles and establish corresponding reduced-order models to efficiently simulate 

particle flow. The developed method reduces computational requirements, significantly enhances efficiency 

compared to DEM simulations, and maintains a high level of accuracy in predicting particle flow properties. 

Due to its strong generalization ability, it can handle even more complex conditions not previously 

encountered with ease. Machine learning excels not only in solving the forward problems of particle flow but 

also in reverse engineering, surpassing traditional physical simulations and empirical models. For instance, 

with the aid of machine learning, optimization of geometric structures in fluid-solid coupling conditions can 

be achieved more easily and efficiently. Meanwhile the inversion evaluations of complex particulate fluid 

behavior properties is something that previous methods could not achieve. Further exploration of machine 

learning methods in applications such as liquid-solid stirred tanks and gas-solid fluidized beds demonstrates 

the versatility and potential of machine learning-based alternative models in capturing the complex dynamics 

of particle systems. 

 

 

Figure 1. Schematic of DoE for optimizing and the machine learning inverse design procedure for simulations. 
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All-solid-state lithium-ion batteries (ASSLIBs) are highly promising candidates of the advanced secondary 

batteries for electric vehicles. One of the key challenges regarding ASSLIBs is development of their 

manufacturing process. Currently, a mainstream process expected for manufacturing ASSLIBs is a wet 

process [1]. However, the wet process suffers from disadvantages such as high energy consumption and high 

environmental load. To address this issue, a dry process, in which ASSLIBs can be produced without solvent, 

has attracted much attention [2]. In the dry process, the raw powders are mixed with binder particles by a dry 

mixing process, and the electrode sheet is then fabricated from the powder mixture. A key to the fabrication 

of electrode sheets in the dry process is the use of binder particles. Polytetrafluoroethylene (PTFE) is a 

typical binder particle. Morphology of the PTFE can be changed from particulate form to fiber by applying 

external force and/or heat. Once the PTFE fibers are dispersed in the powder mixture, the PTFE can bind the 

particles together like a spider's web, resulting in a freestanding electrode sheet even without solvent [3]. 

This PTFE fibrillation mainly proceeds in the dry mixing before sheet fabrication, however, its mechanism is 

unclear. In particular, key factors to control the PTFE fibrillation are not identified. It is also unclear that 

which dry mixing process, and which specific features, are suitable for the PTFE fibrillation. Furthermore, 

the relationship between the PTFE fibrillation state and the properties of the final electrode sheet also 

remains unclear. The objective of this study is to identify the key factors for PTFE fibrillation in dry powder 

mixing and to clarify the specific features of an optimal mixing process for PTFE fibrillation. Furthermore, 

electrode sheets and all-solid-state half-cells were fabricated using the powder mixtures with different PTFE 

fibrillation states. The correlation between the PTFE fibrillation states and physico-electrochemical 

properties of the electrode sheets was investigated. 

We investigated three types of dry mixing equipment, which were horizontal high-shear mixer (HSM), 

planetary ball mill (PBM), and twin-screw hot kneader (TSHK). Generally, in these processes, the dominant 

external forces exerting the powder are as follows: shear force in the HSM; shear and compressive forces in 

the PBM; shear and compressive forces with heat in the TSHK. By comparing these different mixing 

processes, effects of the type of external forces and processing temperature on the PTFE fibrillation were 

investigated. A cathode active material (LiNi0.5Co0.2Mn0.3O2), sulfide solid electrolyte, and PTFE were 

used as experimental materials.  

Fig. 1 shows appearance of the powder mixture prepared by each equipment and the fine particle fraction 

(mass fraction of particles less than 250 µm) in the powder mixture. Appearance of the powder mixture 

prepared by the HSM was almost same as the original raw powder (Fig. 1b), and large amount of the fine 

particle fraction still remained (more than 70%) (Fig. 1e). In contrast, the powder mixture prepared by PBM 

and TSHK exhibited large agglomerates over 0.5 cm and fine particle fraction decreased significantly from 

the original powder. Among these, the TSHK showed the smallest fine particle fraction. These results 

indicate that the TSHK is the most effective in fibrillating the PTFE. In other words, it was found that mixing 
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equipment capable of applying shear, compressive force, and heat to the powder is suitable for the fibrillation 

of PTFE.  

Influence of the PTFE fibrillation states on physico-electrochemical properties of the electrode sheets was 

investigated. The electrode sheets were prepared using a powder mixture prepared by the TSHK under 

various processing temperatures. Fig. 2 shows the 

tensile strength of sheet as a function of the number 

density of PTFE fibers in the prepared mixture. 

Processing temperature was also displayed at each plot. 

The tensile strength increased with an increase in the 

number density of PTFE fibers, indicating that a sheet 

with high strength can be fabricated by using a powder 

mixture in which PTFE fibrillation proceeds more. Fig. 

3 shows the 2C discharge capacity of the half-cell 

prepared from each mixture as a function of the number 

density of PTFE fibers in the mixture. The results 

exhibited that the maximum electrochemical 

performance was achieved at 30 mm-2, indicating that 

the relationship between the number density of PTFE 

fibres and battery performance is not a simple linear 

relationship, and there is an optimum fibrillation state 

which maximizes battery performance. Detailed 

discussion on this non-linear relationship between the 

PTFE fibrillation states and battery performance will be 

presented in the symposium. 

In summary, it was found that a dry mixing process 

which can apply shear force, compressive force, and 

heat to the powder was suitable for the PTFE fibrillation. 

It was also determined that temperature during mixing is 

a key factor in the PTFE fibrillation. The relationship 

between the PTFE fibrillation state and the physico-

electrochemical properties of the electrode sheet was 

then investigated. The sheet with higher tensile strength 

was fabricated from the powder mixture in which PTFE 

fibrillation proceeded more. It was also found that there 

is an optimum fibrillation state which maximizes the 

ASSLIB performance.  
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Fig. 1. Appearance of (a) original
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(e) Mass fraction of mixtures smaller
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Moderate or Intense Low-Oxygen Dilution (MILD) combustion, marked by uniform heat flow, high stability, 

and low pollution emissions, is a highly promising new efficient clean combustion technology. However, the 

comprehensive understanding of the complicated combustion laws and mechanisms remains a significant 

challenge. The combination of CFD and machine learning presents an efficient strategy to expedite research 

and development, while also owning potential in industrial applications. This study aims to develop a “CFD 

+ machine learning” rapid prediction method for the pulverized coal MILD combustion field. Regarding this 

method, the combustion field data of a 0.58MW pulverized coal MILD boiler under the varying operating 

parameters were gathered by the high-precision CFD simulations. Then the efficient Proper Orthogonal 

Decomposition (POD) algorithm was developed to process these massive original CFD data to the low-

dimensional feature projection coefficients, and lastly the regression model between the operating parameters 

and the feature coefficients was established by the ensemble learning algorithm. In this study, the CFD data 

construction strategy, and the optimal regression model for the strong turbulent MILD combustion were 

carefully evaluated and discussed. The results suggest that the most effective combination of model 

construction parameters for temperature prediction involves half of the combustion field data and a K value 

of 5 in the K-fold cross-validation procedure, in conjunction with the CATBoost model. As for CO prediction, 

the optimal approach is to employ the CATBoost algorithm with a quarter of the data and an optimal K value 

of 10. The final models for both parameters exhibit outstanding performance, with determination coefficients 

(R2) surpassing 0.997 for each model, relative absolute errors (RAE) below 0.03, and root relative squared 

errors (RRSE) under 0.06. Compared to the conventional CFD simulation, the “CFD+Machine learning” can 

achieve the acceleration of five-order-of-magnitude, demonstrating its significant potential for industrial 

applications. 
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Figure 1. Schematic of CFD + machine ensemble learning   
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Most of the mesoscale drag modelling processes for gas-solid two-phase flow are based on periodic systems. 

However, in such systems, the flow field is statistically homogeneous and isotropic, whereas the real 

fluidized bed presents a heterogeneous and anisotropic distribution. The influence of convective transport on 

mesoscale drag has been seldom considered in periodic systems as the convection term of momentum 

equations only varies within a limited range. However, in real fluidized beds, the fluid convection may play a 

significant role and have a notable impact on the drag force. 

This study conducts a series of numerical simulations for fluidized beds with different sudden expansion 

sections using a highly resolved two fluid model (TFM). Flow field data containing acceleration zones are 

then collected. Based on a priori analysis, it is observed that convection terms in acceleration zones are much 

larger in magnitude with those in periodic systems, and the convection transport has a notable impact on the 

heterogeneous drag. In general, the presence of convection facilitates the formation of mesoscale structures, 

further reducing the filtered drag force compared to the uniform state. The heterogeneous characteristics 

intensifies as convective transport of the fluid increases, while the influence of convection will gradually 

vanish as the local solid volume fraction increases. Previous researches [1] have reported a linear relationship 

between the filtered gas-phase pressure gradient and the filtered drag in periodic systems. With a force 

balance analysis of the momentum equations, it is found that this linear relationship still holds in the 

acceleration zones where significant convection occurs. Both priori and posteriori analyses of the filtered 

drag in the acceleration zones indicate that predictive capability of drag models constructed solely with solid 

volume fraction and gas-solid slip velocity can reduce significantly in the acceleration zones, suggesting that 

additional markers may need to be introduced to consider the impact of convection. While the gas-phase 

pressure gradient implicitly contains the effects of local convection, models incorporating this physical 

quantity also demonstrate good accuracy for the flow behaviour in the sudden expansion fluidized beds.  
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The Discrete Element Method (DEM) simulation was employed to study the effects of powder properties, 

process parameters, and mold structure on the powder spreading and pressuring process of WC-Co powder. 

By calibrating parameters such as the physical properties, contact, and breakage of WC-Co powder, a DEM 

model of crushable WC-Co powder particles was established. The powder spreading process was divided 

into two stages: bulk materials dropping and powder filling. The bulk density and particle segregation were 

used as quality evaluation indicators of the powder spreading in the mold cavity. The influence of powder 

properties, cavity geometry, and spreading process on the powder bed quality was analyzed. For the pressing 

process, the compaction density uniformity index and the relative density at the blade tip were defined as 

quality evaluation indicators. The influence of different process parameters on the pressing and forming 

process was investigated. The results showed that When the powder filling ratio in the shoe is 46.7%, the 

filling effect and quality within mold cavity was the best, with a relative bulk density of powder up to 

57.87%, and the compacting quality was optimal. When the punch stroke ratio decreased from 5:2 to 5:4, the 

uniformity of the compacting density distribution was significantly improved. 
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In past decades, the electrostatics of granules and granular flows has obtained more and more attention due 

to many industrial problems and the associated development of new technologies[1-3]. Granule-wall 

collision causes electrification, where charge transfer can be characterized by work function, electron transfer, 

ion transfer, and material transfer. Electrification is affected by many factors [4-6]and increases with granule 

processing, and the charge amount can reach a saturated state where electrification no longer increases, 

which has been confirmed by single granule and granule conveying systems. In addition, the presence of 

electrostatic charges has profound influences in relevant areas, including chemistry, chemical engineering, 

energy, pharmaceuticals, and so on. The measurement technology of electrostatics [1,4,5,8-10] used in 

granule conveying systems has been improved with the continuous progress of industry. Furthermore, 

electrostatics of granules and granular flows will be developed into a more accurate area together with other 

subjects as an interdisciplinary problem to be concerned [9,11]. In addition, in the pneumatic conveying 

system, granule-wall and granule-granule collision or friction can cause material transfer due to material 

breakage[3,11]. The working mechanism of the material transfer due to collision or friction has never been 

fully understood. Such problems will be solved gradually in the future. 
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The feeding hopper is frequently used in grinding cement clinker to ensure a stable and 

homogeneous feed of particles. However, due to the large variances in size, the clinker particles can 

segregate significantly and cause undesirable fluctuations in the subsequent grinding process. This 

work investigates the flow and segregation of particles in mill-feeding hoppers using the 

experimental PIV technique and the FEM simulation. The results demonstrate the different zones of 

fine and coarse particles, corresponding to the flow patterns of the hopper, are affected by the 

material parameters. Particularly, it is found that the geometric design of the hopper also has a great 

influence on the flow and segregation. An optimized hopper design using FEM is shown to 

effectively alleviate the segregation problem in the mill feeding hopper. 
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A porous material is a material that has many pores intentionally and actively introduced into its structure. 

By selectively introducing pores with specific sizes and shapes into structures, porous materials can be used 

as lightweight materials, heat insulators, adsorbents, filters, gas sensors, catalyst support, and 

electrochemical device electrodes [1]. A sacrificial template method is the most simple and common to 

fabricate porous ceramics [2]. First, resin powder is added as a pore-forming agent to ceramic powder. Then, 

after the mixed powder is molded and fired, the porous ceramic can be obtained in which the traces of the 

pore-forming agent are reflected in the pore shape. The finally formed porous structure is determined by the 

shape of the pore-forming agent, and the distribution of the pore-forming agent in the process from mixing to 

molding. When applying a porous ceramic body as a filter or an adsorbent, it is desired that all the pores are 

continuous without being isolated. 

We have developed the fabrication process of porous materials with continuous pores by using starch as a 

pore-forming agent and utilizing gelatinization and retrogradation phenomena [3–5]. Since starch is burned 

out at a firing temperature of about 500°C without forming residues, it has been widely applied to the 

fabrication of porous ceramics as a pore-forming agent [6]. Starch is a natural polymeric compound particle 

extracted from plants and is composed of α-glucose-based polysaccharides such as amylose and amylopectin 

[7,8]. Fig. 1 shows a schematic illustration of the starch gelatinization and retrogradation process. The 

gelatinization phenomenon is that when starch is heated with water, the starch granules absorb water and 

swell, and a highly viscous sol is formed. Additionally, the gelatinized starch paste forms a gel when the 

heating is stopped. The retrogradation phenomenon is that the water inside the swollen starch exudes to the 

outside and separates so that the starch eventually returns to a crystalline state close to its original state. 

Applying a shearing force to the gelatinized starch can form a three-dimensional network structure in which 

the starch particles are connected to each other. Furthermore, exudate water clusters form inside the 

microstructures while the starch network is coarsened by controlling the amount of water separation from 

starch during the retrogradation process. This allows control of the pore size in the network. The wet starch 

body after gelatinization and retrogradation is processed by the freeze-drying method to produce a dried 

body without significantly damaging its microstructure.  

The sintering process for burnout of the pore-foaming agent and solidifying the ceramics consumes the 

most energy in ceramics manufacturing. The ceramics non-firing solidification process is one of the most 

promising methods for drastically reducing energy consumption in ceramics production [9]. This method 

enables composites of ceramics with organic and metallic materials. This study reports the effects of various 

gelatinization and aging conditions on forming starch network structures and applying starch network 

structures to pore former templates for porous ceramics. We report the results of applying silica-based 

ceramics-residualized starch hybrid porous materials as bioreactors, utilizing the non-firing ceramics 

solidification and starch morphology control methods. 
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Figure 1. Morphology of (a)as-received rice starch powder, (b) the gelatinized starch network, and (c) the retrograded starch network. 
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The effects of electrolyte species, electrolyte concentration, and pH of the dispersant on the yield stress of 

concentrated slurries have been reported, focusing on the particle interaction forces [1]. That is, at the 

isoelectric point (i.e., the pH at which the net surface charge of the particle is zero) of the particle, the inter-

particle attraction was maximum and the yield stress was maximum. In our preliminary experiments, 

however, the pH at which the yield stress was maximum did not always correspond to the isoelectric point 

obtained by zeta potential measurement of the particles.  

We consider that the yielding phenomena of concentrated slurry is affected by the behaviour of formation 

and deformation of floc deform depending on changes in electrolyte species, electrolyte concentration, and 

pH of the dispersant. In this study, we performed sedimentation experiments to evaluate the aggregate 

structure (size, fractal dimension, and mechanical strength) under various dispersant conditions to investigate 

their effect on yielding phenomena. Silica particles (average diameter: 0.6 μm) were used as model particles. 

Five electrolytes (LiCl, NaCl, KCl, CsCl, and GdmCl (guanidium chloride)) were used, focusing on the 

hydration radii of the cations. The silica concentration of the slurry was adjusted to 35 vol%. In this study, 

the vane method was employed to evaluate yield stress [2]. 

Figure 1 shows the effects of electrolyte species, electrolyte concentration, and pH on yield stress. The yield 

stress increased with increasing electrolyte concentration and pH. Focusing on the cation species, the yield 

stress was higher for smaller hydration ion radius regardless of pH.  

 

Figure 1. Yield stress of silica slurry as a function of pH for various electrolyte dispersant (a) 0.4 M and (b) 1.0 M. 
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Granular materials are ubiquitous in nature and industrial sites. These include small particles that can easily 

become airborne and accumulate on devices and equipment, such as solar panels, leading to their 

malfunction and performance degradation. While accumulated particles can be easily removed in areas 

where people have daily access, this problem is severe in harsh environments like desert regions and space 

environments, such as the Moon and Mars, where numerous technical constraints exist. Thus, the 

development of particle removal technology that can adapt to these harsh environmental conditions is 

indispensable [1,2]. Existing techniques include the use of brushes or fluids such as water and air, but many 

challenges remain for their long-term usage in harsh environments (e.g. water is a precious resource in desert, 

and it cannot be used in vacuum). As alternatives, electrostatic-based technologies have been developed, with 

particular attention drawn to the electrodynamic dust shield (EDS). In this system, the traveling wave of an 

electrostatic field is generated on cleaning target surfaces, enabling the removal of deposited particles with 

the resulting electrostatic force [3]. The system does not require fluid material or even mechanically moving 

parts, allowing for small design, lightweight construction, and automation. Numerous researches have been 

reported on the system, such as investigations of electric parameters on the cleaning performance [4]. In this 

study, we aimed to investigate the effects of the particle charge on the cleaning efficiency of EDS by 

introducing a particle charging mechanism. 

Fig. 1 depicts the experimental setup. The EDS system consisted of a power supply for generating an 

electrostatic traveling wave and a substrate on which spiral electrodes made of Indium Tin Oxide (ITO) were 

printed. The cleaning substrate was insulated and protected by an adhesive insulator and thin glass sheet. 

When high voltages of phase-shifted rectangular waves were applied to the ITO electrodes, the generated 

electrostatic traveling wave moved particles radially from the center of the substrate. As shown in Fig. 1, the 

micro-ionizer (KEYENCE, SJ-M030) was installed on the upper part of the cleaning substrate as the particle 

charging mechanism. This device can charge or discharge the target object by irradiating ions generated from 

corona discharge. The ionizer had an internal sensor to detect an external electrostatic field and adjust the ion 

generation rate to achieve the desired ion balance in the surrounding area. If the EDS is used for space 

applications, a discharge mechanism which can work in a vacuum is required. In this study, we investigated 

the fundamental effects of the ionizer on the variation of the particle charges and the removal efficiency of 

the lunar regolith simulant particles, which mimic the real lunar soils. During the experiment, particles were 

deposited onto the EDS substrate, followed by ion irradiation, and subsequent removal experiments were 

carried out. The removal efficiency was assessed based on the weight ratio of particles before and after 

removal. Additionally, parameters such as the surface potential and charge quantity of the particles upon ion 

irradiation were evaluated. 
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Fig. 2 shows the removal of deposited particles using the EDS simultaneously with and without the ionizer. 

In the case without the ionizer, particles were irradiated with ions for a brief period of 10 seconds 

immediately prior to activating the EDS. As shown in Fig. 2, the EDS with the ionizer removed particles 

approximately four times faster than when used without the ionizer. Thus, the combination of the EDS with 

charging mechanism of particles realizes the better cleaning performance. Fig. 3 displays the surface 

potential of the particles when they were irradiated with ions for 60 seconds under different humidity 

conditions, after which the ionizer was turned off. Although the surface potentials increased in a low 

humidity environment of RH 10 % due to the ionizer, the particles did not charge significantly in a wet 

condition (RH 40%). This result indicates that environmental conditions influence particle charging. While 

the charges escape from the particles soon after the irradiation in wet condition, given charges stayed on the 

particles in dry condition. If the EDS is used in wet condition, it would be better to combine the charging 

simultaneously, realizing the better removal efficiency of particles. 

 

Figure 1. Experimental setup of the EDS combining a particle charging mechanism 

 

Figure 2. Removal of particles over time when the EDS was activated with and without ionizer 

 

Figure 3. Measured surface potentials of the particle layer 
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Introduction 

Powder compaction is one of the most widely used production process. The factors affecting the tablet 

performance include not only the compression pressure and speed, but also the powder properties, such as 

adhesion force and plastic deformability. The tableting mechanism has not yet been completely clarified 

despite the enormous studies for powder compaction. The compression conditions are, therefore, mainly 

determined by empirical knowledge. To solve this problem, quantitatively understanding the internal 

structure of tablet should be needed. Recently, a multi-particle finite element method (MPFEM) was used as 

the novel computational method to simulate the powder compression process. This study focused on rotary 

tableting machines among powder compaction methods. In rotary tableting machines, the punch reportedly 

tilted during compression and unloading due to roll rotation [1]. In this study, the effect of the punch 

inclination on the powder compaction and unloading processes was investigated through MPFEM analysis. 

Methods 

As a preliminary experiment, tablets produced by a rotary tableting machine (Virgo, 0506SS, Kikusui 

Seisakusho Ltd., Japan) were analyzed using X-ray computed tomography (CT) (Nano3DX, RIGAKU 

Corp.). Lactose (PharmatoseⓇ80M) was used as a model particle. In this experiment, the compression 

pressure and rotation speed were set at 20 kN and 19 rpm, respectively. The SRC type tablets with a mass of 

200 mg and a diameter of 8.0 mm were obtained. In the numerical analysis, the discrete element method 

(DEM) was used to perform the filling process. Microcrystalline cellulose (PH-101, Asahi Kasei Corp.), 

which was spherical particles with a median diameter of 430 μm, was used as a model particle. The filling 

method was slit filling. The sliding speed was 50 mm/s. The millstone diameter was 2.5 mm and the 

millstone height was 7 mm. The surface energy was 0.002219 J/m3. The coefficient of rolling friction was 

0.01195. All the DEM simulations were performed using EDEM 2021 (Altair Engineering Inc.). Moreover, 

the obtained the positional information of particle from the DEM was used to calculate the compaction 

process using MPFEM. The MPFEM analysis was enlarged to 1000 times scale to reduce the computational 

cost. The compression distance was set to 1300 mm. Compression time and unloading time were set to 0.01 s 

and 0.005 s, respectively. The mesh size was 80.0 mm, and the shape was tetrahedral. The shape of the upper 

punch was an R tablet. In the MPFEM simulation, the different inclination angles of upper punch were set as 

0 and 1° to investigate the effect of the punch inclinations on the tableting process. All the MPFEM 

simulations were performed using Ansys 2022 R1 (Cyber Net Inc.) 

Results and discussion 

Fig. 1 shows the X-ray CT images of tablets compressed by a rotary tableting machine. The gaps, where 

cracks occurred, were indicated in gray. The cracks were distributed semi-circularly from the tablet edges. 
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One of the factors contributing to segregation at crack sites was 

presumed as stress segregation due to the punch inclination during the 

rotary tableting process. Numerical analysis was thus conducted to 

investigate the effect of the punch inclination on the powder compression 

process. Fig. 2 shows the temporal change in equivalent stress during 

compression/unloading in MPFEM analysis under the different punch 

inclination angles. Here, equivalent stress is the absolute value of stress 

acting per element. The average value of equivalent stress (Fig. 2(a)) 

reached its maximum at maximum compression, regardless of the punch 

inclination angles. On the other hand, the maximum value of equivalent 

stress (Fig. 2(b)) varied significantly during the unloading process 

depending on the punch inclination angle. To evaluate the stress 

distribution during the unloading process, the stress distributions from a 

side view at 0.0125 seconds are shown in Fig. 3. Regardless of the 

inclination of the punch, the stress values on the sides were almost the 

same. However, it was found that the punch inclination caused 

segregation in the powder mass, as shown in Fig. 3(b). Furthermore, the 

stress distribution on the top surface during maximum compression and 

unloading was evaluated (Fig. 4). At maximum compression (0.01 s), 

stress was highest at the center of the upper surface under all conditions 

under all conditions (Fig. 4. (a)(c)). This indicated that the stress during 

compression depended on contact with the punch, and the punch 

inclination had little impact on the stress distribution. On the other hand, 

the stress increased at the edges during the unloading process for the 

both punch inclination angles (Fig. 4. (b)(d)). This was due to the contact 

of elastic recovered particles with the die. However, the stress at 

inclination angle of 0° (Fig. 4. (b)) was spread across the entire edge 

during unloading, whereas the stress at inclination angle of 1° (Fig. 4. (d)) 

was concentrated on one side of the edge. This would be because the 

punch inclination contributed to bias in the elastic recovery of the 

particles during unloading. Thus, it was suggested that the punch 

inclination should be one of the factors contributing to tableting failure. 

Conclusions 

In this study, a multi-particle finite element method was performed to 

evaluate the internal structure of tablets during tableting process. When 

compression and unloading were conducted with the upper punch 

inclination, stress segregation occurred during unloading. It was 

suggested that the punch inclination generated by the rotary tableting 

machine should be one of the factors causing tableting failure. 
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In recent years, supply of the high-grade iron ore with high Fe-content has declined rapidly, leading to an 

increased demand for the use of low-grade iron ores containing impurities. In order to utilize low- grade iron 

ores as raw materials, impurities have to be removed to increase the Fe concentration in the raw ores 1,2). An 

impurity removal process usually involves grinding and chemical reduction of the raw iron ore. However, 

such grinding and chemical reduction processes significantly change other physico- chemical properties of 

the raw iron ore. In particular, fine ore particles after grinding significantly reduce the gas permeability 

through the ore powder bed in the sintering process and the blast furnace, leading to significantly low 

productivity of the entire pig iron production process. To avoid such a negative impact, it is necessary to 

properly design the wet granulation process to agglomerate the milled fine ore particles. In particular, it is 

particularly important to understand the optimum water content in the wet granulation process. In previous 

studies3,4), we have demonstrated that an agitation torque, which correlates to a rheological property of wet 

powders, is effective in determining the optimal water content in the wet granulation of fine iron ore particles. 

However, the previous studies have only focused on typical raw ore powders, which mainly consist of Fe2O3, 

without chemical reduction treatment, therefore the agitation torque of reduced iron ore powder after 

chemical reduction treatment has not been investigated. Furthermore, the objective variable for the optimum 

water content estimated from the agitation torque profile is only the mass fraction of fine particles, while the 

relationship between this profile and granule strength has not been studied. In this study, the relationship 

between the agitation torque of wet iron ore powder and its granule strength was investigated. A hematite 

(Fe2O3) and magnetite (Fe3O4) powders were selected as model powders of unreduced and reduced iron ore 

powders, respectively. Mixtures of the hematite and magnetite powders were prepared as model powders for 

iron ore powders with different degrees of chemical reduction and used in the experiments. Using the 

mixtures with various mass fractions of hematite and magnetite (i.e., with different degrees of reduction), 

measurement of the agitation torque and experiments of a wet granulation by using a rotating drum mixer 

were conducted to study the effects of the degree of the reduction. We then investigated a correlation 

between the agitation torque of the ore powder rheology with degrees of reduction and the strength of the 

granules. 
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First, the agitation torque of mixture of hematite and 

magnetite powders was measured to determine the effect of the 

blend ratio (i.e. degree of chemical reduction of raw ore 

powders) on the rheological properties of the wet powder Figure 

1 shows the results of the agitation torque measurements. It was 

found that as the ratio of the magnetite increased, the 

increase in the torque with increasing water content 

became smaller. It was also found that a mixture with higher 

magnetite fraction showed a narrower range of water 

content over which high torque values exhibited. This 

indicates magnetite powder has lower plasticity.  

Wet granulation of hematite-magnetite powder mixture was 

then conducted. Effects of mass fraction of hematite and 

magnetite and water content on the compressive strength of the 

granules were investigated. Figure 2 shows the correlation 

between the water content and compression strength of the 

granules. The results showed that the granule strength 

increased with an increase in the water content. This is likely 

due to the increased tumbling time and collisions between 

particles during granulation in a rotating drum, resulting in 

consolidation. Moreover, it was found that the granule 

strength decreased as the magnetite ratio increased. 

Finally, the relationship between the agitation torque of a mixed 

powder and its granule strength was investigated at various 

hematite-magnetite blend ratios. Figure 3 shows a correlation between the agitation torque and the granule 

strength. A good linear correlation between the granulate strength and the product of the agitation torque and 

tumbling time was found regardless of the hematite-magnetite blend ratio. Here, it was considered that the 

agitation torque corresponds to the plasticity of wet powder, i.e. ease of the consolidation of the wet powder. As 

the tumbling time increased, the number of particle-particle and particle-granulator wall collisions increased. 

Therefore, it was found that the tumbling time corresponds to the accumulation of external force acting on the 

granules. Thus, the product of the agitation torque and tumbling time corresponds to the time-integral value of 

the stress for consolidation, resulting in a good correlation with the granule strength. 

In summary, as the magnetite blending ratio of the raw ore powder increased, i.e., the degree of reduction 

increased, the raw powders exhibited less plasticity, and the granules became less compact. From the 

comparison of the agitation torque measurement and granulation experiments, it was found that the granule 

strength can be estimated from the agitation torque regardless of the mixing ratio of the raw material. 
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Fine powders ranging in particle size from 1 to 10 micrometres find widespread applications in industries 

such as pharmaceuticals, cosmetics, coatings, food processing, and chemical manufacturing. The mixing of 

these fine powders is essential to achieve uniform and homogeneous blends necessary for product 

consistency and performance. However, due to their small particle size and large surface area, fine powders 

exhibit high surface energy and strong interparticle forces, including electrostatic, capillary or van der Waals 

forces. These characteristics can impair flowability, leading to issues like powder aggregation and 

segregation, thereby affecting the precise composition and consistency of powder mixtures. Understanding 

and optimizing the flow behaviour of fine powders are crucial for enhancing processing performance and 

ensuring product quality across these industries. 

The accumulation of electrostatic charges on insulating fine powders significantly impacts their flowability 

during mixing processes, primarily due to triboelectrification or triboelectric charging where charges transfer 

between materials with different electrical potential  upon contact and separation accompanied by friction [1]. 

In the tribo-charging process, charge transfer may involve electron, ion, and material transfer [2]. During 

each charge transfer, the materials develop charges of equal magnitude but opposite polarity, which 

subsequently relax or dissipate. The charged particles experience attractive or repulsive electrostatic forces, 

affecting their flow behaviours. Furthermore, the level and polarity of electrostatic charges on particles are 

influenced by operational conditions, particle characteristics (such as size, composition, and surface 

properties), and environmental factors (especially humidity) [3].  

This noticeable electrostatic effect on insulating fine powders stems from their high resistivity, prolonging 

charge decay times, coupled with their high surface area-to-mass ratio and light weight, which increase 

susceptibility to accumulating charges and influence from electrostatic forces. These electrostatic charges can 

cause various issues, including increased particle cohesion leading to reduced flowability, enhanced adhesion 

to equipment surfaces resulting in higher material losses and compromised equipment efficiency and 

cleanliness [4]. Additionally, they can contribute to potential equipment failures, inhomogeneous mixing, 

variability in product quality, measurement errors, and even safety hazards such as dust explosions or fires 

[5]. Therefore, studying the impact of electrostatics on powder flowability is crucial for maintaining 

consistent product performance during processing. 

The Discrete Element Method (DEM) provides a profound understanding of powder rheology at the 

microscopic level, making it a useful tool for further investigation of triboelectric charging phenomena in 

fine particles. By applying Newton's second law, DEM can dynamically track and analyse the motion of 

individual particles within bulk materials [6]. DEM models that incorporate triboelectric charging (capacitor) 

and electrostatic interactions have also been developed and widely used to study particle charging and flow 

behaviours in various processing scenarios [7]. Mehta et al. used DEM to investigate segregation and powder 
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adhesion due to triboelectric charging in different V-blenders, and after comparing with experimental results, 

they confirmed that DEM can capture the overall charging dynamics [4]. 

This work is to study how triboelectric charging affects the flow properties of fine powders during the 

mixing process. A DEM model is developed to investigate the impact of varying particle size, mass ratio, 

blade tip speed, mixing time, and mixer size on the triboelectric charging process, and explore the influence 

of these electrostatic charges on the flow and mixing. This investigation enhances fundamental 

understanding and offers practical insights for optimizing mixing in industries. 

The DEM model of a blade mixer has been constructed, integrating both triboelectric charging and 

electrostatic interaction models. This model is to study the triboelectric charging behaviours of lactose and 

mannitol fine powders under various conditions. The DEM model has been validated by comparing with 

experiments using the dynamic testing of a Freeman FT4 powder rheometer. This apparatus measures the 

variation of flow energy with blade penetration depth at blade tip speeds of 100 mm/s, 70 mm/s, and 40 

mm/s.  

Experimental and simulation setups are shown in Figure 1 (a). The expected analysis entails measuring axial 

forces and torques on the impeller during downward blade rotation to calculate flow energy for simulation 

validation like Figure 1 (b). Flow energy also serves as a metric for particle flowability; higher flow energy 

indicates lower flowability. By controlling influencing factors, the accumulation of electrostatic charges 

during mixing quantified as specific charge (charge per unit mass) is studied. Besides, the coordination 

number, representing the number of contacts per particle, will be used to further analyse the tribo-charging 

process and the Lacey mixing index of mixtures will be computed to examine mixing uniformity and 

investigate the impact of charging on product quality. 

         

Figure 1. (a) Diagram of FT4 rheometer equipment and simulation; (b) flow energy vs penetration depth of mixture in DEM 

simulation without electrostatics and experiment. 
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Spray freeze granulation drying (SFGD) is a granulation technique, in which granules are produced by 

sublimating solvent from frozen bodies obtained by spraying a slurry. Granules produced by this technique 

are purported to have a homogeneous internal structure, good flowability owing to their spherical shape, and 

low strength owing to these porous structure, which provide various oxide ceramics having better properties. 

However, compounds that react with water to form oxides or hydroxides on the surface of the raw powder, 

such as nitrides (Si3N4), have been little studied in SFGD. In our previous study, SFGD was carried out using 

nonaqueous Si3N4 slurry to obtain granules. Solvent mixtures of tert-butyl alcohol and cyclohexane were 

used to prepare the Si3N4 slurries. As a result of in situ optical coherence tomography (OCT) observation of 

the freezing behaviour of the slurry, it was found that the solvent mixture of the eutectic composition yielded 

a homogeneous internal structure with fine pores in the freeze-dried body. The granules of that composition 

prepared by spray freeze granulation drying had a smaller size and a narrower size distribution, which resulted 

in a homogeneous internal structure of silicon nitride ceramics. The amount of OA in PEI-OA complex should 

also be an important factor in better ceramics. In this study, the Si3N4 slurries were prepared using various 

amount of OA in PEI-OA complex added as a dispersant. The freezing behaviour was evaluated by applying 

motion detection method of OCT images obtained from in situ observations as in previous studies. 

Fig. 1 shows the OCT images of the freezing behaviour of the Si3N4 slurry. By comparing OCT images of the 

same position at different time in Fig. 1(a) and (b), the pixels determined to be in motion was obtained (Fig. 

1 (c)). They expanded from the cooling surface and then the OCT images became stationary. Time 

dependence of the fraction of the pixels determined to be in motion indicated that the slurry with the higher 

amount of OA froze faster, which also had lower freezing initiation temperature because of the better affinity 

between the solvent and the particles. From the SEM images of the freeze-dried bodies, it was found that the 

higher amount of OA, the finer pores, i.e. the finer solid formed by freezing (Fig. 2). Such more 

homogeneous internal structure resulted in the higher compressive strength of the Si3N4 granules. Although the 

morphology of the granules obtained was spherical, the granule size were smaller for those prepared from the 

slurries with lower viscosities (Fig. 3). In addition, the higher the OA amount in PEI-OA complex, the smaller 

the Hausner ratio. This means that OA plays a role of lubricant, resulting in better flowability of granules. 

 

 
 

Figure 1. (a) OCT images of the Si3N4 slurries prepared by adding the PEI-OA complex containing 10 mol% OA. (b) is the image 

(a) (b) (c) 
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obtained 0.04 s after (a). (c) is the result of the motion detection between (a) and (b). 

 

 

 
 

Figure 2. SEM images of freeze-dried bodies prepared using Si3N4 slurry with various amount of OA in PEI-OA complex. 

 

 
 

Figure 3. SEM images of SFGD granules prepared by using Si3N4 slurry with various amount of OA in PEI-OA complex. 
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1 Introduction 

High concentrations of boron, arsenic and radioactive cesium have serious effects on the human body. 

Therefore, the development of adsorbents for boron, arsenic and radioactive cesium is very importance. It 

has already been reported that adsorbents obtained by graft polymerisation of glycidyl methacrylate (GMA) 

onto nonwoven fabrics followed by adhesive reaction with N-methyl-D-glucamine (NMDG) exhibit high 

boron adsorption capacity [1]. In this report, the newly prepared cerium hydroxide adsorbed boron well and 

is described in detail. Similarly, polyurethane-like adsorbent was prepared and adsorbed arsenic well, and the 

results are also described. Furthermore, adsorbents such as Phospho-ammonium tungsten for radioactive 

cesium were examined. 

2. Results and Discussion 

Cerium hydroxide was obtained by mixing of cerium nitrate solution and sodium hydroxide solution from 

mixing continuous crystallization. A conceptual diagram of the continuous crystallisation system is shown in 

Fig. 1. The mean particle sizes of Cerium hydroxide was 2.1µm (Fig.2) 

Polyurethane form-like adsorbent(PUF) was obtained using polypropylene glycol(PPG), 4,4’-

Diphenylemethane diisocyanate(MDI) and Tri-n-octylamine(TnOA), The resulting adsorbent adsorbed 

arsenic well. 

 

                  
Figure 1. Conceptual diagram of continuous crystals crystallization. Figure 2. Particle size of Cerium hydroxide 

 

Ammonium phosphotungstate was prepared by continuous crystallisation of aqueous solutions of 

phosphotungstic acid and ammonium bicarbonate. The resulting adsorbent adsorbed radioactive cesium well. 

The adsorption isotherms of radioactive cesium on ammonium phosphotungstate are shown in Figure 3. 

Several adsorbents prepared in this study were pre-coated on spring-type filters(Figure 4) and applied to 

remove arsenic, boron and radiocesium from seawater and rivers. 
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                      Figure 3. Adsorption isotherms                                        Figure 4. Pre-coated on spring-type filters 

 

3. Conclusions 

K2[CoFe(CN)6] is effective to remove of radioactive cesium from environmetal waters such as sea water and 

river water, and this study contributes to SDGs NO.7(CLEAN WATER AND SANITATION, Ensure 

availability and sustainable management of water and sanitation for all)． 
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The flow behaviour of polydisperse particle mixtures, especially non-spherical particles, is quite complex in 

rotating drums, making it difficult to understand the mixing and segregation mechanisms. In this work, the 

combined impact of the large and small particle shapes was thoroughly investigated in detail in bi- disperse 

particle systems and further verified in polydisperse systems, using various spherocylindrical particles with 

different aspect ratios (AR). In bi-disperse particle systems, a significant enhancement in the steady 

segregation degree was observed when the system transitioned from single to double spherocylindrical 

particles. Besides, in bi-disperse system with double spherocylindrical particles, similar to bi-disperse 

systems with single spherocylindrical particles, the inclusion of large spherocylindrical particles significantly 

inhibits the particle percolation process, resulting in better mixing effect. Conversely, the inclusion of small 

spherocylindrical particles with the higher average packing density requires more energy to overcome inter-

locking effect on percolation. Especially the lower the average packing density of small particles, the higher 

the particle segregation degree. Consequently, the phase diagram was bound to shows two peak regions and 

one valley region in the interval of 1.0 ≤ LAR, SAR ≤ 4.0 under the combined effect of particle shapes. 

Additionally, in polydisperse particle systems size-induced particles, with the increasing particle AR value, 

the steady segregation degree shows the first increasing and then decreasing characteristics, while the initial 

segregation speed shows the continuous decreasing characteristics. 

 

 

Figure 1. Combined effects of large particle shape and small particle shape: 

(a) Effect of small particle shape, (b) Effect of large particles, (c) Combined effects in phase diagrams 
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The unique characteristics of ceramics such as excellent hardness and resistance in heat as well as corrosion 

have led to their wide usage in many applications. Recently, interest in developing graded porous ceramics 

for applications such as heat insulation, sound dampening, bio-ceramics and lightweight structural 

framework for catalyst carriers are increasing [1]. Methods such as sol-gel, organic foam, and freeze-casting 

are used for fabrication of porous ceramics but still face challenges in forming graded porous ceramic 

structures.  

In this study, fabrication of graded porous ceramics using electrostatically integrated composite granules is 

demonstrated. Recent reports indicated a feasible fabrication of functional ceramic composites exhibiting 

desired properties such as enhanced electrical or thermal property using electrostatic integrated composite 

granules via powder metallurgy [2,3]. By using electrostatic integrated granulation, the heteroaggregation of 

ceramic and pore-former particles in an aqueous suspension led to the formation of spherical composite 

granules with a homogeneous distribution of the raw particles while exhibiting improved flowability, and 

handling ability. The ceramic particles and pore-formers used were alumina (Al2O3, average diameter 140 nm) 

and spherical polymethyl methacrylate particles 

(PMMA, average diameter 800 nm), respectively. 

The amount of PMMA incorporated into the 

composite granules was varied from 0 to 50 vol.%. 

The microstructures of the porous Al2O3 obtained 

after sintering of pressed PMMA-Al2O3 composite 

granules with different PMMA composition at 

1350ºC for 1 h, are shown in Figure 1. These 

observations indicate a possible porosity control 

using electrostatic integrated composite granules. 

By stacking PMMA-Al2O3 composite granules in 

an increasing vol.% of PMMA, a feasible 

fabrication of graded porous ceramics using is also 

demonstrated. The findings from this study could 

benefit the development of a scalable graded 

porous ceramics manufacturing.    
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Figure 1: Microstructure of the sintered artifacts (1350ºC ,1 h) 

obtained using electrostatic integrated Al2O3-PMMA 

composite granules with different vol.% of PMMA 

incorporated.  
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Evaluating the flow properties of a powder bed are of practical importance for industrial operations, like silo 

flows. These properties, including cohesion, unconfined yield strength, major principal stress, flow function, 

angle of internal friction and bulk density, are typically measured by the shear testers. The flow properties of 

the testing powders at consolidated, moderately stressed, and initial fluidized conditions are known to be 

different. Gathering flow property information of the powder bed at different conditions into a flowability 

diagram is challenging. The traditional Hvorslev surface and the Roscoe/Rendulic surface separated by the 

critical state line can only consider the flow properties of the compressed powder bed. Here, we prepare the 

three-dimensional flowability envelope diagrams for different powders using a commercial powder 

rheometer, FT 4. The normal stress and shear stress acting on the powder, and the bed voidage are the three 

coordinates. We initially analyse the powder bed flowability under the tensile stress by conducting bed 

fluidization and shear testing at the same time. The effects of the powder caking on the flowability envelope 

diagrams’ size and shape are systematically studied. 

 

Figure 1. Overlayed Hvorslev diagram of Pure sugar powder 
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SnO2 nanoparticles were grown on the surface of reduced graphene oxide (rGO) via a simple reflux reaction, 

resulting in the formation of rGO-SnO2 composites with excellent hydrogen (H2) sensing performance. 

Noble metal sensitizers, known for their electronic and chemical sensitization effects, have been shown to 

significantly enhance the sensing performance of metal oxide semiconductor (MOS) based gas sensors. In 

recent years, intermetallic compounds have gained significant attention in catalysis research due to their 

tunable electronic structure, excellent stability, and low cost. Especially, intermetallic compounds have 

demonstrated exceptional catalytic performance. Based on the theoretical basis of the above two aspects, it is 

hypothesized that intermetallic compounds will offer high sensitization performance in MOS gas sensing. 

Herein, an in-situ synthetic approach to produce a series of intermetallic sensitizers consisting of three binary 

M-Sn (M: Au, Pt, Pd) intermetallic compounds were reported. All three intermetallic compounds 

significantly enhanced the H2 sensing performance of rGO-SnO2 composites, with Pd3Sn2 exhibiting the 

most potent sensitizing effect. The 2.0% Pd3Sn2-rGO-SnO2 composites with sandwich structure showed a 

significant decrease in the optimal operating temperature of rGO-SnO2 composites in response to H2 from 

225 °C to 90 °C, and its sensor response to 500 ppm H2 was 250.9, which was 125 times higher than that of 

rGO-SnO2 composites. 

 

 

Figure 1. Schematic illustration of H2 sensing process of MxSny-rGO-SnO2 composites. 
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A new and efficient technique is developed by combining the hyphenated microfluidic- and aerosol-based 

synthesis with the coupled differential mobility analysis for the effective and continuous synthesis and 

simultaneous analysis of metal-organic frameworks (MOFs) derived hybrid nanostructured products. 

HKUST-1, a copper-based MOF, is chosen as the representative to fabricate Cu-based hybrid catalysts for 

reverse water-gas shift (RWGS) reaction, an effective route for CO2 utilization. The effect of precursor 

concentration and carrier selection on the properties of the resulting products, including mobility size 

distribution, crystallization degree, surface area and metal dispersion were investigated, as well as the 

correlation between the material properties of the synthesized catalysts and their catalytic performance in 

RWGS reaction in terms of conversion ratio/rate, selectivity and operational stability. The results indicated 

that the continuous microfluidic droplet system can successfully synthesize MOF colloids, followed by the 

continuous production of MOF-derived hybrid materials through the tandem aerosol spray-drying-reaction 

system. High catalytic activity and low initiate temperature toward RWGS (turnover frequency = 0.0074 s-1; 

450 °C) were achievable. The work facilitates the production and the designed concept of relevant MOF-

derived hybrid nanostructured catalysts in the continuous synthesis system and the enhancement of 

applications in CO2 capture and utilization. 
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In this study, functionalized multi-walled carbon nanotubes (f-MWCNT) hybridized with a selected 

fluorescence dye as coumarin could be developed and used as a fluorescence sensing material for metal ion 

detection as depicted in Figure 1. MWCNTs with diameters of approximately 30 and 60 nm were synthesized 

from a mixture of benzene, toluene and xylene (BTX) as a representative of waste plastic pyrolysis products 

using Fe/b-Al2O3 and Fe/SiO2 as catalysts, respectively. Commercial MWCNTs with a diameter of about 10 

nm was also used as a benchmark. One-pot acid treatment at various acid mixture ratios for functionalization 

and purification of the MWCNTs were conducted in order to add functional groups on and remove catalyst 

residues out of the MWCNTs. The results showed that f-MWCNTs derived from Fe/b-Al2O3 using a 1:3 (v/v) 

of HNO3:H2SO4 mixture solution resulted in the highest purity at 84%. Microwave digestion was then used 

to increase MWCNT purity up to 94.6%. For f-MWCNTs derived from Fe/SiO2, using 25% HF: 75% 

HNO3+H2SO4 (1:3, v/v) could achieve high-purity MWCNT at 96.7%. Four types of f-MWCNT with low 

and high purities (84% and 94–97%) and various MWCNT diameters (10, 30, 60 nm), which exhibited 

photoluminescence with emission in the visible light region, were selected for the selectivity test of metal ion 

detection. These were compared with those conjugated with coumarin to enhance their fluorescent 

intensities. The results showed that fluorescent intensity of all fluorescent probes was selectively quenched 

by Fe3+ ions by over 83% as shown in Figure 1. The as-synthesized f-MWCNT successfully achieved 

comparable good limits of detection (LOD) for Fe3+ at 2.20–2.32 µM in a linear concentration range of 0–50 

µM, which was further reduced to 1.92–2.21 µM for the coumarin-conjugated f-MWCNTs. The LODs 

obtained in this study were comparable with those CNT-based fluorescence probes developed in previous 

studies [1, 2] with 200–1000 times lower concentration of added fluorescence probe in the solution at 0.1 

µg/ml. The size and purity of MWCNTs within the ranges of this study did not significantly affect to the 

performance of the fluorescence intensity and LOD of Fe3+ ion. This as-developed f-MWCNT hybridized 

with coumarin based fluorescence probe could be further applied to environmental and biomedical 

applications for the detection of Fe3+ ion.  
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Figure 1. Conceptual study of functionalization of BTX-derived MWNCTs as a fluorescence sensor  

hybridized with coumarin for use in metal ion detection. 
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The urgent need for a reduction in the use of fossil fuels in order to reduce CO2-emissions has led to the 

emergence of electro mobility, e.g., in the form of electric cars. Currently, lithium-ion batteries are the most 

frequently used component for the needed energy storage. Within batteries a blend of multiple components, 

including active materials, polymer binders and carbon black, ensures efficient energy storage. Therein, the 

creation of electrical pathways between the usually non-conductive active material particles is achieved by 

the addition and homogenous dispersion of carbon black within the electrodes. The formed conductive 

network of carbon black is supported by a polymeric binder. At the cathode side of lithium (Li) ion batteries, 

polyvinylidene fluoride (PVDF) is often used as binder which is part of the group of per- and polyfluoroalkyl 

substances (PFASs). To limit the environmental hazards and subsequent health implications on the basis of 

the bioaccumulation of these substances, the development and evaluation of alternatives is of the utmost 

importance. Therefore, this project focuses on enhancing the material properties of carbon black via hetero-

aggregation with other additives, to reduce the technical requirements on the binder network and 

subsequently open up alternatives in binder choice. One material which is well suited for the production of 

highly ordered composite structures is silica. In addition, the silica particles infiltrate the carbon black 

structure when the process parameters are well chosen, as demonstrated in a recent publication [1]. Therein, 

the hetero-aggregation yielded aggregates which consist of the preserved backbone of the fractal carbon 

structure with silica particles on the carbon black surface for reinforcement as depicted in the transmission 

electron microscopy (TEM) image in Fig. 1. In order to produce a high amount of hetero- contacts it is 

necessary to reach high dispersity during the mixing of both nanopowders. Instead of dry mixing where high 

shear forces are needed, the mixing process is shifted in the gas phase. In a spray the active mixing zone is 

achieved by high gas velocities above the nozzle. Furthermore, by choosing a burnable liquid as dispersion 

medium the spray can be ignited, thus creating a turbulent spray flame. The high temperature of the flame as 

well as the high collision frequency enables the creation of the hetero- aggregates. These hetero-aggregates 

were produced in a spray flame in which a suspension of a C65 type carbon black and colloidal silica 

particles was atomized. 

A fundamental understanding of hetero-aggregation is only achieved when both, the primary particle 

properties and their influence on the overarching aggregate structure, is considered. Therefore, a multi-scale 

approach for the characterization of hetero-aggregates has been applied. The approach includes a 

combination of small angle X-ray scattering (SAXS), analytical disc centrifugation (ADC) and transmission 

electron microscopy (TEM) to grant a comprehensive understanding of multiple particle properties by 

uniting primary particle properties, the fractal dimensions and aggregate properties. Further information on 

the mixing quality within the hetero-aggregates has been achieved with extensive image analysis of TEM- 

Images. In order to assess the functionality within batteries, the studied functional properties and relevant 

material functions include breakage behaviour, dispersion properties and electro-chemical performance. In 

conclusion, the results connect the process conditions for the hetero-aggregate synthesis with the respective 

aggregate properties and the resulting functional properties for battery applications. 



- 202 - 

 

The presentation will cover results of the multiscale structural characterization of hetero-aggregates 

consisting of carbon black and silica. Therein the key influences of the experimental conditions on the 

aggregate structure are characterized. Furthermore, the applicant has developed a method to reproducibly 

induce stress on aggregates by means of ultrasonic treatment via a sonotrode. In this context, results for 

varying energy inputs help to understand how the hetero-contact affects the aggregate stability. Afterwards, 

the aggregate breakage behaviour is characterized with regard to the change in aggregate diameter. Further 

mixing experiments in a laboratory setup aid to compare network formation and stability with conventional 

battery mixtures. Subsequently, a defined parameter space for the desired functionalization of the carbon 

black aggregates is strived for. 

 

 
 

Figure 1. TEM image with energy dispersive X-ray spectroscopy (EDX) of produced hetero-aggregates of carbon black 

and colloidal silica. Carbon is colored in green and the silica particle appear pinkish. 
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Gas sensors, the devices that transfer information about the presence and concentration of gases of interest 

into detectable electrical signals, play an important role in many industries, environmental protection, health 

and safety, and medical systems, among others. The sensing signal transformation can be achieved by using 

different principles resulting in various types of gas sensors. Conductometric semiconducting metal oxide 

(SMO) gas sensors are designed based on the resistance change of a SMO material caused by the interfacial 

reaction between the gas and the surface of the sensing material, and have captured a large portion of the gas 

sensing market due to their solid state, low cost, high reliability, and easy operation. As a core part of a SMO 

gas sensor, sensing materials play a key role in determining the sensing performance of the device, with the 

microstructure and surface properties being the dominant factors. In this study, SMO nanostructures with 

different dimensions were designed and synthesized for gas sensing applications. Their gas sensing 

properties were systematically tested, and the gas sensing mechanism was also investigated and analyzed.  

 

 
Figure 1. TEM characterization results of the In2O3-ZnO heterostructure nanowires 
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Figure 2. SEM and TEM characterization results of the Au@WO3 core-shell nanospheres 
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Coating technology for metal oxides on particle materials finds extensive applications in various material 

research fields, notably in battery materials. Recent focus within lithium-ion batteries (LIBs) research has 

emphasized the necessity of applying a protective layer onto cathode particles [1-3]. This protective layer not 

only safeguards the particle surface from degradation during charge and discharge cycles but also facilitates 

Li-ion and electron pathways. Typically, composite metal oxides serve as ideal coating materials to fulfil 

these multifaceted requirements, underscoring the critical need for advancing coating processes involving 

composite metal oxides [4]. In the context of LIBs, the microstructure of resulting core-shell particles, 

particularly the homogeneity and coverage of the coating layer, profoundly influences cell properties. 

However, achieving homogeneity at the nanoscale poses challenges due to the precise control required over 

the deposition phenomenon of the coating material onto core particles' surfaces. In this study, we meticulously 

regulated process parameters to coat Li7La3(Zr1.75Ta0.25)O12 (LLZTO), a known oxide solid electrolyte, onto 

cathode particles' surfaces, thereby yielding core-shell particles with varying coating layer homogeneities. 

Subsequent integration of these core-shell particles into conventional LIBs enabled us to experimentally 

elucidate the impact of different coating layer homogeneities on cell properties. 

Figure 1 illustrates typical observation results obtained via Transmission Electron Microscope + Energy 

Dispersive X-ray Spectroscopy (TEM+EDS) analysis of LLZTO-coated cathode particles. Detection of Zr, a 

constituent of the coating material, from nearly identical positions as Co, a constituent of the cathode 

particles, validates the successful deposition of the target material onto the cathode particle surface. 

Moreover, slight segregation observed in certain areas indicates partial heterogeneity in the coating layer. 

Our analysis of coating layer homogeneity extends beyond TEM observations to quantitative assessments 

using spectroscopic techniques such as X-ray Photoelectron Spectroscopy (XPS). 

 

Figure 1. TEM+EDS analysis for Li7La3(Zr1.75Ta0.25)O12 coated Li(Ni1/3Co1/3Mn1/3)O2 particle. Co: core part, Zr: shell 

part 
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variations in coating amount depending on the electrostatic relationship between homogeneous nucleated 

coating components and cathode particles. 

 

Figure 2. Correlation of coating layer homogeneity on cathode with capacity fade rate 

In Figure 2, we illustrated how variations in the homogeneity of the coating layer on cathode particles 

mitigates the capacity fade rate in conventional LIBs. Through our study, we established an index for the 

coating layers homogeneity based on the results of XPS quantitative analysis of coating components. A lower 

homogeneity factor within this index signifies the presence of an island-like structure in the coating layer, 

while a higher factor suggests a more uniform coverage encapsulating the cathode particles. Our findings 

confirm that a homogeneous coating relatively protects the cathode particle surfaces against aprotic liquid 

electrolytes and significantly reducing the capacity fade rate over repeated charge-discharge cycles. 

Conversely, the presence of a heterogeneous coating layer, resembling an island-like structure, leads to a 

significant reduction in cell capacity, even when employing the same coating material. These results 

substantiate the critical role of precisely controlling the homogeneity of the coating layer on cathode particle 

surfaces in mitigating capacity fade and advancing the performance of LIBs toward greater longevity and 

reliability. 
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Biofilm is defined as a collection of microorganisms encased within extracellular polymeric substance (EPS). 

The presence of biofilm is associated with various problems such as food contamination, fouling of 

separation membranes, increased resistance to medicine, reduced effectiveness of chlorination in drinking 

water distribution systems, and others [1-5]. Metal oxide nanoparticles represent a promising tool in 

overcoming this bacterial resistance due to their antimicrobial and antibiofilm activities [6, 7]. This research 

investigates the biosynthesis (or green synthesis) of ZnO nanoparticles using aqueous extract of clove flower 

buds (Syzygium aromaticum) and the measurement of their antibiofilm activities. Clove extract is particularly 

rich in polyphenols [8], which makes it useful as reducing and capping agent in biosynthesis of ZnO via 

reaction with 0.05 M zinc nitrate solution. The clove extract, prepared by reflux method, showed eugenol 

peak after 60 mins. Biosynthesis was undertaken at precursor/extract volume ratio of 30/70 and 70/30. A 

chemical sol-gel synthesized specimen was included for comparison. Dry precipitates produced by the 

biosynthesis were calcined at 400 C according to TGA results. Particle morphology and size distribution 

were characterized by TEM, as presented in Figure 1. Biosynthesized ZnO exhibited severe agglomeration 

compared to sol-gel ZnO. The smallest nanoparticles were observed for 30:70 biosynthesized ZnO (26.92 

nm), followed by 70:30 biosynthesized ZnO (34.98 nm) and sol-gel ZnO (35.69 nm), each with different 

morphology. Antibiofilm activities were assessed using microtiter plate assay, where 70:30 biosynthesized 

ZnO indicated the highest activity, producing an approximately 34% reduction of Escherichia coli biofilm 

population. The antibiofilm activity suggested a correlation to different morphologies and ion Zn2+ leaching. 
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Figure 1. Morphology and size distribution of biosynthesized ZnO nanoparticles (a) precursor/extract = 70/30, (b) precursor/extract 

= 30/70, and (c) sol-gel  
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Introduction 

Metal-organic frameworks (MOFs) are a category of nanoporous materials formed by the coordination of 

metal nodes with organic linkers. The easily tuneable porous structure, high crystallinity, large porosity, and 

high specific surface area of these hybrid materials make them attractive, especially in environmental 

remediation, including catalysis and adsorption [1]. 

Metal-organic frameworks (MOFs) have promising potential, but they present certain challenges: their 

nanoscale dimensions can cause pipe blockages and make recovery processes more complex; their synthesis 

typically involves the use of toxic chemicals and substantial energy consumption, which restricts their 

scalability for practical industrial use and commercialisation [2]. 

Addressing these challenges involves engineering powdered materials into larger architectures, thereby 

mitigating the shortcomings of MOF materials and rendering them suitable for industrial-scale applications. 

This enhances their mechanical strength and facilitates easier handling, consequently improving their 

stability and potential for reuse. Among the methods employed to achieve these macroscopic architectures, 

supporting MOFs on polymer hosts stands out as a direct, cost-effective, and less complicated approach 

compared to alternatives such as spray drying and pelletisation [3]. 

The in-situ growth of MOFs on polymer hosts, though relatively unexplored, is a more environmentally 

friendly, cheap, and scalable technique compared to directly mixing preprepared MOFs with a suitable 

polymer. In our study, we explored the potential of carboxymethyl cellulose (CMC) to serve as a platform for 

the growth of Metal-Organic Frameworks (MOFs). CMC possesses the unique ability to form hydrogels that 

can be cross-linked by substituting the sodium in CMC with various divalent and trivalent metal ions [4]. We 

chose CMC for its advantageous characteristics such as biocompatibility, biodegradability, cost- 

effectiveness, and eco-friendliness. We hypothesised that by crosslinking CMC with copper, the copper ion 

would provide sites for the nucleation and growth of copper-1,4-benzenedicarboxylate (CuBDC) MOF. 

Materials and methods 

To initiate the growth of MOFs on the CMC surface, we suspended 4 mmol of terephthalic acid (H2BDC), 

and 4 mmol aniline in 40 mL of 2% w/v CMC solution. After vigorous stirring for an hour, the resulting 

mixture was then slowly added dropwise at a rate of 2 mL/min from a Pasteur pipette nozzle into a 0.2 M 

copper acetate anhydrous solution. The resulting beads were left in the copper solutions for 24 hrs at room 

temperature (25°C) before being washed with deionized water and ethanol, and subsequently freeze-dried. 

We also prepared control beads to evaluate the influence of each component on the hydrogel solution. These 

included beads made solely from CMC, beads containing CMC and aniline exclusively, and beads composed 

solely of H2BDC. 
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Results and Discussion 

The prepared microbeads were spherically shaped but differed in both colour and size (Figure 1). The sky-

blue coloured microbeads, typical of copper crosslinked carboxymethyl cellulose, change to a greenish 

colour with the introduction of aniline moiety. One advantageous aspect of this approach is its ability to 

regulate the size of the hydrogel beads by adjusting the nozzle size used to dispense the solution. 

 

Figure 1. Photographs displaying the prepared beads (a-d) alongside box plots showing their sizes 

Only the beads prepared with H2BDC and aniline exhibited sheet-like folds on their surfaces, decorated 

with rice-like crystals measuring 483.78±7.29 nanometres (Figure 2b). This indicates that the interaction 

between aniline and H2BDC molecules facilitated the formation of the crystals. We proposed the idea that 

the oxidation of aniline on the surface of the beads serves as a template to promote the growth of these 

crystals. We confirmed these crystals to be Cu-BDC MOF by matching XRD diffraction patterns with the 

simulated diffraction peaks of Cu-BDC MOF (CCDC No. 687690, Figure 2a). The matched peaks, [0 2 1], 

[1 3 1], and [2 2 -2] crystallographic planes confirmed the existence of a Cu-BDC layer on the surface of 

the beads with planes perpendicular to the stacking direction [5]. 

 

 
 

Figure 2. XRD diffraction peaks and SEM micrograph showing the rice-like crystals on the surface of CMC beads 

Conclusion 

We have developed a method for synthesizing Cu-BDC MOF on carboxymethyl cellulose beads without the 

use of organic solvents. Aniline played a key role in this process, forming a [Cu-aniline] complex that served 

as a seeding template for the crystalline material. This method is particularly advantageous due to its 

scalability, which can be achieved by varying the size of the droplets cast into the copper solution. 
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The hydrogenation of CO2 is a crucial process for mitigating anthropogenic CO2 emissions into the 

atmosphere and yielding C1 chemicals that can be utilized as fuels and valuable precursors for chemical 

synthesis. High-entropy alloys (sHEAs) have widespread application across various fields owing to their 

exceptional thermal stability and tunable microstructure. However, their potential application as catalysts is 

often limited by the low exposure of active sites. In this study, we utilized commercial CoCrNiFeMn HEAs 

powder for atmospheric pressure CO2 hydrogenation reaction and promoted its catalytic performance by a 

combined treatment of ball milling and high-temperature H2 reduction. The high-energy ball milling induces 

a morphological transition in CoCrNiFeMn HEAs, shifting its shape from spherical to irregular. This 

transformation leads to a significant reduction in particle size and the addition of more surface reactive sites. 

The subsequent high-temperature H2 reduction triggers the atomic rearrangement on the CoCrNiFeMn 

surface, thereby improving its alloy structural homogeneity. These modifications enhance the catalyst's 

performance in CO2 hydrogenation. This work introduces a facile modification approach to bolster the 

catalytic efficiency of commercial HEAs in CO2 hydrogenation processes with high selectivity. 

 

 

Figure 1. Graphical abstract 
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In fabrication of multifunctional materials exhibiting desired properties, advanced processing technique 

plays an important role in composite materials design and efficient utilization of additives [1]. A controlled 

formation and design of composite particles and composite granules using nano- or microscale-sized 

particles can be achieved using electrostatic assembly of particles. These composite particles and granules 

exhibit a desired structure, enabling simple processing of via powder metallurgy for fabrication of novel 

functional composites. Spherical composite granules with improved handling ability are preferred compared 

to their powder counterpart for rapid and scalable processing. However, it remains a challenge to control the 

distribution of nanosized particles within composite granules, as this would affect the final microstructure, 

and hence the properties of the bulk composite.  

In this presentation, a feasible controlled incorporation of functional additives at the shell layer of composite 

granules via electrostatic integrated granulation is demonstrated [2, 3]. The processing of these composite 

granules led to the formation of connected structural network, enabling the 

efficient usage of additive materials in bulk composite fabrication. Using 

carbon nanotubes (CNT), alumina (Al2O3) and zirconia (ZrO2) particles, a 

feasible controlled formation of core-shell composite granules consisting of a 

CNT embedded alumina Al2O3-ZrO2 composite shell with a core of Al2O3–

ZrO2 were fabricated. The cross-sectional images of a spark plasma sintered 

artifact obtained using the CNT-incorporated shell-layer Al2O3–ZrO2 

composite granules are shown in Figure 1. A mesh-like interconnected 

network (greyish), which was the CNT-incorporated Al2O3–ZrO2 composite 

shell can be observed surrounding the Al2O3–ZrO2 granules’ core (white). 

The electrical conductivity of the sintered artifacts obtained using CNT-

incorporated shell-layer Al2O3–ZrO2 composite granules was higher 

(approximately 15 times) than those obtained when CNT was homogeneously 

distribution within the Al2O3–ZrO2 composite granules (same amount of CNT 

incorporation at 0.4 vol%). These findings indicate that a feasible formation of 

structurally controlled composite granules can be obtained using electrostatic 

particle assembly technique with good prospect for scalable novel composites 

fabrication.  
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Figure 1: Cross-sectional 

microscope images of a 

sintered artifact obtained 

using the CNT-incorporated 

shell-layer Al2O3–ZrO2 

composite granules at (a) 

low and (b) high 

magnification. 
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Alginate-based materials are widely applied in various industries for the good biocompatibility, 

bioavailability, non-toxicity, and stability. Food and feed industry are one of the alginate’s industrial 

applications, where alginate can be used as coating materials to encapsulate bio-active ingredients such as 

enzymes to improve their stability.  

In animal feed industry, to reduce animal feed cost, optimize animal performance, and improve process 

sustainability, exogenous enzymes are frequently utilized as feed additives. Phytase is a common enzyme in 

animal feed industry, due to its well-recognized ability to enhance the digestion and absorption of 

phosphorus, by catalyzing the hydrolysis of indigestible phytic acid (inositol hexakisphosphate) in animal 

feed to a highly digestible form. However, the application of phytase in industry has been greatly limited due 

to its low thermal stability. Animal feeds are pelleted at temperatures up to 105 °C to kill harmful bacteria. 

During the steam pelleting process, phytase can lose up to 80% of its activity due to moisture and elevated 

temperatures.  

Enzyme encapsulation in alginate particles via spray drying has shown great potential for improving enzyme 

thermal stability, however, limited enzyme loading capacities and bioavailability remains a challenge. In the 

present work, a scalable enzyme encapsulation method was developed to stabilize enzyme against heat, using 

alginate as the coating material, and the bioavailability of the encapsulated enzyme was studied in vivo. The 

alginate particles were synthesized using a scalable spray drying method, and the physicochemical properties 

of the particles were characterized using a range of analysis techniques. The thermal stability of the enzyme 

was improved by 60%, and a high enzyme loading of 48% (w/w) was achieved.  
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The novel metal-organic framework (MOFs) series is developed from the Massey University Frameworks 

(MUFs) series; the University of Canterbury-Massey University Frameworks (UC-MUFs). Beyond 

simulation, the UC-MUFs have been investigated through synthesis experiments. The original UC-MUF is 

composed of copper (Ⅱ) acetate monohydrate and isophthalic acid as metal ions and organic ligands, 

respectively. The UC-MUF can be functionalised by using other organic ligands, and two functionalised UC-

MUFs (UC-MUF-OH and UC-MUF-CH3) are found. TGA result shows that the UC-MUF series has thermal 

stability up to 250 ℃, and the decomposition of frameworks starts around 300 ℃ to 350 ℃. The structure of 

the UC-MUF series is analysed through the SEM, and the hexagonal shape is shown from the three UC-

MUF series. In addition, the size of particles of the UC-MUF series is changed depending on functionalised 

organic ligands in the UC-MUF series. Furthermore, the gas physisorption test is studied to analyse its gas 

adsorption performance. According to the result, three UC-MUF series show good CO2/N2 adsorption 

selectivity. 

 

Figure 1. TGA graph of three UC-MUFs in N2 environment. 
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Figure 2. SEM images of the UC-MUFs; (a) UC-MUF, (b) UC-MUF-OH, and (c) UC-MUF-CH3. 

 

 

Figure 3. Gas physisorption data of the UC-MUFs. 
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Traditional metal oxide semiconductor gas sensors are facing significant challenges for portable devices and 

integration due to large power consumption caused by high operating temperature. Two-dimensional (2D) 

nanomaterials with large specific surface areas, rich active sites, and tunable electrical properties are proved 

to be promising candidates for room-temperature gas sensors. However, several disadvantages including 

weak response, sluggish response/recovery kinetics, and poor selectivity still need to be overcome for high-

performance gas sensors. Rational design of heterostructure between zero-dimensional (0D) quantum dots 

and 2D nanomaterials may offer a possible way to solve the problems. Herein, SnO2 quantum dots (QDs) 

with an average diameter of 3 nm were functionalized with metallic sulphide nanosheets (MoS2 and SnS2) 

via hydrothermal approach. SnO2 QDs-MoS2 and SnO2 QDs-SnS2 nanocomposites both exhibit excellent 

sensing properties to NH3 with fast response speed and good repeatability, high selectivity, and long-term 

stability at room temperature. Especially, the optimal sensor based on SnO2 QDs-MoS2 nanomaterials shows 

a high response of 8.6 and short response/recovery times of 6 s/121 s to 100 ppm NH3 at room temperature 

of 25 °C. 

 

Figure 1. Schematic illustration of NH3 sensing process of SnO2 QDs-MoS2 and SnO2 QDs-SnS2 nanocomposites. 
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In petroleum and petrochemical industries, flare gas, which consists of methane as its major composition has 

been abundantly wasted by combustion to largely emit CO2 to the atmosphere. Recently, conversion of 

methane and hydrocarbon gases into value-added carbonaceous materials such as carbon nanotubes (CNTs) 

has been paid attention toward net zero emission policy. In CNT synthesis, well-dispersion of metal catalyst on 

metal oxide supports is one of key steps in catalyst preparation procedures, leading to the quality of the CNTs 

synthesized from hydrocarbons through catalytic chemical vapor deposition (CCVD). This study conducted a 

comparative analysis of three different preparation methods for 10% FeMo/MgO catalysts with Fe:Mo ratio at 

2:1 (w/w), namely I. incipient impregnation, II. hydrothermal method, and III. sol-gel method with various 

additives for synthesis of CNTs from methane as a representative of flare gas as demonstrated in Figure 1. 

The aim of this study is to achieve optimal performance among three different preparation methods of 

FeMo/MgO catalyst in order to synthesize single-walled and multi-walled carbon nanotubes (SW/MWCNTs) 

from methane at various concentrations (25–100 vol% with N2 balance) through CCVD process at 900 °C 

by varying reaction time (10–180 min). The CCVD experiments in this study excluded H2 during reduction 

of the catalyst by directly utilizing H2 from CH4 decomposition, aiming for smaller- diameter CNTs. 

Techno-economic analysis revealed that the incipient impregnation was considered as the most cost-effective 

method due to its simplicity, while sol-gel method turned up as the most expensive one with its complexity 

and environmental concerns. However, despite its affordability, incipient impregnation demonstrated inferior 

catalyst performance for CNT production compared to that obtained from the hydrothermal method, which 

exhibited relatively high productivity (>40 wt% in carbon yield) with better SW/ MWCNT’s quality (<10 nm 

in CNT diameter, IG/ID > 3 in its graphitization analyzed by Raman spectroscopy). Further optimization in 

CCVD process conditions, including reaction time, catalyst amount, catalyst bed length, and methane 

concentration was subsequently conducted. It was found that, a longer reaction time led to increases in 

product yields in terms of gCNT/gCatalyst with lower carbon yields. More loaded catalyst amount resulted in 

greater gCNT/gCatalyst of CNT products with relatively larger CNT diameter. Moreover, the effect of 

catalyst bed length showed significant variations in product composition due to H2 reduction of the catalyst 

from methane dissociation. This catalyst reduction led to the formation of a metallic structure, resulting in 

higher yields but larger CNT diameter as discussed in our previous work [1]. Optimal methane concentration 

at 25 vol% in N2 was also achieved, resulting in the highest carbon yield and gCNT/gCatalyst without 

significant changes in SW/MWCNT properties. According to the results in this study, it could be a 

preliminary guideline for SW/MWCNT production from wasted flare gas in an industrial scale with an 

appropriate prepared catalyst and CCVD process condition. 
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Figure 1. Conceptual diagram of a comparative study on catalyst preparation methods and process optimization for synthesis of 

SW/MWCNTs from flare gas. 

 

References 
 

[1] C. Chotmunkhongsin, S. Ratchahat, W. Chaiwat, T. Charinpanitkul, A. Soottitantawat Sci. Rep. 2023, 13(1), 21027. 

  



- 220 - 

 

T6. Particle synthesis and functionalization-POSTER 

Synthesis of metal-organic framework CALF-20 via mechanochemical route 
Shumpei Yonetsu,a Shota Kitai,a Yuto Higuchi,a,b,c Shunsuke Tanaka,a,b,c* Saki Moriya,d Miki 

Sugita,d Takahiko Takewakid 

 
aGraduate School of Science and Engineering, Kansai University, Osaka, Japan 

bDepartment of Chemical, Energy and Environmental Engineering, 

Faculty of Environmental and Urban Engineering, Kansai Univ., Osaka, Japan 
cOrganization for Research and Development of Innovative Science and Technology, Kansai Univ., Osaka, Japan 

dScience & Innovation Center, Mitsubishi Chemical Corporation, Kanagawa, Japan 

*Corresponding author: shun_tnk@kansai-u.ac.jp 
 

Introduction 

Technology to effciently separate and recover CO, has been attracting attention to the great challenge 

ofclimate change that humanity faces. Curently, the amine liquid-based chemical absorption method is 

themainstream for CO, capture industy, but this method reguires a large amount of heat energy 

forregeneration. Recently, solid adsorption processes using pressure swing adsorption (PSA), themal 

swingadsorption (TSA), and pressure and thermal swing adsorption (PTSA) have attracted attention because 

thespecific heat of solids is much lowver than that of liquids. Among solid adsorbents, metal-

organicfameworks (VOFs) have recently attracted much attention. OFs are porous metal complexes 

consisingof coordination bonds between metals and organic ligands. It has emerged as an altemnative porous 

materialto zeolites due to the high stuctural designability based on infmite combination possibilities because 

theyare composed of metal and organic materials. 

H2O molecules normally occupy the CO2 adsorption sites of 

adsorbents and inhibit CO2 adsorption. Therefore, 

adsorption processes using zeolites often require a 

dehydration process before CO2 separation. A material that can 

selectively adsorb CO2 in the presence of H2O would 

reduce the energy required for the process. Calgary 

Framework 20 (CALF-20) , a type of MOFs, has attracted a great 

deal of attention as an ideal material for next-generation 

enegy efficient carbon capture. 

We focused on CALF-20 consists of zinc, 1,2,4-tirazolate, and 

oxalate (Figure 1), which has high durability against steam and does not adsorb much H2O at low relative 

humidity (<10%). It can selectively adsorb CO2 in the presence of H2O, making it a promising material for 

carbon capture. In previously reported methods, CALF-20 has been synthesized mainly by a solvothermal 

method requiring 48 hours [1, 2]. Here, we provide a new route to synthesize CALF-20 with extremely small 

particle size by mechanochemical treatment. 

Experimental section 

1.CALF-20-ST synthesis (Solvothermal route: ST): 2.24 mmol of zinc oxalate dihydrate and 24.4 mmol of 

1,2,4-triazole were stirred in methanol/H2O mixture (methanol: H2O = 30 : 20 [mL]) for 1 hour. The 

resulting white suspension was transferred to a Teflon container and placed in an oven at 180 ℃ for 48 hours. 

The white powder product was washed and dried. 
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2.CALF-20-MC synthesis (Mechanochemical route: MC): 2.24 mmol of zinc oxalate dihydrate, 24.4 mmol 

of 1,2,4-triazole, and 10 mL of methanol were milled with ZrO2 balls (φ10) x 50 in a 250 mL ceramic pot at 

a rotation rate of 150 rpm for 2 hours at room temperature by using a planetary mill. The white powder 

product was washed and dried 

3.CALF-20-MC-K synthesis (Mechanochemical route assisted by KOH: MC-K): 0.774 mmol of zinc 

carbonate hydroxide, 4.72 mmol of oxalic acid, 24.4 mmol of 1,2,4-triazole, 4 mL of methanol, and 1 mL of 

5M potassium hydroxide were milled with ZrO2 balls (φ10) x 50 in a 250 mL ceramic pot at a rotation rate 

of 150 rpm for 2 hours at room temperature by using a planetary mill. The white powder product was washed 

and dried 

Results and discussion 

CALF-20-ST was synthesized using the conventional 

solvothermal method. The crystal structure of CALF-20 

was also confirmed in CALF-20-MC and CALF-20-MC-

K synthesized via the new mechanochemical route. In the 

mechanochemical method, the raw material particles 

collide with other raw material particles and the mill 

vessel wall to generate a localized and extremely short-

lived high-energy reaction field, which is then used to 

synthesize CALF-20. The mechanical stresses resulted in 

particle refinement (Figure 2) and also synthesis time was significantly shortened compared to the 

solvothermal method. It was found to be possible to synthesize CALF-20 without heating and increasing 

pressure. Although these results demonstrated the possibility of CALF-20 synthesis via the mechanochemical 

route, to increase the variation of the synthesis process, CALF-20 synthesis using zinc carbonate hydroxide 

instead of zinc oxalate dihydrate as zinc source was also investigated. When zinc oxalate dihydrate was not 

used, it was necessary to use an alternative raw material capable of supplying oxalate to construct the 

framework. Therefore, mechanochemical synthesis was conducted with zinc carbonate hydroxide, oxalic 

acid, and methanol, but PXRD results showed that 

the crystal structure of CALF-20 could not be obtained. When oxalic acid was used, the synthesis was under 

acidic conditions, and a product different from CALF-20 was obtained. This was because acidic conditions 

inhibited the deprotonation of 1,2,4-triazole. Therefore, a base was added to bring the reaction closer to the 

conditions under which 1,2,4-triazole is deprotonated. Here, the addition of KOH gave the final product with 

crystal structure of CALF-20. 

Conclusions 

We have provided a new synthetic route for CALF-20 with extremely small particle sizes using 

mechanochemical treatment. Compared to the previously reported solvothermal method, the synthesis time 

was reduced to just 2 hours and a simple mechanochemical route was developed. 
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Introduction 

Zeolite, which is one of the microporous materials, has been applied to adsorbents, ion exchangers, and 

catalysts. Nowadays, zeolites have attractive to capture CO2 molecules in flue gas emitted from power plants 

toward carbon dioxide capture, utilization, and storage (CCUS). Zeolites with a low Si/Al ratio can contain a 

lot of counter-cations in the zeolite framework to maintain charge balance of the framework. These counter-

cations cause an electrostatic interaction for molecules with intermolecular polarity such as CO2, meaning 

that zeolites have possibility to capture CO2 molecules selectively. In general, zeolite is crystallized using 

silicon, aluminium sources and organic-structure directing agent (OSDA), which constructs the ordered 

zeolite framework but requires OSDA-removing process via calcination using high thermal energy, and then 

nitrogen oxides produced in calcination must be recovered. Thus, more eco- friendly zeolite synthesis 

process has been required. Nowadays, interzeolite transformation process, which makes one zeolite be 

directly transformed into another zeolite, has a possibility to establish OSDA-free zeolite synthesis procedure. 

In previous, we challenged to synthesize zeolites via OSDA-free interzeolite transformation process [1,2]. In 

this study, we synthesized gmelinite (GME) zeolite particles, which showed high CO2 adsorption capacity, 

using faujasite (FAU) zeolite particles via steam-assisted interzeolite transformation process. 

Experimental section 

Firstly, 3.0 g of H+-type FAU zeolite particles with Si/Al = 2.8 and 0.5 g of NaOH granular pellets were 

placed in a ceramic pot (250 mL) containing five zirconia balls (D = 10 mm) and then they were milled at 

150 rpm for 30 minutes at room temperature. The resultant powder was transferred to Teflon-lined stainless- 

steel autoclave along with 3.0 g of H2O as steam source separately. The autoclave was heated at 403 K for 4–

24 h. The final powder was washed with deionized water to remove excess alkaline compounds until the wash 

water attained pH = 7 and then dried at 373 K overnight. 

Results and discussion 

In PXRD patterns of products synthesized at 403 K for 4–24 h via steam-assisted interzeolite transformation 

process using H+-type FAU zeolite, the PXRD patterns of GME zeolite raised from 4 h and the PXRD 

patterns of FAU zeolite disappeared completely after 24 h. In addition, particle morphology of zeolites 

changed with increase in heating time. Hexagonal prism particles appeared from 4 h, indicating that FAU 

zeolite with angular particles was transformed into GME zeolite with hexagonal prism particles. After 24 h, 

the hexagonal prism particles only appeared. The particle morphology of GME zeolite was in accordance 

with the crystal system of GME framework, which is the hexagonal system. The plane orientation of (002) 

was parallel to the bottom of the hexagonal prism and (002) plane was assigned to diffraction peak at 

2θ=17.8o of GME zeolite (Figure 1). Furthermore, (100) and (101) planes were assigned to the diffraction 

peaks at 2θ=7.42o and 11.48o, respectively. Therefore, the particle morphology of GME zeolite was in 

accordance with the plane orientation of GME framework (Figure 1). Finally, Gas adsorption performance of a 

GME zeolite was investigated. Brunauer-Emmett-Teller surface area (SBET) and micropore volume (Vmicro) of 

GME zeolite (SBET = 66 m2 g-1, Vmicro = 2.5×10-2 cm3 g-1) were lower than that of parent FAU zeolite (SBET = 
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1,132 m2 g-1, Vmicro = 0.44 cm3 g-1). On the other hand, CO2 uptake of GME zeolite was 

6.4 mmol g-1 at PCO2 = 100 kPa and higher than that of parent FAU zeolite (Figure 2 left). The position of 

cation sites in zeolite framework resulted in the CO2 adsorption performance of each zeolite. In case of GME 

zeolite, counter-cation influencing CO2 adsorption existed in the straight channels, which were CO2 diffusion 

path of GME framework. Therefore, CO2 was adsorbed on counter-cations in GME framework and then CO2 

uptake increased sharply. In addition, CO2 uptake of GME zeolite was higher than N2 and CH4 uptakes 

(Figure 2 right), resulting in that GME zeolite has a possibility to adsorb CO2 selectively in CO2/N2 and 

CO2/CH4 systems. In other words, GME zeolite is expected to be applied to CO2 recovery system on behalf 

of previous zeolites. 

 

 
 

Figure 1. Relationship between particle morphology and crystal plane of GME zeolite. 

 

 
Figure 2. (Left) CO2 adsorption/desorption isotherms of Na+-type GME and FAU zeolites, and (Right) CO2, N2, CH4 adsorption 

isotherms of Na+-type GME zeolite at 298 K (closed symbol; adsorption, open symbol; desorption). 
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In the present study, nano particle (ZIF-93 metal–organic frameworks) were prepared. N2 adsorption tests 

revealed that the particle size, specific surface area, and pore size of nano particle were 30 nm–45 nm, 

869.40 m2/g, and 0.36 nm, respectively. Pebax-based mixed matrix membranes (MMMs) were prepared 

using nano particle as the filler. The pore diameters of nano particle lied between the kinetic diameters of 

CO2 and N2; Thus, its pore structure provided a fast transfer channel for CO2 and increased the permeability 

of the membrane. Further, X-ray diffraction showed that the membrane became denser upon introducing 

nano particle because of the formation of a bridging structure between the Pebax molecular chains and nano 

particle. A denser stacking by moving the Pebax molecular chains closer to each other effectively bettered 

the CO2 selectivity of the mixed matrix membrane. The test results showed that when the nano particle 

loading was 10 wt.%, the CO2 permeability was 84.85 barrer and the CO2/N2 selectivity was 65.76 at 0.4 

MPa, which are 51.57 % and 65.50 % higher than those of the pure Pebax membrane, respectively. When the 

feed pressure was increased to 0.8 MPa, the CO2 permeability was 94.5 barrer and the CO2/N2 selectivity is 

87.5, which are 51.57 % and 65.50 % higher compared with those of the pure Pebax membrane, in order. The 

membrane performance significantly exceeded that of the 2008 Robeson curve. 

 

Figure 1. Graphical Abstract  
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1. Introduction 

Magnetite (Fe3O4) nanoparticles have been actively studied due to its excellent magnetic and catalytic 

properties [1, 2]. Among such properties, the usage of magnetite nanoparticles as heterogeneous Fenton 

catalyst, which can degrade organic compounds, has attracted a lot of interest for water purification [3]. 

However, magnetite nanoparticles prepared via conventional synthesis routes tend to show relatively low 

catalytic activity. In this work, a novel mechanochemically assisted synthesis of magnetite nanoparticles was 

conducted. The catalytic degradation of methylene blue by heterogeneous Fenton-like reactions was studied. 

2. Experimental 

Magnetite nanoparticles can be formed by the following reactions in our process. First, the crystal water of 

ferric chloride hexahydrate is released by high-energy ball-milling. 

FeCl3·6H2O → Fe3+ + 3Cl– + 6H2O      (1) 

Next, urea is hydrolyzed with the released water in the heating stage. 

 (NH2)2CO + 3H2O → 2NH4
+ + 2OH– + CO2     (2) 

Simultaneously, Fe0 is released from steel balls during the milling and then oxidized. 

 Fe0 → Fe2+ + 2e–        (3) 

Finally, magnetite is formed according to the following reaction. 

 Fe2+ + 2Fe3+ + 8OH– → Fe3O4 + 4H2O      (4) 

In the experiments, 2 mmol of FeCl3·6H2O and 4 mmol of (NH2)2CO were placed in a milling vessel with 

stainless steel grinding balls. The high-energy ball-milling of the starting materials was carried out at 400 

rpm for 1 h. After the ball-milling, the vessel was heated at 100 °C for 20 h under static conditions without 

removing the reactants and grinding balls from the vessel.  

Catalytic properties of the magnetite nanoparticles obtained by the mechanochemically assisted synthesis 

were examined in batch experiments. Typically, 20 mL of 20 mg/L methylene blue solution was mixed with 

10 mg of the magnetite nanoparticles. After reached the adsorption equilibrium, 30 wt% H2O2 solution was 

added to the solution for degrading methylene blue. The change in the methylene blue concentration at 40°C 

was measured to evaluate the catalytic activity. 

3. Results and discussion 
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The XRD pattern of the product shown in Figure 1a indicated that the major phase was magnetite. The 

particle diameter was about 100 nm as shown in Figure 1b. 

   

Figure 1. (a) XRD pattern and (b) SEM image of the product obtained by the mechanochemically assisted synthesis 

The methylene blue removal (Ct /C0) was shown in Figure 2. The concentration of methylene blue was 

decreased in the presence of H2O2 and magnetite nanoparticles. This suggested that methylene blue was 

degraded by heterogeneous Fenton-like reactions. These results showed that the magnetite nanoparticles can 

be used as good heterogeneous Fenton catalyst. 

 

Figure 2. Removal efficiency of methylene blue (Temp. = 40°C, H2O2 conc. = 50 mmol/L, pH = natural) 

 

4. Conclusion 

The magnetite nanoparticles prepared by the mechanochemically assisted route showed good properties as 

heterogeneous Fenton catalyst. Our synthesis procedure can provide magnetite nanoparticles with high 

catalytic activity. 
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Flare gas mainly containing methane in its composition has been abundantly wasted from petroleum sites in 

Thailand. Toward net zero emission policy, carbonaceous materials as carbon nanotubes (CNTs) have been 

recently focused as a value-added product potentially converted from flare gas as a carbon source aiming to 

the reduction in greenhouse gas emission. Single-walled carbon nanotubes (SWCNTs) are a special class of 

nanocarbon materials possessing exceptional properties making them suitable for extensive application. This 

study aimed to synthesize SWCNTs from methane as a representative of flare gas using iron and 

molybdenum supported on magnesium oxide (FeMo/MgO) as a bimetallic catalyst at various metal loadings 

and ratios via catalyst chemical vapor deposition (CCVD) at a constant temperature of 900 °C as a 

conceptual diagram in Figure 1. In-depth investigation on the effects of CCVD process conditions on the 

properties of the SWCNTs was also subsequently conducted. The results revealed that SWCNTs with 2–8 

nm in diameter as demonstrated in Figure 1 by TEM analysis were best produced using the FeMo/MgO 

catalyst with the lowest metal loading at 1%, while formation of multi-walled carbon nanotubes (MWCNTs) 

with 15–30 nm in diameter became more favourable with higher metal loading (5 and 10%). 

 
 

Figure 1. Conceptual diagram of a preliminary study on synthesis of SWCNTs from methane as a representative of flare gas. 

 

The CCVD process without H2 pre-reduction of the catalyst could produce CNTs with smaller diameters as 

compared to those obtained with H2 pre-reduction of the catalyst, consistent with our previous study [1]. The 

Fe:Mo mass ratio of 1:1 was the optimal ratio producing a substantial carbon yield and the highest ratio of 

graphitic carbon to amorphous carbon (IG/ID). By using the FeMo/MgO catalyst with 1% metal loading with 
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a fixed mass ratio of Fe:Mo at 2:1, CCVD conditions such as the amount of catalyst, reaction time, and the 

concentration of methane were deeply investigated for SWCNT synthesis. Catalyst amount of 1 g per batch 

showed the optimum amount in the range of 0.5–3 g used to successfully produce the highest yield in terms 

of gCNTs/gCatalyst with comparable IG/ID. The CCVD reaction time was then varied from 10 to 180 min, it 

was found that, with a short period of 10 min, the formation of SWCNTs could still possess relatively higher 

IG/ID. With prolonged CCVD reaction time from 20 to 180 min, the formation of SWCNTs and IG/ID of the 

CNT were gradually suppressed, nevertheless, gCNTs/gCatalyst was still continuously increased. Finally, 

with higher methane concentration (25 to 100%), gCNTs/gCatalyst was considerably increased, while IG/ID 

of the SWCNTs was slightly decreased, suggesting the coating of the SWCNTs by amorphous carbon 

possibly produced from the consequent conversion of the excessive methane. In brief, this study 

demonstrates crucial parameters affecting SWCNT production from methane, enabling further development 

of SWCNTs with desired productivities and properties. 
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Nowadays, more than 300 million tons of plastic wastes have been collected globally each year. Among 

them, high-density polyethylene (HDPE) is also considered one of the most abundant commodity plastic 

wastes to be recycled and/or alternatively converted to other value-added products. In this study, the 

production of multi-walled carbon nanotubes (MWCNTs) from HDPE via slow and flash pyrolysis in a two-

stage fixed-bed reactor was carried out by varying the heating rate during HDPE pyrolysis and type of Fe-

based catalyst supports used in catalytic chemical vapor deposition (CCVD) process, impacting the yields 

and physicochemical properties of the resulting MWCNT products differently. Using HDPE as a carbon 

source, slow pyrolysis in the first fixed bed occurred from 300 to 600 °C with heating rates of 5 to 20 °C/min 

was conducted by comparing with flash pyrolysis at a constant temperature in a range of 450–550 °C. For 

MWCNT synthesis in the second stage reactor, Fe/Al2O3 and Fe/SiO2 catalysts were comparatively used via 

CCVD process at a fixed temperature of 800 °C. The results showed that increasing the heating rate from 5 to 

20 °C/min significantly reduced the product yield in terms of gCNT/gCatalyst (decreasing from 0.42 to 0.28 

for Fe/Al2O3 and from 0.31 to 0.15 for Fe/SiO2) and carbon yields (decreasing from 49.4% to 32.6% for 

Fe/Al2O3 and from 36.3% to 17.4% for Fe/SiO2). Interestingly, the average diameter of Fe/Al2O3-derived 

MWCNTs exhibited an increasing trend from 29 nm to 37 nm when increasing the heating rate from 5 to 20 

°C/min, while it showed an oppositely decreasing trend from 37 nm to 25 nm for Fe/SiO2-based MWCNTs 

due to the different compositions of pyrolysis products from HDPE. In recent studies, slower heating rates 

generally improved the yield and quality of CNTs [1], but the specific catalyst support influenced the 

diameter and morphology of the resulting CNTs [2]. Meanwhile, increasing the temperature of flash pyrolysis 

from 450 to 550 °C tended to a decrease in the gCNT/gCatalyst and carbon yields of MWCNTs with the 

average diameter in a range of 30–40 nm. This could be directly influenced by the effect of temperature 

during fast pyrolysis of plastic on the product composition [3]. However, in this study, synergistic effects of 

heating rates during plastic pyrolysis and the type of Fe-based catalyst support have been existed and majorly 

affected the production yield and properties of MWCNTs from HDPE pyrolysis. Further investigation on 

kinetics and reaction mechanisms will be necessary to selectively enhance MWCNT production from plastic 

wastes in related industries. 
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Figure 1. Schematic diagram of CNT production from HDPE pyrolysis via catalytic chemical vapor deposition. 
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p-nitrophenol (p-NP) is a toxic, anthropogenic, and carcinogenic organic pollutant generated by industries 

[1,2]. This compound is reduced to p-aminophenol (p-AP), which is non-toxic substance under mild 

conditions in the presence of the metal catalysts. Several studies using transition metals such as nickel (Ni) 

as effective catalysts have been reported [3]; the metals have attracted much attention because of their 

availability, low cost, high catalytic activity, and magnetic properties. Although the nanosized metal catalysts 

show high activity, the nanosized metal catalysts agglomerate during the catalytic reaction. As a way to solve 

this problem, there is an approach to immobilize nanosized metal catalysts on supports such as metal oxide, 

carbon, and others [4]. Therefore, we have focused on mesoporous silica (SiO2) hollow spheres because of 

high specific surface area, homogeneous pore structure, and void space. In this study, we synthesized Ni 

supported on mesoporous SiO2 hollow spheres catalysts, and investigated influence on reduction of p-NP. 

The mesoporous SiO2 hollow spheres were prepared by sol-gel method using polystyrene (PS) particles. The 

mesoporous SiO2 shell were formed on PS particles, and the PS particles were removed by calcination. Then, 

Ni catalysts were immobilized on the mesoporous SiO2 hollow spheres by impregnation method. The ratio of 

Ni/SiO2 was adjusted 25 mass%. The activity of Ni supported on the mesoporous SiO2 hollow spheres 

catalysts was measured for reduction of p-NP.  The p-NP solution and sodium borohydride were added to the 

ion-exchange water. Following that, the Ni supported catalysts were added to the mixture, and the mixture 

solution was withdrawn every 4 min. The adsorption spectra of these solutions were recorded using ultra 

violet-visible (UV-Vis) spectrophotometer. Firstly, we confirmed the morphology of before and after Ni 

supported on mesoporous SiO2 hollow spheres catalysts. Figure 1 shows transmission electronic microscopy 

(TEM) images of before and after Ni supported on mesoporous SiO2 

 

Figure 1. TEM images of(a) before and (b) after Ni supported on mesoporous SiO2 hollow spheres catalyst. 
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hollow spheres catalyst. These images demonstrated that the shell thickness was approximately 50 nm.  

Additionally, there was no change in the morphology before and after Ni supported catalyst. The result of 

nitrogen adsorption/desorption measurements show that the specific surface areas calculated from BET 

method of the Ni before and after supported on mesoporous SiO2 hollow spheres catalysts were 1196 m2 g-1 

and 229 m2 g-1, respectively. In the pore size distribution by the BJH method, a sharp peak at 2.2 nm was 

observed in the mesoporous SiO2 hollow spheres. Meanwhile, the peak was not observed in Ni supported on 

the mesoporous SiO2 hollow sphere catalysts. This result indicates that Ni catalysts may be supported on the 

pore of the mesoporous SiO2 hollow spheres. Next, the Ni supported catalysts were measured the reduction 

of p-NP. Figure 2(a) shows UV-Vis adsorption spectra of the reaction solution with Ni supported on 

mesoporous SiO2 hollow sphere catalysts. The adsorption peak at 400 nm, attributed to p-NP gradually 

decreased and disappeared within 8 min. Meanwhile, a new adsorption peak at 300 nm appeared, attributed 

to p-AP. This reaction follows pseudo-first-order kinetics, with the equation ln(C/C0) = kt. The relative 

intensity of the absorbance at 400 nm was used to calculate the value of C/C0, where C0 and C are the p-NP 

concentrations at the beginning and reaction time, respectively. In this case, the Ni supported on SiO2 particle 

catalysts were also evaluated as a comparison as shown in Figure 2(b). From this result, the kinetic rate 

constant k for the Ni supported on mesoporous SiO2 hollow sphere catalysts and Ni supported on SiO2 

particle catalysts were calculated at 0.426 and 0.248 min−1, indicating that the Ni supported on mesoporous 

SiO2 hollow sphere catalysts has a high activity for this reaction.  

 

Figure 2. (a) UV-Vis adsorption spectra of the reaction solution with Ni supported on mesoporous SiO2 hollow sphere catalysts. (b) 

Relationship between ln(Ct/C0) and reaction time for the reduction of p-NP in the presence of Ni supported on    

mesoporous SiO2 hollow sphere catalysts and Ni supported on SiO2 particle catalysts. 
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Hard clams (Mercenaria mercenaria) are large filter-feeding bivalve mollusks of the family Marsuprinae. 

Interestingly, previous studies on the effective use of scallop, cockle, and oyster shells suggest that hard clam 

shells can also be used as a source of calcium-based materials owing to them being composed of calcium 

carbonate (CaCO3). Calcium carbonate as materials is one of the most widely used useful materials. It is used 

in pigments, plastics, wastewater treatment, paper, cement, rubber, and adhesives. To realize the maximum 

utilization of CaCO3 in industrial applications, obtaining particles with a fine size, narrow size distribution, 

and uniform morphology and crystal structure (polymorph) is crucial.  The synthesizing CaCO3 via a 

precipitation reaction is a popular topic in chemical engineering. Therefore, the purpose of this study was to 

investigate the structural properties and chemical composition of hard clam shells in order to examine their 

potential for practical application. In addition, calcium carbonate obtained via the reprecipitation of dissolved 

raw shell powder was also investigated. 

 

Figure 1. Schematic illustration of the formation process of CaCO3 using hard clams (Mercenaria mercenaria). FCO2 and FNH3 refer 

to the blowing rates of CO2 and NH3 gases, respectively. 

First, the prepared shell powder was dissolved in hydrochloric acid (35.0–37.0%; Kanto Chemical Co., Inc., 

Japan) to prepare a calcium solution (200 ml). Reprecipitation was then performed using glass ball filters at 

CO2 and NH3 blowing rates of 0.53 mmol･L–1･min–1 and 2.68 mmol･L-1･min-1, respectively. As shown in Fig. 

1, a 300 ml beaker was used as a reactor (10 cm in diameter), with a glass ball filter G3 (20-30 μm pores) for 

CO2 gas blowing set 3 cm from the bottom on the left side and a glass ball filter G1 (100-120 μm pores) for 

NH3 gas blowing set 3 cm from the bottom on the right side, and reprecipitation method were conducted at 

100 rpm using a stirring bar (φ; 8 mm, diameter; 30 mm). The calcium solution was reacted with the gases 
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for 5 min under stirring, following which the resulting precipitates were filtered and washed to obtain the 

final CaCO3 reprecipitates. 

As can be seen from the FE-SEM images of the reprecipitates (Fig. 2b), the reprecipitate particles exhibited a 

uniform spindle shape characteristic to calcite. 20 over particles were picked up from the SEM image (Fig. 

2b), and their average diameter was calculated to be approximately 5 μm. We also found that calcium 

carbonate microparticles can be easily synthesized using glass ball filters at CO2 and NH3 blowing method. 

Furthermore, Fig. 3 shows XRD patterns of the reprecipitated product obtained from the dissolution–

reprecipitation process. Calcite, aragonite, and vaterite are marked as “C”, “A”, and “V”, respectively, in the 

Bragg reflections. The reprecipitates were found to be almost exclusively of the calcite type, which is a 

highly versatile material in terms of practical application. Fig.4 shows size distribution of reprecipitates 

particles from the dissolution-reprecipitation process. The standard deviation (𝜎p) and the mean diameter 

were 0.609 and 1.53 µm, respectively. These results show the formation of microsized calcium carbonate, 

similar to the results of the previous SEM image. 

 

Figure 2. FE-SEM images of raw shell powder (a) and reprecipitates (b). 

 

 

 

Figure 3. XRD patterns of the product CaCO3 from the 

dissolution-reprecipitation process. 

 

Figure 4. Size distribution of reprecipitates 

particles from the dissolution-reprecipitation. 

process. 
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The carbonation process with reactive crystallization between Ca and/or Mg in industrial wastes (waste 

concrete, steel slug, or concentrated seawater) and CO2 can be considered as an effective CO2 

recovery/utilization method. In the case where the all of Ca or Mg in waste concrete, steel slug, and 

concentrated seawater discharged from industry in the world can be converted to carbonates, CO2 emission 

reduction is anticipated approximately 1.5 Gt/y which is equivalent to about 38 % of global reduction target 

(4.0 Gt/y) by 2050 [1-3]. To build up an efficient carbonation process that is adaptable to a carbon neutral 

society, the increase in conversion ratio of CO2 and improvement of carbonate crystal qualities are 

indispensable during the reactive crystallization. In this study, the micron-scale bubble formation technique 

that enables the generation of regions with a higher ion concentration around the minute gas-liquid interfaces 

was applied to the reactive crystallization of carbonates from industrial wastes. In the regions near the minute 

gas-liquid interfaces, Ca2+ and Mg2+ accumulate because of the negative electric charge on the fine bubble 

surface, and the concentration of CO3
2- increases because of the acceleration of CO2 mass transfer caused by 

minimizing the bubble diameter; hence, local supersaturation increases so that the yield and the crystal 

qualities of carbonate is expected to improve. 

At solution temperature of 298 K, CO2 bubbles with an average diameter (dbbl) of 40 - 2000 μm were 

continuously supplied to waste concrete powder extract, steel slug powder extract, or three types of 

concentrated seawater, i.e., ED brine, concentrated brine, and removed-K bittern, coming from salt 

manufacture discharge, and carbonates were crystallized within the reaction time (tr) of 90 min. Fine bubbles 

with a dbbl of 40 μm were generated using a self-supporting bubble generator by the shear of the impeller and 

a negative pressure owing to high-rotation [4]. The bubbles with a dbbl of 200, 800 or 2000 μm were obtained 

for comparison using a dispersing-type generator. 

Figure. 1 shows the effects of dbbl, and [Mg2+]/[Ca2+] ratio in the industrial wastes solutions on the 

production rate of carbonates based on unit volume (ri, i: vaterite CaCO3, calcite CaCO3, aragonite CaCO3, 

and CaMg(CO3)2). ri was calculated from the gradient of the time change in the concentration of each 

carbonate produced. Minimizing the bubble diameter led to the increase in carbonate yield based on supplied 

CO2 and the uniformization of crystal structure at all industrial wastes solutions used in this work. At a dbbl of 

40 µm, the crystal structure of carbonate obtained from industrial wastes solutions changed in the order: 

vaterite, calcite, aragonite, and CaMg(CO3)2, with increasing [Mg2+]/[Ca2+] ratio. The results probably 

resulted from the change in local enrichment of Ca2+ and Mg2+ in the boundary area of gas-liquid interfaces of 

fine bubbles. Additionally, the particle size distribution measured using a laser particle size analyzer shifted 

to a smaller range with decreasing dbbl at all tr values, irrespective of [Mg2+]/[Ca2+] ratio. 
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Figure 1. Relation between dbbl or [Mg2+]/[Ca2+] ratio in the bulk solution and ri (i: vaterite, calcite, aragonite, and CaMg(CO3)2) 

from industrial wastes solutions 

The nucleation rate (rn) was determined from the reciprocal of the induction period for nucleation, and the 

crystal growth rate (rg) was defined as the average gradient of the particle size curve within tr of 60 min. The 

values of rn and rg are plotted against dbbl and [Mg2+]/[Ca2+] ratio in Figure 2. At all [Mg2+]/[Ca2+] ratio 

values, rn increased and rg decreased with minimizing the bubble diameter. This is because of the growth 

suppression of the unit crystal owing to the increase in the effective nuclei number with local supersaturation 

increase at the minute gas-liquid interfaces. Consequently, during the reactive crystallization of carbonates 

from industrial wastes solutions, the crystal structure can be controlled by [Mg2+]/[Ca2+] ratio in the bulk 

solution at a dbbl of 40 µm, and dbbl can be an index for the particle size. 

 

 

Figure 2. Relation between dbbl or [Mg2+]/[Ca2+] ratio in the bulk solution and rn or rg 
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Anaerobic digestion (AD) is a microbial process that treats organic wastes by converting them into 

renewable energy in the form of methane. Recently, the addition of conductive materials (CMs) to the 

methane fermentation process has been receiving much attention as it could enhance the methane production 

performance through the direct interspecies electron transfer (DIET) mechanism. In the process of DIET, 

instead of utilizing hydrogen generated from the breakdown of volatile fatty acids (VFAs) to transfer 

electrons to methanogens, the added CM works as a bridge to transfer electrons directly from 

exoelectrogenic bacteria to methanogens without the need to generate hydrogen [1]. Since the electron flow 

rate is faster than the hydrogen transfer rate, the methane production rate can be improved by using the DIET 

mechanism [2]. For instance, the addition of powdered activated carbon (PAC) at 5 g/L increased the 

methane production rate by approximately 2.3 times [3]. However, washout of CMs together with effluent in 

a continuous operation remains a challenge, thereby CM must be continuously added to compensate the lost 

leading to increase the running costs [4]. Whilst magnetite nano particle (Mag) has also received great 

attention due to its recyclability, as it can be recovered from its magnetic properties. Nonetheless, Mag could 

only improve the methane production rate by half of PAC under the same conditions [3][5]. Therefore, in this 

study, synthesizing a composite CM that can achieve enhancing methane production performance and facile 

recovery through doping Mag to PAC was attempted. The objectives of this study are separated into two 

parts: (1) to evaluate the effect of magnetite doped powdered activated carbon (MDPAC) on the AD 

performance, and (2) to examine an optimal ratio of Mag to PAC in the MDPAC.  

In study 1, the MDPAC was prepared with the ratio of Mag:PAC to 1:2 using the same method described by 

S. Barua et al., 2019. The AD experiment was performed using the Automatic Methane Potential Test System 

(AMPTS II) under the following four conditions: (1) Control (no addition of CMs), (2) addition of 10g/L of 

PAC, (2) addition of 10 g/L of Mag, and (4) addition of 10 g/L of MDPAC. Ethanol was used as substrate 

with the ratio of sludge to substrate of 2:1 (Volatile Solid-base). All conditions are incubated at 37 ± 2 °C and 

were carried out in 2 cycles. As analytical parameters, methane production, volatile fatty acids (VFAs), pH, 

and the microbial community were analyzed. In study 2, three different ratios of Mag:PAC (1:2, 1:1, and 2:1) 

were prepared in the same way as in the study 1 to evaluate the optimal MDPAC ratio. As for the AD 

experiment, 10 g/L of each prepared MDPAC was added to the reactor and the effect on methane 

fermentation was evaluated using the AMPTS II reactor. For comparison, one set of reactors was set in the 

condition without the addition of MDPAC. Other conditions and analytical parameters for the experiment 

were the same as in the study 1. Additionally, to evaluate recovery performance of MDPAC, the MDPACs 

prepared with different ratio conditions were dispersed into the Milli-Q water respectively and mixed for 7 

days at 150 rpm. Then, the MDPAC was separated by magnetic sedimentation, the recovered amount of 

MDPAC was measured. 
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The result in study 1 shows that the methane production rate for the PAC, Mag, and MDPAC are 

approximately 2.5, 1.4, and 2.6 times higher than the control condition. It should be noted that even though 

the actual existing PAC amount in the reactor for the MDPAC condition is much lower than in the PAC 

condition, the methane production rates for both conditions are comparable. In study 2, the result shows that 

the methane production rate increased with the increase of Mag content in the MDPAC, where 1:2 MDPAC, 

1:1 MDPAC, and 2:1 MDPAC are approximately 1.4, 1.9, and 2.4 times faster than the control condition 

respectively. Based on the previous report, the effect of pure Mag addition on the enhancement of methane 

production rate was roughly half of the PAC addition, therefore we expected the opposite result [3][5]. 

However, in this study, the results showed faster methane production rate for the MDPAC with higher Mag 

content. This could be the results of synergistic effect from the two materials. As for the recovery 

performance (data not shown ), although the 1:2 MDPAC shows approximately 95% recovery, the 1:1 

MDPAC and 2:1 MDPAC showed 100% recovery of the sample. These results indicate that the use of the 

proposed composite MDPAC could not only effectively enhance the methane production rate but also 

achieve facile and efficient recovery. 
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Single-phase Skutterudite thermoelectric materials were prepared by solid-state reaction combined with 

vacuum ball milling mixtures. The preparation conditions of single-phase thermoelectric compound CoSb3 

were as follows: vacuum ball milling time was about 2 h, preparation temperature range was 723-923 K, and 

holding time was 1-180 min. The undoped sample CoSb3 has higher Seebeck coefficient, higher resistivity 

and lower thermal conductivity. The preparation method in this study shortened the preparation cycle of 

CoSb3-based thermoelectric materials to less than 10 hours, greatly accelerating the experimental research 

cycle of the system. The single phase CoSb3 can be prepared by ball milling combined with solid-state 

reaction. The samples have many micron-size pores uniformly and the grain was in the nanometer range. The 

maximum Seebeck coefficient was 222.64 μV/k obtained at the prepared temperature of 863 K. The 

maximum power factor of 132.17 μW/ (mK2) at 570 K was obtained and the maximum figure of merit, 

zT~0.053 at 600 K was obtained by the sample which prepared temperature of 903 K. The CoSb3-based 

thermoelectric compound Cu0.3Co4Sb12-xTex was prepared by co-doping with Cu,Te using high-temperature 

solid-state reaction method, and the maximum power factor of 2,824 μW/ (mK2) was obtained for the 

sample Cu0.3Co4Sb11.5Te0.5 @ 769 K while the zT value reaches a maximum value of 0.83. 
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With the arrival of the era of carbon neutrality and the depletion of petroleum resources, direct conversion of 

C1 molecules (such as CH4, CO, CO2) into chemicals or fuels has always been of great interest and 

significance. Achieving a high selectivity of the target product while suppressing the non-selective 

performance of carbon dioxide could effectively improve the economic value in syngas conversion, and 

meanwhile reduce carbon emission, which is of great significance for carbon neutrality and carbon peaking, 

but still challenging. Although C2+ hydrocarbon species can be selectively synthesized over oxide molecular 

sieve composite catalysts, the syngas conversion is low, and CO2 selectivity is as high as 40-50%. 

Furthermore, the non-renewable nature of the catalyst in this process limits its industrial application. Based 

on this, we have developed a two-stage process for efficient synthesis of C2+ hydrocarbon products (propane) 

from syngas (Fig. 1a), achieving 95% CO conversion and 80% propane selectivity, with CO2 selectivity 

below 15% and propane yield up to 65%, without significant deactivation within 200 hours [1]. This process 

is not only beneficial for a deeper understanding of the direct synthesis of chemicals from syngas, but also 

holds the potential to be developed into a new low energy consumption technology for more practical 

synthesis of chemicals from syngas. Furthermore, we achieved 75% propane selectivity from the by-product 

CO2 using a bifunctional catalyst (OX-ZEO) combining In/ZrO2 and SSZ-13 [2] (Fig. 1b), which could 

further improve carbon atom utilization efficiency. Directly converting CO2 into propane is challenging, 

because this process not only needs to overcome the energy barrier of C-C coupling, but also needs to 

suppress further growth of the carbon chain. The 8-MR micropores and strong acid strength of SSZ-13 are 

crucial for the high selectivity of propane. Our work shows that high conversion of syngas and further 

conversion of the by-product CO2 into propane could be achieved together with excellent stability, exhibiting 

industrial application potentials. 

 

           
Figure 1. (a) Configuration of dual-bed catalyst for syngas to propane; (b) Scheme of OX-ZEO catalyst for CO2 to 

propane. 
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Partial substitution of coke with hydrogen in the blast furnace is regarded as a promising solution to decrease 

the carbon intensity of blast furnace ironmaking. Hydrogen gas reduces the ferrous burden while generating 

H2O, thus decreasing fossil carbon input, and lowering CO2 emissions. The altered reaction environment in 

the hydrogen blast furnace affects coke reactivity and structural evolution, thus influencing coke quality 

requirements. 

This study uses TGA reactivity testing combined with kinetics and Micro Computed Tomography (micro-CT) 

analyses to improve the fundamental knowledge of the coke reactivity mechanism, microstructural evolution, 

and degradation mechanism during reaction in conditions relevant to H2-rich blast furnace ironmaking. Two 

cokes with varying CSR (68.32 and 43.11) were used in the study. Coke reactivity tests were conducted 

under CO2 and H2O at the temperature range of 900-1200 °C. A modified Random Pore Model (RPM) 

accounting for gas diffusion and the interfacial reaction was developed to evaluate the gasification behaviour 

of cokes. Micro Computed Tomography (micro-CT) imaging was conducted on partially gasified coke 

cylinders to 20 wt.% and 40 wt.% conversions. An onion skin analysis method that uses average greyscale 

intensity at different depths into the coke was developed to calculate reaction progression through individual 

cokes. 

The TGA and kinetics modelling results showed that the initial effective diffusivity coefficient and reaction 

rate constant of H2O were approximately 6 and 4.7 times greater than CO2, respectively. Although both 

diffusion and reaction rates increased with temperature, the combined effects of the two determined the 

mechanism of the reaction. Higher temperatures promoted the gasification reaction at the surface of the coke 

lump compared to the core. Moreover, carbon conversion with H2O was greater at the surface of the coke, 

while the reaction between coke and CO2 took place more evenly throughout the coke volume (Figure 1a). 

The kinetics modelling results were validated by micro-CT image analysis results shown in Figures 1b and 

1c. Dimensional images of the microstructure of coke lumps before and after reaction to 20 wt.% conversion 

showed that coke reacted with H2O mostly at the surface, while coke reacted more volumetrically with CO2. 
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Figure 1. (a) Radial carbon conversion obtained from TGA kinetics modelling; (b) Radial distribution of mass loss after coke 

gasification to 20 wt.% conversion obtained from CT image analysis; (c) Micro-CT images of coke before and after reaction 

with H2O to 20% conversion and the difference. 
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In rural and regional Australia, the local communities are threatened by critical issues including dryland 

salinity and energy supply [1]. Via integrating with wheatbelt farming systems, mallee plantation is a key 

strategy for managing dryland salinity to prevent the loss of premium agricultural land in Australia, 

contributing significantly to instead of competing with food production. Therefore, mallee biomass in the 

Wheatbelt (with 42 Shires) in Western Australia (WA) is a true second-generation bioenergy feedstock and 

envisaged to be produced economically at up to ~10 million dry tonnes per annum, with excellent 

environmental performance [2-5]. These carbon-neutral biomass can play a crucial role in replacing coal for 

producing metallurgical coke [6], in Australia’s heavy industries, particularly steelmaking and mineral 

processing that are the most difficult to decarbonise, for achieving the target of zero emissions by 2050. 

This paper reports a preliminary investigation into a conception of coproducing biochar pellets (as a 

feedstock for green coke production) and chemicals from mallee biomass in the wheatbelt area of WA. 

Focuses are particularly on addressing the undesirable biomass properties including being widely dispersed 

and bulky, of fibrous nature, and having high moisture content (~45 wt%) and low energy density (~5 

GJ/m3). The concept includes a combination of employing distributed pyrolysis that converts biomass into 

biochar and bio-oil in local areas, followed by the production of pellets from biochar and upgrading bio-oil 

into green chemicals. These addresses not only the dusty and spontaneous nature of biochar [3] that cause 

concerns for storage and transport, but also the critical phase instability nature of bio-oil that contains 400+ 

chemical compounds and is of multiphase structure [2]. Techno-economic analysis considered a mobile 

pyrolyser with a capacity of 40 dry tonnes/day, using mallee biomass as the primary feedstock in WA’s 

wheatbelt. The plant life is 20 years. The project is financed at equity/debt ratio of 40% / 60%. The loan 

interest rate is 8%, with a loan term of 10 years. The income tax is set at 30%. Following a discount rate of 

10%, discounted cash flow analysis was performed to determine the minimum selling price (MSP) of the 

pellets in the market. The results show that the MSP of the pellets is ~130 and ~90 $A/tonne, without and 

with the revenues from green chemicals, respectively, which are lower than the price of coking coals (~200 ‒ 

300 $A/tonne during 2019 ‒ 2023). 
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The iron and steel industry is responsible for approximately 6.3% of global anthropogenic CO2 emissions, 

making it a critical focus for decarbonization. One of the promising pathways is the hydrogen-based direct 

reduction of iron (H2-DRI), which has been extensively studied at the laboratory scale with iron ores from 

various regions. However, the challenge remains in scaling these results to continuous, commercial-scale 

operations. The transition from lab to industry is often hindered by the lack of small-scale continuous 

reactors that can replicate relevant industrial conditions. 

To address this gap, we have successfully commissioned a continuous counter-flow vertical shaft reactor 

with the capability to process 6 kg/h of iron ore pellets and utilize up to 100 NL/min of hydrogen flow. This 

reactor, currently the largest H2-DRI test facility in the Southern Hemisphere, represents a significant 

advancement in the field. In this presentation, we will outline the entire development process of this reactor, 

from conceptual design to initial operation. Additionally, we will share our most recent results in the 

hydrogen reduction of New Zealand titanomagnetite ironsand pellets within this reactor. 

This facility provides valuable insights into the scalability of hydrogen direct reduction, identifying potential 

issues such as ore sticking and operational challenges before commercial implementation. Moreover, it offers 

a unique platform for producing small quantities of direct reduced iron (DRI) for further downstream 

investigations, thereby supporting the broader transition toward a more sustainable and green iron and steel 

industry. 
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Figure 1. H2-DRI test facility at the Victoria University of Wellington. 
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Hydrogen, sourced through water electrolysis powered by renewables, can replace carbon sources, offering a 

cleaner alternative. Hydrogen is a carbon-free clean energy and a potential fuel to mitigate CO2 emission in 

ironmaking blast furnaces (BFs) where the co-injection of hydrogen/coal is one of the most promising and 

feasible technologies. In this article, a 3D steady-state industrial-scale CFD model is improved and used for 

investigating the co-injection of hydrogen/coal in BFs. The model involves gas–particle-solid flow, heat and 

mass transfer related to the chemical reactions of hydrogen, coal and coke. This model has been validated 

against the measurements in terms of gas distribution, temperature and burnout. Several injection schemes of 

the co-injection of hydrogen/coal are designed under the conditions of constant bosh gas volume. The typical 

in-furnace phenomena, including the interaction between hydrogen and coal, are described, and the effects of 

the hydrogen injection rate on the co-injection of hydrogen/coal are analysed. The simulation results indicate 

that hydrogen combustion enhances the devolatilization of coal, but hinders the volatiles combustion. It is 

found that, as the hydrogen rate increases, the raceway volume-averaged temperature increases, and the 

raceway peak temperature increases and then decreases; both the raceway surface-averaged burnout and final 

burnout increase. Such different responses of them to hydrogen injection rates indicate the importance of 3D 

modelling study. In addition, the higher hydrogen injection rate increases the molar fraction of reducing gas 

components (H2 and CO) in the coke bed. The model provides a cost-effective tool for the design, 

optimisation and industrialisation of the co-injection of H2 and coal. 
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The transition to fossil fuel-free ironmaking is crucial for reducing CO2 emissions and mitigating the 

greenhouse effect [1]. Hydrogen-based direct reduction (HyDR) represents a particularly promising approach 

in this context. Current research predominantly focuses on the reduction of pelletized ores, with 

comparatively little attention directed towards lump ores. The underlying mechanisms of this process 

encompass phase transitions, mass and heat transfer, and stress alterations [2]. The interplay among these 

mechanisms results in the complex composition and microstructure of lump ores. Features such as internal 

vacancies, cracks, and voids endow massive ores with multiple reactive sites during reduction. 

In this study, the reduction behaviour of lump ores in a hydrogen atmosphere was examined using isothermal 

thermogravimetric analysis (TGA). Reaction rate constants were determined through the application of 

diffusion and chemical reaction models, which varied according to temperature and the type of iron lump ore 

used. The findings underscored the predominant influence of chemical reactions in the reduction of lump 

ores, noting a marked increase in both the rate and extent of reduction with rising temperatures. 

Further investigations were carried out to analyse phase changes pre- and post-reduction by Scanning 

Electron Microscopy (SEM)-Energy Dispersive Spectroscopy (EDS), Electro-Probe Microanalyzer (EPMA) 

and using X-ray Diffraction (XRD) and. This study aimed to compare the similarities and differences in the 

reduction processes between lump ore and pellets. The ultimate objective is to develop a comprehensive 

kinetic model for the reduction of lump ore. 
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The biomass power plant discharge bottom ash waste where potassium (K+) component associated with 

fluidized sand (SiO2). High K+ (water- and citric acid- soluble) content is required to fulfill the fertilizer 

standard [1]. Our previous study has revealed that in the fly ash waste from biomass power generation plant, 

K+ component covered fluidized sand, SiO2 with large particle size [2]. The K+ component in bottom ash can 

be assumed to exist in the same form. Therefore, in this study, the surface grinding of bottom ash was 

proposed to separate K+ on the surface of bottom ash to obtain particles with high K+ content. Furthermore, 

the influence of the grinding conditions on the separation and recovery performance of K+ content was 

examined. 

Bottom ash waste from a biomass power generation plant equipped with fluidized bed combustion furnace 

was used as a raw material. The pulverization by ball mill was used as surface grinding of bottom ash. Table 1 

shows the pulverization conditions by ball mill. The sample obtained from the grinding process was 

classified by using vibration screen with mesh size 75 and 150 µm. The content of citric acid- soluble K+ was 

calculated based on the K+ content in the solution, obtained using 1 g sample was suspended and subjected to 

extraction in 100 ml of 2.0 mass% citric acid solution for 60 min, then filtrated and measured using pH/Ion 

meter. 

Table 1. Pulverization condition of ball mill. 

Sample mass [g] 45 

Rotation speed [rpm] 120 

Ball size [mm] ∅9, 15.8 

Pulverization time [min] 15, 30, 60, 90  

Fig 1(a) shows the citric acid-soluble (CA) K+ content and yield of the sample passing through screen 75µm as 

a function of pulverization time. The pulverization process in both ball sizes increased the CA K+ content 

from original bottom ash containing 7.1 mg/g CA K+. However, the pulverization by using ball 𝜙 9mm 

achieved maximum the CA K+ content at 13.2 mg/g, meanwhile by using ball 𝜙 15.8 mm, the CA K+ always 

decreased with the grinding time. The pulverization by using ball 𝜙 9mm is preferred because it has always 

the higher CA K+ content and higher yield, independently of the grinding time. Fig 1(b) shows the XRD 

peak pattern of obtained samples. The original bottom ash and pulverized ash contained crystalline of SiO2 

and KAlSi2O6 with different peak ratio of these crystals. Namely, the pulverized ash by using ball 𝜙 9mm 

was higher than that of original bottom ash and pulverized ash of ball 𝜙  15.8mm. This indicates that 

potassium components in bottom ash can be concentrated by grinding and classifying Further, concentrated 

CA K+ component contains crystalline of KAlSi2O6. 
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Figure 1. (a) Citric acid soluble K+ content and yield as a function of the pulverization time for sample passing through a 75µm 

screen and (b) its XRD peak pattern 

Fig. 2(a) shows the change in the difference in median diameter between ash that passed through 75 µm 

screen and ash collected on 150µm screen. The pulverized ash sample obtained from ball size ϕ9 mm has 

higher difference in median diameter than that of ϕ15.8 mm over pulverization time. Fig 2(b) schematically 

illustrates the mechanism by which the broadening of the particle size distribution of pulverized ash affects 

K+ enrichment performance. When difference in median diameter is high, the SiO2 particles is hard to destroy 

and collected as larger particle on the 150 µm screen and classified small number of SiO2 that passing 

through 75µm screen. On the other hand, with the small difference in median diameter, the SiO2 is 

pulverized into smaller size and classified higher number of SiO2 that passing through 75µm screen. This 

may cause the CA K+ content that passing through 75µm screen obtained from pulverization using ball ϕ9 

mm was higher than that of ball ϕ15.8 mm. 

 

Figure 2(a) Relationship between pulverization time and difference in median diameter, and (b) its mechanism to separate & 

concentrate potassium components. 

K+ components in bottom ash can be separated and concentrated by grinding and classifying to increase CA 

K+ content by forming KAlSi2O6 which is CA K+ component. By changing the grinding condition, it may be 

possible to control the separation and recovery performance of K+ components. 
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A central requirement for an extended human presence in extraterrestrial environments is the ability to use 

local resources to provide necessities such as drinking water, fuel and metals. In-situ space resource 

utilisation (ISRU) on the Moon and in other off-Earth environments requires selection of particle processing 

techniques that will function under those conditions: lack of liquid water, air, and gravity. The most common 

and popular processing methods used on Earth are heavily reliant on all three, and thus unsuitable for off-

Earth applications. One notable exception is electrostatic processing. Comparison of electrostatic separator 

types (high-tension rolls, screen-plate separators and triboelectric separators) in terms of potential use on the 

Moon suggests that free-fall plate separators have several advantages over other types. We use new results 

from a free-fall separator simulator [1] to predict the effect on grade and recovery of reduced gravity on 

separation of a mixed particle stream in a free-fall separator. We also discuss a novel hybrid conductive 

parallel plate separator that we are evaluating as an alternative to the type of triboelectric parallel-plate 

separator that is currently used in the plastics recycling industry. While triboelectric separation is likely to 

function better in the dry, airless Lunar environment than on Earth, this novel hybrid separator configuration 

offers potential advantages in terms of effectiveness and reliability in harsh extraterrestrial environments and 

low gravity. 

 
Figure 1. Simulation of free-fall electrostatic separation of a mixed particulate, under both Earth and Lunar gravity. 
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Figure 2. Predicted grade and recovery from simulation of free-fall electrostatic separation of a mixed particulate, under both Earth 

and Lunar gravity. 
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Blast rate is a key operating parameter affecting the stability and energy consumption of ironmaking blast 

furnaces (BFs). Understanding the transient in-furnace behaviours resulting from blast rate variations is 

crucial for optimising BF operations and enhancing energy efficiency in the steel industry. The unplanned 

change in blast rate may occur sometimes, for example, due to the mechanical failures of blast supply system. 

However, the time-dependent evolution of in-furnace phenomena due to blast rate variations remains poorly 

understood. This work employs a transient BF model to numerically investigate the dynamic in-furnace 

behaviours following blast rate changes and explores potential countermeasures, providing valuable insights 

for BF operators to maintain furnace stability and performance under varying conditions. First, the impact of 

blast rate changes on in-furnace phenomena and key performance indicators are studied. The results show 

that when the bosh gas index decreases by 7 m/min, the top gas temperature decreases by ~67 K and the gas 

utilization efficiency increases by 1.8% within 20 hours. If  increases by 3 m/min, the top gas temperature 

increases by 23 K, but the top gas utilization efficiency decreases by 0.7% in 20 hours. Then, it is found that 

it takes nearly 20 hours to recover the in-furnace phenomena after the blast rate is recovered from shortage 

and if blast rate is insufficient, increasing oxygen enrichment ratio from 1.5% to 5% improves the raceway 

temperature by 170 K in 40 hours. 

The blast furnace (BF) remains the predominant reactor for ironmaking, encompassing both conventional 

BFs at present and emerging novel BFs in the near term [1]. The blast rate serves as a key parameter in 

attaining a favorable distribution of in-furnace gas flow and adjusting productivity. In this investigation, we 

explore the impact of changes in blast rate on transient in-furnace phenomena through the utilization of the 

transient blast furnace (tBF) model [2]. Additionally, we delve into the efficacy of countermeasures designed 

to alleviate the adverse effects of low blast rate operation while preserving the thermal field of the blast 

furnace. These countermeasures have been thoroughly examined to understand their influence on the 

transient evolution of in-furnace dynamics. 

Table 1. Case settings. 

 

 

(m/min) 

Vbosh 

(m3/min) 

Blast rate 

 (m3/min) 

O2 enrichment 

ratio (%) 

Case (0) 62 10238.1 7908 1.5 

Case (1) 55 9082.1 6960 1.5 

Case (2) 65 10733.4 8298 1.5 

Case (3) 62 10238.1 7908 1.5 

Case (4) 55 9082.1 6802 5 
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Fig. 1(a) illustrates the top gas temperature evolution after the blast rate is decreased. The top gas 

temperature exhibits a decreasing trend after the blast rate is decreased and reaches a new stable state at 

about 20 hours. The decrease in the top gas temperature is attributed to the less heat release due to reducing 

fuel. Fig. 1(b) demonstrates the top gas temperature has an increasing trend after the blast rate is higher, and 

it reaches stable after about 20 hours. Higher blast rate can introduce higher heat into the furnace and more 

heat can be released by combustion. Fig. 1(c) depicts the top gas temperature evolution after the blast rate is 

recovered from shortage. The temperature responds fast immediately after the blast rate is restored and the 

temperature goes back to normal level at about 40 hours. Fig. 1(d) presents the RAFT, top gas temperature 

and top gas utilisation variation after the O2 concentration in the blast is increased. RAFT and top gas 

utilization becomes higher, but the top gas is lower since the heat transferred to the upper part of the furnace 

is reduced. 

 

Figure 1. (a~c) Top gas temperature evolution when blast rate is decreased, increased and recovered respectively, and (d) RAFT, top 

gas temperature and CO utilisation efficiency when O2 concentration is increased. 

(1) When the blast rate decreases, the gas temperature decreases with time.  

(2) If the blast rate is increased, the opposite time-related changing trend in the furnace phenomena can be 

observed.  

(3) After changing the blast rate, the system responds faster in the first 10 hours.  

(4) An increase in the oxygen enrichment ratio will improve both BF productivity and hearth temperature 

while decreasing temperature in the upper part of the furnace. 
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We propose a sustainable and feasible carbon-neutral ironmaking technology – the co-injection of hydrogen 

and biomass in blast furnaces [1,2]. To understand the fundamentals of internal combustion behaviour related 

to the co-injection of hydrogen and charcoal, a three-dimensional computational fluid dynamics (CFD) 

model is developed by describing the multiphase reacting flow under the simulated BF conditions. 

Particularly, the present model features a new treatment of volatile matter and an improved sub-model for 

hydrogen combustion. The model is validated by two cases of charcoal injection and co-injection of 

hydrogen and coal. The typical in-furnace phenomena as well as the interaction between the hydrogen and 

charcoal are analysed comprehensively. The results indicate that the proper injection of hydrogen through the 

annulus of the charcoal lance is beneficial as high local gas temperatures (1500 K to 1800 K) from hydrogen 

combustion provided a charcoal burnout enhancement of 6% during the charcoal devolatilisation process. 

However, char reactions are hindered due to oxygen competition with hydrogen combustion, hence resulting 

in a slightly reduced final burnout. The optimum conditions to maximise the biochar burnout were explored 

with a combination of one-factor-at-a-time (OFAT) and design of experiment (DoE) approaches, such that a 

maximum overall burnout of 51.71% was predicted. This study provides a quantitative tool for the study of 

this frontier technology, which may serve as a reference to strive toward the net-carbon initiative.  

 

Figure 1 Schematic diagram of the novel technology of the CoHB process in a BF. 
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Additive manufacturing of ceramic materials using photocurable suspensions has garnered wide attention 

due to its ability to manufacture on-demand structured components which are difficult to be shaped by 

conventional methods. Although various ceramic components have been structured up to date [1], most 

studies primarily focuses on the ability of shaping. Therefore, the manufacturing process have not been 

proactively designed from the perspective of resource recycling. Recently, we have designed a new series of 

photocurable suspension which raw silica particles were directly crosslinked by small amounts of acrylate-

based monomers. The designed suspension was applicable to additive manufacturing process of complex-

structured silica components using vat photopolymerization and the photocured bodies were found to have 

nanoscaled interparticle crosslinks [2]. Inspired from the unique and fine polymer crosslinks formed among 

the particles, herein, we aim to propose a new disassembling process of the photocured bodies, obtained from 

interparticle photo-cross-linkable suspension, nearly to primary particle sizes.  

In brief, interparticle photo-cross-linkable suspension were designed according to our previous report [2] 

using butylcarbitol and phenoxyethanol as solvent. Multifunctional acrylates (MA), which penta/hexa-

functional acrylate and bi-functional acrylate were mixed in various ratios, were used as a source of 

interparticle crosslinks. The photocured green bodies were immersed in an aqueous ammonia solution (1.4 

wt.%) for a certain period, and then ultrasonicated for disassembling.  

Fig. 1 shows the aggregate size distribution of the particles obtained after the immersion of photocured 

bodies in an aqueous ammonia solution for 5 days, followed by ultrasonic treatment. The photocured bodies 

having interparticle crosslinks originated from different multifunctional acrylate (MA) mixture ratios was 

considered. While coarse aggregates were remained when the ratio of penta/hexa-functional acrylate was 

high in the MA mixture, the photocured bodies gradually disassembled nearly to primary particles as the 

ratio of bi-functional acrylate has increased. To further investigate this behavior, the influence of MA mixing 

ratio on the linear expansion rate of the photocured bodies after immersion treatment was evaluated (Fig. 2). 

The photocured bodies found to expand significantly when the ratio of bifunctional acrylate was high. This 

suggests that aqueous ammonia solution swells better to the interparticle crosslinks formed from bifunctional 

acrylate, which facilitates effective polymer decomposition reaction. Fig. 3 presents the surface structure of 

particles collected after disassembling process. In the system using bifunctional acrylate as the cross-linking 

resin source, the interparticle crosslinks of the photocured bodies (Fig. 3a) found to successfully disappear 

upon disassembly treatment (Fig. 3b). We believe that the proposed process should play an important role for 

recycling prototype printed components. 

mailto:iijima@ynu.jp
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Figure 1. Aggregate size distribution (laser diffraction method) of silica particles disassembled from photocured bodies. 

 

Figure 2. Effect of bifunctional acrylate ratio on the expansion rate of photocured green bodies after immersion in aqueous ammonia 

solution (5 days). 

 

 

 

 

 

 

 

Figure 3. FESEM observation of (a) photocured body and (b) particles collected after disassembling process. 
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Global phosphorus (P) shortage had become a major concern in recent years. Phosphate rock, the main 

resource of P, is predicted to be exhausted in next 50-100 years [1], while demand of P has increased around 

the world in recent times, which necessitates alternatives P sources. Sewage sludge ash (SSA) is widely 

regarded as a potential material due to its high phosphate content (5% - 11% of the dry weight) [2]. Large 

scale sewage sludge ash combustion plants in Japan have been already put into commercial use for the mass 

production of SSA, in which heavy metal concentration is strictly limited. However, the conventional P 

recovery technique from SSA such as thermal and wet chemical methods are not suitable for mass 

production in terms of energy consumption and waste generation. In this regard, physical separation of heavy 

metal in solid phase that do not use high temperature or chemical reagents, appears to be promising in SSA 

mass production with little environmental impact.  

In this research work, SSA samples from seven different sources were served to the separation using an air 

classification based on the Coanda effect:  particles inside a fluid jet stay attached to a curved surface based 

on their inertia moment [3]. Hence, three fractions of separated sample with different particle sizes were 

obtained after the treatment, including fine (D50 = 5.6 μm), medium (D50 = 26.5 μm), and coarse fraction (D50 

= 47.1 μm) while the two cutting angles that divide three fractions are 10 and 50 μm, it’s stressed that D50 of 

coarse fraction is smaller than the cutting angle because of the relatively low separation efficiency of elbow 

jet air classifier, which results in particles either with smaller or larger sizes entering each fraction. All the 

separated fractions were then digested using a microwave to determine the heavy metal content following the 

Japanese fertilizer analysis protocol [4]. As displayed in figure 1, the results showed that in some of the 

samples, the fine fractions tend to have more arsenic (As), cadmium (Cd), lead (Pb), while chromium (Cr) 

showed the exact opposite tendency. XRF results also showed that P and As, Pb were all mostly concentrated 

in the fine fractions and remain less in medium and coarse fractions, while Cr shows irregular trends. It could 

be explained by the combustion process where As, Cd, Pb were vaporized and condensed on the surface of 

coarser particles because of their low boiling and melting points, thus forming the finer particles and 

showing the trend. On the contrary, Cr with high boiling point is thermally stable and remain in coarser 

particles, showing irregular trend. These trends suggest that medium and coarse fraction might be the optimal 

recovered objects for maintaining balance between heavy metal and P contents, which reduces the heavy 

metal content compared to the original samples while keeping most of P content. Despite the relatively 

higher Cr concentration, the concentration of Cr in medium and coarse fraction still satisfies the suggested 

standard regulation at a value much lower.  As conclusion, regardless of fine fraction, medium and coarse 

fraction could be directly applied for the source of fertilizer after separation. 
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Finally, the fine fractions of all SSA samples were served to leaching tests with acid (HCl), alkali (NaOH), 

and distilled water for further heavy metal reduction. Results of the leaching experiments showed that alkali 

leaching could slightly extract some amount of heavy metal such as Pb, As (less than 0.002% wt.) while 

causing little loss to P content. On the contrary, acid leaching is generally more effective in dissolving P into 

solution when compared to alkali and distilled water, at the cost of dissolving small amounts (less than 0.01% 

wt.) of heavy metals like As, Pb and Cr, suggesting that alkali leaching can be used to further remove the 

heavy metal from the solid phase. Our results showed that using an air classification method based on the 

Coanda effect is feasible in reducing the heavy metal from SSA by recovering medium and coarse fractions, 

suggesting the possibility of using this physical-only method for the recovery of P from SSA with heavy 

metal concentration lower than the standard.  

 

Figure 1. ICP-MS results of heavy metal after microwave digestion with the standard (left) and XRF results (right) in one of the 

samples  
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Lithium-ion batteries (LiB) are becoming increasingly prevalent due to the wide-scale adoption of portable 

electronics and electric vehicles [1]. Consequently, there has developed a substantial need for efficient and 

environmentally friendly recycling methods. This paper presents a CFD investigation into the efficiency of a 

gas cyclone separator for LiB recycling. The separation efficiency of the cyclone for a standard LiB cathode 

(NMC-811) and anode (Graphite) are investigated across a variety of inlet velocities and dipleg lengths. The 

findings illustrate the capacity for gas cyclones to separate LiB materials and demonstrate the need for 

parametric optimization of cyclone geometry for good separation efficiency. 
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This study explores the production of direct reduced iron (DRI) from New Zealand titanomagnetite (TTM) 

ironsand using hydrogen reduction in a fluidised bed reactor. With its natural particle size (100-250 µm), 

TTM ironsand is well-suited for fluidised bed processing, offering significant advantages over conventional 

methods. The most notable is eliminating the need for pre-treatment like pelletising and sintering, 

simplifying the process. A small-scale experimental reactor was designed to reduce H₂ atmospheres at 

temperatures up to 1050°C. A novel in-situ sampling system allows the extraction of partially reduced 

material during the batch process for analysis. A pneumatic, solid loading and discharging system is used to 

conduct multiple experiments within a working day. 

The results show no particle sticking occurred during reduction across the temperature range of 750-1000°C. 

At higher temperatures, sticking was prevented by forming a Ti-rich oxide shell around the partially reduced 

particles. In contrast, sticking did not occur at lower temperatures without forming this shell. The reduction 

mechanism varied with temperature: at higher temperatures (950-1000°C), the reduction proceeded through a 

wüstite phase, with residual TTM showing titanium enrichment. At lower temperatures (750-800°C), TTM 

was reduced directly to metallic iron, bypassing the wüstite phase. These behaviours were combined at 

intermediate temperatures (850-900°C), where a brief wüstite phase appeared during reduction. 

Pre-oxidation of TTM accelerates reduction rates at temperatures ≤ 900°C, enhancing hydrogen diffusion 

and reduction in later stages. These findings highlight the potential for fluidised bed hydrogen reduction of 

TTM ironsand to produce DRI, offering a pathway to lower CO₂ emissions in ironmaking. 
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In an ironmaking blast furnace (BF), ferrous materials melt into liquid in cohesive zone (CZ) and penetrates 

through coke bed to hearth while interacting with gas and solid flow. The liquid behavior can significantly 

impact the bed permeability, gas and liquid distributions and associated heat and mass transfer in the lower 

part of BF, particularly when smelting different ore types. It largely dictates the stability of BF process. 

However, due to the harsh operating conditions, there remains a lack of effective tools to accurately quantify 

the liquid flow and its influence on BF performance. Our study aims to address this challenge by further 

developing the liquid flow model based on our recent Computational Fluid Dynamics (CFD) process model. 

Specially, our model has been applied to the vanadium titanium magnetite (VTM) BF smelting process by 

explicitly considering the TiO2 reduction and its reactant on slag viscosity. The effects of TiO2 content in ore 

are investigated to validate the model applicability. Additionally, the top burden distributions are adjusted to 

improve the bed permeability in the BF lower part. The proposed work extends the predictive capabilities to 

anticipate the abnormal operations for the VTM smelting process and offers practical solutions for 

production optimization. 
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After extensive development, blast furnace ironmaking technology has reached a level of maturity. However, 

the high energy consumption and environmental pollution resulting from emissions remain critical issues that 

demand attention. To overcome these challenges, a novel ironmaking technology known as flash reduction 

has emerged in recent years. In comparison to the blast furnace technology, flash reduction eliminates the 

need for sintering and pelletizing processes. Instead, it employs high-temperature gas to reduce iron ore fines, 

thereby avoiding complications such as agglomeration or sticking in fluidized beds. Moreover, this process 

significantly reduces carbon dioxide emissions, lowers energy consumption, exhibits a high rate of heat and 

mass transfer, and consequently enhances the utilization efficiency of iron ore fines.  

 

Figure 1 Effect of preheating on flash reduction: Temperature of Reducing gas (H2) = (a) 1700K, (b) 1800K, (c) 1900K 

Flash ironmaking is a reduction process that primarily utilizes hydrogen as the reducing agent. Given that it 

involves complex processes encompassing both gas and particle phases, intricate chemical reactions, as well 

as fluid dynamics and heat transfer, computational fluid dynamics (CFD) methods offer an effective research 

tool for assessing the impacts of various variables and their coupling, compared to experimental studies. In 

this study, we propose a three-dimensional CFD model using the Ansys Fluent, combined with the Discrete 

Phase Model (DPM), to effectively simulate and analyze the continuously reducing gas and discrete 

magnetite particles. Upon validating the proposed model, we propose the concept of preheating both the 

reducing gas and particles and note that both gas and particle temperatures affect the reduction degree 

significantly, they must be high enough. The extent of their contributions should be quantified for better 

optimization. Additionally, the effects of particle size, gas and particle temperatures are quantified, showing 

intensive interplay. From these results, the significance of preheating in the flash reduction reaction process 

has been validated. 
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The project aims to attain a thorough and economically viable comprehension of the flash ironmaking 

process. The discernments derived from this investigation will furnish significant theoretical underpinnings 

for prospective industrial implementations and could expedite the refinement and enhancement of flash 

ironmaking methodologies.  
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The steel industry accounts for 6~9% of the global greenhouse gas emissions. The ironmaking blast furnaces 

and associated processes, which contributed to 70% of steel production, represent 90% of the total 

CO2 emissions in integrated steel works. Therefore, reducing CO2 emissions from the ironmaking process is 

essential for achieving carbon neutrality by 2050. Various pathways to decarbonize the ironmaking process 

are taking shape across the global industry to improve the sustainability of the process, e.g., low-carbon blast 

furnaces, shaft furnaces, and fluidization reduction. We focus on the hydrogen-intensive shaft furnace 

technology, which uses hydrogen-rich reducing gases to convert iron ore into a purer form of iron, i.e., direct 

reduction iron. Some exemplary applications include CORREX and Midrex/Energiron shaft furnaces. This 

work considers the Midrex/Energiron shaft furnace, which are more often adopted in industrial practice. We 

developed a state-of-the-art CFD model to describe the flow and thermochemical behavior and overall 

performance of shaft furnaces under different conditions. Following careful model validation, model studies 

were conducted systematically to understand shaft furnaces and formulate control and optimization strategies 

to guide shaft furnace applications.  
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Electrostatic separation is an attractive method for dry processing in the resources and recycling industries. 

Free-fall electrostatic separators are a particularly simple and versatile member of this family of technologies. 

The charging mechanism is an important factor in the performance of free-fall separators, and they are 

normally used with triboelectric charging. In this work, the effectiveness of a novel hybrid separator 

(comprising a conductive charging slide and a free-fall separator, with particles injected into the separator at 

an oblique angle) has been assessed. This design may be more reliable in difficult environments (e.g. 

extraterrestrial operations) than either rotating drum or triboelectric separators. Separation experiments were 

conducted on a mixture of glass (non-conductive/ ~350 μm) and aluminium (conductive/ ~50-200 μm) 

particles of roughly comparable density. The output stream was divided horizontally into bins, allowing their 

spatial distribution in response to the electric field to be characterized. The influence of different feeding 

rates from a vibratory feeder (0.5, 2, 8 g/sec), and of varying separator and charger voltages (0, 5, 10, 15, 20, 

and 25 kV), was investigated. The outputs were analysed using optical microscopy to evaluate the spatial 

distribution of each component of the original mixture. Deflection of aluminium particles away from the 

negative plate increased with separator (and charger) voltage, while deflection of glass particles did not 

increase appreciably. Feed rate had a negligible influence on deflection over the range investigated. This 

method can in principle separate a mixture of conductive and nonconductive particles. 
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The dome zone is the freeboard at the top of COREX melter gasifier (MG). Changing some oxygen burners 

(OBs) in the dome zone to oxygen-coal burners (OCBs) can realize the function of pulverized coal 

gasification. Pulverized coal injection (PCI) in the dome zone of COREX is benefit to increase the amount of 

reducing gas and improve the metallization rate of the pre-reduction shaft furnace, which can reduce the 

overall fuel consumption and CO2 emissions. In this work, a 3-D steady-state mathematical model was 

developed to study the influence of injection structure on the flow, temperature and species distribution. The 

results showed that an increase in the opposed deviation angle of the OCBs leads to the formation of a vortex 

core in the central area, transform the columnar high-temperature area into a leaf shape. An increase in the 

opposed deviation angle from 0° to 30° results in a rise focal temperature by 189.3K and a 2.82% increase in 

the effective gas content of the generator gas. However, excessive swirl intensity can lead to the 

accumulation of pulverized coal at the furnace wall, preventing its full utilization. Therefore, it is advisable 

to set the opposed deviation angle to 20°. An increase in the diameter of the oxygen pipeline in the OCBs 

results in a decrease in the velocity of the oxygen jet, which facilitates the water gas conversion reaction and 

enhances the H2 content in the generator gas by 1.35%. Moreover, adjusting the OCBs from a downward tilt 

to a horizontal position shortens the residence time of pulverized coal, thereby limiting the progress of gas-

solid reactions and reducing the effective components in the generator gas. Further adjustment of the OCBs 

to an upward tilt leads to an increase in the amount of unburned pulverized coal. 

 

Figure 1. 3-D mathematical model of dome zone 
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There are more and more photovoltaic (PV) modules close to the service life (20-30 years) on the market. At 

present, the main methods of recycling end-of-life (EoL) PV modules are physical, chemical and heat 

treatment approaches. Heat treatment can effectively separate the components of EoL PV modules through 

temperature control, which is fast and simple, and is currently the most common and promising recycling 

technology. Although there have been studies on polymer characterization and pyrolysis study for EoL PV 

modules, its depolymerization characteristics, kinetic behavior, product formation and other mechanisms 

under different pyrolysis atmospheres are still unclear. To systematically explore the pyrolysis kinetics, 

product distribution and mechanism of polymers (including EVA, PET, etc), and lay a foundation for the 

recovery and utilization of PV modules in the future, this study for the first-time combined experiments with 

reactive force field molecular dynamics (ReaxFF-MD) simulations to describe the pyrolysis process of 

polymers under different atmospheres (nitrogen and air). Firstly, pyrolysis kinetic parameters of EVA were 

evaluated by iso-conversional methods (KAS, FWO, and AIC) based on TG analysis. Subsequently, the 

pyrolysis process and products were studied by TG-IR, and PyGC/MS analysis. Finally, ReaxFF-MD 

simulations were used to study the microcosmic reaction pathways of polymers at different temperatures 

(1700-2900 K, interval of 300K) during the pyrolysis process. All simulations were performed in software 

LAMMPS by using the 2008_field_cho force field. The constructed model consists of 6 polymers chains 

with polymerization degree of 60, and 100 oxygen molecules are added to the model to correspond to 

pyrolysis in air atmosphere. After structural and energy optimized relaxation in NPT ensemble, the model 

will be subjected to formal pyrolysis simulation for 200 ps in NVT ensemble. Through the analysis of results, 

the main conclusions are as follows. 1) The pyrolysis process of EVA goes through two stages under both 

nitrogen and air atmosphere, and the final weight loss rate exceeds 99%. 2) Although EVA has lower 

apparent activation energy under air atmosphere (as shown in Table 1), its pyrolysis end temperature (about 

550 ℃) is higher than that in nitrogen atmosphere (about 500 ℃). 3) The first stage of EVA pyrolysis is 

deacetylation reaction. In the second stage, the deacetylated carbon atom drives adjacent carbon atom to 

break bond with parent chain. 4) Oxygen could combine alkyl radicals to form alkyl peroxide, and then 

peroxy bond breaks to form small molecule products. 

Table 1. Ea (kJ/mol) of EVA 

Methods 

Nitrogen Air 

I II I II 

KAS 175 260 136 182 

FWO 178 264 138 185 

AIC 177 273 137 186 
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Advancements in polymer chemistry are pivotal for crafting polymer interfaces, spanning nano- to micron-

sized macromolecular systems ubiquitous in both natural and technological realms. These interfaces, 

comprising single polymers or assembled polymer chains on support structures, include self-assembly 

systems driven by individual polymer chains and block copolymers. The assembly of polymers with side-

chain functional groups into nanoscale morphologies has proven essential in emerging applications such as 

drug and gene delivery and nanotechnology [1]. Ring Opening Metathesis Polymerization (ROMP), using 

the Grubbs catalyst, is a versatile technique capable of creating well-defined polymer structures with diverse 

functional groups, including aromatics, alkyls, and polar groups. Its high tolerance for polar functionalities 

like oxygen, nitrogen, or sulfur enables the polymerization of olefins, facilitating the synthesis of polymers 

with varied chemical structures. ROMP is instrumental in designing advanced materials, such as well-defined 

block copolymers, micelles for drug delivery, graft copolymers forming amphiphilic nanostructures, and 

polymeric materials with precise structures and beneficial properties [2]. We have synthesized polymeric 

materials containing side chain amino acids via ROMP, offering benefits such as stimuli-responsiveness. 

Examples include pH-sensitive micelles for drug delivery and release [3], temperature-responsive brush 

block copolymers synthesized via Graft-through ROMP [4], and fluorescent chemosensors based on 

tryptophan as biomarkers for detecting Fe2+ in EA.hy926 cells [5]. The latter work highlights additional 

opportunities for exploring interesting properties related to polymer interfaces, which we will present in this 

study. 
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Figure 1. (a) Scheme for monomer synthesis and block copolymerization, Hydrodynamic diameter (Dh)distributions of poly(NB-

Prol90-block-Oxa-Trp10) and  poly(NB-Prol80-block-Oxa-Trp20) aggregates; TEM images of the aggregates formed in (b) DMSO and 

(c) the selective solvent DMSO:H2O (60:40 %v/v) (d) Temperature dependent of hydrodynamic diameter distributions of poly(NB-

Prol80-block-Oxa-Trp20) and (e) Cytotoxicity of empty micelles and cancer cell killing activity of the free DOX HCl and poly(NB-

Prol90-block-Oxa-Trp10) micelle-loaded DOX HCl.  

The synthesized Oxa-Trp monomer exhibits fluorescence emission at 350 nm due to the intrinsic 

fluorescence of the indole moiety in tryptophan. The proline-derived norbornene monomer (NB-Prol) and its 

polymer display thermoresponsiveness [4]. Block copolymerization of these monomers, with varying 

comonomer units, yielded block copolymers with Mw ranging from 5,000 to 7,500 g/mol. The fluorescence 

properties of the block copolymers confirmed solvent-induced aggregation and core-shell formation, 

utilizing the intrinsic Trp fluorescence of Poly-Oxa-Trp. In DMSO, Poly(NB-Prol90-block-Oxa-Trp10) and 

Poly(NB-Prol80-block-Oxa-Trp20) exhibited particles with an average hydrodynamic diameter (Dh) of 11.5–

16 nm, attributed to single-chain block copolymers. TEM results showed nano-sized particles and further 

aggregation in DMSO. [Figure 1(b)] In DMSO:H2O (60:40 %v/v), a unimodal DLS curve with Dh of 185–

210 nm suggested self-assembly into large micelles. [Figure 1(c)] Dh values decreased from 15 °C to 45 °C, 

slightly from 45 °C to 50 °C, and then increased from 50 °C to 65 °C [Figure 1(d)]. These micelles could 

load and release DOX HCl, a cancer drug. The empty micelles were non-toxic up to a test concentration of 

10 µg/mL. DOX HCl-loaded micelles exhibited antitumor effects on HepG2 cells [Figure 1(e)].  

To bridge our tryptophan-derived polynorbornene with Multi wall carbon nanotubes (MWCNTs), we 

copolymerized it with MWCNT-functionalized norbornene monomers or grafted the polymers onto 

MWCNTs (Figure 2). The resulting copolymer composites exhibited fluorescence properties and selectively 

detected Cu2+ with fluorescence on-off characteristics. [Figure 2(b)] The addition of amino acids, especially 

cysteine (Cys), restored the fluorescence intensity. [Figure 2(c)] Intracellular thiols such as cysteine (Cys), 

homocysteine (Hcy), and glutathione (GSH) are crucial in numerous physiological processes. Imbalanced 

levels of these biothiols can result in various health issues. [6] Therefore, the synthesized copolymer 

composites offer a potential fluorescence probe for the selective detection of Cys, Hcy, and GSH.  

 

Figure 1. (a) Copolymerization Tryptophan derived norbornene and MWCNT-derived norbornene. (b) Fluorescence titration of 

Poly(NB-diester-Trp-co-NB-MWCNT) (0.1 µM in DMSO) with increasing concentrations of Cu2+. (c) Fluorescence spectra of Poly 

(NB-diester-Trp-co-NB-MWCNT) bound to Cu2+ after the addition of various amino acids. 
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Understanding the deposition mechanisms of dry powder inhalers in the human respiratory tract is critical to 

the prediction of aerosol particle deposition in the lungs. In this study, a whole-lung model of a real human 

respiratory tract was simulated using a coupled computational fluid dynamics-discrete phase method (CFD-

DPM). First, an accurate human airway model from the mouth cavity to the tenth-generation bronchi was 

created based on computed tomography images. Then the CFD-DPM model is validated using the 

experimental data. Next, the laws of particle size, acoustic gate cross-sectional area, airway curvature, tongue 

height, and type and depth of inhalation device on the distribution of aerosol particle deposition were 

investigated at different respiratory flow rates. Finally, a prediction model of aerosol particle deposition 

distribution was developed based on AI-CFD data. The results indicate that the insertion of an inhalation 

device significantly alters the structure of the airflow in the respiratory tract and affects the location of 

aerosol deposition, a non-negligible condition. As the respiratory flow rate increases with particle size, the 

deposition of particles in the bronchioles decreases and the deep lung content will decrease. The acoustic 

portal cross-sectional area and tongue height affect the generation as well as the intensity of turbulence in the 

respiratory tract, which in turn increases the amount of particles deposited at that location. The results 

predicted by AI model are highly consistent with the CFD numerical simulation results. 

 

Figure 1. Distribution of aerosol particles of different particle sizes in the respiratory tract at an inspiratory flow rate of 45 L/min. (a) 

2μm; (b) 4μm; (c) 6μm  
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Acoustic agglomeration harnesses sound waves to promote the collision of aerosol particulate matter in air, 

thus enabling the formation of larger particle agglomerates. Here, we employ this acoustics-driven 

phenomenon for the pre-conditioning of aerosol particles to enhance the filtration efficiency and slow down 

pressure drop increment of air filters in a ventilation tunnel system. Specifically, we first implement 

ultrasonic agglomeration of aerosol particles in the main tunnel to transform small particles into larger 

agglomerates and then deposit them by a cyclone. Benefitting from this process, a downstream air filter 

receives less particle mass and thus experiences slower pressure drop increment. We also experimentally 

investigate the influence of some key parameters including the residence time of aerosol particles in the 

ultrasonic field, sound pressure level, and initial particle number concentration. The findings in the work 

hold potential for deriving energy savings for fan power in industrial ventilation systems.  

 

Figure 1. Mechanisms of slowing down increase of air filter pressure drop enabled by ultrasonic aerosol agglomeration [1]. 
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The PM2.5 samples were collected from Xi'an city in the summer and winter of 2019, aiming to investigate 

the characteristic variability of chemical components in atmospheric particles across different seasons, 

diurnal variations, and pollution levels. The analysis of haze formation in Xi'an and its impact on the 

activation properties of cloud condensation nuclei was conducted. The findings revealed a significant 

increase in particulate loading during winter, with SO4
2- showing a rise of 110%, organic materials increasing 

by 159%, NO3
- surging by 355%, and Cl- experiencing an astonishing growth of 2270%. The effect of 

diurnal variation on the chemical components is negligible. Secondary transformation predominantly 

contributes to particulate matter, accounting for over 74.97%, primarily originating from local emissions. 

Motor vehicle exhaust constitutes the primary source of pollution, with exogenous inputs from biomass 

burning air masses during winter serving as a significant contributor to heightened pollution levels. The 

atmospheric particles in the city of Xi'an exhibit typical characteristics of continental aerosols, with κccn 

values of 0.26 ± 0.07 during summer and 0.33 ± 0.09 during winter (SS = 0.2%). Seasonal fluctuations in κccn 

are ascribed to the influx of weakly hygroscopic organic air masses from southern forests during the summer 

period. The occurrence of high κccn values is observed during the winter months and periods characterized by 

elevated pollution levels. Increasing supersaturation leads to a decrease in the critical particle size of 

particulate matter. When supersaturation reaches levels within convective clouds (SS ≈ 0.7%), both summer 

and winter particulate matter can be activated in the Aitken nuclei mode. 
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Particle engineering is a theory focused on predicting spray-dried powders' chemical and physical properties. 

Even though the theory is simple and applicable to several fields, such as pharmaceutical and food science, 

few researchers have employed it in their studies. Moreover, particle engineering is the base behind spraying 

drying, a technique highly used in several pharmaceutical and food industries, such as dairy, fruit, or fortified 

foods. Several food products, such as instant coffee, infant formula, whiteners, flavor powders, and fortifying 

flours, are produced via spray drying. Therefore, the understanding and applicability of particle engineering 

in controlling the properties of spray-dried powders. The Peclet number is the most important parameter in 

Particle Engineering. The Peclet number is defined as the ratio between the solvent's evaporation rate divided 

by the solute's diffusivity. The evaporation rate identifies the speed at which the solvent leaves the 

evaporating droplet, while the diffusivity identifies the speed at which the solute travels toward the center of 

the evaporating droplet. Therefore, high Peclet numbers commonly indicate larger microparticles with a 

crumbled structure. Low Peclet numbers commonly indicate smaller microparticles with the absence of any 

external and internal voids. However, the Peclet number depends on the drying conditions and the properties 

of the solution. Higher temperatures lead to a faster evaporation rate, which can lead to a higher one. The 

density and viscosity of the solutions can influence the diffusivity, which affects the Peclet number. In 

addition, the particle formation of suspensions, typically, for instance, of dairies, shows a different physics 

depending on the size of the suspensions. Micro-suspensions and nano-suspensions differ in their diffusivity; 

the second, having a much smaller size, tends to have a higher diffusivity and, thus, a lower Peclet number. 
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In this study, we demonstrate a microfluidic-based controlled synthesis and characterization of cross-linked 

hyaluronic acid (HA) using real-time electrospray-differential mobility analysis (ES-DMA). Real-time gas-

phase electrophoresis analysis delivers instant nanoparticles size results and microfluidic-based synthesis 

provides the materials with controlled uniform particle size distributions. The method successfully combines 

real-time analysis and microfluidic system to acquire specific sizes of HA nanoparticles with high efficiency. 

Small-angle X-ray scattering and Nuclear Magnetic Resonance spectroscopy (NMR) are performed for 

complementary analysis of extent of crosslinking and colloidal stability. The work demonstrates a promising 

approach for synthesis of inorganic and organic functional nanoparticles with high uniformity and 

traceability. 

 

Figure 1 Microfluidic-based synthsis with real-time gas-phase electrophoretic analysis. 
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Heterogenous substances that do not dissolve in water will eventually separate into two layers even when 

thoroughly mixed and left to stand. Emulsions of water and oil also undergo phase separation quickly 

without the addition of amphiphilic surfactants. We successfully generated nano-sized O/W emulsions that 

do not separate into oil and water phase phases without the use of surfactants by the ejector-type fine bubble 

generating nozzle. This study aims to elucidate the presence and its interfacial structure of surfactant-free 

nano emulsions (SFNE) between the oil (n-pentadecane) dispersed phase and the water continuous phase. 

Results from the Dynamic Light Scattering (DLS) showed that the oil droplet size was approximately 50 nm 

immediately after formation but grew to about 200 nm after 100 days (Figure 1. a)). The growth rate of the 

oil droplets was 2.6 x 10-28 m3/s, which is significantly slower than the Ostwald ripening. However, TEM 

observations using freeze-fracture (FF-TEM) method revealed that the oil droplets had scarcely coalesced 

and were present as aggregates (Figure 1. b)). The oil droplets, which are less dense than water, floated to the 

surface over time and aggregated like a powder, but could be easily dispersed with a gentle shake. These 

reasons are discussed in the negative zeta potential of the nonpolar oil droplets prevents coalescence and 

causes repulsive forces between the droplets. The O/W interfacial structure of SFNE was quantitatively 

analysed with solid-liquid phase transitions using the Differential Scanning Calorimetry (DSC). The results 

indicated that the required hydrophobic hydration number for each bulk oil molecule interacting with water 

was from 60 to 600, the hydration number necessary for stabilization increased exponentially with increasing 

the droplets size of SFNE (Figure 1. c)).  

Accordingly, it is theoretically suggested that the maximum oil-to-water ratio of SFNE can be up to 20 vol.%. 

This implies potential applications in a wide range of fields, including pharmaceuticals, cosmetics, pesticides, 

and energy materials without the need for surfactant, which are often considered impurities. 

 
Figure 1. The presences and its interfacial structure of O/W-SFNE (a): oil-droplet sized distribution, b): FF-TEM images, c) 

stabilized structure vs. droplet size).  
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Silane chemistry is a specialized field that has gained significant attention in the industry, particularly in 

surface modification of materials. In this study, we chose tetraethoxysilane (TEOS) as the representative 

silane to explore surface alkylation and investigate properties such as acid resistance and scratch resistance 

of material. We began with the mechanism of alcoholysis/hydrolysis, adjusting solute concentration, 

alcoholysis/hydrolysis reaction time, and ambient temperature. Utilizing innovative analytical methods such 

as ES-DMA and FTIR, we examined the interaction between reaction parameters through the particle size 

distribution before film formation and the bonding structure after film formation. This study provides an 

opportunity to design multifunctional protective coating structure aimed at extending the durability of high-

vacuum operation units. 
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Kozuka et al. have shown that it is possible to capture microparticles and control their behaviour by using 

ultrasound in the air and water.[1] If it becomes possible to control particle behaviour using ultrasonic 

waves, operations such as aggregation and collection can be performed without contact, so the particles will 

not be damaged, and this can be expected to be applied to technologies such as drug delivery systems.[2] 

Nonaka et al.[3] said that it was possible to control the behaviour of particles which is larger than several 

tens micro meter if air velocity is slow and sound pressure is high. On the other hand, in the case of even 

smaller particles, it was difficult to concentrate at a certain position because they move along with the 

acoustic streaming. This means it is necessary to know the acoustic streaming if the motion control of small 

size particle is expected. Therefore, in this study, we measured the sound pressure distribution and acoustic 

streaming in a closed space. Additionally, it was attempted to simulate the acoustic streaming with 

COMSOL Multiphysics and compared it with experiments. Figures 1 and 2 show the results of the 

experiment. In the experiment, a space was filled with smoke and motion was captured with a PIV laser and 

a high-speed camera. Then, streaming was analysed using image analysis software. In this time, a 

vibration plate with four nodes was used, the frequency was 20.1 kHz, the vibration amplitude was 10 µm 

while the distance between vibration plate and the reflector was changed for half or one acoustic 

wavelengths. It was found that in the case of one wavelength, as in Figure 1, two vertical vortices were 

observed. Then, in the case of half a wavelength, as in Figure 2, there is only one vertical vortex. It was 

considered that the number of vertical vortices changes depending on the height. It can also be seen that the 

maximum flow velocity is almost the same when the amplitude is the same. Figures 3 and 4 show the results of 

a simulation performed. They show that the number of vortices changes with the gap of plates as well as the 

experiment. 

 

Figure 1. Visualizing acoustic streaming (f=20.1kHz, node 4, Am = 10 μm, 1wavelength) 
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Figure 2. Visualizing acoustic streaming (f=20.1kHz, node 4, Am = 10 μm, 1/2wavelength) 

 

Figure 3. analysis (f = 20 kHz, node 4, Am = 0.1 μm, H = 18.553 mm) 

 

Figure 4. analysis (f = 20 kHz, node 4, Am = 0.1 μm, H = 9.274 mm) 
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Coal combustion condensable particulate matter (CPM) is a hot topic in the current pollutant research [1]. 

However, because the generation of CPM involves complex transformations between multi-phase and 

multi-component systems, existing air pollution control devices are ineffective in removing CPM  [2-3]. 

In this study, based on the characteristics of CPM formation and organic/inorganic components, we 

designed a CPM removal system including "generation, low-temperature condensation, and physical 

adsorption", and discussed in detail the efficiency of low-temperature cold condensation and adsorption 

coupled to remove CPM. This work aims to form the theoretical basis of efficient CPM removal 

technology. 

The system is shown in Fig. 1, according to the previous research of our team [4-7], the organic and 

inorganic fractions and main components of CPM are shown in Fig. 2.The dibutyl phthalate in the 

organic component of CPM and SO3 in the inorganic component are selected as the main research 

objects, and both of them are gasified and sequentially removed by low temperature and adsorption to 

realize the deep removal of CPM. By creating different supersaturated vapor environments, the water 

vapor in the flue gas is heterogeneously nucleated with ultrafine particles as nuclei to condense and 

form embryonic droplets to adsorb CPM gaseous precursors. The flue gas after low-temperature 

desorption was fully contacted and reacted with the adsorbent during the warming process to ensure that 

the residual CPM gaseous precursors were removed while the flue gas was discharged, and ultimately 

the deep removal of CPM was realized. The results show that the synergistic effect between 

condensation and adsorption is effective for CPM removal, in which activated carbon has the best 

adsorption performance among many adsorption materials in Fig. 3. 

 

Figure 1. equipment system. 
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Figure 2. organic and inorganic fractions and main components of CPM. 

 

Figure 3. Adsorption capacity of different adsorbents. 
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Spray drying is ubiquitous in the production of powders.  This can range from food powder, fine 

chemical powders to pharmaceutical products.  In the first part of this talk, we will examine the 

potential use of superheated steam as the drying medium replacing hot air.  Some of the advantages of 

using superheated steam are the potential energy saving and in minimizing product oxidation due to the 

non-presence of oxygen.  Superheated steam was also recently found to be a good drying medium to 

control crystallization in spray dried powder as well as improving the wettability of powders.  On the 

flip side, we will also discuss the complexities of using superheated steam.  Along this line, we will 

discuss the use of antisolvent vapour as the drying medium to produce ultrafine powders.  This is a 

unique technique for utilizing each sprayed droplet in the drying chamber to be a micron-sized 

precipitating vessel.  In the second part of this talk, we will discuss the one-dimensional predictive 

framework and the Computational Fluid Dynamics (CFD) framework for spray dryer modelling.  For 

the one-dimensional predictive framework, we will examine a few numerical considerations for 

application in co- and counter-current spray dryer predictions.  Agglomeration is at the forefront of CFD 

modelling and we will discuss the current capabilities and complexities in this area. 
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Nanomedicine has emerged as a promising approach for precision treatment of life-threatening diseases 

such as cancers.[1] Nanomaterial innovation play a key role in driving progress of the field.[2] 

Nanoparticles synthesized via metal coordination bond have been developed for safe and efficient 

treatment of diseases.[3,4] In this talk, I will present our recent work on developing programmable 

nanomedicine formulations by using copolymer-layered double hydroxide hybrid nanoparticles and 

polyphenol-metal coordination particles. The nanoparticles were constructed via metal coordination 

chemistry, and demonstrated advantageous properties of sensitive pH responsibility, biodegradability, 

tunable structure, and biomedical functionalities to deliver therapeutic and diagnostic payloads for 

targeted delivery, theranostics, drug repurposing, and catalytic nanomedicine. [5-8] 
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Covid-19 has caused a global pandemic, and worldwide, the number of deaths exceeded five million. 

Even though medical research efforts have developed vaccines, vaccination worldwide faces several 

challenges. As well, several mutations can jeopardize the efficacy of these vaccines. Most research 

studies the production of a vaccine that uses intravenous (IV) or intramuscular delivery to boost. For 

such a purpose, one might think that the most logical approach would be to decrease or repress the 

number of cell receptor ACE2. While as humans, our heart and lung produce soluble ACE2, a 

recombinant form of the cell receptor Angiotensin-Converting Enzyme2 (rhACE2) version is accessible 

on the market. rhACE2 can serve as an interceptor of SARS-CoV and other selected coronaviruses by 

binding to the surface of the viral particle. We aim to develop a non-invasive drug involving the 

advantages of rhACE2 against SARC-CoV-2. Spray freeze drying (SFD) is the only spraying technique 

that allows the control over the properties of sprayed powders and the use of low temperatures. The 

affinity of rhACE2 and the spikes protein of SARS-CoV-2 has already been explored, and the idea of 

using rhACE2 as a possible treatment of Covid19 has been published in a few research studies. 

However, the concept of generating an inhalable form of rhACE2 to be delivered to the nasal cavity as 

prophylactic is new. We encapsulated rhACE2 maintaining its stability and affinity with spike proteins 

of SARS-CoV-2 at 97 and 82 %, respectively. Using the MTS assay, we demonstrated that rhACE2 

protein does not negatively affect Calu-3 and RPMI-2650 cell viability. We ultimately show that the 

encapsulation procedure enhances the cellular uptake by 93 %. 
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Cannabidiol (CBD) is a non-psychoactive cannabinoid for treating seizures associated with Lennox-

Gastaut or Dravet syndromes and tuberous sclerosis complex. An oral solution (Epidiolex®) is available 

for these indications [1]. However, oral delivery cannot deliver CBD efficiently due to its low 

bioavailability and slow onset of action. In contrast, pulmonary delivery increased the bioavailability of 

CBD by 9.1-fold and achieve a 71-fold higher maximum concentration 118 min earlier than Epidiolex 

in a Phase I clinical trial [2]. These make inhalation an efficient and attractive alternative. Although 

inhalable CBD powders have been reported in previous studies, most of them contained 20-25% w/w 

drug and 75-80% excipients [2,3]. Limited attempts have been made to produce powders with high 

CBD loading for high dose administration. 

High-loading CBD powders were produced via wet ball milling in the present study. A total of 60 mg of 

raw materials (CBD with 0%, 2%, or 5% w/w magnesium stearate (MgSt)) and 3 g of ceramic beads 

(diameter = 1.4–1.6 mm; Hunan Jeri Precision Ceramics Co. Ltd, Hunan, China) were weighed into a 7 

mL stainless steel container (Sartorius Stedim Biotech S.A., Aubagne, France). One hundred and twenty 

microlitres of ultrapure water was added before shaking at 750 rpm for 60 min using a Mikro-

Dismembrator U (Sartorius Stedim Biotech S.A., Aubagne, France). The particles were obtained by 

suspending the slurry in 150 mL ultrapure water, followed by filtering through a 0.1 µm polycarbonate 

membrane (Millipore, Massachusetts, United States) and vacuum drying overnight. The aerosol 

performance of the three powders was investigated using the Next Generation Impactor with the United 

Stated Pharmacopeia throat (Copley, Nottingham, United Kingdom). The impaction cups were coated 

with 0.6% w/v Tween 80 in ethanol before use to prevent particle bounce. A Size 3 hydroxypropyl 

methylcellulose capsule (Capsugel; New South Wales, Australia) was loaded with 5 ± 1 mg of a powder 

and placed into the inhaler for dispersion. Two inhalers were used in this study, namely, low resistance 

(LR-RS01; resistance = 0.021 kPa1/2 min/L) and high resistance RS01 (HR-RS01; resistance = 0.036 

kPa1/2 min/L) (Plastiape, S.p.A., Osnago, Italy) [4]. The dispersions were conducted at 56 L/min for 4.3 

s and 100 L/min for 2.4 s for HR-RS01 and LR-RS01, respectively. After dispersion, powder deposits 

on all parts of the setup were thoroughly dissolved for CBD quantification by high performance liquid 

chromatography. Triplicate runs were conducted. 

The aerodynamic particle size distributions of the powders are shown in Figure 1. All powders 

deposited mostly on Stage 1, regardless of the inhaler used. Without MgSt, the dispersibility of ball 

milled CBD was poor, with low fine particle fractions (FPFs), as shown in Table 1. Adding MgSt led to 

higher emitted fractions (EFs) and FPFs, but less inhaler retention and throat deposition was observed 

with 5% MgSt. This was because MgSt reduced the cohesiveness of the powders and the interaction 

between CBD and the inner surfaces of the capsules and inhalers [5]. Comparing the two inhalers, the 

EFs of the three powders were higher when dispersed with the LR-RS01 inhaler because its higher flow 

rate of 100 L/min during dispersion provided stronger momentum than the HR-RS01 inhaler at 56 

L/min for the particles to exit the inhaler [6]. On the other hand, the slightly higher FPF of wet ball 
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milled CBD from the LR-RS01 inhaler than that from the HR-RS01 inhaler could be explained by the 

stronger turbulent flow generated by the higher flow rate through the LR-RS01 inhaler to 

deagglomerate the particles [6]. CBD+5% MgSt achieved a lower FPF than CBD+2% MgSt with the 

LR-RS01 inhaler. On the other hand, MgSt over-coated the CBD particles for CBD+5% MgSt. Thus, 

the MgSt coating increased the cohesion between particles. When the cohesive powder was dispersed 

with the LR-RS01 inhaler, the turbulent flow was insufficient to deagglomerate. In contrast, the HR-

RS01 inhaler provided a stronger particle-device impaction that dispersed cohesive powders more 

efficiently, resulting in better aerosol performance of CBD+5% MgSt. For CBD+2 % MgSt, its lower 

FPF from the HR-RS01 inhaler suggested that the stronger particle-device impaction in the HR-RS01 

inhaler could not fully compensate the effect of the lower flow rate. 

 

Figure 1. Aerodynamic particle size distributions of the wet ball milled powders dispersed with the (a) low resistance and (b) 

high resistance RS01 inhalers (mean ± standard deviation, n = 3). 

Table 1. Emitted fractions and fine particles fractions < 5 µm of wet ball milled powders dispersed with low resistance and 

high resistance RS01 inhalers (mean ± standard deviation, n = 3). 

Formulations Emitted fraction (%) Fine particle fraction < 5 µm (%) 

Low resistance RS01 (LR-RS01) 

CBD+0% MgSt 81.8 ± 2.0 12.8 ± 1.3 

CBD+2% MgSt 84.3 ± 0.6 22.8 ± 1.4 

CBD+5% MgSt 86.4 ± 1.8 18.4 ± 3.7 

High resistance RS01 (HR-RS01) 

CBD+0% MgSt 71.3 ± 2.9 10.0 ± 0.7 

CBD+2% MgSt 73.6 ± 4.1 17.5 ± 1.8 

CBD+5% MgSt 78.2 ± 0.8 23.9 ± 1.1 
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Cocrystals are crystalline materials composed of two or more different molecular or ionic compounds. 

Cocrystal engineering is a potent strategy for use in drug formulation design, presenting a multitude of 

advantages in enhancing drug efficacy, e.g., enhanced drug solubility, improved drug stability, 

formulation flexibility and commercial viability in the pharmaceutical industry. Concurrently 

introducing two drugs and realizing simultaneous pharmacological effects at the target site is 

challenging. We investigated the potential of co-crystallization principles for use in developing dry 

powder inhaler (DPI) formulations of anti-tuberculosis drugs. The present study focused on the 

formation of cocrystals of 4-aminosalicylic acid (PAS) and isoniazid (INH), which are crucial 

components of tuberculosis treatment.  

Spray-drying PAS and INH (2 g in total) were dissolved at a molar ratio of 2:1, 1:1, or 1:2 in a mixture 

of 120 mL of ethanol and 280 mL of distilled water, and the resulting solution was fed to a spray-drying 

nozzle and spray dried using a B-290 mini. The physical properties of the particles were assessed using 

powder X-ray diffraction, differential scanning calorimetry, and Raman and infrared spectroscopy. The 

particle size and morphology obtained via spray drying were examined using scanning electron 

microscopy and laser diffraction particle size analysis. The inhalation properties of the DPI 

formulations were evaluated using an Andersen Cascade Impactor, whereas the post-inhalation 

dissolution behaviours were investigated via in vitro dissolution studies employing transwell inserts. 

Via spray drying, we successfully produced spray-dried particles of PAS-INH that exhibited hydrogen 

bonding interactions between the molecules. Figure 1 shows the crystal structure of PAS-INH. The 

PAS-INH crystal is orthorhombic (Pna21), and the asymmetric unit cell contains two molecules of PAS 

and two molecules of INH. Two hydrogen bonds mediated by hydrazide groups are formed between the 

INH molecules. The PAS-INH molecules in the crystal form hydrogen bonds between the amino group 

of PAS and hydrazide group of INH, and between the pyridyl N atom of INH and the carboxyl O atom 

of PAS, with these intermolecular interactions establishing the lattice. 

On the aerosolization performance evaluation with an Andersen Cascade Impactor (Figure 2), the 

spray-dried particles of PAS and INH exhibit completely different inhalation profiles, indicating the 

challenge of delivering multiple drugs simultaneously to the infected site, even when the simultaneously 

inhaled PAS and INH particles are separately prepared using spray drying. The design of inhaled 

formulations containing multiple drugs is promising for use in efficiently treating diseases, highlighting 

the potential of our particle design for use in the co-delivery of PAS-INH.  
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Figure 1. (A) Packing diagram from c-axis projection of PAS-INH cocrystal and (B) intermolecular environment of the 

synthons in PAS-INH crystal. 

 
Figure 2. Deposited percentages of (A) 4-aminosalicylic acid (PAS) from the spray-dried particles (SDPs) of PAS and 

PAS/isoniazid (PAS/INH) (1:1) and (B) INH from the SDPs of INH and PAS/INH (1:1). 
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Nanoparticles have the capability to aggregate into larger structures known as supraparticles (SPs), 

ranging from micro- to millimeters in size. SPs have garnered significant interest due to their ability to 

merge modular material designs and functions with easy preparation methods like evaporation-induced 

self-assembly, enabling the consolidation of materials across mesoscopic length scales. Previously we 

succeeded in controlling morphology of SPs composed of silica nanoparticles using spray-drying.[1] 

Incorporating drugs into SPs is anticipated to yield formulations with unique properties compared to 

conventional products. The SPs with various morphologies were fabricated in this study using silica 

nanoparticles (SNPs) and amyloid nanofibrils (ANFs), with β-Lactoglobulin (βLG) serving as a binder. 

Carvedilol (CVD) was employed as a model drug, and its particle characteristics and dissolution 

behavior were evaluated.  

ANF was prepared by self-aggregation of βLG at 90°C for 10 hours.[2] SPs were prepared by spray-

drying. The total volume fraction was kept at ϕ = ϕANF + ϕSNP = 0.0005 and ϕANF/ϕSNP = 0, 0.1, 

and 1. CVD concentration was set to 90 % (High), 50 % (Middle), and 10 % (Low) of the free space 

according to random close packing (RCP). This procedure involved dissolving CVD in 0.01 M HCl 

solution, followed by the addition of ANF dispersion with stirring and subsequent sonication for 15 min. 

SNP suspensions were added dropwise under stirring, and the resulting dispersion was subjected to 

spray-drying. The particle size and morphology of SPs were evaluated using scanning electron 

microscopy (SEM). The crystallinity of the drug in SPs was evaluated using a powder X-ray 

diffractometer (PXRD). The loading capacity in SPs and dissolution behavior in phosphate buffer 

solution (pH 6.8) were evaluated.  

A considerable difference in the morphology of spray-dried βLG control and ANFs was observed, as 

βLG yielded particles with shallow, dimpled features, whereas ANF resulted in crumpled morphologies 

as displayed in Figure 1. Specifically, the shell thickness of spray-dried SPs was thinner by increasing 

the ratio of ANF (Figure 2). The SPs loaded with CVD showed different particle morphologies 

compared to those without CVD. The loading capacity of CVD influenced the shell thickness of SPs. 

According to the results, it can be observed that there is no difference in the CVD concentration 

between middle and high samples. This indicates that the upper limit of CVD loading capacity is 

approximately 50% of the free space. In addition, the loading capacity in the SPs depended on the CVD 

concentration in the precursor solution before spray-drying. Furthermore, it was confirmed that the drug 

dissolution behavior was also affected. We discovered the potential for controlling particle morphology 

and dissolution behavior by altering the material ratio.  
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Figure 1. SEM images of SD supraparticles with (A) Middle and (B) Low CVD concentration. 

 
Figure 2. Effect of ANF volume fraction on SD supraparticles. 
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The drug delivery system (DDS) refers to the technology of transporting drugs to the diseased site at the 

appropriate time by spatial and temporal control. In recent years, metal-organic frameworks (MOFs) 

have gained attention as carriers in DDS. MOFs are crystalline porous materials formed by self-

assembly of metal ions and organic ligands, characterized by a large surface area and the ability to 

control pore size at the molecular level. In liquid-phase adsorption for drug encapsulation into MOFs, 

the drug encapsulation ability of MOFs is expected to depend on the balance of molecular interactions 

among drugs, solvents, and MOFs [1]. Therefore, this study aimed to enhance the drug loading capacity 

of MOFs by altering the balance of intermolecular forces via the application of an external electric field. 

The drug loading experiments were conducted using various drugs, MOFs, and solvents in both with 

and without external electric field. 

5-fluorouracil (5FU, 130.08 g/mol), acetaminophen (AAP, 151.16 g/mol), and ibuprofen (IBU, 206.28 

g/mol), were selected as model drugs with different molecular weights. UiO-66-NH2 and UiO-66-NO2 

were chosen as MOFs. These have different organic ligands. Water was selected as the solvent. The 

concentration conditions for drug loading experiments were set as follows : 5FU concentration was 1.5 

g/L with a MOF to drug mass ratio of 2:3, AAP concentration was 6 g/L with a MOF to drug mass ratio 

of 1:6, and IBU concentration was 10 mg/L with a MOF to drug mass ratio of 100:1. The solution 

volume was 50 mL in the non-electric field applied system and 300 mL in the electric field applied 

system, with stirring for 1 hour. An external electric field was applied by placing the solution in a 

covered 300 mL beaker with a carbon plate as the electrode, maintaining 4 cm between the plates and 2 

cm between the bottom of the beaker and the electrode. The applied voltage was fixed at 1 V. The drug 

loading amount was calculated based on TG/DTA measurements. 

TG/DTA profiles of particles obtained before and after the experiment were measured to calculate the 

drug loading amount. From the DTA profile of UiO-66-NO2, the onset temperature of MOF 

decomposition was determined to be 280.3 °C. Beyond this temperature, a mass loss due to the 

sublimation of organic ligands (a) and the sublimation of encapsulated drugs (b) were observed. [2] 

Therefore, the drug loading amount [wt.%] was calculated as 100 × a / (a + b). Figure. 1 shows the 

loading amount of UiO-66-NH2 and UiO-66-NO2 (bottom Figure) and the increase ratio of that by 

electric field application in water (upper Figure). TG measurements were conducted twice for each 

loading condition. Then, the calculated loading amount are showed as error bars and the average values 

are showed as bar graphs. The error bars of the increase ratio represent the ratio of the 

maximum/minimum loading amount in the electric field applied system to the minimum/maximum 

loading amount in the non-electric field applied system. When this increase ratio exceeds 1, it is 

considered as an increase; when it is less than 1, it is considered as a decrease. The loading amount of 

UiO-66-NH2 did not change for any drug, while the loading amount of UiO-66-NO2 increased for all 

drugs. Additionally, it was shown that the smaller the size of the drug, the greater the rate of change due 

to the electric field application. From the results of these loading experiments, it was found that the 

loading amount could increase with the application of an electric field. 

To examine the factors affecting the change in the loading amount, we focused on the functional groups 

of UiO-66 and the molecular size of the drug. The functional groups of UiO-66 have different charges 
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and polarities. The amino group is electron-donating and positively charged, while the nitro group is 

electron-withdrawing and negatively charged. Moreover, since the dipole moment of the nitro group is 

larger than that of the amino group, the induced dipole moment produced by the nitro group is larger 

than that produced by the amino group. Furthermore, water stabilize against both positive and negative 

charges by its induced dipole moments. Therefore, the interaction between UiO-66-NO2 with a large 

dipole moment and solvation of drugs was strengthened in water, leading to an increase in loading 

amount. Moreover, it is known that smaller drug molecules are more susceptible to changes in polarity 

due to electric fields. Thus, it was suggested that the smaller the drug molecule, the more stable the 

solvation. As a result, it was inferred that the change in drug loading amount due to the application of an 

electric field increased in the order of 5FU > AAP > IBU. 

This study performed loading experiments using various combinations of MOFs, drugs, and solvents in 

both with and without electric field. By applying an electric field, the balance of interactions shifted due 

to the polarization of each molecule and the inducted dipole moments, leading to an enhancement in the 

loading amount of UiO-66-NO2 for all drugs in water. Additionally, it was suggested that smaller drug 

molecules are more susceptible to the influence of electric fields. 
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Neutron capture therapy using nonradioactive 157Gd (Gd-NCT) is currently under development as a 

potential radiation therapy for cancer. Gd-NCT with 157Gd offers several potential advantages over 

boron (10B) neutron capture therapy (BNCT). The deep tissue penetration (100 μm) of γ-rays from the 
157Gd (n, γ) 158Gd reaction is expected to provide tumor-killing efficacy within bulky tumors such as 

head and neck cancers. Furthermore, oral mucositis caused by BNCT with p-boronophenylalanine could 

be a potential dose-limiting factor in head and neck tumors [1]. Previously, we developed gadolinium-

loaded chitosan nanoparticles (Gd-nanoCPs) for controlled Gd delivery in Gd-NCT. These 

nanoparticles are composed of Gd-diethylenetriaminepentaacetic acid (Gd-DTPA, an MRI contrast 

agent) and chitosan (a naturally abundant biodegradable polysaccharide with good biocompatibility and 

bioadhesive characteristics). This study investigates the in vivo gadolinium biodistribution and tumor-

killing effects of NCT with intratumorally injected nanoparticulate formulations. 

Gd-nanoCPs were prepared from chitosan and Gd-DTPA using a previously developed water-in-oil (w/o) 

emulsion–droplet coalescence technique [2]. Condensation of the amino group present in intact Gd-

nanoCP and NHS-activated ester-PEG was carried out to prepare directly PEG-modified Gd-nanoCP 

(PEG-Gd-nanoCP). A thin-film hydration method was used to modify the surface of Gd-nanoCPs with 

soybean lecithin and PEG-lipid (PEG-SL-Gd-nanoCP). The mean particle size and zeta potential of the 

Gd-nanoCPs were measured using a Zetasizer (Malvern). The Gd concentration in the tumor tissue was 

determined using inductively coupled plasma atomic emission spectrometry (ICP-AES, SPS3100), 

followed by incineration of each sample. Five-week-old male C3H/HeN mice were used for the NCT. 

SCC-VII cells (1 × 106 cells/mouse) were injected into the left masseter muscle [3]. The mice were 

divided into NCT and HOT control groups. Before injection, centrifugation was conducted to 

concentrate Gd-nanoCPs to 6000 μg Gd/mL. Gd-nanoCPs incorporating 1.2 mg of natural Gd were 

injected intratumorally twice into the mice. The tumors were exposed to thermal neutron irradiation at 

the Institute for Integrated Radiation and Nuclear Science, Kyoto University, Japan. The tumor volume 

ratio before and after neutron irradiation was used to assess the tumor growth-suppressing effects.  

The mean particle diameter and zeta potential of Gd-nanoCP, PEG-Gd-nanoCP, and PEG-SL-Gd-

nanoCP were 171, 168, and 179 nm and 15, 20, and -6 mV, respectively. In the intratumoral injection 

test, the Gd concentrations of Gd-nanoCPs, PEG-Gd-nanoCPs, and PEG-SL-Gd-nanoCPs in the tumor 

tissues were 2337, 1551, and 1533 ppm, respectively. PEG-SL-Gd-nanoCP was not used in Gd-NCT 

because it showed good permeation, leaked out of the tumor tissue, and accumulated in the normal 

tissues. In Gd-NCT, the NCT group significantly suppressed tumor growth relative to the HOT control 

group (Figure 1). Although the Gd concentration in the tumor tissue of the PEG-Gd-nanoCP group was 

approximately two-third lower than that of the Gd-nanoCP group, the PEG-Gd-nanoCP group showed 

similar tumor growth suppression to the Gd-nanoCP group. This result was related to the distribution of 

the Gd preparations within the tumor after administration. Unlike extensive delivery via tumor 

vasculature, intratumoral injection causes particle diffusion and distribution from the injection site. 

Therefore, improving the permeability and diffusion of Gd preparations within the tumor tissue after 
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injection is crucial for achieving uniform Gd distribution in the tumor tissue. The improvement in 

dispersion stability with surface modification possibly led to the homogenization of Gd distribution in 

the tumor tissue, because the particle sizes of the two types of Gd formulations did not differ 

significantly. 

 
Figure 1. Tumor volumes after thermal neutron beam irradiation of NCT and HOT control groups. 
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In combination therapy, multiple drugs are administered to patients to achieve higher efficacy for cancer 

therapy, with the expectation of synergistic therapeutic effects and reduction in drug doses. However, 

the multiple routes for administration can complicate treatment because drug side effects and resistance 

mechanisms should be considered. Therefore, inclusion of multiple drugs in a single carrier can be 

expected to reduce the number of routes of drug administration. Recently, metal-organic frameworks 

(MOFs), which are porous materials composed of metal ions and organic ligands, have been attracting 

attention as drug carriers. This study focused on γ-CD-MOFs, which are composed of γ-cyclodextrin (γ-

CD) and potassium ions. Because γ-CD has a ring structure with hydrophobic interior and hydrophilic 

exterior, γ-CD-MOF can have hydrophobic and hydrophilic pores. The hydrophobic and hydrophilic 

pores in γ-CD-MOF have the potential to encapsulate multiple drugs. This study evaluated the 

applicability of γ-CD-MOF as a multiple drug carrier via experimental and simulation analyses. In drug 

inclusion experiments, the concentration of γ-CD-MOF was set at 6 g/L and the drug at a predetermined 

concentration, suspended in ethanol, and stirred for 2 days. 5-fluorouracil (5FU) and ascorbic acid 

(ASC) were selected as drugs to perform single and simultaneous inclusion experiments. Initial drug 

concentrations were 1.5 g/L for 5FU and 2 g/L for ASC in single-drug experiments. The grand 

canonical Monte Carlo (GCMC) method was used to calculate the amount of drug inclusion in γ-CD-

MOF using RASPA. The temperature was 298 K, and the drug load was calculated at different pressures 

(1.0×10−15–1.0×1015 Pa). In addition, the hydrophobic pores of γ-CD-MOF were defined as spheres 

with a radius of 0.5 nm, and the other areas were defined as hydrophilic pores. The number of drug 

inclusions in hydrophilic/hydrophobic pores was calculated from the coordinates of the center of gravity 

of the included drug molecules. In addition to 5FU and ASC, acetaminophen (AAP), indomethacin 

(IDM), curcumin (CUR), and nifedipine (NIF) were used. The molecular weights of 5FU, ASC, AAP, 

IDM, CUR, and NIF are 130, 176, 151, 358, 368, and 346 g/mol, respectively. 

The single drug inclusion experiments using 5FU/ASC were performed. The loaded amounts of 5FU 

and ASC were 0.152 g-drug/g-MOF and 0.215 g-drug/g-MOF. The loaded amount of drugs into γ-CD-

MOF was calculated by GCMC simulations. It was found that the experimental results for both drugs 

were comparable to the calculated results at P = 1.0 × 103–105 Pa. Furthermore, the loaded amount in 

the hydrophilic/hydrophobic pores was calculated. With increasing pressure, the loaded amount of 5FU 

increased in two steps, whereas the loaded amount of ASC increased in one step with increasing 

pressure. It was confirmed that 5FU, which was encapsulated in the hydrophobic pore of γ-CD-MOF at 

low pressure, was also encapsulated in the hydrophilic pore at the high pressure. Comparing this result 

with the overall inclusion amount, all 5FU was encapsulated in hydrophobic pores when the inclusion 

amount was low and also in hydrophilic pores when the inclusion amount was high. Meanwhile, ASC 

was encapsulated in both the hydrophilic and hydrophobic parts even at low pressure. Comparing the 

drug encapsulation amounts in the experiment and the simulation, it is suggested that 5FU was 

encapsulated mainly in the hydrophobic pores of γ-CD-MOF in the experiment, while ASC was 

encapsulated in both pores. From these results, it was found that the pores in which a drug was 

encapsulated depending on the degree of hydrophilicity of the drug. 

The single-drug inclusion simulations using six types of drugs (5FU, AAP, ASC, IDM, CUR, and NIF) 

were performed to calculate the number of drugs encapsulated in the hydrophobic and hydrophilic pores. 
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Fig. 1 shows the calculated loading amount of drugs as a function of pressure. Focusing on the low-

pressure region (P = 1.0 × 10−3–105 Pa), the number of AAP and ASC was high. This would be 

because AAP and ASC have the highest hydrophilicity among the six drugs. This suggested that more 

hydrophilic drugs had a stronger interaction with the hydrophilic pores, being encapsulated in larger 

amounts in the hydrophilic pores. On the other hand, in the hydrophobic pores, it was found that the 

inclusion amounts of AAP, 5FU, and ASC were almost the same, while the inclusion amounts of IDM, 

CUR, and NIF were small. The drugs with a molecular weight were difficult to be included in the 

hydrophobic pores due to steric hindrance. This suggested that drugs with high hydrophilicity were 

more likely to be encapsulated in the hydrophilic pores in the low-pressure region. It was also found 

that there was a difference in the amount of inclusion in the high-pressure region (P > 1.0× 104 Pa). 

Focusing on the molecular weight of the drug, the small molecular weight of the drug resulted in the 

large loading amount. Although the simulation at high pressure may be unrealistic, the theoretical 

maximum loading amount of the drug has been calculated. The trend of loading behaviour of a single 

drug was different in the low- and high-pressure regions. It was suggested from Fig. 1 that the 

hydrophilicity of the drug had a large effect on the loading amount of drug in the low-pressure region, 

whereas the molecular weight of the drug had a large effect on the loading amount of drug in the high-

pressure region. Several multiple inclusion simulations using four drugs (5FU, AAP, ASC, IDM) were 

performed at P = 1.0 × 105 Pa. The total loaded amounts were shown in Fig. 4. Focusing on the 

combination with IDM in Fig. 4, IDM had the least hydrophilicity among the four drugs, while it had 

the largest amount of inclusion in hydrophilic pores. Since IDM has the largest molecular weight among 

the four drugs, the molecular weight also plays a large role in multiple drug inclusion. This study 

evaluated the encapsulation ability of hydrophobic/hydrophilic drugs in γ-CD-MOF by calculating the 

encapsulation amount and encapsulation pore size using experiments and simulations. It was found that 

the molecular weight contributed to encapsulation in the low-pressure region, while the degree of 

hydrophilicity contributes to encapsulation in the high-pressure region. In the future, the team plans to 

increase the number of drug types and conduct studies using machine learning, etc. 

 

 
 Fig. 1 Loaded amount of each drug. 
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Fig. 2 Loaded amounts of drugs in each pore. 
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Sodium alginate (AlgNa), a natural polymer with biocompatibility and biodegradability, is often used to 

prepare drug carriers in drug delivery systems (DDSs)[1]. However, these carriers have limitations in 

sustained drug release and drug encapsulation efficiency due to their high porosity, large pore sizes, and 

mechanical and physiological instabilities[2]. Therefore, various research efforts have been made to 

overcome these problems and improve drug release performance by hybridizing AlgNa with other 

substances. 

This study attempted the development of organic-inorganic hybrid capsules through the hybridization of 

AlgNa with aminosilanes. Two types of aminosilanes, 3-(2-aminoethylaminopropyl)trimethoxysilane 

(AAPTS) and 3-aminopropyltriethoxysilane (APTES), were used to improve traditional AlgNa-based 

capsules. The resulting hybrid capsules, with different aminosilane concentrations (0.05–0.5 M), were 

used to compare their characterization and applicability for drug delivery systems (DDSs). As a model 

drug, diclofenac sodium (DCFNa), an antipyretic analgesic drug, was used to investigate the 

applicability of these capsules for DDSs[3]. 

The prepared organic-inorganic hybrid capsule was characterized by Fourier transform infrared (FT-IR) 

spectroscopy, a scanning electron microscope (SEM) observation, and thermogravimetric analysis 

(TGA). The amino group content in the hybrid capsules was measured by the TNBS method. The 

mechanical strength of the wet capsules was measured by compression test using a material testing 

machine. The drug encapsulation efficiency of DCFNa-loaded capsules were measured to compare the 

loading capacities. The swelling studies and the in-vitro drug release experiment of the capsules were 

conducted to assess and compare the contribution of aminosilanes in the a physiological environment, 

using simulated gastric fluid (SGF; pH 1.2, 37℃), simulated intestinal fluid (SIF; pH 7.4, 37℃), as well 

as continuous gastrointestinal tract with SGF and SIF. Drug release kinetics were analyzed using the 

Korsmeyer-Peppas model based on drug release behavior in SIF. The result shows that the DCFNa-

loaded hybrid capsules were successfully prepared. The encapsulation efficiencies of DCFNa were 

significantly improved compared to pure AlgNa capsule, and the values ranged from 71.9±1.9 to 

92.7±1.1%. In SGF, DCFNa release remained below 40% over 10 h. In contrast, the release rate of 

DCFNa in SIF were complete release within 10 h. These result indicates its pH-sensitivity across 

physiological environment. In continuous gastrointestinal tract, the drug leakage from the capsules in 

SGF was not observed within 2 h, and a desired sustained release was observed in the SIF for both 

aminosilane cases. Interestingly, the release behavior changed and became slower as aminosilane 

concentration increases. Good fit were observed for all hybrid capsules (R2 = 0.9074–0.9922). The rate 

constant k for APTES capsule and AAPTS capsule was decreased with increasing aminosilane 

concentration (from 0.5228 to 0.3367 and from 0.5890 to 0.4109, respectively), supporting the change 

of release behavior of the capsules with different aminosilane concentration. From above results, the 
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hybrid capsule prepared with higher aminosilane concentration showed better drug encapsulation and 

sustained release. Notably, AlgNa/AAPTS with concentration of 0.5 M exhibited the best sustained 

release property (>6 h) in SIF. These results suggest the potential of the organic-inorganic hybrid 

capsules as an effective oral drug carriers. 
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The current strategies for IVT synthesis, separation, concentration and storage are inefficient and 

fragmented, leading to low mRNA yield, lengthy operation times, and tedious procedures. In this study, 

we integrated and optimized the PEG/DEX aqueous two-phase system (ATPS) to achieve highly 

efficient mRNA synthesis and enrichment. As the PEG-rich/DEX-rich ratio increased, the DEX-rich 

phase containing IVT mRNA was more concentrated and finally formed compact coacervates during the 

reaction. The resulting mRNA coacervates, enriched with mRNA, DEX, Mg2+, and Mg2PPi particles, 

but with reduced levels of T7 RNAP and NTP, exhibited enhanced stability against nucleases. Moreover, 

the freeze-dried mRNA coacervates significantly improved mRNA storage stability at room temperature, 

maintaining integrity for over two months, whereas the control mRNA degraded within two days. For 

the post-processing, the mRNA coacervates can either be redissolved directly for the post-capping or 

compatible with cap analogs for the co-transcriptional capping process. Our findings demonstrate that 

the ATPS-IVT strategy developed in this study enriches mRNA into spontaneous coacervates without 

requiring a TFF step, offering a streamlined and continuous platform for high-concentration mRNA 

production. 

 

Figure 1. PEG/DEX ATPS for IVT synthesis, mRNA enrichment and long storage proposed in this study. 
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Drug solubility is a crucial factor affecting drug absorption, particularly when drugs are taken orally. 

Poorly water-soluble drugs face challenges in dissolving in gastrointestinal fluids, which can limit their 

absorption and reduce their bioavailability. One solution is to decrease the size of drug particles to the 

submicron range, which can enhance their dissolution and absorption. However, resulting 

nanosuspensions (NS) are in liquid form, requiring careful attention to ensure stability and ease of use. 

In a previous study, we developed an NS Spray-Coating System (NSCS) to convert an NS of a poorly 

water-soluble drug into solid microparticles (NS-MPs), improving drug dissolution. However, NS-MPs 

produced using this method showed poor redispersibility and inadequate improvement in solubility. In 

this study, we incorporated sugar alcohol to enhance the redispersibility of NS-MPs, based on findings 

by Yamamoto et al., who observed immediate dissolution of sugar alcohol from spray-dried particles 

containing nanoparticles upon water addition, resulting in nanoparticle suspension formation. We 

hypothesized that sugar alcohol would similarly function in the drug layer on the microparticle surface. 

Therefore, we investigated the effects of sugar alcohols on this layer. For this purpose, we prepared NS-

MPs using erythritol, mannitol, and xylitol, analyzing their redispersibility and dissolution properties. 

NS was prepared by wet milling Glibenclamide (GLI, a model drug with a water solubility of 3 μg/mL 

at 37°C) and hydroxypropyl cellulose (HPC, from Nippon Soda Co., Ltd.) using a planetary ball mill. 

The resulting NS was then mixed with erythritol, mannitol, or xylitol using a stirrer. To prepare NS-MPs, 

this mixture was sprayed onto lactose cores (75–106 μm) using a spouted bed coater with a draft tube. 

The particle size distributions of NS, NS-sugar alcohol mixtures, and resulting dispersions after a 

dispersibility test with NS-MPs in JP 18 disintegration 2nd fluid (pH 6.8) were measured using dynamic 

light scattering (LB500, Horiba, Ltd.). Dissolution tests of NS-MPs were conducted using the JP 18 

paddle method with dissolution 2nd fluid (pH 6.8) at 37°C. 

NS with a mass median diameter ranging between 150-210 nm was obtained via wet milling. The 

addition of sugar alcohols to NS did not affect colloidal stability. Yields of NS-MPs (HPC), NS-MPs 

(HPC + Erythritol), NS-MPs (HPC + Mannitol), and NS-MPs (HPC + Xylitol) were 83%, 81%, 89%, 

and 87%, respectively. In the redispersibility test, GLI nanoparticles dispersed from NS-MPs with sugar 

alcohol in the 2nd fluid. NS-MPs (HPC + Erythritol), NS-MPs (HPC + Mannitol), and NS-MPs (HPC + 

Xylitol) redispersed to submicron sizes of 263 nm, 143 nm, and 133 nm, respectively, whereas NS-MPs 

(HPC) did not redisperse after 10 minutes of sonication. Release studies revealed that the area under the 

concentration-time curve up to 120 min of NS-MPs (HPC), NS-MPs (HPC + Erythritol), NS-MPs (HPC 

+ Mannitol), and NS-MPs (HPC + Xylitol) were 1365, 1626, 1523, and 2208 μg/mL/min, respectively, 

indicating an enhancement in GLI dissolution rate from NS-MPs when compared to NS-MPs without 

sugar alcohol. These results could be attributed to the presence of sugar alcohols in the drug layer of 

NS-MPs; they can prevent interparticle interaction between GLI nanoparticles and thereby enhance 

drug dispersibility in the submicron size range, leading to the enhanced GLI dissolution. This effect was 

particularly pronounced in NS-MPs (HPC + Xylitol), possibly due to the good dispersion characteristics 

observed in the redispersion test and reflected in the difference in the dissolution-promoting effect of 

sugar alcohols. These findings suggest that sugar alcohol application enables the formulation of solid 
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particulates with improved dissolution of poorly water-soluble drugs without compromising the 

characteristics of nanocrystal-coated particles obtained via solidifying process using NSCS. 
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Green hydrogen production through water electrolysis is a promising method to utilize renewable 

energy in the context of urgent need to phase out fossil fuels. However, renewable powers such as solar 

and wind are intermittent, unstable and unpredictable, posing challenges to directly use them for green 

hydrogen production. In this talk, I will introduce several approaches that can improve the stability and 

performance of HER electrocatalysts in a range of electrolyte conditions. Specifically, (i) Cr coating 

was applied on NiMo for alkaline HER under intermittent power supply [1]; (ii) Ru active sites on 

amorphous Ni-doped MoO3 nanowires showed pH-universal stability [2]; and (iii) a dual approach of 

Cr coating and Ca doping boosted the catalytic performance of CoP in alkaline electrolyte. Our 

approaches deepen the understanding of metal electrocatalysts in HER processes, paving the way for 

widespread applications of industrial electrolysis under different conditions.  
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The effect of CO2 pressure is one of the major controlling parameters in carbonation process which not 

only affects the final conversion rate of CaO but also determines the integration of the carbonator with a 

CO2 power cycle in the CSP application. In our previous studies, we found that using supercritical CO2 

as the fluidizing gas can significantly improve the dispersion of fine particles. Hence, it can be inferred 

that the use of supercritical fluidization technology could reduce the sintering problem caused by 

agglomeration of CaO particles during the carbonation process, thereby improving the conversion rate 

and cyclic stability of CaCO3/CaO reaction pair. In this study, a comprehensive numerical model based 

on the two-fluid model accompanying with heat transfer and chemical reactions kinetics is developed to 

simulate the carbonation reaction in a supercritical CO2 fluidized bed reactor in a temperature range of 

873-1173 K. The flow behaviour of supercritical CO2-partical flow, temperature and reaction rates 

distribution, gas composition profiles in the bed were predicted and compared with the results obtained 

based on a normal pressure reactor. The effect of tube bundle arrangement on particle aggregation 

behaviour and bed-to-tube heat transfer performance were also investigated. The results show that the 

Ca-based particles show a homogeneous fluidization in supercritical CO2 fluidized bed reactor. In 

comparison with the normal pressure reactor, both the conversion rate and bed-to-tube heat transfer 

coefficient are improved, which provide a theoretical basis for innovation design and optimization of 

the integration scheme.  
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Figure 1. Solid volume fraction in fluidized bed with: (a) normal pressure air, fluidization number of 1.8; (b) normal pressure 

air, fluidization number of 2.2; (c) supercritical CO2, fluidization number of 1.8; (d) supercritical CO2, fluidization number of 

2.2. 
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Ferrites have many fascinating properties that make them useful for various energy related applications 

such as photoelectrochemical cells, photocatalytic CO2 reduction, batteries, supercapacitors and 

microbial fuel cells [1]. Spinel ferrites are the most important ferrite for energy-related applications 

because they are readily available, cheap, stable, eco-friendly and easy to synthesize [2]. They have a 

cubic structure with a general formula of MFe2O4 where M is a doubly charged cation of a transition 

metal such as Cr, Mn, Fe, Co, Ni, Cu or Zn. Spinel ferrite nanoparticles (NPs) have high surface-area-

to-volume ratio that led to unique physicochemical properties due to a large percentage of the atoms in 

the particle to exist on the surface. 

Electrolytic water splitting for hydrogen production and CO2 electroreduction are considered to become 

important parts on how chemical industries and other sectors to do decarbonization. One of the 

problems to adopt this technology comes from the sluggish oxygen evolution reaction (OER). Herein, 

we propose nickel ferrite (NiFe2O4) nanoparticles synthesized by the electrochemical method to 

improve electrocatalytic performance for OER. The nickel ferrite nanoparticles were synthesized by 

electro-oxidation of iron anode in aqueous nickel sulfate solution. The electrodes were arranged in an 

alternating monopolar configuration to enhance the productivity of nanoparticles. Detail of the 

experimental setup has been described elsewhere [3,4]. 

The nickel ferrite nanoparticles have morphology from nearly spherical to cubic with a size ranging 

from 4 to 56 nm, depending on the applied voltage (Figure 2a-d). The particles tend to be nearly 

spherical at lower voltages and changes to cubic at higher voltages. The identified phase in the particles, 

as indicated by the XRD patterns shown in Figure 2e,  consists of only NiFe2O4 at 9 and 12 V. However, 

they also contain -Ni(OH)2 and/or -Fe2O3 at 3 and 6 V. They demonstrated promising electrocatalytic 

activity for OER in an alkaline solution, with an overpotential of 337 mV at a current density of 10 

mA/cm2 and a small Tafel slope of 435 mV/dec. The nickel ferrite also demonstrated its capability to 

act as bifunctional electrocatalyst for both OER and oxygen reduction reaction (ORR). 

 

Figure 2. TEM images of particles produced using the electro-oxidation of iron in nickel sulfate solution at a voltage of 3 V (a), 

6 V (b), 9 V (c) and 12 V (d), and the XRD patterns of particles produced at various voltages. 

mailto:sheru@its.ac.id


- 311 - 

 

 

Figure 3. Liner voltammograms of particles prepared using the electro-oxidation of iron at various voltages in 4 M KOH. 
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The urgent need to mitigate greenhouse gas emissions and combat climate change has driven research 

in carbon capture and utilization (CCU) technologies. Among these, calcium looping (CaL) has 

emerged as a prominent candidate for CO2 capture. Previous studies have demonstrated the successful 

integration of CaL with methane dry reforming (DRM), showcasing high catalytic efficiency in terms of 

CO2 conversion and H2 production. In comparison to DRM, methane bi-reforming (BRM) offers a 

higher H2 to CO yield ratio, presenting advantages for downstream applications. However, the 

introduction of steam into the CaL-BRM system, while using nickel as the active metal, has led to the 

occurrence of undesired side reactions, such as Ca(OH)2 formation, posing challenges for optimal 

performance. This study aimed to enhance catalytic performance of CaL-BRM system, primarily 

through the incorporation of a noble metal, palladium (Pd), to create a Ni-Pd interface. Overall, results 

indicated promising catalytic performance via the utilization of Ni-Pd as the active metal. Density 

functional theory (DFT) calculations were employed to elucidate the underlying reasons for the superior 

performance observed with this bimetal compared to bare nickel. 

 

 

Figure 1. Calcium looping-integrated with methane bi-reforming. 
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Pressurized oxy-fuel combustion is a potential technology to support for carbon capture, utilization and 

storage (CCUS) for coal power plants. In brief, the benefits of pressurized oxy-fuel combustion include: 

the size and cost of power plant equipment can be reduced, due to the reduced volume of gas; the 

convective heat transfer to boiler tubes is increased at higher pressure; the high pressure oxy-fuel flue 

gases lower the energy and capital costs of carbon capture [1][2], et al. However, there is currently little 

research on the basic experimental due to the difficulty of experiments, with the predominant focus 

residing in low-pressure regimes and a dearth of exploration in high-pressure environments. In this 

work, the ignition characteristics of single particles of bituminous coal and anthracite coal in O2/CO2 

atmospheres were studied under pressures of 0.1-4 MPa in a visualized high-pressure drop tube furnace. 

A high-speed camera was employed to capture the combustion process, facilitating the determination 

of ignition delay time and devolatilization time of single-particle coal (as shown in Figure 1). The 

results show that a rapid escalation followed by a gradual decrement in the ignition delay time of 

bituminous coal with increasing operating pressure under the same oxygen volume fraction (Figure 2). 

The ignition process was homogeneous ignition, where the drastic changes in gas-phase properties 

(density, specific heat capacity, diffusion coefficients, etc.) and the release of volatile were the main 

factors for an increased the ignition delay. The augmentation of both the oxygen partial pressure and 

heat transfer coefficient promoted the ignition of volatile, resulting in a reduction for the ignition delay 

time. Also, the devolatilization time of bituminous coal showed a positive correlation with pressure. 

Anthracite coal showed heterogeneous ignition during the ignition process. The changes in gas-phase 

properties caused by pressure extends the ignition delay time of anthracite. In addition, compared with 

regular pressure oxygen combustion, pressurized oxy-fuel combustion had a more significant effect on 

the gasification of the coal particles. 

 

 
Figure 1. Typical combustion pictures and pseudo-color pictures (50x50 pixels), (a) bituminous coal (b) anthracite 
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Figure 2. Ignition delay time of bituminous coal and anthracite 
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Gas pressurization of powder beds plays an important role in various industrial chemical processes, e.g., 

the pressure swing adsorption [1], air-assisted discharge of silos [2], and powder transfer in lock 

hoppers (or called transfer pressure vessels) [3]. The powders in transfer pressure vessels usually need 

further transport after the pressure rises to a certain value. Moreover, the gas flow in these compressible 

powders seriously affects the flowability of powders and their subsequent transport. Clearly, there is a 

need to investigate the gas flow characteristics in the compressible powder bed during gas 

pressurization more intensively [4, 5]. 

In this paper, the two-fluid method was used to modelling the powder compression and gas penetration 

characteristics in a powder bed. Two types of powders, glass powder and coal powder, were chosen for 

experimentation and simulation. The modified drag force model, which considers particle sphericity and 

apparent morphology, achieves a high degree of consistency between experiment and simulation. The 

overall compressibility of the coal powder bed is significantly stronger than that of the glass powder bed. 

The local compression characteristics in different regions of the powder bed were obtained. The 

pressure drop across the powder bed increases to a maximum and then decreases during pressurization. 

The gas penetration time of coal powder bed is longer than of glass powder bed. The association 

between powder compression and gas penetration characteristics is analysed. 
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Fluidized bed heat exchanger is one of the core devices in the particle-based high-temperature 

concentrated solar power (CSP) generation plant, which is responsible for transferring heat from the 

concentrator (or thermal storage unit) to the power cycle (eg. supercritical CO2 Brayton cycle) 

efficiently. In the present study, a lab-scale 20 kW particle/molten salt fluidized bed heat exchanger was 

designed and tested for the first time. Bauxite particles with a mean size of 300 μm and quaternary 

nitrate mixture are used as the heat transfer fluid on hot side and cold side, respectively. The effect of bed 

height, gas velocity, gas temperature, particle flow rate and molten salt flowrate on the overall heat 

transfer coefficient as well as the parasitic energy consumption of the fluidized bed was investigated. 

Euler-Euler Two-Fluid Model combining with the particle kinetic theory was adopted to simulate heat 

transfer characteristics between fluidizing particles and immersed horizontal tubes. The distributions of 

local heat transfer coefficient along the circumference of the tube under various conditions were 

obtained. Based on the test and simulation data, an empirical correlation for predicting the overall heat 

transfer coefficient under high-temperature conditions has been proposed. The results indicate that there 

is an optimal combination of various control parameter to maximize the heat transfer coefficient and 

minimize the parasitic energy consumption, respectively. In addition, reducing the vertical spacing of 

the tube bundles and the bed width is beneficial to the heat transfer performance, which provides 

guidance for the optimization of the geometric structure of fluidized bed heat exchanger. 

 

Figure 1. Experimental setup of particle /molten salt fluidized bed heat exchanger. 
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(a)Main view (b) Left view 

Figure 2. Schematic diagram of fluidized bed heat exchanger with immersed tubes 
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This study reports the results of experiments dealing with the ignitability of abnormal discharge 

occurring from a handheld electrostatic powder spray gun with a new spark ignition test apparatus. The 

experimental system consists of a small-sized ignition container, a handheld electrostatic powder spray 

gun and controller, a grounded electrode (25 mm in diameter), test gas (air mixed gas with methane 

concentration of 12 vol %), a gas concentration meter, and an air compressor. In this study, the voltage 

applied to the handheld electrostatic powder spray gun was -80 kV, and the setting value of the constant 

current control circuit inside the electrostatic controller was adjusted in 10 µA increments, ranging from 

-80 to -140 µA and abnormal discharges gap was set to 4, 9, 14, 16, 18, and 20 mm (for example, Fig.1). 

As the results of evaluating the ignition hazard of abnormal discharge using the new spark ignition test 

apparatus, the results with excellent reproducibility were obtained, confirming its validity. None of the 

abnormal discharges in this study ignited the explosive atmosphere as specified by the EN international 

standards1). In addition, to estimate the discharge energy, Eexp value of abnormal discharge, the 

methane concentration was changed from 5.0 to 13.0 vol% in 1.0 vol% increments. As the results, the 

abnormal discharge assumed 0.56 mJ < Eexp < 1.07 mJ. In other words, the maximum Eexp obtained 

in this study was 1.06 mJ, which is lower than the standard value of 2 mJ of the EN international 

standard. These results suggest that the handheld electrostatic spray gun used in this study is extremely 

safe with no explosion-proof problems. 

 

Figure 1. Example of abnormal discharge (Is: 140 μA; d: 18 mm). 
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All-solid-state lithium sulfur batteries (ASSLSBs) have attracted considerable attention as next 

generation batteries owing to their high safety and high energy density. Since sulfur (cathode active 

material of ASSLSBs) has electron and lithium-ion insulating nature, sulfur must be composited with 

electron conductive additve and solid electrolyte (lithium-ion conductor). As a process to composite 

sulfur and electron conductive additive, we proposed to utilize a hot-melt kneading process [1]. In this 

process, particles are exposed to heat and shear force, resulting in melting of the sulfur with lower 

melting temperature (120 ℃) and kneading of molten sulfur with conductive additive. The composite 

particles prepared from the hot-melt kneading process improved battery performance [1]. When using 

porous carbon (typical electron conductive additive) to produce composite particles in the hot-melt 

kneading process, sulfur can exist inside and/or outside the pore of porous carbon in the composite 

particles. This sulfur-existing region can significantly influence the battery performance. However, a 

key parameter to control the sulfur-existing region remains unclear. Furthermore, correlation between 

the sulfur-existing region and battery performance was not well understood. Thus, this study aimed to 

clarify the aforementioned unclear key parameter and structure-performance correlation.  

By adjusting the weight ratio of sulfur to porous carbon, two distinct types of composite particles were 

prepared; those with almost whole sulfur existing inside the pore and those with a part of sulfur existing 

outside the pore. This result confirmed that the weight ratio of sulfur to porous carbon was the key 

parameter to control sulfur-existing region in the composite particles prepared from hot-melt kneading 

process. Moreover, with increasing the amount of sulfur existing outside the pore, size of composite 

particles enlarged due to agglomeration of porous carbon as interparticle bridge of the molten sulfur 

was promoted. These two types of composite particles showed different electrochemical properties. The 

composite particles with almost all sulfur existing inside the pore exhibited higher initial capacity, 

whereas the composite particles with a part of sulfur existing outside the pore exhibited higher cycling 

stability. 

 

Figure 1. Summary of results in this study. 
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The utilization of lignocellulosic biomass such as wood and grass are attracting great attention 

worldwide as a means to break away from dependence on fossil resources, and production of 

biomaterials and fuels is extensively studied. To utilize lignocellulosic biomass as a raw material, it is 

necessary to convert natural polymers such as cellulose into monosaccharides in saccharification 

processes. However, because cellulose has a strong, recalcitrant crystalline structure with many 

hydrogen bonds in its molecule, conventional chemical processes require large amounts of sulfuric acid, 

resulting in a high environmental impact 1). Therefore, we investigated a method to solubilize biomass 

by milling without using chemicals. In this study, we found that cellulose can be solubilized by 

planetary ball mill with heating (Figure 1). It is confirmed that the milled product turned to amorphous 

by X-ray diffraction, and that its molecular weight was reduced by gel permeation chromatography. 

Furthermore, when the milled product was further treated with a reusable solid acid catalyst, a high 

saccharification yield was obtained, thus showing that these treatments are effective. We believe that 

this method will enable efficient and environmentally friendly biomass conversion without using 

chemicals and can contribute to further utilization of lignocellulosic biomass. 

 

Figure 1. Utilization of biomass in resource circulation. 
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This project aims to synthesize the high-valued CNTs product and explore opportunities to reduce 

greenhouse gas emissions, developing two key technologies: 1) a fluidized bed chemical vapor 

deposition (FBCVD) reactor using the remaining process gases as the main feedstock, and 2) the catalyst 

for converting flare gas to CNTs. 

CNTs synthesis from flare gas field trials was first initiated in Thailand, using the remaining process 

gases as carbon sources for CNTs synthesis. This technology is a part of Carbon Capture and Utilization 

(CCU) technology which will help reduce CO2 emission into the atmosphere. The prototype-scale 

CNTs reactor is a low-pressure, isothermal fluidized bed reactor that converts hydrocarbon gas into solid 

CNTs particles. A catalyst suspended on catalyst bed support is used to promote the conversion of the 

reactants within the FBCVD. The FBCVD reactor was applied for CNTs synthesis in this project, 

providing a simultaneous solid/fluid mixture and excellent heat and mass transfer that is great for CNTs 

reactor unit scale-up. The result shows a promising CNTs yield, and purity. Therefore, CNTs synthesis 

from the remaining process gases in the field trial test was initiated, by installing the CNTs reactor skid 

at the PTTEP main gas processing facility. The real process gas stream was routed into the reactor. 

Referring to actual plant conditions, the changes in the feedstock flowrate, reduction, and reaction 

temperatures, catalyst loading, and purification methods will be investigated to determine the feasibility 

of this novel technology. The result of CNTs synthesis shows CNTs purity greater than 95%, with 

methane conversion over 90% as a Multi-Walled CNTs (MWCNTs) diameter of 25-50 nm. Currently, 

the CNTs production can be obtained around 10 kg/month. New findings and requirements discovered 

during the field trial test will be used to iteratively optimize and improve the engineering design of the 

CNTs reactor for future industrial-scale implementation. 

The synthesized CNTs product was further applied as an advanced materials in the real potential 

applications in the prototype phase of an energy storage. The unique structure of CNTs facilitates high 

capacity and rate performance of the supercapacitor with promising cycling stability. The preliminary 

results illustrated that the flare gas based CNTs supercapacitor can provide longer cyclability, and the 

high energy density compared to the commercial supercapacitor in the market. The key challenge of the 

CNTs paste for supercapacitor is how to ensure uniform dispersion of CNTs powder with the additive 

during supercapacitor manufacturing, this is crucial for achieving consistent material properties. 
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All-solid-state lithium-ion batteries (ASSLIBs) are highly promising candidates of the advanced 

secondary batteries for electric vehicles. One of the key challenges regarding ASSLIBs is 

development of their manufacturing process. Currently, a mainstream process expected for 

manufacturing ASSLIBs is a wet process [1]. However, the wet process suffers from disadvantages 

such as high energy consumption and high environmental load. To address this issue, a dry process, in 

which ASSLIBs can be produced without solvent, has attracted much attention [2]. In the dry process, 

the raw powders are mixed with binder particles by a dry mixing process, and the electrode sheet is 

then fabricated from the powder mixture. A key to the fabrication of electrode sheets in the dry 

process is the use of binder particles. Polytetrafluoroethylene (PTFE) is a typical binder particle. 

Morphology of the PTFE can be changed from particulate form to fiber by applying external force 

and/or heat. Once the PTFE fibers are dispersed in the powder mixture, the PTFE can bind the 

particles together like a spider's web, resulting in a freestanding electrode sheet even without solvent 

[3]. This PTFE fibrillation mainly proceeds in the dry mixing before sheet fabrication; however, its 

mechanism is unclear. In particular, key factors to control the PTFE fibrillation are not identified. It is 

also unclear which dry mixing process, and which specific features, are suitable for the PTFE 

fibrillation. Furthermore, the relationship between the PTFE fibrillation state and the properties of the 

final electrode sheet also remains unclear. The objective of this study is to identify the key factors for 

PTFE fibrillation in dry powder mixing and to clarify the specific features of an optimal mixing 

process for PTFE fibrillation. Furthermore, electrode sheets and all-solid-state half-cells were 

fabricated using the powder mixtures with different PTFE fibrillation states. The correlation between 

the PTFE fibrillation states and physico-electrochemical properties of the electrode sheets was 

investigated. 

We investigated three types of dry mixing equipment, which were horizontal high-shear mixer (HSM), 

planetary ball mill (PBM), and twin-screw hot kneader (TSHK). Generally, in these processes, the 

dominant external forces exerting the powder are as follows: shear force in the HSM; shear and 

compressive forces in the PBM; shear and compressive forces with heat in the TSHK. By comparing 

these different mixing processes, effects of the type of external forces and processing temperature on 

the PTFE fibrillation were investigated. A cathode active material (LiNi0.5Co0.2Mn0.3O2), sulfide 

solid electrolyte, and PTFE were used as experimental materials.  

Fig. 1 shows appearance of the powder mixture prepared by each equipment and the fine particle 

fraction (mass fraction of particles less than 250 µm) in the powder mixture. Appearance of the 

powder mixture prepared by the HSM was almost same as the original raw powder (Fig. 1b), and 

large amount of the fine particle fraction still remained (more than 70%) (Fig. 1e). In contrast, the 

powder mixture prepared by PBM and TSHK exhibited large agglomerates over 0.5 cm and fine 

particle fraction decreased significantly from the original powder. Among these, the TSHK showed 

the smallest fine particle fraction. These results indicate that the TSHK is the most effective in 

fibrillating the PTFE. In other words, it was found that mixing equipment capable of applying shear, 

compressive force, and heat to the powder is suitable for the fibrillation of PTFE.  
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Influence of the PTFE fibrillation states on physico-electrochemical properties of the electrode sheets 

was investigated. The electrode sheets were prepared using a powder mixture prepared by the TSHK 

under various processing temperatures. Fig. 2 shows the tensile strength of sheet as a function of the 

number density of PTFE fibers in the prepared mixture. Processing temperature was also displayed at 

each plot. The tensile strength increased with an increase in the number density of PTFE fibers, 

indicating that a sheet with high strength can be fabricated by using a powder mixture in which PTFE 

fibrillation proceeds more. Fig. 3 shows the 2C discharge capacity of the half-cell prepared from each 

mixture as a function of the number density of PTFE fibers in the mixture. The results exhibited that 

the maximum electrochemical performance was achieved at 30 mm-2, indicating that the relationship 

between the number density of PTFE fibres and battery performance is not a simple linear relationship, 

and there is an optimum fibrillation state which maximizes battery performance. Detailed discussion 

on this non-linear relationship between the PTFE fibrillation states and battery performance will be 

presented in the symposium. 

In summary, it was found that a dry mixing process which can apply shear force, compressive force, 

and heat to the powder was suitable for the PTFE fibrillation. It was also determined that temperature 

during mixing is a key factor in the PTFE fibrillation. The relationship between the PTFE fibrillation 

state and the physico-electrochemical properties of the electrode sheet was then investigated. The 

sheet with higher tensile strength was fabricated from the powder mixture in which PTFE fibrillation 

proceeded more. It was also found that there is an optimum fibrillation state which maximizes the 

ASSLIB performance.  
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As a novel efficient and clean power generation device, anion exchange membrane fuel cells 

(AEMFCs) have attracted more and more attention. Anion exchange membranes (AEMs) as the core 

part of AWMFCs, directly determine the performances of AEMFCs. The common structure of AEMs 

is quaternized polymer membrane grafted cationic, which requires excellent ionic conductivity, anti-

swelling and mechanical properties. In recently reported literatures, a common strategy to improve the 

performances of AEMs is to control the hydrophilicity of side chains of AEMs, such as introducing 

ether bonds to improve the hydrophilicity of side chains or connecting long alkyl hydrophobic tail 

chains after cationic groups. But these strategies also reduce other properties of AEMs, so that the 

prepared membranes cannot achieve a balanced and excellent performances. 

Based on this, the molecular dynamics simulation was carried out to verify that the segmented 

hydrophilic/hydrophobic structure is conducive to the formation of the microphase separation 

structure. And then, this work synthesizes an anion exchange membrane which simultaneously grafts 

flexible hydrophilic side chain with ether bond and long hydrophobic side chain on the same side 

chain. The AEMs show high conductivity, mechanical strength and anti- swelling performances. It is 

found that when the number of ether bonds in the hydrophilic segment is 2, the AEM shows the best 

performances, which shows a tensile strength of 14.5 MPa and an elongation at break of 78.5%, and a 

conductivity of 90.4 mScm-1 at 80 oC. The peak power density of the fuel cell with this AEM can 

reach a 582 mWcm-2. The segmented hydrophobic side chain designed in this work provides a new 

strategy for improving the performance of AEMs and AEMFCs.  

 

Figure 1. Structure of segmented hydrophilic and hydrophobic membrane materials 
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Recently, bi-reforming of methane (BRM) has attracted significant attention in the field of reduced-

carbon hydrogen generation. In this work, NiPd@Al2O3 hybrid catalyst is successfully synthesized via 

aerosol-based approach for BRM. To develop superior hydrogen production efficiency, a cyclic 

reaction scheme is designed, where methane is used as a limiting reactant and excess CO2 is 

introduced and recycled. The results show that complete conversion of methane to products can be 

accomplished at a temperature of > 600 ℃. Hydrogen production maintains at a relatively high value 

of above 511.6 mmol/h g·cat over multiple cycles. In summary, this research introduces an innovative 

cyclic reaction design, and the use of high-performance hybrid catalyst achieves a highly efficient 

pathway for low-temperature reduced-carbon hydrogen production. 
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Ca(OH)2 powder is used in a bag filter system as an absorbent for hydrogen chloride (HCl) in flue gas 

discharged from cleaning plants, etc. Simultaneous absorption of CO2 in flue gas by the bag filter 

system would contribute to the reduction of greenhouse gases. In this study, the high-temperature 

reaction characteristics of Ca(OH)2 powder and CO2 at 180 °C, which is the operation temperature 

range of the bag filter system, were investigated.  

Test gas (H2O: 0−50 vol%, CO2: 15−30 vol%, N2: balance gas) were reacted with 3.0 g of Ca(OH)2 

powder in an exposure chamber at 180 °C by continuous gas supply of 0.5 L/min. The conversion of 

Ca(OH)2 powder to CaCO3 was measured by the neutralisation titration method and the specific 

surface area of the resulting sample was determined by the BET method.  

Fig. 1(a) shows the relationship between the conversion of Ca(OH)2 powder to CaCO3 and the 

reaction time for H2O concentration of 50 vol%. For both CO2 concentrations, the conversion 

increases rapidly in the early stage, and gradually reaches each constant value. This result indicates 

that the reaction mechanism changes from a surface reaction control to a diffusion control within the 

product layer. Because the surface of Ca(OH)2 particle is covered more with a product layer of CaCO3 

as the reaction progresses.  The higher concentration of CO2 results in a higher conversion. Fig. 1(b) 

shows the relationship between the specific surface area and the reaction time for H2O concentration 

of 50 vol%. The specific surface area decreases with the reaction time in both conditions. This is 

because the pores in the Ca(OH)2 are more occupied by the generated CaCO3 as the reaction proceeds.  

The gas-solid reaction of Ca(OH)2 with CO2 was analysed using an unreacted core model. The 

transition from a surface reaction control (reaction time t = 0 to t1) to a diffusion control in the product 

layer (reaction time t = t1 to t2
*) was examined. From the respective control models, the relationships 

between reaction time t and conversion XB can be calculated by Eqs. (1) for the surface reaction- 

control region and (2) for the diffusion-control region in the product layer using the reaction 

completion times t1
* and t2

*, the reaction rate constant per unit surface area ks and the effective 

diffusion coefficient of CO2 DeA. where ρB and R are the molar density and radius before the reaction 

of Ca(OH)2 particle, CAb is the CO2 concentration in the gas, and XBt1 is the conversion at t = t1.  
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Figure 1. (a) Change in the conversion of Ca(OH)2 powder with reaction time, (b) Change in the specific surface area of 

obtained sample with reaction time. 

Using these equations, the experimental results were fitted using ks, DeA, and XBt1 as parameters to 

search for values that would best represent the change in the conversion of Ca(OH)2 obtained in the 

experiments. Under all conditions, the model successfully represented results shown as broken lines in 

Fig. 1(a). Table 1 lists the fit-optimized ks, DeA, and XBt1, and the measured specific surface area SBET 

and pore volume V at t = t1. The rate constant ks is constant regardless of the CO2 concentration. It 

can be also observed that the specific surface area SBET and pore volume V decrease with an increase 

in XBt1. Furthermore, DeA increases with pore volume V. This is probably because CO2 gas can diffuse 

more easily through the product layer when the pore volume increases. The conversion of Ca(OH)2 

powder increased with increasing CO2 concentration. The reaction between Ca(OH)2 particle and CO2 

gas could be represented using the unreacted core model, in which the reaction proceeds from the 

surface reaction control to a diffusion control in the product layer. 

Table 1. Optimal value of reaction rate constant ks, diffusion coefficient DeA, conversion of Ca(OH)2 XBti and measured 

specific surface area SBET, average pore volune V at t = t1 
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Low rank fuels (e.g., lignite and biomass) have been widely utilized for heat and power generation. 

However, ash issues are one of the great challenges that have yet to be addressed for safe, efficient 

and environmentally friendly operation of the combustion units [1]. Low rank fuels usually contain 

high fractions of alkali and alkaline earth metals (AAEMs), which tend to easily vaporize during 

combustion. As the temperature of the flue gas gradually decreases, these vaporized materials will 

homogeneously nucleate to form fine aerosols or heterogeneously condense on existing ash 

particles/heat exchanger surfaces [2]. These complex processes are the causes of a number of issues 

such as ash slagging, fouling, corrosion and aerosol emissions. Among them, mineral matter 

vaporization and aerosol formation are the key processes that have been subject to extensive 

investigations. It has been identified that the combustion temperature is the critical factor affecting the 

fate of mineral matter.  

Low-load operation of power plants has been widely practiced around the world, in order to 

accommodate more renewable energy such as solar and wind energy [3]. It is particularly 

characterized by the feature that the combustion temperature is subject to change in a wide range (e.g., 

900-1600 ºC) depending on the loads requried. In these cases, how changes in the combustion 

temperature (loads) would affect the behavior of mineral matter is an interesting topic of great 

practical significance. However, there is little work available.  

This presentation is expected to report new data on mineral matter vaporization and aerosol formation 

at combustion temperatures varying in a wide range, as encountered in low-load operation of power 

plants. A well-controlled entrained flow reactor will be used for the combustion experiments, which 

allows high flexibility of temperature alteration. Typical lignites and biomasses will be considered, 

and the results will also be compared to elucidate the effects of fuel properties. The findings obtained 

in this work are believed to significantly contribute to a further understanding of ash issues in low-

load operation of power plants especially firing low rank fuels. 
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In 2023, total global solar cell installations reached 1 TW and annual production 400 GW; according 

to the ITRPV (International Technology Roadmap for Photovoltaic), annual production is also 

expected to reach 0.7-3 TW by 2040. The energy for its production will be supplied by current 

crystalline silicon solar cells. The energy required to produce these cells is enormous when calculated 

from current crystalline silicon solar cells. Silicon solar cells are expected to continue to account for a 

certain share of the market in the foreseeable future, so securing their raw materials and saving 

manufacturing energy are important for the sustainability of photovoltaics. 

The concept of the circular economy, proposed by the European Commission in 2015, has since then 

received a surge of domestic and international attention as environmental and resource constraints 

have become more apparent, and is now becoming as important a direction as carbon neutrality. In 

Japan, recycling laws have been in place since the beginning of 2000 from the viewpoint of the 

shortage of final disposal sites and the appropriate treatment of waste, and it is fair to say that Japan 

has led the world in its technology and systems. However, the proper recycling of mass-produced 

products is not complementary to carbon neutrality, as it requires energy not only for production but 

also for recovery and separation. Therefore, it is necessary to circulate functions while maximising 

longevity, maintenance, reuse, repair, direct recycling, upcycling, etc., to create economies in a new 

resource circulation loop that is also complementary to carbon neutrality and various environmental 

responses [1]. 

Currently, three main types of processes have been developed for the recycling of photovoltaic panels, 

as shown in the Table 1. In any case, the focus for higher efficiency is on the sophistication of powder 

processing, such as smart milling, physical separation of particles layers and control of heat transfer 

between particles during heating. The authors have devised a more efficient milling process in the 

mechanical separation process to physically separate glass, metal and resin [2].  

Table 1. Recycling process for photovoltaic panels. 

Process Advantages Disadvantages 

Grinding/Physical separation low cost low accuracy 

Dismantling  low/middle cost low throughput 

Heating high accuracy high cost 

 

We have also proposed a method to separate copper and silvers from resin without chemicals or 

heating using an electrical pulsed discharge for solar cells obtained by the hot-knife method, which is 

one of the dismantling process for the spent photovoltaic panels. The electric pulse method can 
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precisely separate the silicon and metals from the resin. In addition, compared to conventional 

pulverisation methods, this method not only significantly reduces energy consumption as it only uses 

pulsed electricity in microseconds, but also reduces the risk of hazardous substance dispersal as it is a 

chemical- and heat-free separation technology that only uses water as the medium [3-7]. 

In the near future, it will be extremely important to realise a manufacturing-based circular economy 

by having industry and academic institutions in manufacturing and processing work together to 

develop easily degradable design-type products that can be economically incorporated into such a new 

resource circulation loop. Based on such a concept, the authors have started to develop easily 

degradable adhesives based on the application of electrical pulses[8]. 
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Anaerobic Digestion (AD) is a microbial process that produces renewable energy in the form of 

methane by treating various organic wastes. Recently, it has been reported that the addition of various 

conductive materials (CMs) into the AD bioreactor could act as a bridge to promote direct interspecies 

electron transfer (DIET) between exoelectrogenic bacteria and methanogenic archaea which enhances 

the methane production rate [1]. From the viewpoint of powder technology, bacteria, archaea, and CM 

are all regarded as particles. Since DIET can only occur when these three kinds of particles are in 

contact, contact efficiency between the three particles is very important. However, in conventional 

studies, since bacteria, archaea, and CM are used in a dispersed state, contact efficiency is expected to 

be low. Another problem with the addition of CM in the continuous anaerobic process is a washout of 

CM with effluent from the reactor. This may require another recovery process for CM and also result 

in additional costs to compensate for the lost CM. 

To overcome these challenges, we proposed the co-immobilization of anaerobic microbes and CM in 

hydrogel to achieve improved contact efficiency and to prevent the washout of CM simultaneously. 

The study demonstrates that co-immobilizing AD sludge and multiwalled carbon nanotube (MWCNT) 

as CM in polyvinyl alcohol (PVA) hydrogel could enhance the methane production performance, 

resulting in faster methane production rate (3 times faster as compared to the control), shortening the 

lag time in the AD process and suppressing washout of MWCNT from the reactor.  

Another example is the application of a composite of hydrogel and functional particles to the 

biological ammonia removal process. Discharge of untreated nitrogen wastewater causes pollution, 

eutrophication and finally ecosystem destruction in the water environment [2]. Livestock, municipal 

and food factory wastewaters are known as typical nitrogen-rich wastewaters. Anaerobic digestion 

effluent is also considered a major nitrogen-rich wastewater source, and the amount discharged 

increases year by year because the number of anaerobic digestion plants tends to increase around the 

world [3]. The nitrification–denitrification process is the most commonly used process for nitrogen 

removal from wastewater. However, it has been known that aeration for nitrification is an energy-

intensive and costly operation and may account for 45–75% of energy consumption of the whole 

process [4]. Therefore, in many developing countries, the nitrification–denitrification method has not 

been implemented yet, and the development of a more economical and sustainable nitrification 

process is required. The consortium of microalgae and nitrifying bacteria has attracted attention owing 

to its advantages, such as energy- and cost-efficiency in terms of using only light irradiation without 

aeration. However, high light intensity can easily cause photoinhibition of nitrifying bacteria, 

resulting in process breakdown of the consortium. This challenge limits its practical application in an 

outdoor environment. To overcome the challenge, we developed a “light-shielding hydrogel” which 

entrapped nitrifying bacteria in carbon black-added alginate hydrogel beads and confirmed its 
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effectiveness of protecting the nitrifying bacteria from intense light up to 1600 μmol photons m-2 s-1 

[5]. After establishing the advanced light-tolerant microalgae-nitrifying bacteria consortia for stable 

ammonia removal under strong light irradiation using light-shielding hydrogel in an indoor condition 

in Japan [6], the effectiveness of the proposed process was examined in an outdoor environment for 

long-term in Mexico as an example of developing countries where sunlight intensity is very high. 

Throughout the 77-day experimental period, the average ammonia removal efficiency of 75.2% was 

obtained. The results showed the effectiveness of the proposed system for stable ammonia removal 

under strong light irradiation without using a costly aeration system. 
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Mineral processing involves a sequence of stages encompassing crushing, grinding, classification, 

concentration, dewatering, and tailings management, each marked by intricate particle flows with 

complex interactions with fluids (gas and/or liquids). A detailed understanding of particle and fluid 

flow within each stage are imperative for optimizing mineral recovery and mitigating environmental 

impact.  

Particle sizes range from centimeters upstream to microns downstream. These particles can be either 

modelled at particle scale using discrete approach, e.g. discrete element method (DEM), which is very 

computing expensive, or modelled at process scale using continuum approach at the loss of detailed 

particle dynamics.  The ability to feasibly model all important scales simultaneously is a technical 

challenge that increased computing resources alone will not solve. Using a multi-scale modelling 

approach, the detailed micro- modelling information of a real system, such as the detailed particle 

dynamics, can be used to build constitutive correlations to improve macro- or process scale modelling 

accuracy, and even help to evaluate process efficiency. This multi-scale modelling approach is proved 

to be promising and powerful, and has received increasing interest in the study of complex multiphase 

flow systems. CSIRO CFD team has been working on the application of CFD models to new and 

existing plant in the mineral processing, metal production and energy industries for decades. The 

broad application of CFD has the potential to save companies many millions of dollars per year. 

This paper will present some advancements in developing multi-scale modeling, with a particular 

focus on linking micro-scale modeling and process-scale modeling to leverage the strengths of each 

approach effectively. Examples include applications in SAG mills, hydrocyclones, flotation cells, 

thickeners and coal beneficiation fluidized beds. 
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Gasification of carbonaceous wastes offers a promising route for converting waste into valuable 

resources while addressing waste management challenges[1]. Conventional steam gasification 

requires significant water and energy inputs to enhance hydrogen production, thus increasing costs 

and CO2 emissions[2-3]. In this research, we propose an in-situ steam gasification of biosolids, 

utilizing its self-contained moisture and spent lime, mainly calcium-oxide (CaO) for CO2 capture and 

utilization. This approach demonstrates comparable performance to conventional steam gasification 

process by consuming a large amount of fresh water and energy for generating steam. It yields high-

purity H2 (70.2 vol%) at Stage I and syngas (93.3 vol%) with a H2/CO ratio of 2.0 in Stage Ⅱ. 

Additionally, the low-energy content of biosolids was compensated by introducing waste plastics as a 

co-gasification feedstock. When the plastic/biosolid blend ratio is 1:6, a highest syngas yield of 500 

NmL/gdry waste and highest energy recovery efficiency of 43.5% is achieved. By introducing CO2 into a 

Stage Ⅲ, an additional CO production up to 147 NmL/gdry waste was achieved when the CO2 

concentration was 25vol%, confirming that captured CO2 can be utilized as an efficient gasification 

agent for maximizing carbon conversion. This process not only enhances the energy recovery 

efficiency from solid waste but also contributes to negative net CO2 emissions in waste gasification. 
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Co-processing in cement kiln presents a promising approach for remedying heavy metal-contaminated 

soil (HMS) [1-2]. Most research primarily focuses on the disposal of organic contaminated soil, with 

few studies on co-treating HMS in cement kiln. The optimal disposal ratio and operational parameters 

affecting clinker quality and heavy metal stabilization remain unknown. This study investigates the 

effect of varying proportions of HMS on clinker characteristics during co-disposal in cement kiln and 

examines various addition ratios, temperatures, and residence times on heavy metal content in clinker, 

along with the leaching behavior of prepared clinker. Results show that adding no more than 7.5% 

HMS to raw materials (CL7.5) does not alter clinker's micro-morphology or surface elemental 

distribution. CaO from HMS assists in the formation of the required crystalline phase C3S in the 

clinker without affecting As migration during clinker formation, indicating effective stabilization of 

these metals from HMS during the calcination process. Minerals from the raw material readily bound 

Cr and Ni, mitigating their volatilization even at higher temperatures. Residence time minimally 

affects heavy metal content in clinker, but a 50-minute residence time notably enhances Cr content 

due to enhanced mineral combination. Leaching concentrations of Cd, Pb, As, Ni, and Cr in clinker 

CL0 and CL7.5 are below Chinese national standard limits, despite the exhaustion of acid neutralization, 

demonstrating effective heavy metal solidification. Co-processing mitigates the leaching of heavy 

metals for HMS, offering insights for clean disposal and practical cement kiln applications. This study 

provides a theoretical guidance for the practical application of co-processing heavy metal-

contaminated soils in cement kiln, offering a potentially cost-effective and environmentally friendly 

approach to soil remediation and management. 

 

Figure 1. Cement clinker preparation process. 
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Figure 2 A) XRD patterns of (a) all prepared clinker samples, (b) limestone and HMS; B) SEM images of clinker samples (a, 

b) CL0, (c, d) CL5.0 and (e, f) CL7.5. 

 

Figure 3. Heavy metals content in clinker samples (CL0, CL5.0, CL7.5) under different (a) HMS addition levels (0, 5.0, 

7.5%), (b) sintering temperature (1350, 1400, 1450 °C) and (c) residence time (10, 30, 50 min). 

 

Figure 4 A) XPS spectrum of As in HMS and clinker samples; B) Heavy metal concentrations in leachate from CL0 and 

CL7.5. 
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The rapid growth of renewable energy has put forward higher requirements for the peak shaving 

capacity of coal-fired power plants. Oxy-fuel combustion is one of the most promising technologies 

for carbon reduction in thermal power plants. This study proposes a novel oxyfuel power plant that is 

coupled with liquid oxygen storage and cold energy recovery systems to accommodate peak shaving 

requirements. In this work, a 350 MWe oxy-CFB power plant was selected as the reference power 

plant. Based on the reference power plant, oxy-CFB power plant with liquid O2 storage system was 

proposed. An optimization design is highly necessary for the recovery of the energy during the 

transformation from liquid O2 into gaseous one. This work also proposed an oxy-CFB power plant 

with liquid O2 storage and cold energy recovery systems. The thermodynamic performance and 

technical economy of different power plants were compared and analyzed. The thermal efficiency of 

the boiler is 92.36% and the power generating efficiency of the unit is 38.97% under the BRL 

condition of air combustion atmosphere. Under the condition of 30%O2/70%RFG atmosphere, the 

thermal efficiency of the boiler is 94.68%, and the power generation efficiency of the unit is 39.95%. 

The results show that the optimal operating oxygen purity is 96%~97%, and the optimal combustion 

pressure is 1.5~2.0MPa. For the new oxygen-fuel combustion system with liquid oxygen energy 

storage and peak shaving, the unit can achieve a net power generation efficiency of 38.86% at most 

during the peak period of electricity consumption. At the same time, in the period of low power 

consumption, the power supply output of the unit can achieve 0~35% according to the actual demand 

of the grid, but reducing the power supply output will increase the sacrifice net efficiency of the unit, 

and the greater the boiler load and power supply output, the greater the sacrifice net efficiency of the 

unit. Pressurized combustion can lead to a reduction in furnace size and limitations in the arrangement 

of heating surfaces. Understanding the heat transfer characteristics of the heating surfaces in the 

fluidized bed is of great significance for the design and operation of pressurized fluidized bed 

combustion. Based on the experimental data and analysis of the heat transfer coefficient in the 

previous sections, a conceptual design of an oxy-fuel circulating fluidized bed boiler is carried out 

under different pressures (0.1, 0.6, 1.0, 1.5 MPa). The heat transfer mechanism of the dense phase and 

dilute phase inside the boiler is quantitatively analyzed using proposed or validated heat transfer 

models. As the pressure increases, the overall heat transfer effect also increases, but when the pressure 

exceeds 1.0 MPa, the contribution of gas convection and radiation to heat transfer is no longer 

significant. In the dense phase of the circulating fluidized bed, particle convection is still the main 

way of heat transfer. In the dilute phase, due to the higher partial pressures of CO2 and H2O in the 

fluidized atmosphere, the radiation heat generated by triatomic gases is greater, and radiation becomes 

the main way of heat transfer. This work provides some reference for the layout and design of 

pressurized oxy-fuel circulating fluidized bed heat transfer surfaces. 
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Figure 1  Aspen model of the combustion system of oxy-CFB 
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Figure 2  The influence of gas velocity on the local heat transfer coefficient of immersed pipes 
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A multi-stage countercurrent fluidized bed with the plate hole size of 2.5 mm and opening ratio of 

0.276 is developed for Volatile Organic Compounds (VOCs) adsorption. The system consists of a 

column with perforated plate segment that allows the activated carbon bead adsorbents to be 

continuously fed from its top and the MEK adsorbate containing fluid flow from its bottom. 

Computational Fluid Dynamics coupling Discrete Element Method (CFD-DEM) simulation technique 

is used to realize the particle and fluid behavior in this system. 700 μm adsorbents show mean 

residence time of 50 s when the particle feed rate of 0.15 kg/m2s and the fluid velocity of 0.88 m/s. At 

the inlet MEK concentration of 5100 ppm, the outlet MEK concentration decreases to around 150 

ppm for a continues 60-minute run in the single-stage fluidized bed with the particle feed rate of 0.16 

kg/m2s and fluid velocity of 1.00 m/s, resulting in the MEK removal efficiency of 96.70%. In the 

similar two-stage fluidized bed system, the MEK removal efficiency increases to 99.96%. 

 

Figure 1. Schematic diagram of countercurrent fluidized bed  
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Silver can be recycled from the end-of-life (EoL) crystalline silicon (c-Si) photovoltaic (PV), yet the 

recycling and its technology scale-up are still at an early stage especially in continuously stirred tank 

reactors (CSTR). In this work, the silver recovery from the solar cells is technically understood and 

optimised in the CSTR system from the point of view of silver recovery efficiency, through 

integrating experimental and numerical investigations [1]. Specifically, based on the experiments, a 

kinetics model is developed, and SEM surface morphology is characterised; and a Computational 

Fluid Dynamics-Discrete Element Method (CFD-DEM) particle-scale model is integrated with the 

kinetics model and validated against the fluid-flow pattern and silver leaching performance results 

from lab measurements. The validated CFD-DEM model is then applied to understand the particle-

scale behaviour of silver leaching in the CSTR system in terms of hydrodynamics and AgNO3 

distribution under different impeller speeds. The simulation results show that the silver leaching 

performance is improved in an improved CSTR design with a lower impeller position and doubled 

impeller layers. This work reveals the effectiveness and underlying hydrodynamics of silver leaching 

in CSTR systems and lays a foundation for improving silver recovery in PV recycling. 

 

Figure 1. Schematic of the two CSTR design and numerical simulation results of the particle-fluid dynamics and Ag 

leaching rate in the two CSTR respectively. 

 

References 

[1] Song. S., Zhuo. Y., Li. Q. and Shen. Y., Advanced Materials 2024. 2403653.  

  

CSTR design and its optimization

#1 #2

0

5

10

15

20

25

A
g

 l
e
a

c
h

in
g

 r
a

te
 (

%
/s

)

Impeller speed (rpm)

 CSTR #1

 CSTR #2

100 500 800



 

- 342 - 

 

Investigation on the behavior and mechanism of low-grade magnesite 

separation enhanced by polycarboxylic acid grinding aid 

Wenbao Liu*, Yanbai Shen, Wengang Liu, Sikai Zhao, Qiang Zhao  

Northeastern University, Shenyang, China 

*Corresponding author: liuwenbao@mail.neu.edu.cn 

 

Low-grade magnesite was not utilized effectively because of its high vein content. A large number of 

discarded low-grade magnesite will cause waste of resources and serious environmental pollution. In 

the grinding process, magnesite and calcium-bearing vein mineral dolomite were easy to surface 

dissolution. The dissolved metal ions will be adsorbed on the surface of the minerals, which will make 

their surface properties converge and resulting in difficult flotation separation. Based on this, 

polycarboxylic acid grinding aid (EGTA) was used to optimize the grinding-flotation system of 

magnesite. The grinding test shows that EGTA can increase the content of –74+23 μm (qualified size) 

and decrease the content of –23 μm (fine size) in the grinding products of two minerals. Among them, 

the effect of EGTA on dolomite was more significant. Flotation tests show that adding EGTA to the 

grinding stage can enhance the flotation separation of magnesite and dolomite. The mechanism study 

shows that EGTA can selectively adsorb on the surface of dolomite, and has a stronger chelating effect 

on Ca2+ in the slurry. EGTA increased the difference between the surface properties of magnesite and 

dolomite. Meanwhile, EGTA improved the chemical environment of the flotation slurry. Therefore, 

EGTA can not only optimize the particle size distribution and improve the grinding effect, but also 

promote the flotation separation of magnesite and dolomite, which will have great application 

potential in the flotation separation process of magnesite. 

 

Figure 1 Enhanced magnesite and dolomite grinding-flotation separation by grinding aid EGTA 
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Figure 2 Adsorption mechanism of grinding aid EGTA on the surface of magnesite and dolomite 
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To fulfill the sustainable development goals, the role of solar power generation is becoming 

increasingly critical. Optimal operation of solar panels is facilitated by their installation in desert 

regions, characterized by high solar radiation and minimal rainfall. However, these regions present a 

unique challenge: sandstorms lead to the accumulation of particles on the solar panels, and the lack of 

rainfall inhibits their natural removal. This particle deposition impedes the incidence of sunlight onto 

the solar panels, thereby degrading the power output [1] [2]. A similar issue has also been addressed at 

industrial sites. Minute iron particles, emitted into the air from the sites, accumulate on the surface of 

nearby solar panels, resulting in a decrease in power generation. Moreover, such dust-related problems 

are also prevalent in space environments. Lunar soils on the Moon, called as regolith, cause dust 

deposition on spacesuits and devices, posing a significant challenge for future long-term space 

exploration. The common approach is the development of a cleaning technology capable of operating 

in harsh environments, such as desert areas or on the Moon, and that can be utilized for extended 

periods without the need for frequent maintenance. Various solutions have been proposed, the 

majority of which involve the use of mechanical brushing, water jets, or removal solvents. However, 

these methods have encountered several issues for long-term cleaning processes. Robotic methods 

that incorporate a brush or solvents can result in wear and damage to solar panels and associated 

equipment. Furthermore, water is a scarce resource in space and desert environments, limiting its long-

term and widespread use. 

Therefore, we have developed a novel technology that utilizes magnetic force to remove accumulated 

particles without contact. The system comprises a multipole permanent magnet roll, a non- magnetic 

rotating sleeve, a collection part, and a linearly moving mechanism. This cleaning mechanism, 

previously employed for handling toner particles in a laser printer, enables the continuous capture, 

transport, and release of magnetic particles. We have applied this mechanism to the cleaning of solar 

panels. When the device approaches the solar panels and moves across the surface without contact, the 

permanent magnet roll attracts particles to the sleeve. The non-magnetic sleeve, which can rotate 

freely on the magnet roll, transports the particles on its surface. In a specific area, the unique magnet 

roll generates a repulsive magnetic force, releasing the particles. This process eliminates the need for 

manual cleaning of particles from the sleeve, allowing for the continuous cleaning of solar panels in 

unmanned operations. This system only requires power for the rotation of the sleeve and movement 

across the solar panels, and the device can be designed to be compact and lightweight. Importantly, it 

does not require intermediate fluid materials or contact for cleaning, thereby preventing damage to the 

solar panels. In this study, we conducted a cleaning demonstration of the system and investigated the 

effects of system parameters, such as the rotational speed of the sleeve and the magnetic field strength, 

on the cleaning performance. 

Figure 1 shows the experimental setup. The magnetic cleaning system operates on the principle of 

traversing the surface of solar panels to remove particles. However, for experimental convenience, the 

panel side was designed to move linearly. A moving plate with a driving mechanism was installed 

underneath the cleaning assembly, which consisted of a magnet roll, sleeve, and collection box, 

and particles were dispersed on this plate. This plate simulated a solar panel. The distance between the 

assembly and the plate was adjusted by a height adjustment screw. The plate and the non-magnetic 
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sleeve could be moved independently by motors, a rack/pinion mechanism, and a timing belt. As an 

experimental sample, lunar regolith simulant FJS-1, which mimics real regolith and contains some but 

not large magnetic components, was dispersed on the plate, and the weight of the particles before and 

after cleaning was evaluated. Figure 2 shows the capturing and releasing performances of the system. 

The capturing performance refers to the amount of particles removed from the plate to the sleeve, and 

the releasing performance refers to the amount of captured particles that can be released from the 

sleeve. As shown in Figure 2, we were able to remove many of the deposited particles using the 

device. Smaller particles were harder to remove from the plate due to the larger adhesion force. Even 

for larger particles, some amounts of particles could not be removed. This was because the simulant 

contained several types of natural minerals, and particles with less permeability tended to remain. We 

confirmed that a stronger magnetic field generated by another magnetic roll could capture more 

particles based on a force balance applied to particles. In addition, faster rotation of the sleeve 

improved the releasing performance simply because a larger centrifugal force was applied. Near the 

area of particle capture, a larger magnetic force against the adhesion force contributes to the removal 

of particles from the plate. Meanwhile, a larger centrifugal force against the adhesion force is 

necessary, along with a suppression of the magnetic field in the release area, for better release 

performance. 

 

Figure 1. Experimental setup of the magnetic cleaning system. 

Figure 2. Cleaning performance of the magnetic system when the rotational speed of the sleeve was varied. The surface 

velocity of the sleeve equals the speed of the linearly moving plate. 
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Flotation is an essential and highly effective separation method within the mineral processing field. 

The flotation process can be divided into three sub-processes: collision, attachment, and detachment, 

based on the sequence of interactions between the bubbles and particles. The bubble-particle collision 

sub-process forms the foundation of flotation and is crucial for the successful recovery of particles 

throughout the flotation process. This study proposes a microscale numerical model of bubble-particle 

collision efficiency, specifically considering the effect of short-range hydrodynamic resistance as the 

particle approaches the bubble. The effects of bubble properties, particle size, shape and density on 

collision efficiency are systematically investigated by conducting the numerical experiments. The 

numerical results are compared with the predictions of various existing theoretical mathematical 

models, with an in-depth analysis of the GSE model and the Schulze model. Furthermore, based on 

the existing theoretical model, a novel mathematical model for collision efficiency is proposed by 

fitting the numerical experimental results of bubble-particle collision efficiency, which can be 

employed as a sub-model for bubble-particle collision rate in macro-scale CFD models of flotation 

cells. This work will provide a comprehensive understanding of key parameters affecting collision 

efficiency and flotation recovery. 

 

 

Figure 1. Schematic diagram of bubble-particle collision 
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Nitrogen is an essential element for life and is widely present in biomass waste[1, 2]. Clarifying the 

behavioral characteristics of potential nitrogenous pollutants in the supercritical water (SCW) 

environment contributes to the energy and harmless utilization of biomass waste. In this paper, the 

migration and transformation mechanism of typical nitrogenous functional groups, including NH3, 

NO2
-, NO3

-, nitrobenzene, and aniline, during the supercritical water gasification (SCWG) process is 

investigated by combining density functional theoretical and experimental research methods (540°C-

700°C). The results show that in the reducing environment of SCW, NH3 can effectively catalyze the 

spontaneous reduction of NO and NO2 to N2 through multiple pathways, thus avoiding the generation 

of NOx. Regarding the NO3
- from the raw materials that can be spontaneously reduced to NO2

- in the 

reducing environment of SCW, the reaction barrier for the consumption pathway of NO2
- was 

significantly lower than its generation pathway in the subsequent reaction. As a result, there was no 

NO2
-  in the gasification product, and the NO3

- fugacity was also extremely traced. Compared to the 

pyrolysis process, water molecule clusters unique to SCW environments provided low-energy barrier 

conversion pathways for the gasification of typical nitrogenous organic functional groups. The study 

confirmed that nitrogen in biomass waste is converted to inorganic nitrogen in the form of NH3 and N2 

during SCWG, with no NOx generation in the dominant conversion pathway. 

 

Figure 1. Water molecule clusters unique to SCW lower the reaction energy barriers of typical nitrogenous intermediates. 
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Sulfone is a key sulfur-containing compound that is widely present in coal, crude oil, and organic 

wastes[1-3]. Revealing the decomposition mechanism of sulfone compounds could provide a basis for 

the cleaner utilization of these fuels by supercritical water (SCW) treatment. Herein, density 

functional theoretical calculations and experiments were combined to explore the decomposition of 

phenyl vinyl sulfone (PVS) in SCW and pyrolysis. The multi-step decomposition pathways that PVS 

reacted with H2, H2O, and free radical (·H/·OH) in SCW and thermal decomposition in pyrolysis were 

proposed. Energy barrier analysis and thermodynamic analysis showed that H2O mainly participated 

in the decomposition of PVS in SCW condition in the role of free radical (·H/·HO) to break the C-S 

bond and form H2SO2, which was further converted by the H2 generated from gasification of PVS in 

SCW into H2S. However, PVS decomposed to generate SO2 directly via the cleavage of the C-S bond 

in pyrolysis without H2O. A series of experiments were carried out to investigate the decomposition 

performance of PVS in SCW and pyrolysis in a quartz tube reactor system at different temperatures 

(450°C-700°C). Experimental results showed that PVS could decompose to release mainly H2S in 

SCW but SO2 in pyrolysis.  

 

Figure 1. PVS decomposition pathways and characteristics. 
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In disposal process, products may be pulverized and powder is obtained. In order to separate for size 

and material of pulverized particle and recycle, some methods are already used, for example, shivering, 

cyclone, magnetism, mechano-chemicals, fluidization and so on. Authors have researched the 

ultrasonic vibration method as new technique. In this method, the difference of friction reduction 

effect between powder and plate by ultrasonic vibration is applied. As a result, the material separation 

and classification have been already succussed [1]. But the mechanism on friction reduction is unclear. 

Therefore, it was experimentally clarified in this paper. 

In this study, cubes were used instead of particles for the sake of measuring the particle surface 

deformation with a laser doppler vibrometer. In this experiment, the cube material, cube size, 

frequency and size of vibration plate were changed. The results showed that inertia force dominates 

for the friction reduction effect when vibration amplitude is small. In short, the material can not 

accompany with vibration plate displacement, the gap between them appears, and the friction is 

reduced. On the other hand, the main factor for friction reduction effect with ultrasonic vibration 

under large amplitude conditions is revealed as the deformation of the cube. This means the material 

leaps on the plate by surface deformation. 

Furthermore, the effect of the cubic deformation on the detachment of particles adhering to the surface 

was investigated. As a result, it was found that ultrasonic vibration can peel off adhered particles. 

Therefore, it is possible to peel off particles adhered to large particles, for example, to improve the 

separation efficiency. 

In short, ultrasonic vibration method can be expected for recycling by making use of the friction 

reduction effect on cubic deformation and material inertia, and removal effect of adhered powder 

detachment. 

 
Figure 1. Relation of arithmetic energy and friction coefficient ratio. 

mailto:kofu.kenji@nihon-u.ac.jp


 

- 350 - 

 

 
Figure 2. Relation of cubic deformation and friction coefficient ratio. 
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The Computational Fluid Dynamics-Discrete Element Method (CFD-DEM) is widely used in the 

multiphase and multi-field simulation of dense gas-solid reactive flows. Research on accelerating its 

computational theories and methods has garnered significant attention from both academia and 

industry. We have developed a GPU-based particle acceleration algorithm capable of parallel 

computation for a large number of particles, significantly enhancing the efficiency of particle-solving 

processes. This breakthrough enables the rapid simulation of complex multi-physics processes, 

including turbulence, heat and mass transfer, and chemical reactions, in CFD-DEM frameworks at the 

hardware level. To address the challenges posed by the computationally intensive and time-consuming 

nature of particle collisions, we proposed an enhanced coarse-grained CFD-DEM method that 

improves computational efficiency across spatial and temporal dimensions. This method achieves a 

remarkable efficiency increase. Furthermore, by coupling the Direct Simulation Monte Carlo (DSMC) 

algorithm and employing a collision probability model, the computational efficiency of the coarse-

grained model is further improved by an additional order of magnitude. The synergistic hardware-

software acceleration algorithms and multi-physics coupling models for dense gas-solid reactive flows 

have been successfully applied to engineering problems in fields such as energy, chemical processing, 

and metallurgy, delivering significant economic and social benefits. 
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Efficient heat transfer is the key to hydrogen desorption in a metal hydride-based hydrogen storage 

system. In this study, a three-dimensional transient-state computational fluid dynamics (CFD) model 

is developed for describing the hydrogen desorption related heat/mass transfer phenomena inside a 

metal hydride-based hydrogen storage tank. The model involves flow, heat, and mass transfers related 

to hydrogen desorption in the storage tank. The model is validated against the temperature evolution 

data reported in the literature. The model is applied to a hydrogen storage tank where LaNi5 is used as 

a metal hydride. The typical thermochemical phenomena related to the hydrogen desorption process 

are illustrated, including temperature evolution and hydrogen-to-metal-atomic ratio (H/M) during 

desorption. Further, several new tank designs are proposed and evaluated, including new heat 

management system configuration and phase change material application, for promoting heat transfer 

efficiency and hydrogen absorption/desorption performance. The simulation results indicate that the 

new design of embedding heating tubes, embedded copper fins, and aluminum foam additives shows 

the highest desorption performance in terms of both heating rate and hydrogen desorption rate, where 

the desorption rate is improved by 50% compared to the other designs. The employment of phase 

change material can make the metal hydride hydrogen storage tank operate as an independent system. 

This model is a cost-effective tool for designing, optimising, and scaling up hydrogen storage tanks. 
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Gas-solids fluidization technology is commonly used in chemical engineering processes involving 

high-density particles, often encountering poor defluidization phenomena. However, there is limited 

research examining the applicability of flow characteristics and empirical correlations established for 

low-density, easily fluidizable particles in guiding the flow behavior of high-density particles. This 

knowledge gap poses significant challenges for designing and operating fluidized beds in relevant 

processes involving high-density particles. This study comprehensively evaluates the effect of particle 

density on hydrodynamics during the initial fluidization stage using experimental, empirical 

correlations and simulation methods. Results of preliminary experiments indicate that empirical 

correlations for predicting Umf may exhibit significant errors of high-density particles. However, the 

experiments face challenges in eliminating the influence of particle size distribution. In contrast, the 

simulation results present a high consistency with the experiments after sensitivity analysis. Further 

simulation results illustrate those empirical correlations for Umf may only yield relatively accurate 

predictions within the narrow density range. As the particle density increases, the predicted errors tend 

to increase. During the initial fluidization stage, three distinct fluidization stages can be observed, as 

revealed by both experiments and simulations. These stages can be attributed to the practical particle 

size distribution. Furthermore, it is noted that as the particle density increases, the fluidization 

performance tends to deteriorate. This study endeavors to advance the understanding of the effect of 

particle density on hydrodynamics during the initial fluidization stage. Nonetheless, more studies are 

still needed to enhance and deepen the current knowledge of the fluidization of high- density particles. 
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Particle mixing has been widely encountered in a variety of engineering fields and extensively utilized 

in the field of food, pharmaceutical and chemical engineering. Performance of a mixer or a blender is 

one of the key factors in the process of mixing as it directly affects the quality of the final product. 

Hence, detailed information about the mixing performance is required for improvement in the quality. 

On the other hand, particle mixing for cooking process in the food industry has not been established 

so far. The Discrete Element Method (DEM) [1] is frequently used in numerical simulation, where the 

particle shapes are modelled as a spherical body. However, the particles dealt in the food industries 

are non-spherical shapes in many cases. Hence, the aim of this study is to understand the mixing 

mechanism of non- spherical mixing system inside an industrial mixer. To simplify the problem, a 

non-spherical particle is modelled by the ellipsoidal equation, and an industrial mixer with complex 

structure is modelled using the Signed Distance Function (SDF) [2]. This calculation method is 

successfully validated through previous studies [3, 4]. For qualitative evaluation, Lacey’s mixing 

index [5] and granular temperature are computed to help understand mixing performance and 

mechanism of the system. Three types of the particles are selected in the numerical simulation, 

namely, Sphere (radius: 4 mm), Oblate (axial radii: 4.62 mm × 4.62 mm × 3 mm) and Prolate (axial 

radii: 5 mm × 3.58 mm × 3.58 mm). Regardless of the particle shape, the particle mass and volume is 

kept constant. By performing a simulation on a non-spherical particle mixing with a food like physical 

properties, this study provides significant evidence and novel insights into understanding the mixing 

mechanism of food products. Particle mixing is illustrated to be most effective when the particle shape 

is spherical which the clear evidence is observed in the mixing index between the spherical and non-

spherical particles. Thus effect of particle shape is shown to be limited. Oblate and prolate spheroids 

have showed similar mixing performance to each other which reveals that ellipsoid type is minor 

factor for particle mixing. This study provides new insights into the specific particle mixing 

mechanism of food products, which will contribute to optimization of the mixer design and operation 

conditions in the food industries. 
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Hot isostatic pressing (HIP) is an advanced manufacturing technique widely employed in aerospace 

and other industries. The HIP process subjects metal powders to high temperatures and isostatic 

pressure, yielding materials characterized by minimal porosity and enhanced mechanical properties. 

During the process, the powders undergoes substantial volumetric reduction, often exceeding 30%, 

facilitated by the external metal capsule. This significant densification presents considerable challenges 

in capsule design for near-net-shape component fabrication. Conventional trial-and-error approaches 

to overcome these challenges often result in increased production costs and extended lead times. The 

implementation of computational modeling and simulation to analyze powder densification dynamics 

in HIP offers a promising avenue for accurate deformation prediction and optimized capsule design, 

potentially enhancing process efficiency and economic viability. 

While FEM simulations have traditionally been used to predict forming deviations, they struggle to 

accurately model the non-uniform shrinkage of powders during the HIP process. This limitation stems 

from the difficulty in representing the discrete nature and uneven distribution of particles within the 

capsule. To overcome these challenges, a new simulation approach that couples DEM with FEM has 

been developed. This integrates 3D particle relative density data into the FEM model, thereby 

enhancing its ability to capture the nuanced behavior of powder particles during consolidation. The 

effectiveness of this 3D particle DEM- FEM coupling simulation has been demonstrated through its 

application to a Ti-6Al-4V part. 

The particles in the DEM model were scaled up by a factor of two compared to the original powder 

dimensions. A validation experiment was initially conducted to assess the accuracy of the DEM model 

by comparing the repose angle error between experimental and simulation results. The error in repose 

angles with the DEM model was found to be within 1°, demonstrating high accuracy. Subsequently, a 

DEM model of characteristic cross-sections of the target part was established to simulate the entire 

process from powder filling to vibration. The relative density distribution obtained from DEM 

simulations was integrated into the FEM model. To facilitate the large datasets transferring process, 

we developed Python scripts capable of efficiently handling cross-platform grid data and automating 

the assignment of relative density values within ABAQUS. 

Compared to traditional FEM simulations, the new approach has significantly improved the prediction 

of structural deformation. Specifically, it achieved accuracy improvements of 26.47% and 33.75% in 

angle prediction for two characteristic cross-sections of the manufactured parts. The DEM-FEM 

coupling simulation not only demonstrates broad applicability in HIP but also introduces a new 

modeling paradigm for advanced manufacturing techniques that utilize metal particles as raw 

materials. 

mailto:wenqing.tian@student.unsw.edu.au


 

- 356 - 

 

 

Figure 1. Schematic diagram of the DEM-FEM coupling simulation approach considering the initial particle packing state 

within the HIP capsule. 
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Bubbling fluidization is commonly used for heat exchange in thermochemical solar storage 

applications due to its strong heat and mass transfer performance. However, the unstable particle 

accumulation in the bubbling fluidization will unavoidably cause particle sintering and agglomeration, 

causing poor cyclability. In this work, we explore the heat release performance of a new configuration, 

a two-joint spout-fluidized bed, with special attention to particle sintering aspects. This study focuses 

on achieving scale-up effects of the spouted fluidized bed by allowing multiple deflected spouts to 

work together. The meso-scale hydrodynamics as well as the underlying mechanism of this new flow 

pattern is analyzed comprehensively through CFD-DEM approaches. After that, the system was 

adopted to the thermochemical Fe3O4-FeO system. It was demonstrated that this flow pattern has 

better heat transfer performance and reaction homogeneity. Moreover, the preliminary results show 

that the particle sintering was greatly alleviated under this system. This could be because the deflected 

spout provides much horizontal particle transport and needs fundamental study. This work provides 

some insights into the reactor design of heat exchangers for thermochemical heat storage particles in 

solar thermal power generation.  
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The blast furnace (BF) remains the dominant ironmaking reactor and is expected to continue playing a 

crucial role in the near and medium term. However, high CO2 emissions present a significant 

challenge for sustainable BF operations. There is an urgent need for innovative strategies to reduce the 

carbon footprint of BF ironmaking. A key challenge lies in understanding the full impact of these 

innovative operations, particularly the time-dependent variations in in-furnace phenomena and 

potential abnormal performance. This research numerically investigates several decarbonisation 

strategies, including adjustments to burden properties, top gas recycling, and hydrogen injection, see 

Figure 1. Both steady-state and transient-state industrial-scale BF models are employed to simulate 

and evaluate these operations, providing a comprehensive assessment of their impact on furnace 

performance, energy efficiency, and CO2 emissions.  

 

Figure 1. Applications of Ironmaking Blast Furnace Transient Numerical Model to Study Innovative Operations for 

Decarbonisation 

The developed transient blast furnace (TBF) model features a layered burden structure and involves 

the interactions of flow-thermal-chemical reactions over time to represent the in-furnace phenomena 

evolution and predict BF performance in a dynamic manner. Time term is considered in the governing 

equations which is discretised by the finite volume method with implicit method, and SIMPLE 

method is employed to solve for the velocity-pressure field in a non-orthogonal mesh. The transient-

state in-furnace phenomena have been successfully captured in terms of temperature field, fluid flows, 

key chemical reactions, the movement of the layered burden, dynamic stagnant zone, and the cohesive 

zone. Besides, the TBF model predicts the BF performance including coke rate, top gas temperature, 

top gas composition, and overall energy balance. The TBF model thus provides comprehensive 

insights into transient-state in-furnace phenomena and BF performance.  

Moreover, the developed transient BF model attempts to explore innovative BF operations and 

abnormal BF operations, aiming to assess the feasibility, effects, and remedies for those operations. 

The specific sub-models are developed within the TBF framework, for these operations including a 

wet burden charging sub-model [1], a top gas recycling sub-model [2], sub-models for reformed coke 
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oven gas shaft injection [3] hydrogen tuyere shaft co-injection [4] and ferro-coke charging sub-model 

[5]. The comprehensive analysis of the mentioned operations is conducted qualitatively and 

quantitatively. Several key findings in these operations include: as for the BF working conditions in 

this work, in the wet burden operation, the BF thermal conditions can be recovered in approximately 

25 hours in terms of the top gas temperature after replacing the wet burden with the dry burden; in the 

ferro-coke charging operation, the mechanism of using ferro-coke is evaluated using the simulation 

results combined with the updated RIST diagram, and the coke saving can be achieved by improving 

the reduction efficiency of wustite-iron by CO inside the decreased temperature of thermal reserve 

zone; in the operation of the injection of CO2-containing BF top gas, it has the similar effects to blast 

moisture enrichment operation or oxygen enrichment operation, but with a decreased flame 

temperature; in the operation of the injection of reformed coke oven gas, it could be a preliminary step 

towards a hydrogen-enriched BF and the penetration issue requires more attention, while the 

distributed injection of pure hydrogen via tuyere and shaft aid in maintaining an acceptable BF 

running condition and achieving coke saving.  

In summary, this transient ironmaking BF model contributes to the understanding of innovative and 

abnormal BF operations with a focus on BF CO2 deduction and BF’s smooth operation. The TBF 

model proves to be a cost-effective tool for comprehensively investigating the strategies to maintain 

the smooth operations of BFs after changing the operating conditions, of which the results offer both 

theoretical and practical guidance. 
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Many CO2-rich natural gas reserves in the world are difficult to utilize, as it requires the separation of 

a huge amount of CO2.  Thus, direct conversion of CO2 mixed in valuable hydrocarbons to high-value 

chemicals allows utilizing the CO2 emissions.  From several conversion methods, catalytic 

decomposition is a promising method as it splits the gases directly into H2 and carbon through 

consecutive combined processes of CO2 methanation via Sabatier reaction (SR) and catalytic 

decomposition of methane (CDM).  The main challenge in the SR is its kinetic favorability at high 

temperature and low yield of methane.  One economical way to address such challenges is developing 

bi-functional (BF) catalysts, which exhibit both high catalytic capability and water adsorption 

capability for simultaneously lowering the reaction temperatures and removing the water to shift the 

reaction towards product.  An unprecedented novel ternary composite catalyst for CO2 methanation 

will be developed in this work.  It is expected that the synergy of the metallic catalyst in nanoscale 

and the BF support would lead to high water sorption, high CO2 binding, minimized CO production, 

and lower reaction temperatures.   Meanwhile, CDM is a green process in producing H2 and CNT, but 

it is performed at high temperatures and affected by carbon deposition.  In this study, Ni-Al-Ce-La 

Layer Double Hydroxide catalysts will be developed for CO2 and CH4 decomposition to CNT and H2.  

The main tasks of this work are catalyst synthesis, catalyst performance tests, and theoretical 

calculations. Through different techniques and DFT calculations, the performance of catalysts and the 

reaction mechanism will be discussed to provide novel insights into designing bifunctional Ni-Al-Ce-

La Layer Double Hydroxide catalyst for simultaneous water adsorption and CO2 methanation.   
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Air pollutant particles will inevitably enter aero engines with the air, and they deposit on the surface 

of turbine blade, abrade the air film cooling channel, and clog the air film holes, etc. The particle 

deposition of turbine blade will directly affect the stable operation and cut lifespan of turbine blade, 

and even threaten the safe operation of engine. This paper focuses on exploring the particle motion 

and deposition characteristics inside air-film cooling holes. The Realizable k-ε turbulence model for 

gas flow and DPM model for particle phase, coupled with EI-Batsh particle deposition model are 

adopted in the numerical simulations. The effects of particle size and cooling air intake way on 

particle distribution and deposition characteristics in the air collecting chamber and film holes of the 

blade were systematically studied. The study shows that small particle diameter particles have good 

flowability and follow the cooling airflow along the leading edge of the film cooling holes, while 

large particle diameter particles have poor flowability and constantly collide with the wall and flow 

out of the film cooling holes. As the particle diameter increases, the deposition rate of the particles 

decreases significantly, and when the particle diameter is larger than 0.8μm, there is almost no 

deposition in the film cooling holes. Under the condition of double-direction air intake in the air 

collection chamber, the particles in the  single-direction film cooling holes showed the phenomenon 

of more deposition in the film cooling holes at both ends and less deposition in the middle; under the 

condition of single-direction air intake, the deposition rate of particles was the largest in the film 

cooling holes far away from the cooling flow inlet, and there was almost no deposition in the film 

cooling holes close to the inlet. 

 

 

Figure 1.  Particle distribution characteristics in gas collection chamber for different particle sizes 
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It has been recognized that the particle phase stress model derived from classical kinetic theory is 

valid only when sufficient scale resolution is offered to explicitly resolve the heterogeneous structures 

during numerical simulations, however, industrial applications prefer to use coarse computational 

grids where the heterogeneous structures are not explicitly resolved but implicitly modeled. 

Unfortunately, in this case a kinetic theory for heterogeneous granular and gas–solid flows is not 

available yet. To this end, an attempt was made to tracking this challenge: The single particle velocity 

distribution function at the nonequilibrium stationary state with heterogeneous structures was firstly 

derived by combining the idea of doubly stochastic Poisson processes or superstatistics with the 

concept of compromise in competition in the EMMS (Energy Minimization Multi-Scale) theory, the 

standard Chapman-Enskog method was then used to develop the constitutive relations of 

heterogeneous continuum theory. It was found that (i) seven state variables are needed to quantify the 

heterogeneous structures as compared to three for homogeneous systems; (ii) the constitutive relations 

not only include the contribution from microscale particle–particle interactions but also those due to 

the interactions between mesoscale structures; and (iii) the resultant constitutive relations are much 

more complex than those of homogeneous systems due to the simultaneous consideration of 

microscale and mesoscale contributions and the appearance of cross-coupling effects, but they 

correctly contain the constitutive relations of homogeneous systems as a limiting case. Finally, the 

theory was coupled with an EMMS drag model to offer a preliminary validation and to provide a 

unified EMMS-based constitutive relations for heterogeneous gas–solid flows. 
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An efficient biomass gasification process requires a comprehensive understanding of the physical and 

chemical phenomena occurring at multi-length and time scales. The non-spherical shape of biomass 

particles increases the difficulty of multi-scale simulation. In this study, a multiscale computational 

approach was developed and validated for cubic biomass by integrating a superquadric particle 

method with chemical reaction kinetics and computational fluid dynamics in open-source code MFiX 
[1]. The recently developed superquadric DEM model was employed to describe the non-spherical 

particle-particle contact and gas-particle interaction [2]. The De Felice-Holzer/Sommerfeld hybrid 

model was used to calculate the drag force on particles, and Richter & Nikrityuk correlation was 

employed for gas-solid heat transfer [3]. Drying, pyrolysis, gasification, combustion, water-gas shift 

reactions were considered for gasification process. In the particle reaction model, it is assumed that 

the size of cubic particle shrinks with the constant density and particle shape (same aspect ratio).  

The established model was first validated by comparing with experimental data for the combustion of 

a single cuboid particle. Then the gasification process of cubic biomass in a bubbling fluidized bed is 

simulated. The cubic biomass particles were continuously fed from the inlet of left wall. The flow 

pattern, temperature and gas component distributions inside the bed are presented, as shown in 

Figures 1 and 2. The effects of key operating parameters on product gas compositions are studied in 

terms of biomass size, bed temperature, and air equivalent ratio. The particle-scale characteristics such 

as the evolution process of particle size, temperature, and component were emphatically analyzed. 

 

Figure 1. Particle size and temperature inside the bed. 
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Figure 2. Distributions of gas compositions inside the bed. 
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The similar crystal structures and chemical properties of magnesite and calcite make their effective 

separation through flotation challenging. This study explores the use of Glutamic acid diacetic acid 

tetrasodium salt (GLDA), a novel environmentally friendly chelating reagent, to enhance the flotation 

separation of magnesite and calcite. Flotation test results indicate that in a sodium oleate (NaOL) 

system, GLDA selectively inhibits the flotation of calcite. Under optimal conditions (slurry pH=9.20, 

GLDA 15 mg/L, and NaOL 140 mg/L), a flotation concentrate with an MgO grade of 46.21%, CaO 

grade of 1.39%, and an MgO recovery rate of 73.17% was achieved. GLDA minimally affects the 

hydrophobicity of magnesite but significantly reduces the hydrophobicity of calcite. The selective 

inhibition mechanism of GLDA was investigated using zeta potential measurements, FTIR, and XPS 

analyses. Results show that GLDA selectively reacts with Ca sites on the calcite surface, adsorbing 

and covering it, thereby preventing NaOL from adsorbing on the calcite. Conversely, GLDA has a 

minor impact on the Mg sites on the magnesite surface, resulting in a negligible effect on NaOL 

adsorption by magnesite. Consequently, GLDA enhances the flotation separation efficiency of 

magnesite and calcite. The research results have potential for application in the purification of low-

grade magnesite ore. 

 

Figure 1 Enhanced magnesite and dolomite flotation separation by GLDA 
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Figure 2 Adsorption mechanism of grinding aid GLDA on the surface of magnesite and dolomite 
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The simulation of complex multiphase flows and other industrial issues often relies on a coupling 

scheme that integrates the computational fluid dynamics (CFD) and the discrete element method 

(DEM). This coupling scheme depends on several parameters, particularly cell size and turbulence 

model selection, significantly influencing result accuracy. However, researchers often need more 

explicit guidance on these factors when dealing with industrial problems, necessitating the 

development of guidelines to reduce relative errors. In this study, sensitivity tests were conducted on 

different types of cell sizes and turbulence models to evaluate the impact of each parameter and 

determine the optimal options for accurately modeling the slow particle flow of slurry inside a rotating 

drum. The cell size ranged from 3 to 5 times the particle diameter. The analysis included two 

turbulence models, laminar and K-ω SST. Additionally, various liquids with different viscosities were 

chosen as parameters. The simulation was performed in a rotating drum with a diameter of 0.2 meters, 

containing a specific liquid and 2200 glass beads. To assess the results, the dynamic angles of repose 

acquired from previous study were compared with the simulation data. The findings reveal that a cell 

size of three times the particle diameter yields accurate predictions, particularly for low-viscosity 

scenarios. On the other hand, larger cell sizes demonstrate better results, particularly in scenarios 

involving higher viscosity levels. 

 

Figure 1. Graph of Angle of Repose at 0.1 rad/s and 0.2 filling degree. 
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Aerosol jet printing (AJP) is a direct-write printing technique, which as a type of additive 

manufacturing that has great potential in the fields of electronics, new energy, microelectronics and 

micro and nano manufacturing. However, there are also some problems in the application of this 

technique, such as unstable deposition structure and poor repeatability. Understanding the complex 

phenomena of gas-liquid interaction in the Aerosol jet printing (AJP) process is critical to improve the 

quality and production rate of printing devices. In this work a multiphase discrete phase model (DPM) 

based on computational fluid dynamics (CFD) is utilized to simulate the flowing/depositing behaviors 

of droplets in the AJP process. The model takes into account the gas-droplet coupling, coalescence, 

and various contact boundary conditions of droplets on the wall. Good agreements are achieved 

between the simulation results and the flow field/printed architecture obtained experimentally, 

providing validation for the model and interpretation of the multiscale dynamics in typical AJP 

process. The results also show that the initial particle size of aerosol droplets has an important 

influence on the droplet transport and the final deposition of the AJP process, and thus the products 

printed. The model provides an in-depth understanding of the mechanism of droplets growth and 

deposition, which offers a valuable tool for the optimization of AJP process and control of product 

properties.  
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Dense particle-fluid flows are encountered in a variety of natural and industrial processes, in which 

the particles can exhibit complex flowing or stagnant behaviours. The common Two-Fluid Model 

(TFM) was built upon the kinetic theory of granular flow and often meets difficulties when the 

particles become dense. Focused on the dense particle systems, this work proposes a method to couple 

the computational fluid dynamics (CFD) and the finite element method (FEM), in which the CFD 

simulates the fluids, and the FEM simulates the dense particles. The FEM allows using a visco-

elastoplastic constitutive relationship to describe both the quasi-statics and flow rheology of granular 

materials. The CFD-FEM is tested in several typical particle-fluid systems, including the packed bed, 

spouted bed, and granular column collapse. The results demonstrate that this CFD-DEM not only can 

model the flow of particle-fluid mixture such as bubbles, but also reproduces a truly quasi-static pile 

of particles and its inherent force transmission. This provides a feasible approach for a wide range of 

dense particle-fluid flows and will significantly enhance the capacity of particle-fluid modelling in 

natural and industrial applications. 
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Railway in-train forces are an essential element in assessing railway many aspects of rolling stocks. 

Conventional methods for obtaining the forces, such as field measurements and longitudinal train 

dynamics simulations (LTSs), can be time-consuming and require significant investment in manpower 

and domain expertise, while only allowing for the data collection on a single specified service 

condition at a time. However, automatic train operation (ATO) systems can measure real-time 

information of trains and tracks by on-board and trackside sensors, which could provide an 

opportunity for predicting in-train forces. This paper presents a data-driven approach that uses ATO-

measured data to predict in-train forces under service conditions. To develop this approach, LTSs for a 

heavy haul train were conducted to establish the relationship between ATO measurements and specific 

in-train forces, which was embedded in a large amount of training data. After that, a specially 

developed self-attention based causal convolutional neural network (SA-CNN) was employed to learn 

the underlying relationship and predict the in-train force histories by considering the dependencies of 

current and past time steps. The performance of SA-CNN was compared with four different neural 

network models, and the predicted results demonstrated that all the well-trained models can accurately 

predict in-train forces. Furthermore, the generalisation ability of the well-trained SA-CNN model was 

verified with LTS under four different service conditions. The results showed that the proposed data-

driven approach has superior compatibility for any arbitrarily combined inputs with significantly 

reduced computational time compared to LTSs. This approach has the potential to realise quick and 

reliable in-situ monitoring of railway in-train forces, which is beneficial to both in-train force related 

research and industrial applications. This research work has been published in [1].  
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Active particles are increasingly used as models to study the fundamentals of the collective behaviour 

of living and non-living systems. Compared with granular particles, active particles can consume 

energy to actively move according to their comprehension of the environment and neighbour particles, 

and the system can undergo different disorder-order transitions based on the local movement rules of 

individual particles. Studies in the literature have shown two interesting points: first, the disorder-

order transitions of active particles are often associated with specific local structures, and second, 

some of these structures are comparable to those formed in the disorder-order transitions of granular 

particles. However, the structure evolution of active particles associated with the disorder-order 

transitions is not well understood.  

In this study, several active particle systems are studied by the classical Vicsek model and a modified 

model with repulsion and attraction layers considered. In addition, instability in particle interaction is 

also considered. The disorder-order transitions of these active particle systems are numerically studied 

under different conditions. In particular, the structures of active particles are characterized by various 

parameters. The structure signature associated with the disorder-order transitions is analysed and the 

structure evolution is compared with those in the order transition of granular particles. Through these 

studies, the disorder-order transitions of active systems can be more clearly understood from the 

perspective of structure evolution. Furthermore, the common mechanism of the disorder-order 

transitions of active and passive (granular) particles is explored. 
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Exploring the interactions forces between nanoparticles is of great significance, yet with many 

challenges [1-4]. The present work is to calculate the interparticle forces of gold nanoparticles 

(AuNPs) with a size ranging from 3 to 20 nm by molecular dynamics (MD) simulation and compare 

their results with those derived from Hamaker equation. Specific attention has been focused on 

surface patchy AuNPs such as surface metal patches and surfactant modification. Our MD results 

have generated a fitted interparticle force model, while the Hamaker method obviously underestimates 

the interparticle forces under short particle separation. Besides, the interactions of AuNPs are 

independent of the rotated angle as they can still hold the spherical symmetry during their head-on 

contact. For surface modified AuNPs, those with either Pt or Pd patches are capable to enhance the 

interactions of two identical AuNPs, while those with either Ni or Ag patches adversely affect their 

interactions. In addition, AuNP with attached surfactants hamper the interactions of AuNPs due to the 

early spatial repulsion generated by surfactants. The present investigations and the observed 

phenomena are valuable not only for generating quantitative force models of patchy nanoparticles but 

also for opening new ways for guiding nanoparticle self-assembly.  

 

Figure 1. Interactions of a pair of patched AuNPs (d=3 nm) with a single patched layer as a function of surface distance 

derived from MD simulation: interparticle potentials (left) and interparticle forces (right). 
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Figure 2. Interactions of a pair of patched AuNPs (d=3 nm) with different percentage of surface patches as a function of 

surface distance derived from MD simulation: interparticle potentials (left) and interparticle forces (right). 

 

                       

      C6H7N-S                         C15H8NO6-S                                     C24H42O4-S 

Figure 3. Interactions of a pair of patched AuNPs (d=3 nm) with different surfactant patches as a function of surface 

distance derived from MD simulation: interparticle potentials (left) and interparticle forces (right). 
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Suspensions are widely encountered in engineering applications, including mining and the oil and gas 

industries. The behaviour of suspension flows in industrial processes, such as transportation and 

sedimentation, is highly dependent on the interaction between liquid and particles. The presence of 

multi-sized particles in realistic suspensions, consisting of a mixture of fine particles and a carrier 

fluid, creates a complex rheological behaviour (e.g., yield-pseudoplastic) for coarse particles, which 

greatly affects their transportation and sedimentation in particulate systems. This talk presents our 

efforts to simulate the interaction of particles of different sizes with both Newtonian and non-

Newtonian carrier fluids and its influence on transportation and sedimentation rates. In this regard, 

CFD-DEM simulations are conducted for suspension flows using the Immersed Boundary Method 

(IBM), as a fully-resolved approach, to accurately capture fluid-particle and particle-particle 

interactions in these systems. The results clearly demonstrate how particle size distribution and the 

rheological characteristics of the carrier fluid can affect the behaviour of suspension flows in different 

engineering processes. 
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The tribocharging phenomenon in pneumatic conveying, resulting from repeated interactions between 

particles and between particles and the pipe walls, can cause various issues such as particle clustering, 

adhesion to pipe walls, and potentially fires and explosions. This phenomenon is significantly 

influenced by particle shape. Investigating tribocharging behaviour during pneumatic conveying, 

particularly with particles of different shapes, has been challenging due to equipment limitations and 

the lack of numerical models.  

This study presents a numerical investigation of the tribocharging process, focusing on particles with 

different shapes during pneumatic conveying. The investigation is achieved by integrating 

computational fluid dynamics (CFD) with the discrete element method (DEM). An in-house CFD-

DEM model, developed through continuous efforts, incorporates a condenser model that considers 

frictional charge. This model accounts for impact charge, frictional charge, and electrostatic 

interactions between the pipe wall and particles of varying shapes, the working process for the model 

is illustrated in Figure. 1. The CFD-DEM coupling for non-spherical particles is also achieved and 

validated. 

 
Figure 1. Working process of the charging model. 

The charging model and the CFD-DEM coupling for non-spherical particles are validated by 

comparing simulation results with experimental measurements. Subsequently, the model is used to 

explore particle tribocharging behaviour under various conditions, including different particle shapes, 

gas velocities and solid concentrations. The cumulative charge and its effect on the performance of 

pneumatic conveying are analysed. The charging curves for different particle shapes and operating 

conditions are shown in Figure 2. Additionally, the flow characteristics are examined to understand 

the charging phenomena of particles with different shapes. 

mailto:Shibo.kuang@monash.edu


 

- 376 - 

 

 

(a)                                                                   (b)  

 

(c)                                                                  (d)  

Figure 2. The charging profile for spherical ((a) and (b)) and ellipsoid particles ((c) and (d)). 

This study underscores the significant impact of tribocharging in pneumatic conveying and provides 

valuable insights for optimizing pneumatic conveying systems to mitigate these effects. 
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Sludge drying is a crucial part in the sludge treatment and disposal processes, while thermal drying 

has been a popular choice. In this work, the sludge thermal drying process is numerically simulated 

using coupled computational fluid dynamics-discrete element method (CFD-DEM) approach. The 

CFD-DEM model describes the flow and heat transfer in the gas-solid system, while a mass transfer 

approach is embedded to describe the variation of the moisture content. Firstly, a suitable numerical 

model to describe the sludge water removal process is developed based on physical experimental data. 

Quantitative comparisons with experimental data validate the predictive capability of the numerical 

model for the continuum gas flow field as well as the sludge drying process. Then, five key 

parameters including velocity, temperature and humidity of the heat source, particle size and sludge 

pile thickness are discussed so as to obtain the basic laws affecting the sludge drying process, as 

shown in Figure 1. The pilot dryer is subsequently simulated and a simplified solution for industrial 

scale simulation is proposed. All the above work is supported by abundant experimental data to 

demonstrate the capability of the CFD-DEM model.  

 

Figure 1. Simulation and experimental results of key parameters affecting sludge drying process. 

Finally, based on more CFD-DEM simulations, the critical process parameters such as sludge 

residence time of each layer and air supply form in the dryer are investigated, as shown in Figure 2. 
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The optimal operating conditions are determined with flexibility recommendations for dryer design 

summarized. This work contributes to in-depth understanding of sludge drying characteristics and also 

facilitates the design and optimization of high-efficiency dryers, which has important practical and 

theoretical engineering value.  

 

Figure 2. Modelling schematic of the dryer process parameters: (a) sludge residence time of each layer, (b) air supply form. 
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